Astronomy
&
Astrophysics

A&A 453, 1089–1094 (2006)
DOI: 10.1051/0004-6361:20054570
c ESO 2006


Waves generated by reflected and accelerated electrons
at a nearly perpendicular shock
M. Karlický and M. Vandas
Astronomical Institute of the Academy of Sciences of the Czech Republic, 25165 Ondřejov, Czech Republic
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ABSTRACT

Aims. We study a generation of waves by reflected and accelerated electrons at a nearly perpendicular shock.
Methods. A shifted loss-cone distribution of reflected and accelerated electrons at a nearly perpendicular shock is derived analytically.
Then in a simplified form called here “cone” beam, this distribution is incorporated into a 2D relativistic electromagnetic particle-incell model and the wave generation is studied.
Results. Numerical modelling shows not only a generation of Langmuir and high-frequency electromagnetic waves, as expected,
but also an eﬃcient generation of whistler waves by the normal Doppler resonance process. While the intensity of Langmuir waves
increases with the increase in the “cone” beam energy in a parallel direction to the magnetic field, the whistlers are most eﬀectively
generated for high values of the perpendicular beam energy. There are indications that the whistlers participate in conversion processes
generating the high-frequency electromagnetic waves.
Conclusions. Using a numerical model we found an eﬃcient generation of Langmuir, whistler, and electromagnetic waves by electrons reflected and accelerated at a nearly perpendicular shock. Results are discussed in connection with the herringbone structure of
type II radio bursts. The possible role of transmitted electrons is mentioned.
Key words. Shock waves – Sun: radio radiation

1. Introduction
It is commonly accepted that nearly perpendicular shocks accelerate electrons (Holman & Pesses 1983; Wu 1984; Leroy &
Mangeney 1984; Vandas 1989a,b; Mann & Klassen 2005) and
that these electrons generate type II solar radio bursts (Nelson
& Melrose 1985). Observations of interplanetary type II radio
bursts made by Bale et al. (1999) support this concept.
The recent theory of type II radio bursts is presented in
the papers by Knocks et al. (2001, 2003). They propose shockdrift acceleration of electrons at quasi-perpendicular shock, they
compute the integrated (along the velocity component perpendicular to the magnetic field) distribution function of electrons
reflected, and they show a formation of the bump-on-tail distribution function in a foreshock space. Then in considering the
bump-on-tail instability, they compute a generation of Langmuir
waves and their conversion to electromagnetic mode. They assume the decay process L → T + S (L denotes a beam-driven
Langmuir wave, S denotes an ion-sound wave and T denotes
a transverse wave) for the emission on the fundamental frequency and the coalescence process L + L → T (L denotes
the secondary Langmuir wave produced in the Langmuir wave
decay) for the harmonic emission.
A similar model, but for herringbone structures of the type II
solar radio bursts (Roberts 1959), has been proposed by Mann
& Klassen (2005). The herringbone structure resembles a group
of type III bursts, but with the frequency drift, which is about
one half of that of type III bursts (Zaitsev et al. 1998; Mann &
Klassen 2002).

In the present paper we start from the same concept as
Knocks et al. (2001, 2003) and Mann & Klassen (2005), but we
consider the full (not integrated in velocity space) distribution
function of reflected electrons. In a simplified form we incorporated this full distribution function into a 2D relativistic electromagnetic particle-in-cell model, and found an eﬃcient production of whistlers that have not been considered in previous
studies and that modify the processes generating high-frequency
electromagnetic waves (radio radiation).

2. Distribution function of electrons reflected
at a nearly perpendicular shock
The theory of acceleration and reflection of suprathermal electrons at a nearly perpendicular plane shock wave have been
well-established (Holman & Pesses 1983; Wu 1984; Leroy &
Mangeney 1984; Vandas 1989a,b). A nearly perpendicular shock
wave acts as a fast moving magnetic mirror with the eﬀective
magnetic mirror velocity
VB = V1n / cos θBn

(1)

and the loss cone angle

θc = arcsin 1/ν,

(2)

where V1n is the normal component of the upstream plasma
velocity to the shock, θBn is the angle between the upstream
magnetic field vector and the shock normal, and ν is the magnetic field jump at the shock (the ratio of downstream to upstream magnetic field magnitude). This angle θBn must be close
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to 90◦ (within several degrees) for reflection to be eﬀective.
Reflected electrons propagate upstream away from a shock and
form a beam with a loss cone.
The initial velocity vi and pitch angle αi are related to the
final velocity vf and pitch angle αf (after reflection) by the equations (e.g., Vandas 1989a)
v2i = v2f + 4VB vf cos αf + 4VB2 ,

(3)

vi cos αi = −vf cos αf − 2VB .

(4)

The velocities and pitch angles are in plasma rest frame, and
electrons moving toward the shock (in the upstream region) have
α < 90◦ (therefore reflected electrons will have αf > 90◦ ).
Note that according to our definition, α would not change if we
changed the upstream magnetic field B1 to −B1 (because the acceleration and reflection are not sensitive to the direction of B1 ).
The final velocity vf and pitch angle αf fulfill (Vandas 1989a)
vf > V B ,

αfk < αf < αfc ,

(5)

where
cos αfk = −
cos αfc = −

which is valid for
VB
,
vf

(6)

VB sin2 θc + cos θc
vf


v2f − VB2 sin2 θc

·

(7)

Using the expressions (1)–(7) and the Liouville theorem, a distribution function of reflected electrons can be constructed from
an initial distribution function.
Vandas & Karlický (2000) examined acceleration of electrons by a coronal shock. We shall use the same parameters for
the electron initial distribution function and the shock as they
did. It is assumed that the initial distribution function consists of
thermal electrons (core, C) and a suprathermal tail (halo, H)
fi (v, α) = fC (v) + fH (v),
with a Maxwellian core
⎛ 2⎞
⎜⎜ v ⎟⎟
nC
fC (v) = 3/2 3 exp ⎜⎜⎝− 2 ⎟⎟⎠
vC
π vC

(8)

(9)

and halo electrons approximated by a kappa distribution function
⎤−κ−1
⎡
⎥⎥⎥
nH cκ ⎢⎢
v2
⎥
,
(10)
fH (v) = 3/2 3 ⎢⎢⎣1 + 2
3 ⎦
π vH
vH (κ − 2 )
where nC is the density of thermal electrons, vC their thermal
speed, nH the halo density, and vH is the characteristic halo electron velocity,
cκ =

Fig. 1. The initial distribution function of coronal electrons (solid line)
consisting of a core (dashed line) and a halo (dotted line).

Γ(κ + 1)
·
Γ(κ − 12 )(κ − 32 )3/2

(11)

Here Γ is the gamma function, and κ determines the deviation of
the halo distribution from a Maxwellian one.
A contribution of core electrons to the flux of reflected electrons is negligible in the keV-range (Vandas 1989a) so it is neglected. Therefore a distribution function of reflected electrons
will be
⎤−κ−1
⎡
v2 + 4VB v cos α + 4VB2 ⎥⎥⎥
nH cκ ⎢⎢⎢
⎥⎦
⎢
fR (v, α) = 3/2 3 ⎣1 +
,
(12)
π vH
v2H (κ − 32 )

v > VB ,

αfk < α < αfc ,

(13)

otherwise fR = 0.
In an analogy to in-situ solar wind measurements we set
1
2
2 mvH = 0.6 keV (m is the electron mass), nH /nC = 0.1, and κ = 6
(Vandas & Karlický 2000). It is 12 mv2C ≈ 86 eV for a coronal temperature of 106 K. A coronal shock has the following parameters: the upstream magnetic field B1 = 0.5 mT (5 G), the velocity
V1n = 1000 km s−1 , the angle θBn = 86◦ , and the magnetic field
jump ν = 1.6.
The initial distribution function (8) is shown in Fig. 1. An angular distribution function of reflected electrons (12) is shown in
Fig. 2 for the energy of 5 keV. For comparison, using the same
mathematical tools, the distribution function of the transmitted
electrons in the nearly-perpendicular shock is added (bottom part
of Fig. 2).

3. Numerical model
To simulate the wave processes connected with the reflected
electrons in the nearly perpendicular shock, we use a 2D3V
(2 spatial and 3 velocity components) fully relativistic electromagnetic particle-in-cell code (Saito & Sakai 2004). The system
size is L x = 512∆ and Ly = 6∆, where ∆ (=1) is a grid size.
In each cell 100 numerical electrons and 100 numerical protons
are initiated. The periodic boundary conditions for both x- and
y-directions are imposed on particles and electromagnetic fields.
We consider electron-proton plasma in the magnetic field (B ≡
(B x ,0,0)) with the real proton-electron mass ratio mp /me = 1836.
For all computations presented here, temperatures of the numerical background electrons and protons are chosen to be equal
to the coronal temperature (T e = T p = 106 K), i.e., the electron
thermal velocity is vT e = 0.0129 c, where c is the speed of light.
As shown in the previous analysis the distribution function
of reflected electrons has the form of a so-called shifted losscone distribution. To model it in a simplified form, we consider a cloud of numerical electrons which have the distribution
(“cone” beam for short) as follows: the mean velocity parallel to
the magnetic field vbx = |vb | cos αb , the mean velocity perpendicular to the magnetic field vbperp = |vb | sin αb , and the beam thermal velocity vbT e = 0.0129 c, where αb is the angle between the

M. Karlický and M. Vandas: Waves at nearly perpendicular shock

Fig. 2. Upper: angular distribution function of reflected electrons
for the energy of 5 keV. The polar graph shows a dependence
of log fR (v, α)/ fi (v, α) on α for a fixed v. Because fi does not depend
on α, all fR values are divided by a constant value given by the inner dotted circle and labelled 1×. The other circles indicate values 10×
and 100× higher than fi . The vertical line is a direction of the upstream
magnetic field B1 and the arrow indicates a direction to the shock. The
arc with an arrow shows how the pitch angle α is counted from 0◦
to 180◦ . The distribution function is rotationally symmetric around the
vertical line. Bottom: angular distribution function of transmitted electrons for the energy of 5 keV. The vertical line is a direction of the
downstream magnetic field and the arrow indicates a direction away
from the shock.

“cone” beam velocity ub and the magnetic field B. An example of
the distribution function of the “cone” beam is shown in Fig. 3.
3.1. Results

Due to limitations of the numerical model, the values of the
beam density and magnetic field in the model are chosen higher
than those in real coronal conditions. The model parameters are
that the density ratio between beam and background plasma
is nb /ne = 0.05 and the ratio between electron cyclotron and
plasma frequencies are ωBe /ωpe = 0.5. The mean total beam velocity is chosen |vb | = 0.44 c (50 keV); compare with the energy
of the beams generating the herringbone structure (0.2–80 keV,
see Mann & Klassen 2005).
Computations with three diﬀerent angles αb = 30◦ , 45◦ ,
and 60◦ were made in the time interval 0–500 ωpe t. Results of
computations are summarized in Figs. 4–8, while Fig. 4 shows
an example of the time evolution of the electric field energy
(electrostatic x-component) for the case with the angle αb = 45◦ .
During the process the distribution of electrons evolves to what
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Fig. 3. The initial electron distribution of the background plasma and
“cone” beam for the case with the angle αb = 45◦ , where c means the
speed of light.

is shown in Fig. 5. This type of electron distribution is a typical
one for all computations up to 500 ωpe t.
Then for all computations, the dispersion diagrams for
the electric field components E x and Ez , measured along the
x-coordinate (y = 3∆) for the time interval (0–200 ωpe t), were
constructed using the 2D Fourier transform. Examples of these
dispersion diagrams are presented in Figs. 6 and 7. The maxima
of Langmuir, whistler, left-hand, and right-hand polarized highfrequency electromagnetic waves can be found inside boxes 1–4.
As can be seen here the beam strongly generates Langmuir
waves by the two-stream instability for the resonant condition
ω = k x vbx (Čerenkov type), see the emission in the boxes numbered 1 in Figs. 6 and 7 (left parts). Their real frequency is
lower than the plasma frequency of the background plasma ωpe ,
and the diﬀerence corresponds to the analytical estimation
(Mikhailovskii 1974):
∆ω = −ωpe α1/3 /24/3 = −0.15ωpe ,

(14)

where α is the ratio of the beam and plasma densities (0.05 in
our case). In a short time backscattered Langmuir waves appeared in a very broad range of k at the frequency ω ≈ ωpe .
The beam generates the whistler waves (see the emission in the
boxes numbered 2 in Figs. 6 and 7), too. It is interesting to see
that the whistler waves have a maximum for those propagating
backwards compared to the beam propagation. Detailed analysis of this fact shows that the case under study resembles the
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Fig. 4. The evolution of the electric field energy (x-component) EFEx
expressed in the ratio to the beam kinetic energy BKE for the case with
the angle αb = 45◦ .

case of the electromagnetic instability of the beam with some finite energy in the perpendicular direction to the magnetic field
(Mikhailovskii 1974). Similar to in this case, we see a generation
of whistler waves (w) by the normal Doppler resonance process
(Melrose 1980) expressed by the condition:
ωw − ωBe − k x vbx ≈ 0.

(15)

Because the frequency of the whistler waves is lower than the
electron cyclotron frequency ωw < ωBe , the resonant k-vector is
negative
k x ≈ −(ωBe −

ωw )/vbx ,

(16)

i.e., oriented in the opposite direction compared to beam
propagation.
Furthermore, the dispersion diagrams for Ez computed along
the x-axis (right parts of Figs. 6 and 7) show dispersion curves
of the left-hand and right-hand polarized high-frequency electromagnetic waves. We found their maxima at places inside the
boxes 3 and 4 in Figs. 6 and 7. To understand better these processes we made an inverse 2D Fourier transform of intensities in
the k − ω space in the boxes 1, 2, 3, and 4 for all three considered beam angles. Resulting temporal evolutions of Langmuir,
whistler, and electromagnetic waves are shown in Fig. 8.
As seen, the most intense waves are Langmuir waves and
their maxima decrease with the increase in the beam angle αb ,
i.e. with the decrease in vbx for constant |vb |. The growth rate of
the Langmuir waves is γL = 0.18 ωpe , which is lower than the
maximum growth rate estimated by Mikhailovskii (1974) for the
monoenergetic beam:
√  1/3
γL
3 nb
= 4/3
= 0.25.
(17)
ωpe 2
ne
On the other hand, the whistler waves are the most eﬃciently
generated for the beam angle αb = 60◦ , where the growth rate
is γW = 0.013 ωpe . As far as the electromagnetic waves are
concerned, their maxima production is also found for higher
beam angles. It indicates the relationship between the production of electromagnetic waves and energy levels of whistler
waves. Similar results were also found for computations with

Fig. 5. The electron distribution of the background plasma and “cone”
beam at ωpe t = 200 for the case with the angle αb = 45◦ , where c means
the speed of light.

the lower ratio of electron cyclotron and plasma frequencies,
for ωBe /ωpe = 0.3, and for unequal temperatures of background
plasma electrons and protons, T e = 5 × T p with T p = 106 K.

4. Discussion and conclusions
Using the 2D relativistic electromagnetic code for a system of
plasma with the “cone” beam, representing the shifted losscone distribution of reflected electrons at a nearly perpendicular
shock, we found eﬃcient generation of Langmuir, whistler, and
high-frequency electromagnetic waves. We considered a distribution function without an integration along the velocity component perpendicular to the magnetic field as made in previous
studies (Knocks et al. 2001, 2003; Mann & Klassen 2005). This
change leads to generation of whistlers. Just the whistler waves,
which are produced by the normal Doppler resonance process
in opposite direction to the “cone” beam propagation, are a new
aspect of these processes. This result can be supported by observations of whistler waves in connection with reflected electrons
upstream of the Earth’s bow shock (Trávníček et al. 2002).
Our simulations show that, while Langmuir waves are most
eﬀectively generated by beams that are nearly parallel to the
magnetic field, the level of the energy of the whistlers increases
with the beam energy perpendicular to the magnetic field. The
maxima production of the electromagnetic waves is also found
for higher beam angles. It indicates the relationship between the
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Fig. 6. Dispersion diagrams for the case with the angle αb = 30◦ . Left: the diagram for the electric field E x parallel to the magnetic field. Right:
the diagram for the electric field Ez perpendicular to the magnetic field. The boxes designated as 1, 2, 3, and 4 show the k-ω spaces with the
maxima of Langmuir, whistler, left-hand, and right-hand polarized electromagnetic waves, respectively, which were used for the computations of
their temporal evolutions presented in Fig. 8.

Fig. 7. Dispersion diagrams for the case with the angle αb = 45◦ . Format is the same as in Fig. 6.

production of electromagnetic waves and the energy level of the
whistler waves.
For an explanation of the influence of whistlers on electromagnetic modes, we propose the following wave-wave
processes.
a) The right-hand polarized electromagnetic waves (box 4 in
Figs. 6 and 7):
Probably we see the coalescence process L + W → T here
in which the Langmuir (L) and whistler (W) plasmons form the
electromagnetic one (T) (Tsytovich 1970). In this process the
energy and momentum conservation laws (ωL + ωW = ωT and
kL + kW = kT ) have to be fulfilled. Looking to the dispersion diagrams (Fig. 6 and 7), such a process is possible because for the
maxima of whistler waves in boxes numbered 2 it is possible to
find k and ω of the Langmuir waves, which using the conservation laws give the maxima in the boxes 4 for the electromagnetic
mode.
b) The left-hand polarized electromagnetic waves (box 3 in
Figs. 6 and 7):
In this case the decay process with the ion-sound waves
L → T + S , proposed by Knocks et al. (2001), is possible, due especially to the fact that the process generating

backscattered Langmuir waves produces the ion-sound waves
(which are strongly damped for the T e = T p case) (Bárta &
Karlický 2000). Note that in the present model with a limited
frequency resolution the ion-sound waves cannot be identified.
On the other hand, due to the increase in the energies of
the whistler and electromagnetic waves found for high values
of the “cone” beam angle, we think that the decay process of
the Langmuir plasmon into the left-hand electromagnetic and
whistler plasmons L → T + W, induced by a relatively high
energy level of the whistlers, is also possible (see also Tsytovich
1970); namely, for this process we can find the Langmuir waves
fitting the conservation laws.
Our simulations correspond to early phases of the wave processes under study. In later phases it is probable that all these
processes are modified by various types of parametric instabilities (see Bárta & Karlický 2000). But for these studies, more
extended simulations with lower noise levels are necessary.
The herringbone structures in type II solar radio bursts are
the clearest evidence of beams accelerated by shocks (Mann &
Klassen 2002). But the characteristics of the herringbones indicate that these beams diﬀer from those generating type III solar
radio bursts. As in previous studies (Knocks et al. 2001, 2003;
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(Holman & Pesses 1983). This model is supported by the fact
that the distribution of the frequency drifts of the herringbones
is more or less symmetric when comparing its parts with positive
and negative frequency drifts (Mann & Klassen 2002).
Nevertheless, it is not possible to exclude transmitted and
accelerated electrons at a nearly perpendicular shock as a source
for type II radio radiation and even for some herringbones. Its
distribution function, which is shown in Fig. 2 (bottom part),
partly resembles that for the reflected electrons (Fig. 2, upper part) and partly the single loss-cone distribution function
(Moullard et al. 2001). We expect that such a distribution of
the transmitted electrons can also generate Langmuir, whistler,
and high-frequency electromagnetic waves similar to reflected
electrons. This expectation can be supported by observations of
Langmuir and whistler waves in connection with a single losscone distribution inside a magnetic cloud (Moullard et al. 2001).
Both the left and right-handed electromagnetic waves computed here can escape from the shock region and can be observed
as type II radio bursts. Their ratio gives the polarization of the
radio emission at the radio source. Thus, our results (Fig. 8) indicate an enhanced polarization of the radio emission for the high
“cone” beam angles. But, the depolarization eﬀects can decrease
this polarization. For comparison, the polarization of the type II
radio bursts is low in most cases, but there are examples with
polarization up to 80% (Zlobec et al. 1993).
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