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Interplanetary Shock Signatures (s/c frame)
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Method
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Example
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Shock list
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Applications

• Refining/testing RPW shock trigger mode.

• Identification of interesting case studies (e.g., ion reflection, waves, quasi-parallel, 
perihelion).

• Shock (and surrounding regions) statistical studies (see presentation by Jordi).

• Comparison with other shock types (bow shocks, astrophysical shocks)
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A. P. Dimmock et al.,: Dynamics of reflected ions at a complex interplanetary shock

Table 2. Parameters for the shock crossing.

Parameter Value
Date 2021-10-30
Time of shock ramp (UTC) 22:02:09
✓bn

a [�] 44
Alfvén Mach numbera MA 6.7
Fast Mode Mach numbera Mf 2.5
Shock normal n̂mx3 (mixed mode 3) [0.64, -0.04, -0.77]
Shock normal n̂mc (magnetic coplanarity) [0.47, -0.56, -0.68]
Shock normal n̂mva (minimum variance) [0.80, -0.20, -0.57]
Shock speeda [km/s] 348
Solar wind speed Vu [km/s] 321
Magnetic field Bu [nT] 2.7
Magnetic compression ratio (Bu/Bd) 3.6
Ion Temperature Tiu [eV] 5.0
Density (ion, electron) nu [cm�3] 7.3, 8.9
Density compression ratio (nu/nd) 3.5
Ion plasma �iu 2.3
Upstream window �u 21:58:00 - 22:00:00
Downstream window �d 22:05:09 - 22:08:06
aBased on mixed mode 3 shock normal n̂mx3.
bAssuming Te = 14 eV.

that the suprathermal ions upstream do not reach the downstream. On the other hand, the limited

field-of-view of the EPD instrument have an e↵ect here (Wimmer-Schweingruber et al. 2021).

The magnetic field spectrogram in panel (i) and ellipticity in panel (k) do not show any wave

activity far upstream. Thus, we conclude here that there are no indications of any developed fore-

shock, which would be expected from a more perpendicular shock geometry. On the other hand,

there is a small wave packet near the shock ramp that is localized to the shock foot. It is right-handed

and circularly polarized and may signify the presence of whistler precursors that are commonly ob-

served upstream of collisionless shocks (Wu et al. 1984; Balikhin et al. 1997; Wilson et al. 2012;

Dimmock et al. 2013; Lalti et al. 2022b).

4.3. Particle dynamics

Figure 5 shows the same shock crossing but in shock coordinates and the normal incidence (NI)

frame, which is the shock frame where the upstream plasma flow is along the shock normal. The

shock frame is calculated as n̂, t2 and t1, where t̂2 = n̂ ⇥ Bu/|n̂ ⇥ Bu| and t1 = t̂2 ⇥ n̂ and the

NI frame velocity is calculated according to VNIF = Vus � (Vus · n̂ � Vsh)n̂. Panel (a-b) is the

magnetic field in shock coordinates and panel (c) is the velocity in the shock rest frame. Plotted

in panel (d) is the ion phase space density reduced along the shock normal direction and panel (e)

is the omnidirectional phase space density in the NI frame. The minimal o↵set of Bn (black trace

in panel b) suggests an accurate shock normal decision albeit there is some oscillation during the

ramp that will be addressed later. Panel (d) reveals a population of ions before the shock ramp that

extends around 1 minute into the upstream direction. As a result of this, ions are present at both

negative and positive shock normal velocities, which is unambiguous evidence of ion reflection.

Article number, page 13 of 32
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A. P. Walsh et al.: Dawn–dusk asymmetries 707
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OMNI Interplanetary Magnetic Field
2002 - 2013

Figure 1. Histograms of interplanetary magnetic field built from 1min OMNI data over one solar cycle (January 2002 to August 2013).
Each panel shows a histogram of one IMF component in the GSE coordinate system. The two maxima in the BX and BY plots correspond
to inward and outward Parker spiral direction, the most probable IMF orientation.

Figure 2. Schematic view of the foreshock, bow shock and
magnetosheath of the Earth. The ripples in the magnetic field
represent foreshock ULF waves and turbulence downstream of
quasi-parallel shock. Distribution function plots show the field-
aligned ion beams (close to the ion foreshock boundary) and the
diffuse (close to the quasi-parallel shock) ions. Adapted from
Balogh and Treumann (2013).

were based on differing Rankine–Hugoniot shock jump con-
ditions with a magnetic field parallel or perpendicular to the
bow shock. A Parker spiral magnetic configuration incident
upon the bow shock would introduce the necessary geometry
for dawn–dusk asymmetries.
Since these early theoretical predictions, a number of sta-

tistical studies have been conducted with a variety of space-
craft and have found a range of asymmetries in the magneto-
sheath (see summary in Table 1). One parameter that has

been studied by a number of authors is the ion plasma den-
sity. Although higher ion density was observed in the dawn
magnetosheath through a number of studies, the magnitude
of this asymmetry varied from 1 to 33%. Several studies pro-
posed an IMF source of the asymmetry, but were unable to
confirm this through binning the measurements by upstream
IMF (Paularena et al., 2001; Longmore et al., 2005). One
possible reason for this result is the limited statistics avail-
able for ortho-Parker spiral IMF, or an IMF when the quasi-
parallel bow shock is on the duskside.
Walsh et al. (2012) proposed that the density asymmetry

resulted from an asymmetric bow shock shape in response
to the direction of the IMF. The bow shock is a fast-mode
wave, which travels faster perpendicular to a magnetic field
than parallel to it (Wu, 1992; Chapman et al., 2004). This
results in a bow shock that is radially farther from the Earth
on the duskside than the dawn when the IMF is in a Parker
spiral orientation. Figure 3 shows the impact of the IMF an-
gle on the bow shock position and Alfvénic Mach number
through magnetohydrodynamics (MHD). An additional fea-
ture shown in the figure is that the asymmetry is a function
of the Alfvénic Mach number. Since the average Alfvénic
Mach number in the solar wind varies with the phase of the
solar cycle (Luhmann et al., 1993), the magnitude of the den-
sity asymmetry in the average magnetosheath should also
vary with phase of the solar cycle (larger asymmetry during
solar minimum). Walsh et al. (2012) looked at the average
Alfvénic Mach number during each of the past studies and
found good agreement with the expected trend in the den-
sity asymmetry. An asymmetric bow shock position resulting
from the Parker spiral IMF also explains the asymmetries ob-
served in ion temperature and magnetic field (see Table 1).

2.1.3 Waves and kinetic effects in the magnetosheath

In addition to asymmetries in plasma moments and mag-
netic field magnitude in the magnetosheath, there are also
observed asymmetries in the waves and kinetic effects. Since
the first spacecraft observations, it has been known that the
magnetosheath is populated by turbulent field and plasma os-
cillations covering the frequency range from the timescale of

www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014

CHAPTER 2. COLLISIONLESS SHOCKS
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Figure 2.3. Illustration of ion reflection in real and velocity space. (a) Incoming ions
with velocity Vu are specularly reflected off a shock. The ions return to the shock after
one gyration around Bu and penetrate downstream. (b) ion populations in velocity
space. The dashed circle marks constant energy in the upstream frame. The velocities
of reflected ions at two positions marked as dashed lines in (a) are shown: Red is
just upstream of the shock, here there are both newly reflected ions and returning
ions. Blue is the ion velocity at the turnaround distance, the ions are moving purely
tangential to the shock.

What happens to reflected ions is determined by the magnetic field geom-
etry at the shock. Figure 2.3 illustrates ion reflection off a shock where the
upstream magnetic field Bu is perpendicular to the shock normal vector n̂. The
reflection of ions is often considered to be specular, i.e. the normal component
of the velocity changes sign but the tangential velocity of the ion is conserved
[Paschmann et al., 1980]. After the reflection, the ion gyrates around Bu with a
guiding center motion directed downstream. This means that the ion is accel-
erated by the convection electric field Eu =�Vu ⇥Bu. This is also illustrated
in Figure 2.3b, that shows the same event in velocity space. The ion gyrates
upstream of the shock with constant speed in the upstream frame. This is seen
as a circle in velocity space with radius 2|Vu · n̂| centered around Vu. When the
ion returns to the shock the ion has a few times the energy of upstream ions.
This allows the ion to penetrate the shock an pass downstream. Upstream of
the shock, the reflected ions give rise to the shock foot and the gyrating re-
flected ions returning to the shock gives rise to the overshoot and undershoot
in the shock, see Figure 2.2. Once the reflected ions have passed downstream
they contributes to the rapid heating of the plasma.
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Interesting EPD observations

11Trotta+, (submitted to APJ), 2023

2

FIG. 1. Event overview. (a) EPD-Electron Proton Telescope
(EPT) particle flux (sunward aperture). (b) EPD-STEP par-
ticle flux (magnet channel averaged over the entire field of
view). (c) Time profile of the STEP energy flux in the 0.012 -
0.015 MeV energy channel at full resolution (blue), and time-
averaged using a 1 minute window. (d) SWA-PAS ion energy
flux [24]. (e) SWA-PAS proton density. (f) MAG burst mag-
netic field data in RTN coordinates [25]. The magenta line
marks the shock crossing, and the black rectangle highlights
the dispersive energetic particle enhancements observed by
STEP. Di↵erential fluxes are in E2 · cm�2s�1sr�1MeV for the
EPD instruments and cm�2s�1eV for PAS.

enhanced following a large Solar Energetic Particle (SEP)
event [see 26].

The most striking feature of the period prior to the
shock arrival at SolO is the irregular energetic particle
enhancements particularly evident at 10 - 30 keV ener-
gies (Fig. 1 (b), black box), found in the ⇠ 15 minutes
before the shock crossing, corresponding to 2 ⇥ 105 km
or 2500 ion inertial lengths, di. These particle enhance-
ments have the novel feature of being dispersive in energy
and are the focus of this work. Such signatures were pre-
viously inaccessible to observations, as shown in Fig. 1
(c), where the time profile of ion di↵erential flux in the
0.012 - 0.015 MeV channel, rising exponentially up to the
shock [27], is shown at full resolution (blue) and aver-
aged using a ⇠ 1 minute window, typical of previous IP
shock measurements.

The magnetic field reveals a wave foreshock ⇠ 2 min-
utes upstream of the shock, in conjunction with a popu-
lation of low-energy (⇠ 4 keV) reflected particles seen by
the Proton and Alpha particle Sensor (PAS) of the So-
lar Wind Analyser (SWA) instrument suite [24], visible as
the light blue enhancement in Fig. 1(d) around 22:00 UT.

Interestingly, the magnetic field is quieter where signals
of irregular injection are found, indicating that e�cient
particle scattering may be reduced in this region [28].
In this “quiet” shock upstream, we found two structures
compatible with shocklets in the process of steepening
(⇠21:57 UT), very rarely observed at IP shocks [29, 30].
We performed a shock parameter estimation, using av-

eraging windows between 1 and 8 minutes [31]. The shock
was oblique, with a normal angle ✓Bn = 44±1.5�, a speed
of Vshock = 400± 5 km/s in the spacecraft frame along
the shock normal, and Alfvén and fast magnetosonic
Mach numbers MA ⇠ 7.6 and Mfms ⇠ 4.6, respectively.
The shock is supercritical, and therefore expected to have
a corrugated, rippled front [32, 33]. The presence of re-
flected particles, a wave foreshock and shocklets in the
process of steepening is consistent with the local shock
parameters [16].
To further elucidate the dispersive nature of the

suprathermal particles, we show the STEP energy spec-
trogram in 1/v vs t space (Fig. 2). Here, particle speeds
are referred to the center of the relative energy bin and
computed in the spacecraft rest frame, assuming that all
particles detected are protons [see 34, for further details].
During the period of irregular particle enhancements, we
also combined magnetic field and plasma data to compute
the particle pitch angles in the solar wind frame [35], re-
vealing that the particles detected by STEP are closely
aligned with the field (not shown here).
The dispersive flux enhancements are associated with

irregular acceleration of protons along the shock front.
Indeed, due to their dispersive nature, the particles de-
tected by STEP cannot be continuously produced at the
shock and propagated upstream, but they must come
from a source that is only temporarily magnetically con-
nected to the spacecraft due to time and/or space irregu-
larities. Then, the fastest particles produced at the irreg-
ular source are detected first by the spacecraft, followed
by the slower ones, yielding the observed dispersive be-
haviour. It is then natural to investigate the connection
with the shock. The bottom-left panel of Fig. 2 shows
the local ✓Bn(t) ⌘ cos�1 (B(t) · n̂shock/|B(t)|) changing
significantly when the dispersive signals are observed, in-
dicating that the spacecraft was indeed connected to dif-
ferent portions of the (corrugated) shock front.
To further support this idea, similarly to Velocity Dis-

persion Analyses (VDA) used to determine the injection
time of SEP events [e.g., 36–38], we chose the clearest
dispersive signal (⇠ 100 seconds upstream of the shock)
and we superimpose the following relation (indicated by
the magenta line in Fig. 2):

tO(v) = ti +
s

v
, (1)

where tO represents the time at which the flux enhance-
ment is observed for a certain speed v, ti is the time of
injection at the source, and s is the distance travelled

3

FIG. 2. Left : Spectrogram of the irregular signal in seconds from shock vs 1/v axes, with the velocity dispersion shown by the
solid magenta line (top). Time series showing the local ✓Bn(t) angle. The red and grey dashed lines represent the average ✓Bn

and a 90� angle, respectively (bottom). Right : Cartoon showing the corrugated shock front, trajectory of a reflected particle
and the Solar Orbiter trajectory (SolO model: esa.com).

by the particles from the source to the spacecraft. Thus,
the argument is that the dispersive signals are due to ac-
celerated particles produced by di↵erent portions of the
shock front temporarily connected with the spacecraft,
as sketched in Fig. 2 (right). Determining ti based on
the time when the highest energy particles are observed
(ti ⇠ �130s), the source distance that we obtain through
Equation 1 is s ⇡ 4⇥104 km (⇠ 500di), compatible with
their generation at the approaching shock, for which we
would expect s ⇠ Vshock�t/sin(✓Bn), where Vshock is
the average shock speed, �t is the time delay between
the observation of the dispersive signal and the shock
passage. This is also compatible with the fact that the
other dispersive signals observed further upstream show
a shallower inclination, though a more precise, quantita-
tive analysis of this behaviour is complicated by the high
noise levels of the observation, and will be the object of
later statistical investigation employing more shock can-
didates [39].

Further insights about shock front irregularities are
limited by the single-spacecraft nature of these observa-
tions. Therefore, we employ 2.5-dimensional kinetic sim-
ulations, with parameters compatible with the observed
ones, to model the details of the shock transition, where
proton injection to supra-thermal energies takes place. In
the simulations, protons are modelled as macroparticles
and advanced with the Particle-In-Cell (PIC) method,
while the electrons are modelled as a massless, charge-
neutralizing fluid [40].

In the model, distances are normalised to the ion in-
ertial length di, times to the upstream inverse cyclotron
frequency ⌦ci

�1, velocity to the Alfvén speed vA, and
the magnetic field and density to their upstream values
B0 and n0. The shock is launched with the injection
method [41], where an upstream flow speed Vin = 4.5vA
was chosen, corresponding to MA ⇠ 6. The shock nomi-
nal ✓Bn is 45�. The simulation domain is 512 di ⇥ 512 di,
with resolution �x = �y = 0.5 di and a particle time-

FIG. 3. Top: Simulation snapshot of proton density (col-
ormap). Bottom: Density map of upstream superathermal
protons (colormap) and magnetic field lines (magenta) com-
puted at the same simulation time as (a). The inset shows
the upstream particle energy spectrum, with the dashed blue
lines indicating the suprathermal energy range considered.

step �tpa = 0.01 ⌦�1

ci . The number of particles per cell
used is always greater than 300.

Simulation results are shown in Fig. 3. In the top
panel, we present the proton density for a simulation
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Conclusions

• Solar Orbiter shocks can be identified automatically using MAG and SWA-PAS 
data.

• Currently, we have 64 shocks (until the end of March 2023).

• Contact me if you are interested in using the list.

• We recently studied a high Mach number IP shock and were able to observe ion 
reflection

• Ions are observed several minutes upstream and are predominantly field-aligned.

• Evidence of local shock irregularities may be connected with the features of the 
backstreaming ions revealed in the ion VDF.
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