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Motivation and objectives

Early subcritical shock observations: no structure

Recent subcritical shock observations: downstream oscillations

1D stationary theory and simulations: gyrating ions

Questions

2D simulations: how wide ?
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Sub- vs super-critical: structure develops

From Farris et al. (1993)

Overshoot appears when
reflected ions appear
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Recent: downstream oscillations at low Mach numbers

Mach number by a factor of three and b by an order of
magnitude, so that the shock should be expected to be a low
Mach number low-b shock. The magnetic field measured
during one of these crossings is shown in Figure 1. The
crossing of the magnetic ramp occurred around 22:14:46
and lasted for about 2 seconds. Around the ramp the
magnetic field magnitude changed from the upstream value
of jBuj ! 32 nT to about 42 nT. Downstream of the shock
the magnitude of the magnetic field stabilized around jBdj !
40 nT. The increase of the magnetic field magnitude across
the ramp was less than 0.3 jBuj, indicating that this shock is
subcritical with a very low Mach number. Supercritical
quasiperpendicular shocks have a much higher magnetic
compression ratio. Even for the marginally critical shock
observed by Farris et al. [1993] the magnetic field increase
is about 1.5 jBuj. Both the minimum variance technique
(MV) and coplanarity based method were used to estimate
the shock normal. These two methods led to two normal
directions nmv and nc. The angle between these two
directions was about 20!. The angle between the upstream
magnetic field Bu and the normal to the shock front was
estimated to be qBn ! 71! and 79! using nc and nmv
respectively. The coplanarity normal was chosen for further
analysis since it was found to better fulfil the requirement
that the normal component of the magnetic field remains
constant throughout the transition. While for supercritical
shocks the MV method often provides more reliable
estimation, for very low Mach number shocks the tiny
noncoplanar magnetic field component does not allow
reliable determination of the normal. The normal compo-
nent of the magnetic field Bn remains constant across the
shock until the rotational discontinuity, observed around
22:15:17, where the normal direction changes. The
noncoplanar component Bm remains small everywhere,
even in the ramp, indicating a weak subcritical shock. An
elliptically polarised wave precursor is observed upstream
of the ramp as expected in dispersive quasiperpendicular

shocks. An abnormal coherent set of oscillations forming a
wave trail is observed immediately downstream of the
magnetic ramp 22:14:49–22:15:16, with a period of about
8–9 seconds and amplitude decreasing with the distance
from the ramp. These downstream oscillations of the
magnetic field are polarized along the mean field. The
ion-cyclotron instability due to the ion pressure anisotropy
is often used to explain waves downstream of quasi-
perpendicular shocks [see, e.g., McKean et al., 1995]. In the
present case the observed polarization indicates that these
oscillations cannot be attributed to ion-cyclotron waves.
Another shock crossing, which occurred on the same day at
around 23:01:00, is displayed in Figure 2. It exhibits a
similar set of downstream oscillations. For the second shock
the angle between the MV and coplanarity based normals is
less than 10!. The coplanarity based estimation of qBn ! 80!
is larger for this shock. This larger value explains why the
whistler precursor is much less prominent. The downstream
oscillations again set on immediately after the ramp and
form a kind of wave trail. Similar to the previous case, they
are polarized along the mean magnetic field. Clearly
different from this wave trail is the perturbation observed
in Bn and Bl components between 22:59:10 and 22:59:40,
with a distinct nearly circular polarization in the plane
perpendicular to the magnetic field. It is not related to the
formation of the oscillations but may be a consequence of
the developing anisotropy of the ion distribution, or a
propagating solar wind disturbance. As was mentioned
above, the time interval considered in the present paper is
characterized by many disturbances propagating in the solar
wind both upstream and downstream of the observed
shocks. Among the 7 observed shocks, only one was not
accompanied by a disturbance in the downstream region,
but instead was adjacent to a strong rotational discontinuity
upstream of the ramp. Apart from this perturbation well
downstream from the ramp, the normal component of the
magnetic field Bn remains constant across the shock with
rather high accuracy. The noncoplanar magnetic field Bm is

Figure 1. Shock crossing on September 10th 2006, at
22:14:46: (a) the normal component of the magnetic field,
(b) the noncoplanar component, (c) the main component,
and (d) the magnitude.

Figure 2. Shock crossing on September 10th 2006 at
23:01:00: (a) the normal component of the magnetic field,
(b) the noncoplanar component, (c) the main component,
and (d) the magnitude.
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Very low-Mach number Venusian
shock (Venus Express).
From Balikhin et al. (2008)

STEREO observations of upstream and downstream waves at low

Mach number shocks
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[1] Early theories of upstream and downstream wave
formation at laminar (low Mach number, low beta) shocks
predicted that upstream waves would arise from phase-
standing whistlers, propagating upstream along the shock
normal. Downstream waves were attributed to nearly
perpendicular shocks where waves had a different
dispersion than the whistler mode, allowing them to stand
downstream. Observations of low-Mach number shocks
with STEREO reveal both upstream and downstream waves,
but unlike the prediction of early theory, the downstream
waves arise for a wide variety of shock conditions. These
downstream waves appear to be compressional magnetosonic
waves. Citation: Russell, C. T., L. K. Jian, X. Blanco-Cano, and
J. G. Luhmann (2009), STEREO observations of upstream and
downstream waves at low Mach number shocks, Geophys. Res.
Lett., 36, L03106, doi:10.1029/2008GL036991.

1. Introduction

[2] Laminar collisionless shocks are low-Mach number
shocks in a low-beta plasma where dispersion limits non-
linear steepening, and a trailing or leading wave train is
generated [Biskamp, 1973]. Low Mach number shocks have
been extensively studied in the solar wind during the ISEE
mission, where multiple spacecraft observations enabled
accurate shock normals to be determined [Russell et al.,
1983a]. They were also studied at the Earth’s bow shock on
those infrequent occasions when the Mach number of the
solar wind flow relative to the Earth reached low values
[Mellott, 1985; Farris et al., 1993]. These studies [Russell et
al., 1982a, 1983b] revealed two classes of upstream waves at
these weak shocks: whistler-mode precursors which occur at
low Mach numbers, and upstream turbulence, whose ampli-
tude at Mach numbers greater than 1.5 is controlled by the
angle of the field to the shock normal. The upstream whistler
precursors are right-hand circularly polarized in the plasma
frame, and quite monochromatic. The upstream turbulence is
more linearly polarized and has a broadband turbulent
spectrum. Downstream waves are also present at the low-
Mach number shock but were not studied with the ISEE
data, except for the overshoot phenomenon [Russell and
Greenstadt, 1979; Russell et al., 1982b]. The original
hypothesis for the formation of downstreamwaves in laminar

shocks was that the standing waves at the shock stood down-
stream when the shock became nearly perpendicular and the
dispersive properties changed [Biskamp, 1973].
[3] The advantage of studying standing planetary shocks

is that the shock is moving relatively slowly, and its normal
is roughly determined by the expected geometry of a bow
shock. The disadvantage is that the conditions that allow the
Earth’s bow shock to be laminar occur rarely, are restrictive
in their parameter ranges when they do occur, and cause the
location of the bow shock to move outward. The weakest
bow shocks are very difficult to study with a single
spacecraft, because, as they move backward and forward,
the Mach number can change substantially, and the shock
can disappear entirely until it reforms on an outward cycle
[Russell and Zhang, 1992]. Recently, a single very low-
Mach number shock observed at Venus with a downstream
wave train was interpreted in terms of kinematic relaxation
instead of dispersive dissipation [Balikhin et al., 2008]. This
new interpretation is attractive because downstream waves,
as we will demonstrate below, occur much more often than
just when the shock is perpendicular. Since no plasma data
were available at the time of the Venus shock crossing,
because of the moderately large possible offset (!1 nT) on
Venus Express, and because of the sensitivity of low-Mach
number shocks to back and forth motion as discussed

Figure 1. Eight-Hertz magnetic field measurements in
shock normal coordinates for the September 2, 2007, shock
on STEREO B. The BL component is in the shock plane in
the direction parallel to the projection of the upstream
magnetic field. The BN direction is along the shock normal,
and BM is in the shock plane perpendicular to BL. The
LMN coordinates form a right-handed system.

GEOPHYSICAL RESEARCH LETTERS, VOL. 36, L03106, doi:10.1029/2008GL036991, 2009
Click
Here

for

Full
Article

1Institute of Geophysics and Planetary Physics, University of
California, Los Angeles, California, USA.

2Instituto Geofı́sica, Universidad Nacional Autonoma de México,
Mexico D. F., Mexico.

3Space Science Laboratory, University of California, Berkeley,
California, USA.

Copyright 2009 by the American Geophysical Union.
0094-8276/09/2008GL036991$05.00

L03106 1 of 4

Low-Mach number interplanetary
shocks (STEREO).
From Russell et al. (2009)
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Theory: gyration of directly transmitted ions

Thin shock transition: crossing ions are decelerated by the
cross-shock potential

Downstream ions drift and gyrate

Total pressure pxx =
∫
mv2x f (v)dv spatially periodic

Pressure balance p + B2/8π = const throughout the shock

Ergo: magnetic pressure spatially periodic
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Theory: test particle, 1D

Ion trajectories for different β
Ion pressure and derived
magnetic field

From Balikhin et al. (2008)
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1D hybrid simulations

Normalized ion pressure and
magnetic field. Shock parameters
are βi = βe = 0.2, θ = 77◦,M =
1.48.

movie

From Ofman et al. (2009)
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Open questions and problems with 1D

1D simulations suppress inhomogeneities along the shock front:
whether 1D structure is artificially enforced ?

What is the dependence on M and β ?

What is the relative contribution of directly transmitted and
reflected ions ?
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2.5D hybrid simulations setup

Box size: 1024×128 cells with grid size of 0.2×0.2 in units of
the ion inertial length.

200 particles per cell on average.

Almost perpendicular geometry, cos θ = 0.05.

Shock formation by the wall reflection.

Periodic boundary conditions across.

In-plane magnetic field.

Ofman and Gedalin Ion dynamics in quasi-⊥ shocks



Shock: magnetic field

βi = 0.4, M = 3.4 βi = 1.5, M = 5.3
Magnetic field surface plot
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Shock diagnostics: stationarity

βi = 0.4, M = 3.4 βi = 1.5, M = 5.3
Successive magnetic field profiles (averaged across the box)
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Shock diagnostics: 1D

βi = 0.4, M = 3.4 βi = 1.5, M = 5.3
Several simultaneous cuts across the shock
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Ions crossing the shock

movie
Left: βi = 0.4, M = 3.4, right: βi = 1.5, M = 5.3
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Shock with βi = 1.5, M = 5.3: ion distribution

Successive ion distributions throughout the shock
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Distribution vs magnetic field

βi = 0.4, M = 3.4 βi = 1.5, M = 5.3
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Conclusions

Downstream magnetic oscillations are due to ion gyration

The main contribution is due to directly transmitted ions

Basic parameter: vT/vu =
√

0.5βi/M

Reflected ion contribution increases with the increase of Mach
number

No periodicity of the magnetic field because of different spatial
periods for directly transmitted and reflected ions
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