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Abstract we report the peculiar interaction of two type Ill bursts observed in the solar wind. As electron
beams propagating on the same magnetic field lines cross, a spectacular depletion of the type Il radio
emission is observed. We combine observations from the WAVES experiment on board the STEREO mission
together with kinetic plasma simulations to study the extinction of type lll radio emission resulting from
the interaction between two electron beams. The remote observations enable to follow the electron beams
in the interplanetary medium and show that the level of radiated radio waves is recovered after the beam
crossing. The in situ observations of beam-driven Langmuir waves give evidence for Langmuir decay. The
density fluctuations are extracted from in situ observations. The velocity of the beams is independently
evaluated from in situ observations of decaying Langmuir waves and remote radio observations. The kinetic
simulations show that the level of beam-driven Langmuir waves is reduced as the two beams cross. We
show that the slow beam induced a strong reduction of the quasilinear relaxation of the fast beam, limiting
the amplitude of the generated Langmuir waves. Moreover, in the case of two electron beams, the lack of
Langmuir wave coherence reduces the efficiency of the Langmuir parametric decay. We thus conclude that
the observed depletion of the type Il radio emission is independent of the radio emission mechanism, as
long as it depends on the Langmuir amplitude and coherence.

1. Introduction

Type Ill bursts are among the most intense solar radio emissions. These emissions arise at the plasma fre-
quency or its first harmonic and show a characteristic fast downward drift in frequency with time. Numerous
works have been devoted to study the physical processes at their origin, and in particular the conversion
process from electrostatic to electromagnetic radiations. The most admitted scenario of the type Il emis-
sion is as follows. Solar flares eject fast electron beams that propagate along the open solar magnetic field
lines in the interplanetary medium. The streaming of these electrons provide the necessary free energy to
destabilize the plasma (through the bump-on-tail instability) and generate Langmuir waves. These waves
are then converted to electromagnetic waves at the local plasma frequency or its harmonic. As the density
decreases with the distance to the Sun, the plasma frequency decreases, and the type Ill exhibits their char-
acteristic time-frequency drift. Several wave conversion processes have been discussed from linear mode
conversion in inhomogeneous density profiles [Field, 1956; Kim et al., 2008; Schleyer et al., 2013] to nonlinear
processes including nonlinear beam instability [Yoon, 1995], wave coupling (electrostatic parametric decay
[Cairns, 1987b; Henri et al., 2009], or electromagnetic coupling [Cairns, 1987a)).

Recently, Henri et al. [2009] have provided strong observational evidence in favor of the electrostatic
parametric decay. This is a two-step process that yields to an electromagnetic wave at twice the plasma
frequency. When the amplitude of the Langmuir wave is large enough, the wave decays into a daughter
Langmuir wave L’ and an ion acoustic wave IAW. In the second step, two Langmuir waves couple to generate
the electromagnetic wave:

Lol +IAW L+L =Ty (1)

To complete this observational work, Henri et al. [2010] performed Vlasov simulations. They first provided

a new estimate of the amplitude threshold for the parametric decay to occur in the realistic case of wave

packets (i.e., not only for monochromatic waves), and they show that the observed wave amplitudes fulfill
the conditions of decay.
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Figure 1. Location of the two STEREO spacecraft relative to the Earth at the time of the observation. Earth, Venus, and
Mercury orbits are displayed together with the Parker spiral. From the STEREO Web page.

In the present paper, we provide another indirect evidence in favor of the nonlinear process from obser-
vations and Vlasov simulations. Since the type lll emission is at the fundamental of the plasma frequency,
electromagnetic coupling is favored in the present case either through an electromagnetic decay:

L— Tfp + 1AW (2)
or through a coalescence process:

L+IAW — T, 3)

The new aspect of these observations is the strong decrease of the intensity of the type Ill emission. We
interpret it as the reduction of the Langmuir wave emissions due to the interaction of two electron beams
ejected at different time in the interplanetary medium while following the same open magnetic field line.
As will be shown, two distinct beams of electrons with different speeds generate the recorded type Il emis-
sions. The first emitted beam is composed of electrons slightly slower than those of the second beam,
injected later from the Sun in the interplanetary medium. As the fast beam catches up with slower one,

a striking lack of the radio flux nearby the burst leading edge can be observed. When the faster beam
exceeded the slow one, the two type Ill radio emission components recover their standard radio flux.

The goal of this paper is thus to explain the inhibition of the electromagnetic emission through 1D-1V
Vlasov-Poisson simulations. Indeed, following the idea that Langmuir waves are the first step of a wave
coupling that leads to the electromagnetic radiation, we plan to estimate how this coupling can be broken
or reduced.

The paper is organized as follows. The section 2 presents the conditions of observation. The section 3 details
the analysis from the remote and in situ observations to deduce the parameters that serve to constrain the
simulations presented in section 4.

2. Observations

The STEREO mission is composed of two nearly identical spacecraft, one orbiting ahead of the Earth
(STEREO-A) and the other behind (STEREO-B). The observations were performed by the radio instrument
WAVES [Bougeret et al., 2008; Bale et al., 2008]. The High/Low Frequency Receiver (HFR/LFR) continuously
records electric field in the range 20 kHz-16 MHz, and the Time Domain Sampler (TDS) mode records high
time resolution, electric waveforms in the range 0.1 to 60 kHz. The analysis of the waveforms also requires
several other parameters of the solar wind. In particular, the magnetic field and the solar wind parame-
ters are obtained, respectively, from the In-situ Measurements of Particles and CME Transients (IMPACT)
[Luhmann et al., 2008] and Plasma and Suprathermal lon Composition (PLASTIC) [Galvin et al., 2008] instru-
ments on board STEREQ. Finally, the images at 171, 195, and 294 A obtained by Sun Earth Connection
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Figure 2. Close view of the unique active region responsible for the type Ill emission, as observed by SECCHI instrument. (from top to bottom) 171 A, 195 A, and
294 A. The time of each image is indicated (in universal time) and increases from left to right.

Coronal and Heliospheric Investigation (SECCHI) are used to identify the active region at the origin of the
radio event [Howard et al., 2008].

The observations were performed on 18 July 2009 by STEREO-A. At that date, STEREO-A was located in the
ecliptic plane, at 0.958 AU from the Sun and 55.3° to the west of the Earth (see Figure 1). While this emission
was also observed by the radio receiver of the Wind/WAVES instrument (not shown) located ahead of the
Earth, it had no significant counterpart on STEREO-B located 49° east of the Earth.

The inspection of the SECCHI images (Figure 2) reveals that only a small active region, located at N28°W120°,
was present on that day, facing ST-A. Between 01:30 and 02:00 UT (corresponding to the deduced onset time
of the radio emission, see below), we observe a lift off of plasma material from this region. This confirms our
identification of this region as the unique source of the electron beams. About 1 h later, the brightness in
195 and 294 A increases.

2.1. Remote Sensing Observations

Figure 3 displays the radio spectrogram from 01:00 to 04:30 UT. At high frequency, the burst exhibits two
main components. The first emission, labeled F,', starts at t),. ~ 01:38 UT (t = 1.6357 on Figure 3) while the
second one, labeled F,?, starts at tﬁF ~ 01:47 UT (t = 1.79). At low frequency, intense Langmuir waves (LW)
are observed, starting at tﬂw ~ 02:42 UT (t = 2.7046) for the first group, labeled LW,, and tEW ~ 03:17 UT
(t = 3.2850) for the second compact group LW,. The presence of such waves reveals the passage of electron
beams by the probe location.

The method to determine the mode of emission (fundamental or harmonic) and the velocity of the electron
beams has been intensively described in Dulk et al. [1987] and Hoang et al. [1994, 2007]. We just summarize
the main ideas here and develop the results.

The type lll emissions are emitted at the local plasma frequency f, (for the fundamental, with f, (kHz) =
8.98 x n;/z when the density is expressed in cm~3) or twice this frequency (for the harmonic). At the helio-
centric distances covered by our frequency range, the electron density n, varies as r=2, r being the distance
to the Sun (in astronomical unit). A diagram displaying the time variation of the intensity as a function of the
inverse of the frequency (1/f — t diagram) thus shows the variation of the emission with the distance to the
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Figure 3. (left) Schematic view of the two electron beams’ positions corresponding to the radio observations. The numbers 1-6 are used to define several
moments of the beam propagation. (right) Radio spectrogram observed by STEREO-A on 18 July 2009 from 01:00 to 05:30 UT in the 15-1000 kHz range. The
intensity relative to background is plotted as a function of time (hour of day) and frequency (kHz) and coded by a gray scale in units of decibel above background.
The solid lines, labeled FA1 (red) and FA2 (blue), are the traces of the predicted onset times for the type Ill electrons producing the fundamental (F) radiation
while the dashed lines (H) stand for the respective predicted onset time of the harmonic radiation. Both traces, FA1 (slow stream) and FA2 (fast stream), clearly
delineate the leading edges of the two burst components at high frequency before they intersect at about 1.93 UT and 100 kHz (beam crossing).

Sun [Dulk et al., 1987; Hoang et al., 1994, 2007]. The linear fit of 1/f versus the emission onset time at high-
est frequencies (i.e., near the Sun where the spiral is quasiradial) yields for the first burst component, labeled
F/} in Figure 3, a beam speed slower than that of the second component Fj (see details in section 3). This
implies that the first and slow burst Fj‘ is to be associated with the second group of Langmuir waves LW,,
and the second and fast burst Fj with the first group LW,. From the knowledge of the mean beam speed
along the spiral and assuming the plasma frequency f, distribution in 1/r along the spiral, the onset times at
the fundamental F and harmonic H as a function of frequency can be predicted for each burst component,
after correction for the light flight time from the type Ill emission source to spacecraft.

The onset times are plotted in Figure 3 for the first component F," corresponding to the slow stream (red
color) and for the second component F,? corresponding to the fast stream (blue color). A striking lack of
the radio flux nearby the burst leading edge of the two beams can be observed at the crossing of the two
beams, from ~200 kHz down to ~100 kHz (at about t = 1.93). Below the beam crossing frequency at
100 kHz, the radio emission appears again immediately after the leading edge of the fast stream and thus
overwhelms that of the slow stream.

2.2. In Situ Observations

As the electron beams cross the STEREO-A spacecraft between 02:42 and 04:04 UT (step (6) in Figure 3),
beam-driven Langmuir waves are recorded by the Time Domain Sampler (TDS) of the S/WAVES experiment.
A total of 45 waveforms have been recorded. Except for the first event at 02:42 UT, they all correspond to the
compact group of Langmuir waves LW, previously discussed which is linked to the slow beam.

Originally recorded in the antenna reference frame, the waveforms are studied in a more physical reference
frame (&,.€,,.€,,) where &, isalong B, €, is along Vg, x B, where V is the solar wind velocity, and &, ,
completes the orthonormal trihedral. An example of such waveform is shown in Figure 4.

The first event at 02:42 intersects the predicted onset time emission of the fast beam (blue, full line Fj of
Figure 3). The envelop of the waveform has a soliton shape meaning that the emission is very localized.
The polarization is elliptic in the plane (EX,Ey). The spectrum shows a double peak with a large power at
20.10 kHz. No low-frequency counterpart is observed. The 44 remaining events correspond to the compact
group of Langmuir waves observed between 03:03 and 04:04 UT. Among these events, 42 show a
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Figure 4. An event of the compact group of Langmuir waves corresponding to the slow beam. The three components of
the electric field are displayed. In black €, in red €, ;, and in green € ,. The enclosed figures display the polarization in
the plane (E”,‘é“) (bottom left) and in the plane (€,,,€,) (top right).

double-peak structure around the plasma frequency (Figure 5) with a broadband frequency of about

0.3 kHz. When the intensity of the electric field is high enough (typically greater than 25 mV/m), a low fre-
quency peak (< 1 kHz) appears. Its frequency then equals the separation between the two Langmuir wave
peaks. Among the 44 recorded events, 19 present a clear low-frequency signature. Note that the absence of
such signature does not necessarily mean that the Langmuir decay did not proceed. Such lack could result
from a stronger damping of the ion acoustic waves (by a local increase of the ion temperature, for example).
It can also indicate that the coalescence process is also at play.

3. Beam Characteristics

The beam velocity to be introduced in the simulation is deduced from the observations, first from the elec-
tromagnetic radiation then from the 44 events of in situ Langmuir wave measurements corresponding to
the slow beam.

3.1. Beam Velocity
From the r=2 radial variation of the electron density and the relation between plasma frequency and density,
we obtain

B aa/f Y
Codtathn,’

(4

where a is the radiation mode (equals to 1 for fundamental and 2 for harmonic), V, = dr/dt is the elec-
tron beam speed, (f,r), can be fixed by the knowledge of f,, at a given heliocentric distance r,, e.g., at the
spacecraft. In the present case, a linear fit of 1/f versus the emission onset time for each burst component
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Figure 5. Spectrum of the parallel component of the event presented in Figure 4. The enclosed figure displays the spec-
trum at low frequency. The vertical dashed lines show the two Langmuir peak frequencies and the expected location of
the low-frequency signal.
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Table 1. Plasma Parameters Obtained or Deduced From the In Situ

Measurements?

Event Time fp fia Vow [4 Vy (v
# hh:mm:sec  (kHz)  (kHz) (kms™')  (deg) (0) (mV/m)
5 03:07:01 20.67 0.58 531 53.0 0.08 37
7 03:07:03 20.83 0.51 531 53.7 0.09 23
8 03:07:05 20.80 0.67 531 52.8 0.07 41
9 03:07:06 20.82 0.53 531 52.8 0.08 32
15 03:10:07 20.65 0.54 525 46.1 0.09 59
16 03:10:09 20.51 0.77 517 48.7 0.06 25
18 03:15:17 21.24 0.79 501 39.9 0.07 23
22 03:15:22 21.28 0.67 501 39.9 0.08 27
23 03:19:55 20.00 0.98 507 30.1 0.06 17
25 03:20:01 20.04 0.92 507 30.4 0.06 37
26 03:20:03 20.11 0.89 507 30.5 0.07 11
28 03:20:26 20.08 0.70 501 314 0.08 22
29 03:20:40 20.40 0.84 502 28.6 0.07 16
30 03:20:51 20.12 0.83 502 29.3 0.07 25
34 03:29:41 19.63 0.89 494 40.73 0.06 29
35 03:32:26 20.18 0.96 514 29.35 0.06 37
36 03:32:27 20.37 0.59 514 2943 0.10 53
41 03:50:47 19.70 0.86 521 45.7 0.05 67
42 03:50:48 19.71 0.91 521 45.8 0.05 57

aFrom left to right: event number, time of the Langmuir event, plasma and
ion acoustic wave frequency, solar wind speed, and the angle between the solar
wind and the magnetic field. The two last columns give the estimate of the
beam velocity (from equation (7)) and the maximum value of the electric field.

was performed between 1075 and 325 kHz. We obtained a slope of B; = 0.036 + 1073 kHz™! h~" for the
first component F," and B, = 0.05350 + 8.10~° kHz~' h~" for the second component F,2. At the location of
the spacecraft (r = 0.958 AU), the observed plasma frequency is about 20 kHz (see also Table 1), leading to
V; = 0.096 + 0.007c for the first beam and Vg = 0.142 + 0.007c. A first slow electron beam has thus been
ejected from the Sun followed by a second, faster one.

Another way to estimate the beam speed is to compute the travel length of the electrons along the
Archimedean spiral of the open magnetic field line that connect the Sun to the spacecraft. In the ecliptic
plane, the Archimedean (Parker) spiral is written as [Tautz et al., 2011]

517 (5)= g 5p@ 90 6
with b = 46 x 1073 AU the distance to the Sun where the field line corotate with the Sun’s surface (i.e,, the
distance above which the velocity can be considered as constant), Q, = 2.6 X 107 rad s™' the Sun rotation
rate, vs, the radial solar wind velocity, r the distance to the Sun, ¢ the heliocentric longitude at the distance
r, and ¢, the heliocentric longitude of the foot point of the magnetic field line. The length of the spiral arc is
thus given by Tautz et al. [2011]

— 2 2
L(r)=r;b r ? *+¢ +%Arsinh<%) ©)

where { = vg,/Qg = 1.33 AU. Assuming that the two beams have followed the same spiral arc (L = 1.05 +
0.02 AU with a solar wind speed of vg,, = 520 + 10 km s7"), their velocity is deduced from the difference of
flight time: t:‘F = 01:38 UT and first detected at the spacecraft at tﬂw = 03:17 UT, while the second beam is
ejected at t;. = 01:47 UT and detected at t7,, = 02:42 UT at the spacecraft. This leads to V, = 0.09¢ + 0.03
and V; = 0.16 + 0.04c. These mean velocities confirm the sketch of beam emission deduced from the slope
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Figure 6. Spectrum around the plasma frequency for all the events of the compact group. The ordinate axis displays the
event number, an indication of time (but the events are not regularly observed in time). The red (yellow) line displays
the location of the upper (lower) Langmuir peak. The upper abscissa scales the electron density corresponding to the
frequencies of the lower axis.

of the (t — 1/f) diagram. It also confirms that the two beams follow the same spiral arc, as expected since
only one active region is observed on the Sun (Figure 2).

The velocity of the electron beam V,, can also be estimated from the Langmuir waves. Indeed, the Langmuir
decay conserves the energy and the moment. This allows to deduce the relation between the frequency of
the waves and the velocity of the electron beam [Cairns and Robinson, 1992; Hospodarsky and Gurnett, 1995]:

N 2f, Vs | cos(0) |

’ fin

@)

where f}, is the frequency of the ion acoustic wave, f, the frequency of the Langmuir wave, Vs, the velocity
of the solar wind, and 6 the angle between the magnetic field and solar wind. This equation is correct in case
of electrostatic decay (equation (1)). It is not valid in case of coalescence or electromagnetic decay. However,
we will see that the electron beam values obtained from equation (7) are consistent with the estimation of
the former paragraphs. We discuss this in the conclusions. The plasma frequency entering in equation (7)

is set to the mean value of the two Langmuir peaks, since the two components are supposed to be equally
Doppler shifted in opposite direction. Table 1 presents the parameters of the observation and the estimate
of the beam velocity for all events where the low frequency wave is clearly observed. They are compatible
with the value of the slow speed beam deduced from the electromagnetic radiation.

Equation (7) also shows that the frequency of the ion acoustic wave must increase with time, as the beam
speed decreases. We have checked (not shown) that this time evolution is indeed observed, with a mean
drift of 455 Hz h~".

3.2. Main Plasma Density Fluctuations

If we neglect the correction due to thermal effect, the frequency of the Langmuir waves is proportional
to the square root of the core electron density. Figure 6 displays the time evolution of the frequency
(thus the density). The variations of the electron density is about 20% during the observing time of the
Langmuir waves.

The Langmuir ponderomotive effect couples the electron and ion dynamics. Using the STEREO spacecraft
floating potential fluctuations, it is possible to estimate the density fluctuations 6n/n,,,, [Henri et al., 2011].
Figure 7 shows that the nonlinear effects start playing an important role for an electric to thermal energy
ratio larger than about 107#: the events are then located along the line of saturation én/n,,,, = W,.Note
that the same conclusion was obtained in the aforementioned paper from the analysis of data from the
free (i.e, not connected to Earth) solar wind and terrestrial electron foreshock. This proves the fundamental
aspect of the nonlinear process, independently of the mode of excitation of the electromagnetic waves.
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Figure 7. Density fluctuation (6n/np,,y) as a function of the maximum Langmuir wave energy W, .. Red points corre-
spond to the event of Table 1. The blue line displays the saturation level of the parametric decay, i.e,, the location where
(6n/nmax) = W,. The horizontal dashed line indicates the 3¢ detection level of S/WAVES.

4. Simulations

So far, we have reported remote radio observations of two interacting type lll bursts and in situ observations
of decaying beam-driven Langmuir waves as the type Ill associated electron beam crosses the STEREO-A
spacecraft. In this section, we analyze the origin of the radio extinction, corresponding to steps (3) and (4) in
Figure 3. In this purpose, we make use of kinetic simulations to explore the properties of the beam-plasma
interactions and the eventual Langmuir decay as the two electron beams intersect.

A kinetic electromagnetic simulation to model the type lll radio emissions is still out of reach of current com-
puters. In order to understand the physical mechanisms at the origin of the decrease of the electromagnetic
emission at the beam crossing, we make use of a kinetic electrostatic model instead, using the efficiency of
the beam-driven Langmuir waves generation and subsequent nonlinear electrostatic decay as an estimation
of the efficiency of the radio emission mechanism.

4.1. Model

The Vlasov-Poisson system of equations is solved for the electron and ion distribution functions, f,(x, v, t)
and f(x, u, t), with the numerical scheme described in Mangeney et al. [2002]. A 1D-1V configuration is con-
sidered in this study. The equations are normalized using the following characteristic electron quantities: the
charge e, the electron mass m,, the electron density n,, the plasma (angular) frequency w,, = /4zn.e?/m,,

the D_ebye length A, = /T, /4zn.e2, the electron thermal velocity vy, , = Ap@, = /T./M,, and an electric
field £ = m vy, (@, /€. Then, the dimensionless equations for each species read

of,  of,  of,

ot Vo T =0 ®
of  of Eof
iy BT 9
at+u6x+uau ©)
& 0
2 fedv—/ﬁdu,E=—§ (10)

where v (resp. u) is the electron (resp. ion) velocity. Here y = m;/m, = 1836 is the ion-to-electron mass
ratio. The self-consistent electric potential (¢) and electric field E are generated by the plasma charge den-
sity fluctuations according to Poisson equation (equation (10)). The electron (resp. ion) distribution function
is discretized in space for 0 < x < L,, with L, = 10,000 4, the total box length, with a resolution dx = 4,.
The electron velocity grid ranges over =20 vy, < v < 420 vy, , with aresolution of dv = 0.1 v, .. The
ion velocity grid ranges over =5 uy,; < u < 45 uy,;, with a resolution of du = 0.04 uy, ;, where uy, ; is
the ion thermal velocity. Finally, periodic boundary conditions are used in the spatial direction. The beams
length (estimated from the duration of the Langmuir activity and the respective beam velocities) is much
larger (=~15-30 x 10° km) than the Langmuir wavelength (~0.25 km at the beam crossing position) and
Langmuir wave packets (~5 km at the beam crossing position). Thus, periodic (i.e., infinite beams) condition
is reasonable.
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Figure 8. Initial electron distribution functions in velocity space: (from left to right) the slow beam only, the fast beam
only, and both beams are present in the simulation box.

In all the runs, the following initial conditions have been chosen: ion distribution functions are initially
Maxwellian with respect to velocity, while electron distribution functions are composed of a Maxwellian
core and one or two Maxwellian beams; a random noise is added to the homogeneous density to seed the
generation of beam-driven Langmuir waves:

fe(Xv V)= (fecore(v) + feb,sIOW(v) + feb-,faSt(v)) X (‘I +¢€ Z cos (kx + ll/k)> (1m
k
where
2
exp (— 2"7>
f:ore(v) — (1 _ nb,slow _ nb,fast) c (12)
V2rn
b,slow vV —V, 2
f:,S|OW(V) — 1 n exp( - ( 2,5|0W) (13)
V2z Vo 2y ih
b.fast V-V 2
f:’faSt(V) — 1 n exp _( :,fast) (1 4)
\V2rz Voth 2V,
and
e ez
fou)=1/5—e n 7 x [ 1+€ ) cos(kx + ) (15)
2w -

with 4 = m;/m, = 1836 is the ion-to-electron mass ratio, ® = T,/T, is the ion-to-electron temperature
ratio setto ® = 0.1 in the different runs. y; and y, are random phases with a uniform distribution. The
parameter € (resp. €’) is the amplitude of the initial electron (resp. ion) density level of noise. They are chosen
so that the development of the instability occurs relatively rapidly, as Vlasov codes have a very low level of
numerical noise.

The beams thermal velocity is fixed to v, i, = 0.35. The two beam speed are v, ,,, = 8 and v, ¢, = 13 for
the slow and fast beam, respectively. The beam densities are n,, g, = 1.5 x 103 and n, g =5 x 107
for slow and fast beam, respectively, expressed in units of the core electron density. The parameters are cho-
sen so that the growth rate of beam-driven Langmuir waves generated by the two isolated beams is of the
same order. We have performed a series of three different setups: in the first (resp. second) setup, only the
slow (resp. fast) beam is present, while in the third run, both the slow and fast beams are launched. Figure 8
shows the initial electron distribution function corresponding to the three setups. In this numerical exper-
iment, the first and second setups are intended to model the generation and evolution of Langmuir waves
when the beams are present separately (steps (2), (5), and (6) in Figure 3), while the third run is intended

to model the generation and evolution of Langmuir waves as the two electron beams intersect (steps (3)
and (4)).
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Figure 9. Evolution of the (top) total electric energy and (bottom) average level of density fluctuations when the slow
beam only (red), the fast beam only (blue), or both beams (black) are present. The green line shows the sum of the iso-
lated contribution of the two beams. To ease the reading, the electric energy is normalized to the maximum of electric
energy corresponding to the sum of the electric energy when the beam is isolated.

4.2. Generation and Evolution of Langmuir Waves as the Two Electron Beams Cross

The slow (resp. fast) electron beam is unstable to the bump-on-tail instability leading to the generation of
Langmuir waves with an electric spectrum centered on wave number k, g, = 0.14 (k ¢, = 0.08). When the
energy of the Langmuir waves is high enough, they undergo a three-wave electrostatic decay that generates
backscattered daughter Langmuir waves with a wave vector k/ g4, = 0.12 (k;/ t.5; = 0.07) and ion acoustic
waves With K o = 0.26 (Ks gogr = 0.15).

The level of electric energy is used as a proxy for the efficiency of the bump-on-tail instability, while the
level of density fluctuations is a proxy for the efficiency of the three-wave coupling process. The evolution
of the electric energy and of the level of density fluctuations is shown in Figure 9. After a linear phase of
the bump-on-tail instability (0 < t < 2.10%), the level of Langmuir electric energy (Figure 9, top) saturates
to a level that is of the same order for the two beams taken isolated (compare the blue and red lines). As
the amplitude of the Langmuir waves reaches the parametric decay threshold [Henri et al., 2010], the level
of associated density fluctuations grows (Figure 9, bottom). Note that both the level of Langmuir electric
energy (Figure 9, top) and the level of density fluctuations (Figure 9, bottom) when the two beams are
present (black line) is smaller than what would be expected with independent bump-on-tail instabilities
(green line). This proves that the three-wave coupling is less efficient when the two beams are present.
The density fluctuation depletion in presence of two beams is a direct consequence of the lower Langmuir
electric energy, as the parametric decay threshold depends on the Langmuir amplitude.

We now concentrate on the reason for this electric energy depletion, in particular the influence of the slow
beam on the decrease of fast beam-driven Langmuir energy; then we shall discuss the mutual influence of
each beam-driven Langmuir wave on the decay of the other.

4.2.1. Decrease of the Fast Beam-Driven Langmuir Energy

The evolution of the electric spectrum is shown in Figure 10 where only the slow beam (top), only the fast
beam (middle), or both beams (bottom) are considered. If only one beam is present, the electric spectrum
shows first the growth of the beam-driven Langmuir waves (L, and L,), then the growth of the daughter
Langmuir wave as the parametric decay proceeds (L} and L).
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Figure 10. Electric spectrum at successive moments of the simulation. (top) Only the slow beam, (middle) only the fast

beam, (bottom) the two beams are present. The different moments are displayed by distinct colors. The time values are

indicated in Figure 10, top. The vertical dashed lines show the wavelength of the mother (L) and daughter (L) Langmuir
waves corresponding to the decay of the slow (blue) and fast (red) beam-driven Langmuir waves.

Note that the broadening of the beam-driven Langmuir spectrum develops toward larger wave numbers.
If only one beam is present, the spectral broadening develops on wave numbers ranging from the linear
bump-on-tail wave number (resp. k;; and k;,) to a larger wave number (Figure 10, top and middle). When
both beams are present (Figure 10, bottom), the spectral broadening of the slow beam-driven Langmuir
waves is identical to what is observed with only the slow beam (Figure 10, top). On the contrary, the spec-
tral broadening of the fast beam-driven Langmuir waves is stopped early, at a wavelength (~ 0.015) much
smaller than what is observed with the fast beam only (Figure 10, middle).

This spectral broadening is associated to the quasilinear evolution of the electron distribution function,
more precisely the broadening of the plateau. As the unstable part of the distribution function (posi-

tive velocity slope) is moved toward smaller velocities, resonant Langmuir waves at larger wave numbers
develop. This can be understood from the screening of the fast beam by the slow beam in velocity space
(Figure 11), which limits the formation of the plateau associated to the fast beam to velocities larger than
the initial slow beam velocity. As a consequence, the available free energy to be converted into electric
energy is much smaller for the fast beam-driven Langmuir waves in presence of the slow beam. Eventually,
the density fluctuations associated to the Langmuir decay are reduced when the Langmuir wave amplitude
is smaller. In association to this quasilinear picture that explains the screening of the fast beam by the slow
beam, the fast beam electron trapping process is strongly modified in the presence of the slow beam, as the
trapped fast electrons access a smaller range of velocities in phase space (not shown here).

The beam densities are assumed as a parameter in the simulation as they are not available from STEREO
data. The relative beam density ny, /Ny fasr hOWever plays an important role in the quasilinear relax-
ation of the fast beam. Indeed, the result presented in Figure 11 would become qualitatively different with
Ny slow/ Np- fast << 1, since the quasilinear relaxation of the fast beam would no longer be inhibited at veloc-
ities smaller than v, y,,, so that the total available free energy from the fast beam would not differ much in
the presence or absence of the slow beam with n, ¢, /n,. fast < 1. This tends to suggest that during the
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Figure 11. Comparison of the velocity electron distribution functions, averaged on the numerical box, at (from top to
bottom) three successive times wpet =2 X 103,10 x 103 and 18 x 103, when the slow beam only (in full red), the fast
beam only (in full blue), or both beams (in black dashed) are considered.

event reported in this paper, the density of the fast beam should not have been much larger than that of the
slow beam.

Figure 9 shows that the total electric energy in the presence of both beams is always larger than when the
slow beam only is present, but that the corresponding density fluctuation is always smaller than the iso-
lated contributions of the two beams. This indicates that not only the fast beam-driven Langmuir waves
are affected by the slow beam, but that another process should also reduce the efficiency of the slow
beam-driven Langmuir waves decay, discussed hereafter.

4.2.2. Mutual Influence of Each Beam-Driven Langmuir Wave on the Decay of the

Other Langmuir Wave

First, the parametric decay instability is a threshold

: EERERERRREEREEEEDA process that depends on the electric field amplitude
107 -------- Slow beam .
El Fast beam of the mother Langmuir wave packets. Thus, even a
Both beams small decrease of the Langmuir electric energy can be
S sufficient to make the decay inefficient locally, as soon
0L :2 ! as the Langmuir wave packets amplitude gets below
oo the decay threshold.
| Second, the parametric decay instability is a coherent
0 AR n process that requires the beating of the mother and
I daughter Langmuir waves electric field to be phase
N locked with the ion acoustic density fluctuations. Such
ﬂ phase locking is greatly eased if the electric spectrum
ool 1 RU A does not exhibit signatures at wave numbers close
0.10 0.15 0.20 . . .
Wavevector to the mother Langmuir waves (as is the case with

Figure 12. Comparison of the density fluctuation spec-
tra showing the level of generated ion acoustic waves
attime wpet = 1.5 X 10* when the slow beam only
(in dashed red), the fast beam only (in dashed blue), or
both beams (in full black) are considered.

only one electron beam). However, with two simul-
taneous electron beams with similar growth rates,
two beam-driven Langmuir waves are generated at
different wave numbers and the coherence of each
Langmuir wave decreases. This reduces the
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efficiency of the Langmuir decay of both the slow and fast beam-driven Langmuir waves. The consequences
on the development of ion acoustic density fluctuations can be seen in Figure 12 that represents the
spectrum of ion density fluctuations at time wpt = 1.5 x 104, showing that both ion acoustic waves
associated to the slow and fast beam-driven Langmuir waves decay are decreased in the presence of the
other beam.

To conclude, two effects are combined to explain the inhibition of radio emission in the presence of two
electron beams : (i) the screening of the fast beam by the slow beam in phase space that reduces the level of
fast beam-driven Langmuir waves and (i) the decrease of Langmuir coherence that affects both the decay
of the slow and fast beam-driven Langmuir waves.

5. Conclusions

Through the combined analysis of remote observations of type Ill electromagnetic emissions and in situ
observations of Langmuir waves, both performed by STEREO, this study supports the fundamental role
played by the Langmuir waves in the generation of type Il radio emissions. In particular, the observations
reported in this paper, together with numerical simulations, indicate that the level of radio emission strongly
depends on the amplitude and coherence level of the beam-driven Langmuir waves.

The main goal of this paper was the investigation of the type Ill radio emission depletion as two type Il elec-
tron beams cross. We show that the observed depletion of radio emissions is explained by a reduced level
of beam-driven Langmuir waves and by the decrease of the Langmuir wave coherence as the two beams
cross. In particular, (i) the presence of the slow beam screens the quasilinear relaxation of the fast beam,
thus limiting the bump-on-tail instability by the fast beam to a smaller range of wave number, (ii) the pres-
ence of two sets of Langmuir waves associated to the decrease of the Langmuir waves coherence affects the
efficiency of the Langmuir decay. This picture is confirmed by different series of simulations using various
parameters. The resulting energy injected into the mother Langmuir waves as well as the energy converted
in the daughter waves is thus lower, and, as a consequence, the intensity of the electromagnetic emission

is reduced.

We emphasize that the explanation of the observed radio depletion is robust enough not to depend on the
physical mechanism responsible for the conversion of Langmuir waves into type Ill radio emissions, as long
as the level of radio emissions depends on the level of beam-driven Langmuir waves and its coherence.

The mechanism at the origin of the strongest solar radio emission, namely the type Ill bursts, is still puzzling
in spite of numerous effort to understand them. Various mechanisms are considered to explain the origin of
type lll electromagnetic emissions. According to the nonlinear conversion of Langmuir waves, type Il radio
emissions are expected to result from the decay of Langmuir waves. Evidence for electrostatic parametric
decay were provided by Henri et al. [2009]. Evidence of in situ observations of electrostatic parametric decay
are also provided in this paper. Since the electrostatic, as well as the electromagnetic, Langmuir decays

are both parametric instabilities, their efficiencies indeed depend on the amplitude of the beam-driven
Langmuir waves. In presence of two beams, the electrostatic/electromagnetic Langmuir decay generates
daughter waves with reduced energy, as it has been illustrated here in the case of the electrostatic decay.

One last point is still puzzling. On the one hand, the remote observations show that the emission is at the
fundamental of the plasma frequency, thus privileging an electromagnetic decay (either through a direct
decay toward an electromagnetic wave—equation (2) or through coalescence—equation (3)). On the other
hand, the in situ electric waveforms are compatible with an electrostatic decay (equation (1)). The discrimi-
nation between these two mechanisms, as well as the ability to observe in situ the electromagnetic decay of
Langmuir waves, should be tackled in the future.
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