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1 Summary

This technical report serves as an overview of the investigation of phase space holes
(PSHs), which are a manifestation of shock ripples in the ion velocity distribution
function at the Earth’s bow shock. The study automatically identifies shocks with
PSHs based on the reduced ion distribution, which is applied to the bow shock
database by Lalti et al. [2022] that contains 2797 shocks. The main results are
that PSHs are expected 66% of the time, increase in probability with Alfvén Mach
number, and the likelihood of observing them with spacecraft can be dictated by
the shock speed.

2 Introduction

Plasma shocks are ubiquitous in the Universe, appearing around planets [Russell,
1985], the outer periphery of the heliosphere [Jokipii, 2013], and supernova rem-
nants [Bell, 2013, Helder et al., 2012]. For heliospheric plasma shocks, particle
collisions are so rare that their effects on the shock can be neglected, hence such
shocks are named collisionless. They efficiently convert kinetic energy into ther-
mal energy via the interactions between particles and electromagnetic fields. Yet,
the structure of collisionless shocks can be highly complex, with internal struc-
tures that span multiple scales, which are delicately coupled to shock parameters.
Thus, connecting the magnetic structure of the shock front to energy dissipation
processes has been the subject of extensive research for decades and still many
open questions remain.

Collisionless shocks are characterized by parameters such as the Alfvén Mach
number (M,), plasma beta (/3) and geometry (6p,), which is the angle between
the upstream magnetic field and the shock normal direction (f1). In this context,
quasi-parallel shocks have g, < 45° and quasi-perpendicular shocks have 0g, >
45°. The shock geometry plays a pivotal role in how plasma is processed and
this dictates both the structure of the shock itself and also the plasma dynamics
upstream and downstream. In this report, we consider only quasi-perpendicular
shocks.

For quasi-perpendicular shocks, a fraction of the incident ions are reflected
and gyrates immediately upstream, gaining energy from the solar wind convective
electric field before passing downstream. The typical characteristics of a quasi-
perpendicular shock are the foot, ramp, and overshoot regions. In addition, the
reflected ions cause a high anisotropy in the velocity distribution, which can sub-
sequently drive waves and instabilities such as whistler waves. At supercritical
shocks, which, is typically the case at the Earth’s bow shock, these processes (i.e.
ion reflection, whistler waves) play a fundamental role in energy dissipation. How-
ever, if M, gets sufficiently large, additional processes are required. In these high
M4 regimes, the shock can evolve to be nonstationary and eventually undergo
reformation, which is a cyclic large-scale magnetic restructuring of the shock front
[Russell et al., 1982, Lembege and Dawson, 1987, 1989, Winterhalter and Kivelson,
1988, Krasnoselskikh et al., 2002, Dimmock et al., 2019].

Another state of shock nonstationarity is shock rippling, which is commonly
described as a wave-like structure propagating along the shock surface and has a
direction that is tangential to the shock normal direction [Johlander et al., 2016].
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When a spacecraft observes shock ripples, the characteristic response is devia-
tions in shock parameters such as magnetic field direction and density [Burgess
and Scholer, 2007]. Moullard et al. [2006] presented such observations made by
the Cluster spacecraft, which were attributed to ripples. Afterwards, Johlander
et al. [2016] reported observation of surface ripples at the quasi-perpendicular
shock using MMS observations. In that study, ripples were confirmed using multi-
spacecraft observations and high-cadence plasma measurements. Interestingly, the
ripple period was comparable to the local ion gyroperiod. Nevertheless, studies of
shock ripples are not restricted to experimental studies. Using simulations, Winske
and Quest [1988] proposed that ripples can be caused by the Alfvén ion cyclotron
(AIC) instability. Using test particle simulations, Yang et al. [2012] showed that
shock ripples can influence the characteristics of ion reflection at the shock front.

So far, the majority of shock ripple investigations have been founded on sim-
ulations and/or detailed case studies such as that by Johlander et al. [2016]. For
this reason, we conduct a statistical study of shock ripples that links their occur-
rence and properties to shock parameters and upstream conditions. To do this, we
devised an automated method to identify rippled shocks, which was then applied
to the shock database compiled by Lalti et al. [2022] that contains 2797 bow shock
crossings by the Magnetospheric Multiscale Mission (MMS).

The report is organised as follows. We first introduce the data and methodol-
ogy, which describes how rippled shocks are identified and characterized. Next, the
major results are presented before discussing the results and drawing the central
conclusions.

3 Data sets

This study employs Earth bow shock crossings made by MMS during burst mode
up to December 2020. The data used are magnetic field at a 128 Hz provided by
the fluxgate magnetometers (FGM) [Russell et al., 2016] and 3D distribution at
150 ms provided by the fast plasma investigators dual ion spectrometer (FPI-DIS)
[Pollock et al., 2016].

The shock crossings utilised in this study are taken from the MMS shock
database compiled by Lalti et al. [2022]. This database utilizes the results of
Olshevsky et al. [2021], which employs a neural network algorithm to classify
MMS data according to the attributes of the 3D ion distribution function. The
MMS data is classified according to the solar wind, magnetosheath, foreshock,
and magnetosphere regions. Bow shock crossings are determined from the classi-
fication shift from the foreshock-magnetosheath, solar wind-magnetosheath, and
vice-versa. For each shock, the database provides key shock parameters such as
M4, i, and 0p,, as well as upstream solar wind properties such as the magnetic
field vector B, and solar wind bulk velocity V,,. For all the shocks, 1 is calculated
from the Farris bow shock model [Farris et al., 1991], and upstream parameters are
retrieved from the OMNI service [King and Papitashvili, 2005]. We direct readers
to Lalti et al. [2022] for a more detailed description of the database.
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4 Methodology

For this study, we extract quasi-perpendicular shocks from the database accord-
ing to g, > 45°. We also require burst mode data, observations are available to
calculate all parameters, and the shock transition shows clear solar wind /magne-
tosheath regions. This yields 516 viable shock crossings for the study. Figure 1
shows the statistical distribution of M4 and 6p,, for the shocks used in this study.
According to Figure la the majority of shocks have M4 ~ 5 — 10, however, there
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Figure 1: Statistical distribution of M4 and g, for the shocks used in the study.

is a tail with M4 exceeding 20. The shock geometry is quite evenly distributed
between 45° — 90°, with slightly more shocks between 75° — 90°. However, we do
not anticipate this to influence the later statistical results.

For each shock, it is required to decide if it is rippled or not, and how many
ripples are observed by the spacecraft. To do this, we exploit the reported obser-
vations by Johlander et al. [2016] that revealed shock ripples were accompanied
by modulations in the 1D reduced (along @) ion distribution. As a spacecraft
is located within the shock front, ripples will cause it to periodically transition
between the foot and downstream as it transits each ripple. Thus, numerous re-
flected ion populations will be observed together with their matching reflection
points. In practice, this manifests as holes in phase space, the hole referring to
the drop in phase space that is radially bounded by the reflected ions and their
reflection point, as shown in Figure 2. From here on we refer to these as phase
space holes (PSHs), which are used to classify shocks as rippled.

An automated procedure was devised to identify PSHs in each shock, as well
as the number of PSHs observed. We adopted a contour approach since PSHs can
be deemed local 3D minima in phase space. The process is as follows:

1. Reduce the 3D velocity distribution along 1.

2. Apply a Gaussian filter to remove the impact from small-scale (smaller than
the hole) variations and prevent over-identification.

3. Manually selects the crossing time, which is selected from early signs of
reflected ions to the last reflection point.

4. Map contours to the filtered reduced distribution.

5. Remove open contours and any max
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6. Remove contours with nonphysical dimensions, e.g. much longer than the
shock itself.

7. Keep contours with circular/elliptical shapes based on if the geometrical
center lies within the contour bounds.

8. Remove outliers based on contours that have less than two points inside.

9. PSHs are identified from the largest contour that bounds at least two re-
maining ones.

The MATLAB routine for this is named irf_shock_psh_id and is publicly available
in IRFU-MATLAB.

Figure 2 shows an example of the PSH identification for three separate shocks
of varying PSH numbers. Each sub-figure shows the date, parameters, and number
of PSHs for each of the shock crossings. The shock on 2015-10-17 exhibits one
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Figure 2: Identification of PSHs for three different shocks that exhibit varying
numbers of PSHs.

PSH as demonstrated by the white boundary, whereas the shock on 2016-01-06
was a highly rippled shock with 11 PSHs. The last example on 2016-11-10 did not
contain any PSHs. From limited event such as these, it is far from obvious how
shock parameters are connected to the number of PSHs and also the properties of
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the PSHs themselves. Thus, this figure exemplifies the motivation of this study to
take a statistical approach to this problem. In the next section, we will investigate
the relationship between PSHs and fundamental shock parameters.

5 Results & Discussion

Figure 3 investigates the probability of PSHs for the shocks included in the
database. Here, P(Npgy) is defined as the probability of observing at least 1
PSH. Panel (a) reveals the occurrence of the number of PSHs (Npgpy) for the
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Figure 3: Cumulative distribution of PSHs (a), P(Npgg) for the normalised shock
crossing time, and various shock speeds.

shocks included in this study. An obvious result is that shocks with PSHs>6 are
quite rare, indicating that the shock that was shown in Figure 2 with 11 PSHs
is not a typical event. Yet, shocks with at least 1 PSH are relatively common,
occurring 66% of the time. Also, we did not see a clear optimal number of PSHs
for the 516 shock crossings that were analyzed. We can deduce that PSHs are
common, but only in small numbers.

The above result can be more readily understood by panels (b & ¢) in Figure 3
that show P(Npgg) for the normalized shock crossing time (to the ion gyroperiod),
and the shock speed. Panel (b) shows a proportional association, that the longer
normalized shock crossing times offer higher probabilities of PSH detection. This
is reinforced by panel (c) since slower shocks provide a higher probability. In other
words, slower shocks provide more time for the spacecraft to observe PSHs. This
demonstrates a key result in that the PSHs observed at Earth’s bow shock by
spacecraft are intrinsically connected to the physical scale lengths of the shock
and the shock speed itself.

Figure 4 below shows P(Npgy) for various shock parameters. In panel (c),
M, is the nonlinear critical whistler Mach number [Krasnoselskikh et al., 2002,
Dimmock et al., 2019] and tells when we expect a shock to reform according to
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Figure 4: The panels (a-f) show P(Npgsg) for 0y, Ma, Ma/M,, |Vi|, 5i, and we;.

a gradient catastrophe mechanism. Some parameters do not show clear depen-
dencies such as 6,, and |Vj|. Interestingly, panel (b) proposes that at higher
M4, P(Npgp) increases from around 0.4 to 0.7. This implies that shock rippling
is inherently connected to M4. Nevertheless, we also see a trend in panel (c),
which could indicate that PSHs may be related to M,,,. For periodically reform-
ing shocks, we could expect to see PSHs as the reformation process has been
suggested to occur on ion gyroscales, comparable to shock ripples. Such a ref-
ormation would manifest as modulations in the reduced ion distributions. Thus,
numerous mechanisms may contribute to the formation of PSHs at the shock front.
Disentangling these mechanisms is not the focus of this study and requires scruti-
nizing individual shock crossings. One method to separate such events would be
to examine the local shock normal since ripples are expected to deviate from this.
On the other hand, reforming shocks would be expected to contain similar shock
normal directions if the upstream field remained stable.

Figure 5 shows the dimensional of the PSHs that were identified. Panel (a) con-
siders the velocity spread as a function of the upstream solar wind speed whereas
panel (b) the temporal width against the ion gyroperiod. Panel (a) suggests that
solar wind speed plays a considerable role in the velocity width of the observed
PSHs. This implies that faster solar wind speeds will cause a stronger reflected
ion population; since PSHs are measured between the incident and reflected ion
populations, the vertical dimension will increase. There is some indication of a
dependency on the ion gyroradius, especially since the spread increases for larger
Tei- Still, this dependency is unclear and deserves additional investigation.
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Figure 5: The velocity and temporal width of PSHs plotted against the upstream
ion speed (a) and ion gyroradius (b), respectively.

6

Conclusions

We have conducted the first statistical study of PSHs at quasi-perpendicular
shocks and their association to shock parameters. From this study we can draw
the following conclusions:

1.

PSHs are common and occurred for 66% of all the examined shocks, however,
the true occurrence is likely higher.

. The number of PSHs is generally low (<6) and highly rippled shocks (10 or

more) are rare.

. The shock speed and normalised scale plays a fundamental role in the ability

of a spacecraft to observe PSHs since the number of PSHs was significantly
larger for slower and longer shock crossings.

. The probability of observing at least one PSH grows with the Alfvén Mach

number.

. There are some indications that shock reformation could play a role in gener-

ating PSH features in the reduced ion distributions. Regardless, this requires
a more exhaustive investigation.
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