
1

Shock Acceleration of Electrons: GEOTAIL Observation

Mitsuo Oka1,2 and Toshio Terasawa3

1Kwasan Observatory, Kyoto University, Yamashina, Kyoto 607-8471, Japan
2Institute of Space and Astronautical Science, Japan Aerospace Exploration

Agency, Sagamihara, Kanagawa 229-8510, Japan
3Interactive Research Center for Science and Department of Physics,

Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japan

The heliosphere is an ideal astrophysical laboratory, wherein one can observe in situ the
particle acceleration process(es). Electrons are considered to be accelerated by planetary
bow shocks, interplanetary traveling shocks, shocks in the solar corona, and heliospheric
termination shocks, etc. This paper studied parameter dependences of electron acceleration
by collisionless shocks utilizing Geotail data obtained at the Earth’s bow shock. It is found
that the spectral index of electron energy spectra can be organized by the so-called whistler
critical Mach number Mw

crit. At the shock transition layer, it is found that the spectral index
Γ of electron energy spectra defined by f(E) ∝ E−Γ is distributed between 3.5 and 5.0
in the sub-critical regime, while the hardest energy spectra with Γ=3-3.5 are detected in
the super-critical regime. We discuss a possible relationship between Mw

crit and the electron
acceleration.

§1. Introduction

Energetic electrons are produced elsewhere in the heliosphere, and particularly
shock waves are believed to play an important role in energizations. At interplane-
tary shocks (IPSs), the diffusive shock acceleration1) is one of the promising candi-
date of acceleration mechanism.2),3) In this process, particles cross the shock front
repeatedly, being reflected by turbulent structures embedded in the upstream and
downstream flows. However, for the particles to be able to cross the shock front,
they have to possess sufficient amount of energy compared to the background ther-
mal energy. The problem of finding the pre-acceleration mechanism is called ‘the
injection problem’ and remains an open question.4)

Until today, in situ observations have been trying to clarify electron accelera-
tion,3), 5) but even the parameter dependence of electron acceleration remains un-
clear.6) The difficulties of studying electron pre-acceleration at IPSs arise from the
fact that any IPS strong enough to accelerate electrons travels interplanetary space
so fast (∼1000km/s) that the spacecraft does not have enough time-resolution to
reveal shock front internal structure. It is also to be noted that IPSs are often
contaminated by energetic proton noise.

Contrary to IPSs, the Earth’s bow shock is standing ahead of its magnetosphere
and is easy to resolve the transition layers. An Earth-orbiting satellite crosses the
bow shock at least twice every week and there are a number of in situ data obtained
by various measurements ranging from particles, fields and waves. It has already
been known that electrons of up to ∼20 keV form power-law energy distributions
at the transition layer of the quasi-perpendicular regions of the bow shock.7) Then,
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making use of a large shock crossing dataset obtained by the Geotail spacecraft,
we have recently performed statistical analysis of electron acceleration at the bow
shock.8) This paper briefly outlines our results from the bow shock and extends
discussions to electron acceleration at IPSs.

§2. Observation

The data we used were obtained by the Geotail spacecraft from January 1995
through June 1997. In order to estimate upstream parameters, we selected 78 quasi-
perpendicular shock crossing events free from disturbances and noise. The electron
distribution functions were obtained by the LEP/EAE instrument9) every spacecraft
spin period (3 s) and, to cope with telemetry limitation, accumulated over four spin
periods (12 s), which are just comparable to the typical duration of shock crossings.
In our analysis, they were further accumulated over a pitch angle range between
45o and 135o to increase counting statistics. Data from relatively low pitch angle
ranges were not used because these particles may have significant contributions from
electrons originating far away from the observation point.7)

Figure 1 shows examples of electron energy spectra obtained on 22 May 1995.
The estimated shock parameters are MA=6.4, θBn=88±10o, and β=2.7. The spec-
tra are well described as a power law in the non-thermal energy range (>0.2 keV)
with a roll off around a few keV. There were not enough data points in the ther-
mal energy range (<0.2 keV) due to the lowest energy limit of the LEP/EAE. We
applied a chi-square fit with the power-law with an exponential cutoff, f(E) ∝
E−Γ exp (E/Eroll−off), where Eroll−off is the roll-off energy. The fitted values are
Γ = 3.3± 0.02, Eroll−off = 2.5± 0.16keV and χ2/d.o.f = 31/25.

The same fitting procedure was applied for our 78 samples. For most events,
we used the spectrum in the energy range of 0.08-20 keV to avoid contribution from
the thermal part of the spectrum. If the temperature was very high, we used the
spectrum in the energy range of 0.18-20 keV. We did not use data from higher en-
ergy range >20 keV because of large uncertainties due to counting statistics. With a
criterion of χ2/d.o.f <1.7, we obtained 59 of 78 events. Furthermore, we discarded
events which did not have a sufficiently large roll-off energy, because such distribu-
tions could be interpreted as a Maxwellian. By setting a criterion as Eroll−off >
1 keV, the final number of events reduced to 45. All the extracted events clearly
exhibit power-laws and are considered ‘non-thermal’. The other 33 events contain ei-
ther thermal events or non-thermal but statistically unaccepted (i.e. χ2/d.o.f >1.7)
events.

Figure 2 shows the obtained spectral index Γ organized by θBn and MA. It is
evident that the acceleration becomes efficient for larger θBn and larger MA. The
black curve shows the so-called ‘whistler critical Mach number’,10)

Mw
gr ≡

Vgr

VA
=

√
27
64

mp

me
cos θBn (2.1)

where the subscript gr indicates the group velocity of whistlers, VA is the Alfvén
velocity, and mp and me are the proton mass and electron mass, respectively. When
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Alfvén Mach number MA is below Mw
gr, the waves are expected to propagate up-

stream, if otherwise, the upwind propagating waves would be convected downstream
by the incoming plasma. The example event of 22 May 1995 falls into super-critical
regime (MA/Mw

gr ∼1.2). In Figure 2, although the region of θBn ∼ 75o and MA > 10
happened to have small number of data points, the spectral index (shown by the
gray-color-coded marks) varies greatly (Γ=3.5 - 5.0) in the sub-critical regime while
it is concentrated between Γ=3.0 and Γ=3.5 in the super-critical regime.

crit

Fig. 2.

§3. Discussion

A possible interpretation of this result is the different acceleration mechanisms
for sub-critical and super-critical shocks. Another interpretation is that, for the
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sub-critical cases, the once accelerated electrons immediately escape upstream with
upwind emission of whistler waves.

As for the mechanism of acceleration, we consider the gradient B drift ener-
gization11) to play significant role because of the strong dependence of acceleration
on θBn. However, the gradient B drift has not succeeded in generating power law
spectrum and an additional, alternative mechanism such as shock surfing12) should
work particularly for the super-critical shocks. The diffusive shock acceleration may
appear for the sub-critical cases wherein the upstream propagating whistlers scatter
electrons.

Note that a recent theoretical work has discussed that the accumulation of
whistlers at the shock front lead to the non-stationary, cyclic behavior of the shock
front.13) It is speculated that the energies of whistlers stored at the shock front are
converted to electron non-thermal energy.

From above arguments, the future studies should take into account precise de-
termination of shock parameters such as MA and θBn. Accurate measurements of
the plasma beta for ions βi and electrons βe and the frequency ratio ωpe/Ωce, where
ωpe is the electron plasma frequency and Ωce is the electron cyclotron frequency,
are also desired for the clarification of acceleration condition. The measurement
of the maximum energy of accelerated electrons represented by Eroll−off may pose
a constraint on possible acceleration mechanisms. The effect of temporal variation
and/or 2-D/3-D dimensional spatial variation on shock dynamics may reveal a possi-
ble relationship between Mw

crit and electron acceleration. We expect multi-spacecraft
observations with instruments of higher resolution in the future studies.
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