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ABSTRACT

Aims. The objective of this study is to characterise and understand the magnetic structure of an extremely high Mach number inter-
planetary shock.

Methods. We analysed magnetic field and plasma data from Solar Orbiter during the shock crossing and compared them with high-
resolution MMS observations and results from a hybrid particle-in-cell (PIC) shock simulation. Shock profiles, magnetic overshoots,
and upstream wave activity were examined across all datasets.

Results. Solar Orbiter measured an exceptionally large magnetic amplification (Bmax/B, ~ 10), though the magnitude was highly
sensitive to the instrument sampling rate. No clear evidence of ion reflection or whistler precursors (expected for such high Mach
numbers) was observed by Solar Orbiter. In contrast, MMS and simulation data revealed complex spatial and temporal structures
that were not resolvable by Solar Orbiter. The hybrid PIC model reproduces several global shock features, but its agreement with
observations depends strongly on the chosen spatial cut and simulation time step. Upstream Langmuir waves were observed without
signs of a sustained electron foreshock, implying intermittent magnetic connectivity and a distorted shock surface.

Conclusions. The results suggest that high Mach number interplanetary shocks possess substantial non-stationary and fine-scale
structure, but their rapid motion and limited in situ sampling make these features difficult to resolve. Accurate interpretation therefore

requires coordinated analyses using multi-mission observations and numerical simulations.
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1. Introduction

Shock waves exist in various environments, but are generally
described as collisional or collisionless. Collisional shocks rely
on particle collisions to transfer the bulk energy flow (upstream)
into heat (downstream). This requires a dense medium such
as air. Collisionless shocks, on the other hand, convert energy
through interactions between particles and electromagnetic
fields. This is because collisions are rare and their effects can
be considered negligible. Most shocks in space and astrophysi-
cal settings are collisionless. Shocks outside of our Solar Sys-
tem, such as supernova remnants can only be studied using
remote sensing data; often emissions analysis is central to study-
ing these shocks. In the heliosphere, spacecraft close to plan-
ets, in the solar wind, and near comets can directly measure the
shock transition, making it a unique natural laboratory for study-
ing collisionless shocks. Crucially, research conducted over sev-
eral decades indicates that the magnetic field across the shock
transition (the shock profile) is highly complex. In this context,
higher complexity refers to the development of additional tem-
poral and spatial structures within the shock and to further modi-
fication of the underlying shock profile. The end result is a shock
profile that is comprised of a collection of multi-scale features.
This complexity stems from various mechanisms and is highly
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sensitive to various parameters. For this reason many questions
remain on how energy is processed by shocks.

First, the Mach number (M = V,/Vy), which is the ratio of
the upstream flow (along the shock normal) to the local sound
speed is essential. It helps identify the shock regime when var-
ious energy dissipation processes are significant (Kennel et al.
1985). There are multiple Mach numbers that can be used, which
require replacing V. The main two are the Alfvén Mach number
(Mu) where Vy is the Alfvén speed and the magnetosonic Mach
number (M,,;) where V; is the fast magnetosonic wave speed
Vus. Second, the geometry, defined as the angle (6;,) between
the shock normal (fi) and the upstream magnetic field (B,), is
key, as it determines how plasma interacts with the shock front
and how the magnetic shock structure arises from the interac-
tion between electromagnetic fields and particles. For this study
we specifically focused on quasi-perpendicular shocks, which
is when 6, > 45°. Our aim was understanding the magnetic
structure of a collisionless shock propagating in the solar wind
with an unusual set of parameters, namely a very high Mach
number and in an almost perpendicular geometry (6,, ~ 89°).
For quasi-perpendicular shocks, as the Mach number increases,
many aspects become increasingly complex due to requiring
additional mechanisms to balance the non-linear ramp steepen-
ing (Kennel et al. 1985). For example, above a certain critical
Mach number, ion reflection becomes necessary, leading to a
foot-ramp-overshoot magnetic profile (Kennel et al. 1985).
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The magnetic profile of collisionless shocks and its con-
nection to particle dynamics has been investigated in vari-
ous plasma environments (Sulaiman et al. 2016; Johlander et al.
2016; Wilson et al. 2017; Dimmock et al. 2019; Madanian et al.
2021; Dimmock et al. 2022) and through numerical modelling
(Burgess et al. 2016). Most of the in situ research has focused
on the Earth’s bow shock, largely due to multi-spacecraft mis-
sions such as Cluster and the Magnetospheric Multiscale Mis-
sion (MMS), which can distinguish between temporal and spa-
tial features and provide measurements with a higher cadence
than non-terrestrial missions. This study focuses on the com-
plexity of the shock profile, which originates from the shock
structure itself (e.g. the dynamics of the foot and overshoot),
non-stationary dynamics, reformation, waves, and instabili-
ties that grow in close proximity to the shock front. Exam-
ples of specific processes are shock rippling (Lowe & Burgess
2003; Johlander et al. 2016; Lotekar et al. 2025), wave-breaking
(Krasnoselskikh et al. 2002; Dimmock et al. 2019), and other
waves and instabilities such as whistler waves (Balikhin et al.
1997; Wilson et al. 2009; Lalti et al. 2022). Several of these can
occur together, as shown by Madanian et al. (2021). Important to
this study is the magnetic signature of these processes and how
they affect the shock profile.

Here we briefly discuss the magnetic signature of the pro-
cesses mentioned in the previous paragraph. First, shock rip-
ples propagating along the shock surface will result in variations
in magnetic field (particularly B,), density, and the appearance
of ion phase space holes (Johlander et al. 2016). Wave-breaking
and gradient catastrophe will appear as small-scale whistler-like
structures within the shock ramp and corresponding DC elec-
tric field changes (Krasnoselskikh et al. 2002; Dimmock et al.
2019). Third, whistler waves will manifest as electromagnetic
waves in close proximity to the ramp typically from a few hertz
to hundreds of hertz (Balikhin et al. 1997; Wilson et al. 2009;
Lalti et al. 2022) where there are multiple generation mecha-
nisms. Fourth, for slow shock speeds, elongated foot regions will
create a complex shock transition since they contain many mag-
netic field variations (see Balikhin & Gedalin 2022, and refer-
ences therein). Finally, the shock overshoot can be very dynamic,
as shown in earlier studies such as Livesey etal. (1982),
Mellott & Livesey (1987), Gedalin et al. (2023), Lindberg et al.
(2025). The overshoot generally increases with the Mach num-
ber, but also depends on the data resolution, which implies
some contribution from turbulence or smaller scales. Thus, for
high Mach number shocks it can be expected that the magnetic
field amplification at the shock and the downstream oscillations
become more pronounced. It should be said that it is not always
possible to measure this complexity, particularly for interplane-
tary shocks that move very quickly. In fact, irregularities associ-
ated with interplanetary shocks and the impact on their structure
remains somewhat undefined.

Upstream of interplanetary shocks an analysis can provide
insights into the stability of the global shock structure that can-
not be captured by the in situ crossing. Trotta et al. (2023a) and
Dimmock et al. (2023) studied a relatively high Mach number
(~7) interplanetary shock, particularly the link between par-
ticle dynamics and the shock structure. Trotta et al. (2023a)
concluded that irregularities in the shock structure resulted in
dispersive particle signatures upstream that were interpreted as
irregular proton injections. For the same shock, Dimmock et al.
(2023) showed that the upstream ion velocity distribution func-
tions could also be modified by local shock structures since the
ion reflection process would be affected. Therefore, the connec-
tivity to the shock can provide evidence of shock irregularities
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as a spacecraft may not be magnetically connected to the part
of the shock that it will later encounter. Magnetic and elec-
tric field structures can also give evidence of the shock geom-
etry and structure. Local ion foreshocks or travelling foreshocks
(Kajdic et al. 2017) have given evidence of a locally distorted
shock. Moreover, the presence, or lack, of an electron foreshock
(Bale et al. 1999; Pulupa & Bale 2008) can be used to infer con-
nectivity to quasi-perpendicular shocks.

This study focuses on an interplanetary shock measured by
Solar Orbiter when the Alfvén Mach number was around 23.
For context, the mean interplanetary shock M, observed by
Solar Orbiter across various heliocentric distances is around two
(Dimmock et al. 2023). After comparison with other interplane-
tary shocks measured by Solar Orbiter, this shock was found to
have an extreme magnetic field maximum, almost ten times the
upstream value. The goal of this paper is to study the magnetic
profile of this shock and determine what process is responsible.
To support the Solar Orbiter observations, we also performed
a quantitative comparison with a bow shock crossing observed
by MMS under similar parameters to understand the rarity of
this event. Moreover, we performed a high Mach number hybrid
PIC simulation to obtain a more global and spatial context of
the shock structure. The model was also used to provide insights
into the sensitivity of the model-data comparison to the shock
crossing location.

2. Data and models

The study primarily used data collected by the Solar Orbiter
spacecraft (Miiller et al. 2020). To characterise the interplan-
etary shock profile, we used data from the MAG instrument
(Horbury et al. 2020) in burst mode (64 Hz). For ion moments
and spectra as well as electron pitch angle distributions,
the SWA-(PAS/ESA) instrument was employed (Owen et al.
2020). The electron density was obtained from the Radio
and Plasma Waves (RPW) instrument suite (Maksimovic et al.
2020) computed using spacecraft potential measurements
(Khotyaintsev et al. 2021). To study the high-frequency electric
and magnetic fields we used RPW. In particular, we employed
data from the Selective Burst Mode 1 (SBM1), which triggers
around interplanetary shocks. The SBM1 data products include
the low-frequency receiver (RPW-LFR) 2D continuous electric
field data in the plane of the RPW antennas and 3D magnetic
field data from the search coil magnetometer (RPW-LFR/SCM),
both sampled at 4096 Hz. We also used the Time Domain Sam-
pler (RPW-TDS) to analyse the electric field at higher frequen-
cies (Soucek et al. 2021). The TDS data that we used consists
of 15 ms snapshot waveforms sampled at 262.1 kHz, where one
snapshot is registered every second. Additionally, from TDS,
we utilised the Maximum Amplitude (RPW-TDS/MAMP) data
product, which records the maximum absolute value of the elec-
tric field within a 7.8 ms window and is sampled at 2.097 MHz,
resulting in 128 samples per second. The MAMP data product
effectively captures the envelope of the electric field signal, offer-
ing continuous electric field measurements.

To characterise the Earth bow shock profile, we used data
from MMS. We used magnetic field data from the fluxgate
magnetometer instrument (Russell et al. 2016) and ion particle
measurements from the fast plasma investigation (Pollock et al.
2016).

We supported the interpretation of Solar Orbiter data with
a hybrid kinetic particle-in-cell (PIC) simulation run with an
observation—driven initialisation. To this end, we used the
HYPSI code (e.g. Trotta et al. 2020, 2023b), which uses the



Dimmock, A. P, et al.: A&A, 709, A103 (2026)

ICME Passage Measured by Solar Orbiter
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current advance method and cyclic leapfrog method (CAM-
CL Matthews 1994). In the simulation, protons were mod-
elled as macroparticles, and electrons were modelled as a mass-
less charge-neutralising fluid. Distances were normalised with
respect to the ion inertial length (d;), and the spatial resolu-
tion was 0.2 in the x and y directions. The simulation domain
was 50d; X 50d;. Magnetic fields were also normalised to their
upstream values (By). In this run, By lay in the plane and along
the y direction, meaning 6, = 90°. Moreover, M ~ 26, which
is similar to the value calculated from the observations. The spa-
tial resolution of Solar Orbiter (using the shock speed) would be
~0.4d;.

The shock was initiated by the injection method (Quest
1985), in which the plasma flows in the x-direction with a super-
Alfvénic velocity Vipgow = 20 Va. The right-hand boundary
of the simulation domain acted as a reflecting wall, and fresh
plasma was injected continuously at the left-hand side open
boundary. The simulation was two-dimensional in space, and
was periodic in the y-direction. A shock was created as a conse-
quence of reflection at the wall, and it propagated in the negative
x direction. In the simulation frame, the upstream flow was along
the shock normal. In order to study a well-developed shock tran-
sition, we limited our analysis to times between 3.5 and 6 QC‘Z.'.

3. Context and motivation
3.1. Event overview

This study focuses on an interplanetary shock that was detected
on 6 September 2023 at about 20:23 UT. Most notably, the cal-
culated M, ranged from 23 to 30, depending on the density used
in the calculation. To understand this rare event, we must first
consider the circumstances leading up to it. The shock resulted
from an interplanetary coronal mass ejection (ICME) occurring
between 6 and 7 September 2023 at 0.6 AU. Data collected by
Solar Orbiter during this time are displayed in Figs. la—g. The
panels, from top to bottom, show: |B|, B,,, V,u, 1, T;, ion omni-
directional energy flux, and electron pitch angle distribution. The

T;, ion omnidirectional energy flux, and elec-
tron pitch angle.

electron pitch angle is taken from the energy bin corresponding
to 107 eV.

The leading ICME fast-forward shock occurred at around
20:23:34 on 6 September. The shock was characterised by a
sudden increase in the magnetic field (a), velocity (c), density
(d), and temperature (e), as well as a spread in energy flux (f).
Downstream of the shock lies the ICME sheath, which is par-
ticularly complicated in this event. It has notable magnetic field
rotations, small fluctuations, and density increases, making it dif-
ficult to precisely identify where the sheath interval ends and the
flux rope starts. The omnidirectional spectra are cut off down-
stream due to the instrument mode, but this issue is resolved a
few hours later, with higher energies appearing in the sheath; for
this reason, we have used the density from RPW instead of the
SWA-PAS moment. Complex structures inside the sheath likely
originate from current sheets, since the magnetic field compo-
nents change direction in concert with sharp density increases.
In panel g, the pitch angle distribution shows reversals of the
strahl and evidence of bi-streaming electrons. This could be due
to one or more encounters with the heliospheric current sheet,
other structures within the ICME, or solar wind current sheets
modified by the ICME. In contrast, from 06:00 on 7 September,
the region exhibits a clear match with a magnetic cloud, shown
by a slowly rotating magnetic field, lower temperatures, less fluc-
tuations, and a clear separation of protons and alphas. Yet, even
during this less disturbed region, there are still some localised
intervals of ion heating visible in the ion temperature and the
omnidirectional spectra in panels e—f.

This study focuses on the interplanetary shock driven by this
unique set of conditions. The ion density upstream was approxi-
mately 47 cm ™3, combined with a weak magnetic field of around
6 nT. This resulted in a particularly low Alfvén speed of around
Va ~ 18km/s. The shock was fast, with a speed of around
Vsn ~ 752kmy/s, leading to an extraordinary value of M. For
context, My for interplanetary shocks typically ranges from 1 to
3 (Dimmock et al. 2023; Trotta et al. 2025), while it approaches
approximately 10 at the Earth’s bow shock. Unfortunately, Solar
Orbiter’s orbit was not aligned with any other spacecraft, so the
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Comparison of Solar Orbiter Interplanetary Shock Profiles

Fig. 2. Comparison of Solar Orbiter shock
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evolution of the profile or change in parameters across the inner
heliosphere was not possible.

3.2. Uniqueness of the shock profile

To understand the rarity of this event, it is essential to com-
pare the magnetic profile of this shock with others observed
by Solar Orbiter. At the time of this analysis, Solar Orbiter
has encountered over 100 interplanetary shocks, which we have
catalogued. We extracted quasi-perpendicular shocks from our
Solar Orbiter interplanetary shock database (Dimmock et al.
2023; Trotta et al. 2025) measured with MAG burst mode data.
The higher cadence is needed since it significantly affects the
measured amplitude of the magnetic field across the shock
(Mellott & Livesey 1987; Lindberg et al. 2025). Figure 2 illus-
trates the magnetic profiles of such shocks. In panel a, we
present cases where the angle between the shock normal and
the upstream magnetic field (6,) is greater than 45°. In panel
b, we show cases where 6, exceeds 80°. To ensure a fair com-
parison, we normalised the magnetic profiles by the upstream
magnetic field value. There are 70 interplanetary shocks when
(0p, > 45°) and 13 when (6, > 80°), which is sufficient for a rea-
sonable comparison. Figure 2 illustrates that the magnetic pro-
file of the shock examined here is particularly unique. It stands
out as the only shock with an order of magnitude increase in
the magnetic field compared to the upstream. Furthermore, it is
the only shock where the downstream magnetic field approaches
the maximum compression ratio of around four. Additionally,
panel a shows larger magnetic field variations upstream in the
other Solar Orbiter shocks compared to this event; confirm-
ing the absence of a strong ion foreshock. Trotta et al. (2025)
showed that these are present in about 50% of the Solar Orbiter
shocks observed so far, and more likely to be observed for more
oblique geometries. As a result, understanding the rarity of this
magnetic field amplification is the motivation for this study.

4. Results

The goal of this study is to understand the magnetic structure
of the interplanetary shock. In this section, we first present the
results from analysing Solar Orbiter data, with support from
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panels indicates four, which is the maximum
compression across the shock front according
to the Rankine—Hugoniot relations.

MMS observations as well as comparisons with a hybrid PIC
simulation.

4.1. Solar Orbiter observations
4.1.1. Analysis of the shock profile

Figure 3 provides a detailed view of the interplanetary shock
crossing, highlighting several features. Panels a and b illustrate
the magnetic field, while panels ¢ and d present the density
(ions and electrons), as well as ion velocity, respectively. Panel
e depicts a reduced velocity distribution along the shock nor-
mal, and panel f shows the ion omnidirectional spectra. The
lower two panels g and h represent wavelet spectra and the ellip-
ticity of the magnetic field. The shock crossing, which occurs
around 20:23:34 and is central in the figure, is marked by sud-
den changes in most of the plotted quantities. We now express
the magnetic field (By,) in shock coordinates (i, t;, t;). In this
system, fi denotes the shock normal direction and t, is ixB,,/|fix
B,|. Finally, t, is calculated from t, x fi. The subscript NIF
denotes the normal incidence frame (NIF), where the NIF veloc-
ity is calculated using the formula Vg = V,, — (V,, - i — V).
The NIF velocity is important since it is used to compute the
Mach numbers in the frame of the shock.

The top two panels reveal a significantly high magnetic field
amplification at the shock ramp (overshoot), nearly ten times
larger than |B,|. Interestingly, soon after the shock ramp, the
magnetic field temporarily decreases to a value close to the
average upstream value, which was not observed in the lower-
resolution data. This can be due to a better resolved undershoot
or could imply a highly dynamic shock front. Panel c presents
two estimates of density from SWA-PAS (n;) and RPW (n,). The
enhanced resolution of RPW uncovers finer details in the shock
front density profile, including an overshoot. When comparing
n; and n,, n; is greater upstream and lower downstream. Differ-
ences downstream could be related to the incomplete distribu-
tion as implied in Fig. 1, panel f. We note that this comparison
is not intended to assess the precision or accuracy of the instru-
ments but to justify why RPW density was used. Density is an
important quantity for IP shocks since it is directly employed to
calculate the shock speed based on mass flux conservation as

_ (NaVa—-N,V,) - n

Vi = , 1
sh Nd_Nu ()
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Solar Orbiter Interplanetary Shock Crossing
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where N in equation (1) can refer to either the ion or electron
density. The shock speed is then used to transform into the shock
frame and obtain the Mach numbers.

In Fig. 3, panel f shows the wavelet power spectra up to
30 Hz. This higher resolution is possible because MAG was in
burst mode during this time measuring at 64 Hz. A key point
from this panel is that no upstream waves appear in this fre-
quency range. This contrasts with many interplanetary shocks,
where existing studies observe whistler wave trains from a few
to tens of Hz near the shock (Wilson et al. 2009, 2012). Accord-
ing to the magnetic field data, the foot is very short and observed
for less than one second. This means that the resolution of the
SWA-PAS instrument (4 s) cannot capture ion reflection as the
spacecraft does not remain in the foot for long enough.

Table 1 summarises the calculated shock parameters. As
mentioned, RPW was used for the density but the values in
brackets indicate values where only SWA-PAS was used for all
upstream and downstream parameters. The upstream and down-
stream windows used for calculating the shock parameters are
listed in the bottom two rows. Upstream and downstream values
are the mean of that window, and the shock normal was calcu-
lated using mixed mode coplanarity. Two notable characteristics
of this shock are that it is highly perpendicular and it has an
exceptionally high M. A review of existing events suggests that
this is the highest M, interplanetary shock observed by Solar
Orbiter at the time of this analysis. Considering the discrepancies
between the densities of SWA-PAS and RPW, we estimate that
M 4 falls between 23 and 30. In comparison, the fast-mode Mach
number (M) ranges from 8 to 10. According to the bow shock
database from Lalti et al. (2022), the Earth’s bow shock has an
average (median) My of 10 (8.5) and M around 5.5. This indi-
cates that the Mach number of this interplanetary shock crossing

1 reduced phase space density (along f), ion
energy (shock frame), wavelet spectrogram of
B, and ellipticity of B.

Table 1. Parameters for the Solar Orbiter interplanetary shock crossing.

Parameter Value
Date 2023-09-06
Time of shock ramp, UTC 20:23:34
Opn [°] 89

Alfvén Mach number My 23 (30)

Fast Mode Mach number ) M 8.2 (10)
Shock normal direction i [0.950.12 0.27]
Shock speed [km/s] 752 (845)
Magnetic compression ratio B,/B; 3.4
Upstream density n, [cm™] 47, (54)
Density compression ratio n,/ng 3.92.6)
Ion plasma g, 2.4 (2.8)
Heliocentric distance |R| [AU] 0.6

Upstream window [UTC]
Downstream window [UTC]

20:22:39-20:23:21
20:23:38-20:23:47

Notes. @ Assuming T, = 14eV.

is even higher than that typically calculated for the Earth’s bow
shock.

Figure 3 shows an interesting magnetic field profile with
extreme amplification and downstream oscillations. To analyse
these features more carefully, plotted in Fig. 4 is the magnetic
profile for the time ranging one second before and after the ramp
crossing. The quantities on the x-axis are measured relative to
the shock ramp, marked by a vertical dashed red line. Having
calculated the shock speed (Table 1), we can now estimate the
spatial scale of these features. Figure 4 illustrates this scale using
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Interplanetary Shock Profile
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different x-axes. We determine the length scales based on the
average upstream magnetic field and SWA-PAS moments (d; ~
33km and r; = 52). It is also possible to compute the convected
gyro-radius (L, = Vu/Q,) which upstream is LZ*‘ ~ 766 km and

downstream L* ~ 195 km.

There are two key features of the shock crossing. First, the
magnetic field increases rapidly when the spacecraft encoun-
ters the shock (ramp) by an order of magnitude. Second, there
are large downstream oscillations that briefly return to the
upstream value before converging on the downstream magnetic
field strength. Two key intervals have been marked (1 & 2),
which will be quantified in terms of temporal and spatial scales.
Interval (1) lasted approximately 0.22 seconds, corresponding to
about 184km, 3.6r;, 5.6d;, and 0.24 LZS. Region (2) is more
pronounced, lasting 0.47 seconds, yielding lengths of 398 km,
7.7r;, 12.9d;, and 0.5 LZS. On the other hand, the ramp width
is difficult to estimate since its duration is extremely short and
encompasses only a couple of data points. However, from the
start of interval (1) to the red line would suggest the ramp is less
than or comparable to 1r; and less than 0.1 Ly®. These estimates
assume the structures move past the spacecraft at the shock
speed, which is reasonable since they are at the ramp or imme-
diately downstream, suggesting that they are part of the shock
structure. Such an assumption would likely not be valid inside
the ICME sheath for other structures due to the complex internal
dynamics.

4.1.2. Analysis of waves associated with the interplanetary
shock

Further context can be obtained from other magnetic and elec-
tric field structures in the vicinity of the shock. This interplane-
tary shock also exhibits distinct electrostatic and electromagnetic
activity that is worth considering in this study. By analysing the
different waves associated with the shock, we can gain insights
into the connectivity between the spacecraft and in situ shock
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crossing. We present an overview of the electric and magnetic
field measurements captured by the RPW-LFR, covering fre-
quencies from 2.5 Hz to 2kHz in Fig. 5. In panel a, we provide
the MAG data for reference. The electric field and its wavelet
spectrogram are shown in panels b and c, respectively. The mag-
netic field obtained from the RPW-LFR/SCM along with its
respective wavelet spectrogram and ellipticity, are shown in pan-
els d—f.

At the RPW-LFR frequency range, the electric and mag-
netic power spectral density (PSD) is dominated by electromag-
netic turbulence. Upstream of the shock ramp, this turbulence is
present at a few Hz. Downstream, the turbulence is significantly
enhanced and its frequency broadens, extending up to ~100 Hz.
Moreover, the magnetic field polarisation does not indicate the
presence of any coherent electromagnetic wave mode. We also
note the presence of an electrostatic signal around the electron
cyclotron frequency (f..) in the RPW-LFR data in Figs. 5b and c.
This signal is likely an instrumental effect as its properties do not
align with solar wind wave modes.

In Fig. 6, we show a zoom-in of electric field data at higher
frequencies, up to 100kHz. Panel a, depicts the PSD of the
RPW-TDS snapshots captured every second during the SBM1
(Survey Burst Modes) interval. The PSD is displayed in dB
above the minimum power observed in the snapshot. Notably,
we identify a Type II radio burst that extends far upstream,
beginning at a frequency just above the electron plasma fre-
quency (fp.) closer to the ramp and drifting to higher frequen-
cies as the distance from the shock increases. The presence
of a Type II radio burst implies that the shock is accelerat-
ing electrons somewhere along the shock front. These acceler-
ated electrons form suprathermal beams in the shock’s electron
foreshock region, which excite Langmuir waves via the bump-
on-tail instability. Part of the Langmuir wave energy can be
converted to radio waves (Wild & McCready 1950; Bale et al.
1999). We now examine Langmuir waves in the RPW-TDS
data. Only two snapshots contained Langmuir waves, which are
shown in panels ¢ and d. The wavelet spectrograms and fre-
quency spectra are shown in panels f—g and i—j, respectively. Fur-
thermore, we compare the snapshots with the RPW-TDS/MAMP
data in panel b to confirm that there are no other Langmuir
waves present around the shock. The amplitude of the observed
Langmuir waves is larger than that of typical unperturbed solar
wind Langmuir waves (Graham & Cairns 2015; Boldd et al.
2023), confirming their association with the mentioned radio
burst.

In addition to the Type II radio burst and Langmuir waves,
we also observe other significant electrostatic signatures near
the ramp. In Fig. 6e, we show the snapshot of the electrostatic
solitary waves detected, which are characterised by their bipolar
electric field. The corresponding wavelet spectrogram and fre-
quency spectrum are depicted in panels h and k. These struc-
tures are commonly observed in the ramp of high M, shocks
(Wilson et al. 2010) and are believed to provide energy dissi-
pation that can potentially modify the electron and ion VDFs
(Ergun et al. 1998; Wilson et al. 2007). Towards the end of the
snapshot in panel e, there is a short burst of a Langmuir or
beam-mode wave, which may indicate the presence of an elec-
tron beam near the shock crossing. This beam can be critical
to interpreting the connectivity of the shock to the later in situ
crossing. It is also worth pointing out that we do not observe
clear ion-acoustic waves near the ramp, despite them being
frequently observed around interplanetary shocks (Wilson et al.
2007; Boldu et al. 2024). But, we do observe strong broad-
band electrostatic signatures localised in an area around the
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ramp. This intense activity, with the electric field reaching up
to 150 mV/m, is likely captured only briefly due to the shock
moving past the spacecraft too fast. Downstream from the ramp,
the electric field fluctuations decrease but remains higher com-
pared to upstream measurements.

4.2. A parametrically similar bow shock observed by MMS

The Solar Orbiter shock crossing shows a unique magnetic
profile. This makes it challenging to compare with other IP
shocks. But a substantial database of Earth bow shock crossings
(Lalti et al. 2022) already exists, containing larger M, values.
This may offer further insights, particularly if similar profiles are
observed at other shocks. Applying the criteria (M > 20) and
(Op, > 80°), we identified a crossing with burst mode data that
occurred on 10 December 2017, at 01:06:38 UT, as illustrated in
Fig. 7. Panels a—f in Fig. 7 present [B|, B, V, n., V,,, and electron
omnidirectional energy flux. The bottom two panels display the
magnetic field wavelet spectra and ellipticity. We plot all quanti-
ties in GSE coordinates.

After this MMS shock crossing was identified, the param-
eters for the MMS bow shock crossing are recalculated using
MMS measurements. We note that the upstream density is esti-
mated from the plasma line observed by MMS, and therefore is
larger than the value obtained by FPI, leading to a new lower
estimate of the Mach number, M, = 16.5. The parameters for
this bow shock are detailed in Table 2; we note that fast mode
data were used to calculate the shock parameters. They indi-
cate that comparing this with the Solar Orbiter event is reason-

Fig. 5. Overview of the high-frequency elec-
tric and magnetic fields around the high Mj
interplanetary shock. (a) Background magnetic
field from the MAG instrument. (b) RPW-
LEFR electric field measurements. Components
are in the plane of the antennas. (c) RPW-
LEFR electric field PSD spectrogram. (d) RPW-
LFR/SCM magnetic field in SRF coordinates.
(e) RPW-LFR/SCM magnetic field spectro-
gram. (f) RPW-LFR/SCM magnetic field ellip-
ticity. The lower hybrid frequency (fy;) and
electron cyclotron frequency (f..) curves are
plotted in red and black, respectively, in panels

(c), (e), and (f).

able. However, there are challenges with particle measurements
from MMS in the solar wind, as FPI is not intended for mea-
suring such a cold, narrow beam. Therefore, for upstream 77,
we still utilised the OMNI dataset. There are various interest-
ing features of the bow shock worth pointing out. The mag-
netic field profile shown in panel a is remarkably complex, con-
taining numerous smaller scale structures throughout the cross-
ing. This is especially distinct near the shock ramp, where
some have been labelled in the figure. The peak magnetic field
across the shock is ~39nT, compared to an upstream value of
~3.6nT, which denotes an order of magnitude increase of |B|
within the shock front. Moreover, soon after the peak mag-
netic field is reached, it falls to a value strikingly similar to the
upstream magnetic field. The reduced ion distribution in panel
e shows ions moving positively along the x direction into the
solar wind. This suggests strong ion reflection lasting about a
minute upstream. From flux conservation of the upstream and
downstream intervals we estimate the average shock speed to
be ~15km/s, explaining the long duration of ion reflection. The
wavelet spectrogram of the magnetic field in panel g shows
the presence of low-frequency waves (~10-80Hz) extending
from the ramp region and roughly coinciding with the reflected
ions. Polarisation analysis shows that the fluctuations are right-
handed and circularly polarised in the spacecraft frame. The
large-scale magnetic structure of the bow shock is similar to
that of the Solar Orbiter shock with some key differences. These
can be summarised as: strong ion reflection, clear upstream low-
frequency precursors, and a significantly more complex shock
crossing.
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Electric field snapshot data from RPW-TDS
2023-09-06 UTC
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4.3. Comparison with kinetic hybrid modelling results

Spacecraft observations provide an accurate but point-like view
of the shock front, which varies greatly in space and time. From
this point of view, simulations provide strong support to observa-
tions as they make it possible to reconstruct, within their model
limitations, the space-time behaviour of the shock front. The
motivation for introducing simulations here is to determine how
sensitive a measured high Mach number shock profile is to the
time and location of the crossing.

In Fig. 2, we compared many Solar Orbiter IP shocks and a
similar approach is adopted with the simulated shock. We per-
formed this for three simulation times, and the cuts are spatial,
not temporal. A cut is taken across the shock (along the shock
normal) at each snapshot, and therefore is not from the shock
moving over a virtual spacecraft. When comparing with the
data, this assumes the real shock is relatively stationary during
the shock transition. At interplanetary shocks, the shock speed
is high, so this assumption is reasonable. However, for slower
shocks (e.g. bow shocks), this approach may need further con-
sideration (Trotta et al. 2022).

Figure 8 examines the simulated shock at three times (4, 5,
and 6 ¢;). Plotted in the left panels are the global shock profiles of
[B|/By|, and the right panels show the cuts along the y-direction
at the locations indicated by the horizontal lines that are drawn
on each of the left panels every two d; on the y-axis. In the right
panels, the grey lines show the individual cuts, the mean pro-
file is plotted in red, and the SolO observed shock profile corre-
sponds to the black curve. We note that the measured shock has
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been converted to spatial units using the estimated shock speed.
To reduce the noise in the simulation, a two-point moving aver-
age filter was applied to the simulated output.

In Fig. 8, the shock moved from right to left, meaning that
the upstream and downstream regions are found on the left and
right, respectively. The shock front is obvious from the sudden
increase in magnetic field as well as a significant increase in
complexity of the magnetic field in both directions. For each
snapshot, the shock front is highly non-stationary; the shock
front is not a smooth and sudden transition but contains complex
spatial structures both along and perpendicular to fi. This com-
plexity highlights the difficulty of interpreting individual space-
craft crossings of complex shock fronts. Comparing cuts of the
model in panels b, d, and f, the overall structure of the shock
shows the expected foot, ramp, and overshoot. The average pro-
file (red curve) shows a good agreement with the measured shock
(black curve) and the spatial scales are similar for the key regions
mentioned. On the other hand, it should be pointed out that
the overshoot is larger and the downstream oscillations are not
exactly reproduced. Importantly, the model provides larger val-
ues of the maximum magnetic field at the shock front, in some
cases by a factor of three. Such a discrepancy is likely to be
due to the reduced dimensionality of the simulation employed
here, and the fact that an out-of-plane configuration for the back-
ground magnetic field has been used (see Burgess & Scholer
2007). Further, no pre-existing turbulence has been included
in the model, an ingredient which has been shown to have an
effect on the maximum values of magnetic field observed in
the simulation (see Trotta et al. 2024). Further simulation efforts
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Fig. 7. Bow shock crossing by MMS with similar parameters to the
Solar Orbiter interplanetary shock. The quantities plotted and panel lay-
out are the same as in Fig. 3.

reproducing strong shock behaviour in full 3D geometry and
including pre-existing turbulence will be the object of future
work.

To confirm the similarity between the simulated and
observed shock profiles, we adopt a quantitative approach. We
perform a correlation between the measured and simulated shock
profiles for all possible cuts. However before this can be imple-
mented, each model cut is re-sampled to match the observations.
This is required since the measured data have a spatial resolution
of approximately 0.4 d;, while the model is 0.2 d;. We note that
a slower shock would provide better spatial resolution. We take
all cuts along the y-axis from 5 to 45 d; for all snapshots between
4 and 6 ¢;, resulting in 10250 individual shock profiles. We align
the measured and simulated profiles according to the maximum
magnetic field measured across the shock front and compute the
correlation coefficient for each. The results are plotted in Fig. 9.

Figure 9a compares the measured shock profile with the sim-
ulated profiles when the correlation coefficient exceeded 0.95.
The agreement is striking, with the simulated shock structure
reproduced at similar spatial scales. However, even with an
optimal comparison, higher maximum magnetic fields are still
observed, as was shown before in Fig. 8. Figure 9b shows the
profile with the best correlation (red curve), with more compa-
rable maximum magnetic fields and an extremely well-matched

Table 2. Parameters for the MMS bow shock crossing.

Parameter Value
Date 2017-12-10
Time of shock ramp, UTC 01:06:38
Opn [°] 83

Alfvén Mach number My, 16.5

Fast Mode Mach number M 7.3

Shock normal direction i
Magnetic compression ratio B, /B,

[1.00, 0.06, 0.04]
4.8

Upstream density n, [cm™3] 12.5

Density compression ratio n,/ng 3.2

Ion plasma 8;, @ 1.0

Crossing location (GSE) [Re] [13.3, 2.3, 2.3]

01:08.00-01:09:00
01:04:30-01:05:30

Upstream window [UTC]
Downstream window [UTC]

Notes. @Assuming T; = 2eV.

observed shock front. Figure 9c plots a map of the correlation
coefficients for each time and y-axis value, while Fig. 9d shows
a histogram of the correlation coefficients for all cuts. The sim-
ulated shock reproduces the shock structure well, with a median
correlation coefficient of around 0.87. The map shows that the
coefficients vary from 0.8 to 0.95, but there can be significant
changes in the agreement depending on the simulation time and
also the location along the shock front.

5. Discussion

We have studied the magnetic profile of an interplanetary shock
observed by Solar Orbiter that has an extremely high Mach num-
ber. The peak magnetic field across the shock was stronger than
any other shock observed by Solar Orbiter at the time of com-
pleting our analysis. There was a distinct lack of ion reflection in
the particle data as well as any signature of low-frequency waves
close to the shock, which would be expected for this Mach num-
ber. This resulted in a surprisingly smooth magnetic profile. The
goal of this study was to obtain a better understanding of the
observed magnetic profile of this event and therefore high Mach
number interplanetary shocks in general. We also supplemented
this study with observations from MMS and analysis of a hybrid
PIC simulation. Below we put the presented results into physical
context.

A key aspect of the Solar Orbiter shock was the absence
of ion reflection, commonly observed in supercritical shocks
at Earth and occasionally in the interplanetary medium
(Dimmock et al. 2023). Depending on the shock geometry,
reflected ions can either extend far upstream (backstreaming
ions) or be more localised to the foot, and in some instances,
both types can occur simultaneously. Ions near the foot consist
of those reflected from the shock that gyrate in the solar wind,
gaining energy from the portion of their orbit aligned with the
upstream electric field, which enables them to cross the shock.
We would expect reflected ions to be present at the interplanetary
shock we analysed, but the high shock speed made it impossible
for SWA-PAS to capture them. In contrast, the MMS bow shock
crossing displays a clear population of reflected ions, which is
expected since the speed of bow shocks is much lower than
that of interplanetary shocks (~15 km/s), and also the FPI instru-
ment has a higher cadence. Additionally, studies have shown that
upstream waves, such as those found in the MMS case, may be
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Comparison of Hybrid-PIC Profiles
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Fig. 8. Comparison of simulation cuts and the Solar Orbiter shock pro-
file for various times. Panel (a) shows the simulation magnetic field
strength for # = 30 and the horizontal lines on the left show the y values
where the cuts in panel (b) are taken. The red, grey, and black curves in
panel (b) indicate the mean simulation profile, individual model cut,
and the Solar Orbiter measured profile. The remaining rows are the
same format, but plotted for t = 4,5, 6 ¢;. As shown in the left column,
the shock in the simulation moves from right to left in the simulation
domain.

explained by instabilities linked to reflected ions (Wilson et al.
2012; Dimmock et al. 2022; Lalti et al. 2022), which is why they
appear in tandem. Solar Orbiter spent around 0.2 seconds in the
foot, so if low-frequency waves were present, a resolution of
64 Hz (32Hz Nyquist frequency) may not be sufficient. This
highlights how critical data resolution is to fully understanding
interplanetary shocks, and why there is merit for utilising bow
shock observations and simulations for greater context.

The magnetic profile of the Solar Orbiter shock was smooth,
exhibiting only minor variations. However, the MMS exam-
ple and previous studies indicate that high Mach number colli-
sionless shocks typically have complex profiles (Dimmock et al.
2019; Madanian etal. 2021). This complexity stems from
their non-stationary nature, which is associated with vari-
ous physical processes. One such process is shock rippling
(Burgess & Scholer 2007; Johlander et al. 2016), occurring
when wave-like structures propagate along the shock surface.
As the spacecraft traverses the shock, its position relative to the
shock varies depending on the wave period. Under similar condi-
tions, both the simulation and bow shock demonstrated a highly
complex shock front. The bow shock revealed magnetic struc-
tures near the ramp and phase space holes, indicating rippling
(Lotekar et al. 2025). However, Solar Orbiter crosses the inter-
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planetary shock in a fraction of a second, which is too short to
capture any slower-moving ripples. Additionally, smaller-scale
structures inside the ramp associated with the gradient catastro-
phe have been measured close to scales around the electron iner-
tial length (Dimmock et al. 2019). However, we did not observe
any sub-structure inside the ramp, and we would not expect these
to contribute significantly to the peak magnetic field close to
the overshoot. One aspect that cannot be entirely ruled out is
the contribution of smaller-scale shock turbulence, which was
shown in previous studies (Mellott & Livesey 1987) to signifi-
cantly contribute to the shock overshoot with increasing Mach
number.

Above a certain Mach number quasi perpendicular
shocks have a characteristic overshoot/undershoot profile
(Livesey et al. 1982; Mellott & Livesey 1987; Gedalin et al.
2023; Lindberg et al. 2025) driven by the cross field currents
within the shock transition region (Saxena et al. 2005). Overall,
this study demonstrates that Bp.x/B, ~ 10 is extremely large
and rare for interplanetary shocks. Moreover, a similar value was
estimated for the MMS bow shock crossing with similar parame-
ters, implying this may be a common feature for high Mach num-
ber shocks. For this shock, the large overshoot is further evidence
of strong ion reflection, a phenomenon that, while not directly
observed, is expected. Overall, the overshoot plays a crucial role
in ion dynamics by regulating ion reflection and, therefore, fun-
damentally adjusts the mass and momentum transfer across the
shock. Moreover, larger overshoots have been suggested to lead
to more efficient downstream ion heating (Gedalin et al. 2023).

Quantifying the overshoot is not straightforward, and as
noticed in this study and those before (Mellott & Livesey 1987;
Lindberg et al. 2025), the sampling frequency of the magnetic
field plays a significant role. The normal resolution data from
Solar Orbiter give Bnax/Bo ~ 6 compared to Bnax/Bo ~ 10
from burst mode, since the normal mode resolution gives By, ~
36 nT and burst mode measured Bp.x ~ 59.5nT. It has been
argued in earlier studies (Mellott & Livesey 1987) that turbu-
lence in the shock can contribute to the magnetic maxima, which
is difficult to rule out here. In a recent study, Lindberg et al.
(2025) determined that sufficient data points are needed to accu-
rately capture the overshoot; otherwise, an adjustment factor
can be applied. This issue has two impacts on the analysis of
a shock front. The first relates to the overall interpretation of
the shock profile. Second, empirical proxies of the Mach num-
ber (Gedalin et al. 2022) will also depend on data resolution
since under-sampling the magnetic maxima would result in a
lower Mach number. An explanation for this large magnetic field
amplifications could be an extremely large overshoot with a con-
tribution from other small scale structures. Evidence of this is
also found in the MMS bow shock crossing showing a high level
of complexity and presence of multi-scale structures through-
out the shock front. Alternatively, considering the Mach number,
the interplanetary shock may have been observed during a refor-
mation cycle (Madanian et al. 2021), but this is not possible to
determine given the available measurements.

The agreement between the Solar Orbiter data and the hybrid
PIC simulation proved promising. When the spatial resolution
was matched, the comparison between the simulation and the
data improved, and the maximum magnetic field (Bp.x) aligned
more closely with the observations. Despite this improvement,
the simulation consistently produced larger values for By, than
the measured data. This discrepancy likely stems from two key
factors in our current setup: the reduced dimensionality of the
simulation and the absence of pre-existing turbulence, both of
which will be the object of further investigation. Overall, the
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Hybrid PIC results: Effects of shock crossing location
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correlation coefficients between the model and data ranged from
0.8 to 0.95, demonstrating strong general agreement. However,
mapping these coefficients for each cut and simulation time
revealed significant variability along the shock front, as also
shown by Lindberg et al. (2025) using a similar methodology.
This variability, stemming from the strongly dynamic nature of
the shock, induces strong differences between individual shock
crossings in both space and time. Comparing multiple simulated
profiles confirmed that the shock structure changes considerably
depending on the local coordinates. One source of this could be
the highly variable local shock geometry that impacts ion reflec-
tion, which in turn alters the local profile, affecting both the over-
shoot and the peak magnetic field across the shock. Therefore,
this significant spatiotemporal variability dictates that a large
portion of the simulated area (both spatial and temporal) must
be considered when drawing comparisons with observations.
Evidence of a complex shock structure was not obvious
by analysing the shock profile. However, previous studies have
shown that observations upstream of the shock can be used to
suggest distorted shock structure elsewhere. Therefore, we anal-
ysed the upstream high-frequency waves for evidence of this.
We found a short period of strong Langmuir waves but no clear
evidence of an extended electron foreshock. This contrasts to
previous observations of Type II source regions, where Lang-
muir wave activity extends over longer times (Bale et al. 1999;
Pulupa & Bale 2008). The radio emissions occur between the
fundamental fp. and its first harmonic 2fp., indicating a funda-
mental emission process. This is in contrast to previous studies
that have observed harmonic emissions associated with Type II
radio bursts (Graham & Cairns 2015), suggesting that a differ-
ent mechanism is involved in the generation of the radio burst
observed here. Possible mechanisms that could explain this radio
burst include electromagnetic decay (Cairns et al. 2003), electro-
static decay (Graham & Cairns 2013), and linear mode conver-

085 09
Correlation Coefficient

the best profile location marked by a white O.
Panel (d): Histogram of all (10250) computed
correlation coefficients.

0.95

sion (Kim et al. 2007). An explanation for these waves, is that
the magnetic field is only briefly connected to the shock, which
explains why there is also no evidence of a prolonged electron
foreshock. The implications are that the primary source of the
observed radio emission upstream of the shock was produced
elsewhere along the shock and was not directly observed by
Solar Orbiter. This provides further evidence of non-stationary
behaviour that is also supported by the MMS event and the sim-
ulations.

6. Conclusions

We can summarise the main conclusions from this study as fol-
lows:

— Rare conditions created an extremely high Mach number
interplanetary shock that was observed by Solar Orbiter.

— The Mach number was the highest ever recorded by Solar
Orbiter at the time of this study.

— The normalised magnetic field amplification was at least
twice as large as any other Solar Orbiter interplanetary
shock.

— The data resolution played a role, suggesting that the large
magnetic overshoot may be related to smaller-scale shock
structures not directly seen in the Solar Orbiter data.

— No waves or ion reflection were observed since they would
be constrained to the foot and the shock speed was too high.

— A parametrically similar shock observed by MMS showed
a similar magnetic field amplification as well as waves and
reflected ions expected from a shock in this regime.

— Analysis of higher-frequency magnetic and electric field data
upstream of the interplanetary shock suggests the shock is
globally highly perturbed.
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— The observed profile was reproduced with a hybrid PIC sim-
ulation, with the latter producing a larger magnetic field
amplification than that observed in the Solar Orbiter data.

— Comparing the Solar Orbiter shock profile with the simula-
tion depended on the local crossing point in the simulation,
but the peak correlation coefficient of 0.95 showed excellent
agreement.
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Appendix A: Overshoot characteristics

Further analysis of the features shown in Fig. 4 can be achieved
by removing the shock ramp. This is implemented using a hyper-
bolic tangent function, as demonstrated by Bale et al. (2005).
Figure A.1 illustrates this for both the magnetic field and electron
density profile. This is not possible using the ion density since
the data resolution is too low. Panels (a-c) in Fig. A.1 show the
magnetic shock profile, the profile without the hyperbolic tan-
gent, and the absolute value of the data in panel (b). The right
column (d, e, f) provides the same information for the electron
density. Panels (b and e) confirm that the features are related
to the overshoot-undershoot oscillations that occur downstream
of the shock front, typical of super-critical quasi-perpendicular
shocks. The magnetic field profile also exhibits oscillations that
extend further downstream, but it is challenging to distinguish
these from other complex structures in the ICME sheath.
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Fig. A.1. Features of the shock overshoot. Plotted in panel (a) is the
shock magnetic field strength and a hyperbolic tangent (red dashed
line). Panel (b) shows the magnetic field strength when the hyperbolic
tangent is subtracted, whereas panel (c) is the absolute value of panel
(b). The right hand column (d, e, f) is the same as the left column except
it is performed for the electron density.

Shown in Fig. A.2 is a comparison of the shock front mag-
netic profile measured by Solar Orbiter in burst and normal
mode. Plotted in panel (a) is |B| whereas the lower panels com-
pare the residual and ratio from the data in the top panel. These
data show the large impact that data temporal resolution has on
the observed shock profile. Importantly, the under-estimation of
key shock features. For example, there is around a 35nT dif-
ference shown in panel (b), which is larger than the maximum
strength observed during normal mode. Moreover there is a sig-
nificant reduction in the structure throughout the crossing.
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Fig. A.2. Comparison of the magnetic shock profile measured by Solar
Orbiter during burst and normal mode. Panels (a-c) show |B|, [Bpyrst| —
|Bnormal|s and |Bburst|/|Bn0rmal|-
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