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Abstract

In gradual Solar Energetic Particle (SEP) events, shock waves driven by coronal mass ejections (CMEs) play a major
role in accelerating particles, and the energetic particle flux enhances substantially when the shock front passes by
the observer. Such enhancements are historically referred to as Energetic Storm Particle (ESP) events, but it remains
unclear why ESP time profiles vary significantly from event to event. In some cases, energetic protons are not even
clearly associated with shocks. Here, we report an unusual, short-duration proton event detected on 5 June 2011 in
the compressed sheath region bounded by an interplanetary shock and the leading edge of the interplanetary CME
(or ICME) that was driving the shock. While < 10 MeV protons were detected already at the shock front, the higher-
energy (>30 MeV) protons were detected about four hours after the shock arrival, apparently correlated with a turbu-
lent magnetic cavity embedded in the ICME sheath region.
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Introduction

It is generally accepted that the shock waves driven by
coronal mass ejections (CMEs) play a major role in accel-
erating particles in intense and space-weather-hazardous
Solar Energetic Particle (SEP) events, which are often
called “gradual” in the two-class scheme (e.g., Reames
1999, 2013; Desai and Giacalone 2016). After trave-
ling the distance of several solar radii, the CME-driven
shocks are commonly referred to as interplanetary (IP)
shocks, which could also arise from stream-interaction
regions. When an IP shock reaches near-Earth space,
it not only signals a sudden storm commencement, but
also is accompanied by an increase in energetic particle
fluxes, as known since the 1960s (Bryant et al. 1962; Sar-
ris and van Allen 1974; Gosling et al. 1981; Decker 1983;
Scholer et al. 1983; Armstrong et al. 1985; Tsurutani and
Lin 1985; Kennel et al. 1986; Reames 1999). Such parti-
cle events are collectively called energetic storm particle
(ESP) events because of their temporal correlations with

*Correspondence: moka@berkeley.edu

! Space Sciences Laboratory, University of California Berkeley, Berkeley,
CA, USA

Full list of author information is available at the end of the article

@ Springer Open

geomagnetic storms. However, ESPs are produced locally
at the shock front and can be generally explained by the
diffusive shock acceleration (DSA) theory in which the
particle energy spectrum is determined by the shock
strength (e.g., Giacalone 2012; Desai and Giacalone
2016).

ESP events may be classified into two types based on
the intensity-time profiles, i.e., spike events and clas-
sic ESP events (Sarris and van Allen 1974), although
additional varieties may exist including “step-like
increase” and “irregular” events (Tsurutani and Lin
1985; Lario et al. 2003). Lario et al. (2003) studied ion
data at 47-68 keV and 1-4.8 MeV, and electron data
at 38-53 keV, and found that spike events more often
appear in electron and lower-energy ion data than classic
ESP events, consistent with the earlier findings by Sarris
and Van Allen (1974). It is often thought that spike events
are due to shock drift acceleration at the quasi-perpen-
dicular shocks (e.g., Decker 1983).

However, energetic particles are not always associated
with IP shocks (e.g., Lario et al. 2003; Reames 2012; Tes-
sein et al. 2013). The association is particularly unclear
for higher-energy (>10 MeV) particles (Cohen et al
2005). Instead, energetic particles can be associated with
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crossings of the heliospheric current sheet (HCS) (e.g.,
Richardson et al. 2006). Based on theories (Zank et al.
2014; Adhikari et al. 2019) and observations (Khabarova
et al. 2015, 2016, 2017), it has been argued that recurrent
magnetic reconnection occurs at the HCS and that par-
ticles are accelerated by dynamically evolving secondary
current sheets and associated magnetic islands (or flux
rope in 3D).

In this paper, we report on an unusual, short-duration
enhancement of energetic protons that may at first look
be classified as a spike-type ESP event based on its time
profiles alone. A close inspection revealed, however,
that it occurred in a magnetic cavity in the downstream
of an IP shock. Our observations consist of energetic
particle data from Wind (Acuia et al. 1995), Solar and
Heliospheric Observatory (SOHO) (Domingo et al. 1995)
and Geostationary Operational Environmental Satel-
lite (GOES) as well as the solar wind data from Wind,
Advanced Composition Explorer (ACE; Stone et al. 1998),
and Acceleration, Reconnection, Turbulence, and Electro-
dynamics of the Moown’s Interaction with the Sun (ARTE-
MIS; Angelopoulos 2011). We first describe the event
in the context of the solar activity and near-Earth space
environment, showing that it was unrelated to contem-
poraneous ‘gradual’ SEP events. We then describe the
short-duration proton enhancement in detail and attempt
at explaining how the protons were accelerated to high
energies in the downstream region of the IP shock.

Observation

The proton event in question was observed around 00
UT on 5 June 2011 at the first Lagrangian point (L1) and
geosynchronous orbit (GEO). Before discussing the event
itself, we describe how we isolated it from the ongoing
SEP events. In Fig. 1, we show time profiles of proton
flux at similar energies from detectors at five locations,
including the twin spacecraft of Solar Terrestrial Rela-
tions Observatory (STEREOQ; Kaiser et al. 2008), i.e., STE-
REO-A (STA) and STEREO-B (STB), which were located
at 95 degrees west and 93 degrees east of the Sun—Earth
line. During 4-6 June 2011, the proton flux was much
more elevated at STA than at L1 (or GEO) and STB due
to two SEP events that were attributable to fast CMEs at
06:48 UT and 22:05 UT on 4 June. These SEP events have
been already discussed by Lario et al. (2013) and Law-
rence et al. (2014) with a particular focus on energetic
electrons and neutrons, respectively, but we focus on
energetic protons in this paper.

When measured by Large Angle and Spectrometric
Coronagraph Experiment (LASCO) onboard SOHO, the
two CMEs were as fast as 1440 km/s and 2524 km/s (pro-
jected on the plane of the sky), respectively, and associ-
ated with flares at N15W140 and N17W148. From the
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Fig. 1 Overview of the energetic proton observations by GOES,
SOHO, Wind, STEREO-A, and STEREO-B from 3 to 6 June 2011.The
GOES satellite measured an unusual enhancement of protons in the
15-40 MeV energy range at around 0 UT on 5 June

STA location, these flares were disk events. The 195 A
EUV data obtained by EUV Imager (EUVI) onboard STA
indicate that these flares would have been X1 and X8
flares if they had been observed by GOES (Nitta et al.
2013). The estimated CME speeds and flare magnitudes
indicate that the second event was more energetic, which
also reflected in the proton flux at STA. At STB, from
where the flare region was far behind the east limb, only
the second SEP event was seen, starting late on 5 June
(light blue curve in Fig. 1). Around the Sun—Earth line,
both two SEP events were seen, although at much lower
levels than at STA (red, green and blue curves). In par-
ticular, the Energetic and Relativistic Nuclei and Electron
(ERNE) instrument onboard SOHO detected the two
SEP events more clearly than Electron, Proton, Alpha
Detector (EPEAD) onboard GOES because of its lower
background level.

The spiky proton event we study was observed dur-
ing the decay of the first SEP event and before the onset
of the second SEP event at Earth around 03:30 UT on 5
June (see the profile of SOHO/ERNE). Note that it stands
out most prominently in the GOES data. At L1, it is con-
siderably weaker in the Wind data and hardly notice-
able in SOHO/ERNE data although SOHO/ERNE has
much lower background level. The Solar Isotope Spec-
trometer (SIS) onboard ACE also recorded the event in
the 10-30 MeV and 30-80 MeV channels, but the data
are available only as quick-look and browse data, so we
do not include them in this study. We can rule out the
possibility that the second SEP event mentioned above
may have contributed to our event, because we expect
the onset time (with respect to the CME on the Sun) and
rise time to the peak to be correlated—there is no reason
to expect a sharp increase of the particle flux long after
the CME occurred. In this case, the proton rise time was
only of the order of 10 min, whereas the onset time was
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delayed by more than two hours after the CME. Then, an
eruption from a well-connected longitude may have pro-
duced a prompt event with short rise time like our event.
However, there was no flare or CME around the time of
the spiky proton event. Therefore, we expect this event
to be produced in situ rather than escaping from an IP
shock close to the Sun.

Now, we compare the temporal variations of energetic
protons and solar wind parameters to see if our proton
event was associated with an IP shock. Figure 2 plots pro-
ton fluxes at several energies and solar wind plasma and
magnetic field from 15:00 UT on 4 June to 07:00 UT on 5
June. The top four panels (a)—(d) show the proton fluxes
from GOES in four energy ranges from 2.5 to 30.6 MeV.
The proton fluxes from SOHO in the 26-32 MeV range
and Wind in the 19-28 MeV channel are plotted in pan-
els (e) and (f). Panels (g)—(k) shows the solar wind param-
eters obtained by Wind.

We immediately spot the arrival of a shock wave
around 20:06 UT on 4 June at the Wind satellite as indi-
cated by the vertical line labeled 3. Yang et al. (2019), in
a statistical study of electron acceleration at IP shocks
detected by Wind, described this shock in detail, show-
ing the enhancement of 0.1-4 MeV protons as well as
0.2-40 keV electrons across the shock front. This IP
shock had quasi-perpendicular geometry, and the elec-
tron energy spectra were interpreted with shock drift
acceleration (Yang et al. 2019). The shock was likely
driven by the halo CME at 07:40 UT on 2 June 2011 that
resulted from two successive eruptions at SI9E25 involv-
ing NOAA active regions 11,226 and 11,227 (Zhang et al.
2015; Palmerio et al. 2017). The speed of the CME pro-
jected on the plane of the sky was 976 km/s as measured
in SOHO/LASCO data. During its early evolution, this
CME did not produce any SEP events at L1, STA or STB
(Kihara et al. 2020).

As the IP shock propagated to the magnetosphere, the
6.5 MeV protons increased at GEO around 20:40 UT
(Fig. 2b, line 1). This was coincident with the sudden
storm commencement. The flux at this energy stayed
high until 01:30 UT on 5 June, passing a second jump
around 00:10 UT (line 2) which was more prominent at
higher energies (Fig. 2c). However, soon after this second
jump (approximately 1 h), the flux decreased rapidly. At
higher energies (in particular ~30.6 MeV), the proton
flux started to increase even before 00:10 UT. It is to be
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noted that GOES/EPEAD measures energetic proton flux
in its eastward and westward directions and, in general,
they can differ due to the geomagnetic cutoffs. However,
in this event, the fluxes were comparable and showed
very similar time profiles due likely to the enhanced solar
wind dynamic pressure and subsequent inner motion of
the geomagnetic cutoffs (Rodriguez et al. 2010). Thus, the
average of the two fluxes is shown in Fig. 2.

A similar, short-duration enhancement was also seen
at L1. The proton flux in the >20 MeV range started to
increase ~40 min earlier as marked by line 4 (Fig. 2e, f),
and this ~40 min difference is comparable to our esti-
mate of the time it took for the solar wind to propagate
from L1 to Earth. Note that SOHO/ERNE detected other
enhancements even before the shock arrival (owing to its
lower background level) but they can be attributed to a
separate SEP event, as described above.

The short-duration enhancement of energetic pro-
ton flux at L1 occurred in the compressed sheath region
bounded by the IP shock that arrived about four hours
earlier and an ICME flux rope that started around 02:00
UT on June 5 (line 6). The leading edge of this ICME
appears to be a reverse-shock-like structure with sharp
decreases of the density and magnetic field, correlated
with a sharp increase of the flow speed [see Tsurutani
et al. (2018) for another example of a “reverse wave”
at the leading edge of an ICME]. Thus, the density was
relatively high in the sheath region. Also, the solar wind
speed increased monotonically across the sheath, indicat-
ing that this sheath region was, in fact, being compressed
from behind and evolving.

During the time period of the energetic proton
enhancement, the magnetic field magnitude of the
solar wind dropped substantially and fluctuated rapidly
(between lines 4 and 5 in Fig. 2). Because the temporal
drop was correlated with the proton enhancement, the
drop (which we hereafter refer to as magnetic cavity) will
be examined in more detail later. Here, we note that there
was a solar wind velocity jump at the peak time of the
proton flux, i.e., 00:09 (at Wind) on 5 June, from | V|~ 480
to ~530 km/s. The density remained relatively steady
across this jump, indicating that this velocity jump was
not causing a substantial plasma compression.

To better understand the plasma environment associ-
ated with the short-duration, energetic proton enhance-
ment, we studied the orientation of the observed

(See figure on next page.)

Fig. 2 Enlarged view of the enhanced proton flux and associated plasma parameters. a-d Corrected proton flux measured by GOES at energies
~2.5,~65,~11.6,and ~30.6 MeV. e, f Energetic proton flux measured by SOHO in the 26-32 MeV range and by Wind in the 19-28 MeV range. g-k
Various parameters of the solar wind measured by Wind. g Proton number density. h Proton flow speed. i Magnetic field magnitude (|B)). j Magnetic
field latitudinal angle (65). k Magnetic field longitudinal angle (¢g). The data are shown in the Geocentric Solar Ecliptic (GSE) coordinate in which
X-points toward the Sun, Z parallel to the ecliptic pole, and Y completing the right-hand system (toward dusk)
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Fig. 3 Spacecraft positions and estimated orientation of the
interplanetary structure (thick gray line). The thin curves show the
typical locations of Earth's bow shock and magnetopause (Fairfield
1971)

structures using data from Wind, ACE, and ARTEMIS.
Figure 3 shows the positions of the relevant spacecraft
around the time of the passage of the velocity-jump struc-
ture. While GOES was in the magnetosphere, ARTEMIS
was in the pristine solar wind and measured basically the
same structure. Thus, we used data from Wind, ACE,
and ARTEMIS and applied the two-dimensional timing
method assuming that the structure was planar and the
direction of motion was parallel to its normal direction.
The derived normal direction was n ~ (— 0.89, —0.46) and
the propagation speed was V~439 km/s. This result is
also shown by the gray line and arrow in Fig. 3. Similar
results were obtained when we used the timing of detec-
tion of the shock structure (at 6/4 20:06 at Wind in Fig. 2;
n~(—0.79, —0.61), V~432 km/s) and the reverse-shock-
like structure (at 6/5 01:58 at Wind in Fig. 2; n~ (—0.87,
—0.49), V~307 km/s). The estimated orientation is rea-
sonable considering the fact that this IP shock has been
attributed to solar eruption events at S19E25. While
we interpreted earlier that the ICME sheath region was
being compressed from behind and evolving, the sub-
stantially smaller speed of the reverse-shock-like struc-
ture further suggests that the ICME sheath region was, in
fact, expanding and hence the reverse-shock-like struc-
ture was propagating sunward in the ICME-sheath rest
frame.

Based on the 6-h difference between the forward shock
and reverse-shock-like structure (i.e., between lines 3
and 6), the thickness of the compressed region (or ICME
sheath) is estimated to be at least ~ 1040 Ry, (=307 km/s
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times 6 h) which is much larger than the gyroradius
of ~30 MeV protons with the magnetic field magni-
tude of ~15 nT, i.e.,~8 Rg. Also, the estimated propaga-
tion speeds are roughly equal to the instantaneous solar
wind speed, indicating that the time profiles in Fig. 2
are spatial variations rather than temporal variations.
In fact, the 40-min difference mentioned above (the dif-
ference between lines 1 and 3) as well as the peak time
difference (the difference between lines 2 and 4) can be
roughly explained by the travel distance between Wind
and GOES.

Let us now examine more details of the magnetic cav-
ity identified above. Figure 4 shows zoomed-in views of
the magnetic cavity observed by Wind (brown curves),
ARTEMIS (blue curves), and ACE (black curves), dem-
onstrating a few notable features of the magnetic fluctua-
tions in the cavity. Here, the ACE data are shifted in time
to account for the solar wind propagation between space-
craft. It is evident that all spacecraft observed various
fluctuations in the cavity. For example, at 00:12 UT, Wind
and ACE detected a current-sheet-like structure, i.e., a
sharp drop in the magnetic field magnitude (Fig. 4a) and
a large rotation of the magnetic field direction (Fig. 4c).
The same magnetic shear was also observed by ARTE-
MIS at 00:44 UT (Fig. 4e, f). However, discrepancies can
also be found between ACE and Wind (Panels a, b, and c).
For example, in the Wind data, there was a magnetic field
rotation during 23:35-23:55 on 4 June but not in the ACE
data. While the latitudinal angle () varied from ~80°
to ~—60°, the longitudinal angle (¢g) varied from ~180°
to ~—30°, although the two angles remained steady in
the middle 23:40-23:50. There were also much shorter-
scale (a few second) variations throughout the cavity
in the Wind data (but much less frequently in the ACE
and ARTEMIS data). Many of these shorter-scale varia-
tions are the so-called magnetic holes in which magnetic
field magnitude decreases down to a few nT (e.g., Turner
et al. 1977; Winterhalter et al. 1994; Haynes et al. 2015;
Roytershteyn et al. 2015; Volwerk et al. 2020; Madanian
et al. 2020). Magnetic holes are typically characterized as
localized (a few second duration) depressions in the mag-
netic field magnitude with little (<10°) rotation. It has
been reported that magnetic holes are often observed in
a high-beta condition associated with stream-interaction
regions.

Because of the presence of the various magnetic fluc-
tuations during the proton flux enhancement, we further
examined the frequency spectrum and hence the tur-
bulence properties. Figure 5a shows the magnetic field
spectra obtained just before (pink; 4 June 2011 22:30:00—
23:15:00 UT) and during (light blue; from 4 June 2011
23:30:30 to 5 June 2011 00:30:00 UT) the observation
of the magnetic cavity, demonstrating the presence of
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Fig. 4 Enlarged view of the magnetic cavity embedded in the ICME sheath. a—c Variation of the magnitude (8], latitudinal direction (6g), and
longitudinal direction (¢g) of the magnetic field vector measured by ACE (black) and Wind (brown). d—f Same as a—c but measured by ACE (black)
and ARTEMIS (blue). To account for the solar wind propagation, the ACE data are shifted in time by 5 and 40 min for a—c and d-f, respectively. In
d and e, data from P1 (THB) of the twin spacecraft mission ARTEMIS are shown with the time resolution of ~0.25 s. Due to artificial noise in the @g
component of this data product, data from P2 (THC) are used in f with the time resolution of ~3 s

developed turbulence. Here, the power spectral densities
are normalized by the background magnetic field magni-
tude squared. It is evident that the spectra show a power
law and that the turbulence was enhanced in the cavity.
In the frequency range near and below the ion cyclotron
frequency (the arrows), the power law indices before
(red) and during (blue) the cavity were ~1.7 and ~ 1.8,
respectively, comparable to the typical value in the solar
wind.

Figure 5b shows the background-subtracted, proton
energy spectrum obtained by SOHO/ERNE, demonstrat-
ing that the spiky flux enhancement above 10 MeV (i.e.,
inside the cavity, colored blue) exhibited a power-law
spectrum that is harder than that of before the spike (i.e.,
outside the cavity, colored red). Also shown for reference
is the background spectrum (dashed curve) which con-
tained a bump in the highest energy range (>50 MeV)
due to an artificial noise. The spectrum in the <10 MeV
range stayed almost the same across the cavity, suggest-
ing that the acceleration mechanism in the cavity was
different from the mechanism that produced <10 MeV
protons. Another caveat is that the SOHO/ENRE was
also detecting a decay phase of an unrelated SEP event,

as described earlier and shown in Fig. 1. Thus, to mini-
mize the effect of the SEP, we used a narrow time period
to show the pre-spike spectrum, i.e., 22:00-23:00 UT of 4
June 2011, as opposed to the entire time period of ICME
sheath region before the spike.

Summary and discussion

To summarize, we observed an unusual, short-dura-
tion proton event at both L1 and GEO, with a spectrum
extending to energies beyond 30 MeV. This event was iso-
lated from the contemporaneous SEP events and related
to the passage of the shock wave from a CME that was
launched a few days earlier. Also, the energetic particles
appear to be trapped in the turbulent magnetic cavity in
the ICME sheath region downstream of the shock. There-
fore, we conclude that this spiky proton event was due to
local acceleration at the magnetic structure embedded in
the ICME sheath region and is distinct from those classi-
cally referred to as ESP events.

To examine how unusual this event was, we visu-
ally inspected GOES proton flux since 1999 and found
several other cases of short-duration enhancement in
the>10 MeV range. However, all of them were more



Oka et al. Earth, Planets and Space (2021) 73:31

Page 7 of 10

inside the cavity
-1.8

2 -1.7
outside
3| the cavity

power spectral density, normalized
N
o
|

0.1 1 10
frequency, Hz

0.01

0.001

power-law index of —4.2 (black line)

Fig. 5 Magnetic field frequency spectra (left) and proton energy spectra (right) before (red) and during (blue) the observation of the magnetic
cavity, providing additional perspective of the proton spike event. The frequency spectra are obtained from the GSE-z component of the magnetic
field measured by the Wind spacecraft during 20:27:30-22:54:00 UT (outside the cavity; pink), and 23:20:30-24:33:00 (inside the cavity; light blue) of
4 June 2011.The ion cyclotron frequencies are indicated with the arrows. The energy spectra are obtained by the Low and High Energy Detectors
of SOHO/ERNE during 22:00-23:00 UT (outside the cavity; red) and 22:00-23:00 UT (inside the cavity; blue). The background spectrum is obtained
from a pre-SEP time period, i.e,, 19:00-22:00 UT of 3 June 2011 (dashed curve) and is subtracted from the shown spectra. In both panels, both the
power-law fit and spectral index are shown for each spectrum. The two proton energy spectra are almost identical below 10 MeV and have the

b e
102 LED HED -
E noise 7
- -]
10 g .
oL i
[0 F 3
= C h
g 10" E
? E 3
§ C . o]

= inside the cavity
g 10" \ 3
o = 3
g g " -2.5 3
& F 5 ]
10° | 4.2 =
E outside the cavity E
107 E
E 1 1 1 11 IIII 1 1 1 11 IIII:

2 3 4 5678 2 3 4 5678
1 10 100

MeV

closely associated with IP shocks rather than a mag-
netic cavity as was the case on 5 June 2011. Therefore, an
enhancement of ~ 30 MeV proton flux in an ICME sheath
region is a very unusual phenomenon at 1 AU.

The precise mechanism of acceleration remains
unclear, but we speculate that the lower-energy protons
produced at the shock front served as seed particles and
were further accelerated stochastically in the magnetic
cavity in the shock downstream region. This is because
particles were already accelerated up to~6.5 MeV at the
shock front and the magnetic cavity contained enhanced
turbulence that may scatter and confine those particles
(Fig. 5a). We also confirmed that the proton flux exhib-
ited a power-law energy spectrum in SOHO/ERNE data
(Fig. 5b). Because a stochastic process is necessary to
explain a power-law spectrum (Fermi 1949), this turbu-
lence embedded in the magnetic cavity may have played a
role in confinement and subsequent acceleration of parti-
cles (e.g., Zank et al. 2014).

A closer inspection of the turbulence in the cavity
revealed that there were different types of magnetic
fluctuations in the cavity ranging from the large-scale
(but smaller than ICME) magnetic field rotations (> 100

Rp) to the small-scale (but larger than the kinetic scale)
magnetic holes (~1000 km). Because these scales are
too large or too small when compared to the gyroradius
of 6.5 MeV protons, i.e.,~4 Ry for 15 nT, it is unlikely
that these structures directly produced 30 MeV pro-
tons through wave-particle interaction or resonance.
Nevertheless, recent particle simulations demonstrated
that small-scale magnetic holes can be produced out of
decaying turbulence (Roytershteyn et al. 2015). Thus,
the above-mentioned detection of the magnetic holes
in the 5 June event may be an indication that, prior to
the observation, the turbulence level in the cavity was
higher than that shown in Fig. 5a. Thus, even though
relatively large fluctuations existed outside the cavity
observed at around 21:20-22:20 UT of 4 June (and the
power spectrum averaged over the entire sheath region
before the cavity was comparable to that of the cavity;
not shown), the cavity may have been more favorable
for acceleration protons.

Here, we also note that the fluctuations of different
scales were found at the Wind location (y ~-67 R) and
not at the ACE (y~22 Rp) and ARTEMIS (y~40 Ry)
locations. Therefore, it is likely that the cavity region
was not spatially uniform and contained a sub-region of
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enhanced turbulence that were observed by Wind but
not by ACE and ARTEMIS.

A puzzle remains as to what key process led to the
enhancement of turbulence and/or what alternative
mechanism accelerated protons up to 30 MeV if the
turbulence alone was not able to accelerate protons.
The velocity jump that coincided with the flux peak at
Wind reminds us of the diffusive shock acceleration
(DSA) theory whereby particles receive net energy gain
through repeated collisions with waves in both upstream
and downstream of a shock front (e.g., Blandford and
Eichler 1987 and references therein). However, we con-
sider that this velocity jump did not achieve a DSA-like
mechanism. In DSA, the energy gain of a particle AE,, is
achieved through head-on collisions with the waves mov-
ing toward the shock in the upstream region while the
energy loss AE,, occurs through head—tail collision with
the waves moving away from the shock. The net energy
gain is achieved because the upstream bulk flow is faster
than the downstream bulk flow and thus |AE,,| >|AEy,|.
However, in our case of the velocity jump at 00:00 UT
of 5 June, the propagation speed was comparable to
the solar wind speed so that, when we properly shift to
the jump-rest frame, the upstream speed (estimated to
be~13 km/s) is actually smaller than the downstream
speed (estimated to be~37 km/s). Thus, this veloc-
ity jump would have worked against acceleration. This
interpretation is consistent with the fact that the density
remained relatively steady during this period (Fig. 2g).

Another key process may be magnetic reconnection
which is a fundamental plasma process that converts
magnetic energy into particle energies. During 23:40-
23:50 UT across which Wind observed a magnetic field
rotation, the orientation of the magnetic field at Wind
(i.e., O5~45°, ¢p~170°) was almost opposite to that at
ACE (i.e., 85~ —45° ¢5~0°), suggesting that there was
a current sheet between Wind and ACE. This current
sheet may had been dynamically evolving via reconnec-
tion because it was immediately followed by fast solar
wind around 00:00 UT of 5 June, as described above. In
fact, it has been shown that magnetic reconnection and
associated flux ropes (or magnetic islands in 2D) could be
a key mechanism of the recently reported, Atypical Ener-
getic Particle Events (AEPEs) (e.g., Khabarova et al. 2015,
2016, 2017; Adhikari et al. 2019). In AEPEs, energetic
particles of up to several MeV are observed with no clear
association with shock fronts but in the vicinity of the
heliospheric current sheet (HCS). An HCS can exhibit
complex structures after interacting with corotating
interaction regions (CIRs) and/or ICMEs. Such complex-
ity may lead to magnetic cavity, enhanced turbulence,
and particle acceleration (Khabarova et al. 2017). Simi-
larly, the event of 5 June was found in an ICME sheath
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region with a reverse-shock-like structure at the leading
edge of the ICME. Therefore, the ICME sheath was also a
CIR region. As such, this event may be categorized as an
AEPE. However, we emphasize that the event of 5 June
was unique in that the proton energies reached >30 MeV,
i.e.,, much larger than the energies of protons in previ-
ously reported AEPEs and ESP events, and that it was
clearly associated with a magnetic cavity with turbulence.

To fully understand the enhancement of>30 MeV
protons in this event, it is necessary to examine more
detailed properties of the observed turbulence. Also, it
would be helpful to perform numerical modeling of the
event using magnetohydro-dynamic (MHD) simulations
combined with test particle simulations. Such tasks are
well beyond the scope of this paper and left for future
work.
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