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Abstract

Results from a multiscale hybrid kinetic simulation of low plasma beta supercritical perpendicular
shocks are presented. Freshly ionized pickup ions are included self-consistently. It is found that
perpendicular shocks can accelerate pickup ions from an initial \thermal" shell distribution to high
energies. The mechanism by which the pickup ions are energized is that of multiply re
ected ion
(MRI) acceleration [Zank et al., 1996; Lee et al., 1996]. The injection e�ciency is found to be very
high and maximum energies of nearly 0.5 MeV are attained. MRI acceleration may provide a solution
to the so-called injection problem for anomalous cosmic rays.

1 Introduction:

Accelerated pickup ions (PIs) have been observed directly, for example, by Ulysses at a weak
corotating shock [Gloeckler et al., 1994]. Both pickup
H+ and He+ were observed by the SWICS instru-
ment to possess very hard power law spectra which
extend directly out of the expected pickup ion distri-
bution, to energies well in excess of the characteristic
pickup ion cuto� velocity v = 2uSW (in the space-
craft frame). Here v denotes particle velocity and
uSW the solar wind 
ow velocity. It was observed
too that � 43% of the pickup protons H+ and � 16%
of the He+ was accelerated by the shock. Both the
hardness of the pickup ion spectrum and the favour-
ing of light ion acceleration over heavy ions are quite
inconsistent with the expectations of di�usive/�rst-
order Fermi shock acceleration. These results pose a
challenge for models of particle acceleration at shock
waves.
Besides di�usive shock acceleration, two alternatives
for accelerating pickup ions at weak quasi-perpendicular
shocks are shock drift acceleration [Decker, 1988] and
Multiply Re
ected Ion (MRI) acceleration or shock

Figure 1: Pro�les of the bulk velocity com-
ponents ux and uz , the magnetic �eld com-
ponent By , the electric components Ex and
Ez, the proton np and PI nPI densities, and
electrostatic potential e�=Mu20=2:

sur�ng [Zank et al., 1996; Lee et al., 1996]. Both approaches directly accelerate particles out of
the pickup ion \thermal" pool. However, the MRI mechanism is found to produce high energies for
pickup ions, a very 
at spectrum and to have an injection e�ciency which decreases with increasing
particle mass. Present models of MRI acceleration treat the pickup ions as test particles and use
non-selfconsistent electromagnetic �elds.

Particle acceleration of PIs by the multiple re
ection mechanism (or sur�ng) of PIs at a shock ramp
is explained easily. On the PI shell distribution in the shock frame, a fraction of the PI population
has so little kinetic energy, that they can be re
ected by the the shock electrostatic potential jump
inside the ramp. This population of ions then drifts along the shock front surface, being multiply



re
ected at the shock ramp, trapped by the upstream particle Lorentz force and the electrostatic
potential jump. The time spent upstream of the shock determines the maximum energy gain for a
trapped PI, and results from a balance between the particle Lorentz force and the gradient of the
electrostatic potential.

Unfortunately, selfconsistent kinetic simulations of quasi-perpendicular shocks, which may in-

clude PIs [Liewer et al., 1995; Giacalone et al.,

1994], have yet to demonstrate any signi�cant accel-
eration of solar wind protons and PIs by MRI-like
processes in the absence of either strong wave gen-
eration or externally imposed high levels of MHD tur-
bulence.
Shock simulations that exhibit signi�cant MRI en-
ergization of PIs at the shock ramp are presented
here. The results were obtained by using a one-
dimensional, (1+2/2)D hybrid kinetic electromagnetic
code (for ions and protons, we use a kinetic/particle
description while for �nite mass electrons, the hydro-
dynamical equations (electron pressure equation) is
used) [Galeev et al., 1991]. Anomalous resistivity and
electron inertia terms are included in the code. Al-
though we assume spatial variation along the z di-
rection only, all three components of the electromag-
netic �elds and particle velocities are retained. The
shocks studied have upstream parameters, which are
expected of the solar wind in the transition layer of
the termination shock and are all quasi-perpendicular
(�Bn = 90�; 72�). The initiall proton and PI veloc-
ity distribution functions are Maxwellian shell respec-
tively, the latter of which is assumed to have been
thickened.
The bulk velocity of solar wind protons and PIs is
equal initially, uPI = u0. There are 4097� 8193 cells
in z, and initially 512,000 macroprotons and 512,000
macroions. Plasma is injected continuously into the
left of the simulation box and the shock is formed
by re
ecting the plasma o� the right-hand end of the
box. The simulation time step is 5 � 10�5Tci, where
Tci = 2�=
i and 
i is the proton gyrofrequency. Such
small spatial and time scales were chosen to resolve
the ramp on an electron inertial length scale and to

Figure 2: The projection of the protons (left
column) and H+ PI (right column) distribu-
tion onto the velocity plane for spatial sections
ranging from downstream to upstream. Here
v?1 k vz and v?2 k vx are the velocity com-
ponents perpendicular to the magnetic �eld.

provide an accurate calculation of PI trajectories as they are transmitted across the ramp.

2 Results

Figure 1 illustrates a shock simulation with MA = 5; nPI=n0 = 0:01, and resistive di�usion length
ld = 0:006c=!pi at time t = 3:8Tci. Only half the simulation box is shown. The velocity, magnetic
�eld, density, and electron pressure are normalized to the upstream velocity, magnetic �eld, proton
density, electron pressure, and the electric �eld and electrostatic potential to the upstream motional



electric �eld u0B0=c and incoming proton kinetic energy Mu20=2. The formation of a shock transition
layer with a strong foot in the PI density pro�le (g) and a thin ramp, �ramp=rci < 0:05 in the
magnetic �eld and electrostatic potential pro�les (Figures 1c and 1h) is evident. An additional jump
forms at a distance �z � 0:6rci before the ramp in the electromagnetic �eld, bulk velocity and proton
density pro�les. The peak in PI density corresponds to temporarily trapped and accelerated PIs
(Figure 1g).

Figure 2 shows v?2 vs v?1 for the protons and H+ PIs at di�erent locations relative to the shock
ramp, where v?1 and v?2 are the velocity components,
perpendicular to the magnetic �eld. The panels of Fig-
ure 2 are arranged in ascending order from the bottom
according to position as follows: far upstream (bot-
tom panel), on the shock front, just downstream of
the shock, and, the top panel, far downstream. The
left (right) column gives the projected proton (PI) dis-
tribution. The proton distribution function has a su-
personic core ahead of the ramp and a downstream
subsonic core. Re
ected protons are present ahead of
the ramp, while the downstream transmitted protons
form a halo due to phase mixing. The bottom right
panel shows a typical distribution which results from

Figure 3: The energy spectrum of acceler-
ated H+ PIs for spatial sections ranging from
downstream to upstream.

ion re
ection at a perpendicular shock. Such distributions are seen at virtually all quasi-perpendicular
shocks, both observationally (e.g., Sckopke, 1995) and in simulations (e.g.,Leroy, 1982) and contribute
essentially to the formation of the ion shock foot. If the number and energy density of the re
ected
PIs were su�ciently high at the termination shock, the foot structure and length scales would be
determined primarily by re
ected PIs rather than the colder more numerous solar wind protons [Zank
et al., 1996; Liewer et al., 1995]. The second panel from the bottom shows the PI distribution at
the shock ramp and a strong transverse acceleration of PIs along the shock front is evident with the
formation of an extended \tongue" along v?2. Finally, phase mixing occurs far downstream.
Figure 3 illustrates the energy spectrum of accelerated H+ PIs for spatial sections ranging from
downstream to upstream. The PI energy spectrum has two parts, as discussed by Zank et al.

[1996]; a shell-like distribution with an energy cut-o� at about E0 = MPIu
2
0=2 in the solar wind

frame and an accelerated PI component which emerges from the shell distribution as a hard/
at
power law spectrum. The accelerated PI energy spectrum may be approximated by the power law
Fi / dN=N � (E=E0)

�k , where the energy E is calculated in the solar wind frame and N denotes the
PI number density. In the present case, the index k is about 1.0-1.3 inside a vicinity of ramp. The
similarity between the spectra produced by the hybrid simulation here, a test particle-mesh simulation
[Lipatov et al., 1998] and those obtained from the quasi-analytical approach of Zank et al. [1996] is
close. The spectrum produced by the MRI mechanism is much harder than expected of di�usive shock
acceleration, which would produce an � E�2 spectrum for the shock compression ratio used here.
Also, as discussed in x2 of Zank et al. [1996], di�usive shock acceleration at a perpendicular shock
imposes severe energy constraints on the particles to be accelerated, constraints which are absent for
MRI acceleration. The maximum transverse energy of accelerated PIs (log10Emax=E0 = 2:3� 2:5) is
higher than estimated by Zank et al. for a ramp thickness of Lramp < 0:05rci. The simulation with

a high PI density (nPI=n0 = 0:1) is less e�cient at accelerating PIs (log10Emax=E0 = 1:7) thanks to
the formation of a strong foot and a decrease in the electrostatic potential jump. In the simulation
with large resistive di�usion length ld = 0:25c=!pi, the maximum energy of accelerated PIs decreases

signi�cantly since the ramp thickness is too large, and MRI acceleration becomes ine�ective. For



the simulation with small resistive di�usion length, ld = 0:001c=!pi, the electrostatic jump at the

ramp is comparable with the 
uctuation level and no signi�cant acceleration occurs. In the quasi-
perpendicular case, �BN = 72�, the formation of a whistler precursor decreases the e�cacy of PI
acceleration.

3 Conclusions

Kinetic hybrid simulations of the acceleration of H+ pickup ions at low solar wind proton �p �
0:1 collisionless quasi-perpendicular shocks (with a low PI density (nPI=n0 < 0:1) and appropriate
anomalous resistivity 0:006c=!pi � ld < 0:25c=!pi) reveal several new features, as well as providing
support for the basic test-particle analysis of Zank et al. [1996] and Lee et al. [1996]. Our results may
be enumerated as follows. (1) The energy spectrum of accelerated H+ PIs at quasi-perpendicular
shocks may be approximated by the power law Fi(E) � (E=E0)

�k , where k varies from 1:0 to 1:3. This
spectrum is a little harder than that obtained by the quasi-analytical approach, but both approaches
give spectra which are considerably harder than those predicted by di�usive shock acceleration.
(2) For MRI acceleration of H+ and He+ ions to be e�ective, a ramp thickness comparable to the
electron inertial length scale is needed, whereas for heavy ions, it is su�cient to have a ramp thickness
comparable to that of the ion inertial length. Thus, the key factor determining the e�cacy of MRI
acceleration is the existence of a strong steep ramp inside the shock transition layer. The simulation
does not show MRI acceleration of H+ and He+ at shocks with �p > 0:1 Further details can be found
in Lipatov and Zank [1999].
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