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Abstract. The beam-plasma instability, i.e., the response of the plasma bulk to
the injection of supra thermal charged-particle beams, results to be appropriately
characterized by a long-range interaction system. This physical system hosts
a number of very interesting phenomena and, in particular, the emergence of
long-lived quasi-stationary states. We characterize the self-consistent distribution
functions of such out-of-equilibrium states by means of the Lynden-Bell’s theory.
The prediction of this theory, based on the statistical mechanics of the Vlasov
equation, are checked against the outcomes of numerical simulations of the
discrete system. Moreover, a phenomenological study of the effective resonance
band for the system response is also addressed. A threshold value has been
found in the initial spread of beam-particle momenta. This threshold allows
to discriminate between the resonant and non-resonant regimes. The analysis
of the thermalization of a few percents of the beam population characterized by
large initial momenta (with respect to the main part of the beam itself) is also
performed and it confirms and deepens the understanding of the physical meaning
of the mentioned threshold.

1. General background

Long-range interactions are characterized by two-body interaction potentials which
are inversely proportional to a power of the inter-particle distance which is smaller
than the number of spatial dimension (otherwise, they are said to be short-range
interactions) [I]. In this case, it can be shown that the energy per particle diverges for
large sizes and the contribution due to the boundary surfaces of the system cannot be
neglected with respect to the bulk. This implies that the evolution of an element of
the treated model is affected by all the other ones, instead of by its neighbors only, as
is the case of short-range interactions. Several recent physical experiments involving
long range interactions call for the search of novel theoretical tools to describe the
physics these systems.
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One of the most important features (beyond the ensemble inequivalence, the
presence of negative specific heat and broken ergodicity [1]) emerging out of long-
range interactions is the presence of the so-called quasi-stationary states (QSSs).
Such regimes correspond to apparently stable, long-living out-of-equilibrium states
whose life-time diverges with the number of constitutive elements of the system.
These regimes are followed by a slow relaxation to thermal equilibrium [2] [3]. This
emergent property is encountered in several physical contexts where long-range forces
are present, e.g., Free-Electron Laser, Travelling Wave Tubes and, in general, in
plasma-wave models. Moreover, the conceptual relevance of these long-living states
stems from the argument that these are the only experimentally accessible regimes.
Other examples of states living for large time out of the equilibrium can be found
in the literature. In particular, steady holes were found for ion acoustic turbulence
[4] and for the bump-on tail instability [5]. These models are self-consistent, i.e.,
the electric field is dynamically coupled to the particle response, but the holes that
develop are (weakly) dissipative structures (of collisions matter). This is particularly
true for [5], where long-lived phase space holes were prominent when the drag term
in the collision operator is dominant. At variance, the QSS treated in this paper
can be obtained for a class of collisionless dynamical systems, and therefore they are
not dissipative structures. Even though several attempts have been proposed for a
systematic theoretical description of QSSs, a complete and satisfactory theory is still
lacking. Among the approaches so far proposed, two of them deserve to be mentioned:
a maximum entropy principle based on the Lynden-Bells theory [6], and the approach
introduced in [7] which moves from the observation that the system develops a core-
halo structure, induced by parametric resonance. We will hereafter focus on the former
one.

In this paper, we focus on a specific system involving long-range interactions:
the beam-plasma instability model [8, ). This model describes the injection of a
supra thermal electron beam into a thermalized plasma. Under particular conditions,
the plasma response is non-resonant and it can be treated as a bulk with respect to
the propagation of the beam. Nonetheless, the system gets unstable by generating
Langmuir modes, and charged particles are effectively long-range-coupled one to the
other via these electrostatic waves. After an initial phase of growing amplitude of
the Langmuir modes, the particles get resonantly trapped and the system attains
an oscillatory regime of the wave intensity. In this respect, by performing a
phenomenological analysis of the resonance band through the study of the beam initial
conditions, it is shown that a threshold value in the momentum space exists for which
the system responds to the beam injection by clustering the beam particles in rotating
clumps. In other words, a rather sharp transition between the resonant and non-
resonant regimes is observed. Moreover, the existence of this threshold is consistent
with the analysis concerning the thermalization of a small (few percent) population
of beam particles having large initial momenta with respect to the main part of the
beam itself.

As discussed above, the resonant system achieves an intensity-oscillatory regime
and we will show that this dynamical phase corresponds to a QSS. In this respect, a
relevant contribution of the present work is the achievement of a consistent theoretical
picture able to properly characterize such peculiar intermediate states. In particular,
by analyzing the continuum limit of the discrete beam-plasma system, we show that
the macroscopic observables associated to the QSSs are accurately predicted by a
maximum entropy principle inspired to the Lynden-Bell violent relaxation theory
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[6], i.e., an analytical treatment based on the equilibrium of the associated Vlasov
equation. Such an approach relies on the observation that, in the continuum limit
(corresponding to an infinite number of particles), the discrete set of equations
converges toward the Vlasov equation, which describes the evolution of the particle
distribution function. Within this scenario, the Lynden-Bell theory surmises that the
QSSs correspond to the statistical equilibria of the continuous Vlasov model, and the
validity of this ansatz is verified in this paper. In fact, it is only after testing the
consistency of this conjecture, that the continuum model can be legitimately used to
predict (with a good accuracy) the relevant observables of the QSSs. In particular,
it provides an analytical form of the distribution function of the out-of-equilibrium
transient states. Actually, the increasing interest for the role played by fast particles
populations in affecting the confinement properties of a burning thermonuclear plasma,
calls attention to the construction of integrated algorithms for the comparison between
theory and experiment. In this perspective, relevant contribution can be given by
predictions based on numerical simulations and by fundamental theories addressing
simplified yet physically non trivial models to characterize the long time-scale non-
linear dynamics of burning plasmas that will be produced in the forthcoming tokamak
experiments. In fact, one potential limitation in fusion devices comes from magneto-
hydrodynamical instabilities driven by energetic particles (MHD-EP), e.g., alpha
particles born from reactions fusion. In principle, the proper kinetic description of
the MHD-EP instabilities requires to solve the three dimensional Maxwell equations
coupled to a Vlasov equation for fast particles, in a 6-dimensional phase space. The
particle trajectories in the unperturbed magnetic configuration of a tokamak can be
described by a set of action/angle variables, and it has been shown in [10] that if
only one magneto-hydrodynamical instability is involved, a proper change of conjugate
variables allows a reduction to a 1-dimensional problem (2 dimensions in phase space),
which belongs to the class of bump-on tail instabilities. Hence, we stress that the
model presented in this paper is relevant to MHD-EP instabilities in tokamaks in that
framework.

This paper is organized as follows. In Section 2 the basic equations describing
the discrete beam-plasma system are derived [II]. In Section Bl the outcomes of
simulations performed with uniform initial conditions concerning the particle and
wave-intensity behaviors are reported pointing out the existence of the QSSs and
of the resonance threshold. In Section [ the continuum limit is addressed and
the corresponding Vlasov equation is numerically integrated using the Lynden-Bell
approach. The distribution function (which is derived to characterize the QSSs) is
calculated and plotted together with the wave intensity. In Section B the Lynden-
Bell model is tested by comparing the theoretical continuum results to numerical
simulations and a satisfactory agreement is found. The concluding remarks follow.

2. Self-consistent Hamiltonian for the beam-plasma instability

The system we analyze in this paper involves self-consistent long-range interactions by
considering non-interacting charged particles subjected to a time-dependent potential
which, in turn, feels the particle influence. This generates the long-range self-consistent
coupling and each particle interacts with the others through the field and not directly,
at variance with the fully self-consistent N-body dynamics.

In particular, we address the beam-plasma instability problem. The model
consists of a beam of charged particles moving in a background neutral plasma. When
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a supra thermal electron beam is injected into a thermalized plasma, the system reacts
by forming electrostatic plasma waves, i.e., a series of travelling sinusoidal potentials
which are called Langmuir waves [9] [12] [I3]. Such electrostatic potentials oscillate at
a pulsation close to the plasma frequency (in view of the higher ion inertia) defined by
wf, =e2n, /€ome, where n, is the electron density of the plasma, e the electron charge
(assuming hydrogen like ions), m,. the electron mass and eg the vacuum permittivity.
We underline that the model is discussed in the reference frame comoving with the

injected beam [g].

2.1. Single-wave model

The specific approach to the beam-plasma instability we are going to generalize is the
single-wave model proposed in [8] and [I4] [15] (the system has been also extensively
studied in [16] [I7) 18]). In this picture, the dynamics described above is analyzed by
considering that the most unstable mode leads the dynamics and hence by neglecting
the other modes. This assumption is well motivated only during the linear evolution
and our generalization consists of the description of the non-linear dynamics when a
second dominant mode is introduced. In fact, it is expected that in the forthcoming
laboratory plasma experiments, like the ITER tokamak, tens of modes will be excited
depending on the plasma parameters In [8], it was shown how the wave amplitude
grows until the particles of the beam are trapped by the wave and then, as it saturates,
it starts oscillating because the beam resonantly responds to the potential. The
model considered applies to the case of one dimensional, non-relativistic, electrostatic
system where the response of the plasma and of the beam are treated separately. In
particular, the phase velocity of the wave is assumed to be larger than the velocity
of the background particles, thus the plasma responds non-resonantly and trapping
effects of plasma particles (not belonging to the beam) can be reliably neglected.
Under this hypotheses, the plasma represents a non-resonant bulk responsible for the
presence of the electrostatic modes and it is described by the linear plasma dielectric
function [8] [T1l, @], while the dynamics is specified for a beam composed by N particles
(labeled by the index j). The system is described by the following set of equations:

drj  pj
R R 1
dt m’ (1a)
Wi _ (g, i 4 B e hen) (1b)
dt
N

dE 4me X
= — jwonE, + —— —ikn; 1
o 1wo + Lo j;e , (1c)

where wp, denotes the electric field pulsation that characterizes the zeros of the
dielectric function €(k,,wy), i.e., €(ky,won) = 0, and z; and p; are the beam-particle
positions and momenta, respectively. E,, represents the electrostatic field, where the
index n labels the most unstable mode by the relation k,, expressed in units of 27n/L,
here L defines the periodicity length of the system (it is worth recalling that the
original analysis takes into account only one spatial Fourier component, i.e., k, is
fixed). In Eq.([Id), ¢ indicates the derivative of the dielectric function with respect
to the pulsation, i.e., € = 0€/0w|y=u,,- In fact, in the case of a weak beam the
electrostatic response results mainly due to the zeros of € and one can safely expand
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such quantity near wp,, at first order. Moreover, the dispersion relation governing the
electric field perturbations in a beam-plasma system can be written as a condition
on the dielectric function of the beam, thus setting the morphology of the treated
Langmuir wave (for the details of this specific analysis, see [19]).

Egs.(l) form a closed dynamical system governing the (single) wave-beam
interaction and it can be formally derived within an Hamiltonian framework. Such a
characterization was first addressed in [20] and then formally established in [I1]. In
particular, the self-consistent Hamiltonian formulation of the equations of motion was
obtained from the Vlasov-Poisson equation (a direct derivation was instead proposed
in [912]). In so doing the system can be modeled by a Hamiltonian describing the self-
consistent dynamics of waves and beam particles, and the waves appear as harmonic
oscillators. Moreover, non-resonant bulk particles have a trivial oscillatory motion
and form a dielectric medium supporting the wave propagation. Using the restriction
of the single space dimension introduced above, the Hamiltonian for the system ()

writes [11]

won L€ al 2 e - -
H= T B (52 — 1 (B ™o — By )] @)

As already discussed, the whole dynamical single-wave model predicts a linear
exponential instability and a later oscillating saturation for the amplitude of the
electric field. A numerical analysis [8, [TT] performed for a mono-kinetic beam indicates
that the particles initially trapped by the wave behave like a large “macro-particle”,
that evolves coherently. This scenario allowed the introduction of a simplified
Hamiltonian model [IT], with only four degrees of freedom, i.e., the wave, the macro-
particle and the two boundaries delimiting the portion of space occupied by the so-
called “chaotic sea”. The model has been revisited in [21], where a self consistent
characterization of also the parameters involved was provided.

2.2. Multi-wave model

In the following, we address the generalization of the single-wave model scenario
described above by still treating the Langmuir waves in the non-resonant plasma
bulk as dynamical objects, i.e., harmonic oscillators. In this sense, we use the
transformations introduced in [IT] 22] for rescaled and dimensionless variables based
on the fundamental frequency wj = 4me?N/mLe’, describing the dynamics in the
presence of several wave modes.

In particular, the evolution of a beam (composed by N particles) interacting with
R electrostatic modes (labeled by the index n) is found to be [T} 23] self-consistently
governed by the set of the following equations (for the sake of simplicity, we drop the
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rescaled-variable notation)

de pj

Rl R 3

e (3a)
R

dpj _ iknx; *  —iknx;

= ; F,[B, % 4 B e ], (3b)

N
dE, B Ol
W —ZCUOnEn + W Z € kn; , (3C)

j=1

where k,, denotes the unstable modes, while, since the model faces the electrostatic
waves as harmonic oscillators, the corresponding coupling is described by F;, defined
in [9] proportional to constant wave susceptibilities as F;, = [w,/2N]\/2mR/e’ . The
pre-factor 1/N in the potential term prevents the occurrence of divergences that would
appear in the plasma at large N, this pre-factor also keeps constant the plasma
frequency for N — oo. The above equations can be derived from the Hamiltonian

2]
R , .
H= Z +Zw0n E,|? — Z[Zk— (B, eiFnes — B e_”“”mf)}. (4)
Jj=1 n=1

j=1

In this scheme, the interaction of the Langmuir waves with the electrons constituting
the beam is characterized in the framework of a self-consistent Hamiltonian picture
which is formally equivalent to the Free-Electron Laser dynamics [24].

3. Numerical simulations

As previously discussed, the model we are considering describes a supra thermal
electron beam injected into a thermalized plasma that destabilizes the electrostatic
modes at the plasma frequency. Such a model is derived in the approximation of one-
dimensional beam (the transverse components are neglected) and planar waves. For
the numerical analysis, we consider here only two electrostatic modes (i.e., R = 2).
It important to stress that, in general, the ratio between the coupling constants F,
depends on the details of the dielectric function and the morphology of the Langmuir
waves. However, in this work, we analyze these quantities essentially to investigate
the system response in correspondence to a different hierarchy in such parameters.
Nonetheless it is possible to recognize that we consider values for F; and F5 that can be
obtained provided the density ratio between the beam and bulk to reach few percents,
almost compatible with some configurations observed in experimental devices. The
coupling constant order of magnitude could be refined by more detailed analyses using
smaller values of the density ratio for a better match to most experimental conditions.

Explicitly writing the components of the generalized electric field in the form
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E, = E* 4+ iEY, the equations of motion @) read (for m = 1)

de
o Pio (ha)
dn.
% =— HZZM 2F,[Ey, cos(kpx;) — EY sin(k,x;)] , (5b)
N
dE, F, .
dt - W j;e ’ (5C)

where we have neglected the wave contribution with respect to the particles motion,
i.e., wy, < 1. In this scheme, the canonically conjugated variables are (z;, p;) and
(VN E,,, V'N E¥), moreover, the “energy” H of Eq.[@) and the total “momentum”
P=%pj+N>, |E,|? are conserved quantities.

In what follows, we will focus on the analysis of the electrostatic-wave intensity
of the first and second harmonics, i.e., n = 1,2 (k, = 1,2, in units 27/L), defined
by I, = |E,|* = [(E*)? + (EY)?]. The numerical simulations of the system (&) are
performed by considering as initial conditions (we recall that we are working in the
frame moving with the injected beam) a random distribution of particles in the phase-
space region defined by the constraint (arbitrary units)

T < T LT, —po < Pj < Po - (6)

This choice corresponds to homogeneous initial conditions, since the bunching
parameters b, = > y e~ "7 N (the Fourier coefficients of the single-particle
distribution) are initially vanishing, i.e., sin(Az)/Az = 0. Furthermore, the initial
“total energy” is defined by H/N = p2/6. In the following, we consider the values
N = 10* and po = 0.1 (which corresponds to H/N = 0.0017), as represented in Figure
[0 where the beginning of the dynamical evolution is taken at ¢ = 0. Notice that, in
what follows, the plots in the (p,x) plane are snapshots of the particle distribution
in the p-phase space, that is, each point represents the position x and momentum p
of a particle at some given time. These figures have nothing to do (in spite of some
resemblance) with Poincaré sections.

N=10* =0

0.10

005,

000
-0.05

-0.10

Figure 1. Initial conditions in the u-phase space.

In Figure Pl the phase space is displayed at a fixed time, in this case ¢ = 80
(arbitrary units), for different values of the coupling constants F}, (as marked on the
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F1=0.9 F,=0.2 N=10* =80 F1=0.3 F,=0.8 N=10* =80

[Po=0.1]

Figure 2. Snapshots of the pu-phase-space at t = 80 for different parameters. The
lower panels represent the probability density distribution of the corresponding
2-dimensional portrait.

plots). The phase space portraits (and the related probability density distribution)
show that a fraction of particles clusters into n coherent clumps which rotate according
to the resonance induced by the waves while the non clustered particles are seen to
be uniformly distributed between two oscillating boundaries. As it is shown below,
the rotation of the clumps is synchronized with the oscillations of the n!” harmonic
intensity.

It is important to remark that other dynamical scenarios are allowed [25],
where negative perturbation vortices (holes) [26] and also hole-clump dipoles [27]
can spontaneously emerge from the self-consistent interaction between particles and
waves. Different situations are triggered by the selected class of initial conditions
and/or chosen parameters. In this respect, a crucial parameter is the pulsation w,,
which appears in the Hamiltonian (@) (also called the detuning parameter in the
context of Free-Electron Laser studies). When setting wgy, to a value different from
zero (and above a critical threshold) both a hole and a massive agglomeration appear
in the phase space [22]. At variance, in our numerical experiment, wp,, is set to zero,
disappearing in Eq.(5d) and one (or, alternatively, two) filamented macro-particle(s)
is (are) found. This is consistent with the results reported in [22] and in [I1] where the
dynamics in the phase space (for the limiting case where one wave is solely allowed for)
is explained in terms of a reduced mathematical model (see also [21]). In principle,
it should be possible to extend this approach by invoking an ad hoc generalization of
the macro-particle concept to tackle the regime where the clump-hole dipole sets in.
Specifically, one could ideally describe the system in terms of two macro-particles, one
associated to the hole and the other to the clump.

Numerical simulations of the E,, evolution described by the system (&) show how
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the amplification of the waves is characterized by several subsequent steps. First
of all, the values of the coupling constants select the leading harmonic. Initially the

F1=09 F,=02  N=10* F1=03 F,=08  N=10*
b
2 g 06 A,
= ] kS o, .
5 P ! R T R S R S (R R N, —_
g S Soe pnunnAnAnanAtAan 1T
S TR A N T A I A A
= g S, hnnnnnnnanniinngs 2] g
=y =
;
L ~——
0.0 I,
0 20 40 60 80 0 20 40 60 80
t t

Figure 3. Plots of the Langmuir-wave intensities. The dotted lines denote the
mean values of I,,.

amplitude of this mode exponentially grows in time depending on the initial conditions
of the electron beam injected into the plasma. In a typical situation (see Figure [3),
after this exponential instability, the intensity of the nt" leading harmonics begin to
oscillate around some average value. We observe that the present analysis differs from
the linear Landau damping effects [28], where the plasma-wave interaction and the
resulting instabilities are regulated by the slope of the unperturbed initial distribution
function at the resonance condition. Despite here the distribution is homogeneous in
the phase space, unstable modes arises as result of the non-linear interaction of the
beam-plasma system [2]. In this sense, we are analyzing the so-called non-linear
Landau damping, in which full non-perturbative effects are taken into account (for a
basic study of the instabilities in the case of uniform initial distribution function, see

29])-

8.1. Thermalization and resonance

In what follows, we focus on a phenomenological analysis of the resonance band of the
model by studying how the increase of the beam-particle initial momentum spread
affects the dynamics of the system once the model parameters Fj o are fixed. In
particular, it is found that a transition phenomenon occurs between qualitatively
different dynamic states. In other words, it is found a threshold value of pg (defined in
Eq.(@)), such that below this threshold the system responds to the beam injection by
clustering the beam particles into the resonant rotating clumps. Numerical simulations
are performed by considering, as initial conditions (we recall that the beginning of the
evolution is taken at ¢ = 0), N = 10* particles randomly distributed in the phase-space
defined by Eq.(@), and by varying pg in the region 0 < py < 1.6. Each simulation is
performed until ¢ = 100 and the mean value of the intensity I; (we set F; = 0.9 and
F», = 0.2) is plotted in Figure @ as function of po.

As a result a sharp transition is found between the resonant and non-resonant
regimes. In particular, for pg > 1, the thermalization of the beam starts to be much
less effective until the value py ~ 1.3 is attained, where the system does not respond
at all and the particles are not trapped by the wave. In this case, no increase of the
intensity is observed, since the particles do not resonantly rotate, as it can be argued
from Figure Bl where the response of the system for pg = 1.2, 1.3 is reported. This
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Fi=09 F,=0.2 N=10*

O — Mean values evaluated until =100

2.0

Figure 4. Plots of the mean intensity I; in function of py defined in Eq.(@).
Each symbol represents the mean value averaged for 0 < t < 100 calculated by a
single simulation with N = 10%.

analysis has been carried out for values of the parameters Fj o corresponding to the
response of the second harmonic and the results are qualitatively comparable. As a
remark, we underline that it is straightforward to verify that the threshold on py is
present also for the case of one single wave. In particular, running the simulations by
setting F; = 1 and F> = 0, the dynamical effect of one leading harmonic results in

a positive shift of about 0.2 of the threshold value for py (for the same conditions of
Figure Hl).

N=10* t=40 Fi1=09 F,=02  N=10* =40

i

[po=1.2]
[po=

Figure 5. Snapshots of the p-phase-space at t = 40 for two different initial
conditions: pg = 1.2 (left panel) and pg = 1.3 (right panel).

In order to better characterize the resonance behavior of the system, we now
consider how the threshold previously obtained can affect the thermalization properties
of a small population of beam particles identified by large initial momenta. Numerical
simulations have been performed by considering, as initial conditions, N = 10% beam
particles divided in two distinct populations. Accordingly, the most part of the beam
(labeled with the subscript “B”) is randomly distributed in the region —py < pg < po,
with po = 0.1, while the ultra-fast population (labeled by “F” and marked in gray
with large-size points in all plots reported here) is set as Np = 0.03N and is randomly
distributed in the region —7 < x < 7 and ypo < pro < ypo + 1072 ypo (for simplicity,
we indicate ppo ~ ypo over the graphs). We remark that such a population has been
treated as belonging the beam, i.e., we describe a single beam composed by a small
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percentage of extra-fast constitutive elements. The outcomes of the simulations are

Fi=09 F»=0.2 t=60
—po<pp<po pro~10py  Np=3%N y . o e
] pave
20 | i
| Fi=09 F,=02
7 12
15 | 1 2
| $
Q10 } « §
R=) s
05 o 2 T71=04415
. 2 1=0.
00 R TR { S 1,=00807
-3 -2 -1 0 1 2 3 3
[ 20 40 60 80
X X t

—po<pp<po pro~17po  Np=3%N

Fi=09 F=02

=
15 I
10 ‘
} k=)
03 i 7,=0.4438
= '
1
v R VoL 1200666
e T T E o w0
x x ‘
F1=0.9 F,=02 t=60
—po<pp<po  Pro~20py  Np=3%N ‘ ; ]
! i i N
20
| Fi=09 F=02
| o
15 } ll
!
Q10 1 <
| 2
05 T T=
1 7,=04327
0o R R 4 _. [=00531
3 2 -1 0 1 2 3 0 1 2 3 4 5 ° 0 0 w0 ) 50
x x ‘

Figure 6. Simulations for F; = 0.9, F» = 0.2 and y = 10, 17, 20. The extra
population is marked in gray with large-size points.

displayed for different values of the factor y and phase space snapshots are given at
a fixed time (in all cases, t = 60) for different coupling constants F,, (as indicated
above the graphics frames). In Figure [ some examples are reported of simulations
performed by setting the values of the coupling constant in the region of the parameter
space fixed by F} = 0.9 and F» = 0.2. The plots correspond to different values of
pro ~ ypo. In particular, we have set y = 10, 17, 20, respectively. In Figure [0
the physical effect of the expected threshold in prg — that discriminates whether the
thermalization of the extra population occurs — is evident. In particular, for y < 20 the
particles are not far enough from resonance and, during the evolution of the system,
they mix with the whole beam in the collective dynamics. On the other hand, for
y z 20 the fast particles remain isolated from the clusters and do not resonate with
the waves. At variance, Figure [[lshows that for y < 20 (namely, y = 10) the ultra-fast
particles behave like the beam particles - thus “thermalizing” with these ones - on a
time scale of the order of ¢t < 10. This indicates how the ultra-fast beam participates
in the initial exponential amplification of the wave amplitude.

In view of this analysis, the resonance threshold described in Figure [ appears
as possibly underestimated. In particular, the extra-fast particle population can be
regarded as a momentum marker that probes the thermalization of the system. This
result can be extended also to the case in which the leading harmonics is the second
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Figure 7. At time ¢t = 10 and F} = 0.9, F> = 0.2 and y = 10 ultra-fast particles
(marked in gray with large-size points) are involved in the dynamics.

one, a condition obtained by fixing the coupling constants as F; = 0.3 and F, = 0.8.
The plots in Figure [ correspond to y = 6, 12, respectively. The threshold value for
the ppo is evident also for this parameter choice and we find that for y < 12 the extra
fast population thermalizes.
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Figure 8. Simulations for F; = 0.3, Fo = 0.8 and y = 6, 12. The extra
population is marked in gray with large-size points.

Let us now consider the effect produced by an initial localization of these particles
near the resonant region of the phase space. In particular, by localizing a very small
population (N* = 0.05N) with p* ~ 0.1, a very small increase of the fully resonant
particles number is enough to obtain a mixing response of the system also in the case
of out-of-resonance initial conditions. This result clearly emerges when comparing the
right panels of Figure Bl and Figure @ which are both characterized by pp = 1.3. This
behavior is the most intriguing feature of our analysis. In fact, it is found that a
small fraction of resonant particles within a broad non-resonant beam is sufficient to
activate the resonant process.
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Figure 9. Snapshots of the evolution of the u-phase-space particle distribution
in the presence of a small (N* = 0.05N) localized population (marked in gray
with large-size points) at p* ~ 0.1.

3.2. Quasi-stationary states

As discussed above, after the exponential instability, the intensity of the leading
harmonics oscillates around a well-defined mean value. At this point, it is important
to prove that such oscillations correspond to the attainment of a QSS which typically
sets in in presence of long-range interactions [2] [ 30, B1]. Figure [0l suggests that, by
increasing the number of particles, the system is kept out of thermal equilibrium in a
QSS even if one could be able to numerically follow the time evolution for very long
times. The process is driven by finite-V effects and the relaxation increases when the
system size N is made large, and eventually diverges in the infinite-/N limit. Hence
the relaxation to the statistical mechanics equilibrium is a consequence of the inherent
granularity of the inspected medium. This issue is at the basis of the theoretical

F1=0.2 F2=1 (po=01) F1=0.2 F2=1 (p():()l)
055 . 038,
050 o100 g O
©u 0. - | “
= L= os N=100'
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030 ‘ i 0.1t —— —
1000 2000 3000 4000 5000 6000 2000 4000 6000 8000 10000
t t

Figure 10. Plots of the Langmuir-wave intensity I for a long time evolution
with N = 100 (solid) and N = 5000 (dotted). The left panel represents a zoom
of the right one where the intensity values are averaged over At = 10.

analysis of the next Section. The Lynden-Bell approach implies that this peculiar
state corresponds to the statistical equilibrium of the continuum system derived from
Egs.(@) and this statement will be corroborated in what follows. In fact, since the
numerical simulations clearly show the existence of the QSSs, the mean values of the
parameters derived by a specific numerical simulation are to be matched with those
ones computed by means of the theoretical analysis of the statistical equilibrium in
the N — oo limit.
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4. The Lynden-Bell approach and the Vlasov equation: the QSS
distribution function

We now discuss a theoretical approach aimed at interpreting the appearance of the
QSS phenomenology. To begin with, let us recall that the so-called Braun and Hepp
Theorem [32] states that, for a wide class of (long-range) interaction potentials, the
N-body solution converges to the solution of the associated Vlasov equation in the
limit N — oo and at fixed volume. In this limit it is not necessary to follow all the
particle trajectories because the evolution of the system can be completely determined
through the distribution function f(p,x,t). In other words, the Vlasov equation
provides the correct interpretative framework for N — oo. Within this picture, we
analyze here the Lynden-Bell ansatz [6] surmising that the QSSs correspond to the
statistical equilibrium of the Vlasov equation. Thus, a QSS is the most probable
macro-state which corresponds to the largest number of microscopic configurations
thus maximizing the entropy. The main issue of this approach is that of providing a
partition function to describe the QSS.

In the following, we adapt the statistical model given in [24] to the case under
consideration. The Vlasov-Poisson system is rigorously obtained by taking the
continuum limit of Eqgs.(), what gives

of __ of . R of
=Pt 2;1?" [EZ cos(knx) — EY sin(k,x)] 3 (7a)
% =F, //fcos(kn:v) dxdp , (7b)
dEY

= -F, //fsin(knac) dxdp , (7c)

where the following quantities are conserved
p? F
e(f,E) = // b f dxdp +2 Z k_n //f [EY sin(k,x) + EY cos(knx)] dedp ,  (8a)

o(f,E) = / / pf dudp+ Y FalE2?+ BV, (b)

m://fd:vdpzl, (8¢)

which correspond to the pseudo-energy per particle, the momentum per particle and
the mass, respectively.

As already shown, in the continuum limit (N — o) the system remains trapped
in a QSS, whence Lynden-Bell assumes [0] that the QSSs can describe the equilibrium
states of the Vlasov equation ([fa)) and the statistical mechanics approach is used to
predict the values of the macroscopic observables of the system at saturation. The
subtle point of this scheme consists of making the difference between the two non-
commuting ways of performing the two limits of N — oo and ¢t — oo. Different
asymptotic dynamical regimes stem from performing first the limit for large time and
“then” for a large particle number and, on the other hand, performing first the limit
for large N before ¢ — oo. In the former case the thermodynamical equilibrium is
safely reached, while in the latter case the system is indefinitely trapped in a QSS,
which is the regime that we want to consider here.
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Another crucial aspect of this theoretical analysis relies on the fact that the
support of the distribution function f(z,p,t) becomes progressively more filamented
and stirred at very small scales evolving with Egs.(d), without attaining any final
stable equilibrium. In this respect, the model involves a coarse-grained function
f, obtained by averaging f over finite size macrocells and a sudden stabilization is
observed to follow the initial mixing phase of “violent relaxation” [6]. Accordingly with
the numerical simulations, we consider as initial conditions a water-bag distribution,
which correspond to a uniformly occupied rectangular region in the phase space (, p),
i.e.,

0o = 1/4xopo if —po<p<po and —xp <z <0,
J(@p,0) = { g / otherwise . (9)
This simplified class of initial conditions, i.e., the single-level water-bag, could be in
principle extended to other more general types and, in this sense, a first develop can
be found in [33], where the adequacy of the Lynden-Bell theory has been successfully
tested for a multi level water-bag initial distribution.

Following the standard principles of statistical mechanics, we search for an
equilibrium state of the system as the state that corresponds to the most probable
macrostate, i.e., the one that maximizes the mixing entropy also satisfying all the
constraints imposed by the dynamics. The mixing entropy is defined as the logarithm

of the number W of microscopic configurations corresponding to the same macroscopic
state characterized by the probability density f(x,p) [0l B4]. It reads

s =In[W(f)] . (10)

In order to evaluate this quantity, the basic idea is to discretize the (bounded) phase
space into a finite number of macrocells and then to divide such macrocells into
microcells of finite size. Moreover, since in the system (7)) all the general quantities
defined by Cj, = [ f hdzdp are conserved, the fine-grained distribution f remains two-
level. Thus, setting the size of the microcells at a scale smaller than the fine-grained
distribution, these can be either occupied by the level fj or 0, one excluding the other,
similarly to a Pauli-like principle. After combinatorial analysis, the entropy s can be
written as [34]

s(f_):—/{% In (%)—i—(l—%) In (1—%)} dzdp . (11)

The analogy with the Fermi-Dirac statistics follows from the presence of the second
term in the expression above that accounts for the exclusion principle (the similarity
is indeed purely formal since the contexts are strongly different). Furthermore, it is
worth underlying that, in the dilute limit for fo — oo, this additional term can be
neglected recovering the usual Boltzmann-Gibbs statistics. An interesting discussion
on the statistical mechanics approach to Vlasov systems is given in [35], where the
Lynden-Bell strategy is evoked among different possibilities. Such an analysis is
however carried out assuming the Maxwell-Boltzmann entropy, which holds in the
diluted limit.

Since we aim to compare the numerical results with the Lynden-Bell analysis,
we consider the evolution of the system in the presence of only two harmonics
n = 1,2. The equilibrium distribution is derived by maximizing the expression (L)
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and imposing the dynamical constraints. This corresponds to solving the following
variational problem:

S(po) = max  s(f) , (12)
I.Ex.ER - ~ _
" e(f,Bg El)=eo=p3/6; o(f,EL,Ef)=po; m(f,Ex,E})=1
which leads to the equilibrium values
B e[75(p2/2+2 En Fn[EY cos(knz)+E;, sin(knx)]/kn)—Ap—p]
fass = fo 1+ e BW2/2+2 %, FulBY cos(kna) + B sin(kne)]/kn)—Ap—p] (13a)
F, .
EY = —i—/\ //fsm(knx) dxdp , (13b)
F, .
EY = —i—)\/ fcos(knpx) dadp | (13c¢)

where 8/ fo, A/ fo and u/fo are the Lagrange multipliers for the energy, momentum
and normalization (mass) constraints, respectively. Substituting the equations above
into Eqs.(8), one obtains the following system of self-consistent equations

A= BI(ET)* + (E5)” + (ES)?] (14a)
fL\/% dx e My(ve*) =1, (14b)
s e e Mae) =6+ S0P B (140
fL\/% do sing e* My (ye?) = —(|Eu? + |Eal2) B2/ Fy | (14d)
fL\/% dr sin(2z) e* M, (ye*) = —2(|E1|? + | E2|?) ES/Fy , (14e)
J0 [ 4 cos(22) e* My (ve7) = —2(|Bn |2 + | Eal?) EY/F (141)

VB

where, since the system is invariant under a phase translation z — z + ¢, we have
set, without loss of generality, [ f cosz = 0 which implies EY = 0, and where we have
defined

y=eN/n (15a)
z = —B2FEY sinx + F»(EY cos(2x) + E3 sin(2z))] , (15b)
) = [ — 15
1(76)—/Um7 (15¢)
. u2e—u’/2

The continuum dynamics is than described by the system above that can be
solved numerically, using a Newton-Raphson method, to determine the values of the
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Figure 11. Integration of the system (I4)) for different values of Fj,.

amplitudes of the two harmonics and the Lagrange multipliers. This algorithm solves
the system for the six variables 5, A\, p, EY, E3, EY, and the integrals contained in
the equations are performed numerically. In this picture, once having fixed the initial
conditions and the free parameters (the coupling constants), the numerical integration
provides a single value for the mode intensity I,, =|F,|? which has to be compared to
the averaged value of the simulation results and this is the aim of the next Section.

Let us now limit the F,-parameter space to a finite portion of the plane
[0,1] x [0,3]. As is done in the numerical simulations, we consider a homogeneous
initial condition, as specified by Eq. (@), with 2y = 7 and pp = 0.1. Within the explored
region in the plane (Fy, F3), the Lynden-Bell theory provides two distinct stationary
equilibria, one with Fy # 0, F3 ~ 0 (where I; dominates and I is negligible), and the
other one with Fy ~ 0, Es # 0 (only I is amplified). These two dynamical regimes
are associated to two distinct regions, as can be seen in Figure [Tl where these regions
are divided by a separatrix which corresponds to the intersection line of the two planes
representing the mode intensity amplitudes. The system undergoes a first-order phase
transition when it passes from a zone to the other one.

Figure 12. Distribution function Eq.([3a) for two different pairs of F,.

The evaluation of E, allows for the construction of the distribution function
Eq.([I3a) (see Figure [2) which has been derived from the equilibrium principle
and, as the theoretical prediction on the observables of the model is confirmed by
the simulations, it can consistently characterize the QSSs features. Comparing the
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distribution function profile with the corresponding predictions of the discrete system
(lower panels of Figure[2), a clear correspondence emerges accordingly to the Lynden-
Bell conjecture.

As discussed in Section [B] increasing the value of pg, the thermalization of the
beam is weaker and, if the critical threshold is exceeded, the whole system does not
respond since the particles are not trapped by the wave. The distribution function
for an above-threshold initial beam-particles momentum spread pg = 1.3, as in the
left panel of Figure[dl is reported in Figure [I3] and it is seen to be consistent with the
previous analysis.
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Figure 13. Distribution function Eq.(I3al) for po = 1.3.

We conclude this Section by discussing the role of the initial conditions assumed
in the present treatment. It is important to recall that the Lynden-Bell analysis
that we have developed applies to a specific class of the initial value problem: the so
called water-bag. Particles are assumed to be uniformly distributed inside a compact
domain of phase space, not necessarily a rectangle. This has to be regarded as
a simplifying assumption, which allows for straightforward analytical manipulation
and, when it comes to the comparison with direct experiments, the initial condition
assumed is too schematic. In this respect, we remark that, usually, one can build
the a distribution function performing a variable transformation in the action/angle
space and the result is the bump on tail distribution, i.e., a Maxwellian plus a “beam
(smooth) function”. Another common approach consists in replacing such distribution
by a linear function in the velocity space, centered around a finite velocity v*. In this
scheme, the resonance occurs (if the mode frequency is not small) where the condition
wp, = kyv* can be satisfied (we recall that w,, and k, are the n-mode pulsation and
wavenumber, respectively) and where the slope of the distribution function results to
be positive. In our work, the mode frequencies are assumed to be small, thus the
linear Landau resonance occurs at v = p = 0, in agreement whit the chosen domain.
This is equivalent to shift the velocity as v = v —v*. The treated distribution function
is not linear but rather a step function and the resulting destabilizing mechanism is
quite far from the standard (linear) picture for the bump on tail instability.

However, the general method that we have developed, and successfully tested
versus numerical simulations, can be extended to describe more complex, and possibly
more realistic, scenarios. For instance, as discussed above, any given initial velocity
distribution could be adequately approximated via a step-wise function that involves
an arbitrarily large set of different levels [33]. The Lynden-Bell analysis can be
readily adapted to scrutinize such a general scenario, at the price of an augmented
computational effort.
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5. Test of the Lynden-Bell approach

In order to test the theoretical predictions of the previous Section, we now treat
two different sets of the parameter values which give rise to distinct scenarios. In
particular, we fix one coupling constant and we vary the other one in order to explore
different values of the mode intensities. The integration of the continuum system is
performed for a large number of values of the running coupling constant and the results
are represented with a solid line in Figure [[4l At variance, the numerical simulations

F,=03 [po=0.1] Fi=04 [po=0.1]
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Figure 14. Test of the Lynden-Bell predictions for the wave intensities. The lines
(solid and dashed) indicate the integration of the Lynden-Bell theoretical system
(]:@) for different values of Fj,; while each symbol represents the mean value of I,
(averaged for 25 < t < 80) calculated by a single simulation with N = 103.

of the discrete system (N = 10%) are run for a limited number of distinct values of
the F;, and until a time ¢ = 80. At this time, the coherent clumps are well-formed
(as represented in Figure 2)) providing a sufficient sampling of the dynamics. In fact,
the intensity oscillations (plotted in Figure [B]) are stabilized and the corresponding
averaged value can reasonably represent the effective long-time evolution. Moreover,
Figure [[0 shows how a beam composed by a number of particles of about 103 remains
effectively trapped in the out-of-equilibrium state (a QSS) at least until a time of
order t ~ 8 x 103. After that time, the system progressively evolve toward the
thermodynamical equilibrium. In this respect, the simulations samplings can be
considered undoubtedly in a QSS.

As a result, the numerical analysis confirms the theoretical scenario: the
simulations show the emergence of the two regions in the parameter space, where
the average intensities match the Lynden-Bell predictions. In Figure [[4] it is shown
how each simulated mean value of the intensity I,, (averaged from 25 < ¢ < 80 in order
to neglect the first phase of violent-relaxation evolution) well overlaps the intensity
calculated by the numerical integration of the system (I4).

Concluding, the test of the Lynden-Bell ansatz here proposed demonstrates how
the QSSs, predicted in long-range interactions and numerically simulated with the
system (), are consistently characterized by the Lynden-Bell-Vlasov expressions (I3]).
In other words, one can state that Eq.([I3a)) (plotted in Figure[I2) effectively represents
the distribution function of the QSSs. In this sense, we want to stress that, using the
tested Lynden-Bell approach, it results possible to consistently characterize the non-
equilibrium microphysics of the system through a statistical equilibrium analysis.
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6. Conclusions

The beam-plasma instability issue has been tackled by means of numerical simulations
of the discrete system and through a statistical analysis of the corresponding
continuum Vlasov model. This specific problem is properly described by long-range
interactions and it has been shown how the system lives in out-of-equilibrium states
(QSSs) whose lifetimes diverge with the number of particles in the system. A
theoretical characterization of these peculiar dynamical regimes has been addressed
using the Lynden-Bell approach which surmises that the QSSs are the statistical
equilibria of the Vlasov equation. The distribution function expected to characterize
these states has been also derived. The main result of our work consists of the
numerical proof that the Lynden-Bell distribution function correctly predicts the
amplitudes of the electrostatic modes and thus effectively describes the QSSs. This
verification allows to consistently derive the macroscopical observables of the system
despite its non-linear out-of-equilibrium nature.

We have also phenomenologically studied the effective thermalization of the
system and the simulations have shown the existence of a threshold value of the initial
spread of beam-particle momenta which sharply discriminates between the resonant
and non-resonant regimes. Moreover, by considering an initial localization of particles
in the resonant portion of the phase space, we have outlined how a very small increase
of the number of the fully resonant particles is sufficient to get the resonant response
of the system also in the case of out-of-resonance initial conditions.

The simulations and the theoretical analysis have shown the presence of two
distinct zones, in the parameter space, associated to a different leading mode,
respectively. The system undergoes a first-order phase transition when passing
from one zone to the other and peculiar features should emerge near the separatrix
between the two dynamical regimes. In this respect, a common striking experimental
observation results in the frequency chirping phenomenon, i.e., a change of the mode
frequency with time [36], B7, 0] (for a numerical test of the model, see [38], and a
comparison to experimental data was performed in [39]).

An important point regarding the discrete analysis should be emphasized: at
variance with the simulations reported in this work, the Particle-in-cell (PIC) or
Eulerian models are usually performed in the weak drive limit, with only one unstable
mode. In this scheme, the linear (or non linear) growth rate is smaller than the real
part of the pulsation, while we deal with the strong drive limit. From Figure Bl it
can be argued that the growth rate in the initial phase is bigger than the oscillation
frequency (clump rotation). Also the model [36] does not treat modes and particles
on equal footing.

As a concluding remark, even though our present model is far from directly
applying to the problem of the a-particle thermalization in a burning plasma, it
nevertheless points out that the dynamics of a population of fast particles interacting
with a thermalized plasma can be definitely non trivial.

Acknowledgments

MP carried out the present work while on leave of absence from Osservatorio
Astrofisico di Arcetri - INAF, Firenze, Italy.



Beam-Plasma Instability and Fast Particles: the Lynden-Bell Approach 21

References

1]
2]

=)

4]

DD DD DN DN DD = e e e e e e e e
Tk W N H O © 000 Ut WwWwN— O

o wowwwwwewnww o
O XN DA B N OO 0D

A. Campa, T. Dauxois, S. Ruffo, Phys. Rept. 480, 57 (2009).

J. Barré et al., Phys. Rev. E 69, 045501 (2004).

A. Pluchino, V. Latora, A. Rapisarda, Phys. Rev. E 69, 056113 (2004).

H. Schamel, J. Korn, Physica Scr. T63, 63 (1996).

M. Lesur, Y. Idomura, Nucl. Fus. 52, 094004 (2012).

D. Lynden-Bell, Mon. Not. RAS 136, 101 (1967).

Y. Levin, R. Pakter, T.N. Teles, Phys. Rev. Lett. 100, 040604 (2008).

T.M. O’Neil, J.H. Winfrey, J.H. Malmberg, Phys. Fluids 14, 1204 (1971).

Y. Elskens, D.F. Escande, Microscopic Dynamics of Plasmas and Chaos, IoP Publishing, 2003.

H.L. Berk et al., Phys. Plasmas 6, 3102 (1999).

J.L. Tennyson, J.D. Meiss, P.J. Morrison, Physica D 71, 1 (1994).

M. Antoni, Y. Elskens, D.F. Escande, Phys. Plasmas 5, 841 (1998).

T.M. O’Neil, Phys. Fluids 8, 2255 (1965).

N.G. Matsiborko et al., Plasma Phys. 14, 591 (1972).

V.D. Shapiro, Sov. JETP 17, 416 (1963).

M.-C. Firpo, Y. Elskens, J. Stat. Phys. 93, 193 (1998).

M.-C. Firpo, Y. Elskens, Phys. Rev. Lett. 84, 3318 (2000).

M.-C. Firpo et al., Phys. Rev. E 64, 026407 (2001).

T.M. O’Neil, J.H. Malmberg, Phys. Fluids 11, 1754 (1968).

H.E. Mynick, A.N. Kaufman, Phys. Fluids 21, 653 (1978).

A. Antoniazzi, D. Fanelli, Y. Elskens, S. Ruffo, Eur. Phys. J. B 50, 603 (2006).

A. Antoniazzi, G. De Ninno, D. Fanelli, A. Guarino, S. Ruffo, J. Phys.: Conf. S. 7, 143 (2005).

M.-C. Firpo, F. Leyvraz, G. Attuel, Phys. Plasmas 13, 122302 (2006).

A. Antoniazzi, R.S. Johal, D. Fanelli, S. Ruffo, Comm. Nonlin. Sci. Num. Sim. 13, 2 (2008).

P.H. Diamond, S.-I. Itoh, K. Itoh, Modern Plasma Physics — Volume 1: Physical Kinetics of
Turbulent Plasmas, Cambridge University Press (2010).

H.L. Berk, C.E. Nielsen, K.V. Roberts, Phys. Fluids 13, 980 (1970).

D. del-Castillo-Negrete, Plasma Phys. Control. Fus. 47, A53 (2005).

.M. Lifshitz, L.P. Pitaevski, Physical Kinetics, Pergamon Press (1981).

R. Bonifacio et al., Opt. Commun. 50, 373 (1984).

A. Antoniazzi et al., Phys. Rev. E 75, 011112 (2007).

P.H. Chavanis, Euro Phys. J. B 53, 487 (2006).

W. Braun, K. Hepp, Comm. Math. Phys. 56, 101 (1977).

M. Assllani et al., Phys. Rev. E 85, 021148 (2012).

P.H. Chavanis, J. Sommeria, R. Robert, ApJ 471, 385 (1996).

T.H. Dupree, Phys. Fluids 25, 277 (1982).

H.L. Berk, B.N. Breizman, M. Pekker, Phys. Rev. Lett. 76, 1256 (1996).

H.L. Berk, B.N. Breizman, N.V. Petiashvili, Phys. Lett. A 234, 213 (1997).

R.G.L. Vann, H.L. Berk, A.R. Soto-Chavez, Phys. Rev. Lett. 99, 025003 (2007).

M. Lesur et al., Phys. Plasmas 17, 122311 (2010).



	1 General background
	2 Self-consistent Hamiltonian for the beam-plasma instability
	2.1 Single-wave model
	2.2 Multi-wave model

	3 Numerical simulations
	3.1 Thermalization and resonance
	3.2 Quasi-stationary states

	4 The Lynden-Bell approach and the Vlasov equation: the QSS distribution function
	5 Test of the Lynden-Bell approach
	6 Conclusions

