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Abstract

In the solar corona stored magnetic field energy is suddenly released by magnetic
reconnection during flares. Hot jets appear in the outflow region of the reconnec-
tion site. If these jets penetrate into the surrounding plasma, standing shocks are
established. There, electrons can be accelerated by shock drift acceleration up to
high energies. This mechanism is treated in a fully relativistic manner. If the
highly energetic electrons travel along the magnetic field lines towards the denser
chromosphere, they can emit hard X-ray radiation via bremsstrahlung. The theo-
retically obtained results are compared with the radio and hard X-ray data of the
solar event on October 28, 2003, since signatures of highly relativistic electrons have
been observed during this event.

1 Introduction

In the declining phase of the present solar cycle huge events occurred in the period Oc-
tober/November 2003. Especially, the event on October 28, 2003 showed a strong en-
hancement of the hard X- and γ-ray radiation as observed by the INTEGRAL spacecraft
[Gros et al., 2004]. The appearance of hard X- and γ-ray radiation implies the existence
of highly energetic electrons. The energetic electrons generated during a solar flare travel
along the magnetic field lines from the corona towards the denser chromsphere, where they
emit electromagnetic tadiation up to the γ-ray range via bremsstrahlung [Brown, 1971].
During the solar event on October 28, 2003 a strong enhancement of the photon fluxes was
observed in the intial (impulsive) phase 11:02−11:06 UT. The photon flux in the range
7.5-10 MeV was only enhanced in the initial phase for 1 minute (11:02:30−11:03:30 UT)
(see Fig. 6 in Gros et al. [2004]). That indicates the production of highly energetic elec-
trons with energies of at least 8 MeV during this event. A mechanism which allows to
generate such relativistic electrons will be offered in the present communication.
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During solar flares stored magnetic energy is suddenly released by magnetic reconnection.
Initially, a prominence is destabilized and rises up in the corona. Then, the underlying
magnetic field lines are stretched leading to the formation of a current sheet. If the electric
current is exceeding a critical value there, the local resistivity is strongly enhanced due
to the excitation of plasma waves in the so-called diffusion region (DR) finally leading to
magnetic reconnection [Treumann and Baumjohann, 1997]. Due to the strong curvature of
the magnetic field lines at the reconnection site the incoming plasma flow is shooting away
as hot plasma jets (J). If the velocity of these jets is super-Alfvénic, a fast magnetosonic
shock wave, also called termination shock (TS), can be established due to the deceleration
of the jet (see Fig. 1), e. g. by the encounter with a underlying loop. The appearance of
such shocks was prediced in the numerical simulations by Forbes [1986] and Shibata et al.
[1995]. Tsuneta and Naito [1998] proposed that these shocks are the source of energetic
electrons needed of the hard X-ray radiation.

Figure 1: Sketch of the reconnection outflow region enclosed by the slow mode standing shocks
(SMSS). (DR, diffusion region; TS, termination shock; MFL, magnetic field lines)

In the solar radio radiation shock waves occur as so-called type II radio bursts [Nelson
and Melrose, 1985; Mann, 1995]. In dynamic radio spectra they appear as stripes of
enhanced radio emission slowly drifting from high to low frequencies (Fig. 2). Generally,
it is assumed that the radio emission takes place near the local electron plasma frequency,
i. e. fobs ≈ fpe with fpe = (e2Ne/πme)

1/2 (e, elementary charge; Ne, electron number
density; me, electron mass) and/or its harmonics [Melrose, 1985]. Then, the high and
low frequencies are emitted in the low and high corona, respectively. Consequently, a
relationship

Df =
fobs

2
· 1

Ne

· dN
ds

· Vsource (1)

can be derived between the drift rate Df and the velocity Vsource of the radio source. Here,
dNe/ds is the density gradient along the propagation path. Generally, the spectral features
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Figure 2: An example of a solar type II radio bursts. The “backbone”is slowly drifting from 60
to 42 MHz. The rapidly drifting “herringbones” are nicely seen during the whole event.

of solar type II radio bursts consist of two components, the so-called “backbone” and
“herringbones”. The “backbone” is the aforementioned slowly drifting emission stripe. It
is related with the shock wave travelling outwards through the corona. The “herringbones”
are rapidly drifting emission stripes shooting up from the “backbone” to high and low
frequencies. They are regarded as electron beams accelerated by the associated shock
wave [Mann, 1995]. All these features are impressively seen in the example shown in
Figure 2.

In contrast to shock waves associated with the type II radio burst the termination shocks
are not travelling but standing shocks. Thus, they should appear as a nearly non-drifting
type II radio burst feature in dynamic radio spectra. Aurass et al. [2002] and Aurass and
Mann [2004] firstly reported on radio signatures of such shocks.

Figure 3 shows the dynamic radio spectrum of the initial phase of the event on October 28,
2003. It shows similar features as the usual type II radio bursts, i. e. a non-drifting
“backbone” around 300 MHz and the “herringbones”. That evidently indicates that it
is really a signature of a “standing” shock. It simultaneously appears with the strong
enhancement of the photon fluxes up to an energy of 10 MeV as observed by INTEGRAL
(see Fig. 6 in Gros et al. [2004]), revealing a close relationship between this shock and
the generation of highly energetic electrons.

In the present communication the suggestion of Tsuneta & Naito is adopted for explaining
the generation of highly energetic electrons at the intial phase during the event on October
28, 2003. The “standing” shock is assumed to be the termination shock at which electrons
are accelerated by shock drift accleration (see Sect. 2) up to high energy of about 10 MeV
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Figure 3: Dynamic radio spectrum in the frequency range 200−400 MHz during the initial phase
11:02−11:08 UT

under coronal circumstances as discussed in Section 3.

2 Shock Drift Acceleration

It is well-known that fast magnetosonic shock waves are acompanied with a compression of
both the density and the magnetic field (see e. g. Treumann & Baumjohann [1997]). Thus,
a shock wave is a moving magnetic mirror at which charged particles can be reflected and,
subsequently, accelerated. This process is usually called shock drift acceleration. Since
it is intended to explain the generation of highly energetic electrons with energies up to
10 MeV, the shock drift accleration must be treated in a fully relativistic manner.

The shock wave is located in the z-y plane and moves with a speed vs along the x-axis.
At first a Lorentzian transformation along the x-axis is done in order to have the shock
wave at rest. Subsequently, another Lorentzian transformation is performed along the
y axis so that the inflowing plasma velocity is directed along the upstream magnetic
field. Then, the motional electric field is removed in this special frame, which is called de
Hoffmann-Teller frame. Here, the upstream magnetic field is put into the x-z plane and
takes an angle θ towards the x axis. Consequently, the shock speed is vs · sec θ in the de
Hoffmann-Teller frame (see e. g. Ball & Melrose [2001] for the non-relativistic approach).

According to the addition theorem of relativistic velocities, the particle velocities in the
de Hoffmann-Teller frame can be expressed by the initial ones

βi,HT,‖ =
βi,‖ − βs

1 − βi,‖βs

(2)
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and

βi,HT,⊥ =
βi,⊥

1 − βi,‖βs

·
√

1 − β2
s (3)

with βi,‖ = Vi,‖/c, βi,⊥ = Vi,⊥/c, and βs = vs sec θ/c. The reflection takes place under the
conservation of the kinetic energy, i. e. β2

HT,‖ + β2
HT,⊥ = const, and the magnetic moment

β2
HT,⊥/B = const, since the motional electric field is already removed. The influence of

the electrostatic cross-shock potential [Goddrich & Scudder, 1984; Kunic et al., 2002]
can be neglected if highly energetic particles are considered, since it is of the order of
a few kBT (kB, Boltzmann’s constant; T, temperature). Finally, the reflection process
can be performed by βr,HT,‖ = −βi,HT,‖ and βr,HT,⊥ = βi,HT,⊥. Here, the indices “i” and
“r” denote the state before and after the reflection, respectively. After performing this
reflection process the Lorentzian transformations from the de Hoffmann-Teller frame back
to the initial one, a relationship between the particle velocities after the reflection and
the initial ones is found to be

βr,‖ =
2βs − βi,‖(1 + β2

s )

1 − 2βi,‖βs + β2
s

(4)

and

βr,⊥ =
(1 − β2

s )

1 − 2βi,‖βs + β2
s

· βi,⊥ (5)

Additionally, the reflection condition

βi,⊥ ≥ tanαlc
√

1 − β2
s

· (βs − βi,‖) (6)

must be satisfied by the initial particles in order to be accelerated. The loss-cone angle
is ususally defined by αlc = arcsin[(Bup/Bdown)1/2], Here, Bup and Bdown denote the mag-
nitude of the magnetic field in the up- and down-stream region of the shock, respectively
(see Mann et al. [2005] for further details of the relativisitc generalization of shock drift
acceleration).

Shock drift acceleration basically represents a transformation in the β⊥ − β‖ plane. In
Figure 4, this transformation is illustrated for two shock speeds βs = 0.1 and 0.9. Here,
the particles initially located in the sector left from the dashed lines are tranformed into
the sector to the right of them. This process is connected with a gain of energy. It should
be emphasized that there is a critical shock speed β∗

s . For shock waves with a speed
βs > β∗

s , only particles with the initial velocity βi,‖ > 0 are accelerated, whereas the other
ones are totally transmitted into the downstream region.

3 Discussion

Since the radio signatures of TS are observed around 300 MHz at the harmonic emission
the plasma parameters usually found at the 150 MHz level in the corona are chosen as
the basic parameters for the further discussion. The 150 MHz level is connected with an
electron number density N0 = 2.8 · 108 cm−3 and expected at a height of 160 Mm above
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Figure 4: Illustration of shock drift acceleration in the β⊥ − β‖ plane. β∗
s is given for vs =

1500 km/s and αlc = 45o.

the photosphere according to a twofold Newkirk [1961] coronal density model. There, a
magnetic field strength of 5 G can be expected above active regions [Dulk and McLean,
1978] resulting in an Alfvén speed vA = 610 km/s. For the TS a jump of the density
Ndown/Nup = 2 is assumed according to the bandwidth of the type II burst associated
with the TS (Fig. 3). That leads to a compression of the magnetic field Bdown/Bup =
2 across the TS and an Alfvén-Mach number MA = 2.3, i. e. the shock speed is vs =
1500 km/s, according to the Rankine-Hugoniot relationships. Furthermore, a typical flare
temperature of 107 K related to a thermal electron velocity vth,e = 12300 km/s is assumed
for the discussion.

In order to determine the phase space density of the accelerated electrons, a velocity
distribution function in the upstream region of the TS has to be introduced. Here, a
so-called kappa distribution defined by

f = Cκ ·
[

1 +
E

κEκ

]−κ−1

(7)

(E = m0c
2[(1-β2)−1/2-1] with κ =10 is considered as the appropriate one in the corona

[Maksimovich et al., 1997; Pierrard et al., 1999]. The constant Cκ is fixed by normal-
izing the distribution function to unity. According to the kinetic definition of the tem-
perature, i. e. Ē = 3N0kBT/2, the parameter Eκ is related to the temperature T by
Eκ = kBT · (κ-3/2)/κ. Then, the number of electrons dN in the range [ǫ + dǫ, ǫ] and
[ϑ+ dϑ, ϑ] is found from Eq. (7) to be given by

1

N0

· dN
dϑdǫ

= 2πCκc
3 sinϑ ·

√

ǫ(2 + ǫ)

(1 + ǫ)4
·
[

1 +
ǫ

κǫκ

]−κ−1

(8)

with ǫ = E/m0c
2 and ǫκ = Eκ/m0c

2. The pitch angle ϑ is usually defined by β‖ = β ·cosϑ.

Since an enhanced photon flux up to the range 7.5−10 MeV was observed during the event
on October 28, 2003, the production of 8.5 MeV electrons by the proposed mechanism is
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demonstrated for example. An electron with the initial energy of 2.57 MeV and an inital
pitch angle of 6.74o, i. e. βi,‖ = 0.9793 and βi,⊥ = 0.1157 is accelerated by a shock wave
with a speed of 1500 km/s and an angle θ = 89.71o, i. e. βs = 0.993, to a final state with
βr,‖ = 0.998 and βr,⊥ = 0.0393, i. e. with a final energy of 8.54 MeV and a final pitch
angle of 2.25o, via shock drift acceleration. The number of electrons with an energy of
8.54 MeV and a pitch angle of 2.25o is found to be N−1

0 · dN/dϑdǫ = 2.4 · 10−34 (see Eq.
(8)). They are produced from such ones with an initial energy of 2.57 MeV and an initial
pitch angle of 6.74o. Their number is N−1

0 · dN/dϑdǫ = 3.6 · 10−28 according to Eq. (8).
Thus, the proposed acceleration mechanism enhances the number of 8.5 MeV electrons
by a factor of 1.5·106 in comparison to the state without any acceleration.

After the acceleration of the electrons at the TS, they will encounter the TS once more
because of the curvature of the magnetic field lines in the outflow region of the reconnection
site. Since the shock speed βs = 0.993 > β∗

s = 0.707 (αlc = 45o because of Bdown/Bup =
2), all energized electrons are able to penetrate into the downstream region at the second
encounter as already explained in Section 2. Then, they propagate along the magnetic
field lines towards the denser chromosphere, where they can emit hard X- and γ-ray
radiation via bremsstrahlung.

Highly energetic electrons can be produced at the TS as the source of non-thermal hard
X- and γ-ray radiation in the chromospheric footpoints as well as at the loop-top areas.
The proposed mechanism is able to explain the generation of relativistic electrons up to
energies of 10 MeV. Such electrons are needed for the enhanced photon fluxes as observed
by the INTEGRAL spacecraft during the solar event on October 28, 2003.
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