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Above some critical Mach number, quasiperpendicular collisionless shocks are known to exhibit
“overshoot” and “undershoot” structure thought to be associated with the motion of ions trapped at
the shock front. Using spacecraft potential data from the Cluster spacecraft, the overshoot/
undershoot density structure at 56 crossings of the quasiperpendicular bow shock is studied. The
envelope of the absolute value of the density, in most cases, decays exponentially and these
envelopes are fitted to a decaying function from which we calculate the decay length scale. The
overshoot/undershoot wavelength is also estimated using the zero crossings of the density profile
and a good correlation between the average wavelength and the convected ion gyroradius is found:
the wavelength is approximately two to three times the ion gyroradius. There is no evidence of a
strong correlation between the wavelength and the ion inertial length. Similar results are found for
the decay length, which also seems to be ordered by the convected ion gyroradius. ©2005
American Institute of Physics. fDOI: 10.1063/1.1900093g

I. INTRODUCTION

The super-Alfvénic solar wind is shocked and heated
upstream of the terrestrial magnetosphere in a standing fast-
mode collisionless shock. Although the dissipation mecha-
nism at collisionless shocks is not fully understood, there is
an expected transition from resistive/dispersive dissipation at
low Mach numbers to a viscous interaction at higher Mach
numbers. For ab=0, perpendicular shock, the transition oc-
curs at a “critical” Mach numberMc<2.76.1,2 Subcritical
shockssM ,Mcd can balance the nonlinear steepening with
wave dispersion2 and/or some anomalous resistivity;3 hence
subcritical shocks can be modeled using fluid equations with
somead hocresistive term. However, the “viscous” dissipa-
tion required at supercriticalsM .Mcd shocks is thought to
be provided by motion of ions trapped, and circulating, in the
shock front. There is no simple, analytical term that provides
closure to the fluid equations for this kinetic physics.

Ion motion in supercritical, quasiperpendicular shock
fronts is complicated. A fraction of the incident ions are
sspecularlyd reflected and gyrate around the shock ramp be-
fore cycling downstream, while the majority of the ions are
transmitted through the shock and move downstream.4,5

Supercritical shocks exhibit a phenomenon known in the
literature as “overshoot,” in which the magnetic field just
downstream of the shock ramp is observed to overshootsand
then undershootd the asymptotic value;6 qualitatively, this ap-
pears similar to the Gibbs phenomenon observed at the Fou-
rier reconstruction of a square wave. This overshoot structure
is thought to be related to the transmission and thermaliza-
tion of the reflected ion population, which moves ballistically
through the shock magnetic and electric fields and is, there-
fore, highly unstable downstream. Computer simulations

show that the reflected ion population undergoes a series of
gyrations around the shock front,7,8 interacting with the elec-
tric potential and magnetic structure. The decelerated down-
stream velocity of the gyrating ion population is small and
they are prevented from returning to the shock front by the
cross-shock electric field; hence they are observedsin simu-
lationd to pile up downstream, forming the density enhance-
ments of the overshoot cycles. Eventually, the gyrating ions
are mixed into the transmitted population. In the simulations,
this overshoot/undershoot structure is shown to be ordered
by the gyroradius of the reflected ionsvsw/Vi,2 and its extent
downstream should be a measure of the “mixing” length
scale of this population.

An alternative explanation for the overshoot/undershoot
structure is that of a decaying instability due to the aniso-
tropic downstream ion distributions.9 In this scenario, the
perturbed ion distributions are unstable and excite electro-
magnetic ion cyclotron waves, which then relaxes the aniso-
tropy. This physics also predicts a decaying wave form with
a wavelength and damping rate of a few ion gyroradii.10

Overshoot/undershoot structure at shocks may also play
an important role in the eventual heating and energization of
the plasma. Giacaloneet al.11 showed with test particle simu-
lations that the overshoot enhances ion reflection/
acceleration and allows lower energy particles to participate
in reflection. Downstream electron heating may also be af-
fected by overshoot structure; Gedalin and Griv12 com-
mented on the downstream electron anisotropy induced by
magnetic overshoots, as the electrons move adiabatically in
these fields.

Studies of the magnetic structure of the bow shock
abound;13–15however, the low cadencestypically several sec-
ondsd of particle counting instruments is insufficient to study
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shock substructure which typically transits the spacecraft in a
few seconds. Here we use spacecraft floating potential mea-
surements as a proxy for electron density, which has the
advantage of having very high time resolution. We examine
the overshoot/undershoot structure for 56 shocks and mea-
sure the “wavelength” and the exponential decay scale. Our
wavelength results are consistent with previous measure-
ments of the magnetic field; the measured decay length
shows that the mixing of transmitted ions in the shock occurs
rapidly downstream.

II. DATA

Data were used from the four Cluster spacecraft. The
Cluster mission was launched in 2000 and flies four identical
spacecraft in a controlled tetrahedron configuration. The in-
clined orbit has apogee near 19 Earth radiiRe; therefore,
when apogee is on the daysidesbetween December and May,
approximatelyd Cluster sees at least two shock crossings per
orbit. We used data from the first dayside seasons2000-
2001d when the spacecraft were separated by 500–1000 km.

As discussed above, traditional particleselectron and
iond counting instruments on a spinning spacecraft are often
designed to scan in latitude and use the spacecraft spin to
sweep the instrument aperture in longitude. This limits the
collection time for a three-dimensional distribution function
sand therefore moments of the distributiond to 1 spacecraft
spin period, which is typically 3–10 s.

The Cluster Electric Field and Waves experiment mea-
sures the probe-to-spacecraft and probe-to-probe electric po-
tential using four biased electrostatic probes, deployed or-
thogonally in the spacecraft spin plane on 44 m wires.16 For
this study, we used spacecraft floating potential data as a
proxy for thermal electron density. A sunlit spacecraft emits
photoelectrons with a typicale-folding energy of 1 eV. In a
low density plasma, this causes the spacecraft to charge posi-
tive and attract a return current from the local thermal elec-
tron population. Strictly speaking, then, the spacecraft poten-
tial fsc is a function of the thermal electron currentje
=neevth~neTe

1/2, wherevth is the electron thermal speed and
ne is the electron density. However, geometric effects of the
instrument configuration make the dependence on tempera-
ture weaker thanTe

1/2 sRef. 17d and a good fit betweenfsc

andne can usually be found. Here we use a functionnffscstdg
which is a sum of exponentials where the coefficients were
determined by fitting to several hours of ion density data as
measured by the electrostatic analysis instrument CIS on
Cluster;18 we computefsc on each spacecraft as the average
of the measured spacecraft potential on the four separate
double probes. Spacecraft potential is sampled at 5
samples/s, which allows for sampling of the density structure
at the bow shock with multiple data points within the shock
structure itself. This data set and calibration were used in
Ref. 19 to compute the shock transition scale. Hereafter, we
refer to this derived density data as the “density proxy.”

Upstream, averaged magnetic field vectors were sampled
by the FluxGate Magnetometer instrument on Cluster20 and
used to compute Mach numbers and the shock tangent angle
Ubn sdescribed belowd. We also use solar wind velocity, tem-

peratures, and He11/H ratio measured by experiments on
the ACE spacecraft. These data are convected downstream
by the solar wind travel time to correspond temporally to the
Cluster shock crossing events.

III. ANALYSIS

We began our analysis by examining 101 quasiperpen-
dicular bow shock crossings from a list of events studied by
Bale et al.19 Of this set of shocks, 56 had showed distinct
overshoot/undershoot structure in the density proxy data. A
few shocks with suspiciously large Mach numbers were ex-
cluded from the analysis.

A four-spacecraft timing analysis of the density proxy
data was then used to compute the shock normal vectorn̂ and
the speed along the normalvsh.

19 This analysis assumes that
the shock is locally planar and not accelerating; shocks that
show significantly different temporal profiles between the
four-spacecraft were rejected. A calculation of the shock tan-
gent angleUbn between the normal vector and average up-
stream magnetic field showed that all of our shocks are qua-
siperpendicularsUbnù45°d.

At each shock, a density proxy profile was measured on
each of the four-spacecraft and a time lag between spacecraft
pairs is computedsas a product of the above timing analysisd.
All profiles were shifted in time to match, spatially, with the
profile of spacecraft 3. We then average the four profiles to
obtain an average density profile. The speed of the shock in
the spacecraft framevsh, computed in the timing analysis, is
then used to make our temporal measurement a spatial one:
xstd=vsht.

Figure 1 shows an example of a supercritical, quasiper-
pendicular shock as used in this analysis; this shock, on De-
cember 25, 2000, is magnetosonic Mach numberMms<4.2
and Ubn<80°. To make the overshoot/undershoot structure
more easily visible, we fitted the average density profile of
each shock to a hyperbolic tangent function,nsxd=n0

+n1 tanhsx/Xd and subtract the hyperbolic tangent to leave
the remaining “chirp” of the overshoot/undershoot. Panelsbd
of Fig. 1 shows the overshoot/undershoot density structure.
The hyperbolic tangent function represents an idealized cur-
rent sheet density profile with no overshoot/undershoot struc-
ture and was found to fit well by Baleet al.19 Zero-crossing
points of the new profile were selected by hand and the av-
erage wavelengthl of the profile was defined as twice the
average of the distance between the zeroesfred dots in panel
sbdg.

To estimate the decay length scale of the overshoot, we
computed the absolute value of the average density profile,
with the selected zeroes superimposed on top, and selected a
peak in the profile between each pair of zeroesfblue triangles
in panel scd of Fig. 1g. An exponential curvee−bx sgreen
dotted lined was then fitted to the peaks, from which the
decay length was calculated asxd=1/b. For those shocks
without sufficient data pointssthree or mored necessary to do
an exponential fit, we defined the decay length to be the
distance it takes for the density to fall to 1/e of the y inter-
cept on our plots, where thex=0 value is arbitrary. The
above analysis was applied to the 56 shocks exhibiting
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overshoot/undershoot structure. The resulting overshoot
wavelengthsl and decay lengthsxd were then compared to
both the upstream ion inertial scalec/vpi, wherevpi is the
ion plasma frequency computed using the upstream ambient
density, and the convected ion gyroradiusvs/Vci,2. The con-
vected ion gyroradius is computed fromvs, the shock speed
in the plasma frame, andVci,2, the ion gyrofrequency down-
stream of the shock. The convected ion gyroradius is the
radius of ions gyrating in the shock front and has previously
been shown to be a good measure of overshoot wavelength
using magnetic field data14 and has also been shown to be a
good measure of the large scale density transition at the
shock.19

Histograms of the overshoot wavelength normalized by
the ion inertial lengthl / sc/vpid and convected ion gyrora-
dius l / svs/Vci,2d are shown in Fig. 2 and 3, respectively, in
bins of 1. The ion inertial normalizationsFig. 2d gives a
rather broad distribution with measures froml
<1–16c/vpi, while the ion gyro normalizationsFig. 3d is
peaked atl<2–3vs/Vci,2. We take this as evidence that the
convected ion gyroradius is the more appropriate normaliza-
tion. This point will be strengthened below.

A good measure of wavelength and/or decay length
might be expected to be consistent over a range of Mach
numbers. To test this, we plot our normalized length scales
against the magnetosonic Mach numberMms=vs/cms, where
vs is the shock speed in the plasma frame andcms=svA

2

FIG. 1. sColord. Density profiles at a supercritical fast-mode shock. The top panel shows the compressive signature of a fast-mode shock with overshoot/
undershoot density structuresblack traced with a hyperbolic tangent fitsgreen traced. In the middle panel, the hyperbolic tangent has been subtracted leaving
the “chirp” signature of the overshoot. Red dots show zero crossings which are used to compute the overshoot/undershoot wavelength. The low panel shows
the absolute value of the chirp with blue triangles indicating the maxima between zero crossings. These maxima are fitted with an exponentiale−bx to obtain
a decay length 1/b.

FIG. 2. Histogram of the overshoot/undershoot wavelength normalized to
the upstream ion inertial lengthc/vpi. This normalization gives a broad
distribution in wavelength.
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+cs
2d1/2 is the magnetosonic wave speedsvA and cs are the

Alfvén and ion sound speeds, respectivelyd. This technique
was used by Baleet al.19 to show that the convected ion
gyroradius is the measure of the density transition scale.

Figure 4 shows the measured overshoot/undershoot
wavelength normalized to the convected ion gyroradius and
plotted against Mach numberMms. The error bars are one
standard deviation of the points averaged; points withno
error bar have only point in the bin. While there is scatter in
the plot, the values cluster around two to three, as in the
histogram of Fig. 3. In Fig. 5, the wavelength is normalized
to the ion inertial length and plotted againstMms. In this
case, it can be seen that the ratiol / sc/vpid increases with
Mach number, especially at larger valuesMmsù5. Since
svs/Vci,2d / sc/vpid~M, we see that l / sc/vpid
~Ml / svs/Vci,2d, so that if the convected ion gyroradius is
the better measure of overshoot wavelength thenl / sc/vpid
should increase with Mach number, which it does. We can
take this as evidence that the gyroradius is the proper mea-
sure of density overshoot wavelength. This agrees with the
analysis of magnetic field data by Liveseyet al.14

Histograms of the overshoot decay length scalexd nor-
malized by the ion inertial lengthxd/ sc/vpid and convected
ion gyroradiusxd/ svs/Vci,2d are shown in Figs. 6 and 7,
similar to Figs. 2 and 3. Again, the ion inertial normalization
sFig. 6d gives a rather broad distribution with measures from
xd<s1–15dc/vpi, while the ion gyronormalizationsFig. 7d is

FIG. 3. Histogram of the overshoot/undershoot wavelength normalized to
the convected ion gyroradiusvsh/Vci,2. This normalization gives a more
peaked distribution with a maximum betweenl<s2–3dvsh/Vci,2; we sug-
gest that this is the appropriate normalization of overshoot/undershoot
wavelength.

FIG. 4. Overshoot/undershoot wavelengthl normalized to the convected
ion gyroscalevsh/Vci,2 and plotted against the shock magnetosonic Mach
numberMms.

FIG. 5. Overshoot/undershoot wavelengthl normalized to the ion inertial
lengthc/vpi and plotted against the shock magnetosonic Mach numberMms.
An increasing trend is due to the fact thatvsh/Vci,2~Mc/vpi, indicating
again that the convected ion gyroradius is a better measure of wavelength.

FIG. 6. Histogram of the overshoot/undershoot decay length normalized to
the upstream ion inertial lengthc/vpi. This normalization gives a broad
distribution.

FIG. 7. Histogram of the overshoot/undershoot decay length normalized to
the convected ion gyroradiusvsh/Vci,2. This normalization gives a more
peaked distribution with a maximum betweenl<s1–2dvsh/Vci,2; we sug-
gest that this is the appropriate normalization of overshoot/undershoot decay
scale.
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more peaked and takes a most probable value atxd

<s1–2dvs/Vci,2. We again take this as evidence that the con-
vected ion gyroradius is the more appropriate normalization.

A similar analysis of the decay scalexd=1/b is shown
in Fig. 8 and 9. The trend ofxd/ svs/Vci,2d with Mach num-
ber is again fairly flat, while the ion inertial normalization
has much more scatter than for the wavelengthsFig. 5d. Still,
the ion inertial normalization shows a general increasing
trend with Mach number and the above argument can be
applied again. Taken together, Fig. 6 and 7 indicate that the
appropriate scaling of the exponential decay length of the
density overshoot/undershoot is again the convected ion gy-
roradius. The histogram ofxd/ svs/Vci,2d sFig. 7d gives a
most probable value ofxd<1–2vs/Vci,2. The “damping ra-
tio” of a damped simple harmonic oscillator is ratio of the
damping coefficient to the value of “critical damping” and is
given byDR=1/Î1+sv1/bd2, wherev1 is the observed os-
cillation frequency. If we consider our overshoot/undershoot
to be a damped oscillator, our most probable values of wave-
length s2.5vs/Vci,2d and damping rates1.5vs/Vci,2d give a
damping ratio ofDR<51%, which corresponds to a rather
highly damped oscillator.

IV. CONCLUSIONS

An analysis of 56 shocks with overshoot/undershoot
structures in the density profiles shows that the average
wavelengthl of the profile goes like,2–3 times the con-
vected ion gyroradius. We concluded that there is no clear
correlation betweenl and the ion inertial lengthc/vpi, ex-
cept that related back to the convected ion gyroradius; this is
consistent with earlier results on magnetic overshoot
structure.14 Additionally, we found that the decay lengthxd

of the profile goes like,1–2 timesvs/Vci,2, and again we
concluded that there is no clear correlation betweenxd and
c/vpi. Our results show that the overshoot structure is
“damped” quickly behind the shock; this implies rapid mix-
ing of the perturbed ion distributions downstream.

Our measurements of the wavelength of the plasma den-
sity profile corroborate results found previously by Livesey
et al.14 and in simulations.7,8 Livesey et al.14 used Interna-
tional Sun-Earth Explorer magnetic field data to show that
the thickness of the overshootswhich corresponds to half of
our defined wavelengthd scales with the ion Larmor radius
and is “not nearly so well organized by the ion inertial
length.” Specifically, they found that the thicknesses of most
of their overshoots were one to three times the ion gyrora-
dius; this corresponds to the wavelength being two to six
times the ion gyroradius. These numbers are slightly larger
than, but consistent with, our results. Qualitatively, the simi-
larity of the density and magnetic field profiles suggests that
the overshoot is a magnetohydrodynamics fast-mode phe-
nomenon, like the shock itself; a detailed study of density
and field data would be interesting.
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