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Abstract we discuss observations of reconnection, obtained by Time History of Events and Macroscale
Interactions during Substorms (THEMIS) D during an outward bound traversal of the low-latitude dayside
magnetopause. The reconnection signatures include high magnetic shear, a southward directed Alfvénic
jet, bounded by slow-mode shocks near the switch-off limit (as in the symmetric Petschek geometry), a
small, sunward directed normal magnetic field and plasma inflow into the jet from both sides. We conclude
that cold, unmeasured ionospheric ions helped establish the symmetry. The effective ion mass, estimated
from the switch-off condition, was 2.39 amu on the magnetospheric side, where the number density was
inferred from the spacecraft potential, and 1.09 amu on the magnetosheath side. After a modest pressure
correction in the magnetospheric shock, the MHD jump conditions for density, pressure, temperature, and
entropy were well satisfied. The shock jumps were much larger on the magnetosphere side than on the
magnetosheath side; we show this to be a plasma f effect. The main dissipation mechanism appears to be
irreversible transfer between thermal motion parallel and perpendicular to the field, such that both shocks
bring about approximate downstream temperature isotropy. Hall currents and electric fields were present,
albeit in a strongly asymmetric configuration. The magnetospheric shock had longer duration than the
magnetosheath one, possibly as a result of a nonconstant magnetopause speed. We infer an average
earthward magnetopause speed (14 km/s), corresponding nominal shock thicknesses (12 and 6 4;),
dimensionless reconnection rates (0.061-0.085), and reconnection wedge angles (5° between shocks; 13°
between separatrices).

1. Introduction

Spacecraft observations of the magnetopause during reconnection events [e.g., Sonnerup et al., 1995;
Paschmann et al., 2013, and references therein] have commonly, and with varying levels of success, been inter-
preted as crossings of a rotational discontinuity (RD). In this RD, the flow is Alfvénic and the directions of
the tangential magnetic field and flow change from their magnetosheath to their magnetospheric orienta-
tions. This interpretation has its roots in the Levy et al. [1964] magnetopause reconnection model, in which
the plasma pressure in the magnetosphere was assumed to be vanishingly small. This state is reached as the
plasma from the magnetosheath flows across a slow-mode expansion fan, located earthward of the RD. In this
fan, the plasma pressure and density drop to zero, and the field magnitude increases from its magnetosheath
to its magnetospheric level.

For finite magnetospheric plasma density, there will usually be inflow into the magnetopause reconnection
layer from both its magnetosheath and its magnetosphere side. On each side, the magnetopause structure
then consists of intermediate and slow-mode standing waves [Petschek and Thorne, 1967; Lin and Lee, 1993].
If the plasma conditions and field strength on the two sides become comparable, the reconnection config-
uration can approach the symmetrical geometry described by Petschek [1964]. In this model, illustrated in
Figure 1, the reconnection geometry is dominated by two slow-mode shocks near the switch-off limit, bound-
ing wedge-shaped reconnection jets. The jets contain a weak normal field and compressed plasma, which has
been accelerated in the shocks to approximately the upstream Alfvén speed, in the direction along the mag-
netopause, and away from the reconnection site. The symmetric configuration is applicable to reconnection
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Figure 1. Schematic of the Petschek [1964] model, showing outflow jets bounded by two slow-mode shocks, with inflow
from both sides. Wedge angle between the shocks is exaggerated.

in the geomagnetic tail, and also in some solar wind [Gosling et al., 2005] events, and magnetosheath [Phan
et al., 2007] events. Slow shocks in the magnetotail have been analyzed in detail [e.g., Feldman et al., 1985;
Eriksson et al., 2004]. In the present paper, we demonstrate that, under the right conditions, a similar reconnec-
tion geometry, albeit with important remaining asymmetric features, can occur at the magnetopause. One
such nearly symmetric event was observed by the Polar spacecraft on 1 April 2001 [Mozer et al., 2002]. In that
crossing, the Hall magnetic and electric fields were observed and interpreted as evidence for encountering
the ion diffusion region, which surrounds the magnetic X point. Our event occurs well away from the diffu-
sion region, as illustrated by the spacecraft path in Figure 1. It still shows some magnetic and electric features
believed to be driven by the Hall effects in the distant diffusion region, but now the slow-mode shocks are
present as well and form a focus of our study.

The main purpose of our paper is to discuss, and quantitatively analyze, a crossing by Time History of Events
and Macroscale Interactions during Substorms (THEMIS) D (ThD) of the dayside magnetopause at low south-
ern GSM latitude. The event occurred on 3 August 2008, around 17:00 UT. This crossing shows signatures
consistent with Figure 1, namely, high magnetic shear, a pronounced, southward directed, reconnection jet,
inflow into this jet from both sides, near switch-off of the field components tangential to the magnetopause,
and a small, sunward pointing, normal magnetic field. It is included as event 42 in the studies of electron and
ion heating in reconnection exhausts by Phan et al. [2013, 2014].

Our presentation is organized as follows. In section 2, we present an overview of the event and discuss its
various features. In section 3, we analyze the jump conditions, using a simple MHD model, and in section 4,
we examine the various dissipation mechanisms. Finally, in section 5 we provide further discussion and a
summary of our conclusions. The presence of unmeasured cold plasma is discussed in Appendix A.

A more detailed analysis of the jump conditions, which includes the effects of pressure anisotropy, along with
a study of the behavior of the Chew-Goldberger-Low (CGL) double-adiabatic invariants, will be presented
separately.
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Figure 2. Overview of the 3 August 2008 magnetopause crossing by the ThD spacecraft, based on 3 s resolution plasma
and magpnetic field data: (a, b) ion and electron energy-time spectrograms (color bar units are eV/cm? s); (c) plasma
number density (see Appendix A); (d) magnetic field magnitude; (e, f) components of the magnetic field and the plasma
bulk velocity; (g) ion temperatures (red: T”, black: T, ); (h) same for electrons; (i) magnetic pressures (black), ion (red) and
electron (green) perpendicular pressures, and sum of the pressures (blue). Vector quantities are in MVA coordinates, with
x (red), y (green), and z (blue) along the minimum, intermediate, and maximum variance directions. Vertical lines mark
the upstream (dashed) and downstream (dash dotted) reference times for the two shocks.

2. Observations

2.1. Overview

The 3 August 2008 event is an outbound crossing of the magnetopause by ThD at X =10.0, Y = 2.1, and
Z=-3.8Rg, in GSM coordinates. Figure 2 shows the plasma and magnetic field data, based on 3 s resolu-
tion measurements by the electrostatic analyzer (ESA) [McFadden et al., 2008] and fluxgate magnetometer
(FGM) [Auster et al., 2008] instruments. Vector quantities are shown in minimum-variance (MVA) coordinates
(see section 2.2). The inner edge of the magnetopause is encountered near 16:59:00 UT, with exit into the
magnetosheath near 17:01:00 UT. Substantial particle fluxes are first seen at about 16:59:15 UT (Figures 2a
and 2b).

Figure 2c shows a net increase in plasma number density of ~1.5 from the magnetosphere to the magne-
tosheath, making the boundary conditions more symmetric than is typical for the magnetopause. Note that
the number density within the MP exhaust itself is enhanced by a factor of ~1.5 over its magnetosheath value.
The magnetosphere number density is around 12 1/cm3. As discussed in Appendix A, this value has been
inferred from measurements of the spacecraft potential and is attributed to plasma below the energy range
of the ESA ion instrument. When entering the exhaust jet, the cold plasma is accelerated and becomes visible
to the instrument, as is apparent from the ion spectrogram in the top panel (after 16:59:15 UT). The plasma
coming from the magnetosphere must also have contained heavier ions (see section 3.2).
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The magnetic field transition from the magnetosphere to the magnetosheath (Figures 2d and 2e) is charac-
terized by a change from a strongly northward to a strongly southward direction, a shear angle of about 152°,
and a net drop in field magnitude by a factor of ~1.4, from 49.4 to 35.5 nT, with two deep minima (5.1 and
2.7 nT) in between. These minima are separated by a substantial field peak at 17:00:30 UT.

A strong, southward directed, plasma jet is present in the exhaust (Figure 2f), indicating that the crossing
was located south of an active reconnection site. Consistent with this location, the normal magnetic field
(Figure 2e) is on average pointing outward from Earth, B, > 0. Comparison of the velocity component traces
(Figure 2f) with the corresponding magnetic field component traces (Figure 2e) makes clear that when pro-
ceeding outward through the magnetopause, the velocity and magnetic field components are first correlated
(in the interval between the times marked by the first pair of vertical lines) but then become anticorrelated
(in the interval marked by the second pair). Combined with the outward directed B,, this switch from
correlation to anticorrelation means that there is inflow into the exhaust from both sides.

Figure 2g shows that the ion temperatures, particularly T;, strongly rise when entering the exhaust from the
magnetosphere side. When entering from the magnetosheath side, there is only a small rise in T, but a more
substantial rise in T;. The electrons (Figure 2h) show similar rises in temperature, but they are nearly isotropic.
As explained in Appendix A, the temperatures are affected by the cold plasma on the magnetospheric side.
Finally, Figure 2i shows that the magnetic and plasma pressures vary strongly, but their sum, i.e,, the total
pressure, is approximately, albeit not perfectly, preserved.

We will refer to the transitions on the magnetosphere and the magnetosheath sides as Shock 1 and Shock 2,
respectively, in anticipation of their interpretation as near switch-off shocks. Such shocks are the strongest
version of the slow-mode MHD shock. As the plasma moves across a slow-mode shock, the plasma density,
temperature, and entropy, all increase, while the tangential field component decreases; in the switch-off ver-
sion, the upstream normal flow component is Alfvénic, and the downstream tangential field component is
reduced to zero.

2.2. Minimum Variance Analysis of the Magnetic Field

Minimum variance analysis (MVA) of the 0.25 s resolution magnetic field data for the entire magnetopause
crossing (between the first and last vertical lines in Figure 2) yields an eigenvector belonging to the mini-
mum eigenvalue, and interpreted as the boundary normal, of (0.9904, —0.0264, —0.1358) in GSM, with an
intermediate-to-minimum eigenvalue ratio of 5.3. This rather low value indicates a substantial uncertainty of
the normal vector, mostly under rotations about the maximum variance axis (approximately the GSM z axis).
The hodogram projections in Figure 3a illustrate the behavior of the 0.25 s field vectors; those in Figure 3b
are based on the 3 s resolution spin-averaged field data for the same interval. For a description of the MVA
technique, see Sonnerup and Scheible [1998]. The vector quantities in Figure 2 and subsequent figures have
all been rotated into the MVA coordinates obtained from the high-resolution data.

As the hodograms at the top in each panel show, the magnetic field decreases its magnitude as the space-
craft crosses Shock 1, from the magnetosphere (top end of the upper hodograms) into the jet, and is nearly
switched off before it grows again in approximately the opposite direction (more precisely, this direction is
given by the 152° shear angle), as the spacecraft traverses Shock 2, into the magnetosheath (bottom end of
the upper hodograms). The hodograms on the top right in each panel show that during this transition the
minimum variance component, interpreted as the normal magnetic field component, although noisy, remains
positive on average, +3.0 nT for the MVA in the top panel, and +2.7 nT for the MVA in the bottom panel. That
a large majority of samples has a positive normal component is more clearly evident from the hodograms on
the lower left in each panel. Overall, the field fluctuations are substantial at both time resolutions.

Since the exhaust is expected to be approximately wedge shaped, we also performed MVA for the two shocks
separately but found Shock 2 to give an unacceptably low eigenvalue ratio, 4,/ 4.

2.3. DeHoffmann-Teller Frame

The deHoffmann-Teller (HT) transformation velocity was obtained from the usual procedure of minimizing the
electric field in the moving (HT) frame [Khrabrov and Sonnerup, 1998]. The correlation coefficient between the
components of the computed convection electric field, E- = —V X B, and the corresponding components of
the HT electric field, Ey; = —Vyr X B, was 0.94. This value is not high, indicating that at least in some portions
of the event, there were substantial deviations from steady, field-aligned flow (as seen in the HT frame).

SONNERUP ET AL.

SWITCH-OFF SHOCKS AT THE MAGNETOPAUSE 3313



@AG U Journal of Geophysical Research: Space Physics

10.1002/2016JA022362
(a) Intermediate Minimum
40 20 0 20 40 20 0 20 40
T TTTTTTTTT TTT 1
gk k 12
1
o 1o
E Q- =t - E
=] - 3
£ i E
] 1o 8
= ©° 1o 2
: 1
. it ] 1
Y ‘{z\ln
Ll Ll L -l I Ll | k-
T LB L LILELI I LBLELI | o
ER
o[ b £
<+ 40
8 b II T | II|II = o
€ avs
=]
E = =)
£ o L.
s ig
Sk ¥ is
-..—.a-'v-q.whv‘*\r\-fJ'f'\ﬂpwm o
oL i E
<|r Ll il i1l IIlIII'l 'II I|III|lI III'I'I |'I'|Il—g
40 20 0 20 16:59 17:00 17:01
Intermediate UT time
Time interval : 3 Aug 2008, 16:58:55 - 17:01:20
A Direction
15.7 [0.990, -0.026, -0.136]
65.3 [0.026, 1.000, -0.006]
859 [0.136, 0.002, 0.991]
(b) Intermediate Minimum
40 20 O 20 40 20 0 20 40
T | T I T T T | TTT I T I T T | T T T I TT | T L
. ]
o -+ é 4o
<+ <
N
|
oL \{:l - = g
£ N N g
=] =
‘E" o ;: _!o
it _/ 1 b {F
l | Ll I Il l Ll | LLl I I——I | L | 1 1 | I | I |
B L B R R =L AR AN R R LA Ry P
1 : 3v
sr 3 i io
i ittt D
e ]F FHT R o
S - . =
£ w% IS
{= "
s ° H Jo
2 7
i Froprrpr g o
' E A
e e P e ©
9{-‘|l1|||| A RN RERH N STTIITTRTRIA TR ST |'L:$
40 20 O 20 16:59 17:00 17:01
Intermediate UT time

Time interval : 3 Aug 2008, 16:58:57 - 17:01:18

A
16.3
65.3
859

Direction
[0.989, 0.037, -0.145]
[-0.039, 0.999, -0.007]
[0.145, 0.013, 0.989]

Figure 3. Magnetic field hodograms. (a) MVA of the 0.25 s resolution FGM data for the complete magnetopause layer.
(top left) The progression of the magnetic field vector in the maximum-intermediate eigenvector plane (the plane
tangential to the magnetopause), (top right) the progression in the maximum-minimum eigenvector plane, (bottom
left) the projection in the minimum-intermediate plane, and (bottom right) the time series for the field components in
the (top) maximum, (middle) intermediate, and (bottom) minimum variance directions. The magnetic field unit along
the axes is nanotesla (nT). The table below the hodograms lists eigenvalues 4 (in nT2) and eigenvectors (in GSM). The
eigenvector for the minimum eigenvalue (15.7 nT2), interpreted as the boundary normal, is (0.9904, —0.0264, —0.1358),
with an intermediate-to-minimum eigenvalue ratio of 5.3. The magnetospheric ends are at the top in the two upper
hodograms. (b) MVA of the spin-averaged (3 s resolution) magnetic field for closely the same interval, with a minimum
eigenvalue of 16.3 nT2 and an intermediate-to-minimum eigenvalue ratio of 4.0. In these low-resolution hodograms, the

field maximum at 17:00:30 UT is marked by a blue dot.
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Figure 4. Walén test. Panel block on top shows relevant field and plasma information: (a) composite plasma number
density; (b) magnetic field magnitude; (c) normal magnetic field B,; (d) combined pressure anisotropy factor

a=(p - P )Ho/B%; (€) combined plasma f = p 2u,/B%, withp = 2p,| + py)/3. Panel block on bottom shows the
Walén test: (f-h) the three components of V/ = (V — Vy7) in black, overplotted on the corresponding components of
V,* (in red), and —VZ (in green), all in MVA coordinates. Note the expanded scale for the x components.

We note that, in the wedge-like reconnection geometry, a single ideal HT frame does, strictly speaking, not
exist: in a frame moving with the plasma and field in the exhaust the two shocks appear to move away from
each other at a speed proportional to the wedge angle.

Another problem is that the procedure for determining V,,; should ideally include the tangential, but not the
normal, electric field. As we shall see in section 2.7, a normal electric field is present in this event, allowing
slippage of the plasma relative to the magnetic field and thus weakening the magnetic coupling between
different layers within the event. One possible effect of such slippage could be to decrease the plasma speed
in the exhaust jets. Still another factor degrading the quality of the HT frame could be rapid changes of the
magnetopause speed.

In spite of these shortcomings, we have used the standard HT frame determination to obtain the best fit
to the theoretical model of steady, field-aligned flow. The HT frame velocity found for the whole event is
Vyr = (-14.1,-12.6,-217.5) km/s in MVA coordinates. The smallest purely statistical error occurs in Vyyp,; it
is +£2.5 km/s.

2.4. Walén Relation

In this section, we examine to what extent the plasma flows are Alfvénic. In the top part of Figure 4, we
again show the number density (Figure 4a) and the field magnitude (Figure 4b). Figure 4c shows that the
normal field component, while positive on average, exhibits substantial fluctuations. In particular, a large
positive peak reaching about 20 nT occurs at 17:00:30 UT. Figures 4d and 4e show the pressure anisotropy
factor, combined for ions and electrons, & = (p; — P )Ho/B?, which is strongly variable, and the combined
plasma f = p 2u,/B?, which changes from being very small in the magnetosphere to values of order 1 in the

SONNERUP ET AL.

SWITCH-OFF SHOCKS AT THE MAGNETOPAUSE 3315



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022362

magnetosheath, with large values in the middle of the event. The bottom part of Figure 4 shows the results
of the Walén test for the interval 16:58:55-17:01:20 UT, i.e., the same interval as that used for the MVA in
Figure 3, in the form of a component-by-component comparison between V' = (V — V1), the plasma veloc-
ity in the deHoffmann-Teller (HT) frame, and the Alfvén velocity, corrected for pressure anisotropy, such that
Vi = B[(1 — )/ uppl®® = V(1 — @)° [e.g., Paschmann and Sonnerup, 2008]. The values of the anisotropy fac-
tor a are taken from Figure 4d. They are based on the perpendicular and parallel combined ion and electron
temperatures shown in Figure 2.

Because V' and V; are anticorrelated in the outer part of the magnetopause, the V, time series was split at
17:00:30 UT and the outer part replaced by -V (in green). A few points are missing in the V; trace because,
for a > 1, the correction factor (1 — )% becomes imaginary. The fairly good agreement, except for the first
25 s, indicates that, as seen in the HT frame, the flows are indeed approximately field aligned and Alfvénic. The
large discrepancy between the zcomponents (Figure 4h) at the beginning of the interval is in part caused by
using the proton mass, rather than the true effective ion mass in calculating the Alfvén speed. More discussion
of this topic will be given in section 3.2.

Where the components of V' and V; are correlated (anticorrelated), the normal (x) component of B and of
V' must have the same (opposite) signs. Since we have already determined B, to be positive throughout, it
follows that there must be a flow reversal, with the net normal flow positive (directed outward) in the mag-
netospheric part of the magnetopause (Shock 1), and negative (directed inward) in the magnetosheath part
(Shock 2). There is direct evidence for this reversal in Figure 4f, showing that V;, the normal velocity in the HT
frame, changes from positive to negative values in the event.

The switch-off shock, i.e., the special type of slow MHD shock in which the downstream tangential field is zero,
is a close relative of the RD in the sense that both have Alfvénic upstream states. However, their downstream
states are different: for the RD it remains Alfvénic but for the switch-off shock it is sub-Alfvénic. Contrary to
the ideal RD, the switch-off shock, or indeed any slow-mode shock, does not precisely obey the standard
Walén relation (for a generalized version of this relation, applicable to nonresistive MHD switch-off shocks, see
section 4.2). In the downstream region of each shock, the Alfvén speed as well as the plasma flow speed eval-
uated in the HT frame are small and fluctuating. Their ratio is therefore poorly determined. For this reason, the
approximately Alfvénic behavior shown in Figure 4 cannot be used to decide the issue of RD versus switch-off
shock. More decisive items, pointing firmly to switch-off shocks, are the near switch-off of the tangential field
as the plasma enters the exhaust jet from its two sides, as well as the increases in density and temperature
seen across each boundary of the jet. However, note that such behavior for an RD, while unlikely, can perhaps
not be entirely excluded, when allowance is made for anisotropic pressure effects (see section 4.3).

2.5. Magnetopause Motion and Thickness

As this is an outbound crossing, the normal component of the magnetopause velocity must have been
directed inward. Consistent with this requirement, the average normal component of the HT frame velocity
is negative, V5, = —14.1 km/s (see section 2.4). This speed, together with the durations (specified later on in
Table 1), implies thicknesses of Shock 1 and Shock 2 of #1227 km = 12.3 4, and %338 km = 6.2 4, respectively.
The nominal ion inertial length was 4; = 100 km for Shock 1 and 55 km for Shock 2. These values are based
on nominal effective ion masses of 2.39 amu and 1.09 amu, respectively (see sections 3.1 and 3.2). Since these
thickness estimates are proportional to Vi;;,, they have uncertainties associated with both the normal vector
and the HT frame velocity vector. Individual structures seen in the event may in reality move faster or more
slowly, as a result of a variable magnetopause speed.

The time series of magnetic field, density, and z velocity in Shock 1 show indications of back and forth motion,
which may be a factor contributing to the large apparent thickness and to the aforementioned low HT corre-
lation. The peak in B between the two minima, which has a magnitude of some 25 nT can be interpreted as a
quick earthward motion of the magnetopause over the spacecraft so that it begins entering Shock 2, followed
by an equally quick sunward motion, bringing it back into the low field region. Finally, rapid earthward motion
again causes the spacecraft to traverse Shock 2 entirely and enter the magnetosheath. The large magnitude of
the field peak and the behavior of B,, which becomes negative in the rising part of the peak and then returns
to near zero in the falling part, both support this explanation. But the x component of the velocity does not
show any indication of such reversals of the motion. As mentioned already, B, also has a substantial peak. This
peak is inconsistent with simple in-out motion of a one-dimensional (1-D) structure; it requires a substantial
local 2-D or 3-D deformation of the discontinuity.
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2.6. Reconnection Rate and Geometry

The dimensionless reconnection rate is often expressed as the inflow Mach number M, = V;/V, . Here
the inflow speed V] is evaluated in the HT frame and the upstream perpendicular Alfvén speed is
Vi =B,[01- @)/ (pop)1%2, in which the field component B, is perpendicular to the x axis, i.e., it is tangential
to the magnetopause. For a switch-off shock (and also for an RD), this rate simplifies to M, =B, /B, i.e,, the
ratio of upstream normal to perpendicular field component. With B, =3.0 nT, the resulting reconnection rate
is My = 0.061 for Shock 1 and M, = 0.085 for Shock 2, with an average of 0.073. To illustrate the inherent
uncertainties associated with these numbers, one can use the individual upstream measured B, values instead
(see Table 1), with the result M, =0.070 for Shock 1 and M, =0.077 for Shock 2. An alternative approach is to
express the reconnection rate in terms of the electric field component along the reconnection line
(the X line). In our event, the field line motion in the exhaust should, in the ideal Petschek configuration, be
Vir, = —217.5 km/s with the corresponding reconnection electric field £, = E, = —Vj;p,B, = 0.65 mV/m. In
reality, the value may be less, as a result of southward X line motion and of field line slippage (see section 3.3).

An average magnetopause speed of 14.1 km/s gives a total width of the event of Ax = 1565 km. A rough
estimate can also be obtained for the distance L, from the spacecraft to the X line. Using mass conservation
in a simple wedge geometry formed by two switch-off shocks leads to an equation of the form N,V,,L, =
N, Vaq AXspock # for each shock, with Axgp g + AXghoae = AX = 1565 km (subscripts 1 and 2 denote upstream
and downstream values, respectively). The resultis L, ~ 19,183 km = 3.0 R, which gives a shock angle of 4.7°.

Since one expects the field geometry to be more cusp-like than wedge-like near the reconnection site, this L,
is probably an underestimate of the actual distance. The spacecraft was located 3.8 R, below the GSM equator
so that the X line could therefore have been located near the GSM equator. Using our L, value, together with
magnetic flux conservation between a shock and its adjoining separatrix, we can also estimate the separatrix
location to be 1170 km upstream of Shock 1 and 1630 km upstream of Shock 2. The angle between the two
separatrices is estimated to be 6, = 13°. With a constant magnetopause speed of 14.1 km/s, the correspond-
ing time shifts upstream of the shocks would be 1.4 min and 1.9 min, respectively. As mentioned already, the
two shocks may in reality have been moving at different speeds. No clear signatures of the separatrices have
been found in the data from this event [@ieroset et al., 2015].

2.7. Hall-Induced Magnetic and Electric Fields

In addition to the standard, in-plane, X type magnetic geometry in Figure 1, symmetric reconnection in a
collisionless plasma should also exhibit a characteristic quadrupolar pattern of the out-of-plane magnetic
field component [Sonnerup, 1979], i.e., in our case, the B, component, as illustrated in Figure 5a. This behavior
has its origin in the diffusion region surrounding the magnetic X point, where incoming ions from both sides
become unfrozen from the magnetic field and slow down over a distance of the inertial or thermal ion scale
size, whereas the electrons become unfrozen only on the much smaller electron scales. The result of this differ-
ential motion is Hall currents directed away from the current sheet on both sides and associated Hall electric
fields, j x B/Ne, directed toward the current layer on each side.

Closure of the Hall currents is thought to occur in “Hall loops” that may extend along the magnetopause out to
substantial distances away from the diffusion region; these loops are responsible for the overall quadrupolar,
out-of-plane, magnetic field configuration. Because field lines tend to remain equipotentials, field-aligned
layers containing strong normal electric fields, of the same polarity as the Hall electric field in the diffusion
region, may also persist out to substantial distances.

Hall effects could, in principle, also be present as an intrinsic part of the slow shocks that become established
some distance away from the reconnection site. The resulting out-of-plane magnetic field would have polarity
opposite to that associated with the aforementioned Hall loops [Hau and Sonnerup, 1990; Sharma et al., 2008].
The result would be an S-shaped B, plot (or tangential hodogram) associated with each combined Hall loop
and shock. The presence of a guide field or of different plasma/field properties in the two inflow regions can
introduce asymmetry of the Hall loops. The presence of cold ions or of heavy ions can also influence the
strength and configuration of the Hall signatures.

Some aspects of the behavior described above have since been verified both in numerical simulations
[Birn et al., 2001; Karimabadi et al., 2004] and in observations of reconnection in the geomagnetic tail
[Nagai et al., 2001; Dieroset et al., 2001] and in the magnetosheath [Phan et al., 2007]. Simulations and obser-
vations of asymmetry resulting from the presence of a guide field have been described, for example, by
Eastwood et al. [2010]. Simulations of various asymmetries of the inflow plasma and fields have been reported
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Figure 5. Schematic diagrams of Hall effects in the xz plane. (a) Symmetric situation with its quadrupole B, configuration
[after Teh et al., 2011]. (b) In our event, the Hall effects appear to be mainly confined to Shock 1 (Sh1), including its
attached rotational discontinuity (RD). Two Hall current loops of opposite polarity and corresponding Hall electric fields
(as seen in the spacecraft frame) appear to be present, as can be inferred from o), = dB, /dx. In Shock 2 (Sh2), the
current inferred from the low-resolution data is on average mostly unidirectional and the electric field points sunward;
their possible relation to Hall effects in the diffusion region, the latter located above the field of view, remains unclear.

by Malakit et al. [2010], a combination of both by Pritchett and Mozer [2009], and the influence of cold ions
by Toledo-Redondo et al. [2015]. But we are not aware of simulations that mimic the plasma and field condi-
tions present in our event sufficiently closely to permit a meaningful quantitative comparison. In particular,
the apparent guide field, formally some 9.9 nT in our event (a value based solely on the magnetic field vectors
on the two sides), is not a real guide field. It is brought to essentially zero between the two shocks, whereas
simulations with an added true guide field show an enhancement of that field component.

We now ask if any of the basic magnetic and electric signatures described above are in evidence during our
crossing. Figure 6 shows the relevant data. The behavior of the out-of-plane magnetic field component, B, is
shown by the green curve in Figure 6c¢. It displays bipolar behavior in the crossing but also a net change of 8,
from one side to the other, associated with the net field rotation of 152°, i.e,, not fully 180°, across the entire
event. The bipolar part starts at about 16:59:10 UT when, beginning from a small negative value, B, rapidly
turns more negative and then returns to zero more gradually, with evidence of some back and forth motion
of the magnetopause. This behavior is consistent with the spacecraft crossing the Hall loop on the magne-
tospheric side. The abrupt crossing of the earthward branch of this loop appears to be in the form of the RD,
seen around 16:59:10 UT, with a duration of about 10 s and a corresponding estimated nominal width of 1.4
A;. In this RD, the current is directed southward, i.e., away from the reconnection site, as expected from the
theoretical scenario described above. This intermediate-mode structure should be located upstream of, but
adjoining, the leading edge of the switch-off shock, as it is indeed seen to be. The second branch of the Hall
loop appears to occupy a broad part of the region within Shock 1. The green curve in Figure 6c then enters
a region of small, mainly positive, B, until about 17:00:45 UT, i.e., close to our chosen downstream point of
Shock 2. After that, the green curve crosses over to negative B, values and then continues to decrease,
along with B,, until the two settle down to their respective negative levels in the magnetosheath. The
magnetosheath level for B, is nearly the same as that observed immediately downstream of the RD.

The positive part of the overall bipolar signature seen in B, is located in the downstream half of Shock 1; it does
not appear to be a consequence of the spacecraft crossing a Hall loop associated with the magnetosheath
side. Instead, the deviation of B, from zero within Shock 1 could possibly be an intrinsic part of the shock
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Figure 6. Electric fields. For context, the figure again shows (a) density; (b) magnetic field magnitude and

(c) components in MVA coordinates. (d) Spin-resolution electric field data, as measured by EFI, with a T mV/m corrective
offset added to the x component. The EFI data, which contain the assumption E - B = 0, were continuously available
only for the time interval corresponding to Shock 1. (e) Convection electric field Ec = —(V X B); (f) the difference
between the two.

structure itself, as discussed by [Hau and Sonnerup, 1990; Sharma et al., 2008]. The S-shaped, low-resolution
tangential hodogram trace in the right half of Figure 3b illustrates that the bipolar behavior of B, is indeed
mainly confined to the Hall loop and the adjoining Shock 1. By contrast, in Shock 2 the low resolution field
appears more or less confined to a plane. Excluding the effects of the field peak, marked by blue dots in the
low resolution hodograms in Figure 3b, this behavior can be seen from the, only weakly curved, lower part of
the tangential hodogram trace. This part of the trace describes Shock 2, but in the low resolution data, the
rapidly changing part actually contains only one, possibly space/time-aliased, point. At low resolution, there
is therefore no convincing indication of an RD or an associated Hall loop on the magnetosheath side. But,
as discussed below, this conclusion no longer holds at the higher resolution. The in-plane currents causing
the behavior of the low resolution B, are shown schematically in Figure 5b. The blue region in this figure,
which marks Shock 2, contains a unidirectional in-plane current component. This current is the projection
of the main shock current onto the xz plane. It is the result of the total field rotation across the event being
less than 180°.

If one instead examines the high-resolution tangential hodogram in Figure 3a, one can see a small RD-like
field rotation (at the bottom of the hodogram trace) that could perhaps be interpreted as caused by a Hall
loop on the magnetosheath side. The location of this RD just upstream of Shock 2, and the in-plane current
direction in it (away from the reconnection site), are both features consistent with this interpretation. The
fact that this RD is not evident in the low-resolution data could be a consequence of Shock 2 moving more
rapidly than Shock 1. Such behavior could, at least in part, also explain the large asymmetry evident in the
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time series. As an aside, we note that, throughout the event, Hall effects must also be present in the magnetic
field fluctuations, some of which have large amplitude and persist even in the low-resolution data.

Figures 6d and 6e provide information about the electric field measured by EFI (data from this instrument
were continuously available only prior to, and during Shock 1), followed by the convection electric field
E. = —(V x B). Both fields are evaluated in the frame moving with the spacecraft, with components in the
MVA system. Use of the spacecraft frame is based on the assumption that the reconnection site does not move
along the magnetopause surface during the crossing. Note also that magnetopause motion along the normal
direction does not influence the normal electric field.

The z components of the EFI electric field are very small. The y components are also small but more variable
during the passage through Shock 1. For a strictly two-dimensional, steady configuration, at rest in the space-
craft frame, this field component would be constant and equal to the reconnection electric field. Most of the
variability is in the x component. A sharp rise in this component, up to a value of nearly +6 mV/m occurs at the
RD, where it causes an increased plasma velocity along x and a drift of the plasma in the negative y direction
(see Figures 4f and 4qg). The positive E, field persists at a somewhat lower level well into Shock 1, where the
density increases rapidly. It is then followed by a sign reversal at about 16:59:50 UT and a continued decrease
until it reaches a level of about —2 mV/m, where it remains until the end of Shock 1.

The convection electric field, which is shown in Figure 6e for the entire event, has similar behavior. In particular,
the E., component shows a clear bipolar feature, with the electric field pointing toward the center of Shock
1 on its two sides. A small positive pulse in the y component, £, at the beginning of the shock can also
be seen, presumably associated with the pulse of increased V,. This latter pulse is visible in Figure 4f. As
a consequence of mass conservation (for details, see Figure 7e), it leads to the minimum in the plasma
density, seen at around 16:59:15 UT (see Figure 6a). Such density minima, assumed to be located near the
separatrices, have been seen in simulations, even at substantial distances away from the reconnection site
[Shay et al., 2001], and also in observations near the reconnection site [Mozer et al., 2002; Khotyaintsev et al.,
2006]. However, our minimum appears to coincide with an abrupt field rotation (RD) immediately upstream of
Shock 1 rather than with the separatrix, which we predict should have been encountered more than a minute
earlier (see section 2.6). In Shock 2, E, gradually reverses sign and then settles down to a positive value of
about 2 mV/m in the magnetosheath.

In Figure 6e, the £, component at the upstream reference time of Shock 1 appears small but can be calculated
from the velocity and field data in Table 1 to be +0.30 mV/m. If the magnetopause were at rest in the space-
craft frame, this number should have been approximately equal to the reconnection electric field, estimated
in section 2.6, to be +0.65 mV/m. The discrepancy could be accounted for by assuming that the earthward
magnetopause speed at the upstream reference time was only 7 km/s.

The difference between the field recorded by EFl and the convection field E. is shown in Figure 6f. This panel
should, in principle, indicate deviations from the simple frozen field condition. Upstream of Shock 1 there are
large, unexplained differences, in particular, in the x components. Within Shock 1 the agreement is better,
indicating that the electric field there is mainly a convection field. The differences (e.g., the positive pulse
seen in the x component around the density minimum) could come from the Hall term in the generalized
Ohm’s law.

The asymmetry of the Hall current loops, resulting from the presence of a regular guide field, is such that
the two diagonally opposite Hall loops, within which the out-of-plane magnetic field is augmented by the
guide field, tend to become wider and stronger, while the other two loops become thinner and weaker [e.g.,
Eastwood et al., 2010]. In our event, the direction of the formal guide field is such that the magnetosphere side
should have the wider and stronger region of out-of-plane field, and that is indeed what is seen. But since the
guide field model does not describe the observed near switch-off of the tangential field, it is not clear to what
extent these simulations are relevant.

The plasma/field asymmetry usually present at the magnetopause usually tends to make the two Hall current
loops on the magnetospheric side weaker and the two on the magnetosheath side stronger [Malakit et al.,
2010]. This is the opposite of what is seen in our event. For a possible explanation of this apparent disagree-
ment, see section 3.2.
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Table 1. Measured Reference States for Shock 1 and Shock 22

Shock 1 Shock 2

Reference Upstream Downstream Downstream Upstream
ut 16:58:56 17:00:23 17:00:41 17:01:05

12.33 27.81 28.51 18.45
B [3.44,-1.97,49.27] [2.38,3.65,2.63] [1.58,1.28, —1.76] [2.70,-15.30, —31.93]
\ [4.58,-56.63, —24.28]  [-21.59,23.20,—-209.09] [-13.96,15.08, —198.44]  [-20.74, 53.64, —41.63]
v/ [18.72, —44.03, 193.20] [-7.44,35.79,8.39] [0.19,27.67,19.05] [-6.59, 66.23, 175.85]
Va [21.36, —12.25, 306.29] [9.85,15.10, 10.90] [6.45,5.23, =7.20] [13.74, -77.77, -162.27]
a; —0.003115 —2.522344 16.385667 —0.175974
e —0.000368 0.216435 0.223229 —0.011963
Bi 0.0451 59.5719 226.6987 0.7252
Pe 0.00265 16.76943 60.35502 0.16282
Pg 0.9720 0.0103 0.0029 0.5017
Pl 0.0444 0.6814 0.6774 0.3734
Ple 0.00268 0.18038 0.17630 0.08348
pyi 0.0383 0.6294 0.7716 0.1968
Plle 0.00196 0.18485 0.17759 0.07148
M 0.647 0.979 nan 0.956
My 0.648 1.780 3.056 1.042

aDensities N are in 1/cm3; magnetic fields B in nT; velocities V, V/, and V, in km/s; pressures pg, p,, and Py in
nPa. Vector quantities are in MVA coordinates. lon plasma data and Mach numbers assume all particles to be pro-
tons. Velocities V' = V — Vi as well as corresponding Mach numbers My, and My, (in the HT frame) are based on
Vyr = (=14.1,-12.6, —217.5) km/s. In this table, and elsewhere, the high precision given for the data does not represent
actual accuracy; it is retained to enable numerical checking.

3. Jump Conditions

In this section, we evaluate the conservation laws from the upstream side (subscript 1) to the downstream
side (subscript 2) of each shock. The purpose is to examine how well the measured data are consistent with, or
can defensibly be made consistent with, the spacecraft traversing two, basically one-dimensional, slow-mode
shocks, both very near the switch-off state.

Table 1 forms the basis for the calculations. It gives an overview of the measured plasma and field conditions
upstream and downstream of each shock. Except for the number density in the early part of Shock 1, ion
parameters in the table have been evaluated from the ESA instrument response, using the standard assump-
tion that all ions are protons, which in reality is not the case for either shock, especially not for Shock 1. Vector
quantities in the table are given in MVA coordinates. As already mentioned, the RD at the upstream edge
of Shock 1 marks the onset of the Hall-induced y component of the magnetic field. The RD does not satisfy
coplanarity and, strictly speaking, is not a proper part of Shock 1. However, to check the thermodynamic part
of the jump conditions, we have nevertheless placed the upstream state of Shock 1 well ahead of the RD,
where conditions are relatively steady. Note that V' = (V — V;;) is the plasma velocity in the HT frame and
that some of the downstream parameters in the table are numerically small and have large uncertainties. As a
result, some ratios of small numbers given in the table, such as a, and the downstream Alfvén Mach numbers
(in the HT frame), are not meaningful and will not be used. Note that M,; and My, in Table 1 are the Alfvén
Mach numbers based on V, and V%, respectively (see section 2.4), and on the invalid assumption that all ions
are protons.

3.1. Thermodynamic Quantities

The jump conditions for the thermodynamic quantities across each shock will now be checked against simple
MHD predictions. Note that the actual HT frame velocity vector is not needed in performing this check. We
make use of the simplest possible description of the shocks, namely, in terms of single-fluid MHD with isotropic
pressure, with temperature given by p = NkT, and with the ratio of specific heats, y = 5/3, for a monoatomic
gas. The general properties of slow MHD shocks were discussed early on by Kantrowitz and Petschek [1966].
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Table 2. Predicted and Observed Pressure, Temperature, Density, and Proxy Entropy Ratios?

Shock 1 Shock 2

;= 0.0478 B, = 0.8880
Predicted Observed Predicted Observed
p2/P1 21.92 18.88 2.25 2.25
T,/T; 9.37 8.35 1.45 1.46
N, /Ny 234 2.26 1.47 1.55
S2/5 5.31 4.85 1.12 1.08
k, 2k, 2.39 1.09

aRequired mass and/or velocity correction factors are k,,, and k, such that k, %k, = 1/(M;ﬁ), with M, taken from
Table 1.

In our application, we treat the observed shocks as switch-off shocks. Since there are no tangential stress
terms at the downstream end of such a shock, the upstream tangential stresses must also add to zero, i.e.,
ViVl = (1 — a))B,B,1 /1y, with a similar formula for the y component. The upstream (and downstream)
flow is assumed to be field aligned in the HT frame, which then allows the two tangential components to be
reduced to the switch-off condition Mjﬁ = 1. We further assume the shocks to have a very small upstream
ratio of normal to tangential magnetic field. With these assumptions, which are reasonably well satisfied for
our two shocks, the MHD jump condition for normal stresses and for total energy simplify to p; + pg; = p,
andto ¢,T; + (1/2)V;? = ¢,T,, respectively. In terms of the upstream plasma beta, , = p124,/B,? and the

gas law, we then find

pa/py = 1+1/8

/T 1+(2/5)/p
Ny/Ny = (B + 1) /(B +2/5)
S2/S1 = (Pa/p1)/(Ny /Ny

Note that the symbol S does not denote the actual entropy; instead, it is the usual proxy, S = p/N°/3 = T/N?/3,

With the upstream values g, = f;; + f,, taken from Table 1, the formulas (1) predict the ratios listed in Table 2.
The observed values, also taken from Table 1, are given for comparison. In arriving at the numbers in the
“observed” columns of Table 2 from the data in Table 1, we used p = (p; +2p,)/3 and included contributions
from both electrons and ions.

Although the predicted numbers in the table do not agree precisely with the measured values, the simple for-
mulas above demonstrate that the very different behavior seen in Shock 1 and Shock 2 is determined mainly
by the large difference in their upstream f values. The small g, for Shock 1 leads to large pressure, tempera-
ture, and entropy ratios whereas, for Shock 2, g, is of order 1, which produces much smaller ratios. The rough
agreement between the measured ratios and the simple predictions for switch-off shocks provides evidence
that our interpretation in terms of such shocks is justified. The required mass and/or velocity correctionfac-
tors, k,,, and k,, must be such that the true upstream value of M;ﬁ is equal to one, as required for a switch-off

Table 3. Predicted and Observed Pressure, Temperature, Density, and Proxy
Entropy Ratios for Shock 1, After lon Pressure Correction by the Factor k,

Shock 1
p,=0.0578
Predicted Observed
P, /P 18.22 18.22
/T 7.88 8.06
N, /N, 231 2.26
S5/ 451 468
ko 127
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shock. This condition leads to the values of k,k,, given in the bottom line of Table 2. We refer to the k., val-
ues 2.39 and 1.09 that correspond to k, = 1 as the “nominal” values. They may differ from their true values as
a result of possible errors in V\;; and, for Shock 1, errors in the plasma velocities caused by the unmeasured
cold plasma population (see section 3.2 below).

The agreement between prediction and measurement in Table 2 is by no means perfect. The absence of com-
plete total pressure balance, evident in Figure 2i, suggests that, at least for Shock 1, the measured ion pressures
may be underestimated by the ESA instrument. We can attempt to correct for this defect in a simple manner
by multiplying the ion pressure by a correction factor, k,, 50 that pyrected = KpP; + Pe- Such a correction will
influence not only the measured pressure ratio, 18.88 for Shock 1, but also the plasma beta used in the pre-
dictive formulas: f;corrected = KpBin + Per- We can then determine k,, by requiring the predicted and measured
pressure ratios to agree, after both have been corrected. The result for Shock 1 is k, = 1.27, along with the
modified numbers given in Table 3. For Shock 2, the predicted and measured pressure ratios in Table 2 are the

same so that no correction is needed (kp =1).

It is seen that the pressure correction for Shock 1 brings measurements and predictions closer together. But
some discrepancies remain for both shocks and must have different explanations. Deviations from our simple
quasi one-dimensional, time-independent, model could contribute both to the pressure corrections needed
and to the remaining discrepancies, and so could the pressure anisotropy. There are also further remaining
uncertainties in the measurements, associated with the presence of heavy ions [see Paschmann et al., 1986,
Appendix] and with the effective low-energy cutoff of the ESA instrument.

3.2. Effective lon Mass

The Mach numbers given in Table 1 are based on the assumption that all ions are protons, that the mea-
sured plasma velocities need no corrections, and that our HT frame velocity is accurate. The fact that Mjfnz
in the table, which should equal to one for a switch-off shock, is less than one for both shocks makes clear
that, either a mass correction k,, = Mefective/Mprotons CAUSEd by the presence of some heavy ions, and/or a
velocity correction, k, = V/ /V/ ., (evaluated in the HT frame), is required. At the upstream state of
Shock 1, a correction of the measured velocity could be needed because of differential motion along the
magnetic field between the measured ions and the cold, unmeasured ions. Assuming V;; to be correct, this
correction factor could be in the range 0.98 < k,,<1.30 and still leave the cold ion energy below the effec-
tive ESA low-energy cutoff potential. This range results from a combination of the nominal instrument cutoff
and the spacecraft potential, together about 10 eV. With our value kvzkm =2.39 (see Table 2), the effective
mass ratio for Shock 1 could therefore, in principle, be anywhere in the wide range 1.41 < k,, < 2.49, which
has substantial overlap with the range 1.31 < k,, < 2.30 reported by Borovsky et al. [2013] for events where
the magnetospheric side of the magnetopause is immersed in a plasmaspheric plume. For example, the
upper limit, k,, = 2.30, of the observed range would require the velocity correction factor to be k, = 1.02
in our event. This factor is to be applied to the upstream plasma velocity V' for Shock 1, given in Table 1,
which requires a field-aligned velocity adjustment of only about 4 km/s. This adjustment could in reality
have its cause, either in errors caused by the unmeasured ions or in errors coming from the frame velocity
determination, V;.

For Shock 2, the plasma velocity was presumably well determined by ESA so that k, = 1, provided that our
Vyr is correct. The effective mass factor then is k,, = 1.09 (see Table 2), which corresponds to an admixture of
3% He'**. This percentage is in the range of values typically seen in the solar wind. Errors in the field-aligned
portion of V,;; cannot be excluded but seem to be small, given this result.

A consequence of the “nominal” k,,, values (i.e., assuming k, = 1) we have deduced for the two shocks is that the
actual mass density would be p=20.1 amu in the magnetosheath and p = 29.5 amu in the magnetosphere.
Since the inflow into a switch-off shock is Alfvénic, we conclude that the mass flux into the reconnection
wedge from the magnetosphere was some 20% larger than that from the magnetosheath. Herein lies the likely
explanation for the approximate Petschek-like symmetry observed in the magnetic field configuration of our
event. Also, the disagreement with the Malakit et al. [2010] simulations mentioned in section 2.7 is potentially
removed: the stronger Hall loops could well be located on the magnetospheric side, as appears to be the case
in our event.
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3.3. Tangential Velocity Jumps

As can be seen in Table 1, the tangential plasma velocity components on the two sides of the event (i.e., the
upstream states of the shocks) show large differences: 110.3 km/s in the y components and 17.4 km/s in the
z components. This fact indicates, either that the magnetic configuration was undergoing rapid temporal
changes or that the frozen field condition does not hold across the reconnection layer. It appears likely that
the latter is the case and is a direct consequence of normal electric fields remaining in the HT frame, thereby
causing slippage of the various plasma layers relative to each other, as already discussed in section 2.3.

The average of the plasma flow velocities at the two field minima is within 5.4° of the negative MVA z direction,
with z component V, = —203.8 km/s (see Table 1). These results suggest that the X line orientation was fairly
close to the MVA y axis, thus allowing us to focus on the changes in V,. If no slippage in the z direction occurs,
and if the measured plasma velocity upstream of Shock 1 is correct, then AV, = 184.8 km/s should be exactly
Alfvénic, which would require k,, = 2.76. This value is outside the allowable range, 1.41 < k,, < 2.49, given
in section 3.2. For Shock 2, we have AV, = 156.8 km/s, which would require k,, = 1.27, a number that is
unacceptably high for the solar wind plasma. The conclusion is that slippage of the plasma layers relative to
each other must be present. This conclusion is independent of the quality of the HT frame determination.

4, Dissipation Mechanisms

In this section, we examine the possible roles played by resistive or viscous effects within each shock. Such
effects could be the result of fluctuations in the electric and magnetic fields. That such fluctuations are present
and have substantial amplitudes is evident from the hodogram sets in Figure 3.

4.1. Mass Conservation
In a steady state, conservation of mass across a one-dimensional (1-D) structure requires

pV, = const = p,V/, )

Here the subscript 1 refers to the upstream reference state and the absence of a subscript refers to any location
within the structure. In our MVA coordinate system, V; and V/, are positive for the first shock and negative
for the second shock. All velocities are those in the HT frame, where the flow is, at least ideally, field aligned on
the two sides of the shock, although not necessarily within it. From here on, we also assume for simplicity that
the effective ion mass remains roughly constant through each shock, although this may in reality not be the
case for Shock 1. We can then check how well the mass conservation law holds by comparing V! (black curve)
to V/ N, /N (red curve) in Figure 7e. Although there are some differences between the two curves, caused,
for example, by back and forth motion or by variable effective ion mass, we conclude that steady 1-D mass
conservation holds sufficiently well so that it can be used in our upcoming examination of Ohm’s law and the
tangential momentum equation. In particular, mass conservation appears to approximately hold across the
density dip at the beginning of Shock 1.

When applied between the upstream and the downstream state of each shock, the mass conservation law can
be rearranged to give Mj2 = Mf”(p1 /p>). From this formula, downstream Mach numbers, can be calculated
from the density ratio and the switch-off condition M3 = (1 — a;), with the ion pressure in a, corrected
by the factor k. The result for Shock 1 is M,; = 1.002 and M,, = 0.667; for Shock 2 it is M, = 1.090 and
M,, = 0.877. Comparison of these numbers with those given in Table 1 illustrates how misleading the Mach
numbers calculated from the raw data in the table can be.

4.2. Ohm’s Law
From the y component of Ohm’s law in its simple MHD form, and Ampére’s law, we write

V!B, — V!B, = —(1/ 1o)dB, /dx + B,dB, /dx/(Neuq) @3)

Here the first term on the right represents the resistive electric field along y and  is the resistivity. In reality, the
resistive term is unlikely to have the simple form given here. The second term on the right is the y component
of the Hall electric field (which is nondissipative). Contributions from the electron pressure tensor are assumed
to be negligible. From (2) and (3), we find that the tangential components of flow and field are related by

Vz, = (BZ/BX)V)/( - (ﬂ/Mon)de/dX + dBy/dX/(Ne”O)
= (B,/B)(p1/p)Vy, = (n/ 1oB,)dB, /dx + dB, /dx/(Neu). @)
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Figure 7. Dissipation mechanisms. First panel block shows reference information: (a) plasma density N (black) and

p(1 — a) (red for Shock 1; green for Shock 2), both in 1/cm3, with p expressed as a modified number density, k,,N, where
kp, is the nominal ratio of effective ion mass to proton mass (k,,=2.39 for Shock 1 and k,,, = 1.09 for Shock 2), and «a is
corrected via the ion pressure factor (kp = 1.27 for Shock 1 and kp =1 for Shock 2); (b) (1 — a) is the factor responsible
for much of the large variations in the product p(1 — a) (see discussion in section 4.3); (c) magnetic field magnitude (nT);
(d) velocity magnitude (km/s). Second block shows mass conservation: (e) V)’( (black) compared with (N, /N)V)’(1 (red for
Shock 1; green for Shock 2), according to equation (2). Third block shows results from Ohm'’s law: (f and g) The
comparison of V/ = V — V7 (in black) with the rightmost side of equation (5) (red for Shock 1; green for Shock 2). Fourth
block shows results from the tangential stress balance: (h and i) same format as Figures 7f and 7g but for equation (10).
Velocities (in the HT frame) and fields are in MVA coordinates. lon pressures, needed for «, are corrected by the factor

k, =127 for Shock 1 and uncorrected (k, =1.0) for Shock 2.

Since we assume the upstream plasma flow to be field aligned, we may then use V,, /B, = V; /B, to obtain
Vz/ = V{(Bz/31 )p1/p) — (n/ HoB,)dB, /dx + dBy/dX/(Neﬂo)~ (5)

A similar equation applies for the y component of the velocity. Note that the ratio V; /B, is to be taken as
positive for Shock 1 because the flow across it is parallel to the magnetic field and negative for Shock 2 where
the flow and field are antiparallel.

The combination of the second and third terms on the right in (5) can, in principle, be evaluated from the
data by looking at the difference between the measured values of V. on the left side of (5) and the calculated
values of (B,/B;)(p;/p)V; on the right side. In comparing these two terms, one can directly use the measured
velocities and the numbers given in Table 1, provided the velocity correction factor k, and the mass correction
factor k,,, can be considered constant in each shock, as we have done.

Comparison of the left-hand side (black curve) and the first term on the right-hand side (red or green curves)
of equation (5) is shown in Figures 7f and 7g. It is based on the upstream reference values listed in Table 1.
The discrepancy at the upstream point of Shock 1, which is prominent in Figure 4, is small in the present
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plot. Except for the large discrepancy associated with the RD and density dip at around 16:59:15 UT, the fit
is reasonably good, implying that, elsewhere, resistive and Hall effects, while perhaps not entirely absent,
are small.

To account for the large velocity discrepancy at the density dip (Figure 7g) via the resistive term appears
impossible, because a large negative resistivity would be required (dB,/dx is small and negative). The Hall
term has the required negative sign (dBy/dx < 0), but to make it sufficiently large, the width of the RD and
associated density dip would be only about 35 km (some 0.4 4,). Since the RD/dip duration is about 10 s, the
required earthward magnetopause speed would have to be only 3.5 km/s. These requirements are severe but
perhaps not entirely unacceptable. At present, they provide our only viable explanation for the large velocity
discrepancy seen at the RD/density dip in Figure 7g.

For Shock 2, the deviations between the green and the black points in Figures 7f and 7g cannot be taken as
convincing evidence for resistive effects because they do not occur where the current density is large. But note
that the shock duration in this case is extremely short, so that only one set of, possibly space/time-aliased,
plasma measurements was obtained during the rapid part of the magnetic field ramp.

In the absence of resistivity and Hall terms, equations (5) and(2) can be rearranged into the form of a modified
vector Walén relation, namely,

V' =Vi/p(1—a))/p(1 — ). (6)

As before, the subscript 1 in this expression refers to the upstream reference state.

Dissipation of some form, and in the appropriate amount, is required for both shocks. If it is not resistivity,
then it could perhaps be some form of viscosity (coming from the ion pressure tensor). We examine that
possibility next.

4.3. Tangential Momentum Conservation
The role played by viscous-like stresses F,(x) can be examined by the use of the tangential momentum
balance:

oV, (VL= V0) = B /upB,(1 — @) = B,,(1 — ap)] + F,. )

where F, vanishes on both sides (subscripts 1 and 2) of the shock. For a switch-off shock, we have

Vz’1 =B, V(1 = a;)/ Hop (8)
PV)I( =P V)’d =B V(1 —a))/uo 9)

By the use of (8) and (9), along with the assumption of field-aligned flow at the upstream station, we can
rearrange (7) to become

V! = VIB,/B)(1 —@)/(1 = ay) +F,/p, V!, (10)

A similar equation applies for the y component V;. As in (5), the sign of V] /B, must be made negative for
Shock 2.

In the absence of viscous stresses, the first term on the right in (10) must balance the term on the left. In
comparing the two terms, the velocity correction factor k, can again be ignored, provided it remains constant
across each shock; a constant mass correction factor k,,, also does not enter, but the ion pressure correction
k, is needed to adjust the pressure anisotropies  and ;.

Comparison of the left side and the first term on the right side of (10) is shown in Figures 7h and 7i. They do
indeed show a reasonably good overall fit, albeit with more substantial local deviations, in particular, for the
downstream point of Shock 2, where (1 — a) has turned negative. Elsewhere, the deviations between green
and black curves in Figures 7h and 7i could perhaps be an indication of the presence of viscous stresses. But
the largest deviations are not where the largest velocity shear occurs, casting doubt on such an interpretation.
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The large discrepancy, seen at the RD location (16:59:15 UT) in Figure 79, is absent in Figure 7i. This behavior
indicates that the Hall term, present in Ohm'’s law but not in the tangential stress balance, is the likely agent
responsible for the discrepancy.

If viscous effects are negligible, the y and z component equations above can be rearranged and combined to
form a different modification of the tangential part (but not the normal part) of the Walén relation, namely,

V;,ZZVZy,z\/p(1 _a)/p1(1 —0,’1) (11)

With little or no resistive and viscous effects, the dissipation would have come about in a different way. That
pressure anisotropy plays an important role is evident already from Figure 2g, in which it is seen that both
shocks act to isotropize the plasma temperatures. In Shock 1 this occurs mostly by increasing T, in Shock 2
mostly by increasing 7.

In the absence of resistive, Hall, and viscous effects, equations (6) and (11) can be combined to yield
p(1—a)=p;(1 —ay) (12)

which would make such a switch-off shock indistinguishable from a dissipation-free rotational discontinuity,
at least on the basis of whether or not equation (12) holds. Note that in calculating the product p(1 — a), the
ion pressure correction factor k, must be included in  and the mass correction factor k,, in p. In Figure 7a,
these corrections have been incorporated in the product, which is shown as the green curve. It is seen that
the product exhibits large variations, caused by fluctuating, and probably not meaningful values of (1 — «)
in the center part of the event (see Figure 7b). At least in part, these fluctuations may be the result of active
fire hose instability, which occurs for a > 1. Within each shock, the behavior is more orderly but cannot be
characterized as having a constant value of the product p(1 — «). Our suspicion is that this product may in
reality have been nonconstant in most of the events that have been identified in the past as magnetopause
RDs. Even when the actually measured ion composition is included in the mass density, the product does
not become constant, as recently demonstrated by Blagau et al. [2015]. For our event, these results pose an
unresolved dilemma: On the one hand, we find no convincing evidence of the combined resistivity/Hall terms
in Ohm'’s law or of viscous stresses in the tangential momentum law, which implies that the product p(1 — a)
should be constant, or at least approximately constant. On the other hand, we evaluate this product from the
measurements (either without or with the ion pressure correction factor k) and find it to be far from constant.

5. Summary and Discussion

We have presented qualitative and quantitative analysis of an outbound magnetopause crossing of the
dayside, low-latitude, magnetopause by the spacecraft THEMIS D during ongoing reconnection. The event
exhibits high magnetic shear (152°) across the magnetopause with a southward directed high-speed plasma
jet embedded in it. The jet direction and the sunward direction of the magnetic field component B, normal
to the magnetopause both indicate that the crossing occurred southward of a reconnection site. The Walén
test (see Figure 4) illustrates that the flow is approximately field aligned in the deHoffmann-Teller (HT) frame
but that the correlation between flow and field reverses sign, from positive on the magnetosphere side to
negative on the magnetosheath side. Together with this reversal, the positive (sunward) B, implies that there
is inflow into the exhaust jet from both the magnetosheath and the magnetosphere side. In the HT frame,
this two-sided inflow can also be seen directly in the velocity data (Figures 4f and 7e) as a reversal of the nor-
mal velocity component, V, = V, — V,y1,, from sunward (positive) on the magnetospheric side of the event to
earthward (negative) on the magnetosheath side.

The magnetic field components tangential to the magnetopause are very nearly switched off in the center
of the event, leading to the conclusion that, as predicted by Petschek [1964], the exhaust jet is created by,
and wedged between, two switch-off shocks, Shock 1 on the magnetospheric side and Shock 2 on the mag-
netosheath side. Basic features supporting this interpretation include theoretically predictable, enhanced,
values of density, pressure, ion and electron temperatures, and entropy, in the exhaust jet. The large jumps of
these thermodynamic quantities across Shock 1 and the much smaller jumps across Shock 2 is accounted for
by the much lower plasma beta value in the magnetosphere (see section 3). But as discussed below, there are
also observational features and limitations that complicate the picture.
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Examination of the spacecraft potential (see Appendix A) revealed the presence, on the magnetospheric side,
of a large population of ions with energies below the range of the plasma instrument ESA. The plasma com-
position is not measured but, from the Alfvénic nature of the flow, as seen in the HT frame immediately
upstream of a switch-off shock, we have been able to approximately estimate the effective ion masses in the
two shocks (see section 3.2). For Shock 1, the result was 2.39 amu with a wide range of uncertainty (1.41 to
2.49 amu) associated with the range of field-aligned flow speeds of the ions that fall below the ESA energy
threshold. For Shock 2, in which one may presume that essentially all ions were recorded by ESA, the result was
1.09 amu corresponding to the presence of some 3% He**. For both shocks there is additional uncertainty
associated with possible errors in the HT frame velocity. Nevertheless, the results indicate that the mass flux
into the exhaust jet from the magnetospheric side was in all likelihood larger than from the magnetosheath
side, which can help account for the unusual configuration of two back-to-back switch-off shocks seen in this
magnetopause event.

The average, earthward directed, magnetopause motion was found to be 14.1 km/s with a resulting width
of ~#1227 km = 12.34; for Shock 1 and ~338 km = 6.14; for Shock 2. Note that the duration used for Shock
1 includes a preshock interval of ~300 km = 3.04;, in which a pronounced number density minimum occurs
and in which a rotational discontinuity (RD) of width %140 km = 1.44; is imbedded. The RD is an Alfvénic
structure. It is located immediately upstream of Shock 1 because the latter is nearly at the switch-off limit so
that its upstream state is also Alfvénic. In other words, the RD and the shock both propagate at the Alfvén
speed based on the normal field component and therefore have zero wedge angle between them. There are
indications in the time series of the magnetic field that there may be some small scale back-and-forth motion
of the magnetopause so that individual structures may have had widths that deviate substantially from the
above values. However, at least portions of the event has widths of only a few 4, so that some effects of Hall
physics should be visible. There is also evidence that a sharp local deformation (bend) of the structure was
encountered between the two shocks.

The event does show indications both of Hall current loops manifested as out-of-plane magnetic fields, 8,
and strong bipolar electric fields E, (in the spacecraft frame) pointing toward the middle of the event. But
these Hall parts of the configuration are very asymmetric, with most of the Hall structure being located in the
combined RD and Shock 1, i.e., on the magnetospheric side. There is also some weak evidence of Hall current
loops associated with Shock 2.

The separatrix locations were not found in the observations but their locations, predicted from magnetic flux
conservation, are substantially upstream of the shocks and of the RD structures at their upstream edges. The
implication is that the observed density minimum, immediately preceding Shock 1, was not colocated with
the separatrix on the magnetospheric side.

The pressure anisotropy factor « is weak in the magnetosphere but substantial and negative in the mag-
netosheath. In parts of the exhaust jet, one has « > 1, which means that the fire hose instability should be
active there.

There was little time delay between the downstream ends of the two shocks, indicating that they were still
too close to the reconnection site to have been able to establish their final widths. In addition to the firehouse
instability, the situation in the center of the exhaust jet may be further complicated by the fact that, accord-
ing to resistive-dispersive theory [Hau and Sonnerup, 1990, 1992], a slow shock in our parameter regime is
expected to have a standing, circularly polarized, wave train at its downstream end. In our event, the shocks
may not be fully formed but there is perhaps some evidence for incipient, overlapping, wave trains in the
partial ring formed by the hodogram trace around the origin of the high-resolution tangential hodogram.

We have shown that maintaining the balance of stresses in the direction normal to Shock 1 requires a multi-
plicative correction factor k, = 1.27 for the ion pressures (see Table 3). This correction may be related to the
presence of heavier ion species.

The interior structure of the shocks was investigated by use of Ohm'’s law and the tangential momentum
equation. The results show no convincing signatures of the presence of ordinary resistivity and viscosity. The
only possible indications of such effects were not found where expected, namely, where the electric current
density and/or the velocity shear are largest. And the Hall electric fields themselves do not cause dissipation.
It appears likely that dissipation in the shocks themselves comes mainly from irreversible transfer between
the parallel and the perpendicular energy reservoirs.
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Particle-in-cell simulations of the reconnection of antiparallel fields, and associated theoretical analysis
[Liuetal., 2012], have shown the formation of a plateau in the anisotropy factor « at the level « = 0.75 in each
of the two shocks bounding the plasma exhaust. Between these plateaus, the simulations show a region of
a > 1, indicating the presence of the fire hose instability. The (uncorrected) a values shown in Figure 4d, do
indeed show some evidence for such plateaus, at least for Shock 1 with its much longer duration. And in the
center of the exhaust region, the observed a values do indeed fluctuate between large positive and large neg-
ative values. We conclude that there is at least qualitative agreement between some of the simulation results
and the observed behavior.

There is clear evidence in the measured plasma velocity components tangential to the magnetopause
(see Table 1) on the two sides of the magnetopause that the frozen field condition is violated. Presumably this
is the result of nonzero normal electric fields within the shocks and exhaust. This effect can lead to slippage of
the various plasma layers of the event relative to each other and relative to the magnetic field, the result being
that the jumps in the tangential velocity components across each shock may deviate from being Alfvénic. In
our event, the jumps in the zcomponent are indeed somewhat sub-Alfvénic, provided our nominal effective
ion masses are correct.

The magnetopause structure during ongoing reconnection examined in this paper is unusual in that it
involved large amounts of heavy ions on its magnetospheric side. Combined with the large magnetic shear
angle, the result was a near switch-off of the tangential magnetic field, i.e., a deep field minimum in the mid-
dle of the layer. The event can therefore not be described by standard component reconnection models.
Numerical simulations that mimic the conditions in our event could help shed light on the detailed physics.

Cursory inspection of magnetopause reconnection events in which the configuration remains strongly asym-
metric indicates that they usually show substantial field magnitude minima and also somewhat sub-Alfvénic
flow. For these two reasons, one can surmise that most such events must contain elements of slow-mode
shocks, in addition to the RDs needed to accommodate the magnetic shear angle. They may also exhibit the
slippage of plasma relative to magnetic field mentioned above.

Appendix A: Cold Plasma

As shown by the ion spectrogram (Figure A1a), there is “cold” (up to tens of eV) plasma within the magne-
tosphere side of the exhaust. Inspection of the distribution functions indicates that this cold plasma extends
until about 17:00:20 UT. Figure A2 shows such a distribution function, measured near 16:59:23 UT. The space-
craft electric potential makes clear, however, that on the magnetospheric side there is additional plasma that
is initially not detected by the ESA instrument. lons need to have energies above ~10 eV to be measured,
given the ion instrument’s low-energy threshold of ~5 eV and the spacecraft potential of ~ +5 eV at this time.
Electrons gain ~5 eV from the potential, but the electron instrument’s low-energy threshold is ~7 eV at the
time. Thus, electrons are not recorded if their energy is less than ~2 eV.

Figure A1b shows the ESA-measured densities (black for ions, red for electrons), which are very low (generally
less than 1 1/cm?3) in the magnetosphere. Superimposed (in green) is the density inferred from the spacecraft
potential measurements by the EFIl instrument [Bonnell et al., 2008]. It shows a density near 10 1/cm? in the
magnetosphere but agrees quite well with the ESA-based densities in the exhaust, because the cold ions have
been accelerated as they enter the exhaust so that they are now within the ESA energy range. There is also
an early density peak near 16:58:20 UT, presumably caused by a brief encounter with the magnetopause. In
this brief peak, the cold ions have been accelerated to a sufficient extent so that the ESA ion density agrees
with the potential-derived density, but the electron density remains very low, indicating that their energy
remained less than =2 eV.

The cold plasma, undetected by the ESA instrument, must also affect the temperatures. Assuming that the
cold plasma does not contribute to the plasma pressure, the effective temperatures can be calculated by divid-
ing the ion and electron pressures measured by the ESA instrument by the composite density (green curve
in Figure A1b). Figure A1c shows, as the black and red traces, respectively, the ion and electron temperatures
(T = (T +2T,)/3), obtained by dividing the ESA-measured ion and electron pressures by the respective ESA
densities, and as the blue and green traces the temperatures obtained by dividing the same pressures by the
composite density. As the figure shows, the temperatures based on the composite density now rise rather
than drop when entering the exhaust from the magnetosphere side.
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Figure A1. Densities and temperatures including the cold plasma. (a) lon energy-time spectrogram (color bar units are
eV /cm? s). (b) lon (black) and electron (red) number densities (N;, N,) as measured by the ESA instrument, plus the
density, N, inferred from the spacecraft potential (green). A composite density (referred to simply as N in all time series
figures and equations in the paper) has been constructed, consisting of the potential-based density up to 16:59:35 UT
(green trace), and the ESA-based ion density (black trace) thereafter. (c) lon (black) and electron (red) temperatures (in
eV), obtained by dividing the ESA-measured pressures by the densities N; and N,, respectively, plus the ion (blue) and
electron (green) temperatures obtained by dividing the ESA-measured pressures by the composite density. (d) The ion
parallel (red) and the two perpendicular (black) temperatures, also obtained by dividing the pressures by the composite
density. (e) The same for electrons.
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Figure A2. Two-dimensional ion distribution function in the V| and V, plane. It was sampled in a single 3 s spin period.
The crescent-shaped component on the left represents the accelerated magnetosheath distribution, while the red
component near the origin represents the cold ions from the magnetosphere. Phase space densities are color coded as
shown on the right.
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It is interesting to note that, using the magnetospheric temperature corrected for the presence of the
cold plasma, the (effective) inflow temperature is lowered, while the exhaust temperature stays the same,
leading to anincreased AT;, the resulting value being much closer to the prediction from the empirical formula
developed by Phan et al. [2014].

Figures A1c and A1d show the three diagonal elements of the ion temperature tensor, obtained by divid-
ing the magnetic field-oriented pressure tensor by the composite electron density. The red trace represents
T, and the two black traces represent T, as the maximum and minimum values in the plane perpendicular
to B. The ion parallel temperature increases strongly when entering the exhaust from the magnetosphere
side, an effect caused by the relative motion of the cold and hot ion populations. The perpendicular tem-
perature increases more slowly, until isotropy is reached. Entering the exhaust from the magnetosheath side,
the parallel temperature rises sharply too, until it agrees with the perpendicular temperature. The electron
temperatures in Figure Ale, obtained the same way, indicate near isotropy. As it is shown, the two black
traces in the Figures A1d and A1le are nearly equal throughout, meaning that the distributions are essentially
gyrotropic.

While the assumption that the cold ions have no intrinsic pressure seems reasonable, any relative velocity
between the cold and hot ions, such as shown in Figure A2, for times when the cold ions have become visible,
will introduce a contribution to py. Thus, the parallel temperatures obtained by dividing the pressures by
the composite density will have too low values. This is a likely explanation for the pressure correction factor,
kp = 1.27, needed in Shock 1.

The cold plasma should also affect the bulk velocity. The large discrepancy between the z components of
the plasma velocity V' and the Alfvén velocity (see Figure 4h) at the beginning of the event is probably in
part related to this fact. First, the density around 10 1/cm? is dominated by the cold plasma inferred from the
spacecraft potential, while the density recorded by the ESA instrument is only around 0.2 1/cm3. Thus, the
bulk velocity measured by ESA is probably not representative of the plasma as a whole. This is confirmed by
a comparison (not shown) of the components of V|, as measured by ESA, with the components of (E x B)/B?
(with E measured by EFl), which shows that there is agreement only where there is sufficient density. We
have formally incorporated this effect via the velocity correction factor with an upper limit k, < 1.30. However,
the second, and dominant, reason for the discrepancy is that V,, calculated under the assumption that all
ions are protons (as was the case in Figure 4), would be overestimated, if heavier ions are present. There is
persuasive evidence for the presence of such ions with effective ion mass ratio in the range 1.41 < k,, < 2.49,
as discussed in section 3.2.
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