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We present a fully-kinetic simulation of the full life cycle of strong Langmuir turbulence (SLT) excited by
electron beams that are accelerated under the solar corona conditions. We find that (1) most packets (∼80%) are
affected by their neighbors during their collapse, as a result, their spatial scale variations present non-standard
evolutionary features, i.e., deviating away from what was predicted by the Zakharov model; (2) the collapsing
cavity is too shallow to trap the wave packet due to the growth of the Coulomb force, as a result a majority
(∼70%) of the packet energy runs away and a secondary localization may occur. The study indicates that the
non-standard Langmuir collapse may play an important role in coronal plasmas interacting with an intense
electron beam, that may be eventually confirmed by humanity’s first mission to fly through the corona.

Beams of energetic electrons, existing pervasively in astro-
physical and space plasmas, excite intense Langmuir waves
and play a fundamental role in the wave-particle interaction
and energy transfer process in space [1, 2]. In addition, non-
linear phenomena of beam-plasma interaction have long been
suggested to be the mechanism underlying some coherent ra-
dio bursts such as the type-III and type-II solar radio bursts
[3–8]. Strong Langmuir turbulence (SLT) develops when the
energy density of the wave field is comparable to the thermal
energy density, leading to self-focusing and localization of
wave packets and formation of density cavities [9–14]. Such
process, termed as the Langmuir collapse, can transfer energy
to small scales within tens of the ion plasma oscillation peri-
ods, leading to efficient damping of wave energy. As a result,
plasmas can be heated via wave dissipation and electrons can
be accelerated coherently via the transit-time damping (TTD)
process [15–18].

In 1972, Zakharov first introduced the concepts of Lang-
muir collapse and SLT and developed the fluid model to de-
scribe such nonlinear behavior of wave packets [19]. Accord-
ing to the Zakharov’s equations, the maximum of the electric
field energy and the scale of the wave packet follow the fol-
lowing scaling laws:

Wm ∝ E2
m ∝ |t0 − t|-2, L ∝ |t0 − t|2/d (1)

where Wm (= ϵ0E
2
m/4n0kBTe) represents the peak intensity

relative to the thermal energy density, Em represents the am-
plitude of the wave field, L represents the scale of the packet,
t0 represents the time required for the packet to collapse to
a singular point. For a two-dimensional (d = 2) packet, the
inverse of the maximum amplitude (E-1

m ) and the scale of the
packet (L) decline linearly with t0 − t due to the collapse.
Wong & Cheung (1984, 1985) [20, 21] did beam-plasma ex-
periments and found both E-1

m and L of wave packets meet the
above predictions, thus verified the collapsing process of SLT
for the first time in experiments.

Despite the great success, Zakharov model adopted the

quasi-neutrality approximation and small-amplitude assump-
tion, thus this model does not accurately describe processes
faster than the ion response time (∼ ω-1

pi ) in which the charge-
neutrality condition can be violated. Such highly-nonlinear
phenomena can be simulated with the particle-in-cell (PIC)
method [22–27], with which Sun et al. (2022) [28, 29] mod-
elled the beam-plasma interaction induced by direct current
discharges with a hot cathode. With the beam-injection con-
figuration, the authors found the large-amplitude pumping
wave structure with an almost fixed phase dominates the wave
concentration and further Langmuir collapse that takes place
within tens of ω-1

pe. This is too early for ions to move thus
charge separation and coulomb force set in to affect the SLT.
They introduced the concept of electron modulational instabil-
ity (EMI) to describe such a fast collapsing process of Lang-
muir waves.

Langmuir wave packets have been observed frequently in
the solar wind using data obtained by Ulysses and STEREO
[30–32]. To evaluate whether they collapse or not, Graham
et al. analyzed 167 Langmuir wave packets in the solar
wind [33]. They concluded most packets are weaker than the
threshold by 1-2 orders of magnitude. Therefore, little evi-
dence of Langmuir collapse has been found in the near-Earth
solar wind plasmas.

In the solar corona, eruptions such as flares and coro-
nal mass ejections occur frequently, especially during active
stages. Energetic electrons can be accelerated efficiently via
magnetic reconnection or coronal shocks [34–38], thus favor-
ing the development of SLT and collapse. Combined analysis
of Hard-X ray and microwave data reveals that bulk accel-
eration of electrons can take place in solar flares with their
abundance reaching up to tens of percents [2, 39]. This in-
dicates that intense beams of energetic electrons are not rare
in the corona where SLT can develop and affect the energy
release and conversion during solar eruptions, as well as exci-
tations of solar radio bursts such as type-IIIs and type-IIs [40].
Yet, few studies have investigated the kinetic evolution of SLT
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within the solar coronal plasmas due to the limits of available
observations.

In space, beams of energetic electrons can propagate over a
long time and a long distance [41–43]. Such situation should
be better approximated with periodic boundary conditions
rather than the beam-injection configuration since in which
the system evolution is strongly affected by the pumping wave
near the injection point. Here we present a fully-kinetic PIC
simulation of the beam interaction with plasmas under the so-
lar coronal conditions, with periodic boundary conditions and
the realistic mass ratio (mp/me = 1836). The purpose is to
investigate the full lifecycle of SLT in coronal plasmas. We
found that the scale variation trend of most SLT packets differ
from the Zakharov prediction, and the cavity formed during
the collapsing stage is too shallow to trap efficiently the wave
packets whose majority of energy runs away and may undergo
a secondary concentration later. These findings improve our
understanding of the nonlinear collapse and further damping
of SLT in space plasmas, and make an essential step towards
solving the established critical problem of SLT in solar corona
plasmas.

We used the open-source Vector PIC (VPIC) code [44, 45]
for the simulation that is two-dimensional in space with three
velocity components. We adopted the usual coronal condi-
tions assuming the background electrons and protons to be
isothermal with temperature of 1 MK. To excite SLT, accord-
ing to the EMI thresholds deduced by Sun et al. (2022) [29]
we set the abundance of the beam electrons to be 0.01. Ini-
tially, the beam propagates along the background magnetic
field (B0 = B0e⃗z) with a speed of vb (= 0.2718 c), where c
is the speed of light in vacuum. The plasma frequency to gy-
rofrequency (ωpe/Ωce) is taken to be 10. The simulation do-
main is taken to be Lx × Lz = 120×120 c/ωpe (∼9449×9449
λDe), the number of cells is 4096×4096, and the total simula-
tion time is 1500 ω-1

pe. To deduce the numerical noise, we take
the number of background electrons in each cell to be 2000
and that of the beam and protons to be 1000. This gives 67
billion particles within the domain.

Figure 1 presents the distribution of maximum intensity of
wave packets (panel (a)) and density cavities (panel (b)) in
the domain, over the whole simulation time. More than a
thousand of localized packets and cavities exist. This is dis-
tinct from the simulation based on the beam-injection model
in which the pumping packet dominates. According to Fig-
ure 1(c) and (d), both numbers of packets and cavities exhibit
exponential distribution with the packet intensity (Wm) or the
cavity depth (δnpm). We define αw to be the fraction of the
area with certain intensity (W ) and αnp to be the area fraction
with certain perturbation (δnp). Both parameters present nice
exponential distributions (see the insets of panels (c) and (d)).
For instance, in ∼ 1/3 of the domain we have W > 1, and in
about 5% of the domain we have δnp > 0.1.

According to Figure 1(e), the evolution of the system can
be divided into four stages: (1) Stage I (0 - 80 ω-1

pe), corre-
sponding to the linear development of the bump-on-tail insta-
bility and the growth of the Langmuir waves, as a result, the

electric field energy increases rapidly to the saturation level
of ⟨W ⟩ ∼ 0.13; (2) Stage II (80 - 200 ω-1

pe), corresponding
to the development of the EMI process, in which the wave en-
ergy gets localized as evidenced by the rapid rise of the energy
fraction within the high-energy area with W > 1 that reaches
up to 24% at the end of this stage. In the meantime, the to-
tal energy of the system exhibits slight oscillation, indicating
the dynamic nature of this stage; (3) Stage III (200 - 400 ω-1

pe),
corresponding to the equilibrium stage during which the total
energy and the energy fraction in high-intensity area main-
tain a nearly constant level; (4) Stage IV (400 ω-1

pe- the end),
corresponding to the energy dissipation stage in which both
the total energy and that within the high-intensity area decline
with time.

Figure 1(f) presents the power-spectra analysis of the
electric-field turbulence within the domain, according to
which the peak of the energy spectra shifts towards larger
wave number (k). During stage II (t = 160 ω-1

pe, 200 ω-1
pe), we

have E2 ∼ k-7, and during stage IV (t = 400 ω-1
pe, 600 ω-1

pe), we
have E2 ∼ k-6, both spectra are steeper than those obtained
by Sun et al. for laboratory plasmas, indicating more-efficient
wave energy dissipation in our case.

Now we follow the evolution of the SLT packet using the
strongest one (with Wm ∼ 7) as an example. According to
Figure 2(a) and (b), the SLT contains multi-collapsing packets
along the beam direction, the transverse scale L of the packet
and the inverse of the maximum of electric field fluctuation
intensity E-1

m follows the linear declining trend from t = 115
to 175 ω-1

pe until L decreases to ∼ 54 λDe. This agrees with the
predicted characteristics of Langmuir collapse.

Despite looking similar, the Langmuir collapse in our simu-
lation is non-standard and two significant features occur. The
first feature is that the majority of the packet energy escapes
from the shallow cavity and undergoes a secondary concen-
tration later. According to Figure 2(d), the protons do not re-
spond actively during the collapse. As a result, Coulomb force
due to the charge separation arises to slow down the growth of
the cavity by balancing the ponderomotive force. When the
packet intensity grows to the maximum, the collapsing cavity
is still too shallow (δnem ∼ δnpm < 0.1) to trap the wave
energy, thus the collapsing wave packet continue to run away,
with a propagation speed close to the electron thermal speed
(vte =

√
kBTe/me = 0.013 c). Eventually, a major fraction of

the packet energy escapes from the cavity (90 ∼ 92 ω-1
pe, see

Figure 2(c) and the accompanying animation [46]). Around
t = 330 ω-1

pe, the escaping energy is ∼ 70% of the total wave
energy, and there presents a local bump on the Wm profile
(Figure 2(d)), indicating a secondary concentration during the
escape of the wave packet.

After t = 200 ω-1
pe, the protons respond in accordance with

the quasi-neutrality condition, resulting in deepening cavity
that gradually reaches a level of δnem ∼ δnpm ∼ 0.5. In the
meantime, the dissipation of the wave packet sets in. This re-
sults in jets of electrons via coherent acceleration of the TTD
process and plasma heating due to the Landau damping pro-
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cess. The jets can be observed from Figure 2(e) that presents
the vz − z phase space distribution after detrending the oscil-
lation profile of the Langmuir wave, and from Figure 2(f) we
can tell the heating of the background electrons from t = 400
to 600 ω-1

pe, with the temperature rising from 1 to 1.3 MK.
The second significant feature of the non-standard Lang-

muir collapse is the dominance of wave packets exhibiting ab-
normal evolution in transverse scale L. In a randomly-selected
squared region with a size of 20×60 c/ωpe, we identified 22
collapsing packets with Wm > 3. In Figure 3 we present in-
tensity maps at a given moment and profiles of E-1

m and L for
3 of the 22 packets. We found that E-1

m of all the 22 pack-
ets present a linear declining trend during the collapse, while
only 4 packets still present the linear decreasing trend of L
with time. The variations of L manifest the following pat-
terns: (1) L increases first before a rapid decrease (#1); (2)
L decreases first before a rapid increase (#2); (3) L increases
linearly (#3). We found similar results within other regions
of the domain.

According to Figure 3(a1)-(a3) and data not presented,
there always exists another localized wave packet in regions
within about one wavelength (λ0 ∼ 1.7 c/ωpe) away from
the packet with abnormal pattern of size evolution, indicating
such non-standard L variation is induced by the interaction of
neighboring wave packets.

We highlighted that about 80% of the packets in the selected
region have abnormal (or non-standard) variation trends of L
that disagree with what predicted using the Zakharov’s equa-
tions, due to the interaction between neighboring wave pack-
ets.

The abnormal evolution of the spatial size of wave packets
affects the strength of the ponderomotive force and the depth
of the cavity and the accompanying wave-particle interaction.
According to Figure 3(d3), Wm maintains an almost constant
level after the collapse (t = 200 - 400 ω-1

pe), and at t = 600 ω-1
pe

only a shallow cavity with δnpm < 0.2 forms at the location
of the Langmuir collapse (see Figure 3(c3)). This can be ex-
plained with a relatively weak ponderomotive force since the
packet size is still large with L ∼ 70 λDe after the collapse
(see Figure 3(b3)). So the protons do not respond fully from
t = 200 to 400 ω-1

pe, and more energy of the wave packet es-
capes. In addition, one nearby cavity that is two-times deeper
with δnpm ∼ 0.4 forms due to the secondary concentration of
the escaping wave energy (see Figure 3(c3)).

To understand the full lifecycle of SLT excited by beam of
energetic electrons in space, we carried out fully-kinetic PIC
simulation with periodic boundary conditions. We found that
most wave packets (∼ 80%) manifest non-standard pattern of
the size variation. Such deviations from theoretical predic-
tions of Langmuir collapse are likely due to the interaction of
nearby packets, affecting further dissipation of wave energy
and cavity formation. We also found that the cavity out of
the Langmuir collapse is in general shallow with the depth
being less than 0.1. This is due to the hindering effect of the
Coulomb force in response to the charge separation during the
fast EMI process. Such cavities cannot trap wave packets effi-

ciently thus a major part of the wave energy propagates away
and may undergo a secondary concentration to form another
density cavity. This study improves our understanding of the
SLT and Langmuir collapse in space plasmas and is helpful to
understand the role of beam-plasma interaction in the origin of
density structures, electron acceleration and plasma heating,
and the origin of coherent radio bursts. The results presented
here may be eventually confirmed by Parker Solar Probe, the
humanity’s first mission to fly through the corona.
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FIG. 1. (a) Spatial distribution of wave packets with peak intensity Wm > 2. The solid rectangle outlines the location of the strongest wave
packet shown in Fig. 2, and the dashed one shows the sampling region for wave packets plotted in Fig. 3. (b) Spatial distribution of proton
cavities with depth δnpm > 0.2. (c) The histograms for the number of wave packets versus peak intensity Wm. (d) The histograms for the
number of cavities versus cavity depth δnpm. The variation curves of the corresponding filling factor (αw, αnp) are shown in the top right corner
of (c) and (d). The red lines represent the exponential fitting curves. (e) Temporal profiles of the average energy density of electric field ⟨W ⟩
and the ratio of energy in the W > 1 region to the total field energy. The vertical lines (at t = 80, 200 and 400 ω-1

pe) indicate four evolution
stages I, II, III and IV. (f) Energy spectrum E2(k) versus time, where the vertical line represents k0(= ωpe/vd).
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FIG. 2. (a) Spatial distribution of the normalized energy density W of wave packets, superposed by the 1/e contours of W . The vertical
lines present the location of the collapsing wave packets (90 - 93 c/ωpe). (b) The transverse scale (L) and the inverse of E amplitude (E−1

m )
versus time. The vertical lines present the collapsing stage of the packet (115 - 175 ω-1

pe), the green bars represent the measurement error of L.
(c) Spatial distribution of the time-averaged energy density W and proton density perturbation δnp over 20 ω-1

pe, with the W contours spaced
by 0.5. (d) Temporal profiles of the time-averaged peak intensity of wave packet and depth of cavity (Wm, δnem, δnpm). The vertical lines
represent t = 200, 330 and 600 ω-1

pe. (e) Normalized phase space distribution of the background electrons. The oscillation components induced
by the Langmuir waves have been removed. The vertical lines show the region used to calculate the EVDF plotted in (f). Overplotted in panel
(f) are the curves (dashed) for the Maxwellian velocity distribution function with Te = 1 MK and 1.3 MK.
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FIG. 3. (a1)-(a3) Spatial distribution of the normalized energy density W of wave packets (#1 − #3) at a given moment. (b1)-(b3) The
transverse scale (L) and the inverse of E amplitude (E−1

m ) versus time. The vertical lines present the collapsing stage of the packet. (c3)
Spatial distribution of the time-averaged energy density and proton density perturbation (W , δnp). Two vertical lines indicate the location of
the collapse and the secondary concentration. (d3) The temporal profiles of the time-averaged peak intensity of the wave packet Wm and the
time-averaged cavity depth (δnem, δnpm). The three vertical lines represent t = 260, 400 and 600 ω-1

pe.
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