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Abstract

On 2026 February 4, an interplanetary shock crossed the L1 region and was followed about 7.7 hr later by a
heliospheric current sheet/heliospheric plasma sheet (HCS/HPS), while energetic-ion intensities continued to
evolve throughout the intervening downstream region. The shock was observed by IMAP, Wind, ACE,
DSCOVR, and SOLAR-1, providing a multispacecraft view of its geometry. Multispacecraft timing and local
shock-normal analyses show that the shock is highly quasiperpendicular but spatially nonplanar across L1.
Energetic-ion intensities exhibit a pronounced energy-dependent response. Sub-MeV intensities increase well
upstream of the shock and remain enhanced throughout the downstream region until approaching the HCS /HPS,
whereas intensities above ~1 MeV show a much weaker downstream enhancement and tend to peak near the
shock. The energy spectra also soften downstream, with the fitted spectral break shifting from several MeV near
the shock to lower energies farther downstream. Pitch-angle distributions evolve from pronounced field-aligned
streaming upstream to enhanced intensities at oblique-to-perpendicular pitch angles downstream, with the
anisotropy persisting through much of the downstream sheath and gradually broadening toward the HCS /HPS. A
secondary current sheet embedded within the downstream HPS exhibits signatures consistent with a localized
reconnection exhaust. Overall, the observations indicate that the sub-MeV ion population is strongly influenced by
the shock, while its subsequent downstream evolution is shaped primarily by energy-dependent transport.
Localized energization within the disturbed downstream sheath may provide an additional contribution to the sub-
MeV population.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Interplanetary shocks (829)

1. Introduction

Interplanetary (IP) shocks are among the most efficient
particle accelerators in the heliosphere and frequently produce
energetic storm particle (ESP) events. Energetic particles
accelerated at coronal mass ejection (CME)-driven shocks
provide an important probe of both collisionless shock physics
and particle transport. Diffusive shock acceleration (DSA) and
shock-drift acceleration (SDA) can accelerate ions and electrons
over a broad energy range, with the acceleration efficiency
depending on the shock geometry, compression ratio, and the
surrounding magnetic turbulence that controls particle scattering
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and repeated interactions with the shock (e.g., W. 1. Axford
et al. 1977; A. R. Bell 1978; R. D. Blandford & J. P. Ostriker
1978; L. O. Drury 1983; J. R. Jokipii 1987; M. A. Lee 2005;
J. Giacalone 2012; M. Desai & J. Giacalone 2016). In the
idealized steady-state, planar DSA picture, the energetic-particle
distribution decreases exponentially with distance upstream of
the shock over a characteristic diffusion length, whereas the
downstream distribution is approximately spatially uniform in
the absence of losses or escape. However, the idealized one-
dimensional, steady-state DSA model does not capture the
complex geometry, magnetic environment, and temporal
evolution of particle acceleration at IP shocks. Shock curvature,
spatial variations in shock geometry, upstream turbulence, and
changing magnetic connectivity can modify the observed
energetic-particle intensity profile significantly. In addition,
high-time-resolution observations show that particle accelera-
tion at shocks can be highly dynamic, exhibiting temporal and/
or spatial variations on timescales from seconds to minutes
(L. Yang et al. 2023, 2024, 2025a, 2025b).
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Consistent with these departures from the idealized DSA
picture, observations reveal considerable diversity in shock-
associated energetic-particle intensity profiles. Particle inten-
sities may peak sharply near the shock, rise gradually toward
the shock, remain enhanced for extended periods downstream,
or reach their maximum well after the local shock passage
(D. Lario et al. 2003, 2005; L.-L. Zhao et al. 2019a). These
different profiles reflect both shock acceleration and subse-
quent particle transport through the surrounding magnetic
field. In particular, spatial variations in the shock surface and
large-scale magnetic fluctuations can change the magnetic
connection between an observer and different regions of the
shock, allowing shock-accelerated particles to be transported
and concentrated away from the local shock crossing (e.g.,
J. Giacalone 2012; M.-Y. Lo et al. 2026).

Beyond changes in shock connectivity, the subsequent
transport of energetic particles is governed by their interac-
tions with turbulent magnetic fields and large-scale helio-
spheric structures. As particles propagate away from the
shock, they undergo pitch-angle scattering, spatial diffusion,
convection with the solar wind, and adiabatic energy changes
(E. N. Parker 1965; J. R. Jokipii 1966; D. Ruffolo 1995;
M. Zhang et al. 2009). Magnetic turbulence controls particle
scattering and diffusion and can also contribute to particle
energization under certain conditions (J. R. Jokipii 1966;
W. H. Matthaeus et al. 2003; L. A. Fisk & G. Gloeckler
2007; V. Petrosian 2012). In addition, large-scale magnetic
structures, including the heliospheric current sheet (HCS),
corotating interaction regions (CIRs), and magnetic flux
ropes, can modify energetic-particle transport by changing
magnetic connectivity, cross-field transport, and redistribut-
ing energetic particles over extended spatial and temporal
scales (O. Khabarova et al. 2015; L.-L. Zhao et al.
2018, 2019b; J. Giacalone et al. 2021; N. Dresing et al.
2023; A. Silwal et al. 2024; Z. Ding et al. 2025; X. Zhu
et al. 2026).

Among these structures, the HCS is of particular interest
because it represents a large-scale reversal of the magnetic-field
polarity and is occasionally associated with magnetic reconnec-
tion (J. T. Gosling et al. 2005b, 2006; T. D. Phan et al. 2021;
M. Ala-Lahti et al. 2025). Enhancements of suprathermal and
energetic particles have been reported in association with HCS
crossings (L. Adhikari et al. 2019; E. K. J. Kilpua et al. 2021;
M. L. Desai et al. 2022, 2025), with the most pronounced
signatures often occurring at relatively low energies, typically
below ~1MeVnuc'. A variety of processes have been
proposed to account for these enhancements, including transport
along meandering magnetic field lines, particle trapping within
current-sheet structures, stochastic acceleration in contracting
magnetic islands, and reconnection-related compression and
energization (J. F. Drake et al. 2006; M. Oka et al. 2010;
V. V. Zharkova & O. V. Khabarova 2012; G. P. Zank et al.
2014,2015;J. A.le Roux et al. 2015; G. Murtas et al. 2024). The
efficiency and relative importance of these processes are
expected to depend on heliocentric distance and the surrounding
solar-wind environment. Near 1 au, local HCS reconnection
generally provides less magnetic energy per particle than in the
near-Sun solar wind, making direct acceleration to hundreds of
keV energies less favorable (J. T. Gosling et al. 2005a;
T. D. Phan et al. 2021; S. Du et al. 2025). Nevertheless, as a
large-scale magnetic-sector boundary, the HCS can still
substantially modify the transport and spatial distribution
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of energetic particles (M. Battarbee et al. 2018; K. Liou &
C.-C. Wu 2024).

The role of the HCS may become particularly important
when it is overtaken by a fast-propagating IP shock. Numerical
MHD simulations have shown that shock—-HCS interactions
can compress and distort the HCS and modify the local
magnetic-field configuration (e.g., D. Odstré¢il et al. 1996;
Z. Smith et al. 1998). Within the compressed downstream
region, the disturbed current sheet may develop secondary
current sheets, magnetic islands, and localized reconnection
sites (O. Khabarova et al. 2015; O. Malandraki et al. 2019;
M. Ala-Lahti et al. 2025), providing additional opportunities
for particle trapping and localized energization (J. Giacalone &
D. Burgess 2010; G. P. Zank et al. 2015; J. A. le Roux et al.
2016; C.-C. Wu et al. 2016; G. Murtas et al. 2024).
Meanwhile, changes in field line topology across the HCS
can change magnetic connectivity and redistribute shock-
accelerated particles. Thus, the shock—-HCS configuration may
influence energetic particles through both the shock-generated
particle population and subsequent modifications of particle
transport, with the possibility of additional localized
energization.

In this paper, we investigate an IP shock that crossed the L1
region on 2026 February 4 (M. E. Cuesta et al. 2026) and was
followed approximately 7.7 hr later by an HCS crossing, using
coordinated multispacecraft observations. The analysis char-
acterizes the shock geometry and large-scale structure of the
shock front, followed by an examination of the energetic-ion
time—intensity profiles, pitch-angle distributions (PADs), and
energy spectra throughout the event. The HCS crossing is also
analyzed for signatures of localized magnetic reconnection.
The implications of these observations for shock acceleration,
subsequent particle transport, and the sustained downstream
low-energy ion enhancement are then discussed.

2. Data and Shock Geometry

The recently launched IMAP mission (D. J. McComas et al.
2025), together with Wind (L. B. Wilson et al. 2021), ACE
(E. C. Stone et al. 1998), DSCOVR (J. Burt & B. Smith 2012),
and Space Weather Observations at L1 to Advance Readiness
1 (SOLAR-1; S. C. Sours et al. 2026; D. Vassiladis 2026),
provides a valuable multispacecraft constellation near L1. The
magnetic-field data available through NASA’s CDAWeb are
obtained from IMAP’s Magnetometer (MAG) (IMAP -
MAG L2 NORM-RTN; T. S. Horbury et al. 2026), Wind’s
Magnetic Field Investigation (MFI) (WI_H3-RTN MFI;
A. Koval et al. 2023), ACE/MAG (AC_H3 MFI; C. Smith
& N. Ness 2022), and DSCOVR/MAG (DSCOVR_HO MAG;
A. Koval 2026). The SOLAR-1 magnetic-field data available
through NOAA/SWPC are obtained from SOLAR-1/MAG
(mag-13 solarl; R. Torbert et al. 2026). The solar-wind
proton data used in this study are obtained from IMAP/
SWAPI (IMAP SWAPI L3A PROTON-SW; J. S. Rankin
et al. 2025) and Wind’s Three-Dimensional Plasma and
Energetic Particle Investigation (3DP) (WI_PM 3DP;
R. P. Lin et al. 2021a). Energetic-particle measurements
are obtained from IMAP/CoDICE-Hi, including the omnidir-
ectional intensity (IMAP CODICE L2 HI-OMNI) and
pitch-angle-dependent intensity (IMAP_CODICE L3B HI-
PITCH-ANGLE; S. A. Livi et al. 2025), and from IMAP’s
High-energy Ion Telescope (HIT) (IMAP HIT L2 STAN-
DARD-INTENSITY; E. R. Christian et al. 2026). Wind
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Figure 1. Magnetic-field magnitude and components measured by DSCOVR, SOLAR-1, IMAP, ACE, and Wind at a cadence of 16 s, spanning 12 hr upstream to
16 hr downstream of the shock. For each spacecraft, the time axis is referenced to its respective shock-crossing time, with = 0 marking the shock arrival.

energetic-ion data are obtained from the 3DP Solid Space
Telescope (SST) Open instrument, using WI_SOSP 3DP
(R. P. Lin et al. 2021b) for omnidirectional intensity and
WI_SOPD 3DP (R. P. Lin et al. 2021c) for pitch-angle-
dependent intensity. ACE energetic-ion measurements are
obtained from ACE/EPAM (AC_H3 EPM; R. E. Gold et al.
2022). The suprathermal-electron PADs are obtained from
IMAP’s Solar Wind Electron (SWE) instrument (IMAP S-
WE L3 SCI; R. M. Skoug et al. 2026) and Wind/3DP
(WI ELPD 3DP; R. P. Lin et al. 20214d).

Figure 1 shows the magnetic-field magnitude |B| and
components Bg, By, and By measured by DSCOVR, SOLAR-1,
IMAP, ACE, and Wind from 12 hr upstream to 16 hr downstream
of the shock. The shock-crossing time at each spacecraft is
identified independently from the magnetic-field measurements.
Since high-resolution plasma measurements in the immediate
vicinity of the shock are not available for all spacecraft, and Wind
lacks plasma data for about 6 minutes upstream of the shock, the
local shock-arrival times are determined from the magnetic-field
discontinuities. The magnetic-field time series is then shifted
relative to the respective shock-crossing time, such that + = 0

(purple vertical line) marks the local shock arrival. Despite their
spatial separation and different shock-arrival times, all spacecraft
show a similar large-scale magnetic-field evolution, with a
relatively quiet upstream region followed by enhanced field
strength and stronger fluctuations downstream of the shock. A
prominent radial magnetic-field By reversal occurs approximately
7.7 hr after the shock. The reversal is accompanied by a decrease
in |B| to near zero, indicating a possible HCS crossing (vertical
dashed line). The crossing is examined in more detail below. At
later times, ~12—16 hr after the shock, the spacecraft encounter a
large-scale magnetic cloud (MC), which is identified in more
detail below based on its associated plasma signatures. In this
study, we focus primarily on the sheath region between the shock
and the ejecta, with the HCS /HPS located near the trailing edge of
the sheath. As shown in Figure 1, this region is characterized by
enhanced magnetic-field fluctuations and multiple current-sheet-
like structures.

Figure 2(a) shows the spacecraft configuration in the L1
region near the shock-crossing time. For each spacecraft, the
position is evaluated at its respective shock-crossing time. The
five spacecraft are located at different positions around L1,
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Figure 2. Multispacecraft configuration and estimated nonplanar shock front near L1. Left: positions of IMAP, Wind, ACE, DSCOVR, and SOLAR-1 in GSE
coordinates near the shock crossing. Right: estimated nonplanar shock front in the GSE X-Y plane at the reference time 2026 February 4 14:21:42 UT. The filled
circles mark the spacecraft positions at their respective shock-crossing times, while the open circles indicate the corresponding shock locations propagated to the
reference time. The arrows show the local shock-normal directions, and the black dashed curve represents the estimated nonplanar shock front.

providing spatially separated observations of the same IP
shock. For the multispacecraft timing analysis, we adopt a
first-order approximation in which the shock front is assumed
to be planar across the spatial extent of the spacecraft
constellation, neglecting curvature and higher-order spatial
variations, and to propagate at an approximately constant
speed during the spacecraft crossings. Under this approx-
imation, the difference in shock-arrival time between two
spacecraft satisfies

V;hockAtij = Arij ‘A, (D

where At;; = t; — t; is the difference in shock-arrival time and
Ary; = r(t) — r{t) is the corresponding spacecraft separation.
Here, n is the shock normal and V. is the shock-
propagation speed along the normal in the spacecraft frame.
Defining m = 7/ Vy,ock, the timing relations can be written as
Ar; - m = At;. With five spacecraft, four independent timing
relations are available for the three components of m, and the
system is solved using a least-squares method. The shock
normal and propagation speed are then obtained from
i = m/|m| and Vo = 1/|m|, respectively. The multispace-
craft timing analysis (C. T. Russell et al. 1983; G. Paschmann
& P. W. Daly 1998) vyields a shock normal of
n = (—0.85, —0.52, 0.04) in GSE coordinates and a propaga-
tion speed of Vinock = 437 km g1 along the shock normal in
the spacecraft frame. To estimate the uncertainties in the
multispacecraft timing solution, we assume a Gaussian
uncertainty with a standard deviation of 5 s for the shock-
arrival time at each spacecraft. The value o, = 5 s is adopted as
a conservative estimate of the uncertainty in identifying the

magnetic-field discontinuity associated with the shock cross-
ing. For each Monte Carlo realization, an independent random
timing perturbation is drawn from the assumed Gaussian
distribution for each of the five spacecraft. The resulting
perturbed shock-arrival times are then simultaneously fitted
using the same least-squares procedure, and the corresponding
i and Vo are recalculated. This procedure is repeated for
10° Monte Carlo realizations while keeping the spacecraft
positions fixed. The uncertainties in the components of 72 and
Vinock are taken as the standard deviations of the corresponding
Monte Carlo distributions. These uncertainties quantify the
effect of the assumed-shock-arrival-time uncertainty and do
not account for systematic uncertainties associated with the
planar-front approximation or shock-front curvature.

To characterize the local shock geometry at each spacecraft
and provide directional constraints for the shock-front estima-
tion, we independently determine the local shock normal using
the magnetic coplanarity method (D. S. Colburn & C. P. Sonett
1966; K. Moreland et al. 2023). To reduce the sensitivity of the
derived normal to the selection of upstream and downstream
averaging intervals, we adopt a statistical averaging procedure
similar to that implemented in SerPyShock (D. Trotta et al.
2022). The upstream and downstream averaging-window
lengths are varied independently from 2 to 6 minutes in 30s
increments, resulting in N = 81 window pairs, while their inner
boundaries are fixed at 30s before and after the shock,
respectively, to exclude the shock transition. For each
combination of upstream and downstream averaging windows,
the mean magnetic fields B and B, and their component-wise
standard deviations are calculated. We then generate 10° Monte
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Table 1
Shock-normal Components (n,, ny, n;) in GSE Coordinates, Shock Obliquity 65,, Magnetic-field-compression Ratio B,/B;, and Shock-propagation Speed
Spacecraft Arrival Time ny ny n, Opn B,/B, Vsh
(UuT) (deg) (km s~ ")
DSCOVR 14:14:14 —0.88 £ 0.39 —0.27 £ 0.26 0.39 £ 0.20 84.0 £ 2.7 2.05 £ 0.05
SOLAR-1 14:17:52 —0.82 £ 0.14 —0.57 £ 0.15 0.02 £ 0.29 83.0+22 2.06 + 0.04
IMAP 14:18:49 —0.83 £ 0.19 —0.36 £+ 0.30 0.42 £ 0.40 83.4 £ 2.7 2.10 £ 0.06
ACE 14:21:07 —0.64 £ 0.21 0.28 +0.23 0.72 + 0.16 748 £53 2.06 £+ 0.09
Wind 14:35:31 —0.83 £ 0.29 —0.55 £ 0.22 —0.10 £ 0.51 86.3 £ 1.7 2.08 £ 0.04
Multispacecraft —0.85 £ 0.02 —0.52 £ 0.02 0.04 £ 0.04 437 £ 18

Carlo realizations of B; and B, by Gaussian sampling of each
magnetic-field component and calculate the corresponding
shock normal 7, shock obliquity 6z, and magnetic-field-
compression ratio B,/B;. For each of these derived quantities,
the jth window pair yields a mean p; and standard deviation o;.
The final estimate for each quantity is taken as the average of the
means over all window pairs, i = %Z?’:l p;> and its uncertainty

is estimated as Ofpg = [%Z?’:I(O’? + (Mj - ﬂ)z)]l/Z, This
uncertainty accounts for both the Monte Carlo variability within
individual window pairs and the sensitivity to the choice of
averaging interval. The resulting shock parameters and
uncertainties are summarized in Table 1.

The magnetic coplanarity estimates show some sensitivity to
the choice of averaging intervals, particularly because the
downstream magnetic field exhibits strong fluctuations, as
shown in Figure 1. To assess this sensitivity, we repeated the
analysis using fixed shorter averaging windows of 1 and
2 minutes on both sides of the shock (L. Yang et al.
2018, 2019; Z. Liu et al. 2022; X. Guo et al. 2026). The
resulting 0p, and B,/B; values are consistent, within
uncertainties, with those obtained from the 2 to 6 minute
window ensemble, and the quasiperpendicular classification
remains unchanged at all five spacecraft.

Table 1 shows that the shock normal obtained from the
multispacecraft timing analysis differs from the local copla-
narity estimates by about 5° at Wind, 2° at SOLAR-1, and
about 20° at IMAP and DSCOVR, with a substantially larger
deviation at ACE. Given the uncertainties in the local normal
estimates, part of these differences may reflect limitations of
the coplanarity method. For highly quasiperpendicular shocks,
the upstream and downstream magnetic-field directions can be
very similar, such that |B; x B,| becomes small, making the
magnetic coplanarity normal sensitive to relatively small
changes in the field direction. Some contribution from spatial
variations of the shock front across the L1 constellation cannot
be excluded (S. Raptis et al. 2026). Nevertheless, the derived
0p, values consistently indicate a quasiperpendicular shock
across the L1 constellation.

The local shock normals listed in Table 1 are then used to
constrain the nonplanar shock front shown in Figure 2(b).
Following the approach of M. Neugebauer & J. Giacalone
(2005), each shock crossing is propagated from the spacecraft
position (filled circles) to a reference time along the local
shock normal. The reference time, 14:21:42 UT, is taken to be
the mean of the five shock-crossing times. Because local
plasma measurements near the shock are not available at every
spacecraft, we use the shock speed obtained from the
multispacecraft timing analysis for all locations. The propa-
gated positions (open circles) therefore provide spatial

constraints on the shock front at the reference time. A smooth
representation of the front is constructed by connecting the
propagated positions with cubic Bézier segments. The tangent
at each constraint point is chosen to be perpendicular to the
corresponding local shock normal. For closely spaced space-
craft (e.g., DSCOVR, SOLAR-1, and IMAP), neighboring
propagated positions and shock normals are pairwise averaged
before constructing the cubic Bézier segments. Therefore, the
reconstructed shock front is based on these averaged
constraints and is not required to pass exactly through every
individual open-circle center. The resulting black dashed curve
represents an approximate reconstruction of the curved shock
front. The reconstructed shock front shows departures from the
first-order planar approximation, with a characteristic radius of
curvature of order ~10° km. This value is consistent with
previous multispacecraft observations of IP shocks near 1 au,
for which local radii of curvature were found to range from
approximately 3 x 10° to 10" km, with a mean of a few 10° km
(M. Neugebauer & J. Giacalone 2005). These curvature
lengths are also comparable to the correlation length of
magnetic-field fluctuations near 1au (W. Matthaeus et al.
2005), suggesting that large-scale magnetic fluctuations
in the solar wind may contribute to distortions of the shock
front.

3. Energetic-ion Enhancement Associated with the 2026
February 4 Shock

Figure 3 presents an overview of IMAP in situ measurements
of energetic protons, the magnetic field, and solar-wind plasma
associated with the 2026 February 4 shock. The magnetic-field
magnitude and vector components in RTN coordinates shown in
Figure 3(c) are provided by IMAP/MAG at a cadence of 2 Hz.
The solar-wind proton data in Figures 3(g)—(h) are obtained
from IMAP/SWAPI at a cadence of 1 minute. The omnidirec-
tional energetic-proton differential intensities in Figure 3(a) are
obtained from IMAP/HIT over ~3-5.5MeV, while those in
Figure 3(b) are obtained from IMAP/CoDICE-Hi over
~0.1-2MeV. The 270eV suprathermal-electron PAD in
Figure 3(d) is obtained from IMAP/SWE.

The magnetic-field orientation is further illustrated by the
elevation angle 0, which measures the north—south tilt of the
field relative to the RT plane, and the azimuthal angle ¢p,
which describes the field direction within the RT plane. The
shock crossing is indicated by the solid vertical line. As
discussed above, the shock is quasiperpendicular and has a
magnetic-compression ratio of about 2. The HCS crossing is
identified at about 22:00 UT on 2026 February 4 by the
magnetic-field-polarity reversal together with a corresponding
reversal of the suprathermal-electron-strahl direction, evident
in the PAD shown in Figure 3(d) (J. T. Gosling et al.
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Figure 3. Overview of the 2026 February 4 shock event observed by IMAP. From top to bottom: (a) energetic-proton differential intensity from IMAP/HIT over
~3-5.5 MeV, (b) energetic-proton differential intensity from IMAP/CODICE-Hi over ~0.1-2 MeV, (c) magnetic-field magnitude and RTN components, (d) pitch-
angle distribution of 270 eV electrons, (e) magnetic-field elevation angle 0, (f) magnetic-field azimuthal angle ¢z, (g) solar-wind speed Vi, (h) proton density n,
and temperature T}, and (i) proton plasma beta 3,. The solid vertical line marks the shock crossing, and the dashed vertical line marks the HCS crossing. The purple-
shaded interval denotes the HCS/HPS region, while the green-shaded interval marks the magnetic cloud (MC) associated with the ejecta driving the shock.

2005b, 2006). The HCS crossing occurs within the highly
disturbed downstream sheath region. The enhanced proton
plasma beta surrounding the HCS, accompanied by increased
plasma density, indicates that the HCS is embedded within a
broader heliospheric plasma sheet (HPS; D. Winterhalter et al.
1994; N. Crooker et al. 2004). The extent of the HPS (purple-
shaded interval) is better constrained by the Wind observations
discussed below because of their continuous plasma coverage.

The strongly varying magnetic-field azimuthal angle ¢ within
the HPS further reflects the disturbed magnetic-field config-
uration. Following the HCS/HPS interval, an MC associated
with the IP ejecta driving the shock is observed. The MC,
indicated by the green shading, is characterized by an
enhanced magnetic-field magnitude, smooth field rotation,
reduced proton temperature, and very low plasma beta (e.g.,
L. Klein & L. Burlaga 1982; L. Burlaga et al. 1990).
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The several-MeV proton intensities in Figure 3(a) show little
enhancement upstream of the shock. In contrast, the sub-MeV
proton intensities in Figure 3(b) begin increasing well upstream,
with a more pronounced rise developing around 07:00 UT on
February 4. The relatively weak response at several MeV may
partly reflect the modest shock strength, with a compression ratio
of about 2, as shown in Table 1. Across the shock, energetic-
proton intensities increase at all measured energies. Farther
downstream, however, the evolution becomes energy dependent.
Below ~1 MeV, proton intensities remain strongly enhanced for
several hours until the HCS /HPS crossing. In contrast, intensities
above ~1MeV show much weaker downstream variations and
tend to peak closer to the shock. Following the HCS/HPS
crossing, energetic-proton intensities show an overall decrease,
although localized enhancements remain evident at lower
energies. A pronounced reduction in the several-MeV intensities
is observed after entry into the MC, possibly reflecting changes in
magnetic connectivity and particle transport. The energy-
dependent evolution throughout the downstream sheath suggests
that the low-energy proton population is influenced by down-
stream processes in addition to the shock.

Figure 4 presents the Wind observations of the same event.
Omnidirectional energetic-ion intensities from approximately
0.2 to 4.4 MeV, with a cadence of about 12 s, are obtained
from Wind/3DP/SOSP. Figure 4(a) shows the energy-time
spectrogram of the differential intensity, while Figure 4(b)
shows the corresponding time—intensity profiles at selected
energies between 0.20 and 4.44 MeV, averaged over 5 minute
intervals. The Wind measurements show the same overall
energy-dependent behavior observed by IMAP. The upstream
enhancement is relatively weak, particularly at higher energies.
Across the shock, intensities increase in all measured channels,
but the subsequent downstream evolution varies with energy.
Sub-MeV intensities remain elevated through much of the
downstream region, whereas the >2 MeV ion intensities in
Figure 4(b) show no clear downstream enhancement and
gradually decrease farther downstream of the shock, consistent
with the IMAP observations shown in Figures 3(a) and (b).

Approximately 6 hr upstream of the shock, around 08:00 UT
on February 4, the solar wind encounters a distinct magnetic
structure characterized by a gradual increase in |B| and a
smooth rotation of By, also reflected in the variation of 05. The
magnetic-field enhancement is accompanied by a decrease in
proton density 7, and an increase in proton temperature 7). A
similar structure is also evident in the IMAP observations
shown in Figure 3. The sub-MeV proton intensities show a
noticeable abrupt increase near the boundary of this structure.

Downstream of the shock, the magnetic-field direction
becomes substantially more variable. As shown in Figures 4(e)
and (f), both the elevation angle 6z and azimuthal angle ¢p
undergo pronounced variations throughout the sheath, indicat-
ing substantial changes in the local magnetic-field orientation
and the presence of current-sheet-like structures. Around 19:00
UT on February 4, both 0 and ¢ show noticeable directional
changes. At approximately the same time, the suprathermal-
electron PAD in Figure 4(d), obtained from Wind/3DP,
remains dominated by parallel streaming, while the distribu-
tion broadens and the antiparallel flux near 180° becomes
enhanced, suggesting a possible change in magnetic con-
nectivity. A similar evolution is also evident in the IMAP
observations shown in Figures 3(d)—(f). The lowest-energy ion
intensity (0.20MeV) also reaches a broad downstream
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maximum around this interval, about 3 times the intensity
measured immediately downstream of the shock. These
coincident changes suggest that variations in magnetic
connectivity within the structured downstream sheath may
contribute to the redistribution of energetic particles.

Similar to the IMAP observations, Wind encounters the HCS
about 7.7 hr after the shock, at approximately 22:18 UT on
February 4. The HCS is identified by the magnetic-field-polarity
reversal, while the surrounding interval of enhanced proton
plasma beta, reaching values of about 102, is identified as the
broader HPS, extending until approximately 01:30 UT on
February 5 (purple-shaded region). Within the HPS, |B| exhibits
localized enhancements, as shown in Figure 4(c), suggesting the
presence of compressed magnetic structures embedded within
the disturbed plasma sheet. Such magnetic compression may
contribute to localized particle energization through adiabatic
compression. The broader HPS also contains multiple secondary
current sheets, one of which is observed near 23:20 UT on
February 4 and is examined in more detail below. Following the
HCS/HPS, Wind enters the large-scale MC. Although not the
focus of this study, the energetic-ion intensities show an overall
decrease within the MC, particularly at higher energies such as
4.4 MeV, as shown in Figure 4(b).

Figure 5 compares omnidirectional energetic-ion time—inten-
sity profiles observed by IMAP/CoDICE-Hi (Figure 5(a)),
Wind/3DP/SOSP (Figure 5(c)), and ACE/EPAM (Figure 5(¢e))
over a 36 hr interval centered on their respective shock crossings.
Because the measurements are obtained using different detector
techniques and species-selection capabilities, some cross-instru-
ment differences are expected. IMAP/CoDICE-Hi provides
species-resolved intensities, whereas the Wind/3DP SST Open
measurements are proton-calibrated but have limited species
discrimination, so heavier ions may contribute to the reported
proton intensities. Similarly, the ACE/EPAM LEMS30 and
LEMSI120 telescopes measure ions without unambiguous species
separation. Absolute intensities should consequently be compared
with caution, while the overall temporal and energy-dependent
trends are considered more robust. For ACE, we use the
0.068—4.8 MeV omnidirectional ion intensities obtained by
averaging measurements from the EPAM LEMS30 and
LEMS120 telescopes. For consistency, all time—intensity profiles
shown in Figure 5 are averaged over 5 minute intervals.

Despite these instrumental differences, all three spacecraft
observe an extended enhancement of sub-MeV ions down-
stream of the shock. The lowest-energy intensities reach a
broad maximum about 5hr downstream, at levels approxi-
mately 3 times higher than those observed immediately
downstream of the shock. In contrast, intensities above ~1
MeV show a much weaker downstream enhancement and
reach their maximum near the shock. The broadly consistent
timing and energy dependence across the three spacecraft
indicate that the extended downstream sub-MeV ion enhance-
ment is not confined to a single spacecraft location, but extends
across the region sampled by the L1 constellation.

The contrasting downstream evolution at low and high
energies is consistent with energy-dependent particle transport.
Higher-energy ions generally have larger diffusion coefficients
and can diffuse away from the shock and through the
downstream sheath more efficiently, whereas lower-energy
ions remain more strongly scattered and can persist longer
within the disturbed sheath region. Changes in magnetic
connectivity to different portions of a structured shock surface
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Figure 4. Same as Figure 3, but for Wind observations. (a) The energy—time spectrogram of energetic-ion differential intensity from Wind/3DP/SOSP
measurements and (b) the corresponding 5 minute averaged time—intensity profiles at selected energies from 0.20 to 4.44 MeV. (c)—(i) The magnetic field, 290 eV
electron pitch-angle distribution from Wind/3DP, magnetic-field orientation, solar-wind-plasma parameters, and proton plasma beta in the same format as Figure 3.
The solid vertical line marks the shock crossing, the dashed vertical line marks the HCS crossing, and the purple- and green-shaded intervals denote the HCS /HPS

and magnetic cloud, respectively.

can further redistribute energetic particles and displace the
low-energy intensity maximum from the local shock crossing
(J. Giacalone & M. Neugebauer 2008; M.-Y. Lo et al. 2026).
Additional localized energization within the downstream
sheath region, particularly near the disturbed HCS/HPS,
cannot be excluded. Such processes may include interactions
with reconnecting current sheets and other small-scale current-
sheet-like structures, which can provide localized particle

energization, scattering, and trapping (J. F. Drake et al. 2006;
G. P. Zank et al. 2015; J. A. le Roux et al. 2016; H. Hakobyan
et al. 2021). These processes may be particularly effective for
the lower-energy ion population (e.g., M. I. Desai et al. 2025),
for which modest energy gains can produce a more
pronounced intensity enhancement.

The first-order anisotropy A; is calculated from the pitch-
angle-dependent intensities of 0.16-0.32 MeV protons from
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Figure 5. Multispacecraft energetic-ion observations across the 2026 February 4 IP shock. (a), (c), and () Omnidirectional intensities from IMAP/CoDICE-Hi,
Wind/3DP/SOSP, and ACE/EPAM, respectively. (b) and (d) The first-order anisotropy A; near 0.2 MeV, calculated from pitch-angle-dependent intensities
measured by IMAP/CoDICE-Hi and Wind /3DP/SOPD, respectively. (f)—(i) An expanded view of the Wind/3DP/SOPD observations around the shock crossing at
0.20, 0.34, 0.56, and 1 MeV, respectively, including pitch-angle-dependent intensities and the corresponding A;. The solid purple line marks the shock crossing.

IMAP in Figure 5(b) and 0.20 MeV from Wind in Figure 5(d).
Following N. Dresing et al. (2014), the first-order anisotropy is
calculated as

3f_111(u)udu
1 - - >
S TGdp

where p is the pitch-angle cosine and J(u) is the pitch-angle-
dependent particle intensity. The sign of A; indicates the net
streaming direction, with A; > 0 corresponding to parallel

@)

streaming, A; < O to antiparallel streaming, and A; =~ 0
indicating little net field-aligned anisotropy. Pronounced
anisotropy is observed upstream of the shock at both IMAP
and Wind, indicating field-aligned streaming of low-energy
ions as the shock approaches. Downstream of the shock, A;
becomes appreciable within ~10 minutes of the crossing and
remains so for about one hour, indicating that a strong
streaming component persists shortly after shock passage.
Farther downstream, A; decreases toward values close to zero
even though the sub-MeV proton intensities remain strongly
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enhanced. This reduction in net streaming is consistent with
increased pitch-angle scattering. However, A; ~ 0 does not
necessarily imply an isotropic distribution, because a PAD
symmetric about 90°, such as a pancake-like distribution, also
has a vanishing A,. The detailed pitch-angle evolution is
examined in Section 4.

We also note a short-lived reduction in low-energy ion
intensities observed by all three spacecraft within about
15 minutes of their respective shock crossings, extending
slightly downstream. Figures 5(f)-(i) show the Wind/3DP/
SOPD energetic-ion intensities at eight pitch angles for 0.20,
0.34, 0.56, and 1.0 MeV, respectively. Here, pitch angle is
defined relative to the local magnetic-field direction, such that
0° and 180° correspond to particles moving parallel and
antiparallel to B, respectively. The two vertical dotted lines in
Figures 5(f)—(i) mark the interval associated with this near-
shock intensity decrease. The reduction is most pronounced in
the pitch-angle channels that are enhanced farther upstream,
particularly at small pitch angles. As this field-aligned
component weakens, the PAD broadens and A; approaches
zero within the interval bounded by the two dotted lines. The
pronounced upstream field-aligned population, especially at
low energies, is consistent with ions streaming along magnetic
field lines connected to the shock. The short-lived near-shock
intensity decrease is primarily associated with the disappear-
ance of this field-aligned component, whereas the other pitch-
angle channels show comparatively smaller changes, as shown
in Figures 5(f)—(1). We do not identify a distinct magnetic-field
feature during this short interval that provides independent
evidence for a change in magnetic connectivity. The
disappearance of the field-aligned component may instead be
related to the highly quasiperpendicular shock geometry, for
which field-aligned particle motion has only a small comp-
onent normal to the shock surface, potentially affecting the
transport of the upstream field-aligned population across the
shock. Spatial and/or temporal variations in particle accelera-
tion at the shock may also contribute to the short-lived
intensity decrease, although their relative importance cannot
be determined from the present observations.

The first-order anisotropy A; also shows a clear energy
dependence. Upstream, A; remains positive and relatively
large at 0.20 MeV as shown in Figure 5(f), whereas it is much
closer to zero at 1 MeV shown in Figure 5(i). This is consistent
with energy-dependent transport, i.e., lower-energy ions
remain more strongly tied to the magnetic field and can
exhibit pronounced field-aligned streaming along connected
field lines, whereas higher-energy ions diffuse more broadly
and show weaker net field-aligned anisotropy.

4. Evolution of Pitch-angle Distributions and Energy
Spectra

Figure 6 examines the evolution of energetic-ion PADs
observed by Wind/SOPD at a cadence of ~12s across the
shock and downstream toward the HCS /HPS. Figures 6(a)—(d)
show the time-dependent PADs for four energy channels
spanning 0.34-2.09 MeV, while Figures 6(e)—(j) show PADs
averaged over six representative time intervals at 0.34 MeV
(red dots), 0.56 MeV (cyan dots), and 1.03 MeV (purple dots).
The shock was crossed at 14:35:31 UT on February 4.
Specifically, Figure 6(e) corresponds to the upstream interval
from 10:00 to 12:00 UT, Figure 6(f) to an interval about one
hour upstream of the shock when strong field-aligned
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streaming develops, Figure 6(g) to an interval beginning about
10 minutes downstream of the shock, Figure 6(h) to the
downstream interval of maximum low-energy ion intensity,
Figure 6(i) to the HCS/HPS interval, and Figure 6(j) to the
MC interval. Each selected interval in Figures 6(e)—(j) spans
2 hr, except for Figures 6(f) and (g), for which shorter intervals
are used to exclude the near-shock intensity-decrease period
shown and discussed in Figure 5.

A clear energy-dependent intensity evolution is evident in
Figures 6(a)—(d). At lower energies, the ion intensities reach
their largest downstream values around 19:00 UT on February
4. The 2.09MeV population in Figure 6(d) is enhanced
primarily near the shock. Far upstream, the PADs are nearly
isotropic at higher energies and weakly anisotropic at lower
energies, as shown in Figure 6(e) and also in Figure 5. As the
shock approaches, pronounced field-aligned streaming devel-
ops, as shown in Figure 6(f). This upstream field-aligned
streaming is consistent with energetic particles propagating
along the magnetic field from the shock into the upstream
region. Within about one hour after the shock crossing, the
PADs change substantially, with particle intensities becoming
increasingly concentrated at oblique pitch angles, as shown in
Figure 6(g). However, the distribution remains asymmetric,
with intensities at PA < 90° still substantially higher than
those at PA > 90°, indicating that the field-aligned streaming
component remains dominant.

Farther downstream, a distinct pancake-like PAD centered
near 90° develops and persists for several hours. Similar
perpendicular anisotropies downstream of IP shocks have been
reported previously (e.g., L. Yang et al. 2020, 2023). The
distribution gradually broadens and becomes less pronounced
as the spacecraft approaches the HCS/HPS, consistent with
increased pitch-angle scattering during downstream transport.
Around 19:00 UT on February 4, near the maximum of the
low-energy ion intensities, the PAD in Figure 6(h) becomes
substantially broader and shows an enhanced antiparallel
(~180°) intensity. This change occurs near the magnetic-field
directional variations discussed in Figure 4 and may reflect a
temporary change in magnetic connectivity. The pancake-like
anisotropy weakens after the HCS crossing and largely
disappears by about 01:30 UT on February 5, near the outer
edge of the HPS.

The downstream pancake-like PAD is consistent with
preferential perpendicular energization. Near the shock, SDA
at the quasiperpendicular shock provides one possible mech-
anism for producing the initial perpendicular anisotropy (e.g.,
R. B. Decker 1983; G. Erdos & A. Balogh 1994; 1. Richardson
& H. Cane 2010). Farther downstream, where direct interac-
tion with the shock becomes less likely, local processes may
contribute to maintaining or modifying the perpendicular
anisotropy. For example, reconnecting current sheets and
associated magnetic islands can provide sites for particle
energization (J. F. Drake et al. 2009; G. P. Zank et al. 2014;
J. A.le Roux et al. 2015) and, in some cases, perpendicular ion
heating (A. Mallet et al. 2026). Magnetic compression
provides another possible mechanism. In particular, a narrower
and more pronounced enhancement centered near 90° appears
within the broader HPS interval bounded by the two vertical
dashed lines in Figures 6(a)—(d), coincident with an increase in
|B| shown in Figure 4(c). Conservation of the first adiabatic
invariant during this magnetic compression can preferentially
increase the perpendicular particle energy, providing a
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Figure 6. Evolution of energetic-ion pitch-angle distributions (PADs) observed by Wind/3DP/SOPD across the shock. (a)—(d) The time-dependent PADs for four
energy channels spanning 0.34-2.09 MeV, and (e)—(j) PADs averaged over six representative intervals for 0.34 (red), 0.56 (cyan), and 1.03 (purple) MeV ions. The
solid vertical line marks the shock crossing, and the region bounded by the dashed vertical lines marks the HCS/HPS interval.

possible explanation for the enhanced intensity near 90° shown
in Figure 6(i).

As the spacecraft enters the following MC, the PAD in
Figure 6(j) exhibits weak sunward streaming. The disappear-
ance of the pancake-like PAD beyond the HCS/HPS may
reflect changes in magnetic connectivity associated with entry
into the large-scale MC. The PAD evolution examined here
also clarifies the behavior of the first-order anisotropy A;
shown in Figure 5. Although A, decreases toward zero farther
downstream, the sub-MeV ions remain distinctly nonisotropic,

11

with a pancake-like distribution persisting through much of the
downstream sheath. IMAP/CoDICE-Hi observations show a
similar evolution at a cadence of ~4 minutes, as discussed in
detail by M. A. Dayeh et al. (2026).

Figure 7 compares omnidirectional energetic-ion energy
spectra measured by Wind/3DP/SOSP, ACE/EPAM, IMAP/
CoDICE-Hi, and IMAP/HIT during six representative inter-
vals spanning the quiet upstream (Figure 7(a)), preshock
(Figures 7(b)—(c)), downstream (Figures 7(d)-(e)), and HCS/
HPS (Figure 7(f)) periods. To facilitate comparison with
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Figure 7. Energetic-ion energy spectra measured by Wind/3DP/SOSP, ACE/EPAM, IMAP/CoDICE-Hi, and IMAP/HIT during six representative intervals
spanning the quiet upstream (a), preshock (b)—(c), downstream (d)—(e), and HCS/HPS (f) periods. The averaging intervals are referenced to the Wind times. The
corresponding IMAP and ACE intervals are shifted according to their respective local shock-crossing times. Cross-instrument differences are largest during the low-
intensity upstream intervals (a)-(c), where CoDICE-Hi counting rates approach the instrumental background level and viewing-direction effects may also be

important. Dashed lines indicate an E~> dependence for reference.

the energetic-ion measurements from Wind and ACE, the
CoDICE-Hi spectra shown here are constructed by summing
the H, *He, O, and Fe contributions. Wind/3DP and ACE/
EPAM measure energetic ions with limited species discrimi-
nation, whereas CoDICE-Hi identifies individual ion species
(S. A. Livi et al. 2025). The HIT proton spectrum is shown
separately as a higher-energy reference, no significant heavy
ions are detected by HIT during this event. The averaging
intervals are referenced to the Wind observation times. For
IMAP and ACE, the intervals are shifted according to their
respective local shock-crossing times so that they correspond
approximately to the same temporal distance from the shock.
The dashed E~2 lines indicate the approximate test-particle
DSA spectral slope expected for a compression ratio of r & 2.
Because the shock is highly quasiperpendicular, we assume
that the plasma compression ratio is approximately equal to the
measured magnetic-field compression ratio, r ~ B,/B;, as
expected for a nearly perpendicular MHD shock. Energy and
flux uncertainties are not publicly available for the Wind/3DP
SOSP and SOPD data products used here. Accordingly,
uncertainties in the averaged intensities are shown only for
ACE and IMAP and are derived from their reported
measurement uncertainties using standard error propagation.
During the quiet and early upstream intervals in Figures 7(a)
—(c), the Wind and ACE spectra are systematically higher than
the CoDICE-Hi spectra over part of the overlapping energy
range. We note that CoDICE-Hi has extremely low counting
rates during these intervals, with more than 60% of the
measurements being zero in several low-energy channels and
the zero-count fraction increasing to more than 80% above
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~0.5 MeV. The large fraction of zero-count measurements can
reduce the time-averaged CoDICE-Hi intensities relative to
Wind and ACE, although their overall time—intensity profiles
are generally consistent, as shown in Figure 5. As the shock
approaches, the sub-MeV intensities increase and the low-
energy spectral differences among the instruments gradually
decrease as the CoDICE-Hi counting statistics improve.
Upstream anisotropy and differences in instrument viewing
geometry may also contribute to the remaining discrepancies.
These effects are less important downstream, as shown in
Figures 7(d)—(f), where the particle intensities are substantially
higher and the cross-instrument energy spectra show much
better agreement.

Across the shock and into the downstream region
(Figures 7(d)—(e)), the sub-MeV intensities increase by several
orders of magnitude relative to the quiet-time levels shown in
Figures 7(a)-(b), whereas the higher-energy intensities vary
much less. The downstream spectra therefore become increas-
ingly dominated by the low-energy population. The strongest
sub-MeV enhancement occurs during 19:00-21:00 UT in
Figure 7(e), approximately 5-6hr after the shock crossing.
After the HCS crossing and within the HPS, as shown in
Figure 7(f), the sub-MeV intensities decrease, while the
several-MeV ion intensities show a slight enhancement. The
measurements from the different instruments remain generally
consistent during the downstream intervals (Figures 7(d)—(f)).
Compared with the reference E~2 spectra, the upstream spectra
in Figure 7(c) measured by Wind and ACE are roughly
consistent with an E~ dependence below ~1MeV, whereas
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Figure 8. Band-function fits to the energetic-ion differential intensity spectra for the same six intervals shown in Figure 7. Measurements from 3DP/SOSP, ACE/
EPAM, and IMAP/HIT are combined to cover ~0.1-9 MeV. The solid curves show the best-fit Band functions. The fitted low-energy spectral index +y;, high-energy
spectral index ~,, and break energy Ej, together with their 10 uncertainties, are listed in each panel.

the downstream sub-MeV energetic-ion spectra become
progressively steeper than E~ 2.

To quantitatively characterize the evolution of the spectral
shape, we fit the combined ACE, Wind, and IMAP/HIT
spectra using a Band function (D. Band et al. 1993). The
differential intensity is expressed as

E\ M E
A (Eref) exp (_E_O)’

s — A Eo T2 -7
Al 1 e, - () . E> B

E<Eb,

J(E) = 3)

where A is the normalization factor, E; characterizes the
transition between the two spectral regimes, v, and -, are the
low- and high-energy spectral indices, respectively, and
E, = (72 — 7)Ey is the break energy. E,.r is a fixed reference
energy used for normalization.

Figure 8 shows Band-function fits to the energetic-ion
spectra for the same six intervals as Figure 7. IMAP/CoDICE-
Hi is excluded from the fits because its upstream spectra show
systematic differences from those of the other L1 instruments,
as discussed above, likely related in part to the large fraction of
zero-count measurements near the instrument detection limit.
The combined measurements (blue dots) from Wind/3DP/
SOSP, ACE/EPAM, and IMAP/HIT show good agreement
and are used to characterize the spectral evolution (black
curves). We estimate the uncertainties in the fitted Band-
function parameters from the covariance matrix of the
nonlinear least-squares fit performed in logarithmic space
(Z. Liu et al. 2020). Since E;, = (7> — 71)Eo is a derived
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parameter, its uncertainty is calculated by propagating the full
covariance matrix of 7, 7., and E,, including the parameter
covariances. The resulting lo fitting uncertainties in 7y, s,
and E, are reported in Figure 8.

As shown in Figure 8(a), during the quiet-time interval
about 21 hr before the shock crossing, the low-energy
spectrum is relatively hard and is approximately described
by an E~'° dependence, corresponding to the v—> velocity
distribution often reported for suprathermal ions in the solar
wind (L. Fisk & G. Gloeckler 2006; M. Zhang et al. 2019).
The fitted break energy, E, = 8.55 £ 0.83 MeV, lies close to
the upper boundary of the measured energy range, and the
high-energy spectral index v, = 3.59 % 0.19 should therefore
be interpreted cautiously. In Figure 8(b), about 7 hr before the
shock crossing, a clearer broken-power-law shape develops,
with 7, = 1.39 £ 0.07 and E, = 2.42 + 0.08 MeV. As the
shock approaches in Figure 8(c), the low-energy spectrum
steepens to y; = 1.8 £ 0.02, while the break energy increases
to E, = 4.15 £+ 0.11 MeV. The increase in E; relative to
Figure 8(b) is substantially larger than the corresponding 1o
fitting uncertainties, indicating a significant shift of the spectral
transition toward higher energies as the shock approaches.

Downstream, the low-energy spectrum becomes substan-
tially softer. Immediately downstream in Figure 8(d),
v = 2.49 £ 0.03 and E, = 4.32 £ 0.16 MeV. The break
energy is consistent, within the fitting uncertainties, with that
in the preshock interval shown in Figure 8(c), despite the
pronounced softening of the low-energy spectral index. Farther
downstream, during the maximum low-energy ion intensity in
Figure 8(e), v, increases to 2.86 + 0.04, while E, decreases
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Figure 9. A localized magnetic-reconnection exhaust embedded within the downstream HCS/HPS observed by Wind. (a)-(d) |B|, the LMN magnetic-field
components, V;, and plasma density and temperature. (¢) and (f) The Walén tests and de Hoffmann—Teller (HT) frame quality at the two boundaries. The magenta
squares, red circles, and yellow triangles denote the L, M, and N components, respectively. The opposite Alfvénic signatures and good HT-frame agreement are

consistent with a localized reconnection exhaust.

significantly to 1.69 + 0.08 MeV. Within the HCS/HPS
interval in Figure 8(f), the break shifts further downward to
E, = 072 + 0.02 MeV, while y; = 293 + 0.03 and
v = 3.23 £ 0.03 become more similar, indicating a spectrum
approaching a single power law.

The fitted E,, increases during the upstream evolution from
Figures 8(b) to (c) and decreases farther downstream from
Figures 8(d) to (f), with the changes exceeding the corresp-
onding 1o fitting uncertainties. Nevertheless, the fitted break
energies should be interpreted cautiously when E,, approaches
the boundaries of the ~0.1-9MeV measurement range,
because relatively few data points are available above the
break when E;, = 4 MeV, limiting the constraint on the high-
energy spectral component and hence the determination of E,,.
This limitation is particularly important in Figure 8(a), where
the fitted break lies close to the upper boundary of the
measured energy range. The evolution of Ej, is therefore best
regarded as an indicator of changes in the spectral transition
rather than as a precise physical cutoff energy.

5. Localized Reconnection Exhaust in the HPS

While the extended downstream sub-MeV enhancement
may partly reflect energy-dependent transport and changing
magnetic connectivity to different portions of the structured
shock surface (M.-Y. Lo et al. 2026), the disturbed HCS /HPS
region may also contain localized structures capable of
additional particle energization. As shown in Figure 9, we
examine a thin current sheet embedded within the downstream
HPS using Wind observations, which provide comparatively
high-time-resolution plasma measurements at a cadence of 3s.
The analysis combines minimum variance analysis (MVA), de
Hoffmann-Teller (HT) analysis, and Walén tests. The HT
frame 1is determined independently for the intervals
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23:19:40-23:20:12 UT and 23:20:12-23:20:30 UT on 2026
February 4. For each interval, we determine a constant velocity,
Vur, that minimizes (|(V — Vyr) x B |2), where the brackets
denote an average over the interval (A. V. Khrabrov &
B. U. O. Sonnerup 1998). The quality of the HT frame is
assessed by comparing —Vyr x B with the convective electric
field inferred from the plasma and magnetic-field measure-
ments, —V X B. The magnetic-field magnitude |B| decreases to
nearly zero near the center of the current sheet in Figure 9(a).
The MVA yields the local LMN basis vectors L= (0.1181,
—0.0824, 0.9896), M (—0.5197, 0.8440, 0.1323), and
N = (-0.8461, —0.5299, 0.0569) in geocentric solar ecliptic
(GSE) coordinates. As shown in Figure 9(b), a clear reversal of
By is observed together with a finite guide field B,, comparable
in magnitude to B;. The MV A eigenvalue ratios, Ay /Ay = 11.5
and M\y/Ay = 35.8, indicate that the minimum variance
direction N , and hence the local current-sheet normal,
is well constrained. In Figure 9(c), a localized plasma jet is
also observed within the current sheet as a pronounced
variation in V;, accompanied by changes in plasma
density and a modest temperature enhancement shown in
Figure 9(d).

To determine whether the localized jet is consistent with a
reconnection exhaust, we perform Walén tests separately
across the two boundaries of the candidate exhaust. In the
Walén-test Figures 9(e)—(f), the two dashed diagonals indicate
the ideal +1 and —1 Alfvénic relations. Across the first
boundary, during 23:19:40-23:20:12 UT, the change in plasma
velocity in the HT frame shows an approximately positive
Alfvénic relationship with AV,, as shown in the left panel of
Figure 9(e). Across the second boundary, during
23:20:12-23:20:30 UT, the dominant variations have the
opposite Walén sense, as shown in the left panel of Figure 9(f).
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The corresponding HT-frame tests in the right panels of
Figures 9(e) and (f) show close agreement between the
measured convective electric field, —V x B, and that predicted
from the derived HT velocity, —Vuxr X B, indicating that a
reasonably well-defined HT frame exists for both intervals.
The opposite Alfvénic signatures across the two boundaries,
combined with the good HT-frame agreement, are consistent
with the spacecraft crossing the two rotational-discontinuity-
like boundaries of a localized reconnection exhaust.

The strong magnetic-field rotation and depression, localized
plasma jet and heating, well-constrained current-sheet normal,
and oppositely directed Alfvénic signatures across the two
boundaries are consistent with a localized reconnection
exhaust embedded within the disturbed HPS. The presence
of such a structure indicates that the postshock HCS/HPS is
magnetically complex and contains secondary current sheets
and localized reconnection sites. These structures may modify
energetic-particle transport through changes in magnetic
connectivity and trapping and may also provide localized
particle energization (G. P. Zank et al. 2014; J. A. le Roux
et al. 2015; O. V. Khabarova & G. P. Zank 2017; L.-L. Zhao
et al. 2019b; M. 1. Desai et al. 2025; T. D. Phan et al. 2025).
However, the present observations do not establish the relative
importance of such localized processes compared with shock
acceleration and downstream transport.

6. Discussion and Conclusions

In summary, we present a multispacecraft analysis of an IP
shock observed near L1. Multispacecraft timing determines the
shock normal and propagation speed, while independently
derived local shock normals are used to reconstruct the
nonplanar shock front, with a characteristic radius of curvature
of order ~10°km. Despite variations in the local shock
normals among the spacecraft, the shock remains highly
quasiperpendicular across the L1 region. The shock is
followed by a disturbed downstream region, and about 7.7 hr
later the spacecraft encounter an HCS embedded within a
broader HPS. The HCS is identified by the magnetic-field-
polarity reversal, while the surrounding HPS is primarily
characterized by elevated plasma beta and strong magnetic
variability. The HCS /HPS is followed by an MC characterized
by enhanced magnetic-field strength, smooth field rotation, and
low plasma beta.

The energetic-ion observations show a pronounced energy-
dependent evolution across the event. Sub-MeV intensities
increase well upstream of the shock and remain elevated
throughout much of the downstream sheath, whereas ions
above ~1 MeV show a weaker extended downstream enhance-
ment and are generally strongest closer to the shock. Such
extended downstream enhancements have been reported in
previous shock-associated particle events (e.g., D. Lario et al.
2003) and may result from energy-dependent transport and
changing magnetic connectivity to different portions of a
structured shock surface, which can displace energetic-particle
intensity maxima from the local shock crossing (e.g.,
J. Giacalone & M. Neugebauer 2008; M.-Y. Lo et al. 2026).

The pitch-angle evolution of the sub-MeV ions provides
additional constraints on their downstream transport. Pro-
nounced field-aligned streaming develops in the near-upstream
region approximately 1hr before the shock crossing, while
downstream the PAD evolves toward a pancake-like distribu-
tion centered near 90°. This perpendicular anisotropy persists
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through much of the downstream sheath, although it becomes
broader as the spacecraft approaches the HCS /HPS. The initial
development of the pancake-like PAD just downstream of the
shock is likely related to the highly quasiperpendicular shock
geometry (e.g., I. Richardson & H. Cane 2010), with the
enhanced perpendicular component being consistent with
SDA. Farther downstream, the coexistence of sustained sub-
MeV intensities with a long-lasting but evolving pancake-like
PAD suggests that the energetic-ion population continues to be
transported through the downstream sheath while its PAD is
reshaped by scattering and changes in the local magnetic
environment. The pancake-like PAD weakens across the
broader HPS and largely disappears after the spacecraft enters
the following MC, where the magnetic-field configuration
changes substantially.

The upstream sub-MeV spectrum approaches an E >
dependence near the shock, broadly consistent with the test-
particle DSA slope expected for a compression ratio of r ~ 2.
Downstream, the low-energy portion of the spectrum becomes
substantially softer, with the spectral sloge changing from
approximately £~ upstream to E~>°—E~>°, while the fitted
spectral break shifts toward lower energies. This evolution
indicates an increasing dominance of the sub-MeV ion
population relative to the higher-energy ions. Energy-depen-
dent transport likely contributes to this spectral softening, as
higher-energy particles can diffuse away from the shock more
efficiently, reducing their relative intensity farther down-
stream. Additional energization within the disturbed down-
stream sheath may also contribute at lower energies through
interactions with reconnecting current sheets and other small-
scale magnetic structures.

The downstream HCS /HPS introduces additional magnetic
complexity. A secondary current sheet embedded within the
HPS exhibits a strong magnetic-field depression and rotation, a
localized plasma jet, and modest heating, consistent with a
localized reconnection exhaust. Although the observed exhaust
is unlikely to account for the extended sub-MeV enhancement
by itself, it demonstrates that magnetic reconnection occurs
within the disturbed HCS /HPS and may provide conditions for
particle energization. Overall, the observations favor a picture
in which the energetic-ion population is strongly influenced by
the shock, while its subsequent downstream evolution is
shaped by energy-dependent transport. Localized downstream
processes, such as magnetic reconnection and interactions with
current-sheet-like structures, may provide an additional
contribution to the sub-MeV population.
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