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Key Points:

« A survey of MMS observations of Farth’s bow shock shows that reconnection is
often present within the transition region.

« Current sheets are localised to the shock transition region, separate from magne-
tosheath turbulence further downstream.

e The primary consequence of reconnection in shocks is on magnetic topology, rather

than heating.
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Abstract

We have conducted a comprehensive survey of burst mode observations of Earth’s bow
shock by the Magnetospheric Multiscale (MMS) mission to identify and characterise cur-
rent sheets associated with collisionless shocks, with a focus on those containing fast elec-
tron outflows, a likely signature of magnetic reconnection. The survey demonstrates that
these thin current sheets are observed within the transition region of approximately 40%
of shocks within the burst mode dataset of MMS. With only small apparent bias towards
quasi-parallel shock orientations and high Alfvén Mach numbers, the results suggest that
reconnection at shocks is a universal process, occurring across all shock orientations and
Mach numbers. On examining the distributions of current sheet properties, we find no
correlation between distance from the shock, sheet width or electron jet speed, though
the relationship between electron and ion jet speed supports expectations of electron-
only reconnection in the region. Furthermore, we find that robust heating statistics are
not separable from background fluctuations, and thus the primary consequence of recon-
nection at shocks is in relaxing the topology of the disordered magnetic field in the tran-

sition region.

1 Introduction

Collisionless shocks are ubiquitous across astrophysical and space plasma environ-
ments, including planetary and stellar bow shocks, interplanetary shocks in the solar wind,
and supernova remnants (Burgess & Scholer, 2015). In reducing flows from super- to sub-
sonic speeds, shocks in these environments must dissipate energy by “kinetic” plasma
processes involving direct interaction of the ions and electrons with the electromagnetic
fields. Understanding which microphysical processes are at play, and how, is critical for
characterising particle heating and acceleration at shocks (Auer, Hurwitz, & Kilb, 1962;
Gosling & Robson, 1985; Morse, Destler, & Auer, 1972). However, these phenomena are
strongly dependent on shock parameters such as the Alfvén Mach number (M 4), plasma
beta (8), and the angle between the upstream magnetic field and shock normal (6g,,)

(Burgess & Scholer, 2015).

Recent simulations of quasi-parallel shocks (g, < 45°) (Gingell et al., 2017) and
perpendicular shocks (6p, = 90°) (Bohdan, Niemiec, Kobzar, & Pohl, 2017; Matsumoto,
Amano, Kato, & Hoshino, 2015) have shown that kinetic processes occurring within the

shock foot can generate current sheets and magnetic islands. In these simulations, cur-
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rent sheets and magnetic islands undergo magnetic reconnection, for which localised changes

in magnetic topology result in rapid transfer of energy from fields to particles.

In the standard model, typical of large-scale current sheets at the magnetopause,
reconnection occurs within an electron-scale diffusion region (Burch et al., 2016; Vasyli-
unas, 1975), while at ion scales coupled ions are ejected from the diffusion region as bi-
directional jets (Gosling, Skoug, McComas, & Smith, 2005; Paschmann et al., 1979; Phan
et al., 2000). Reconnection exhausts then extend to much larger scales. In turbulent plas-
mas such as the magnetosheath or solar wind, magnetic reconnection is thought to play
an important role in dissipation of energy at kinetic scales (Chasapis et al., 2018; Matthaeus
& Lamkin, 1986; Retino et al., 2007; Servidio, Matthaeus, Shay, Cassak, & Dmitruk, 2009;
Sundkvist, Retind, Vaivads, & Bale, 2007; Yordanova et al., 2016). In the case of tur-
bulent reconnection, observations by Phan et al. (2018) have shown that in the magne-
tosheath, reconnecting current sheets may not exhibit an ion exhaust at ion-scales or larger.
Instead, the electron diffusion region encompasses the entire thin current sheet. This ob-
servation contrasts with others in the magnetosheath, for which ion exhausts have been

observed (Eastwood et al., 2018; Qieroset et al., 2017; Voros et al., 2017).

In the case presented by Gingell et al. (2017), the generation of reconnecting cur-
rent sheets at a quasi-parallel shock was modulated by a cyclic self-reformation of the
shock ramp, driven by reflected and back-streaming ions (Biskamp & Welter, 1972; Burgess,
1989, 1995; Hada, Oonishi, Lembege, & Savoini, 2003; Krauss-Varban & Omidi, 1991;
Scholer, Shinohara, & Matsukiyo, 2003). In combination, these kinetic processes lead to
the formation of a distinct turbulent or disordered transition region close to the shock
ramp, separating the solar wind from the magnetosheath proper. For the purposes of this
study, the shock transition region encompasses the region over which shock driven pro-
cesses generate structure and fluctuations both upstream and downstream of the shock
ramp. This includes upstream structures associated with back-streaming and reflected
ions (i.e. the foot), the shock ramp, the overshoot and undershoot and similar large am-
plitude downstream fluctuations preceding the relatively quiescent magnetosheath. Within
the transition region generated in the simulations by Gingell et al. (2017), magnetic is-
lands merge by reconnection to form larger scale structures that are convected down-

stream.
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Recent observations of Earth’s bow shock by the Magnetospheric Multiscale mis-
sion have confirmed that active reconnection is indeed occurring within the shock’s tran-
sition region (Gingell et al., 2019; Wang et al., 2019), which extends from the shock foot
and downstream of the shock ramp. Although these observations established the occur-
rence of reconnection at shocks, further open questions remain. For example, although
an encounter with an ion exhaust has been described by Wang et al. (2019), many of the
structures observed to date only exhibit evidence of coupling to the electrons. For that
subset of events, there are no associated ion outflow jets or coincident increases in the
ion temperature. Observations of reconnection further downstream in the magnetosheath
also show electron-only reconnection (Phan et al., 2018), thus raising the question of how
reconnection at the shock is linked to similar turbulent reconnection processes in the mag-
netosheath. However, for the cited shock observations, the current sheet widths are at
ion scales rather than electron scales. Second, the shock reconnection case studies do not
establish the frequency of this phenomenon, nor therefore its impact on energy re-partition
at shocks. In the observations, the lack of ion response in some cases confirms that a hy-

brid particle-in-cell model cannot fully capture the energetics of these structures.

Given recent case studies of reconnection at the shock in both simulations and ob-
servations, we must next asses the integrated impact of reconnection on shock dynam-
ics and energetics by adopting a statistical approach to the analysis of spacecraft obser-
vations. In this paper, we present a survey of current sheets exhibiting electron outflows
(i.e. active reconnection sites) at Earth’s bow shock, observed during Phase 1 of the Mag-
netospheric Multiscale mission (Burch et al., 2016). We examine the frequency of ob-
servation of shock waves exhibiting reconnection, the parameters of those shocks, and
the statistics of the properties of the reconnecting current sheets. The survey is there-
fore able to target the following key questions: i) Which shock parameters and geome-
tries lead to the generation of reconnecting current sheets? i) Where does reconnection
occur relative to the shock ramp? iii) What are the distributions of current sheet sizes
and jet speeds, and how does that relate to the frequency of electron-only reconnection?
iv) Do current sheets at the shock generate measurable heating signatures? We find that
quasi-parallel and high-Mach number shocks generate more current sheets, that recon-
nection at shocks is separable from the population of reconnection sites associated with
turbulence of the magnetosheath, and that reconnecting current sheets are more com-

mon in the downstream transition region than the foot. Furthermore, we show that cur-



121 rent sheet properties such as width and jet speed are uncorrelated, and that any ion re-

122 sponse is typically much weaker than the electron response, supporting an electron-only
123 reconnection model. Given that the temperature response is weak for both ions and elec-
124 trons, we finally conclude that the energy released by reconnection is not often observ-
125 able as heating local to the reconnection site. Thus we expect that the primary conse-

126 quence of reconnection in the shock transition region is in relaxing the magnetic fluc-

127 tuations generated in the shock foot and ramp.

128 2 Survey Method

129 The following survey is performed for all bow shock crossings during the period 7th

130 October 2015 to 9th February 2017 for which all necessary burst data are available for

131 all four MMS spacecraft. The survey period corresponds to MMS mission phases 1A and

132 1B. Within that period, 223 shock crossings are available with sufficient burst data to

133 conduct the following analysis. Electromagnetic field data are provided by the flux gate

134 magnetometer (FGM) (Russell et al., 2016) and electric field double probe (EDP) (Lindqvist
135 et al., 2016), both within the FIELDS suite (Torbert et al., 2016). Particle data have

136 been provided by the Fast Plasma Investigation (FPI) (Pollock et al., 2016). The sam-

137 pling frequency is 128Hz for the FGM magnetic fields, and 8kHz for the EDP electric

138 fields. The full three-dimensional ion phase space is sampled by FPI every 0.15s, and the

139 electron phase space is sampled every 0.03s.

140 For each burst interval containing a shock, the shock parameters are determined

11 by the following method:

142 1. The times at which the spacecraft MMS1 crosses the shock ramp and the bound-
143 ary between the transition region and magnetosheath (if apparent) are chosen man-
144 ually by inspection of the magnetic field and particle moments. Time ¢, corre-

145 sponds to the shock ramp, i.e. the boundary between the solar wind and shock

146 transition region which extends downstream. Time t;. corresponds to the bound-
17 ary between the shock transition region and the magnetosheath.

148 2. Upstream, downstream and transition region plasma parameters are then deter-

149 mined using the mean of the fields and moments in the intervals upstream of ¢4,
150 downstream of ¢, and between tg;, and t;, respectively.
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3. The shock normal ngy, shock speed vy, and orientation #pg, are determined by

three separate methods: i) performing a four-spacecraft timing analysis (Schwartz,
1998) on the electron number density time series, across a 4s interval centred on
the shock ramp time t4p; ii) using the Peredo shock model (Peredo, Slavin, Mazur,
& Curtis, 1995) given the upstream solar wind conditions for the interval upstream
of tsp, and scaled to the position of MMS1; and iii) using the magnetic field and
electron bulk velocities upstream and downstream of the shock, given the require-

ments set by co-planarity theorem (Abraham-Shrauner, 1972; Schwartz, 1998).

. The Alfvén Mach number M4 is derived for each interval from the mean fields and

electron bulk plasma parameters for the period upstream of the shock ramp, i.e.

My =v,- nsh/vA,upstream-

Within each burst interval containing a bow shock crossing, candidate reconnec-

tion sites are identified by the following method:

1. A time series of the current density is obtained from the curl of the magnetic field,

using the magnetic field data from FGM for the four MMS spacecraft (Robert,

Dunlop, Roux, & Chanteur, 1998).

. The algorithm identifies time intervals for which the magnitude of the current den-

sity exceeds three times the standard deviation calculated from the full burst in-
terval. A Gaussian filter of width 0.08s is applied to the time series of the mag-
nitude of the current density prior to this test in order to ensure that regions of

strong currents are not split within a given structure.

. Each contiguous time interval for which |J| > 30 is uniquely labelled. Within

each of those intervals, the maximum of |J| and corresponding half-maxima are
identified. The interval between bounding half-maxima of the peak in |J| is con-

sidered the current-carrying region.

. A coordinate system for each strong current interval is found using minimum vari-

ance analysis (Gosling & Phan, 2013; Phan et al., 2018), identifying the maximum
(L), intermediate (M) and minimum (N) variance directions of the magnetic field

from the FGM magnetic field data over the current-carrying region.

. The algorithm then identifies an event as a candidate active reconnection site if

the following conditions are met: i) the sign of the maximum variance component

of the magnetic field By, changes sign across the current carrying region, ii) there
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is a peak in the L-component of the electron bulk velocity V.; within the current
carrying region that deviates from the mean by more than one standard devia-
tion. That deviation of the bulk velocity is expected to correspond to an electron

outflow jet.

Finally, we determine the properties of each candidate reconnection event identi-
fied by the survey algorithm as discussed in each relevant section. Following the auto-
mated survey, a manual inspection of each candidate event was performed eliminate false
or ambiguous identifications. In order to be considered a positive observation, a given
candidate must display the following features: i) it is not part of a periodic structure,
such as a wave; ii) there is a significant peak in the electron bulk velocity in the max-
imum variance direction V., which is within the bounds of the magnetic field reversal
and well distinguished from fluctuations outside the sheet; iii) current density is predom-
inantly in the intermediate variance M-direction; and iv) the L-component of the mag-
netic field 6 By, and electron bulk velocity 6V, L/H0ompn are not similarly correlated across
the current carrying region. We note that criteria (iv) is line with the Walen test, for
which we expect to see a change in sign of the correlation across the field reversal. How-
ever, a strict change in sign may not be observed if the electron outflow is offset (as may
be the case for asymmetric or guide field reconnection. In ambiguous cases, we may also
examine the eigenvalues of the coordinate transform matrix generated by the minimum
variance analysis, in order to ensure that the minimum and intermediate variance direc-
tions are not degenerate. A poor quality minimum variance analysis in this regard in-

dicates that an observed structure is not quasi-1D, i.e. it is not sheet-like.

An example of a reconnecting current sheet identified by the survey is shown in Fig-
ure 1. In this case, the field reversal is observed approximately 30s before the spacecraft
crosses the shock ramp from the magnetosheath into the solar wind. The shock orien-
tation (determined using a shock model) is 05, ~ 85°, and M4 ~ 2. Panel (k) demon-
strates that the correlation between the L components of the magnetic field and elec-
tron velocity reverses across the electron jet, satisfying the Walen test for the observa-
tion of active reconnection (Gosling et al., 2005). Panel (i) demonstrates that there is
a peak in the electron temperature coincident with the current sheet, suggesting that the

plasma is heating as a result of reconnection.
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Figure 1. An example of an active reconnection site identified close to the bow shock crossing
observed by MMS1 on 23rd December 2016 at 08:48:40UTC. Panels (a)-(d), for the full burst
interval: magnetic field in GSE coordinates; current density in GSE coordinates; spectrogram of
the ion differential energy flux; spectrogram of the electron differential energy flux. Dashed black
lines show the locations of the shock ramp and edge of the transition region, and dashed magenta
lines show the boundaries of the example interval. Panels (e)-(k), showing a close-up of an auto-
matically identified reconnection site: magnetic field in minimum variance coordinates LMN, bulk
electron (solid) and ion (dashed) velocities; current density from the curl of the magnetic field;
the difference between ion and electron bulk velocities; electron temperature; ion temperature;
magnetic field fluctuations § B, and velocity fluctuations dvr,//fop over-plotted to highlight

the location of outflows with respect to field reversals. Panel (1): the trajectory of the MMS

spacecraft through the example current sheet.



214 3 Results

215 The automated survey identified 904 candidate reconnection events within the avail-
216 able shock crossings. Of the potential observations, the manual search identified 212 as

217 current sheets. However, 47 of those structures did not show clear evidence of active re-
218 connection, i.e. there we no significant electron or ion jets. Thus, the survey identified

219 165 actively reconnecting current sheets. These reconnecting current sheets were observed
220 at 90 shocks out of the 223 shock crossings included in the survey. Hence, reconnection

21 is captured by MMS at 40% of shocks observed during Phase 1 of the mission.

22 The full list of 165 active reconnection events is given in the Supplemental Mate-
223 rial, each with associated shock parameters and current sheet properties.

204 3.1 Shock Parameters

25 Given that reconnection has only been observed within 40% of shock crossings dur-

226 ing Phase 1A of the MMS mission, it is important to quantify the kinds of shocks that

207 can generate active reconnection sites within the transition region. The distributions of
28 key shock parameters 0g,, and M4 are shown in Figure 2. The distribution of shock ori-
229 entation 6pg,, is shown for all three methods calculated within the survey: co-planarity

230 theorem, timing analysis and the Peredo shock model (see section 2).

231 We note that different methods of determining the shock orientation 6p,, produce
232 significantly different distributions. Since non-stationary and non-planar structure within
233 the shock ramp such as ripples and shock reformation (Gingell et al., 2017) can cause

234 local, ion-scale deviations in the shock orientation, timing analysis is unlikely to prop-

235 erly capture the global orientation of the shock for quasi-parallel shocks. Hence, we con-

236 sider the shock model method (third column in Figure 2) to be most reliable. We de-

237 fine the distribution function P,y () as the probability of observing a given parameter

238 x across all 223 shocks included in the survey. Likewise, we define the distribution func-

239 tion Prec(z) as the probability of observing a given parameter  across only those 90 shocks
240 for which at least one current sheet with an electron outflow was observed. The prob-

201 ability distribution Payi(05n, model) in this case demonstrates that parallel shocks are less

242 commonly observed by MMS than quasi-perpendicular shocks. This is expected given

243 that intervals containing parallel shocks are more difficult to identify as clear, thin bound-
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ary layers, and are thus less likely to be selected for downlink during the data selection

process.

The bottom row of Figure 2 shows a ratio of the probability distribution of shock
parameters for all observed shocks and for those exhibiting signatures of reconnection,
Prec/Pan. For P/ Pan > 1, for example, a given parameter range is more common within
the population of shocks exhibiting current sheets with electron outflows. We find that
Prec/Pa; = 1 across all parameter ranges within the given errors, for both 05, and M4.
This suggests that reconnection within the shock transition layer is a universal process.
However, from the distributions of 0y timing, @Bn,model @and M4, we observe small bi-
ases towards quasi-parallel and high Mach number shocks. This suggests that non-stationary
processes and instabilities, observed more frequently at quasi-parallel and/or high Mach
number shocks, may lead to the generation of more current sheets, but uniquely quasi-
parallel shock phenomena cannot be solely responsible for the occurrence of conditions

conducive for reconnection.

3.2 Sheet Locations

On examining the location of each identified reconnection site with respect to geo-
centric solar ecliptic (GSE) coordinates, we find (as expected) that the current sheets
are observed in a band approximately 10—12R g resembling the bow shock geometry,
restricted by the orbits of MMS during Phase 1A. The spatial distribution is not shown

in this paper, though the data are included in the supplemental material.

A histogram of the distribution of reconnection sites as a function of the time tg,
between sheet observation and MMS1 crossing the bow shock ramp is shown in the left
column of Figure 3, where tg;, < 0 corresponds to the upstream solar wind region. Like-
wise, the distribution of a “pseudo-distance” of a reconnection event from the shock ramp,
given by Dgp = vsptsh, is shown in the right column. The shock velocity vsy, is deter-
mined by timing analysis on the shock ramp at ¢4, as discussed in Section 3.1. Hence,
for this section only, the dataset is down-sampled to include only those shocks for which
the timing analysis returned valid (non-infinite) solutions. Furthermore, we note that
there are significant errors associated with the pseudo-distance measure D) due to the
assumption of a constant shock speed across the spacecraft, vs,. Owing to the dynamic

nature of the system, the shock is not expected to continue to propagate at the same speed

—10—
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Figure 2. Top row: histograms showing the probability across all 223 shocks in the survey

of observing a given shock orientation 6p.,, calculated using co-planarity theorem (left), timing
analysis (middle-left) and shock model (middle-right), along with Alfvén Mach number (right).
Middle row: histograms showing the probability of observing a given orientation or Mach number
for the 90 shocks at which at least one reconnecting current sheet was observed. Bottom row:
Ratio of the probabilities of orientation and Mach number for shocks exhibiting reconnection and
all shocks in the survey. The error bars represent a v/N error, where N is the number of shocks

recorded within each bin.
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for the full length of a given burst interval. Hence, the error increases significantly with
time, and pseudo-distance Dy, is likely to be a significant overestimate of the true dis-

tance of an event from the shock ramp.

The histograms demonstrate that the population of reconnection events is well lo-
calised to the shock ramp, within 50s or ~ 5Rg. However, in order to remove selection
biases, we must consider how long the spacecraft observed any given region of space. This
is especially important since the data selection process biases towards burst modes that
contain thin, easily-identifiable boundaries. The probabilities P(ts;) and P(Dgp,) can then
be weighted by the corresponding “dwell time” tqwen to provide a metric of how com-
mon reconnection sites are at any given location. The dwell time is calculated by gen-
erating a histogram of time (or pseudo-distance) from the shock for every burst mode
interval included in the survey, multiplied by the interval width of each bin in the his-
togram. The weighted distribution P(Dgp)/tawen (Figure 3, bottom-right) thus demon-
strates that there is a relatively numerous population of reconnection sites far downstream
of the shock, beyond 5Rg. We note that due to the short dwell times for this region, the
statistical errors are large. Furthermore, given the the boundary between the transition
region and the magnetosheath is not always clear, this downstream population may not
be directly associated with the shock, and instead correspond to reconnection events ob-

served within a turbulent magnetosheath.

The width of the distribution in P(Dsp)/tdawen suggests that the shock transition
region which generates current sheets with electron outflows has a mean width of approx-

imately 5Rg. However, we note that the width of the magnetosheath along the sub-solar

point is expected to be of similar magnitude or less (Mejnertsen, Eastwood, Hietala, Schwartz,

& Chittenden, 2018). As discussed above, the width of the sheet-generating region is likely

to be overestimated by the pseudo-distance measure.

Simulations of reconnection at high Mach number (M4 > 40), perpendicular shocks
by Matsumoto et al. (2015) and Bohdan et al. (2017) show that current sheets and mag-
netic islands are generated upstream of the shock ramp, in the foot region. However, only
12% of reconnecting current sheets identified by the survey were observed within the up-
stream region (ts, < 0). The relatively low fraction of upstream current sheets may re-
flect the differences in shock processes at the lower Mach numbers expected at Earth’s

bow shock. It may also represent an under-estimate due to the difficulty in defining a

—12—
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Figure 3. Top row: Histograms showing the probability distribution of the time (left) and
distances (right) of each reconnection site from the shock ramp. The distances are given in units
of Earth radii Rg. The times and distances are negative upstream in the solar wind, and positive
downstream towards the magnetosheath. Middle: The dwell time of MMS1 at any given time
and distance from the shock, across all available shock crossings included in the survey. Bottom:
Probability distribution of the time and distance of reconnection sites from the shock, weighted
by the inverse of the dwell time to account for selection biases. The error bars represent a v/ N

error, where N is the number of events recorded within each bin.
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clear shock ramp for quasi-parallel shocks, and that some downstream events are likely
associated with magnetosheath turbulence. However, the existence of a significant (or
dominant) population of reconnecting current sheets downstream of the ramp is consis-
tent with the hybrid simulations of quasi-parallel shocks reported by Gingell et al. (2017),
for which instabilities in the foot generate magnetic islands that persist downstream of
the ramp, in part due to the cyclic shock reformation cycle. The abundance of down-
stream current sheets observed in this survey suggests that the mechanism observed by
Gingell et al. (2017) may generate more current sheets over all. This is not unexpected
given that the Mach number of the simulations reported by Gingell et al. (2017) (M4 =

8) is more typical of Earth’s bow shock.

3.3 Sheet Properties

In order to extract current sheet properties for each event selected by the survey,
several fields and moments are fit to a Gaussian function f; s (t) = (f)+Af exp[—(t—
te)?/(20%)], where (f) is the mean of the observed quantity for the given interval, and
Af;, t. and o; are free parameters corresponding to the peak height, peak centre and
peak width respectively. The peak current density from the curlometer method Jeg, is
determined from the height of the Gaussian fit to the medium variance component of

the current density, Jps. The spatial width of the sheet is given by L = o,, (Ve n), where

(Ve,n) is the mean of the normal component of the electron velocity across the single event

interval, and o,, is the width of the Gaussian fit to the current density .Jp;. We there-
fore assume the validity of the Taylor hypothesis in determining current sheet width, i.e.
the current sheets do not evolve significantly during the period over which they pass over
the spacecraft. The speed of the electron jet and any observed ion jet are determined

by the height of the Gaussian fits to the L-component of the bulk fields, given by AV, 1,

and AV 1, respectively.

Distributions and correlations of current sheet properties are shown in Figure 4.
Each panel includes two single-variable histograms and a bivariate histogram to exam-
ine the correlation between two sheet properties. We can immediately determine from
both the correlation coefficients r, and from the associated scatter plots, that correla-
tions between current sheet properties are very weak. However, we note that this may
be a result of the peak fitting associated with an automated survey; the errors in sheet

properties are likely to be higher than for a manual treatment of each structure. Fur-
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thermore, since the Taylor hypothesis may not be valid in some cases, especially for those
within a turbulent medium, the distribution of the current sheet width at the smallest

scales may be distorted.

The lack of correlation between current sheet width L and distance from the shock
Dy, (panel (f)) indicates that widening of current sheets does not occur as these struc-
tures are convected towards the magnetosheath, though the corresponding signatures of
active reconnection may not be detectable for sheets at large scales. Similarly, the lack
of correlation between Dy, and either the peak current density Jygm (panel (d)) or the
electron jet speed V.r (panel (a)) may indicate that the shock generates a diverse pop-
ulation of current sheets at the transition region within a short period of time, rather
than generating the current sheets at a particular scale within a narrow layer. For ex-
ample, the hybrid simulations presented by Gingell et al. (2017) show that current sheets
and magnetic islands over multiple scales can be generated over a transition region span-

ning several ion inertial lengths, during a period less than the ion cyclotron time.

Panel (g) of Figure 4 shows the distribution of electron and ion jet speeds for the
observed current sheets. In general, we find that the electron jets are significantly faster
than their ion counterparts. For example, the mean electron jet speed is 1.4V 4, while
the mean ion jet speed is 0.25V4. The fastest electron jets are recorded at 5.5V 4, while
the fastest ion jets are recorded at only 1.5V,4. Together with the low correlation coef-
ficient, these results suggest that these current sheets strongly favour acceleration of elec-
trons over ions. This is consistent with the observation of electron-only reconnection re-
ported in the shock by Gingell et al. (2019); Wang et al. (2019), and in the magnetosheath
by Phan et al. (2018). However, we note that electron-only reconnection in the sheath
was observed for thinner current sheets with faster jets than in the shock transition re-

gion.

3.3.1 Guide Field

The statistics of current sheet guide field angle are shown in Figure 5. Here, the

guide field angle is estimated using the equation gyiqe = tan™! (Br1/ (Bar))+tan™! (Bra/ (Bu)),

where (Bjy) is the mean of the intermediate variance component of the magnetic field
across the current carrying region, and B 2 are the maximum variable components of

the magnetic field at the leading and trailing edge of the current carrying region. For
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Figure 4. Scatter plots of reconnection site properties for all combinations of the electron jet
speed Ver (top row), the current sheet width L/d. (middle row, right column), the peak current
density from the curlometer method Jygm (bottom row, middle column), and the pseudo-distance
of the current sheet from the shock ramp Dgp (left column). Histograms of each quantity are

also given at the end of each respective row and column. Each scatter plot is overlaid on a 2D
histogram of the same data, with the number in each given bin displayed in the colour bar above
each panel. Black dashed lines in each scatter represent the means. The correlation coefficient

7 is also given for each pair of current sheet properties. The error bars represent a v/N error,
where N is the number of events recorded within each bin. Note that the dataset for the plots in
the left column is reduced to only those for which the shock ramp timing analysis returned valid

results.
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Figure 5. Histogram of the guide field angle guiqe for all current sheets with electron outflow
recorded by the survey. The error bars represent a v/ N errors, where N is the number of events

recorded within each bin.

an anti-parallel current sheet with zero guide field, 0guige = 180°. If the guide field By,
dominates, 0gyige — 0. The resulting distribution demonstrates that a broad range of
guide field angles are observed for reconnecting current sheets. This is consistent with

the generation of a broad geometry of structures from a turbulent or disordered region,
rather than generation of current sheets from a coherent, highly-ordered instability that
occurs for a favoured geometry. However, near anti-parallel current sheets with large guide

field angles fguige > 90° are slightly less common.
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377 3.3.2 Flow Structure

378 In the classical picture of a reconnecting current sheet, the observation of a strong
379 unipolar signature in the electron (or ion) velocity in the maximum variance direction

380 suggests that a spacecraft has crossed an outflow or jet associated with active reconnec-
381 tion. However, for many of the events included in this analysis we observe significant elec-
382 tron flows that are bipolar or tripolar. Examples of each kind of structure are shown in

383 Figure 6. Of the events identified by the survey, 53% have unipolar electron jets, 38%

384 are bipolar, and the remaining 9% are tripolar. A bipolar structure in the bulk electron
385 velocity may indicate an observation of field-aligned electron flow towards the x-line on
386 the other side of the separatrix from the jet (Eastwood et al., 2018; Qieroset et al., 2016;

387 Phan et al., 2018; Wang et al., 2019), or in the most serendipitous cases the spacecraft

388 may be observing oppositely directed outflow jets on crossing an electron diffusion re-

389 gion. A tripolar structure may indicate observation of field-aligned electron flow towards

390 the x-line on opposite sides of the Hall scale reconnection region. It is also important to

391 recognise these variations in current sheet and flow structure may instead be a feature

302 of current sheets associated with the disordered transition region of shock waves, or even

303 with complex motion of the x-line relative to the spacecraft. Unusual structures may also
304 appear in cases for which the Taylor hypothesis is invalid, i.e. during the period over which
305 the spacecraft traverses the jet, there is significant temporal evolution of the current sheet
396 or a background turbulent medium. Hence, careful comparison to observations of tur-

307 bulent reconnection in the solar wind and magnetosheath will be important for charac-

308 terising these structures in future studies.

300 3.3.3 Heating & Inflow Energy

400 In order to quantify the heating occurring during shock reconnection events, we must
401 examine the distributions of localised changes in the electron and ion temperatures as

102 in Figure 7. Given the significant fluctuations of the temperature moments in the shock

403 transition region, a simple Gaussian fit to the time series is not reliable. Instead, we first
404 perform a 1s wide boxcar zero-phase digital filter to de-trend the data. The peak tem-

405 perature changes AT, ; are then determined by fitting a Gaussian function to the de-trended

406 data, and extracting the height.
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Figure 6. Structure of electron outflows on passing three current sheets identified by the
survey. Time series show fluctuations of the maximum variance component of the magnetic field
(black), electron bulk velocity (blue) and ion bulk velocity (red). Panel (a) shows a strong unipo-
lar electron jet, panel (b) shows bipolar electron flows, and panel (c) shows tripolar electron flows

in the current carrying region, bounded by vertical dotted lines.
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Figure 7. Scatter plots (red) and 2D histograms (grey) of the peak temperature change AT,
showing relationships between (a) parallel and perpendicular electron temperature changes. As in
Figure 4, we also include 1D histograms of each quantity, and overlay dashed lines representing
the means. The correlation coefficients r are given in the top right of each panel. The error bars

represent a v N error, where NN is the number of events recorded within each bin.

In examining the electron response in Panel (a), we find that both the parallel and
perpendicular temperatures have positive means, with AT, ~ 2eV. However, the mean
of the heating in each component is less than the width of the respective distributions,
indicating that many events appear to cool. Additionally, extreme events appear to favour
isotropic heating for which AT, par = AT, perp. Similar isotropy is seen for the ions in
panel (b), and indeed the correlation coefficient for AT; por and AT; perp is largest among
those shown in the paper. However there is no clear bias towards heating. Indeed, the
mean perpendicular temperature chance AT p.,p is negative. This may be representa-
tive of the electron-only coupling previously observed at shock reconnection sites (Gin-
gell et al., 2019; Wang et al., 2019). We note that the width of these distributions may
be indicative of the difficulty in fitting peaks across regions with significant inhomogene-

ity in the background.

In evaluating the heating across a current sheet, it is most instructive to compare

the mean temperature change across the sheet with the magnetic inflow energy, m;VZiy . 1100

The asymmetric inflow Alfvén speed energy for each potential current sheet is given by
VAL,inﬂow = %[BlBQ(Bl —|—Bg)/mp,u0(n1B2—|—n2Bl)] (Cassak & Shay, 2007; Swisdak &

Drake, 2007). Magnetic field and number densities By 2 and nq o are taken at the edges
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of the current carrying region, where the magnitude of the current density has reduced

to half its peak value.

Surveys of magnetic reconnection at the magnetopause have shown that the change
in the mean electron temperature is given by 67, ~ O.Ol7miVjL’mﬂow (Phan et al.,
2013), and the change in the mean ion temperature is given by 67, ~ 0'13miVjL,inflow
(Phan et al., 2014). Given that this amount of heating was also observed for the shock
reconnection event described by Gingell et al. (2019), it is reasonable that this trend might
be observed in the histograms of the ratio 67'/m;V3 L,inflow Shown in Figure 8. However,
for both electrons and ions the expected ratios 0.017 and 0.13 respectively are much smaller
than the width of the distribution. This is probably because fluctuations associated with
the inhomogeneous structure of the transition region are generally much larger than the
expected temperature changes for the observed magnetic inflow energies. Indeed, in many
of the events 67 even exceeds the magnetic inflow energy. We are therefore unable to
extract a useful comparison of the bulk particle heating observed at the magnetopause

to that observed at current sheets embedded in the shock transition region.

4 Conclusions

An automated survey of Magnetospheric Multiscale’s burst mode data has been
used to identify and characterise more than one hundred current sheets with electron out-
flows associated with the Earth’s bow shock. These electron outflows are indicative of
active reconnection occurring within the shock foot and the transition region extending
downstream of the shock. However, we note that for this study we do not limit the search
to only those events which show evidence of crossing the reconnection diffusion region.
The survey demonstrates that at least one current sheet with electron outflow is observed
by MMS for approximately 40% of shocks. These observations are found to occur across
the full range of shock orientations 0p,, and Alfvén Mach numbers M4, suggesting that
reconnection is a universal process in shocks. However, analysis of the distribution of shock
parameters among those that exhibit current sheets with electron flows, as compared to
the distribution of all observed shocks, shows that quasi-parallel and high Mach num-
ber shocks may generate slightly more reconnecting current sheets than quasi-perpendicular
and low Mach number shocks. This implies that while reconnection at shocks is not solely
driven by phenomena that are more strongly associated with a given range of shock ge-

ometries (or Mach numbers), such as SLAMS in the quasi-parallel case (Schwartz et al.,
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Figure 8. Histograms of the ratio of the mean temperature change across the current carrying
region, 0Tiot = 0(Tpar + 2Tperp)/3, and the inflow energy miVAQ’mﬂow shown for both ions (top)
and electrons (bottom). Red lines represent the expected ratios for magnetopause reconnection.

The error bars represent a v N error, where N is the number of events recorded within each bin.
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1992), these mechanisms may enhance the generation of current sheets. Furthermore,
given that quasi-parallel shocks generally have stronger fluctuations and turbulent struc-
tures than quasi-perpendicular shocks, it can be more difficult to identify reconnection
sites embedded within the inhomogeneous medium. For that reason, the slight bias to-
wards quasi-parallel shock observed within the collected dataset may be an underesti-

mate, i.e. a more significant bias is likely.

Analysis of the location of active reconnection sites associated with shock waves
has shown that the phenomenon is localised to the shock, and thus separated from tur-
bulent reconnection occurring in the magnetosheath (Phan et al., 2018; Stawarz et al.,
2019). This is consistent with the expectations set by hybrid simulations of Earth’s bow
shock presented by Gingell et al. (2017), which show that reconnection sites are gener-
ated on sub-ion timescales in a transient, localised transition region. However, it is yet
unclear whether magnetosheath reconnection occurs via similar processes, i.e. genera-
tion of relaxing, coherent structures within a relatively narrow band of scales, or whether
it is the end point of an active turbulent cascade. Indeed, current sheets in magnetosheath
observations reported by Phan et al. (2018) are much thinner and with faster electron
jets than those found by this survey (see Figure 4(c)). Given that only 12% of reconnect-
ing current sheets identified by the survey are observed upstream of the shock ramp, and
that observation of reconnection is more common at quasi-parallel shocks, we are able
to conclude that the mechanism for generation of current sheets seen in high Mach num-
ber (M4 > 40), perpendicular simulations by Matsumoto et al. (2015) and Bohdan et
al. (2017) (i.e. via turbulence generated by the ion Weibel instability within the shock
foot), is unlikely to dominate across the shock parameter space observed at Earth’s bow

shock.

The survey presented here appears to favour current sheets which couple prefer-
entially to the electrons, exhibiting relatively weak ion jets and ion heating. This is con-
sistent with earlier observations of individual reconnection events in the shock (Gingell
et al., 2019; Wang et al., 2019), and in the magnetosheath (Phan et al., 2018). Fully ki-
netic particle-in-cell simulations have shown that electron-only reconnection can occur
for sufficiently small current sheets (Sharma Pyakurel et al., 2019). This further supports
a model for which electron-only reconnection sites are generated at shocks on sub-ion

timescales in a relatively narrow region of the transition layer.
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288 Given that temperature statistics are difficult to extract from the noise for most

489 events, for both electrons and ions, we observe that the primary consequence of recon-
490 nection at shocks is with respect to the magnetic topology. That is, the complex con-

201 nectivity of the magnetic field generated by instabilities in the shock foot and ramp is
492 relaxed rapidly, within the disordered transition region which separates the shock region
403 from the magnetosheath. Despite the difficulty in extracting trends in the temperature,
204 we reiterate that some events do display localised heating commensurate with expecta-
405 tions set by observations of magnetopause reconnection, such as those reported by Gin-

296 gell et al. (2019); Wang et al. (2019). Furthermore, Gingell et al. (2019) reported a grad-

407 ual 7eV rise in the electron temperature across the transition region, which is not yet

208 accounted for by the statistics presented here. This suggests that energy released by re-
499 connection may be thermalised non-locally (though within the transition region) further
500 complicating the process of extracting meaningful heating statistics within the disordered,
s01 inhomogeneous plasma.

502 In order more completely assess the integrated impact of magnetic reconnection

503 on energy partition at collisionless shocks, we must still establish global trends in the struc-
504 ture of the transition region. For example, do shocks with more observations of current

50 sheets with electron outflow exhibit a greater rise in the temperature across the tran-

506 sition region? We also seek a quantification of the density of reconnection sites within

507 the shock transition region, given their frequency and three-dimensional extent.
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