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Formation of multiple BGK-like structures in the time-asymptotic state
of collisionless Vlasov-Poisson plasmas
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The time-asymptotic state of a finite-amplitude perturbation in a collisionless and Maxwellian plasma is
typically represented as a steady state of two nonlinearly superposed, counterpropagating Bernstein-Greene-
Kruskal (BGK) modes. Using high-resolution Vlasov-Poisson simulations, we show that the plasma evolves
self-consistently into a time-asymptotic state of multiple vortexlike structures that gradually fill the phase space
and reduce filamentation. This occurs without the need for external forcing or the presence of an energetic plasma
population. This finding suggests that the time-asymptotic regime of the plasma is rather akin to a nonlinear
superposition of multiple BGK-like modes associated with nearly constant phase-speed waves. The electric field
and the space-averaged particle distribution function exhibit a power-law broad spectrum, which is consistent
with an energy cascade towards smaller scales in both position and velocity spaces.
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I. INTRODUCTION

Finite-amplitude spatial perturbations or external forcing
in a collisionless plasma can lead to undamped, solitary, and
nonlinear states in which resonant particles become trapped in
potential wells. This is observed as localized vortices or holes
in the phase space of particles, which can last for long periods
of time [1-5]. In particular, this situation is found during the
nonlinear Landau damping of Langmuir waves, in which an
initial electrostatic perturbation on an unmagnetized electron
plasma leads to a saturated state where electrons are trapped
by the electrostatic potential around the phase speed of the
perturbed wave mode [1,6—8]. Similar phenomena have been
found in observational research as trapping of electrons along
the magnetic field lines in near-Earth environments [9-15], in
experimental research dedicated to Landau damping and par-
ticle trapping [16—18], in electron beam injection into low-f
plasma columns [19], and in simulations of collisionless elec-
tron plasmas with Maxwellian [1,20-22] and non-Maxwellian
distribution functions [3,4,23,24].

Phase-space vortices in electrostatic plasmas are exact
solutions of the one-dimensional Vlasov-Poisson system of
equations known as Bernstein-Greene-Kruskal (BGK) states
[25-28]. For a BGK state to be stable the distribution function
of the trapped particles must not be monotonically decreasing
[29], and the background distribution supporting particle trap-
ping must have less than three maxima [30]. These conditions
allow the propagation of stable phase-space holes for long
times in plasmas with single-maximum distributions, such as
Maxwellian distributions [30].
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The long-time stability of one-dimensional BGKs are af-
fected by numerical diffusive effects caused by the finite
resolution of the position and velocity grids, modifying the
phase-space structures observed in Vlasov-Poisson simula-
tions [31-33]. Also, multiple one-dimensional phase-space
holes are unstable to the growth of sidebands, which disrupt
the state by merging the holes when the wavelength of the
perturbations is smaller than the length of the spatial domain
[34-36]. Indeed, it has been observed that multiple neigh-
boring BGK structures evolve toward a time-asymptotic state
consisting of a single stable hole in long-term Vlasov-Poisson
simulations [37].

The formation of multiple regions of particle trapping in
the distribution function can be approximately represented as
a nonlinear superposition of individual BGK modes, where
the electrostatic potentials are linearly superposed and the
distribution function is built in a piecewise way [38,39]. This
approximation is supported by Vlasov simulations [35,40-42]
and by theoretical works [2,7,43,44]. However, this nonlinear
superposition does not capture all structures formed in the
distribution function [40,41].

This work addresses a long-standing academic question
about the long-time evolution of the nonlinear Landau damp-
ing problem. To date, there are two known paradigms describ-
ing the time-asymptotic state of one-dimensional Maxwellian
electron plasmas undergoing nonlinear Landau damping. One
of them states that the time-asymptotic state corresponds to a
nonlinear superposition of two individual counterpropagating
BGK states [1]. In this case, the phase space develops stable
vortical structures after Landau damping stops [20], with the
space-averaged distributions exhibiting characteristic plateaus
at velocities around the BGK’s phase velocities [1,3,32,35].
The second paradigm states that the time-asymptotic state
is akin to a nonlinear superposition of multiple BGK states
[2,43].

Our results suggest that the physical picture of the time-
asymptotic state of collisionless Vlasov-Poisson plasmas is far
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richer than the standard view of two stable BGK modes only,
thus rather akin to the framework of multiple BGK-like states
[2]. Indeed, it is shown that multiple small phase-space holes
occur in a wide range of velocities below the Langmuir phase
speed, |v| < vr. Each hole is associated with electron plasma
waves (EPWs) whose phase speeds are similar to the prop-
agation speed of the corresponding holes. The electric field
reaches a time-asymptotic state characterized by a power-law
energy spectrum, indicating an energy cascade process. In
addition, the space-averaged distribution function exhibits a
piecewise power-law velocity spectrum, showing a reduction
in phase-space filamentation, suggesting that the development
of small-scale electron holes is self-similar and intermittent.

II. VLASOV-POISSON NUMERICAL SIMULATIONS

The propagation of high-frequency oscillations in colli-
sionless and unmagnetized plasmas is studied in terms of the
one-dimensional Vlasov-Poisson system of equations:
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where f = f(x, v, t) is the electron phase-space distribution
function; ¢ = ¢(x,t) is the electrostatic potential; and —e,
m, and no are the charge, mass, and density of electrons,
respectively. The ions are considered as a motionless neutral-
izing background with density n; = ng, and periodic boundary
conditions are assumed in x.

To solve Egs. (1) and (2), an FFT pseudospectral code
was written in the Julia programming language [45]. A semi-
Lagrangian splitting scheme is employed [46], with spectral
interpolation in the Fourier transformed phase space. The
time advance is performed using an optimized second-order
symplectic integrator [47]. Spectral interpolation introduces
an exponential error that decreases with the number of nodes
[48,49], so that less error is achieved for the same number
of nodes compared to, for example, polynomial-spline in-
terpolation. A Gaussian-like filter of the form e3¢0/ Vina)
[50] is used to smooth out abrupt variations of the velocity
distribution function at small velocity scales, where v is the
conjugate variable of v and vp,x is the maximum allowed
value of v. Although not shown here, the Vlasov code has
been successfully tested on several problems, e.g., Manfredi
[1], Raghunathan and Ganesh [3], Galeotti and Califano [32],
Rupp et al. [20], Califano et al. [33], among others.

The initially single-mode perturbed electron phase-space
distribution is

fx,v,0) = fo(v)[1 + e cos(kx)], 3)

where ¢ and k; are the amplitude and wave number of the per-
turbation, respectively, and fy(v) the unperturbed Maxwellian
distribution function,

_ no U2 4
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where vy, = +/kgT /m is the electron thermal speed, kp the
Boltzmann constant, and T the electron temperature.

Simulations are performed with a box-length L = 27 /ky,
and velocity domain |v|/vy, < 7.7; phase space is discretized
into N, = 2! = 2048 and N, = 2!7 = 131072 grid points in
the space and velocity components, respectively; the time
step is w, At = 0.05, with a maximum time simulation run

of w,tmax = 14000, where w, = V4metng/m is the electron
plasma frequency; and perturbation parameters are ¢ = 0.04
and kjvy/w, = 0.4. The effects of changing the velocity grid
resolution 2'' < N, <2'7 on the formation of phase-space
holes are shown in later sections.

III. NONLINEAR LANDAU DAMPING

Figure 1(a) shows the time evolution of the first Fourier
mode of the electrostatic potential in a long-time simula-
tion. Initially, two counterpropagating Langmuir waves are
excited with frequencies wy /w, >~ £1.285 and phase speeds
|v/vm| =~ 3.213. The energy decreases monotonously with
damping rate y;/w, >~ —0.06608, which is consistent with
linear Landau theory up to a time w,t < 30. Then Landau
damping is arrested at w,t; ~ 50 and the amplitude of the per-
turbed mode grows until its saturation at a time wpt; > 125.
After t > t, and until the end of the simulation, the electro-
static potential oscillates irregularly around a finite amplitude
ed*/kgT ~ 0.01, suggesting that the plasma has achieved a
time-asymptotic state [2,6].

Trapping of electrons is observed several time-steps after
saturation fyap > . Indeed, Figs. 1(b)-1(e) show the forma-
tion of a vortex centered at v = v, that closes completely
at wplyap = 150. Due to the symmetry of the distribution
function, another vortex is also formed at v = —v;. These
structures (hereafter referred to as Langmuir vortices) cor-
respond to highly localized deficits or holes in the electron
phase-space density that rotate due to resonant interaction
with the self-consistent electric potential [5].

Inside the vortex, inward spiral arms are formed due to
the nearly parabolic electrostatic potential at the center of
the trapping region. This sets a nearly constant bouncing
frequency for the trapped electrons [51-54], where electrons
closer to the center tend to exhibit coherent motion. Com-
bined with the motion of particles with different velocities,
this creates a region of bunched electrons that introduces
short-wavelength fluctuations in the electrostatic potential.
Toward the borders of the trapping region, the bouncing
frequency for electrons varies depending on their location
and the motion is less coherent [53]. These structures rep-
resent strongly trapped electrons undergoing Langmuir wave
resonance.

The observed dynamics in Figs. 1(b)—1(g) is also consistent
with the development of the bunching instability shown by
Hara et al. [52]. Once the instability has saturated, filamenta-
tion spreads particles within the hole. The process replicates
itself several times during the simulation and becomes quasis-
tationary from w,t 2~ 1300. Figures 1(f)-1(g) show that the
Langmuir vortices and the spiraling arms are persistent until
the end of the simulation.

Similar structures have been observed in electron beam-
plasma configurations exhibiting instability, in electron beams
interacting with a trapping wave [55-58], and in the context
of particle trapping generated by an external chirp-drive as
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FIG. 1. (a) Log-log time evolution of the envelope of the first Fourier mode of the electrostatic potential. The dashed gray line corresponds
to the linear Landau damping prediction. Several times of interest are marked. [(b)—(e)] Electron phase-space snapshots during the formation
of the Langmuir electron-hole near v = v;, at times around ¢ = t, and [(f)—(g)] during the quasistationary state ¢ > #3. The color bar represents
the fluctuations §f (in units of ny/vy) of the distribution function with respect to the unperturbed Maxwellian fj.

shark-like structures within the regions of trapping [4,21].
Studies on the trajectories of beam electrons in a trapping
potential show that particles may be classified into a sea of
particles with chaotic trajectories uniformly distributed and
groups of bunched electrons oscillating coherently [57,59,60]
with stable trajectories around the structures [61].

IV. FORMATION OF SMALL-SCALE
PHASE-SPACE VORTICES

Figure 2(a) shows the electrostatic potential ¢ = ¢(x,t)
filtered to low frequencies |w/w,| < 0.6. The superposition
of counterpropagating Langmuir waves of the same amplitude
and phase-speed results in a standing wave with localized
positive potential at x = L/2 with enhanced amplitude after
wpt > 1000 that seems to be persistent until the end of the
simulation. Then, after wpt3 = 1180 two pairs of solitary and
localized electrostatic waves start to propagate with velocities
|v1/vm] = 0.06 and |vy/vm| =~ 0.014. After ¢ > t5, various

modes start to grow, propagating with different but constant
phase speeds.

Figure 2(b) shows that at = #3 a completely closed vortex
centered at x = L/2 and v = 0 has formed, as expected from
the symmetry in the velocity space and the beating of the
waves propagating in the opposite directions. Then distur-
bances in the filamentary structure of the velocity distribution
around Fv; and Fv, evolve into completely closed vortices
at wpt4 = 1800, as shown in Fig. 2(c). The position-averaged
distribution function 6 f = (f), — fo, is shown as white lines
in Figs. 2(b)-2(g). In particular, at r = 14 this quantity exhibits
deviations from the regular oscillations seen att = #3 specially
atv = 0, vy, and v,. This is a signal that trapping is occurring
there, and that these vortices may also be characterized as
BGK-like structures [20,59,62].

Note that the velocities of the vortices in Fig. 2(c) are ap-
proximately equal to |v;| >~ Av;/2 and |va| =~ Awv,/2, where
Avy /vy =~ 0.12 and Avy /vy ~ 0.03 are the velocity gaps
between the spiral arms rotating inside the Langmuir vortices
shown in Fig. 1(f). Although not shown here, as far as we have
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FIG. 2. (a) Electrostatic potential ¢ = ¢(x, t) filtered to low frequencies |w/w,| < 0.6. [(b)—(g)] Fluctuations § f = f — fy, in units of
no/vm, of the electron phase-space distribution for velocities around v = 0 and for 0 < x < L. Solid white lines are the spatially averaged

fluctuations of the distribution function § f(v) = f dxdf (x, v).

checked, this pattern also occurs for different values of the
perturbation amplitude ¢. This suggests that the vortices with
velocities v; and v, result from nonlinear coupling between
the spiral arms inside the Langmuir holes.

At times between wpts =2800 and wpt; = 3750,
Figs. 2(d)-2(e) show that vortices of different scale sizes start
to fill the electron phase space. This resembles the description
for phase-space turbulence in electrostatic plasmas [63-66].
At longer times t > t7, Figs. 2(f)-2(g) shows that some of
the vortices have disappeared, possibly by coalescence with
other holes. The hole at v =0 is still present at the end
of the simulation run, while the holes at v; and v, look
indistinguishable from the remaining holes.

V. ELECTRON DENSITY w-k SPECTRUM

Figure 3 (left) shows snapshots of the full phase-space
electron density at several times up to w,t = 3750. In addition
to the vortices discussed before in Figs. 1 and 2, another pair
of counterpropagating holes are visible at v = £1.07vy, =~
+v;/3, and v = +1.61vy ~ v, /2, as shown in Fig. 3(e)
at wyts = 2000. At the times between ts and s, vortices of
different sizes and localized perturbations in the distribution
function appear at several specific velocities within the range
0.2 < |v/vm| < 2.1, some of them satisfying |v| ~ v /n with
2 < n<9. Then, at times w,t > 2800, Figs. 2(g) and 2(i)
show that localized perturbations eventually evolve to form
small-scale holes at velocities greater than the thermal speed,
eventually filling the whole phase space. Although not shown
here, most of these vortices are eventually dissipated by coa-
lescence or numerical dissipation. However, we still observe
the presence of small-scale vortices scattered in phase space
at the end of the simulation run at w,t = 14000, just as
described for Fig. 2(g).

Figure 3 (right) shows snapshots of the electron density
w-k spectrum at the same times as in Fig. 3 (left). The Fourier
spectrum in time is calculated with moving windows so
that t; — 600/w, < t < t;. Att = t3, a signal with frequency
@ =0 and spectrum between 0 < vpk/w, < 4 can be seen in
Fig. 3(b), which is consistent with the formation of a standing
wave, and the formation of a stationary hole in phase space
as described before. Then Fig. 3(d) shows that two branches
of EPWs are excited at a time ¢ = #4. Their phase speeds
|[v/vm| = 0.015 and |v/vgn| = 0.06 are approximately equal
to the velocities v; and v, of the four phase-space vortices
appearing around v = 0 in Fig. 2(b).

At t =ts, Fig. 3(f) shows the excitation of EPW modes
of phase speeds |v/vy| =~ 1.07 ~ v, /3 and |v/vg| = 1.59 =~
vr/2, which is consistent with the holes shown in Fig. 3(e). At
longer times, Fig. 3(h) shows that the density spectrum is pop-
ulated by several discrete EPW branches with phase speeds
starting from v /vy, >~ 1 towards v = 0. This is correlated with
the velocity of several of the holes in phase space with veloc-
ities 0.23 < |v/vm| < 1.2 and other structures with velocities
1.2 < |v/vm| < 2.8 shown in Fig. 3(g). Att = 7, the density
spectrum in Fig. 3(j) is populated by a large number of EPW
branches, resembling the spectrum of spontaneous thermal
fluctuations of electrostatic waves [67].

VI. QUASISTATIONARY STATE

Figure 4(a) shows snapshots of the electric field energy
spectrum at three different times, all of them exhibiting a
power-law wave-number spectrum |E;|> o< k%. Figure 4(b)
shows the evolution of the o index. This index varies be-
tween —6 < @ < —3 when the phase space is being filled
by small-scale electron holes at times 400 < w,t < 3000. In
particular, when the central holes are being formed, a peak
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FIG. 3. (Left) Electron phase-space fluctuations 6 f = f — fy, normalized to ny/vy, and (right) w-k spectrum of the normalized electron
density 8ny,/ng calculated in time windows defined by #; — 600/w, <t < t;, at the times #3 through #; indicated in Fig. 1. The arrows in panels
(e) and (g) represent the velocities v, /n where some of the vortices are formed, withn = {1, ..., 9}.

Qpeak = —4 is found around w,t ~ 1200. Then « decreases
when further structures are developed in the range |v| < vg.
At wpt ~ 4000, o sets into a quasistationary state reaching
the average value @yymp = —4.8074. In this state, the phase
space is mostly filled with small-scale electron holes. The
development of this power-law spectrum suggests that the
electric field fluctuations exhibits self-similarity, meaning that
the fluctuations at different scales differ only by a scaling
factor. This process involves nonlinear interactions between

the nearest modes of the electric field. Although not shown
here, the electric field autocorrelation also shows a power-law
wave-number spectrum, suggesting that there is an energy
cascade process. Due to Gauss’s law, the charge density also
exhibits a power-law spectrum, so the spatial electron density
fluctuations also exhibit self-similarity.

Figure 5 shows snapshots of the velocity spectrum of
the space-averaged phase-space distribution fluctuations § f =
(f)x — fo- A sharp peak at v = vy, which corresponds to the
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velocity scale of the filamentation in the distribution func-
tion, can be seen in Figs. 5(a)-5(c). Since vy increases as
time passes, filamentation evolves towards smaller scales in
velocity space. In addition, the amplitude of the peak in vy
decreases with time, which means that filamentation is being
dissipated.

After w,t = 3750, Figs. 5(d)-5(f) show that the spec-
trum peak amplitude is reduced and becomes comparable to
other fluctuations, meaning that filamentation is indistinguish-
able from other fluctuations in the phase-space distribution
function. Then a piecewise power-law spectrum of |8 f, > is
formed, exhibiting a break-point at v = vy which separates a
nearly flat spectrum |8 £,|> oc v=* with o & 0 for v < vp, and
a steeper spectrum |8 f,|> oc v™# with 8 > « at smaller scales
v > vy. At this stage, the distribution function becomes filled
with small-scale electron holes, suggesting that the power
contained by the filamentation is transferred to the develop-
ment of small-scale electron holes.

This finding complements the physical picture usually
provided for filamentation, where the process is described
to continue to unbounded small scales [68-72]. That is,
the filamentation evolves toward small scales, but it is
self-consistently reduced by the development of small-scale
vortices across the distribution. Possibly, small-scale holes
could not have been developed if fluctuations were not trans-
ported via filamentation. Thus, integration schemes using
aggressive velocity filters [68,69,72] hide part of the physics
shown in this paper by eliminating the filamentation process
early in the simulations.

Figure 6(a) plots the time evolution of v,. Before
wpt < 3750, the velocity scale of the filamentation vy grows
in time with a nearly constant rate vy ~ 0.4w,t/vy. Then
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FIG. 5. Fourier transform of the space-averaged distribution
function versus the conjugate of the velocity, v. Snapshots at six
different times are shown. In panels (a)—(c), filamentation is clearly
observed as a peak in the | f,]> spectrum at v = vy. After w,t > 3750
[(d)—~(D)], filamentation has smoothed, and |§f,|* exhibits a break-
point at v = v, separating a nearly flat spectrum |8 f,|> oc v™% with
a ~ 0 for v < vy, and a steeper spectrum |8 f,|> o< v# with 8 > &
forv < vy.

filamentation becomes indistinguishable from other fluctua-
tions at w,t = 3750. At this point, vy can be identified as the
break point in the velocity spectrum of |8 f, |*. It can be seen
that vy decreases monotonously and asymptotically approach-
ing to vovy 2~ 300 for wpt > 3750. Figure 6(b) shows the
evolution power-law indices « and 8 of the velocity spectrum
18£,1% oc v for v < v, and |8 £,|? oc vF for v > vy. At all
times, o &~ 0 meaning that a nearly equal amount of kinetic
energy per mode is stored at velocity scales v < vy. On the
other hand, B quickly decreases between 3750 < w,t < 6000
and then reaches a quasistationary state around 8 >~ 1.
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FIG. 6. (a) Time evolution of the velocity scale vy shown in
Fig. 5. For w,t < 3750, v, represents the velocity scale of the
filamentation in phase space. For w,t > 3750, v, represents the
break-point in v above which the velocity spectra in |8 f, |* steepens.
(b) Time evolution of the power-law spectral indices of |8 f, |> oc v
for v < vy and |8f,|> oc v for v > .
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(a) N, =2048, (b) 4096, (c) 8192, (d) 16384, and (e) 131 072.

The results from Figs. 3—-6 suggest that the phase-space
distribution becomes self-similar, i.e., that the small-scale
electron holes formed across the distribution follow scal-
ing laws both in the space and velocity domains. As time
advances, the large-scale structures in the velocity domain
inherit this feature, suggesting that there are nonlinear in-
teraction processes occurring toward structures wider in
velocity space. This self-similarity feature is probably of lo-
cal character, meaning that intermittency is happening in the
development of the small-scale electron holes.

VII. EFFECTS OF THE GRID RESOLUTION

The vortices observed in phase space depend critically on
the grid resolution used to numerically resolve the plasma
evolution, in particular on the number of nodes N, in velocity
space. Figure 7 shows snapshots of the phase space near v = 0
at w,t = 3750 for five different simulation runs with differ-
ent velocity-grid resolutions N,. Although the central hole is
formed in all cases, Figs. 7(a)-7(c) show that there is a lack
of small-scale structures for values of N, < 8192, such as the
spiraling arms or even the smaller holes formation, compared
to cases with higher N, values as in Figs. 7(d)-7(e). Simu-
lations with small N, cannot resolve fine structures in phase
space because the size of the structures reaches the grid size
earlier in the simulations. In this situation, some structures do
not form or their development is numerically diffusive.

The variations due to changes in the resolution can be
quantified with the numerical evolution of invariants of the
Vlasov equation. In Fig. 8, we show the time evolution of the
invariant I3 and the entropy S, defined by

L= /dxdvf3, 5)

S:—/dxdvflnf. (6)

Although not shown, the relative error of the total energy
in all cases is of the order of 1077, and no significant changes
are observed by changing the number of nodes in the physical
space, N,. Figure 8 shows that a low resolution in velocity
space leads to an abrupt increment of the entropy, and an
abrupt decrement of the /5 invariant at earlier stages of the
simulation. This is because fluctuations of the distribution
function f reach scales close to the velocity-grid resolu-

tion. Consequently, numerical dissipation is introduced, and
structures of the distribution cannot be solved appropriately.
Therefore, the presented results corroborate the conclusion
of Galeotti and Califano [32], in which the time-asymptotic
state is dependent on the dissipation caused by the numerical
grid resolution. Even if the value of N, is much higher, de-
viations from invariance in both S and I3 are found. In this
regard, Fig. 8 suggests that deviations cannot be completely
eliminated but at least delayed by increasing the velocity grid
resolution N,.

VIII. EFFECTS OF THE PERTURBATION AMPLITUDE

Last, the effects of the perturbation amplitude ¢ on the
formation of the first holes around the center of the distri-
bution function are studied. Figure 9 shows the times ., in
red, at which the central hole (v = 0) is fully formed as in
Fig. 2(b) for different values of €. Similarly, the first secondary
holes that appear after the central hole as in Fig. 2(c) are
also tracked. The corresponding times 7, are shown with blue
error bars in Fig. 9. The holes are considered as fully formed
when their spiraling arms with §f > 0 coincide for the first
time in position space. The error bar size for t. and ¢, de-
pends on the sampling ratio of the distribution function around
the time of their formation. Simulations consider N, = 8192
for e > 0.04, N, = 16384 for 0.03 < ¢ < 0.04, N, = 32768
for 0.0166 < ¢ < 0.03, N, = 65536 for 0.016 < ¢ < 0.0166,

0.0020
(@) s s 8 8 8 8 &
0.0015 F ",?”|ﬂnnn-::: t s et oEow
s ]
i‘g 0.0010F ¢ 7 Sy
@
0.0005 |
0.0000 L L L L L
1.001
(b) * N,= 2048 * N,= 16384
1.000 T—— * N,= 4096 N, = 131072
B - ‘."'. N, = 8192
<, 0.999 F - - *
£ 0998 F . e,
o . -
0.997 F ememdtteensemeservers 4 4 & 5 L 3 8 £ 8 o2 o8 & &
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0 2000 4000 6000 8000 10000

wpt

FIG. 8. Time evolution of (a) the entropy and (b) the invariant /3
of simulations run with different resolution in velocity domain.
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FIG. 9. Times ¢, and ¢, in which the central hole at v = 0 and
the secondary holes around it appear, respectively, as a function of
the perturbation amplitude €. Solid lines show a power-law fit of the
corresponding data. Dashed lines indicate the critical amplitudes for
each curve.

N, = 131072 for 0.0135 < ¢ < 0.016, and N,, = 262 144 for
0.0094 < ¢ < 0.0135. The number of nodes in velocity space
is increased because the vortices of interest are formed at
longer times for lower values of the perturbation amplitude
e. In addition, finer and finer structures develop in velocity
space, eventually reaching the grid resolution. Thus, N, is
increased to avoid early numerical dissipation of these vor-
tices. We checked that different values of N, do not alter the
time in which the central electron holes start to form. Here all
the simulations use N, = 512, without significant differences
from other values of N,.

Figure 9 shows that both times 7, and 7, satisfy a power-
law dependence on the perturbation amplitude as t; « (& —
&))", where g; represents a critical amplitude above which
slow holes with v &~ 0 can appear. For the central vortex,
it is found that &. = 0.005 £0.002 and u. = —1.4 £0.1.
For the secondary holes growing from the central hole, &, =
0.007 £0.002 and py = —1.3 £ 0.1. This suggests that the
formation of the central and secondary holes in the distribu-
tion function may be identified as a second-order transition
process [73]. That is, depending on the initial amplitude per-
turbation &, the phase-space state switches from a phase with
pure filamentation to another phase where the filamentation is
reduced to form small-scale vortices in phase space.

IX. CONCLUSIONS

The problem of the time-asymptotic state of a collisionless,
initially perturbed Maxwellian distributed electron plasma
with immobile ions has been revisited. High-resolution
Vlasov-Poisson simulations show the generation of small-
scale vortices in phase space other than the already known
vortices formed by Landau resonance. Spiraling arms are
formed within the Langmuir vortices, corresponding to
strongly trapped electrons bouncing within the trapping po-
tential. Then, phase-space vortices are formed near velocities
v & 0 of the phase-space electron distribution function.

As the plasma evolves, the phase space of electrons is
successively filled with small-scale holes below the Langmuir
phase speed, with some holes satisfying a simple relation-
ship v = vy /n, where vy is the Langmuir phase speed, and
n is an integer number. In this process, the energy stored by
the filamentation is transferred toward ever smaller scales in

velocity space. This process reduces the filamentation while
small-electron holes are formed across the distribution. This
indicates that the filamentation has scale bounds in veloc-
ity space, rather than continuing indefinitely toward smaller
scales [68—72]. The small-scale electron holes seem to per-
sist for long times, and we associate them as small-scale
BGK-like states. Accordingly, the physical picture of the
time-asymptotic behavior of the perturbed Maxwellian elec-
tron plasma is far more complex than the typical description
of a state consisting of only two counterpropagating elec-
tron holes with velocities near the Langmuir phase speed
[1,3,35,36,40,41]. This is more consistent with the notion of
multiple small-amplitude BGK-like states [2,39,43].

It is worth noticing that a state consisting of multiple
BGK-like structures has already been reported in Maxwellian
electron plasmas induced by chirping of an external elec-
trostatic forcing [4]. There the reduction of the frequency
displaces the resonance zone toward the center of the distribu-
tion function, yielding persisting phase-space holes. However,
the state of multiple BGK-like structures reported in this paper
is created self-consistently from the initial perturbation of a
single mode, without the need for an external forcing [4] nor
the presence of an energetic population of particles, such as
electron beams [51,52,59,61].

The small-amplitude electron holes are probably grown
due to nonlinear wave-wave coupling between spiraling arms
inside the Langmuir holes, satisfying a beating condition
wy =wg—¢ + we. Then a wave coupling cascade between
electron plasma waves (EPWs) starts to fill the w-k power
spectrum. Whenever a hole appears, a branch of EPWs with
phase speed equal to the velocity of the holes is excited. After
the distribution function is filled with small-scale electron
holes, the energy spectrum of the electric field and of its
autocorrelations are found to obey a power-law dependency
on the wave number. This suggests that nonlinear interactions
occur between the closest modes so that an energy cascade
process is in play.

The velocity spectrum of the space-averaged distribution
function exhibits a piecewise power law, with a flat spec-
trum at large velocity scales, a steepened spectrum for small
velocity scales, and a break-point that separates both scales.
Thus, fluctuations in the velocity distribution function exhibit
self-similarity. As time advances, small-scale electron holes
start to localize, suggesting the presence of intermittency, and
rendering the self-similarity as local. As the filamentation
becomes negligible and small-scale electron holes are formed
across the phase space, it is observed that the slope of the
electric field energy spectrum acquires a quasisteady behavior.

Also, the time at which the slowest phase-space electron
holes are formed follow a power-law function of the initial
amplitude perturbation €, suggesting that a process similar to
a critical phenomenon is occurring. Thus, there exists a critical
amplitude perturbation &;, below which the phase-space fila-
mentation is reduced indefinitely until it reaches the numerical
cell size and above which the filamentation is smoothed to
form small-scale electron vortices in phase space.

The findings of this research correspond to an extension
of the common interpretation of the time-asymptotic state
of nonlinear Landau damping in a one-dimensional setting
consisting of only two counterpropagating electron holes. An
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interesting question is if this time-asymptotic state could be
attained in 2D or 3D simulations. For example, electron holes
are observed to propagate stably in multidimensional magne-
tized plasma simulations [74-76].

This study also highlights the need for high-resolution sim-
ulations and algorithms with low numerical dissipation. This
is particularly important when addressing time-asymptotic
states, because small-scale structures that seem to be relevant
in the evolution of the system may not be appropriately re-
solved. The use of lower resolution, at least in the velocity
dependency, leads to an abrupt increment in theoretically in-
variant quantities (e.g., the entropy and the cubic /5 invariant)
earlier in the simulation. Thus, simulations with low reso-
lution in the velocity space may dissipate the formation of
structures in phase space, preventing the plasma from reach-
ing the state observed in our simulations.

The dissipation is intrinsically caused by the numerical
scheme chosen to solve the Vlasov-Poisson system. For ex-
ample, polynomial-splines of second [3] and third order [1,32]
have an error of order O(N, n=1) where n is the order of
the interpolation [77-79]. The integration scheme used in this
research has spectral interpolation in the velocity dependency,
which leads to an error of exponential order decreasing with
N, [48,49], thus reducing significantly the dissipation by nu-
merical interpolation.

Last, high-order modes must be retained when address-
ing the velocity dependency in Fourier space. Accordingly,
it is advised to consider large integer n when using veloc-
ity filters of the form e~ 210/ Vma)™ [50,80]. This allows the
conservation of the 2n — 1 moments of the distribution func-
tion [68,72,81,82], including the density and flux of particles.
Values of n close to unity introduce strong damping in high-
velocity modes, and although they may allow the conservation
of the lower moments of the distribution function, they rule
out the small-scale vortices observed in this research. In this
regard, Cheng and Knorr [80] advised not to use too-large val-
ues of n, because their numerical experiments indicate that the
distribution function acquires negative values with increasing
n. However, we used a large resolution in velocity space and
the problems found by Cheng and Knorr [80] do not occur.
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