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Abstract. Electron distributions in the magnetosheath dis-1 Introduction

play a number of far from equilibrium features. It has been

suggested that one factor influencing these distributions may he supersonic solar wind is interrupted upstream of the
be the large distances separating locations at which electrorsarth at the bowshock, where the plasma’s flow is slowed,
with different energies and pitch angles must cross the bowheated and deflected about the magnetopause, which sepa-
shock in order to reach a given point in the magnetosheathfates the solar and terrestrial magnetic fields. At the bow-
The overall heating requirements at these distant locationshock the change in temperature, bulk velocity, magnetic
depends strongly on the shock geometry. In the absencBeld, and density agree to some extent with the Rankine-
of collisions or other isotropization processes this suggestgiugoniot relationsde Hoffmann and Telle195Q Kivelson

that the convolution of electrons arriving from different lo- and Russell1999. These, however, suffer from a number of
cations should give rise to asymmetries in the distributioninadequacies, including the inability to treat separately elec-
functions. Moreover, such cross-talk could influence the rel-tron and ion species, and the assumption of isotropic heating.
ative electron to ion heating, rendering the shock heating-urthermore, kinetic effects are ignored, and the adiabatic
problem intrinsically non-local in contrast to classic shock equation of state is assumed: that is presguend density
physics. Here, we study electron distributions measured sio are related by’ oc p”, wherey = 5/3 for a monatomic gas.
multaneously by the Plasma Electron and Current ExperiNumerous attempts have been made to study these shortfalls
ment (PEACE) on board the Cluster spacecraft and the Elecand provide observational and theoretical insigksldman
trostatic Analyser (ESA) on board THEMIS b during a time €t al, 1983 Kennel et al. 1985 Scudder et a).1986ab,c;
interval in which both the Cluster spacecraft and THEMIS b Lembege et al.2004.

are in the magnetosheath, close to the bowshock, and dur- Properties within the magnetosheath are known to be in-
ing which the local magnetic field orientation makes it likely fluenced by conditions upstream at the bowshdténieek

that electron trajectories may connect both spacecraft. Wt al, 2000 Longmore et al.2009. In this paper we will

find that the relevant portions of the velocity distributions of investigate the impact of the global, curved nature of the bow
such electrons measured by each spacecraft display remarhock on the shock-related electron heating and dynamics.
able similarities. We map trajectories of electrons arriving at This builds on suggestions based on observations of magne-
each spacecraft back to the locations at which they crossetpsheath electron distributionBgschmann et aLl98Q Feld-

the bowshock, as a function of pitch angle and energy. Weman et al, 1983 Masood and Schwart2008 that the elec-
then use the Rankine-Hugoniot relations to estimate the heafron heating is influenced by intrinsically global processes.
ing of electrons and compare this with temperature asymme- The magnetosheath which lies between the bowshock and
tries actually observed. We conclude that the electron distrithe magnetopause exhibits electron velocity distributions that
butions and temperatures in the magnetosheath depend hea¥€ typically far from Maxwellian. Feldman et al(1983

ily on non-local shock properties. showed that these distributions are characterised by flat-
topped shape and temperature anisotropy. Numerous mech-
anisms at the bowshock may contribute to electron heating
such as acceleration by the cross shock poter@@ab@rich
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Fig. 1. Parameters measured by Cluster 2 and THEMIS b, and estimates of shock parameters upstream of the spacecraft locations usin
time-lagged data from ACHa) magnetic field(b) 6gn, (c) the magnetosonic Mach numh#fys, (d) electron number densit{e) electron

bulk velocity (plus signs denote data from THEMIS b), f)celectron temperature. The horizontal dotted lines in péojedre athg, = 45°

and 135, the approximate boundaries between quasi-parallel and quasi-perpendicular shocks. The vertical dotted line lies at time 21:10 UT,
which is the when the electron distributions used here were measured.

and Scudder1984 Scudder et al.19863ac), wave turbu- In this paper electron trajectories are mapped from the
lence Galeey 1976, various micro-instabilities\Wu et al, bowshock to both the Cluster and THEMIS spacecraft. For
1984, and scattering of electron trajectories in static elec-the first time, we show that features in the electron distribu-
tromagnetic fields Balikhin et al, 1993. Detailed stud- tion such as asymmetries about the pitch angle90° can
ies of these mechanisms exiSa{oini and Lembegd 994 successfully be explained by comparing these with the to-
Gedalin and Griy1999 Hull et al, 2001, Lembege et al.  tal (ions plus electrons) heating predicted by the Rankine-
2003. Furthermore, having crossed the bowshock, distribu-Hugoniot relations at crossing locations. Distributions of
tions may continue to evolve as electrons travel deeper inteelectrons whose trajectories pass through (or close by) both
the magnetosheath, in particular showing a growing temperspacecraft are also compared. SecRodiscusses the data
ature anisotropyMlasood and Schwart2008 due in partto  sets (Sect2.1), gives a brief introduction to the Rankine-
unexplained increases in average perpendicular temperaturelugoniot problem (Sect2.2), and discusses the mecha-
Large scale magnetosheath properties have long been sugism. Results are given in Se@twhere electron bowshock
pected of influencing electron distributiorsedman et aJ.  crossing locations are mapped. Distributions of electrons
1983. Electrons travel along magnetic field lines which meet whose trajectories connecting both spacecraft are studied in
the bowshock at locations which may be separated by larg&ect.3.2, Rankine-Hugoniot predictions of total heating at
distances, where the shock conditions are different. Travebowshock crossing locations are related to distribution asym-
along magnetic field lines may have a number of effectsmetries in Sect3.3. Concluding remarks are given in Se&t.
on electron distributions.Feldman et al(1983 suggested
that the increasing separation of two points connecting the2 Back d
bowshock with the magnetic field may lead to cooling of ackgroun

electrons trapped in the magnetosheath by the electrostatiﬁ:1 this section we present a brief background. Secfidn
potential barriers at the bowshoclasood and Schwartz i< sses the data sets. while Sezp conta.ins a re-

(200§ suggested that the decrease in field-aligned supray;e, of the Rankine-Hugoniot problem. The latter subsec-

the_rma}I eIe_ctrons could occur as 'electrons fOIIOW, the Malion also reviews the method used for determining electron
netic field line and escape back into the solar wind. F“r'trajectories

thermore, the whistler anisotropy instability may effect the
evolution of electron distributions as they move deeper into
the shock Gary et al, 2005.
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2.1 Data sets 20 — |
. _ . AN Q7 THEMIS b
This paper compares simultaneous observations from both AN
the Cluster and THEMIS spacecraft. The data sets come N
from the time interval 21:00 to 22:00 UT on 4 May 2008. 10 \\\

Figurel shows parameters measured by the spacecraft dur-
ing this interval, along with shock parameters estimated us-
ing data from the ACE spacecraft. During this period the __
Cluster 2 spacecraft and THEMIS b both perform an out- o
ward bound bowshock crossing. Note that due to the space-Lc}J)' ol
craft position and motion of the bowshock, THEMIS b re- O
enters the magnetosheath at approximately 21:34, and per>-
forms a second outbound crossing at around 21:45 UT. Fig-
ure 2 shows projections of the positions of Cluster 2 and
THEMIS b in the GSE x-y plane(9.8,—10.9,0.050) Rg -10¢ 7
and (5.9,16.8, —7.3) Rg, respectively, at 21:10 UT], along .
with nominal positions for the bowshock and magnetopause. -
The surfaces are calculated using the method described -
by Schwartz(1999, using the parameters determined by g ll \
Slavin and Holzer(1981) and Roelof and Sibeck1993, 20 10 0 10 20
respectively. X (GSE, Rg)
Electron data from the Cluster spacecraft is provided by
the PEACE (Plasma Electron and Current Experiment) in-gig 5 spacecraft trajectories: THEMIS b (Triangle) and Clus-
strument Johnstone et al1997. Each Cluster spacecraft ter 3 (cross) from 20:30 to 23:00 UT, 4 May 2008, along with nom-
contains two PEACE instruments giving a futt 4olid angle  inal bowshock (solid) and magnetopause (dashed) locations. At
view each spin, with an energy range of 0.7 eV to 26 keV and21:10 UT the spacecraft were located @8, —10.9,0.050)gsg R
time resolution of 4 s. Distributions plotted in this paper are and(5.9,16.8, —7.3)gsg RE, respectively.
corrected for the spacecraft potential, averaged over 5 spins
(20 s) to improve distribution statistics, and re-binned over 13
pitch angles. PEACE calibrations yield moments accurate tdComas et a).1998. The upstream magnetic field is de-
~5 %, and counting statistics together with the standard determined using ACE’s Magnetic Fields Experimefn{ith
viation in 5-spin averages are insignificant. Therefore errorset al, 1998.
in phase-space distributions are smaller than the differences Of course, the time taken for plasma to propagate from one
shown in the figures that follow. For a more detailed discus-spacecraft to the next is not negligible. Therefore, to ensure
sion of calibration seeFazakerley et al.2010. Magnetic  that we are comparing similar conditions at each spacecraft
field measurements are made using the Cluster FGM (Fluxwe must take this propagation time into account. To find the
gate MagnetometerB@logh et al, 1997). appropriate time lag between these spacecraft we match fea-
The ESA (Electrostatic AnalysefAcFadden et a]2008 tures observed in the magnetic field traces. We find that ACE
is used to provide electron data from the THEMIS space-sees features in the magnetic field 2379 s prior to Cluster 2.
craft. Each ESA instrument provides a fult 4olid angle  Between Cluster 2 and THEMIS b there is a further delay of
view with each spacecraft rotation over an energy range o22s. As a result, data from Cluster 2 have been shifted for-
1.6eV to 25 keV. Electron data is gathered over 1 spacecrafivards by 22 s. For example in Figjthe Cluster 2 trace has
spin period (3s), has been corrected for spacecraft potentiaheen moved 22 s to the right. Likewise, data from ACE used
and re-binned over 13 pitch angles. Comparison of THEMISto calculatedg, and Mms has been shifted 2391 s.
and Cluster electron phase space distributions in the solar
wind show close agreement, with differences smaller thar.2 Rankine-Hugoniot relations
those displayed in the following figures. Magnetic field mea-
surements are made using the THEMIS FGMigter et al.  The Rankine-Hugoniot relations allow the fluid properties
2008. downstream from a shock (the total fluid mass density, bulk
The upstream solar wind parameters used here are olffow velocity, and thermal pressure, along with the magnetic
tained from the ACE (Advanced Composition Explorer) field) to be determined given the upstream quantities. Many
spacecraft which sits in the solar wind upstream of the bow-texts deal with the Rankine-Hugoniot relations, for example
shock. lon moments including mass density, flow veloc- Burgesg1995. The problem is typically formulated in terms
ity, and temperature are obtained from the SWEPAM (So-of the (upstream) Alfen Mach numbeMp, 6gn, which is the
lar Wind Electron Proton Alpha Monitor) experimemi¢- angle between the magnetic fighdand the shock normai,

Cluster 2
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which may be used to predict empirically the electron heat-
ing. Typically, the fraction electron to total heating lies be-
tween 0.1 and 0.4Schwartz et a).1988.

2.3 Electron trajectories

Electron trajectories within the magnetosheath studied in this
paper are determined using a number of simplifications. A
schematic diagram to illustrate the method used is shown in
Fig. 3. First, we assume that the plasma seen by a space-
craft at positionxsc has flowed in a straight line from some
position on the bowshock to the spacecraft with a constant
velocity Vmso, (the magnetosheath flow velocity). We use
ion data from the spacecraft to determile,so and then
cross-check for consistency with the Rankine-Hugoniot re-
lations at the shock, given solar wind values from ACE. We
therefore trace along the negative velocity direction until the
bowshock is reached at positi@g:— V msofo, Which defines
the time o taken by the parcel of plasma (and hence the
Fig. 3. Schematic demonstrating the geometry used to estimatdield line) to reach the spacecraft. Changing position once
electron trajectories inside the magnetosheath. again by adding/ swto, whereV g, is the solar wind velocity,

takes us to a positionsc+ (Vsw— Vmsofo. This new point

is the location that the magnetic field line would have lain
and the ratig8 between the thermal and magnetic pressureshad it been undisturbed by the solar wind (the dashed line
In this paper we are particularly interested in the downstreanin Fig. 3). Any point on this hypothetical field line can be
temperaturelp = Pp/(npkg), where the subscript “D” de- reached by moving parallel to the solar wind magnetic field.
notes a downstream valuejs the number densit¥g isthe  For our purposes, we divided the hypothetical (dashed) line
Boltzmann constant, an®l is the thermal pressure, for which into N equally spaced points. From each of these points we

the Rankine-Hugoniot relations predict move in the—V, direction until the bowshock is reached
at a distance oVt which definesr. Using the Rankine-
Po _ (1_ }) + Py Hugoniot predictions, along with ACE observations to give
U V@ r oU Vj the upstream conditions, we find the magnetosheath bulk ve-
co26g: |: (1—M,§se@05n)2 } locity Vs and magne:ﬂc fieldBms. Again we assume'that
— (1) the plasma moves with a constant velocity (and with un-
2M} (1— MZsecgn/r)? changingBs) a distanceV ¢ away from the shock to the

- . pointx. This method allows us to find a locus of points
Here, the subscript “U” denotes an upstream vajues the  giving the approximate location of the field line, the mag-

mass densityy is the component of the bulk velocity parallel peic field B(x), bulk velocity Vims(x), and the timer (x)

to the shock normalys and Ma are the Alfien speed and  gjapsed since the parcel of plasma crossed the bowshock, at
Mach number, respectively, and= pp/py. Although the 5 series of points along the field line. For the portion of the
Rankine-Hugoniot relations constrain the total fluid density, magnetosheath relatively close to the bowshock this method
velocity and pressure (and hence temperature) downstrea@ves a simple but effective means to approximate the field

of the shock, they do not treat individual species, specificallyj;,eg along which electrons traverse the magnetosheath.
ions species and electrons, separately. Hence the fraction of

the total heating taken up by electrons is not determined by We assume that electron gyrocenters move along field
the Rankine-Hugoniot relations, and depends instead upoHnes with a velocityy which varies such that the kinetic en-
the details of the physical processes taking place at the shocfrgy and first adiabatic invariant are conserved (thus taking
The ratio of electron heating to total heatingle/ ATy is N0 @ccount of any magnetic mirroring). Motion perpendic-
approximately proportional to the inverse of the AlffvMach  ular to the local magnetic field we assume to be due toB
numberMa (Schwartz et a).1988 Fig. 6a). Approximating  drift, with a drift velocity vp = Vims— (B - Ving) B/ B%. Cur-

a straight line fit for the data in that figure gives vature andv B drifts are small and therefore are neglected.
The crossing point of an electron with energyand pitch

ATe 12 anglea can therefore be determined by moving backwards

ATiot ~ May (2) along the electron trajectories until the bowshock is reached.

Ann. Geophys., 30, 503513 2012 www.ann-geophys.net/30/503/2012/
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Fig. 4. Points on the bowshock at which electrons cross in order to reach either THEMIS b (encircled triangle) or Cluster (encircled cross).
Electrons crossing at triangles travel to THEMIS b, while those crossing at crosses arrive at Cluster 2. The two angles shown are chosen sc
that all electrons have equil| = v|cosx|. Crossing points are labelled 1 to 8, corresponding to energies 10, 16.7, 27.8, 46.4, 77, 129.2,
215.4 and 359.4eV.

3 Results Figure4 shows the position at which electrons with pitch
anglesx for several energies crossed the bowshock in order
In this section we examine the electrons that arrive at theto reach either the Cluster or the THEMIS spacecraft. Fig-
Cluster and THEMIS spacecraft in the magnetosheath. Beure 4a displays bowshock crossing points for electrons with
fore looking in detail at the electron distributions in Se8t2  pitch anglesy = 10° and 170, Fig. 4b for o =45° and 138,
and3.3 we first study the locations at which electrons with and Fig.4c for o = 70° and 110. Note that for each plot the
given energies and pitch angles must cross the bowshock itwo angles both have the same valu¢9fP —«|. This means
order to reach the spacecraft. that for a given kinetic energy the pitch angles correspond to

v with equal magnitudes but opposite signs.

3.1 Bowshock crossing locations for electrons .
g For electrons travelling to each spacecraft, and for each

alue of«, 8 points are displayed, corresponding to different
inetic energies. The eight values of kinetic energy are 10.0,
lows: the z-axis is parallel to the vect¥rx B and is normal 16.7, 27.8, 46.4, 77.4, 129, 215.4 and 359.4eV. Crossings

to the plane. The x-direction is chosen such that the GSE yfor electrons with higher kinetic energy tend to be further

axis lies in the x-z plane, and the y-axis is chosen to make thérom the spacecraft since these electrons have higher

system right handed. The projection of the position of Earthrelation to th?E T\ B drift. A tyr? ica:;/_alue foréh e elehgtr;]) n
onto theV x B plane determines the origin & y =0). The temperature in the magnetosheatifis- 8x 10°K, whic

plane chosen contains the THEMIS b spacecraft. Note thal® equivalent to~70eV. Thus, the spread of energies chosen
at the time being examined in this paper (21:00 to 22:00 UThere covers the thermal range well.

on 4 May 2008) both THEMIS b and Cluster 2 are in approx- At the time of interest (21:10 UT, the vertical dotted line in
imately the sam& x B plane. Fig. 1) THEMIS b lies behind a quasi-perpendicular shock,

The figures in this section that show spacecraft positions an{
electron trajectories are in thé x B plane defined as fol-

www.ann-geophys.net/30/503/2012/ Ann. Geophys., 30, 5633 2012
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(x108) a > 90°. We may expect that the velocity distributions for
6 these electrons measured by these spacecraft could show sig-
nificant similarities, but only if the electrons travel more or
40} i less kinematically, that is, there is no significant influence
due to effects such as instabilities. These distributions will
be studied in SecB8.2

60

20 T — 4

= .-IHI_H.‘. 3.2 THEMIS and Cluster electron distributions
:‘BJ, ° ﬂllll?_ll- In this subsection we study electron pitch angle distributions
N B || Y . measured by Clusterfc(E,«), and THEMIS b, fr(E,a).
20| IR ka2 In particular we examine the distributions of electrons whose
el | pitch angles and energy ranges suggest a common bowshock
w0l . crossing point, based on the analysis shown in &ig.

Figure 6 shows electron phase space distributions at a
range of pitch anglest > 90°, chosen to approximately
60 20 20 o 20 40 % 0 match the pitch angles studied in Fig_for_ bot_h Cluster 2
Y (GSE, Rg) and THEMIS b. We see that the distributions measured
by both spacecraft match quite closely. Since these elec-
Fig. 5. A map of the Rankine-Hugoniot predicted total temperature trons have similar crossing points, it follows that trajectories
on the bowshock surface. The upstream parameRy¥( p, and  reaching Cluster 2 pass close to THEMIS b. The similarity
T) are obtained from the ACE spacecraft. The circled triangle andof the THEMIS and Cluster electron distributions therefore
cross show the pOSitiOﬂ of THEMIS b and Cluster 2, while the arrow Suggests that the electrons travel more or less kinematica”y
denotes the upstream magnetic field direction in the y-z plane. across the magnetosheath, and that no significant heating of
the electrons has taken place during their travel.

Crossing points for electrons with~ 90° are displayed
with 0gn =84.3°, Ma =6.7, andMms=5.8. As aresult, in Fig. 4c. Here, bothy; > 0 andv < 0 electrons reaching
electrons moving along magnetic field lines travel approxi- Cluster originate from very similar spots on the bowshock.
mately parallel to the shock surface. Thus electrons arriv-This is due to the increase in magnetic field strength along the
ing at THEMIS b with pitch angler < 90°, and those with  field line close to Cluster which causes magnetic mirroring of
a > 90 lie in two different camps on the bowshock surface the electrons, which then stream back towards the spacecraft
on either side of the spacecraft. For this particular geomewith a reversed pitch angle — 180° —«. Therefore, one
try, we find electrons withy > 0 (« < 90°), lie very close to  can expect to find that
the bowshock nose wher®,|, and thereforé/ s, are maxi-
mized. The Rankine-Hugoniot relations predict that the total fsc(E, @) ~ fsc(E,180° —a) , )
heating in this region of the shock is at its largest (FQ.

; . hena is close to 90. Such symmetric distributions are
On the other hand, electrons with < 0 o0°) originate W A . .
<0 (o> 90 orig observed for Cluster 2 in Fighc, in which both traces for

further down the flank, where the total heating is lower. )
g Cluster 2 lie almost on top of each other. The traces ob-

The quasi-parallel shock geometry near the Cluster 2
served by THEMIS b also show a large degree of symmetr
spacecraft gy = 1581°, Mp = 6.3, and Mps = 6.1) y 9 g y y

A . . ; in Fig. 6¢c. As may be seen in that panel, and as is commonl
presents quite a different scenario. Electrons with 90° g y P y

found in the magnetosheath, distributions of electrons with
enter the magnetosheath very near to the spacecraft, and the

. 2~ 9(° tend to be smoother and than for other pitch angles.
_d|stance travelleq to reach the spacecraft from the bOWShOC%\/e therefore conclude that electron heating information is
is very small. This leads to a very small spread in boWShOCknot well retained for electron distributions where= 90°.
crossing positions fow < 90° electrons. Conversely, elec-
trons witha > 90° must travel large distances through the 3 5 Comparison of Rankine-Hugoniot predictions with
magnetosheath before they encounter the spacecraft, leading spacecraft data
to a very large spread in crossing positions. In this geometry
most electrons do not suffer the maximal heating at the bow4n this subsection we look in more detail at the relationship
shock nose, tending instead to originate at the flanks of th@yetween the electron distributions observed by the spacecraft
bowshock. Exceptions to this exist for electrons with 45°  and the Rankine-Hugoniot total heating requirements at the
and low energies, which originate near the bowshock nose. |ocations where the electrons crossed the bowshock. Figure

One important observation is that a significant overlap ex-displays electron phase space density distributions for pitch
ists between bowshock crossing regions for electrons arrivangle pairsx and 180 —«. As in Fig.6 the solid and dashed
ing at THEMIS b, and for electrons arriving at Cluster with traces refer to Cluster 2 and THEMIS b, respectively.

Ann. Geophys., 30, 503513 2012 www.ann-geophys.net/30/503/2012/
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. o - Fig. 7. Electron distributions measured at Cluster 2 and THEMIS b.
Fig. 6. Electron distributions fotr > 90° (v <0). Additionally,  pggitivey, electron distributionsi < 90°) are on the right, negative
panel(c) also shown distributions fax < 90°. The overlap be- v are on the left. The hotter distributions for THEMIS b with<

tween distributions seen by Custer 2 and THEMIS b is related t0g(ye 4rise due larger to electron crossing locations for such electrons.
the similar bowshock crossing points for electrons arriving at each

spacecraft. This is particularly true for low energy electrons. The

circles in pane(c) correspond to the energies shown in Hg. 2 ) o
pane(c) corresp g g T) (@) = % sinacoga 3a/ dv v f[E().a].  (4)
nekB 0

We immediately see that the distribution measured byand
THEMIS b is highly asymmetric for pitch angles far from o
90°. This feature is easily understood in a qualitative sensesT (o) = e Sin3a8a/ dv v f[E(v),a], (5)
simply by referring to Fig4. Figure 8 shows shock pa- neks 0
rameters and predictions of the Rankine-Hugoniot relationsyhere, is the electron masae is the number density, and
calculated on the cut of the bowshock surface displayed in s the Boltzmann constant. Integrating Eq§) énd 6)
Fig. 4. The predicted downstream total temperature is clearlygyer o therefore givesT; and T, respectively. We define
greater by a factor of-2 at the nose than on the flanks. The Tj+ by integratings T () from o = 0° to 9C° (+ sign), or
temperature of crossing points can be seen by comparing thgom 9 to 180 (— sign), with 7, . defined in an anal-
y-coordinates in Fig4 with the horizontal axis in this fig-  ogous way. Partial temperatures calculated in this manner
ure. We find that electrons reaching THEMIS b witk 9C° are contained in Table, and plots ofs7; andsT, are dis-
originate from locations close to the bowshock nose Whereplayed in Fig.9. The asymmetry is immediately obvious for
total heating is greatest, so we expect the source distributioR-HgMmIS b, with T|+ > Ty being particularly strong. An
of these electrons to be hotter than the source ofthed(® opposite, but weaker asymmetry is seerjrfor Cluster 2.

pitch angle electrons. This provides a qualitative explanationsimilar, opposite asymmetries @t are evident in Figo,

for the asymmetric distributions observed by THEMIS b. Be- 4jthough these are weaker still.

low we diSCl_Jss the influence 814 in Eq. (2) on the fraction Table 2 shows the bulk temperature predicted by the

of total heating taken up by the electrons. Rankine-Hugoniot relations at bowshock crossing locations
In order to assess the contributions made to the electrofy, electrons which reach the spacecraft with enefiggnd

temperature by electrons arriving from different crossing lo-, _ 350 and 145, (since electrons with pitch angles around

cations we define the following quantities, which measurei,ese values contribute most 1§, as may be seen from

the contributi_on of particles of pitch angteto the parallel Fig. 9) along with Ma. The Rankine-Hugoniot relations

and perpendicular temperature: do not treat electron and ion species separately, so we have

www.ann-geophys.net/30/503/2012/ Ann. Geophys., 30, 5633 2012
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Table 1. Temperature contributiong, and7— (16PK) calculated

by integrating Eqs.4) and &) over pitch angles. Tiot is %(T” +

2T ).

o Tg To'+ TJ_ Tg+/Tg_

THEMIS b
Il 0.823 0.475 0.349 1.36
1 0.775 0.496 0.417 1.19
tot 0.791 0.489 0.394 1.24

Cluster 2
Il 0.773 0.363 0.411 0.88
1 0.752 0.430 0.456 0.94
tot 0.759 0.408 0.441 0.93

Table 2. Rankine-Hugoniot total temperatures (in units of K,
Mach numbers and electron temperature ratios at bowshock crosgyosses ir{c) are correspond to those in Figp.
ing points corresponding to different energy and pitch angle elec-

trons arriving at the position of THEMIS b and Cluster 2.

E (eV) 10 16.7 278 46.4 77.4 129.2
THEMIS b
TrRH(E,35°) 535 548 562 572 5.80 5.85
TrH(E,145°) 398 391 383 377 3.70 3.66
M (E,35%) 599 6.05 6.12 6.14 6.17 6.18
Ma (E,145) 528 524 520 5.16 5.12 5.09
Te(E,35°%)/ 1.17 120 123 126 1.28 1.29
Te(E,145°)
Cluster 2
TRH(E,35°) 391 391 391 391 391 391
TrH(E,145°) 427 3.83 348 328 312 3.02
Mp (E,35°) 599 6.05 6.12 6.14 6.17 6.18
Ma(E,145°) 528 524 520 5.16 512 5.09
Te(E,35°%)/ 0.82 090 096 1.01 1.04 1.07
Te(E,145)
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Fig. 9. Plot of 67} (o) ands T () defined by Egs.4) and ) and
show the contribution to the temperature moment of electrons as a
function ofe. For T} the max is at- 35° and~ 145°. Asymmetries

Tru = T + Te, Which relates the Rankine-Hugoniot, ion and are especially visible for THEMIS b.
electron temperatures. The expected electron heating may

be found usingATry and Ma using Eq. ). We can there-

fore assess the electron heating dependencies by comparing
ratios of Te(E, ) at different crossing locations, or equiva- which compares reasonably well with the observed total and

lently different energies and pitch angles (cf. Fywith ra-
tios of T, andT_. Specifically, we compare the ratity / T
(last column in Tabld) with Te(E,45°)/ Te(135) (Table2),

finding that for low energies these values match well.

To predict the asymmetryj/T— using this method

parallel asymmetries of 1.24 and 1.36. This origin of this
asymmetry can be clearly observed in Fig.and b, where
the electrons observed by THEMIS b extend further on the
right side of the panel (correspondingata< 90°) than on the
left. The average rati@s(E,45°)/ To(E,135°) for Cluster 2

clearly one must carefully consider the contribution made byis 0.97, with the observed total and parallel asymmetries 0.93
electrons originating from many bowshock crossing points.and 0.88. These asymmetries compare very favourably, and
A simple estimate is made here by taking the average of thesuggest that electron distributions retain much of the electron

ratios Te(E,45°)/ Te(E, 135) for the first four energy val-
ues listed in Tabl€. For THEMIS b the average is 1.24,

Ann. Geophys., 30, 503513 2012

heating information from the electrons’ bowshock crossing
locations.
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4 Conclusion very large distances. Furthermore, moments of the the elec-
tron distribution, such as the temperature, depend on shock
The simultaneous positioning of both Cluster and THEMIS b properties at widely separated points, and as such are depen-
near to the Earth’s bowshock, but widely separated from eachient on global bowshock properties.
other, along with a favourable orientation of the interplane- . L .
g . This has a number of implications for electron heating at
tary magnetic field, has enabled us to study the manner in : .
. T shocks. Because electrons retain a memory of the heating
which magnetosheath electron distributions observed even o . .
: : . at their widely spaced crossing locations we conclude that
close to the bowshock are a convolution of populations arriv- ; .
) ) . . the electron temperature, and in particular the parallel tem-
ing from distant locations on the bowshock. Since the elec- .
. . .~ perature, are affected by conditions over large areas of the
tron and ion heating are coupled through the local Rankine-

Hugoniot requirements and dependent upon, for example, thshock surface. The perpendicular temperature is likely to be

local cross shock potential, the imprint of distant locations onFess affected since it is dominated by electrons with small

the electron populations on the electron population renderéhat may undergo magnetic mirroring multiple times mean-

the bowshock heating a global problem. Distributions of in- ing that their trajectories follow the bulk plasma flow more

: . closely than electrons with larggyj|. Furthermore, the con-
coming electron measured very close to the bowshock mighf." ™~ . .
. ribution to the temperature of these electrons is proportional
be expected to be affected by heating at one very small re:

gion of the shock. However, out-going electrons are heate(i.O the temperature predicted by the Rankine-Hugoniot rela-

. . ions at the electrons’ crossing locations. This implies that
at distant bowshock locations. These electrons could plau: : o : :
in order to determine the partition of energy in heating the

sibly affect the heating at the bowshock location where they . . )
arious species one must take into account the potentially

exit the magnetosheath (€.g. by influencing the cross shociér e differences in heating experienced by electrons at an
potential). This electron “cross-talk” may therefore render 9 g exp y y

heating at the bowshock to be a global problem, rather tharl\ocatmn in the magnetosheath, since this heating will depend

being influenced only by the local upstream conditions andstrongly upon the electrons’ energies and pitch angles.
shock geometry. Some remaining issues include the effects of internal mag-
We find that velocity distributions of electrons which netosheath processes, such as wave-particle instabilities. We
crossed the bowshock at closely spaced points on the bow3ote here that the electron trajectories follow closely the
shock show strong similarities when viewed from either the magnetosheath magnetic field lines, which here are close to
Cluster or THEMIS spacecraft. This is despite the fact thatthe shock surface. Although such effects are shown to be
such electrons must travel large distances~@0Rg be- small here it seems likely that deeper inside the sheath such
tween these two spacecraft. We may therefore concludeffects may become more important. Furthermore, high en-
that electrons travel somewhat kinematically within the bow- ergy electrons tend to travel much further inside the sheath
shock, and that the electron distributions do not undergo madue to their more distant crossing locations. These electrons
jor changes while travelling across the magnetosheath. Notg1ay also be subject to instabilities and other effects. This
that this may not be the case deeper in the magnetosheath.may account for the temperature ratios diverging from 1 at
We also studied the asymmetry of electron distributions,higher energies.
and compared them with the local Rankine-Hugoniot re-
lations at the locations where the electrons first crossed

the bQWShOCk' We_ find that eleCtrO_nS _travelllng m_o_ppo- AcknowledgementsThis work relies on data from the Cluster Flux-
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