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The First Direct Observational Confirmation of
Kinematic Collisionless Relaxation in Very
Low Mach Number Shocks Near the Earth

S. A. Pope!'”| M. Gedalin?'>', and M. A. Balikhin'

IDepartment of Automatic Control and Systems Engineering, University of Sheffield, Sheffield, UK, 2Department of
Physics, Ben-Gurion University, Beer-Sheva, Israel

Abstract Collisionless shocks are ubiquitous throughout the known universe. They mainly convert the
energy of the directed ion flow into heating. Upon crossing the shock front, the ion distribution becomes
nongyrotropic. Relaxation to gyrotropy then occurs mainly via kinematic collisionless gyrophase mixing
and interaction with waves. The theory of collisionless relaxation predicts that the downstream pressure
of each ion species varies quasi-periodically with the distance from the shock transition layer and the
amplitude of the variations gradually decrease. The oscillations due to each species have their own spatial
period and damping scale. Pressure balance requires that the variations in the total plasma pressure should
cause anticorrelating variations in the magnetic pressure. This process should occur at all Mach numbers,
but its observation is difficult at moderate-/high-Mach numbers. In contrast, such magnetic oscillations
have been observed at low Mach number cases of the Venusian bow shock and interplanetary shocks.

In this paper, simultaneous in situ magnetic field and plasma measurements from the THEMIS-B and
THEMIS-C spacecraft are used to study, for the first time, the anticorrelated total ion and magnetic pressure
spatial variations at low-Mach number shocks. It is found that kinematic collisionless relaxation is the
dominant process in the formation of the downstream ion distribution and in shaping the downstream
magnetic profile of the observed shocks, confirming fundamental theoretical results. Comparison with the
results from numerical models allows the role of the different ion species to be investigated and confirms
the role heavy ions play in forming the downstream magnetic profile.

1. Introduction

Collisionless shocks are believed to be one of the most efficient particle acceleration processes in the known
universe and capable of accelerating charged particles to some of the highest known energies (in excess of
10" eV; Helder et al., 2012; Schure et al., 2012; Van Weeren et al., 2010). They also play an important role
in planetary interaction with the solar wind (e.g., Russell, 1985), and it is only within the solar system that
in situ observations can be made. In particular, it is only around the Earth where substantial and coordi-
nated multipoint observations using high-quality magnetic, electric, and plasma measurements have been
conducted (e.g., Balogh et al., 2005; Burch et al., 2016; Galeev et al., 1996; Ogilvie et al., 1977; Sibeck &
Angelopoulos, 2008).

A collisionless shock forms whenever a supermagnetosonic flow encounters an obstacle and is decelerated
to a submagnetosonic speed. In the shock frame the energy of the directed ion flow is redistributed by the
shock into ion heating, electron heating, magnetic field amplification, and acceleration of a small fraction
of particles to high energies. Since it is ions that mainly shape the shock profile, the downstream ion distri-
butions and magnetic profile are intimately related. Collisionless shocks are typically classified by the angle
between the shock normal and the upstream magnetic field 65, the Alfvén Mach number M, = v, /v,
(the ratio of the upstream flow velocity v, , in the shock normal direction to the Alfvén speed v,), and the
upstream ratio of the kinetic-to-magnetic pressure § = 8zn, T, /B2 (n,, is the upstream number density, B,
is the upstream magnetic field magnitude, and T, is the upstream temperature). Different species can have
different upstream temperatures, so that each species has its own f. Understanding the key energy redistri-
bution processes for the different categories of shocks is one of the most important problems in the study of
collisionless shocks.
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Quasi-perpendicular shocks with 65, > 45° usually have a well-structured magnetic field profile (Burgess
et al., 1989; Kennel et al., 1985; Mellott, 1985; Scudder et al., 1986). With the increase of the Mach number
the magnetic compression also increases, and some ions become reflected and appear ahead of the ramp
(the steepest magnetic field increase in the shock transition layer). The number of reflected ions increases
with the increase of the Mach number, together with their effect on the shock structure (e.g., Scudder et al.,
1986). Upon crossing the ramp toward downstream, the reflected ions represent a superthermal population.
The ion thermalization downstream of the magnetic ramp is a result of the joint gyration of transmitted and
reflected ion populations. The role of reflected ions is substantial in high-Mach number shocks, and reflected
ions have been detected ahead of subcritical shocks (Greenstadt & Mellott, 1987). However, they do not play
a significant role in low-Mach number subcritical shocks. For low-Mach number shocks, it was believed that
anomalous interaction with waves generated within the shock front would lead to the redistribution of the
kinetic energy of the directed upstream flow into other degrees of freedom and consequently to ion heating.
Ion sound waves generated by the electric current associated with the gradient of the magnetic field within
the front were employed by many models for anomalous processes at the shock front (e.g., Galeev, 1976).
While it has been understood for some time that “the coherent forces within the shock layer” (Scudder,
1995) are the most efficient mechanism for redistribution of energy at supercritical shocks, it was assumed
that anomalous processes are key to such redistribution in weak subcritical shocks.

The theory of low-Mach number collisionless shocks was thought to be well understood (Kennel et al.,
1985), until an observation of a new type of very low Mach number quasi-perpendicular collisionless shock
and the development of an associated theory (Balikhin et al., 2008; Ofman et al., 2009). Classical dissipative
low-Mach number shocks do not exhibit any visible oscillatory structure ahead of the ramp, while dispersive
low-Mach number shocks exhibit a wave precursor ahead of the shock ramp for the quasi-perpendicular
case and a trail of waves downstream of the shock for the perpendicular case (05, 2 88.5°). The mag-
netic profile of both types of quasi-perpendicular low-Mach number shock has a smooth transition across
the ramp and does not exhibit an overshoot or any downstream oscillations. However, the very low Mach
number quasi-perpendicular shocks observed by Balikhin et al. (2008) using magnetic field measurements
made by Venus Express exhibited oscillations in the magnetic field downstream of the shock ramp. Balikhin
et al. (2008) proposed that these oscillations were due to the kinematic relaxation of the downstream nongy-
rotropic ion population and supported this with theory and numerical analysis based on the previously
developed theory of gyrating downstream ion distributions (Gedalin, 1996, 1997; Zilbersher et al., 1998).

Kinematic relaxation is the main mechanism for the formation of the downstream ion distribution in all
magnetized shocks. Nongyrotropy of the downstream ions results in the spatially dependent ion pressure,
which, in turn, requires that the magnetic pressure is spatially dependent in the opposite phase, unless the
shock front is significantly time dependent (Gedalin, 2015). For an incident upstream ion distribution with
a noncold temperature distribution, the downstream distribution of the ion velocities leads to a gradual
mixing of the plasma as the ions gyrate and drift. This leads to a reduction and eventually the elimination
of the downstream oscillations when the ion distribution is homogenized. In high-Mach number shocks,
the reflected and directly transmitted ions gyrated differently, and the resulting downstream oscillations of
the magnetic field are not periodic and may even look unordered (Gedalin, 2016; Ofman & Gedalin, 2013).
In low-Mach number high-f shocks the relaxation is fast so that often only an overshoot may be observed
(Gedalin, 2015; Gedalin et al., 2015). In low-Mach number low- 8 shocks the influence of the reflected ions is
expected to be negligible (Gedalin, 2016), the relaxation length is expected to be large, and the downstream
oscillations are expected to be nearly periodic (Gedalin, 2015). Such shocks are, therefore, the best candidates
for observations of kinematic collisionless relaxation and direct comparison with the theory. Balikhin et al.
(2008) refers to such low-Mach number low-f shocks as “kinematic,” in the same way that other shocks are
classed as resistive or dispersive due to the dominating physical mechanism, even if other mechanisms are
present.

Ofman et al. (2009) presented further theoretical analysis and hybrid simulation of these very low Mach
number shocks observed at Venus. They compared them to other very low and low Mach number shocks
(similar to those observed by Farris et al., 1993), in terms of the upstream conditions and presence of
a nongyroptropic downstream ion population. The conclusion was that very low Mach number, low g,
and quasi-perpendicular conditions are the most favorable for the observation of oscillations associated
with nongyrotropic ions. Following the discovery by Balikhin et al. (2008), oscillations in the downstream
magnetic field have also been observed for low Mach number interplanetary shocks (Kajdic¢ et al., 2012;
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Russell et al., 2009). Goncharov et al. (2014) used nonsimultaneous magnetic field measurements from Wind
and plasma measurements from Spektr-R to study low to moderate Mach number interplanetary shocks.
Downstream oscillations suggestive of kinetic processes were observed in a number of shocks, but they did
not directly show the anticorrelated oscillations in the magnetic and ion pressures predicted by theory.

Additional insight into the conditions associated with the generation of these very low Mach number shocks
where the kinematic effects can be seen most clearly can be gained from other studies using Venus Express
data. Zhangetal. (2008) analyzed a very strong interplanetary coronal mass ejection (ICME), which occurred
at the same time as the shocks analyzed by Balikhin et al. (2008). This ICME had a magnetic field strength
approximately twice the magnitude of a typical ICME at 0.72AU. This resulted in a very dynamic and abnor-
mally high altitude bow shock, which was associated with the very low Mach number of the solar wind
during this period. Vech et al. (2015) presented a statistical study of the interaction of ICMEs with Venus
using both magnetic field and plasma measurements and included the ICME previously analyzed by Zhang
etal. (2008). They found that under most conditions the position of the bow shock is not significantly affected
by an ICME. However, higher locations were correlated with the passage of the magnetic cloud phase of an
ICME (the region following the ICME shock front and sheath). In addition to a smoothly rotating abnor-
mally large magnetic field for the solar wind, they are characterized by a diminished proton temperature
and often low proton densities (Burlaga et al., 1981; Leamon, 2002). While the lower proton temperature
acts to lower the velocity of sound in the plasma, a lower density contributes to a raised Alfvén velocity.
Consequently, since the magnetic field is abnormally large, the Alfvén velocity dominates the magnetosonic
velocity. Thus, if the solar wind velocity associated with the ICME is not particularly large, the Mach num-
ber in the magnetic cloud phase of the ICME will be exceptionally small. Ofman et al. (2009) suggested that
the best conditions for the observation of the oscillations in the magnetic field due to ion nongyrotropy are
when both the wave activity and ion temperature are low. These are conditions that are also associated with
the cloud phase of an ICME.

Previous studies have found that the jump in magnetic field across the bow shock at Venus is smaller than
at the terrestrial shock (Lu et al., 2013; Russell et al., 1979). It was argued that pickup ions are the main
mechanism causing this reduction. This suggests that the Mach number of the shocks observed by Balikhin
et al. (2008) might not be as small as determined from the magnetic field data alone. However, the effect of
pickup ions appears to be asymmetric. Near the terminator, pickup ions appear to play an important role,
but in the near-subsolar (35° < SZA < 75°) region their influence appears less important (Chai et al.,
2015). The shocks observed by Balikhin et al. (2008) occur in the near-subsolar region (SZA = 67 — 68°),
suggesting that pickup ions play a less important role in the observed shocks than would be the case at
other locations. McEnulty et al. (2010) also show that ICMEs do not have a noticeable effect on pickup ion
flux, indicating that the nontypical solar wind conditions, which occurred when Balikhin et al. (2008) made
these observations, should not lead to the presence of a radically different amount of pickup ions. Despite
this, pickup ions cannot be ruled out as contributing to the structure of the unusual very low Mach number
shocks previously observed at Venus.

The numerical analysis in Balikhin et al. (2008) showed that oscillations of the downstream ion population
create a total plasma pressure profile that is out of phase with the oscillations in the magnetic pressure, lead-
ing to the total pressure balance required. However, as no plasma measurements were available for this time
period, this theory could not be validated. Even if plasma measurements were available for Venus Express,
they would unlikely be of sufficient temporal resolution to allow validation of the theory. In this paper, obser-
vations of very low Mach number terrestrial shocks with very similar characteristics to those observed at
Venus by Balikhin et al. (2008) are presented. The terrestrial shocks also occur during the magnetic cloud
phase of an ICME. The availability of simultaneous THEMIS-C magnetic field and plasma data allows the
solar wind, downstream conditions, and shock structure to be examined in much more detail than was pos-
sible using Venus Express data. The results verify the theory previously proposed for the formation of such
very low Mach number shocks and suggest that they are widespread when the required conditions prevail.
Recent theoretical work has shown that « particles may affect the downstream magnetic profile by “spoil-
ing” periodicity of oscillations and adding a second period (Gedalin, 2017a, 2017b). The conditions of the
THEMIS-C observations also allow us to test these predictions.
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Figure 1. Wind (a), THEMIS-B (b), THEMIS-C (c), and Cluster 2 (d) spin-rate fluxgate magnetometer magnitude data
from 15:00 on 29 March 2011 to 20:00 on 30 March 2011. Panel (a) shows that Wind encounters an interplanetary
coronal mass ejection (ICME) following a period of relatively nominal solar wind conditions. The green-shaded region
in panel (a) marks the sheath phase of the ICME. This is followed by the cloud phase of the ICME, which marked by
the orange-shaded region. Panels (b) and (c) show that THEMIS-B and THEMIS-C also encounter the ICME, with a
delay of approximately 45 min compared to Wind. THEMIS-B remains in the solar wind for the entirety of the period
plotted. In contrast, the red-shaded region marks the period when THEMIS-C briefly moves across a shock into the
downstream region. Panel (d) shows that after traveling out from the magnetosphere at the end of 29 March 2011,
Cluster 2 is initially in the solar wind at the start of 30 March 2011 and just before the ICME reaches the Earth. Just as
the ICME reaches the Earth, Cluster 2 crosses the bow shock several times over a short period (first blue-shaded
region) before remaining in the magnetosheath until several further crossing of the bow shock (second and third
blue-shaded regions), after which it remains in the solar wind.

2. Data and Observations

The ARTEMIS mission is composed of the THEMIS-B and THEMIS-C spacecraft, which, following the end
of the nominal phase of the THEMIS mission in 2010, were moved to a near Lunar orbit (Angelopoulos,
2011). This combination of orbit and THEMIS instrumentation makes the ARTEMIS mission suitable to
study the Earth's bow shock when it is unusually distant from the planet. Figure 1 shows the magnetic field
measured by Wind (a), THEMIS-B (b), THEMIS-C (c), and Cluster 2 during an ICME. The leading shock of
an ICME is detected by Wind on 29 March 2011 at just after 15:00 UT and is followed by the ICME sheath
(green-shaded region) and then the magnetic cloud phase (orange-shaded region). The magnetic cloud was
was characterized by a slowly rotating magnetic field with a large magnitude (~12-14 nT compared to 2-
to 4-nT upstream of the ICME) with less short term fluctuations, an ion number density of about the same
or less than the normal solar wind levels (usually around ~1-5 cm™3 total ion density compared to 3-5
cm~3 upstream of the ICME) and a total ion speed greater than upstream of the ICME (~340-360 km/s in
the ICME cloud compared to ~310-330km/s upstream of the ICME). During this period THEMIS-B and
THEMIS-C were positioned in the dayside solar wind and also detected the leading shock associated with the
ICME just before 16:00 UT, approximately 45 min after Wind, and this was followed by a similar sheath and
magnetic cloud phases. Comparison between Wind and THEMIS-B magnetic field magnitude data shows a
very similar profile. However, the red band in Figure 1c shows that during the ICME cloud phase, THEMIS-C
also crossed a shock, first at 08:09:40 UT into the downstream region and then at 08:51:40 UT back into
the upstream region. The location of THEMIS-C was [32, —49, 4] Ry during this period, while THEMIS-B
was positioned slightly upstream at [40, —42, 4] R. For comparison Cluster 2 crosses the Earth's bow shock
multiple times during the ICME, as shown by the blue bars in Figure 1d, and is located in the dayside
magnetosheath at [15, —1, —9] R during the THEMIS-C shock crossings.

Figure 2 shows the shock crossings measured by THEMIS-C in the magnetic field and on-board derived ion
moment data. The on-board derived moments are the only THEMIS-C data that contains a complete set of
spin-rate plasma moments for 30 March 2011. Throughout this paper, unless otherwise stated, the normal,
noncoplanar, and coplanar shock geometry components are indicated by x, y, and z, respectively, while the
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Figure 2. THEMIS-C magnetic field data projected into the coplanar

direction for the inbound shock normal (a), ion velocity projected along the

inbound shock normal (b), and ion (black) and electron (red) number

density (c) for the period marked by the red bar in Figure 1c, that is, from
just before THEMIS-C first crosses the shock at 08:10 UT, until just after it

crosses the shock again at 08:52 UT into the upstream region. The shock
normal is determined using the double coplanarity method. The shock is
clearly seen in the jump in all three quantities.

prefix GSE is used to distinguish geocentric solar ecliptic coordinates. The
shock crossings are clearly seen in the jump in the shock frame copla-
nar component of the magnetic field (a), ion velocity in the shock normal
direction (b), and particle density (c). However, for the regions upstream
of the two shock crossings and within the magnetosphere, n; > n, in the
THEMIS-C density data. This violates quasi-neutrality for the solar wind
and the amount thatn; > n, issignificant enough to suggest that the data
are not accurate. The source of this inaccuracy is likely due to the particle
beam size in the solar wind and the operating mode of the electrostatic
analyzer used during this period of measurement (McFadden, Carlson,
Larson, Bonnell, et al.,, 2008; McFadden, Carlson, Larson, Ludlam,
et al., 2008). In contrast both THEMIS-B (which is positioned close to
THEMIS-C) and Wind data have n; < n, throughout the magnetic cloud,
as would be expected for a neutral plasma with an a-particle or heavy ion
component. THEMIS-B and Wind (adjusted with a 45-min delay to com-
pensate for the propagation of the ICME from Wind to THEMIS-B) are
also consistent and agree well. Both suggest that n; ~0.7 cm~ upstream
of the shock crossings, as opposed to n; ~1 cm~3 measured by THEMIS-C,
and both indicate that the ratio of a particles to protons n,/n, is most
likely in the region of 0.02-0.06. In contrast, THEMIS-B and THEMIS-C
ion velocity measurements in the magnetic cloud show good agree-
ment. It should be noted that the theoretical-numerical approach used
in section 3 is capable of providing sufficient detail for comparison with
observations even if some data are missing. In this way the theory allows
the gaps in measurements to be filled. The Wind measured « particle to

proton density ratio (see Figure 3) shows variability at the time scale of minutes. Wind is actually quite a
long way from the vector projecting away from THEMIS-C along the direction of the solar wind velocity.
However, as the magnetic cloud is a very large structure occurring from the same source region on the solar
surface, the Wind n,/n, should reflect observations at THEMIS-C. ACE is positioned much closer to this
vector, but only preliminary and not final product data are available for the period of interest. By using the
Wind observations of n, /n, = 0.02-0.04 as an initial indicator, our approach described in section 3 allows
us to evaluate the n, / My, which is most consistent with the THEMIS-C observations.

Inbound shock Outbound shock
T T T T T

v
I
I
I
I
I
I
I
|
|

1 I I I I I I
07:00 07:10 07:20 07:30 07:40 07:50 08:00 08:10 08:20 08:30

uTt

Figure 3. Wind measured a particle to proton density ratio showing variability at the time scale of minutes. The black
line is calculated from the 3DP ion moments using a window size of 30 to remove high-frequency fluctuations. The
blue line is the solar wind experiment values determined using nonlinear fitting and moments. The two dashed red
lines show the time of the THEMIS-C bow shock crossings shifted by 45 min to compensate for the solar wind
propagation time from Wind to THEMIS-C.
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Table 1
Shock Normal Direction (GSE) and 0, Determined Using Four Different Methods for the Inbound
and Outbound Shock Xrossings

Method Inbound shock Outbound shock

Model (Peredo et al., 1995) [—0.88, 0.47, —0.04] 78° [-0.88, 0.47, —0.04] 77°
Minimum variance [—0.95, 0.32, 0.03] 73° [—0.90, 0.43, 0.01] 74°
Magnetic coplanarity [—0.90, 0.44, 0.09] 70° [-0.67,0.72, 0.18] 67°
Double coplanarity [—0.92, 0.38, 0.08] 71° [—0.90, 0.41, 0.10] 69°

Note. GSE = geocentric solar ecliptic.

Several methods have been used to calculate the shock normal direction. Table 1 shows the shock normal
direction and 6y, determined using the model shock normal (Peredo et al., 1995) scaled to the observed
shock location, minimum variance (magnetic field data), coplanarity (magnetic field data), and double
coplanarity (magnetic field and ion velocity data). Due to the apparent inaccuracy in the ion density data,
the Rankine-Hugoniot conditions are not used to determine the shock normal. For very low Mach num-
ber shocks, the minimum variance technique can be prone to error due to the small noncoplanar magnetic
field. For this reason, together with the consistency between the calculated inbound and outbound normal
and reliance on both magnetic field and ion velocity measurements, the double coplanarity shock normals
are used throughout this paper. However, for the analysis that follows, use of the minimum variance normal
leads to very similar results.

The inbound and outbound shocks have 65, values of 71° and 69°, respectively, indicating that they are both
quasi-perpendicular shocks. The shocks presented by Balikhin et al. (2008) had shock normals of 70-80°.
Figure 4 shows the inbound and outbound shock crossings in the normal incidence frame (NIF) resulting
directly from the double coplanarity method. From Figures 3a and 4, it is evident that both the inbound
and outbound shock crossings exhibit the same low-frequency downstream oscillations in the magnetic
field, which was observed in the shocks presented by Balikhin et al. (2008). The low-frequency downstream
oscillations are linearly polarized along the mean magnetic field (the angle between the maximum variance
direction and mean downstream field is <0.5° and the eigenvalue ratio A,,,./4;,, > 500 for both shocks).

B (nT)

20 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Time in minutes after 08:05:00 UT  Time in minutes after 08:41:00 UT

Figure 4. THEMIS-C spin-rate magnetic field data rotated into the normal incidence frame for the inbound (a) and
outbound (b) shock crossings. The normal incidence frame is determined using the double coplanarity method. The
blue line is the normal component, the red line is the noncoplanar component, the yellow line is the main coplanar
component, and the purple line is the total magnetic field. The gray regions mark the upstream and downstream
regions used for the calculation of any average values in this paper. The green region marks the shock ramp. Linearly
polarized waves in the coplanar direction, which is also approximately parallel to the direction of the magnetic field,
are observed downstream of both shocks. Upstream of the inbound shock (a), waves elliptically polarized in the plane
of the shock front are observed. Similar waves are observed upstream of the outbound shock (b), but the polarization is
not quite in the plane of the shock front.

POPE ET AL.

1716



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2018JA026223

These observations are consistent with those of Balikhin et al. (2008) and the kinematic relaxation of the
downstream ion population.

Due to the lack of multiple spacecraft measurements, the inaccurate density measurements, and the small
angle between the upstream and downstream ion velocities, none of the conventional methods for determin-
ing the shock velocity V, are likely to provide a reliable result (Schwartz, 1998). However, for the observed
shocks an alternative approach exists to estimate the shock velocity. The wavelength of the downstream
kinematic oscillations for a cold plasma is predicted by theory to be equation (1) (Balikhin et al., 2008;
Ofman et al., 2009), with u and d denoting average upstream and downstream values, respectively, and x
denoting the direction along the shock normal for velocities in the NIF. r,; is the upstream ion convec-
tive gyro-radius and defined in equation (2) as the ratio of the upstream normal velocity in the NIF to the
upstream ion-cyclotron frequency. For kinematic oscillations polarized along the shock normal, the shock
velocity can be calculated by equation (5), that is, the wavelength of the downstream oscillations divided by
the time to traverse a single oscillation At.

Vix B
Iy = 2mr, 258 (1)
v;x‘Bd
Vux
v, = -, 2
iu qui ( )
. Ly

Since the velocities in equations (1) and (2) are in the NIF, they are also a function of the shock velocity V,
that is, equation (4).

Ve =((Vgsp + V) =X ((Vggg + V) X 0)) - A

R 4)
=(Vgsg + V) - R

Solving equations (1)-(4) to get V;;, leads to equation (5), which is a function of the downstream magnetic
field magnitude, ion velocity vector in the GSE frame, the shock normal direction, and the time to traverse
a single downstream oscillation.

N k .
A Vg = 730 Vesea
Q)
[
QAL

Table 2 contains the relevant measured or calculated average upstream u and downstream d parameters
used in the analysis of the inbound and outbound shock crossing. Using these average values, the time to
traverse the first complete oscillation downstream of each shock crossing, and assuming that the observed
oscillations are due to protons, the resulting shock velocities are 8.3 km/s sunward for the inbound shock
and 10.9 km/s antisunward for the outbound shock. The wavelength of the proton kinematic oscillations is
940 km (3.5 upstream ion convective gyro-radii) and 896 km (3.8 upstream ion convective gyro-radii) for the
inbound and outbound shocks, respectively. It is apparent from Figure 1d that the period of the downstream
oscillations changes. This phenomena is investigated further using numerical analysis techniques later in
this paper.

Both of these shock crossings have low magnetic compression. The increase across the ramp for the inbound
and outbound shocks is 0.31 and 0.27 B,, respectively, which is comparable to the magnetic compression
of 0.3B,, for the shocks observed by Balikhin et al. (2008). The upstream Alfvén Mach numbers estimated
from the magnetic field data using M, ~ /R(R+ 1)/2, where R = B,;/B, and which is valid for a cold
perpendicular shock (Gedalin et al., 2015), are 1.21 and 1.23 for the inbound and outbound shock, respec-
tively. The values calculated directly using the THEMIS-C magnetic field and on-board plasma data using a
two-fluid assumption with n,/n, = 0.04 for both the inbound and outbound shock and correcting for the
effect of heavy ions in the THEMIS-C velocity and density data, which is measured as a proton only plasma
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Table 2

Measured and Calculated Parameters for the Inbound and Outbound Shocks Using the the
Flux-Gate Magnetometer Magnetic Field Data and on-Board Derived THEMIS-C Plasma
Moments (Unless Otherwise Stated in the Main Body)

Parameter Inbound shock Outbound shock
B, (nT) [-3.68,0.13,12.8] [-3.60, 0.80, 13.0]
B, (nT) [-3.58, —0.50, 17.1] [-3.61, —0.14, 16.7]
B, (nT) 133 13.5

B, (nT) 17.5 17.1

R = By/B, 1.31 1.27

v, (km/s) [-357, 2, 12] [-340, 11, 22]
V, (km/s) [-275, =35, 31] [-278, =20, 37]
V, (km/s) 357 342

V4 (km/s) 279 281

n, (cm=3) 1.04 1.31

ng (cm™3) 1.47 1.65
ng/ny 0.04 0.04

T, (eV) 24.2 20.9

T, (eV) 243 243

vy, (km/s) [7.6, —3.1,-0.7] [-9.9, 4.5,1.1]
Vy, (km/s) 8.3 10.9

Vg (km/s) 270 244

Cs,y (km/s) 60 56

My, 1.25 1.24
My 1.22 1.21

Biu 0.08 0.09

Beu 0.07 0.09

Q; , (rad/s) 1.27 1.29

wp;y, (rad/s) 1340 1510

r;, (ion convective gyro-radius; km) 265 233

L;, (ion inertial length; km) 223 199
Shock ramp thickness (LE;) 0.50 0.92
Cross-shock potential sy;p = e/ %ml— V2 0.36 0.50

Note. All values are for ions (unless otherwise indicated), calculated as averages for the
upstream u and downstream d regions marked in Figure 4, and vectors are in geocentric solar
ecliptic coordinates.

(McFadden, Carlson, Larson, Bonnell, et al., 2008), lead to upstream Alfvén and Magnetosonic Mach num-
bers in the range 1.2-1.25. The Mach numbers for these shocks are toward the lower end of the 1.2-1.5 range
of estimated Alfvén Mach numbers for the shocks in Balikhin et al. (2008). The good agreement between the
Mach numbers estimated from the magnetic compression and those calculated directly suggests that they
are representative of the observed shocks. However, it should be noted that the directly calculated Mach
numbers rely on the potentially unreliable density measurements. THEMIS-B (or Wind) density measure-
ments indicate that the density and thus Mach numbers might be smaller, but at the same time, the THEMIS
electrostatic analyzer underestimates the ion density in the solar wind (McFadden, Carlson, Larson,
Ludlam, et al., 2008), potentially countering this effect. The ion and electron f values are in the range
0.07-0.09 for both shocks, so that the Alfvén Mach number is the dominant contributor to the Magnetosonic
Mach number. As Venus Express plasma measurements were not available for the immediate time period
investigated by Balikhin et al. (2008), nominal solar wind plasma parameters at 0.72 AU were assumed
for the subsequent analysis. The availability of good quality plasma measurements at 1 AU allows a more
accurate environment to be determined. In particular and despite the apparent unreliability of the density
measurements, the low ion density in the magnetic cloud reduces the expected Mach numbers and g values
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from those during typical solar wind conditions. For comparison, just upstream of the leading shock of the
ICME, the Alfvén and Magnetosonic Mach numbers of the more nominal unshocked solar wind were 6.3
and 4.6 (calculated using the solar wind velocity in the direction of the inbound shock double coplanarity
shock normal in Table 1), and the ion and electron g were 1.3 and 2.1, respectively.

THEMIS-C measures both the spin plane and axial electric field, allowing the cross-shock potential to be
estimated. However, due to the short axial boom, only the spin plane electric field is measured with suffi-
cient accuracy for low-frequency (<100 Hz) studies (Bonnell et al., 2008). For this reason, the spin plane
electric field measurements are used, and the full three-component electric field across the shock is esti-
mated based on its structure in the NIF (Dimmock et al., 2011, 2012). The cross-shock potential is calculated
by integrating the change in the normal component of the electric field across the shock and multiplying
this by the shock thickness calculated using the shock velocity determined from the downstream oscilla-
tions. The calculated shock thickness is 0.50 and 0.92 ion inertial lengths for the inbound and outbound
shock, respectively, which is consistent with previous simulations of the shocks observed at Venus (Ofman
et al., 2009). The resulting cross-shock potential is sy = 0.36 for the inbound and sy = 0.50 for the out-
bound shock. The cross-shock potential of very low Mach number shocks has not previously been studied
in any detail using observations. Dimmock et al. (2012) studied the statistical dependence of the cross-shock
potential for low Mach number shocks down to M, = 2. This showed a general trend for the cross-shock
potential to reduce as M, increases, which is inline with theory. However, in the very low Mach number
region, this trend should reverse, and the cross-shock potential should decrease with decreasing Mach num-
ber (Gedalin, 1997, 2017b; Gedalin & Balikhin, 2004). Using equations (12) and (23) in Gedalin (2017b), the
predicted cross-shock potential is sy;z = 0.4 for the inbound shock, with M, = 1.26 and magnetic com-
pression R = 1.3. For the outbound shock with R = 1.27, the Mach number should be accordingly lower.
For M, = 1.23 the theoretical prediction by Gedalin (2017b) gives sz = 0.38. In both cases the agreement
is rather good, given the observational uncertainties and the approximations made by Gedalin (2017b).

Based on their quasi-perpendicular structure, linearly polarized downstream oscillations, low magnetic
compression, very low Mach number, and high altitude, these shock crossings observed in THEMIS-C data
show the characteristics of the very low Mach number shocks in which kinematic effects dominate, which
were previously observed in Venus Express magnetic field data.

3. Numerical Analysis Methodology

In order to compare the predictions of the collisionless relaxation theory with observations, we performed
a test particle analysis of the motion of protons and « particles in a model shock front. In the analysis a
shock is treated as one-dimensional and stationary. This is justified by the low Mach number and low g, as
well as by the observations of a clean coherent profile of the magnetic field. The model magnetic field of a
low-Mach number shock is taken as a monotonically increasing function of the coordinate along the shock
normal. If x is along the shock normal and y is the noncoplanarity direction, then the main magnetic field
is taken in the form of equations (6) and (7) (see, e.g., Gedalin, 2015).

B, = B,sin0y, [1+ 551 (1+tanh 2|, ©)

B,/B, = \/stinzeBn + 08205, @)
The motional electric field E, = VB, sinfp,/c is constant throughout. The cross-shock electric field is

chosen as E, « dB,/dx (Gedalin & Balikhin, 2004) with the normalized cross-shock potential in the NIF,
Snirs @s @ model parameter:

—e / E.dx = syjp(m,V:/2). 8)

The noncoplanar magnetic field is also chosen « dB, /dx with the normalized de Hoffman-Teller cross-shock
potential s;;; as a model parameter (Goodrich & Scudder, 1984; Schwartz et al., 1988).

e(V, tan @y, /c) / B,dx = (Sygz — Spr)(m,V2/2) 9
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Figure 5. The model (black), numerically calculated (blue), and observed ~ The parameters T, and ng, are also taken from observations, although as

(red) magnetic field magnitudes for the inbound shock. The magnetic fields  previously noted, there are large uncertainties in these measurements.
are normalized to their average upstream values and plotted against . . oo .
distance behind the shock in terms of ion convective gyro-radii. Equation (10) is used to calculate the magnetic field magnitude B as a

function of the coordinate x, to ensure that pressure balance is main-

tained. The shock parameters D, Sy, Syr, and M are varied until the
measured B,;/B,, is achieved asymptotically, and the calculated profile follows reasonably closely the model
profile in the ramp region and the obtained downstream oscillations reasonably resemble the observed ones.
It has been found (see also Gedalin, 2015) that the effects on the shock of D and the de Hoffman-Teller poten-
tial are minor, as well as the effects of the upstream temperature at these low upstream v;/V,,. Here vy is
the upstream thermal velocity of an ion species. According to the recent review by Wilson III et al. (2018),
the temperature ratio T, /T, varies in the solar wind with a mean value of around 2. The ratio of the ther-
mal speeds varies approximately in the range vy, /vy, = 0.5 — 1. As has been previously shown by Gedalin

(2015), the effect of the temperature depends on the ratio v /V, 4 /1 = (Q,/Q)sy, Where Q = m/q is the

mass-to-charge ratio of the species. Namely, for a particles this ratio is vy, /V,,4/1 — Sy;z/2, which remains
small for the measured §; even for vy, /vy, = 2. This means that « particles essentially behave as cold at the
scales under study and the precise value of g, used in the numerical analysis, has no effect.

4. Results and Discussion

Figure 5 shows the magnitudes of the model (black) magnetic field, the magnetic field calculated from
equation (10) (blue), and the observed magnetic field for the inbound shock (red). The time for the observed
magnetic field is converted into distance behind the shock using the shock velocity determined from the
downstream oscillations and shifted to match the ramp location of the calculated profile. Given the uncer-
tainties of our knowledge of the shock structure, the agreement is surprisingly good. The Alfvén Mach
number for the calculated shock is M, = 1.26, while the cross-shock potential s,z = 0.37. This compares
very closely to the values of M, = 1.25 and sy = 0.26 measured for the inbound shock. The values of
both parameters are also in good agreement with previous theoretical predictions (Gedalin, 2017b).

As is evident from Figure 5, the observed relative scales are in good agreement with the theoretical
predictions. Translation of relative scales into kilometers is not easy because of the unreliable density mea-
surements. However, using the previously derived shock velocity calculated from the first downstream
oscillation, the density jump across the shock can be estimated using the mass-flux conservation applied
across the shock (Schwartz, 1998). This leads to a value of ny/n, = 1.34, which is consistent with the
ng/n, = 1.32 produced in the numerical analysis. The observed ramp is steeper than the model one, due
to the upstream precursor, which is not included in the theoretical analysis. The model ramp width slightly
affects the position of the downstream peaks but has almost no effect on the amplitude of the downstream
oscillations. As the analysis shows excellent agreement to the observations in the downstream region with-
out including the upstream precursor in the model, its effect on the downstream ion distributions is relatively
unimportant.
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Figure 6. (a) Downstream pressures of all species (proton, black; a particle, yellow; electron, purple) and the total
downstream pressure (blue) of the plasma resulting from numerical analysis of the theoretical particle motion of a
shock with parameters similar to the observed inbound shock; (b) THEMIS-C pressures for the inbound shock:
magnetic pressure (red), total plasma pressure calculated assuming mass conservation across the shock (blue), and
total pressure (magneta). All values are normalized to the upstream average total pressure and plotted against distance
behind the shock in terms of ion convective gyro-radii. The green region in (b) marks the main shock ramp.

In this case the ratio n, ,/n,, = 0.04, which is consistent with the Wind observations in Figure 3. A rough
estimate of the downstream gyration speed gives V,,(1/1 — sy;z — B, /B,) for protons and V,(v/1 — sy;z/2 —
B, /B,) for a particles (Gedalin et al., 2015). Therefore, the effect of the cross-shock potential on the variations
of the downstream pressure of a particles is weak, while for protons sy;- is the main parameter, which
controls the downstream pressure variations for a given B;/B,,. The damping distance of the oscillations,
due to the gyrophase mixing, rapidly decreases with the increase of v, /V, (Gedalin, 2015). If the upstream
proton and a-particle temperatures are nearly equal, this ratio is twice as large for the protons than for the
a particles. Therefore, the oscillations of the downstream proton pressure damps much faster than that of
the « particles. For the measured parameters of the inbound shock, the proton pressure oscillations damp
quickly, so that they are seen only just behind the ramp: The distance between the first two peaks is about
3.5(V,/Q,) ~ 2x(V,/Q,)/(By/B,)?, as predicted by theory (Balikhin et al., 2008; Gedalin et al., 2015; Ofman
et al., 2009). The wavelength for the farther oscillations is twice as large, which shows that they are due
to the « particles. This is clearly seen in Figure 6a, which shows the pressures of all species and the total
pressure. There is no noticeable effect of s;; in the numerical analysis for this shock.

Figure 6a shows the downstream oscillations in the numerically derived plasma pressures. The magnetic
pressure in the numerical analysis (not shown) is calculated directly using the total plasma pressure to
ensure balance, p; = p, — p,, and as such will inherently show out-of-phase oscillations with the total
plasma pressure. Due to the inaccuracy of the THEMIS-C ion density data for the observation period,
the dynamic pressure calculated directly from the observed ion density and velocity and consequently
the on-board-derived ion-pressure moment are unreliable. Instead, under the condition of mass conserva-
tion across the shock, the dynamic pressure can be estimated by pg,,;, = n,m;V, .V, (Balikhin et al.,
2008; Ofman et al., 2009). Using this estimate, the total plasma pressure can be calculated as p;y, =
Pagnix + Py + P This is plotted together with the magnetic pressure py = B*/2y, in Figure 6b for the
inbound shock crossing and assuming a two particle fluid with n,/n, = 0.04. The total pressure shows the
expected downstream oscillations that slowly decay in magnitude and that are out of phase with the oscil-
lations in the magnetic pressure, as predicted by the theory for kinematic relaxation. The oscillations in the
observed total plasma pressure in Figure 6b compare very favorably with the oscillations in the total plasma
pressure from the numerical analysis in Figure 6a, both in terms of their magnitude and the locations of the
maxima/minima of each period. This confirms the role of both the protons and « particles in forming the
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ion distribution and magnetic field profile downstream of the shock. The downstream oscillations observed
in the total pressure predominantly arise due to the gyration of the ions in the shock normal direction and
can be clearly seen in the component of the ion velocity in the shock normal direction, which is plotted in
Figure 3b. The result is a near constant total pressure, plotted as the magenta line in Figure 6b, downstream
of the ramp. The outbound shock (not shown) shows similar characteristics in terms of antiphase oscillation
in the total plasma and magnetic pressure. However, the oscillations do not show the change in period due
to a fast decay of the proton oscillations. Instead, the higher cross-shock potential when compared to the
inbound shock increases the amplitude and damping length of the oscillations in the proton distribution,
such that their effect dominates in the downstream ion distribution.

Linearly polarized changes in the magnetic field due to the mirror mode are commonly observed in experi-
mental data and simulation downstream of the terrestrial bow shock (e.g., Dimmock et al., 2015; McKean et
al., 1996; Soucek et al., 2008; Soucek & Escoubet, 2011; Tsurutani et al., 2011). They can be generated near
the bow shock and convected downstream further into the magnetosheath. However, the mirror mode can
be ruled out as the cause of the oscillations downstream of these very low Mach number shocks, since the
observed anticorrelation in Figure 6b occurs between the magnetic and total plasma pressure, as opposed
to between the magnetic and thermal pressure. In addition, the mirror mode is unstable for high g plas-
mas. In the region immediately behind these observed shocks, the ion and electron plasma g are both low
(<0.1), and as a result, the mirror mode instability condition, which requires 8, (T, /T — 1) > 1 (Soucek
& Escoubet, 2011), is not met (f,(T, /T — 1) < 1). An alternative and commonly used explanation for
oscillations downstream of quasi-perpendicular shocks is ion-cyclotron waves related to an ion-pressure
anisotropy (e.g., McKean et al., 1995, 1996; Remya et al., 2014). These are usually observed as transverse cir-
cularly polarized waves in the magnetic field, and thus, the linear polarization of the observed oscillations
rules this out. However, the ion-cyclotron instability can generate linearly (or nearly linear) polarized waves
when the left and right-hand branches of the dispersion curve generate waves with the same (or very simi-
lar amplitude) (Stringer, 1963). For the observed linearly polarized oscillations the temperature anisotropy
(T, /T < 2)isrelatively modest, which coupled to the low f would lead to a very small growth rate for the
ion-cyclotron instability (Gary, 1992).

The shocks occur at an altitude of 57.7 R and Sun-Earth-satellite angle # = 57°. This compares to 11.4
Ry and & = 28° for the first Cluster 2 bow shock crossing when the cloud phase commences and 20.6 Ry
and 6§ = 35° for the first Cluster 2 bow shock crossing after the THEMIS-C shock crossings. An altitude
of 57.7 Ry at @ = 57° would be abnormally high for the Earth's bow shock, but it is not unprecedented.
Formisano et al. (1971) observed the Earth's bow shock numerous times at high altitudes (e.g., 32.5 Ry at
0 = 45°), while Fairfield et al. (2001) made numerous comparable observations (e.g., 51 R at § = 31°
and 58 Ry at & = 53°), which were supported with comparison to model positions. In both of these studies
the observed high altitude shocks were generally associated with unusually low solar wind densities. The
refined bow shock model in Jerab et al. (2005) has been shown to accurately predict the location of the bow
shock under varying solar wind conditions, in particular for low M,. Using this model and the solar wind
parameters determined for the inbound shock listed in Table 2, the predicted location of the bow shock at
the Sun-Earth-satellite observation angle is [34, —52, 4] R. This is very close to the observation location of
[32, —49, 4] Rj; and indicates that the observed shock was highly likely to be the Earth's bow shock.

5. Conclusion

Quasi-perpendicular shocks in which kinematic relaxation of the nongyrotropic ion population downstream
is the dominant process for energy redistribution have previously only been observed at the Venusian bow
shock and for interplanetary shocks. In this paper, plasma and magnetic field measurements from the
THEMIS spacecraft are used, together with numerical analysis, to study this shock structure near the Earth
for the first time. The observed shock occurred during the very low Mach number magnetic cloud phase of
an ICME. The main results of the study can be summarized as follows:

1. A very good agreement between the theoretically (numerically derived) predicted shock profile and the
observed one.

2. Observational confirmation of the anticorrelation of the ion and magnetic pressure.

3. Close similarity between the derived pressure dependencies and the observed ones.

4. The ability of theory to improve observational analysis when some measurements are unreliable.
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5. The first direct confirmation of kinematic collisionless relaxation for the formation of the downstream
ion distributions.

6. Confirmation of the stationarity and one dimensionality of the observed shock.

7. Clear identification of the proton and a-particle contribution and the first direct confirmation of the
significance of « particles in the formation of the shock structure.

8. Insignificance of the upstream precursor in the formation of the downstream ion distributions.

9. Evidence to suggest that the observed shock might be a crossing of the Earth's distant bow shock due to
the very low magnetosonic and Alfvén Mach numbers in the magnetic cloud.

The process of kinematic relaxation of the nongyrotropic ion population downstream of a

quasi-perpendicular shock should occur at all Mach numbers. As such, the close agreement between obser-

vation and theory shown in this paper should aid in providing future insight into the energy redistribution

processes at shocks of all Mach numbers, not just very low Mach numbers.
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