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Fundamental Processes of Radio Emissions from CME Shocks
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Abstract: Using the 2.5D fully relativistic kinetic particle-in-cell code ACROYNM, we have simulated the foreshock
region of a CME shock front, in the presence of counterstreaming electron beam populations. Through spatial and tempo-
ral Fourier transform of the simulated field quantities, intensity distributions of longitudinal and transverse wave modes
were analyzed, showing evidence of three-wave interaction between longitudinal beam-driven electrostatic modes, which
lead to formation of fundamental and harmonic electromagnetic emissions with approximately identical emissivities in
the ωpe and 2ωpe bands.
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1 Overview

The emission of radio bursts from coronal mass ejections
has been observed for more than 50 years [1], and statis-
tical studies have provided firm evidence of a correlation
between type II bursts and the propagation of coronal mass
ejections (CME) outwards from the sun [2].
The morphology of type II bursts typically shows a two-
banded emission spectrum, with the so-called “harmonic”
emission at about twice the frequency of the “fundamen-
tal” emission band, without any higher harmonics. It is be-
lieved that these processes are the result of nonlinear wave
processes near the CME shock front - the precise nature of
these processes is however still a matter of debate.
At the time of radio emission, a CME shock front will span
from the solar chromosphere out to multiple solar radii,
thus encompassing a large number of density scales and
hence, plasma frequencies. The radio emissions, on the
other hand, are quite narrowband. It can thus be concluded
that the emission region is not spread out along a large area
of the shock front, but rather spatially confined. Hence,
the emission region is expected to have special properties
setting it apart from the rest of the shock.
Furthermore, a morphological similarity exists between
type II and III bursts, so parallels in the emission mech-
anisms can be assumed. Type III bursts have been shown
to be created from electron beams accelerated in solar flare
events, with their frequency drifting rapidly as the beam
traverses areas of decreasing density outward from the sun.

2 Model

A recent model by Knock et al. [3] proposes that the
emission region is located around point(s) where the CME
forms a curved perpendicular shock, leading to efficient
shock drift acceleration of electrons. Due to the curved
nature of the shock, these can escape into the foreshock
following the magnetic field, where they form an electron
beam population.

Figure 1: Simulation scenario: Electrons from a curved
CME shock front form a beam population in the foreshock
plasma, and excite wave interaction processes.

Similar to type III bursts, beam driven instabilities can then
lead to creation of Langmuir waves (L) and their three
wave interaction products (S and T ) [4]

L → L′ + S (1)
L → S + T (ωpe) (2)

L+ L′ → T (2ωpe) (3)
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Figure 2: Numerical simulation setup of the 2.5D PiC Simulations. In addition to the homogeneous, thermal background
plasma, two counterstreaming electron beam populations are present.

Momentum- and energy conservation impose certain lim-
its on the waves’ �k directions [5]. The Langmuir waves
(L) should primarily be generated parallel to the beam di-
rection, whereas electromagnetic waves are expected to be
emitted in quasi-perpendicular directions.
Assuming that

kL‖ = kT‖ + kS‖ (4)

kL⊥ = kT⊥ + kS⊥ (5)
ωL = ωT + ωS (6)

and inserting the dispersion relations for all three waves
and neglecting kT‖ as well as k

S
⊥ due to angular momentum

conservation [5], we get
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(with speed of sound vs and electron thermal speed vth)
which results in an expected k-value for the electromag-
netic emission of
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A big open question with this model remains whether a sin-
gle point of acceleration, creating a single-beam plasma in
the foreshock is sufficient to create sufficient amounts of
backscattered Langmuir waves (see eq. 1). Alternatively,
a situation with two points of acceleration, such as a fore-
shock ripple, in which two counterstreaming beam popula-
tions are present could be necessary.
In-situ satellite observation evidence of these processes,
though sparse, has been obtained in the past [6]. The pres-
ence of electron beams and strong electric field oscillations
at the plasma frequency ahead of a CME shock is consis-
tent with aforementioned model.
However, due to the inherent one-dimensionalness of these
observations, little information about wave behaviour and
-coupling can be extracted from these measurements. To
confirm theoretical predictions, well resolved data in �kL,

�kT in ω is required. The only method to obtain this com-
plete spatial information from a plasma is through numeri-
cal simulations.

3 Simulation

Since the phenomenology of beam-driven wave instabili-
ties depends on a electron distribution function that is far
from equilibrium, MHD or fluid simulations are not suit-
able for this problem, but rather kinetic simulation methods
have to be employed, with correspondingly larger compu-
tational requirements.
To obtain and analyze 3-dimensional information about the
wave processes within the CME foreshock region, the ki-
netic particle-in-cell simulation code ACRONYM was em-
ployed.
This code, developed and maintained at the department
of astronomy, University of Würzburg, is a fully relativis-
tic, 2nd order particle-in-cell code for astronomical, helio-
spheric and laboratory plasmas. UsingMPI-parallelization,
the code is running on all major supercomputer platforms.
The simulations are set up as 2.5D rectangular grids with
periodic boundaries, which are homogeneously filled with
the background foreshock plasma under quiescent solar
wind conditions (T =∼ 1MK, ρ = 2.5 · 107cm−3,
B = 1G), with a thermal particle distribution. On top
of that, two counterstreaming beamed electron populations
are added at vBeam ≈ 5vth, whose density is about 10%
of the total electron density (see fig. 2). Their pitch angle
distribution is centered around 45◦, following [7].
In order to reduce the fundamental problem of numerical
noise in our pic-simulations, the particle number per cell
had to be chosen quite large. Results have shown that be-
low 100 particles per cell, nonlinear wave interactions were
strongly disturbed by nonphysical effects due to statistical
noise.
Thanks to the use of large supercomputers, numerical sim-
ulation extents of 8192 × 4096 cells with 200 particles
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per cell were attainable, leading to physical extents of
80.28× 40.14 meters.
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Figure 3: Energy distribution in a foreshock electron beam
simulation. A transfer of energy into electric fields and sub-
sequently into transverse magnetic fields is taking place,
starting from t ∼ 20ω−1

pe

Note that due to the length- and timescale requirements of
kinetic simulations, the simulations can not give a compre-
hensive picture of the complete foreshock region but are
limited to the plasma waves’ microphysics.

4 Results

A first look at the energy distribution within the simula-
tions’ constituents (fig. 3) yields that the initial energy,
stored only in the particle’s motion and the longitudinal B-
field, starts to convert into electric field energy at around
t = 20ω−1

pe . Quickly afterwards, energy conversion into
transverse B-field components is also observed.
In order to obtain quantitative information about the en-
ergy distribution into different wave modes within the fore-
shock plasma, the discretized simulation data was Fourier-
transformed both in space, allowing analysis of instanta-
neous k-space spectra, and in time, to obtain dispersion di-
agrams.
Figure 4 shows k-space intensities of longitudinal E- and
transverse B-Fields at t = 65ω−1

pe . The x-axis corresponds
to the electron streaming direction.
The E-field (top picture) shows maxima of intensity along
the streaming direction, as well as resonant excitations con-
sistent with the streaming electrons’ pitch angle distribu-
tion, forming cones of high intensity around the x-axis.
An additional, but weaker component perpendicular to the
streaming direction is also visible.
The transverse magnetic fields (bottom picture) show a
structure in which two emission regions (and their symmet-
rical counterparts) are visible: one at a low angle of about
20◦ against the beam axis, the other at near-perpendicular
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Figure 4: k-space distribution of wave energies in the fore-
shock plasma (arbitrary units). Top: Longitudinal electric
field, Bottom: Transverse magnetic field. The x-axis cor-
responds to the electron beam direction.

angles. Note that the signal-to-noise ratio of these signals,
being produced by higher-order processes, is much lower
than in the electric field components.
By taking the Fourier transform in both temporal and spa-
tial dimensions, the dispersion plots in fig. 5 and 6 are
obtined. They respectively show the relative intensities of
the longitudinal electric and transverse magnetic fields in
relation to ω and k.
The longitudinal modes in fig. 5 match the theoretical pre-
dictions for generalized Langmuir waves in magnetized
plasmas in the presence of an electron beam [8], with the
beam-driven mode carrying a large intensity at the beam
resonant wave number.
Apart from the dominant electromagnetic mode and beam-
driven, lower frequency modes predicted by linear theory
visible in fig. 6, two horizontal bands in this plot are no-
ticeable, localized at ω = ωpe and 2ωpe respectively.
Kinematically, these emission bands correlate to the pre-
dicted three-wave interaction processes in eq. 2 and 3
- assuming a coupling of waves of opposite-directed k-
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Figure 5: Dispersion plot of the longitudinal electric field
intensity along the beam direction. The beam resonance
deposits large amounts of energy into the beam-driven
mode.

vectors from the resonantly excited longitudinal modes.
The k-value of maximum coupling predicted by eq. 8 is
ky = 8.3 · 10−3cm, which matches the point of resonance
visible in the simulation results.
It is noteworthy that the intensities of the two bands are
quite similar, analogous to the similar emission intensities
observed in fundamental and harmonic emission of type II
radio bursts.

5 Conclusion

Using our fully relativistic particle-in-cell code
ACRONYM, we have simulated electron beam driven
wave excitation and subsequent wave couplings in a
CME-foreshock environment. Analysis of resulting
k-space wave distributions yields kinematically sound
emission patterns, consistent with analytical predictions
about the Type II emission mechanism. Further analysis of
spatial and temporal data provides evidence of nonlinear
three wave-interaction between beam driven electrostatic
modes to create electromagnetic modes at fundamental and
harmonic frequencies with roughly equivalent intensities.

Further Work The question whether a single- or two-
beam scenario is a requirement of these processes is still
outstanding, and additional simulations will have to be per-
formed to determine a more detailed model of the type II
radio burst emission region.
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lines).
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