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ABSTRACT

Observations by Magnetospheric Multiscale have demonstrated that magnetic reconnection occurs at Earth’s bow shock, typically at thin
current sheets arising from plasma instabilities and turbulence in the shock transition region. Observational surveys of both the shock
transition and the magnetosheath downstream suggest that the number of current sheets in these regions may not be strongly dependent on
the shock Mach number MA or the angle between the upstream magnetic field and shock normal (hBn). This result is somewhat surprising
given that quasi-parallel and high Mach number shocks tend to have a more disordered and non-stationary structure. In order to investigate
how shock reconnection manifests across different parameters, we perform a series of hybrid (fluid electron, kinetic ion) particle-in-cell sim-
ulations across a range of Mach numbers and orientations. Given that hybrid simulations cannot resolve electron-scale current sheets and
reconnection, these simulations isolate an ion-scale mechanism for shock reconnection driven by an ion–ion beam instability in the foot. We
find that this mechanism is strongly constrained to quasi-parallel shocks across all simulated Mach numbers. By quantifying reconnection
using the area occupied by plasma on closed magnetic field lines, we find the number of reconnecting structures and closed field area increase
with MA and decrease with hBn in the upstream and ramp regions. Downstream of the shock, however, we find a similar result to observa-
tional surveys: within the subset of quasi-parallel shocks, the decay rate of the closed field area (and hence thin current sheets) is not strongly
dependent on upstream shock parameters.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129084

I. INTRODUCTION

Collisionless shock waves are ubiquitous across diverse astro-
physical and space plasma environments, including stellar and plane-
tary bow shocks, interplanetary shocks in the solar wind, and
supernova remnants.1 In crossing the shock wave, the bulk flow of the
plasma is reduced from supersonic to sub-sonic speeds. Energy in the
bulk flow is dissipated by means of “kinetic” plasma processes involv-
ing the direct interaction of the ions and electrons with the electro-
magnetic fields. Understanding which microphysical processes
contribute to energy re-partition, and how, is critical for characterizing
particle heating and acceleration at collisionless shocks.2–4 However,
the balance of kinetic phenomena involved in this process is strongly
dependent on shock parameters such as the fast magnetoacoustic
Mach numberMfast, the Alfv�en Mach numberMA, the plasma beta b,
and the angle between the upstream magnetic field and the shock sur-
face normal hBn.

1

Recent observations by the Magnetospheric Multiscale (MMS)
spacecraft have established that magnetic reconnection, a localized
change in magnetic topology, which leads to transfer of energy from
electromagnetic fields to particles, occurs at thin current sheets within
the transition region of Earth’s bow shock.5,6 The transition region in
this case extends from the shock foot upstream to the downstream
region behind the shock ramp. These initial case studies included
observations of actively reconnecting, thin current sheets in the
transition regions of both quasi-parallel (hBn < 45�) and quasi-
perpendicular (hBn > 45�) shocks, demonstrating that reconnecting
structures can be associated with a broad range of shock orientations.
Furthermore, these case studies also included observations of thin cur-
rent sheets which exhibit “electron-only” reconnection, for which only
electron outflows are seen without associated ion outflows. Electron-
only reconnection has been previously observed occurring at thin cur-
rent sheets associated with magnetosheath turbulence.7,8 A statistical
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survey of active magnetic reconnection sites in the shock transition9

has also established that reconnection is common at Earth’s bow
shock, evident in �40% of bow shock crossings observed by MMS,
across all bow shock parameters. Quasi-parallel and high Mach num-
ber shocks were only weakly over-represented in the population of
shock crossings exhibiting reconnection. Of most relevance to the fol-
lowing study, 88% of the reconnection sites were observed in the tran-
sition region downstream of the shock ramp, with fewer appearing
deeper into the magnetosheath. The decay of the prevalence of current
sheets downstream of the shock was also seen in a survey of thin cur-
rent sheets in the magnetosheath.10 The presence of reconnecting cur-
rent sheets in the shock transition, therefore, implies that reconnection
may play a role in the re-partition of energy across collisionless shock
waves. However, the total impact is not yet known. An analysis of the
energetics of thin current sheets downstream of a quasi-parallel bow
shock observed by MMS11 revealed that, for that single crossing,
approximately �10% of the solar wind ram energy was processed at
thin current sheets.

Simulations of reconnection within the shock transition region
have revealed several mechanisms at play, dependent upon the param-
eters of each given shock. For the case of perpendicular, high Mach
number shocks, Matsumoto et al.12 demonstrated that reconnection
can occur at filaments in the shock foot generated by the ion Weibel
instability, leading to the development of several magnetic islands
along each filament. This instability is expected to affect the shock
structure significantly for Alfv�en and fast magnetoacoustic Mach
numbers in excess of �20� 40.13 For quasi-parallel shocks with
Mach numbers more typical of Earth’s bow shock (i.e., MA � 8),
Gingell et al.14 demonstrated the generation of magnetic islands via
reconnection as a result of steepening of ion-scale waves in the shock
foot. This process was shown to be modulated by cyclic reformation of
the shock ramp. The underlying mechanism was investigated in more
detail by Bessho et al.,15 who attributed the ion-scale waves to the
non-resonant ion–ion beam instability.16 This ion–ion beam instabil-
ity derives from the interaction of the incident, solar wind ions and the
back-streaming ions reflected during their interaction with the shock.
This instability excites ultra-low frequency (ULF) waves in the region
upstream of the shock, typically with wavelengths on the order of 10
to dozens of ion inertial lengths. These waves steepen and bend the
magnetic field lines, resulting in magnetic reconnection between adja-
cent wave crests. Furthermore, Bessho et al.16 identified a secondary
instability of the electron outflows associated with shorter wavelength
whistler waves. Many of the reconnection sites generated by this sec-
ondary mechanism are examples of electron-only reconnection,17 as
described for magnetosheath turbulence by Phan et al.7 With an
extension to three dimensions, Ng et al.18 showed that without the
constraints of the 2D geometry, a range of guide fields and current
sheet orientations are possible. Finally, we note that reconnection
within the turbulent or disordered shock transition region has also
been observed within low-b, quasi-perpendicular shock simulations
by Lu et al.,19 for which the Mach number was again typical of Earth’s
bow shock. Thus, as with observational surveys of shocks, simulations
have shown that shock-driven reconnection appears across a broad
range of scales and shock parameters.

Together these observational and numerical studies establish that
reconnection can occur in the shock transition region by several mech-
anisms across a broad parameter space. In addition, the prevalence of

reconnected structure may not be strongly dependent on shock orien-
tation hBn despite the quasi-parallel shock and magnetosheath typi-
cally exhibiting more disordered or turbulent structure. Hence, a
broad parametric study is necessary to establish how reconnection
manifests in different parameter regimes, and how the downstream
magnetosheath responds in each case. This will enable us to better
characterize energy transfer and dissipation at the shock and in mag-
netosheath turbulence.

In this paper, we address the parametric dependence of magnetic
reconnection at the bow shock by means of a family of hybrid particle-
in-cell codes. In Sec. III B, we introduce a method to quantify the
impact of magnetic reconnection on the magnetic structure in and
around the shock by measuring the area of closed magnetic field struc-
tures present within the simulations. We thereby assess the prevalence
of structures associated with the shock-driven reconnection as a func-
tion of time and distance from the shock. In Sec. III C, we examine the
differences in the closed-field area (and hence reconnection) observed
between different shock parameters. Most importantly, we find that
the decay of reconnected magnetic structure downstream of quasi-
parallel shocks is not strongly dependent on the shock Mach number
or orientation hBn.

II. SIMULATION MODEL

For this study, we perform a series of hybrid particle-in-cell simu-
lations20 over a range of shock parameters. The chosen hybrid model
combines a fully kinetic, particle-in-cell treatment of the ions with a
charge-neutralizing, massless and isothermal electron fluid. The elec-
tromagnetic fields and moments are advanced using Maxwell’s equa-
tions in the low-frequency limit, implemented using the current
advance method and cyclic leapfrog (CAM-CL) algorithm described
by Matthews.21 This code is otherwise adapted from the fully kinetic
particle-in-cell code EPOCH.22 The use of a hybrid code for this study
confers two important benefits: (i) we capture the continuing evolu-
tion of ion-scale structure far downstream of the shock over hundreds
of ion inertial lengths, without the high computational cost of fully
kinetic particle-in-cell models, and (ii) we are able to isolate and char-
acterize the effects of ion-scale mechanisms for shock reformation,
such as the ion–ion beam instability identified by Bessho et al.16

The simulations use a 2D grid in (x, y) comprising ðNx;NyÞ
¼ ð1600; 160Þ grid cells, with domain size ðLx; LyÞ ¼ ð240; 24Þdi.
The ion inertial length di is given by di ¼ VA=Xi, where the Alfv�en
speed VA and ion cyclotron frequency Xi are calculated in the undis-
turbed upstream region. The spatial resolution of the grid is, therefore,
Dx ¼ Dy ¼ 0:15di. For a typical number density increase in four
times in the downstream, shocked plasma, the downstream ion inertial
length di;down � 0:5di. Hence, Dx � 0:3di;down and Lx � 480di;down.
The simulations discussed here are “2.5D,” such that all three compo-
nents of the electromagnetic fields and particle moments may vary on
the two-dimension grid, e.g., Bx;y;zðx; y; tÞ. In the generalized Ohm’s
law we have used resistivity g ¼ 10�3l0V

2
A=Xi. This parameter is cho-

sen to ensure numerical stability of the model. Distance and time are
normalized to the upstream ion inertial length and ion cyclotron fre-
quency, and hence, velocities are normalized to the upstream Alfv�en
speed. The upper and lower boundaries at y ¼ 0; Ly are periodic,
the boundary at x ¼ Lx is reflecting, and the boundary at x¼ 0
serves as a source for inflowing solar wind plasma. The initial condi-
tions are homogeneous with number density n ¼ n0, magnetic field
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B ¼ B0½�cos ðhBnÞ; sin ðhBnÞ; 0�, and bulk inflow velocity
V ¼ ½U0; 0; 0�. The interaction of the solar wind inflow in the
þx-direction with the reflecting boundary at x ¼ Lx generates a shock
moving in the �x-direction, with shock speed vsh typically 1.5 to 2VA

depending upon the initial conditions. The ions and electron fluid are
initialized with plasma beta b ¼ 1. The temperature of the inflowing
solar wind plasma is fully determined by these initial conditions, giving
T0 ¼ bB2

0=2l0n0kB. In order to reduce the noise as far as possible
given the constraints of the available computational resources, the ion
phase space has been sampled with 100 pseudo-particles per computa-
tional cell.

These simulations are performed for 22 individual cases over a
range of inflow speeds U0=VA ¼ 2� 12 and magnetic field angles
hBn ¼ 10�–70�. As discussed later, we observe little or no reconnection
at quasi-perpendicular shocks in this parameter range for this simula-
tion model. Hence, we have not included shocks with hBn > 70� in
this paper. The full list of simulations and shock parameters, including
the fast magnetoacoustic Mach number Mfast, is given in Table I. We
refer to each simulation by the ID given in Table I, formed from a
combination of the inflow speed U0 and orientation hBn.

III. RESULTS

Here, we discuss the evolution of the shock transition region, dis-
cuss a method for quantification of the prevalence of magnetic recon-
nection in the simulations, and explore the dependence of those
measures on shock parameters.

A. Evolution

The evolution of the magnetic structure in the shock transition
region is shown for three different cases in Fig. 1. The plots each
show the in-plane magnetic field lines with the out-of-plane mag-
netic field in color at three different times (from top to bottom),
where each panel is approximately an ion gyroperiod advanced in
time. The first two columns represent quasi-parallel (hBn ¼ 40�)
and quasi-perpendicular (hBn ¼ 60�) cases for a typical Earth-like
bow shock Mach number (MA � 8), simulations U6T40 and
U6T60, respectively. The third column shows the evolution of a
higher Mach number MA � 15 quasi-parallel shock with hBn ¼ 40�,
simulation U12T40. In this and future figures, the x-coordinate has
been shifted by the position of the shock ramp xshðtÞ such that the
shock remains centered at ðx � xshÞ ¼ 0. The shock velocity in the
simulation frame, and hence the position of the ramp xshðtÞ, is
determined by the averaged behavior of the shock over the full
period of the simulation. The true shock ramp may, therefore, devi-
ate from xsh over short time scales, reflecting non-stationarity in the
transition region.

The left column of Fig. 1, showing simulation U6T40, clearly
demonstrates the variability of the shock structure over ion time-
scales. We note in the upper panel the growth of ion-scale upstream
waves associated with the non-resonant ion–ion beam instability,23

driven by the interaction of the inflowing solar wind ions with the
back-streaming ions. The growth of this instability, and the charac-
teristics of these waves, is described in detail by Bessho et al.16 In the
second and third panels, the growth of these waves can be seen to
lead to the generation of a disordered or turbulent transition region,
exhibiting reconnecting current sheets and magnetic islands, as dis-
cussed for prior simulations in a similar parameter regime.14,15 In
subsequent panels, we observe the growth of a new shock ramp and
its shock-wards propagation, consistent with a reformation cycle
driven by the back-streaming ions (also seen in in Gingell et al.14).
In the higher Mach number case U12T40 (right column), we also
see evidence of the generation of a turbulent transition region. As in
the MA � 8 case shown in the left column, waves are excited in the
upstream by an ion–ion beam instability driven by the interaction of
the backstreaming, reflected ion population and the inflowing ions.
However, in this high Mach number case, for which MA � 15, the
wavelength and amplitude of the excited upstream waves are larger:
k � 3di for MA � 8, and k � 10di for MA � 15. This, in turn, leads
to a more turbulent or disordered upstream region compared to the
lower Mach number cases. This same difference between medium
and high Mach number cases was observed for fully kinetic simula-
tions of shocks in this parameter regime by Bessho et al.16 A full dis-
persion analysis of the ion–ion beam instability observed here is
beyond the scope of this paper and may be conducted as part of
future investigations of the evolution of the turbulent transition
region.

In the quasi-perpendicular case U6T60 (middle column), we do
not observe upstream waves or significant out-of-plane magnetic fluc-
tuations. Furthermore, we do not observe any shock reformation cycle;
the upstream field is steady, and the shock ramp is most closely
aligned with x � xshðtÞ ¼ 0 throughout the interval shown. However,
we do note that the shock surface appears to be rippled,24–26 with a
wavelength of approximately 5di.

TABLE I. Shock parameters for the simulations included in this study.

ID U0=VA vsh=VA MA Mfast hBnð�Þ

U2T10 2.0 �0.5 2.5 1.9 10
U3T10 3.0 �0.8 3.8 2.9 10
U3T20 3.0 �0.9 3.9 2.9 20
U3T30 3.0 �1.0 4.0 2.9 30
U3T40 3.0 �1.1 4.1 2.9 40
U3T50 3.0 �1.3 4.3 2.9 50
U6T10 6.0 �1.3 7.3 5.6 10
U6T20 6.0 �1.4 7.4 5.5 20
U6T30 6.0 �1.5 7.5 5.4 30
U6T40 6.0 �1.6 7.6 5.3 40
U6T50 6.0 �2.0 8.0 5.4 50
U6T60 6.0 �2.3 8.3 5.5 60
U6T70 6.0 �2.4 8.4 5.4 70
U9T20 9.0 �2.1 11.1 8.3 20
U9T30 9.0 �1.9 10.9 7.9 30
U9T40 9.0 �1.9 10.9 7.6 40
U9T50 9.0 �2.8 11.8 8.0 50
U9T60 9.0 �3.1 12.1 8.0 60
U12T30 12.0 �2.2 14.2 10.3 30
U12T40 12.0 �2.6 14.6 10.2 40
U12T50 12.0 �3.5 15.5 10.5 50
U12T60 12.0 �4.0 16.0 10.5 60
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B. Quantifying reconnection

In order to quantify how much reconnection has influenced the
magnetic structure within a simulation at a given time, we examine
the topology of the magnetic field lines within the 2D simulation
plane. Specifically, we integrate magnetic field lines from the inflow
boundary at x¼ 0 until they intersect the reflecting boundary at x¼ Lx,
allowing for crossing of the periodic boundaries at y ¼ 0; Ly . The
field line starting points are evenly distributed along the inflow
boundary x¼ 0 with sub-grid separation 0:2Dy (i.e., five field lines
per grid cell). Finally, we labeled any simulation grid cell that is
intersected by at least one of the integrated magnetic field lines as an
“open field” region. Equivalently, any grid cell that is not crossed by
any of the integrated field lines is a “closed field” region. An example
of the output of this process is shown in Fig. 2, panel (a), which
shows a subset of the integrated field lines (black) and the closed field
regions (red) for simulation U6T40 with MA ¼ 7:5 and hBn ¼ 30�.
We find that this method clearly identifies regions of the disordered or
turbulent shock transition region that have been closed as a result of
magnetic reconnection. We note that a significant depletion in mag-
netic field strength may result in a misclassification of an area as
“closed” if the reduction in field strength is greater than the typical
number of field lines, we integrate per grid cell (i.e., B=B0 < 1=5).
These reductions may occur within foreshock structures such as short
large-amplitude magnetic structures (SLAMSs).27,28 We find that
fewer than 3% of grid cells identified as closed also meet the threshold
for problematic magnetic field strength depletions B=B0 < 1=5.
Additionally, these few grid cells are typically associated with the
boundaries of larger closed field structures. Hence, potentially misclas-
sified magnetic depletions are considered to be negligible for this study.

We examine the time evolution of the area of the closed field
regions of the simulation, Aclosedðx; tÞ, in panel (b) of Fig. 2. To gener-
ate this panel, we sum the number of closed field grid cells over the
y-direction at every available position in x, for every available time. We
note two key features of this panel. First, we observe a periodic appear-
ance and disappearance of closed field regions within the shock ramp
at ðx � xshÞ � 0. This is a result of the modulation of the structure of
the disordered transition region over ion timescales, associated with
cyclic reformation of the shock.14 Second, we observe that a significant
closed field area is transmitted to the downstream region, visible as
diagonal black bands within the region ðx � xshÞ > 0. We see a grad-
ual decay of the closed field area along these bands as the plasma con-
vects further downstream of the shock.

Finally, we take the average of the distributions of closed field
area Aclosedðx; tÞ for all times to arrive at a time-independent distribu-
tion of closed field area �AclosedðxÞ, shown as a blue line in panel (c) of
Fig. 2. This effectively smooths out the influence of periodic shock ref-
ormation. As an additional measure, the red line in panel (c) repre-
sents the time-averaged distribution of the number of distinct closed
field regions �N structures, which have an area of at least 10 grid cells
(0:225d2i ). Importantly, these time averages are performed only over
the period during which the shock and upstream structure are well
developed. To allow for the shock and foreshock to form, the average
is taken only for tXi > 20. Similarly, the behavior of the shock may
change as it comes close to the upstream boundary due to the loss of
back-streaming ions in the foreshock. This effect is most clear in the
quasi-parallel cases as a change or loss of the shock reformation cycle.
Hence, the upper bound for the time averages is set individually for
each simulation where we observe changes in behavior of the shock.
For typical quasi-parallel shocks, this change occurs when the shock

FIG. 1. Evolution of the magnetic field lines (black) and out-of-plane magnetic field Bzðx; yÞ (color) at the shock over several ion-gyrotimes. Each column corresponds to a sim-
ulation from left to right as follows: U6T40, U6T60, and U12T40. The quasi-parallel simulations (left and right columns) demonstrate cyclic reformation of the shock structure
and the periodic generation of a turbulent or disordered transition region hosting several magnetic islands.
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approaches within 50di of the upstream boundary. For both measures,
we identify a small rise in the upstream, followed by a sharp peak in
the shock ramp, followed by a gradual decay downstream.

C. Parametric dependence

Here, we examine the differences in reconnection observed across
each of the simulations included in this study, quantified by the area of
closed magnetic field regions as described in Sec. III B. Figure 3 shows
the peak closed field area across all times for each of the simulations,
organized according to the Alfv�en Mach numberMA and shock orien-
tation hBn. We find, broadly, that the peak area of closed field regions
increases with Mach number and decreases with hBn, and that quasi-
perpendicular shocks exhibit typically an order of magnitude lower
peak area than quasi-parallel shocks of similar Mach number.

However, we note that for the smallest Mach number simulation
U2T10, which is very close to the boundary between sub- and super-
critical shocks, we do not observe the growth of waves in the foot due
to the ion–ion beam instability. This results in the lowest closed field
area among all simulations.

We examine how the closed field area �AclosedðxÞ varies with dis-
tance from the shock for several simulations in Fig. 4. Each of these
plots takes the same form as the blue line in panel (c) of Fig. 2. Panel
(a) of Fig. 4 shows the spatial dependence of closed field area for simu-
lations initialized with inflow velocity U0=VA ¼ 6, such that MA � 8.
Hence, differences arise chiefly from the changes in the shock orienta-
tion hBn. Most clearly, the closed field area is negligible for simulations
with hBn > 45�. This indicates that reconnection is not occurring for
quasi-perpendicular shocks in this parameter regime, resulting in no
change of magnetic topology.

FIG. 2. An example of the quantification of closed field area within quasi-parallel shock simulation U6T40, showing (a) the magnetic field lines (black) and closed field regions
(red) at tXi ¼ 125 for the region close to the shock ramp, (b) time-dependence of the total closed field area Aclosedðx; tÞ at a given distance from the shock, and (c) average
across all times of the closed field area �AclosedðxÞ (blue) and number of distinct closed field structures �N structures (red). The dashed lines in panel (b) represent the inflow and
reflecting boundaries.
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As the angle hBn is reduced, we observe a gradual increase in the
closed field area upstream of the shock ramp, consistent withmore paral-
lel shocks generating a more disordered or turbulent foreshock and foot.
However, for shocks that exhibit non-negligible reconnection (i.e., for
quasi-parallel shocks, hBn < 45�), we see weak or no dependence of the
closed field area on hBn in the region downstream of the shock ramp.

Panel (b) of Fig. 4 demonstrates the spatial dependence of closed
field area for simulations with hBn ¼ 30�, varying only the Mach num-
berMA. In these cases, increasing the Mach number appears to increase
the closed field area at all distances from the shock ramp. This indicates
that increasing the Mach number results in more significant changes to
the local magnetic topology by reconnection, consistent with the larger
amplitude fluctuations seen in the right column of Fig. 1. We also note
that increasing the Mach number appears to result in closed field
regions persisting further downstream of the shock. However, the effect
appears to be diminishing for the highest Mach numbers.

D. Downstream decay

In order to quantitatively compare the decay rate of the closed
field area downstream of each shock, we fit a function of the form

FIG. 3. The peak total area of closed field regions across all times for each simula-
tion, as a function of shock orientation hBn and Mach number MA.

FIG. 4. The number of closed-field cells
as a function of distance from the shock,
as in panel (c) of Fig. 2, for shock simula-
tions of different parameters. Panel (a)
shows dependence on shock orientation
hBn for Mach number MA � 8, while panel
(b) shows dependence on MA for
hBn ¼ 30�. The gray dashed line marks
the boundary for the function fitting dis-
cussed in Sec. III D. Results for simula-
tions with hBn ¼ 60�; 70� would closely
overlay the result for hBn ¼ 50� in panel
(a), and are therefore not shown to pre-
serve clarity. Error bars at the top of
each panel depict the standard deviation
of the position of the shock ramp from
½x � xsh� ¼ 0 as a result of shock non-
stationarity (e.g., cyclic reformation).
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�Aclosed / e�ðx�xshÞ=n in the region x � xsh > 10di. This region is
bounded by the gray dashed line in Fig. 4. The decay scale length n for
each simulation is shown in Fig. 5. The shock orientation hBn is also
shown for each simulation in color, with quasi-perpendicular shocks
shown in red, and quasi-parallel shocks shown in blue. We find that
for the lowest Mach number shocks with MA < 5, the decay rate
appears significantly higher, with a scale length n � 25di;up or
50di;down. This difference is also apparent in the lower panel of Fig. 4.
Disregarding quasi-perpendicular shocks, for which we do not observe
significant signatures of reconnection, we confirm for MA > 5 that
there is no clear dependence of the decay rate on hBn and only weak
dependence on Mach number MA. For all cases with MA � 8 and for
all but two cases with greater Mach number, we observe a scale
length of n � 50di;up or 100di;down. For a typical ion inertial length of
di � 50 km in the magnetosheath, we therefore expect decay of shock-
driven reconnected (closed-field) structure to occur over a scale of
approximately an Earth radius, RE. We note that the width of the mag-
netosheath is typically on the order of 1–3RE at the subsolar point.
This implies that we expect the remnants of shock-driven reconnec-
tion to be observed throughout the dayside magnetosheath.

E. Structure distributions

Finally, we examine the distribution of the properties of closed
field structures generated at the shock. Figure 6 shows the distribution
of individual structure areas A0 and enclosed magnetic flux U as a
function of distance from the shock. The magnetic flux is derived from
U ¼

P
i Bz;iDx2, where the sum over each grid cell i is performed for

each cell in the closed field area A0. The position recorded in the distri-
butions in Fig. 6 is that of the furthest upstream grid cell included
within each distinct closed field region. We also note that since these
distributions include all available time steps, each structure’s full trajec-
tory is included in the distribution. Figure 6 shows the results for

simulation U6T30 with MA ¼ 7:5 and hBn ¼ 30�. The features dis-
cussed below are typical of the quasi-parallel simulations with
MA > 5.

From panel (a) of Fig. 6, we find that smaller closed field struc-
tures are more common than larger structures throughout the full
range of distances from the shock. However, the largest structures are
observed first at the shock ramp, and decay downstream along with
the total closed field area (as seen in Figs. 2 and 4).

Panel (b) of Fig. 6 shows the distribution of the magnetic flux
contained within each closed field structure. By comparing the distri-
butions in both panels (a) and (b), we find that the upstream popula-
tion of closed field structures carries disproportionately less flux
relative to their size. This is due to the relatively small out-of-plane
magnetic field Bz in the upstream region, as seen in Fig. 1.
Furthermore, we find that the flux distributions are approximately
symmetric; similar distributions of positive and negative magnetic flux
are seen at all distances. Although it appears there may be a small
excess of structures with the highest, positive flux U=ðB0d2i Þ � þ10
close to the ramp, this bias is not reflected in the other simulations pre-
sented in this paper (not shown). Indeed, for other cases in Table I
with similar shock parameters, we see similar bias toward negative
flux, or no clear bias at all.

IV. CONCLUSIONS

Here, we have performed a series of 2.5D hybrid (kinetic ion,
fluid electron) particle-in-cell simulations of collisionless shock waves,
over a range of shock parameters typical of Earth’s bow shock. These
simulations display a number of ion-scale kinetic processes within the
shock layer, including cyclic reformation, ripples, and magnetic recon-
nection within a disordered or turbulent transition region. For the
simulations described here, reconnection is caused by the wave growth
associated with the non-resonant ion–ion beam instability in the
upstream region, as seen by Gingell et al.14 and more fully described

FIG. 5. Parametric dependence of the decay length scale n of the closed-field area downstream of the shock, from a fit of the form Aclosed / e�ðx�xshÞ=n for x � xsðtÞ > 10di.
Panel (a) gives the decay scale normalized to the upstream ion inertial length di;up in the solar wind, while panel (b) gives the decay scale normalized to the mean of the down-
stream ion inertial length di;down in the magnetosheath. The color represents the shock orientation hBn, where quasi-parallel shocks are shown in blue and quasi-perpendicular
shocks in red.
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by Bessho et al.16 In order to assess the prevalence of magnetic recon-
nection, we have quantified the number and area of “closed magnetic
field” structures and examined how these structures vary with both
distance from the shock and with different shock parameters.

We note several key findings from examining the set of 22 sim-
ulations. First, significant magnetic reconnection occurs only for
supercritical, quasi-parallel shocks. While some case studies of mag-
netosheath crossings by Magnetospheric Multiscale have shown that
thin current sheets (and hence magnetic reconnection) may be more
common in the magnetosheath downstream of quasi-parallel
shocks,29,30 a broad survey of actively reconnecting current sheets
associated with the shock transition region has shown that reconnec-
tion may be a universal feature, with only weak dependence on
shock parameters.9 Similar trends have also been seen further down-
stream in the magnetosheath.10 That we do not see any significant
evidence of reconnection in quasi-perpendicular shocks in this study
is likely indicative of the chosen initial conditions. For example, all
simulations described in this study have b ¼ 1, whereas reconnec-
tion at quasi-perpendicular shocks may arise only for low beta plas-
mas19 or very high Mach number shocks.12 Furthermore, the chosen
model imposes further restrictions: fully 3D simulations and those
which enable physics on the electron kinetic scales may allow for the
growth of additional plasma instabilities. Hence, the results here
must be interpreted as narrowly targeted, exploring principally the
influence of the non-resonant ion–ion beam instability described by
Bessho et al.16 With that in mind, we find that the peak closed field
area in the simulations (and hence the amount of reconnected flux)
increases with the Mach number and decreases with shock orienta-
tion hBn.

In examining the spatial dependence of the number of closed-
field structures and their area, we find that reconnection is most preva-
lent in a thin layer (�10di) surrounding the shock ramp.
Downstream, the number of closed-field structures and the total closed
field area decay over a length scale of approximately 50di. Perhaps the
most interesting finding of this study is that the decay rate of the
closed field area is not strongly affected by the upstream shock param-
eters for quasi-parallel shocks above MA � 5. Therefore, we may
expect to see similar numbers of thin current sheets downstream of
the shock for all quasi-parallel shocks which exhibit the non-resonant
ion–ion beam instability described above. This is consistent with a sur-
vey of the prevalence of thin current sheets in the magnetosheath, for
which Gingell et al.10 observed weak or no dependence of the number
density of current sheets on upstream parameters.

An examination of the distribution of structure sizes and mag-
netic flux within the closed field regions has revealed that the largest
structures are localized to the shock ramp and that closed-field struc-
tures in the upstream carry proportionally less magnetic flux than
those in the downstream region.

In summary, we have shown that the non-resonant ion–ion
beam instability of back-streaming ions in the transition region of
quasi-parallel shocks can generate reconnecting structures that survive
through the shock ramp and into the downstream magnetosheath,
with a typical decay scale on the order of �50di or �1RE . For quasi-
parallel shocks with b � 1 and MA � 14, this decay rate is not
strongly dependent on shock parameters. Future parameteric explora-
tions of the prevalence of reconnection and reconnected structures
will require three-dimensional or fully-kinetic particle-in-cell models
to capture a more comprehensive family of shock processes.

FIG. 6. Distribution of closed field struc-
tures with (a) a given area A0 and (b)
magnetic flux U, as a function of position
x � xshðtÞ according to their furthest
upstream cell relative to the shock ramp.
The distributions are given for simulation
U6T30 with Mach number MA ¼ 7:5 and
hBn ¼ 30�. The number N (shown in
color) represents the number of distinct
closed field structures with the given loca-
tion, area and magnetic flux.
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