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Abstract Collisionless shocks convert bulk flow energy into heat, electromagnetic fields, and non-thermal
particle populations. Recent studies suggest that downstream magnetic oscillations could play an important role
in ion-scale energy dissipation at low-Mach-number shocks; however, the specific shock and plasma parameters
involved remain poorly understood. Interplanetary (IP) shocks, often characterized by low Mach numbers,
provide an excellent opportunity for investigating these kinetic dissipation mechanisms. We demonstrate, using
observations of an IP shock from the Magnetospheric Multiscale (MMS) and Solar Orbiter (SolO) missions,
supported by test-particle simulations, that gyrating protons generate the downstream magnetic oscillations. We
found bursts of ion-acoustic waves at the troughs and crests of the magnetic oscillations, suggesting their energy
source is related to proton gyration. Comparing MMS and SolO observations, we conclude that the upstream
flow speed to ion thermal speed ratio and magnetic compression ratio are key parameters controlling the ion
kinetic behavior that produces downstream magnetic oscillations.

Plain Language Summary Collisionless shocks are characterized by abrupt changes in plasma
parameters. In the low-collisionality environment of the solar wind, the energy dissipation necessary for the
shocks to exist is typically provided by processes involving the electromagnetic fields. Recent research suggests
that fluctuations in the magnetic field downstream of the shock transition layer are a key feature of energy
dissipation at low-Mach-number shocks. These oscillations have been attributed to gyrating a-particles at
Earth's bow shock. However, observational evidence of these oscillations at interplanetary (IP) shocks has not
been conclusively established. We analyze an IP shock using data from the Magnetospheric Multiscale (MMS)
and Solar Orbiter (SolO) missions and combined them with test-particle simulations. We identify key kinetic
features associated with the IP shock, including downstream magnetic oscillations, reflection of protons and a-
particles, and periodic bursts of ion-acoustic waves (IAWg). Our findings indicate that downstream magnetic
oscillations and IAWs are closely linked to the gyration of protons as they transverse the shock, suggesting that
ion-scale dissipation is driven by the proton kinetic behavior. Additionally, the differences between the
measurements from MMS and SolO arise from distinct solar wind conditions at both locations, specifically the
upstream bulk velocity and the shock's magnetic compression ratio.

1. Introduction

Interplanetary (IP) shocks are collisionless shocks that propagate through the heliosphere. They can accelerate
particles to MeV energies (Reames, 2001; Trotta et al., 2025; Zank et al., 2007) and trigger extreme space weather
events when they interact with planetary magnetospheres (Dmitriev et al., 2005; Gopalswamy et al., 2022). Ion
dynamics, particularly at kinetic scales, play an important role in energy dissipation of other types of collisionless
shocks, such as planetary bow shocks (Balikhin et al., 2008; Graham et al., 2024; Graham & Khotyaintsev, 2025;
Ofman et al., 2009). Similarly, kinetic-scale dynamics are expected to influence the dissipation mechanisms of IP
shocks. However, due to their large spatial extent, IP shocks cover a wide range of longitudes, which results in
different sections of the shock front interacting with plasma with different properties. These local interactions
potentially lead to particles behaving differently along the shock front. Moreover, many processes associated with
IP shocks, like particle acceleration (Baring & Summerlin, 2008; Zank et al., 2007) and space weather events
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(Dryer, 1973; Vech et al., 2015), depend on the local shock structure. Therefore, knowing how the local IP shock
structure depends on ion kinetics and solar wind conditions is crucial for understanding how they evolve,
accelerate particles, and interact with planetary bodies.

Kinetic-scale processes at IP shocks were typically only accessible through high-resolution measurements of the
electric and magnetic fields. For instance, the upstream profiles of IP shocks are often characterized by whistler-
mode precursors (Tsurutani et al., 1983; Wilson, 2016), IAWSs (Boldd et al., 2024), and Langmuir waves (Pulupa
et al., 2010). Downstream, magnetic oscillations (Gedalin, 2019; Russell et al., 2009) and IAWs (Wilson
et al., 2007) are commonly present. Notably, downstream magnetic compressional oscillations observed at low-
Mach-number planetary bow shocks have been attributed to ion kinetic behavior (Balikhin et al., 2008; Geda-
lin, 2015, 2017; Gedalin et al., 2018; Graham et al., 2024; Ofman et al., 2009). Kinetic-scale measurements at
Earth's bow shock confirmed that these oscillations were driven by a-particles, while protons played a minor role
(Graham & Khotyaintsev, 2025).

Given the generally weaker nature of IP shocks (Lalti et al., 2022; Trotta et al., 2025), downstream magnetic
oscillations are expected to be generated by ion kinetic processes similar to those observed in low-M, planetary
bow shocks. However, the relation between these oscillations and the kinetic behavior of ions has not yet been
conclusively established, owing to a lack of necessary high-resolution ion measurements at IP shocks. Resolving
these downstream oscillations is essential for understanding the kinetic structure of IP shocks. Furthermore, as
these oscillations are intrinsically linked to the evolution of the ion velocity distribution functions (VDFs), they
may be coupled to secondary kinetic phenomena, such as microinstabilities. Finally, it is important to determine
whether these ion kinetic processes occur consistently along the shock front or if they are strongly dependent on
local solar wind conditions and shock parameters.

To investigate how different sections along the longitudinal extent of an IP shock behave as they encounter solar
wind with different properties, we need multiple spacecraft located at similar heliocentric distances, but with
enough separation to capture distinct shock segments. Observations of the same IP shock by multiple spacecraft
are rare (Burlaga et al., 1981; De Lucas et al., 2011), and those that resolve ion dynamics at Kinetic scales are even
more uncommon (Cohen et al., 2019). Due to insufficient multi-spacecraft and high-resolution observations, our
understanding of the relationship between ion dynamics and the local kinetic structure of IP shocks remains
incomplete. To overcome these challenges, we use high-resolution measurements from the Magnetospheric
Multiscale (MMS) and Solar Orbiter (SolO) spacecraft, which observed the same IP shock at two different he-
liocentric longitudes but similar radial distances of 1 au and 0.92 au, respectively. This unique observational
configuration enables us to examine how ion kinetic-scale dynamics and local IP shock structure respond to shock
parameters and solar wind conditions.

2. Observations

On 17 December 2023 at 02:08:52 UTC, SolO (Miiller et al., 2020) observed an IP shock at 0.92 au from the Sun.
Approximately five hours later, at 07:37:05 UTC and at a heliocentric longitude ~13° from SolO, MMS (Burch
et al., 2016) detected the same shock in the solar wind.

Observations from the Solar and Heliospheric Observatory (SOHO) show a coronal mass ejection (CME) directed
nearly Earthward approximately 2.5 days before the MMS measurements. This timing suggests that the CME was
the source of the IP shock. In Figure 1a, we present a snapshot of the WSA-ENLIL + Cone Model (Odstrcil
et al., 2004) to visualize the source and geometry of the IP shock, as well as the locations of SolO and MMS at the
time of the observations. Both SOHO and the WSA-ENLIL + Cone Model support the conclusion that SolO and
MMS observe the same shock. This conclusion is further supported by the relatively quiet solar wind recorded
several hours before the shock encounters, which is also verified by WIND data.

2.1. Multi-Spacecraft Data

For SolO magnetic field B measurements, we utilize burst-mode data from the Magnetometer (MAG) instrument,
which provides 128 samples/second (Horbury et al., 2020). We analyze ion VDFs and moments generated by the
Solar Wind Analyzer-Proton Alphas Sensor (SWA-PAS) every 4 s (Owen et al., 2020).

From the Radio and Plasma Wave (RPW) instrument (Maksimovic et al., 2020), we analyze the electric field E
utilizing the Maximum Amplitude (MAMP) data product provided by the Time Domain Sampler (TDS) (Soucek
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Figure 1. (a) Snapshot of the WSA-ENLIL + Cone Model (Odstrcil et al., 2004) simulation output showcasing the
configuration of the inner heliosphere on the day of the interplanetary (IP) shock measurements. The color code corresponds

to the radially scaled density. Other spacecraft, planets, and interplanetary magnetic field (IMF) lines are displayed for
reference. Credit: Community Coordinated Modeling Center (CCMC). (b—m) Overview of the IP shock observations in the
normal incidence frame from Magnetospheric Multiscale (b—g) and Solar Orbiter (h—m). (b, h) Magnetic field components
(i, %,%) and magnitude. (c, i) Electron density. (d, j) Ion velocity. (e, k) Reduced ion 1D-VDF along . (f, 1) Magnetic field
spectrogram. (g, m) Magnetic field ellipticity. In panels (f, g, 1, and m), the proton cyclotron frequency f., = qB/m, (black)
and the lower-hybrid frequency fy, = 1/fe, oo (red) are shown for reference.
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et al., 2021). These data include the maximum absolute E amplitude in the plane of RPW antennas, sampled at
2.0971 MHz and recorded every 7.8 ms, providing 128 samples/second. Additionally, RPW provides electron
density (n.) based on the spacecraft potential (Khotyaintsev et al., 2021) at a rate of 256 samples/second.

For the four MMS spacecraft, we employ the Electric field Double Probes (EDP), consisting of data from the
Spin-Plane Double Probes (Lindqvist et al., 2016) and the Axial Double Probe (Ergun et al., 2016) instruments,
which capture E at 8,192 samples/second. We acquire B from the Fluxgate Magnetometer (FGM) burst mode,
sampled at 128 samples/second (Russell et al., 2016), and ion VDFs from the Fast Plasma Investigation (FPI)
sampled every 150 ms (Pollock et al., 2016).

Because FPI does not resolve separate ion species, we compare FPI ion VDFs with data from the Hot Plasma
Composition Analyzer (HPCA) instrument (Young et al., 2016) to confirm that the solar wind ion population for
this event consists primarily of protons and a-particles. However, as HPCA is not optimized for the solar wind's
cold, collimated beams, its angular and energy resolutions are too coarse to properly characterize the typical solar
wind ion VDFs. Therefore, we rely on WIND measurements for proton and a-particle temperatures (T, T,) and

alpha-to-proton density ratio (n,/n,) in our analysis.

We use electron data for the density and estimate bulk velocities of protons and a-particles from the peaks in the
FPI VDFs. Although FPI and HPCA provide comparable angular resolutions, FPI operated in “solar wind” mode
during this event. This mode configuration samples a narrowed energy range centered on typical solar wind
energies, providing higher energy resolution than the instrument's normal mode and permitting a more detailed
analysis of the ion VDFs in the solar wind (Burch et al., 2024; Roberts et al., 2021).

2.2. Overview of the Interplanetary Shock

To visualize the shock, we transform the data into the shock-rest normal incidence frame (NIF), using the shock's
velocity (Vg,). In the NIF, the fi-axis aligns with the shock's normal direction. The f,-axis is perpendicular to B
and f, while f; =, X i. We estimate the shock-normal direction i using the mixed-mode methods (Abraham-
Shrauner, 1972), which incorporate plasma flow and B measurements. We use the jump conditions to calculate
Vg, (Smith & Burton, 1988). These methods require selecting appropriate upstream and downstream intervals to
compute the desired properties. These intervals and a summary of shock and solar wind parameters for each
spacecraft are provided in Table 1.

The shock exhibits a similar shock-normal angle (05,) across the different longitudes. The Alfvén-Mach number
(M,) is relatively low at both locations, but larger at MMS. The shock width (1), defined as the characteristic
length of a hyperbolic tangent, is estimated from the B time-series, assuming constant V,. While |B| is greater at
SolO, the compression ratio By/B,, is ~25% larger at MMS. Furthermore, the observations also revealed dif-
ferences in shock properties and plasma parameters between longitudes, most notably a larger upstream plasma j,
and faster upstream ion velocity at MMS.

The i in Table 1 is given in Geocentric-Solar-Ecliptic (GSE) coordinates for MMS and equivalently in the
Spacecraft Reference Frame (SRF) for SolO. Due to the shock geometry, MMS observes the shock moving
radially outward, whereas SolO crosses it from the flank. This results in a significant non-radial i component at
the SolO location, which may partly account for the lower M,.

Figures 1b and 1h shows B in (i, §;, f,) coordinates for MMS and SolO, respectively. The shock ramp corresponds
to the largest discontinuity in [B|. Density and ion velocity moments are shown in Figures lc, 1d, 1i, and 1j,
respectively. Panels (e, k) show reduced 1D-VDFs along fi, which are computed by integrating the VDF over the
t, and &, directions. We note that the instruments sort the particles by energy per charge; however, to convert
particle energy to velocity, we use proton mass and charge. Consequently, protons and a-particles, which in
reality have similar upstream velocities, are observed in the 1D reduced VDFs in panels (e, k) at distinct speeds.

2.3. Waves Associated With the Interplanetary Shock

Both spacecraft observe electromagnetic waves directly upstream of the shock ramp. The spectrograms in
Figures 1f and 11 illustrate the power spectral density of B and Figures 1g and 1m the ellipticity, both calculated in
the spacecraft frame using the singular value decomposition method (Santolik et al., 2003). Timing the B signal

BOLDU ET AL.

4 of 14

85U80]7 SUOWILLIOD BAIERID 8|eotjdde ayp Aq peusenob a1e Saole YO ‘@SN Jo SaINJ 10} ARId 1T 8UIIUO 48] 1A UO (SUOTIPUOD-pUR-SLLBIALI0D" A | 1M ARe.d ]Bu JUO//StY) SUORIPUOD Pue SWie | 8y) &8s *[9202/70/20] uo AriqiTauliuo Aeim ‘Ariqi Aisiealun elesddn Aq 62TSE0VI9202/620T OT/I0p/wod 8| im Are.q i ut|uo'sqndnfe//:sdny wiouy pepeoiumod ‘€ ‘920 ‘20v669T2



~1

AV\'I Journal of Geophysical Research: Space Physics 10.1029/2026JA035129

AND SPACE SCIENCES
Table 1
Shock and Plasma Properties

MMS SolO

Shock Parameter

Ma 3.1 2.0

Opa[°] 73 68

1yn [km] 29 35

Ish/ Tepu 0.02 0.05

Ba/B, 2.0 1.6

Van[km/s] 581 371

n [—0.9996, 0.0210, —0.0208]5sg [—0.7382, —0.6480, 0.1875] g
Plasma Parameter

n,[em ] 11 16

Vpalkm/s] —130 —-113

Vnlkm/s] —146 —-102

(T.)leV] 12° 12

B, 1.5 0.7

(Vau/ Vo) 27 24

AB,, [nT] 24 4.8

AB,/|B| 0.45 0.51
Upstream interval 23-12-17T07:36:45/2023-12-17T07:36:50 UTC 2023-12-17T02:08:02/2023-12-17T02:08:12 UTC
Downstream interval 2023-12-17T07:37:12/2023-12-17T07:37:17 UTC 2023-12-17T02:09:00/2023-12-17T02:09:05 UTC

*From WIND data.

using the four MMS spacecraft (Vogt et al., 2011), we calculate the phase velocity of the waves in the spacecraft
frame and obtain a value of 389[—0.32, —0.16, —0.93] km/s.

In the plasma rest frame, the upstream waves observed by MMS are right-hand polarized with a frequency ~ 1.5
Hz above the lower-hybrid frequency fj,, consistent with whistler-mode precursors (Wilson, 2016). Minimum
variance analysis (Khrabrov & Sonnerup, 1998) yields a propagation direction of the whistler-mode precursors, of
[-0.46, —0.34, —0.82], with the sign determined from the timing method. Both the timing and minimum
variance analysis methods shows good agreement in the propagation direction. Then, the angle of propagation 6,5
to the background B is computed. We estimate 6,g to range between 5° near the ramp and 20° further upstream.

Similar waves are observed by SolO, occurring below fj;, in the spacecraft frame. The 6,3 of these waves ranges
from ~40° just in front of the ramp to ~10° further upstream. Although these angles are more oblique, the waves
still fall within the typical range for whistler-mode precursors at low-M, quasi-perpendicular IP shocks, where
values are generally <45° (Aguilar-Rodriguez et al., 2011; Blanco-Cano et al., 2016; Kajdic et al., 2012; Wil-
son, 2016). Moreover, while the absolute amplitude AB,, of the waves is larger at SolO, the larger |B| leads to a
similar relative amplitude AB,,/|B| at both locations. These similarities in wave parameters suggest that the
waves observed by SolO are also whistler-mode precursors; however, this cannot be confirmed without a proper
measurements of low frequency E, which are not available for SolO at this event.

Next, to visualize the downstream waves, we present, in Figure 2, a zoomed-in view of the downstream regions. In
these regions, the shock displays strong high-frequency E fluctuations, as shown in Figures 2d and 2r, especially
at the MMS location. There are no corresponding B signatures, so we conclude that the waves are electrostatic.
For MMS, the plotted E is bandpass-filtered above 100 Hz. At SolO, we compared the MAMP amplitudes with
the triggered snapshot waveforms (SURV-TSWF-E) captured by the RPW/TDS receiver (not shown). The
snapshots are consistent with the MAMP amplitudes, confirming that MAMP tracks the envelope of the elec-
trostatic waves.
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Figure 2. Ion motion across the interplanetary shock. The left panels are Magnetospheric Multiscale (MMS), and the right panels are Solar Orbiter (SolO). (a, 0)
Measured magnetic field (black) and modeled magnetic profile (red). (b, p) Measured density (black), and density from the test particle simulation (red). Since the model

is not self-consistent, the B oscillations cannot be obtained, however, density fluctuations are resolved. (c, q) Model results for the plasma pressure. Total pressure for
proton (blue) and a (dark green) are obtained from the model velocity distribution functions (VDFs). Electron thermal pressure (magenta) is obtained from the model n, and
the prescribed P, profile in Equation 6. (d, r) MMS high-pass filtered (>100 Hz) electric field in field-aligned coordinates, and SolO maximum electric field from the Time
Domain Sampler/MAMP data product. (e, s) Measured reduced 1D-VDF along i. (f, t) Modeled reduced 1D-VDF along ii. (g—j, u—x) Measured reduced 2D-VDF in the
i-f plane. (k-n, y-B) Modeled reduced 2D-VDF in the fi- t,. The x-axes represents distance n taken from a constant Vg, and normalized to the upstream proton
convective-gyroradius (rcp’Ll = Vu/ fcp). The labels p and « indicate protons and a-particles, respectively. The indices ¢ and r indicate transmitted and reflected
populations, respectively. The blue vertical lines in panels (a—f, o—t) indicate the times of the 2D-VDFs. The 2D-VDFs in panels (u, y) are taken at the time of one VDF
before the first vertical blue line in panels (o—t). The green (red) dashed vertical lines indicate the crests (troughs) of the downstream B oscillations. Above the black-dashed
horizontal lines in panels (u—x) Solar Wind Analyzer-Proton Alphas Sensor measurements are unreliable. The time at n = 0 is 2023-12-17T02:08:52.910UTC for SolO
and 2023-12-17T07:37:06.923 for MMS.

We find that these electrostatic waves are characterized by frequencies near the proton plasma frequency in the
plasma rest frame. To determine the E wave properties at MMS, we use the method developed by Lalti
et al. (2023), which relies on spin-plane interferometry. We find that the waves have a phase velocity around the
ion-sound speed in the plasma frame. Therefore, we identify these waves as field-aligned IAWs propagating
along t;.

Ton-acoustic waves are only present downstream from the ramp, with almost no electrostatic activity observed
upstream at both shock locations. At MMS, the emissions do not appear as a continuous wave train; instead, they
occur in bursts that are spaced periodically. This intermittent pattern of IAW is not evident at SolO.

Besides whistlers and IAWs, MMS observations display clear downstream B fluctuations correlated with n,
oscillations, as seen in Figure 1b. In the spacecraft frame, these oscillations have a frequency of ~ 1.3 Hz, which
lies between the proton-cyclotron frequency and fy,. Solar Orbiter measurements do not provide clear evidence
for these oscillations.

Figure 1g shows that the downstream electromagnetic waves at MMS are linearly polarized, ruling out whistler or
ion-cyclotron modes (Gary, 1993; Gurnett & Bhattacharjee, 2017). Using four-spacecraft timing of B (Vogt
et al., 2011), we estimate the wave's phase velocity Vph 10 be [—16.1, —39.6, —42.5] km/s in the NIF, consistent
with a standing wave in the shock rest frame. In contrast, in the plasma frame vy, is close to V, and the fluc-

tuations propagate toward the ramp direction. Additionally, the correlation between B and n,. fluctuations
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excludes mirror modes, as these should be anti-correlated (Dimmock et al., 2022; Soucek & Escoubet, 2011).
Finally, the presence of these downstream oscillations as a consequence of shock dispersion is not expected for
shocks that are not strictly perpendicular (Balikhin et al., 2008; Balogh & Treumann, 2013; Kennel et al., 1985).

We now consider the motion of ions as they cross the shock as the source of the downstream B oscillations. In
such a case, the wavelength 1 of the oscillations is dictated by how long it takes the ions to achieve a gyration,
bearing in mind that they are moving along 1 at the V,, speed, so they will not return to the same position in space
after one gyration. Thus, for a perpendicular shock, 4 is (Balikhin et al., 2008; Graham & Khotyaintsev, 2025;
Ofman et al., 2009):

— |Vd,n |
fci,d

2 , )

where f; is the cyclotron frequency of the ion species i, and V, is the normal component of the downstream ion
bulk velocity in the NIF. For oblique shocks, 4 depends on the normal component of the magnetic field B,,.
However, for directly transmitted ions, the effect on A from B, is small (Graham & Khotyaintsev, 2025). We
calculate for protons, A ~374 km, or 0.23 r,,, where r;, = V,,/f., is the upstream ion-convective gyro-
radius of the ion species i (Pope et al., 2019). Using f., 4, 4 ~ 738 km or 0.05 r.,,. Now, we estimate the
wavelength from the observations Ay, using

Vph,sc
dops = =25 2
obs f ( )

wave,sc

where the subscript sc indicates that the quantities are in the spacecraft frame. We find A,ps =313 km or 0.19 1, ..
This value is close to what is expected from gyrating protons, confirming that the fluctuations at MMS are
produced by proton dynamics across the shock. While a-particles experience a similar motion, as seen in
Figures 2f and 2t, their contribution to the oscillations is much less pronounced due to their lower density.

As seen in Figure 1f, the observed frequency of the downstream magnetic oscillations is around an order of
magnitude larger than f,. The downstream magnetic oscillations are spatial fluctuations that remain stationary
(zero-frequency) in the NIF, traveling with the shock at V,. Due to the high shock speed relative to the spacecraft
compared to Vg4, the spatial oscillations sustained by the ion gyration are observed at a significantly Doppler-
shifted frequency well above the local f.,. The observed frequency of the downstream magnetic oscillations

f,ps in the spacecraft frame is given by:

Vsh
fops = —fcia- 3
obs |Vd,n| ci,d ( )

Using the measured values, we calculate f,, = 1.2 Hz. This result is in agreement with the fy,. . = 1.3 Hz
spectral peak identified in the B observations shown in Figure 1f. We investigate in detail the kinetic origin of
these oscillations in the following Section.

3. Ion Kinetics Across the Interplanetary Shock

To understand the nature of the downstream B oscillations, we analyze the ion kinetics across both shock
crossings. To interpret the data and identify processes related to protons and a-particles, we compare the ion
dynamics at MMS and SolO with the test particle model developed in Graham and Khotyaintsev (2025).

We model the shock profile along the distance n in the fi direction with
n
Btl(n) = _BO tanh (r) + B] B (4)

sh

n.(n) = —n, tanh (%) +1, (5)

sh
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and
P,(n) = —P, tanh (11) +P,. (6)
sh

The jump conditions are taken from observations. The values used for MMS are: B, = 3.3 nT, B; = 8.6 nT,
ng=51cm™>3,n =16.0cm™>,Py = 1.8 x 1072 nPaand P, = 6 x 1072 nPa. For SolO the values used are:
By =2.8nT,B, =12.2nT,ny = 3.8 cm™3, n; = 19.8 cm™3, Py = 1.0 X 1072 nPa and P; = 2 X 1072 nPa. The
magnetic profile of the model is depicted by the red curve in Figures 2a and 20. The test particle model solves the
equations of motion of ions crossing the shock profile in Equations 46 and the model E is calculated using the
generalized Ohm's law (Graham & Khotyaintsev, 2025; Khotyaintsev et al., 2006). In this event, the only ions
encountered are a-particles and protons.

The VDF of each ion species is reconstructed using Liouville's theorem. The individual VDFs are then combined
to produce a single VDF series for each spacecraft. Figure 2 shows the model results alongside the observations.
The left panels correspond to MMS and the right panels to SolO. The time-series data from the spacecraft are
transformed into distance, assuming a constant Vg, and normalized to r,,. Since the instruments cannot
differentiate between ion species, we used the proton mass and charge to convert from energy to speed for all ions
in Figures 2e and 2s. Then, to compare to instrument measurements, we use Equation 8 in Graham et al. (2024) to
transform the modeled VDFs into the spacecraft frame, as shown in Figures 2f and 2t. A detailed explanation of
the VDF reconstruction process and the test particle model is given in Appendix A of Graham and
Khotyaintsev (2025).

We begin by examining MMS data. Panels (a, b) show B and n,, respectively. The model (red line) and the
measurements (black line) show similar density fluctuations. The model is not self-consistent, so B fluctuations
are not predicted. However, assuming downstream pressure is constant, the magnitude of B can be estimated.
Panel (c) shows the total pressure from protons (blue) and a-particles (dark green). Pressure fluctuations from
protons dominate and are anti-correlated with the observed B fluctuations, which is consistent with the pressure
balance between the plasma and B. The total pressure of protons and a-particles includes the thermal pressure Py, ;
and dynamic pressure Py, ; = niVii. In both cases, Pgyy ; fluctuations are the dominant component. The electron
thermal pressure Py, . (magenta curve) is derived from the model n, and Equation 6.

The model reveals that V,, and n; are in anti-phase, which results in an opposite contribution to Pgyy, ;. Furthermore,
we note that the model overestimates the n, fluctuations, which suggests that the impact of Py, , to the B

fluctuations is likely more significant than shown.

Panel (e) presents the reduced ion VDFs along . Likewise, the resulting 1D-VDF from the model is shown in
panel (f). Periodic features are resolved directly downstream of the ramp, consistent with gyrating a-particles
inferred from test-particle results. The model also reveals the gyrating motion of protons, which is not fully
resolved by MMS. In Figure 2, we have labeled the different particle populations. The labels p and « indicate the
full proton and a-particle populations, respectively, while the indices ¢ and r denote directly transmitted and
reflected populations, respectively.

To gain further insight into the gyrating process, we examine the reduced 2D-VDFs in the fi - £, plane. Panels (2—j)
and (k—-n) show the 2D-VDFs from observations and the model, respectively, taken at the times indicated by the
blue vertical lines in panels (a—f). We note than compared to the model, the observed VDFs are elongated along t,.
This is produced by the coarse angular resolution of FPI, which is not designed to measured cold ion beams such
as the solar wind.

In panels (g, k), we observe the protons and the a-particles well separated upstream from the ramp in the
spacecraft frame. Closer to the ramp, the model predicts a second proton population around 200 km/s in f,. This
proton population is identified in Figure 2h, just above the transmitted a-particles. Similarly, the model reveals
the presence of a second population of a-particles, as seen in Figures 21 and 2m. These are resolved by MMS at the
predicted velocities around 300 km/s in fi and 200 km/s in t,. Because these populations occupy the velocity space
regions associated with specularly reflected ions, we interpret them as reflected protons and a-particles. The
theoretical speed for specular reflection is defined by |v — V,| = 2V, (Burgess & Scholer, 2015; Graham
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etal., 2024; Khotyaintsev et al., 2024) and is indicated by dark and light blue circles in panels (h, 1) for protons and
a-particles, respectively. Reflected protons from IP shocks have been reported recently (Cohen et al., 2019;
Dimmock et al., 2023); however, to our knowledge, this is the first observation of a-particle reflection from an IP
shock.

Next, we analyze the SolO data. Panels (s, t) show the reduced VDFs from observations and the model,
respectively. After the transformation to the NIF, a-particles appear in a different region of velocity space
compared to MMS. The test particle results reveal that the shock at SolO still influences the VDF; however, the
gyration of ions is not as prominent compared with MMS. The SolO's model results for the different plasma
pressure components are shown in panel (q). The total proton pressure is still the dominant component, but its
correlation with the magnetic field is not as clear as with MMS.

The 2D-VDFs from SolO observations, taken at the times marked by the blue vertical lines in panels (o-t), are
shown in panels (u—x) and from test particle results in panels (y—B). At low solar wind speeds (<300 km/s in
SRF), SWA-PAS measurements become unreliable (Fedorov, 2020). In the NIF, this corresponds to the velocities
above the horizontal black-dashed lines in panels (u—B). The test particle results predict a fraction of reflected
protons. Since this population is expected within the SWA-PAS uncertainty level, we cannot confirm its presence.

Now, we address the inconsistencies between our test particle results and the observations. First, the differing
amplitude of the density fluctuations and the faster damping in the test particle results likely arise from the lack of
self-consistency between the fields and the particles in the code. Furthermore, at MMS the downstream B is taken
higher than the average observed downstream value to account for the effect of the short-scale B enhancement
found just behind the ramp. No similar signature is seen with SolO, which is better seen by comparing panels (a,
0). The higher normal E around the ramp introduced by this signature further decelerates the ions, promoting
gyration motion. If that signature was absent, the B fluctuation would exhibit a different phase than what was
observed. This is confirmed by the test particle results, indicating that short-scale processes close to the ramp are
important contributors to the downstream profile.

4. Discussion
4.1. Whistler-Mode Precursors

Kinetic instabilities driven by specularly reflected protons are known to excite whistler-mode precursors (Wilson
et al., 2012); however, these are typically associated with higher M, shocks than the studied here. Alternatively,
whistler-mode waves can be produced by shock dispersion (Kennel et al., 1985). Assuming that the waves
observed by SolO and MMS belong to the same branch, the difference in ion reflected populations do not appear
to account for the similar wave properties observed at both locations. This may suggest that ion reflection may not
be the primary generation mechanism, pointing instead toward shock dispersion as the main driver of these
whistler-mode precursors.

In either case, whistler-mode precursors can influence the upstream ion and electron VDFs. In particular, if these
waves contribute to upstream ion heating or solar wind deceleration, they reduce the ratio between the upstream
bulk velocity and the thermal speed V,/ vy, which leads to damping of the downstream B oscillations. The V,/ vy
ratio is an important parameter for the evolution of the downstream B oscillations, as lower values promotes more
rapid ion gyro-mixing downstream of the ramp (Balikhin et al., 2008). In this event, we argue that whistler-mode
waves do not significantly suppress these oscillations as they remain clearly resolved at MMS and reasonably well
reproduced by the model.

4.2. Downstream Magnetic Oscillations

The test particle model explains most of the VDFs' features, revealing how the transmitted and reflected proton
populations evolve with distance n. Changes in the VDF, primarily resulting from transmitted protons, produce
fluctuations in the dynamic pressure, which in turn lead to B oscillations.

In the solar wind, ions move near the E X B-drift velocity. Upon encountering the shock, their velocity deviates
from the E X B-drift velocity due to deceleration by the normal E, and their convective gyroradius decreases
because of the higher B. These combined effects make the gyrating motion more pronounced downstream,
leading to spatial VDF fluctuations that travel with the shock at V. If the shock is approximately stationary, we
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Figure 3. Motion of a proton traveling at the bulk speed across the shock based on values from the observation. The values of V, , and B4/ B, are varied in isolation. (left)
Protons with different V, , encountering the same shock. (middle) Protons with the same V, , encountering a shock with different By/B,,. (right) Motion of protons
traveling at the bulk velocity encountering a shock based on parameters observed by Magnetospheric Multiscale (black) and Solar Orbiter (red). Large V,,,, and By/B,
produces more prominent ion cycloid gyration.

can assume pressure balance in the shock rest frame. In this frame, fluctuations in the total plasma pressure P,
should be anti-correlated with magnetic pressure oscillations (Balikhin et al., 2008; Gedalin, 2016; Gedalin
et al., 2015; Graham et al., 2024; Graham & Khotyaintsev, 2025). If electron heating is not significantly greater
than ion heating, P, fluctuations will be primarily regulated by ion pressure (Gedalin, 2015; Ofman et al., 2009). In
the solar wind, the ion pressure is usually dominated by the dynamic pressure Pyy,,. The model predicts a Pgy,, of
protons larger than the other components of P and anti-correlated with B. The Pgy, is regulated by the large
fluctuations in Vg4, seen in the VDF in Figures 2e and 2f. These results are consistent with protons being
responsible of the downstream B oscillations through Pgy, fluctuations.

Based on the model results of the peak-to-peak P, fluctuations along fi and assuming pressure balance conditions,
we estimate downstream magnetic oscillations of ~3 nT, which are consistent with MMS observations. More-
over, the amplitude of the Pgy,, fluctuations corresponds to ~50% of the proton fluctuations, supporting the
conclusion that the main contribution to the fluctuations is from the protons. This contrasts with previous ob-
servations of similar downstream oscillations in the Earth's bow shock, where a-particles dominated the B os-
cillations, possibly due to higher n, and proton scattering from B turbulence suppressing the proton gyrophase
bunching (Graham & Khotyaintsev, 2025).

The density computed from the test particle model using SolO parameters, plotted in red in Figure 2p, shows
short-lived low-amplitude fluctuations due to the same mechanism observed at MMS. Directly downstream,
small oscillations are seen in the B and n, SolO measurements, depicted by the black lines in 20, 2p, respectively.
These oscillations correspond, following Equation 1 considering protons, to 4 = 279 km or 0.35 r,,. Timing the
peaks of the fluctuations and assuming constant V,, we estimate Ao, = 226 km or 0.29 r,. The theoretical value
is close to the observed one, suggesting that oscillations occur at SolO. The main difference is that at SolO, the
fluctuations are damped more quickly or obscured by other processes due to their smaller amplitude.

Downstream B oscillations are damped for smaller 8y, (Graham & Khotyaintsev, 2025) and larger thermal speed
v relative to V, (Balikhin et al., 2008; Gedalin, 2015; Pope et al., 2019). Since the shock at both locations exhibit
similar Oy, the difference in downstream B oscillations must arise from another mechanism. Particularly, a small
V,/vr ratio causes ions crossing the shock to more rapidly fall out of phase and undergo gyro-mixing due to the
broader range of ion velocities. This process smooths the VDF and damps the oscillations. Assuming the
downstream B oscillations and associated n, fluctuations behave like plane waves that decay exponentially with
distance, we can analyze the decrease in the relative amplitude of the oscillations (An./n.) as a function of the
distance n to determine the damping rate (y). We find that y at MMS and SolO is similar, approximately

-2 %x 107* km™".

Alternatively, the lack of clear downstream B oscillations at SolO may also be attributed to their smaller
amplitude. Low V and small By/B, produce smaller amplitude oscillations. A comparison of these effects is
presented in Figure 3. In all panels we show the motion of protons encountering the shock based on values from
the observations, and vary V,, and By/B, in isolation. In the left panel, we compare two protons traveling at
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Table 2

Shock Comparison Between MMS and SolO Observations

Characteristic MMS SolO

Whistler-mode precursors Observed at fi, ~ fj, Observed at fo. >},

Downstream magnetic oscillations Observed with 4 = 1¢pq Not clearly observed

Downstream Ion-acoustic Waves Intermittent activity matching low-frequency Less activity than MMS; no periodic occurrence

Proton reflection

a-particle reflection

downstream magnetic oscillations

Predicted in test particle and observed Predicted in test particle, but not observed due to
instrument limitations

Predicted in test particle and observed Not predicted in test particle and not observed

different V,, , encountering a shock with the same properties. The faster proton exhibits larger oscillations around
the guiding center. In the middle panel, we show two protons traveling at the same V, ,, but crossing a shock with
different By/B,. The proton that crosses the shock with a larger By/B, has a more pronounced gyromotion.
Finally, in the right panel, we show protons traveling at the bulk velocity as seen by MMS and SolO. The
combined effects result in a larger cycloid gyration at MMS compared to SolO.

The maximum An./n, at MMS is ~0.3, while at SolO An./n, ~ 0.05. Likewise, the model also predicts a larger
An./n, at MMS around 0.4, compared to SolO's of approximately 0.1. Hence, the reason the oscillations are less
pronounced at SolO is likely due to their smaller amplitude, which is primarily determined by a ~15% slower
solar wind velocity combined with a ~20% smaller By/B, compared to MMS measurements.

4.3. Bursts of Ion-Acoustic Waves

The bursts of IAWs observed by MMS occur at the crests and troughs of the downstream B oscillations. We have
marked the crests and troughs of the B and n,, fluctuations with green and red vertical-dashed lines in Figures 2a—
2f and 20-2t to highlight their corresponding periodicity with the IAW occurrence. In contrast, the IAW sig-
natures at SolO are not as strong as those detected by MMS, and any periodic activity is not evident. This may be
related to the downstream B oscillations not being as prominent at SolO.

Possible generation mechanisms for IAWs downstream of IP shocks include ion-ion instability between protons
and a-particles (Graham et al., 2025; Liu et al., 2019), beam instability between reflected and directly transmitted
protons (Gary, 1978; Wu et al., 1984), and current instability enhanced by fluctuations in the VDFs of ions and
electrons (Boldu et al., 2024). Notably, the current-driven instability may be influenced by the same ion kinetics
responsible for the B fluctuations. The current-driven instability depends on the drift velocity between protons
and electrons, and the electron-to-proton temperature ratio. Measurements from MMS reveal fluctuations in the
electron VDFs, which potentially alter the instability thresholds. Since the changes in electron and ion VDFs are
periodic, they lead to periodic bursts of IAWSs, creating a direct link between the downstream B oscillations and
the electrostatic waves.

5. Summary and Conclusion

We use multi-spacecraft measurements to investigate an IP shock observed at two heliocentric longitudes by SolO
at 0.92 au and MMS at 1 au. The main characteristics of the IP shock observed at both spacecraft locations are
summarized in Table 2. The shock has a similar 8y, ~ 68°~73° and relatively low M, = 2-3 in both locations. The
upstream profiles are also comparable, including whistler-mode precursors at MMS and similar electromagnetic
wave activity at SolO.

However, despite these similarities, we observe significant differences in the downstream profile. At the location
of MMS, we observe the reflection of both protons and a-particles, marking the first detection of a-particles
reflected from an IP shock. Here, the shock is also characterized by compressional downstream B oscillations and
IAWs bursts that occur at intervals matching the period of the B oscillations. Conversely, at SolO's location, no
ion reflection is observed, and the downstream B oscillations are not evident. Moreover, the IAWs activity is
significantly reduced at the shock crossing observed by SolO, lacking any clear periodic pattern.
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We find that the downstream B oscillations observed by MMS are caused by the gyro-bunching of protons
directly transmitted through the shock. In contrast, the downstream B oscillations are generated at a smaller
amplitude at SolO's location, likely due to a ~15% lower V,, and ~20% smaller By/B,,, which explains why these
oscillations are not evident in the SolO observations.

Our observations also suggest a potential connection between the downstream B oscillations and the [AWs. This
connection is related to the B oscillations corresponding to fluctuations in the downstream VDFs, which in turn
alter the thresholds of the instabilities driving the IAWSs. Overall, we conclude that the observed differences
between the spacecraft are due to the local IP shock structure being significantly influenced by the ion kinetic
behavior. Likewise, the ion kinetic behavior is highly sensitive to local solar wind parameters and i relative to the
upstream ion velocity.

We demonstrate that different sections of the same IP shock exhibit distinct microphysical processes. Our results
directly link upstream solar wind conditions to local shock structure through the kinetic behavior of ions, which
also manifests as high-frequency IAWs and reflected protons and a-particles. These findings advance our un-
derstanding of the complex, spatially dependent nature of IP shocks and their impact on the heliosphere.
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distributions from FPI (Gershman et al., 2022b), and burst mode moments from FPI (Gershman et al., 2022a). The
data analysis was performed using the irfu-matlab software package. The scripts required to generate the test
particle model are available at Graham (2024) and described in Graham and Khotyaintsev (2025). The WSA-
ENLIL + Cone Model (Odstrcil et al., 2004) simulation output was retrieved from https://kauai.ccmc.gsfc.nasa.
2ov/DONKI/view/WSA-ENLIL/28169/1 using the Space Weather Database Of Notifications, Knowledge, In-
formation (DONKI) catalog, which has been made available by the Community Coordinate Model Center
(CCMO).
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