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Abstract

A multispecies energetic particle intensity enhancement event at 1 au is analyzed. We identify this event as a
corotating interaction region (CIR) structure that includes a stream interface (SI), a forward-reverse shock pair, and
an embedded heliospheric current sheet (HCS). The distinct feature of this CIR event is that (1) the high-energy
(>1 MeV) ions show significant flux enhancement at the reverse wave (RW)/shock of the CIR structure, following
their passage through the SI and HCS. The flux amplification appears to depend on the energy per nucleon.
(2) Electrons in the energy range of 40.5-520keV are accelerated immediately after passing through the SI and
HCS regions, and the flux quickly reaches a peak for low-energy electrons. At the RW, only high-energy electrons
(~520keV) show significant local flux enhancement. The CIR structure is followed by a fast-forward
perpendicular shock driven by a coronal mass ejection (CME), and we observed a significant flux enhancement of
low-energy protons and high-energy electrons. Specifically, the 210-330 keV proton and 180-520 keV electron
fluxes are enhanced by approximately 2 orders of magnitude. This suggests that the later ICME-driven shock may
accelerate particles out of the suprathermal pool. In this paper, we further present that for CIR-accelerated particles,
the increase in turbulence power at SI and RWs may be an important factor for the observed flux enhancement in
different species. The presence of ion-scale waves near the RW, as indicated by the spectral bump near the proton
gyrofrequency, suggests that the resonant wave—particle interaction may act as an efficient energy transferrer

between energetic protons and ion-scale waves.

Unified Astronomy Thesaurus concepts: Solar energetic particles (1491); Solar wind (1534); Corotating

streams (314)

1. Introduction

Large-scale transient disturbances from the Sun, especially
solar flares and coronal mass ejections (CMEs), can cause
sudden changes in the properties of the solar wind and particles
can be accelerated to GeV per nucleon (Cane & Lario 2006). In
addition to solar flares and CMEs, which occur more frequently
during high solar activity epochs, stream interaction regions
(SIRs) are also important sources of energetic particles,
particularly during the declining phase of the solar cycle
(Richardson et al. 1993; Jian et al. 2006). A SIR is formed by
the interaction between the trailing fast solar wind and the
preceding slower solar wind. If a SIR is quasi-steady with a
recurrent structure, then this kind of compression region is
often referred as corotating interaction regions (CIRs; Belcher
& Davis 1971; Jian et al. 2008). CIRs can form a pair of
shocks; one propagating forward into the slow solar wind, the
“forward” shock, and another propagating sunward into the fast
solar wind, the “reverse” shock (Jian et al. 2006; Li 2017;
Richardson 2018). CIRs can substantially accelerate energetic
particles to several MeV per nucleon at the reverse and/or
forward shocks (Giacalone & Jokipii 1997; Richardson
2004, 2018; Zhao et al. 2019) via the diffusive shock
acceleration (DSA; Krymskii 1977; Bell 1978; Blandford &
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Ostriker 1978; Drury 1983) mechanism. Previous studies have
shown that reverse shock is more often associated with
energetic particle enhancements than forward shock. However,
recent observations (Allen et al. 2021; Wei et al. 2022) have
shown that the energetic particle enhancement is not always
confined to the CIR-associated reverse shock. Instead, the
enhancement starts at the stream interface (SI) and extends well
into the fast stream. In particular, Allen et al. (2020) found that
the suprathermal particle enhancement at 1 au starts at the SI
and stretches into the fast-stream solar wind for over a day. The
confinement of the suprathermal particles to the SI suggests
that these particles are locally accelerated, and are probably
related to non-shock-related acceleration processes. A similar
argument was presented by Wei et al. (2022). They
investigated the intensity enhancement of energetic ions
associated with an SIR during the decay phase of a gradual
solar energetic particle event using STEREO-A data. They
found that the intensities of low-energy ions (<300 keV nuc™")
peak at the forward-reverse shock pair, while the intensities of
high-energy ions peak at the SI. By combining the detailed
study of the energy spectra in different regions, they concluded
that the low-energy ions are accelerated by the shocks, and the
high-energy ions are accelerated by non-shock-associated
mechanisms. Furthermore, compression regions without shocks
can also induce a first-order Fermi acceleration process (Webb
et al. 1983; Giacalone et al. 2002; Sokolov et al. 2006). This
occurs when the spatial extent of the compression is
significantly smaller than the particle mean free path, such
that the particles experience the compression wave as if it were
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a shock (Giacalone et al. 2002). In addition, a second-order
Fermi acceleration may also contribute to the local ion
acceleration in SIRs (e.g., Richardson 1985; Schwadron et al.
1996, 2021). As such, comprehensive studies of SIRs and their
associated suprathermal and energetic components observed
within 1 au provide insight into both the formation of SIRs and
any associated acceleration occurring near and within the CIRs.

The energy spectra of energetic particles associated with
CIRs are different from those associated with typical flares or
CMEs (Mason et al. 1997, Desai et al. 1999; Richardson 2004).
For typical CIR events, the spectra of all particle species
observed at 1 au tend to have an exponential shape (Gloeckler
et al. 1979; Mewaldt et al. 1979). In comparison, a CME-
related solar energetic particle (SEP) event often has a power-
law energy spectrum. The energy spectra of energetic particles
associated with SIR events at 1 au have been well modeled by
Fisk & Lee (1980). In this model, particles are accelerated
through multiple shock crossings at the forward or reverse
shock located at 3 ~ 5 au and transported back to 1 au along the
field lines, yielding a modulation effect at low energies due to
convection and adiabatic cooling in the expanding solar wind.
At sufficiently large distances from the source region, the
spectrum rolls over at low energies as those particles are unable
to penetrate far enough into the inner heliosphere to reach the
observer. The predicted energy spectral shape shows qualitative
agreement with observations. However, some early observa-
tions (Mason et al. 1997; Ebert et al. 2012) found that the
particle energy spectra observed during CIR events generally
do not exhibit significant modulation effects (turnover) at low
energies. Recent Parker Solar Probe (PSP) observations of the
inner heliosphere (McComas et al. 2019) also do not show low-
energy turnovers, suggesting that sub-Parker field lines may
allow more direct access to the shock region. To further better
understand some of the observed features of SEP events, the
geometry of the shock and magnetic field and its variation over
time has to be taken into consideration. These features have
been shown to have a substantial effect on the local
acceleration and measured particle intensities (e.g., McComas
& Schwadron 2006; Guo et al. 2010).

Although the basic mechanisms related to energetic particle
release and acceleration are fairly well known in principle,
electrically charged particles are subjected to multiple compli-
cated physical processes between their origin and an observer
in interplanetary (IP) space. One aspect of particle acceleration
that has not been investigated in great detail in the solar wind is
the acceleration of particles at multiple shocks. As discussed
above and further below, shocks are frequently found as pairs
in CIR events or even triplets and it is unclear how the gross
morphology and global structure of these events affect the
energization of charged particles and their distribution func-
tions. In this work, we investigate a CIR event observed by the
WIND spacecraft on 2011 February 14—15, during the inclining
phase of solar cycle 24. An SI mixed with a heliospheric
current sheet (HCS) and a forward-reverse shock/wave pair is
observed along with several prominent features: (a) the CIR
event is followed by an ICME so that the entire event consists
of three consecutive IP shocks and (b) the CIR particles
demonstrate deviation from theoretical predictions of classical
shock-related acceleration processes. The flux enhancement at
the three shocks and the SI is different for each species,
suggesting that different mechanisms may be responsible for
the acceleration of ions and electrons. This paper is organized
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as follows. In Section 2, we review the WIND observations
during 2011 February 14 00:00 UT-February 19 00:00 UT and
examine protons, electrons, and helium flux enhancement
during the period. Section 3 shows the evolution of the
energetic particle spectra. In Section 4, we investigate the
evolution of the magnetic fluctuation level and establish the
possible connection between fluctuation strength and CIR
particle acceleration. Section 5 discusses the pitch angle
distributions (PADs) of the energetic particles. The last section
provides a summary and conclusions.

2. Overview of WIND Observation

The event under study was caused by three Earth-directed
CME:s launched during 2011 February 13—15 from NOAA AR
11158 (Mishra & Srivastava 2014). These CMEs interacted
with each other en route and were revealed as a complex
magnetic structure at 1 au in WIND data. We identified a CIR
structure from the in situ observation, as shown in Figure 1.
The leading edge of the CIR is bounded by a fast shock
(hereinafter FS1), whereas the trailing edge shows a reverse
wave (RW) that has not yet steepened into a shock.

From Figure 1, we see that the magnetic field strength |B|,
the proton number density n,, and the electron number density
n,, the proton temperature T, and the electron temperature 7o,
the total pressure P, and the solar wind speed V all show a
sudden increase or decrease at the boundaries of the shaded
region. The changes at the leading edge are slightly more
significant than those at the trailing edge, implying a CIR
structure with the forward shock observed at 15:06 UT on
February 14 and the RW at 19:00 UT on February 15. The SI
associated with the CIR can also be identified at 20:45 UT on
February 14. Figure 2 depicts the criteria used to identify the SI
(e.g., Jian et al. 2006; Richardson 2018), which include (a) an
increase in the alpha/proton number density ratio; (b) a
directional change in the tangential or normal component of the
flow speed; (c) an increase in both alpha and proton
temperature; (d) an abrupt increase in entropy (defined as
S=1In(T;’?/n,)), following an entropy dip and () the total
proton pressure P reaches a maximum in the vicinity of the
interface. We also identified an HCS crossing near the SI by
directional change of the B, component, as shown in the second
panel of Figure 1. In the electron PAD panel (fifth panel in
Figure 1), there is a clear signature associated with the abrupt
change in direction of the magnetic field, the unidirectional
electron beam initially aligned with the 180° pitch angle before
the HCS crossing, and then the beam with a slightly larger
intensity switched to 0° pitch angle after the HCS crossing.
Simultaneously, around 02:30 UT on February 15, the inter-
planetary magnetic field (IMF) magnitude |B| decreases, and
the proton density n, increases, leading to a sharp increase in
proton beta (3, (~10). These signatures indicate the HCS
crossing (e.g., Zhao et al. 2021). However, it is not
straightforward to distinguish the exact location of SI and
HCS from the in situ measurements, and thus our further
discussion is under the assumption that the SI and HCS
(hereinafter SI+HCS) are mixed for this event.

Around February 18 00:49 UT, a ICME-driven fast-forward
shock (hereinafter FS2) is observed that has been identified by
several studies (MariCi¢ et al. 2014; Mishra & Srivastava 2014).
The sudden jump in the magnetic field strength from ~3.3 to
~15 nT, the velocity increases from ~350 to ~450 km s7! the
proton density increases from ~7 to ~22 cm , and the proton
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Figure 1. The panels from top to bottom show the magnitude of the magnetic field and the solar wind speed, the magnetic field components in the GSE coordinates,
the electron PAD at 116.1 €V, the proton number density n,, and the electron number density 7., the proton temperature 7), and the electron temperature 7, the total
pressure calculated by the sum of magnetic pressure, thermal proton, and electron pressure P and the proton plasma (3, from 2011 February 14 00:00 UT-February
19 00:00 UT. The yellow-shaded region identifies the CIR structure. The three blue dashed vertical lines identify the location of a fast-forward shock (FS1), an RW,
and an FS2. The SI is marked by the red-dashed vertical line. The red-shaded region highlights the mixing of SI and HCS crossings.

and electron temperature and total pressure correspondingly
show a sharp increase, all correspond to FS2. Overall, this
particular event lasting about 5 days from 2011 February 14 to
19, provides a great opportunity to study the behavior of
energetic particles in a system of multiple shocks associated
with different large-scale structures.

2.1. Shock Geometry and Parameters

In the following analysis, we focus on the CIR region
bounded by the FS1-RW pair and in the vicinity of the FS2
observed by the WIND spacecraft. The shock normal is

obtained by the mixed coplanarity method:

n (B, x AV) x AB

, (D
(B, x AV) x AB|

hyx1 =

where AB=B,; — B, and AV=V,; — V, are the IMF and
solar wind speed changes, respectively, and the subscripts u
and d denote the upstream and downstream values across the
shocks.

In Table 1, the first eight rows from top to bottom list the
shock normal 72 components in GSE coordinate, shock
obliquity fg,, compression ratio (r = n,./np,), Alfvén Mach
number M4, shock speed Vy,, and upstream proton plasma beta
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Figure 2. The panels from top to bottom show the alpha to proton number density ratio, the tangential and normal components of the flow velocity, the alpha and
proton temperature, the entropy, and the total pressure from 2011 February 14 00:00 UT-February 16 08:00 UT. The CIR interval is bounded by two blue vertical
dashed lines, while a red-dashed vertical line denotes the SI and the start of the HCS crossing.

Bpu» calculated from WIND in situ measurements for FS1, RW,
and FS2. The last row in Table 1 lists the upstream and
downstream intervals chosen for calculating the mean values
for FS1, RW, and FS2, respectively. The shock normal
direction is a long-standing challenge for single-point observa-
tions and depends strongly on the method of calculation and the
length of the interval chosen. Even if the Rankine—-Hugoniot
conditions are used to constrain the calculation of the shock
normal direction, there remains the question of whether first-
order fluctuations should be considered in the MHD equations.
Since the remaining shock parameters are based on the shock
normal, the parameters for FS1 and FS2 listed in Table 1 are
within a certain uncertainty range, which is obtained from the
CfA Interplanetary Shock Database. For the RW, since it does
not steepen into a shock wave, it is difficult to determine the
shock parameters. Therefore, we provide only approximate
estimates of these parameters based on the average background
field and plasma parameters over selected upstream and
downstream intervals. As shown in the table, FS1 and FS2
are quasi-perpendicular shocks, and the RW has a quasi-
parallel geometry with a relatively low compression ratio and
Mach number. The shock speed of all three shock/waves are
similar and less than 500 km s~ '. In general, particles are more

likely to be accelerated at quasi-parallel shocks because the
particles will more easily cross the shock wave multiple times
along the field lines to obtain the acceleration. Quasi-parallel
shocks are able to excite upstream waves via a streaming
instability with greater efficiency than quasi-perpendicular
shocks (Bell 1978; Lee 1983; Gordon et al. 1999; Zank et al.
2000; Rice et al. 2003; Zank et al. 2006). The upstream excited
waves can trap the particles around the shock thereby
preventing upstream escape and thus leading to the particles
crossing the shock repeatedly. The diffusive shock acceleration
(DSA) process is therefore expected to work best at quasi-
parallel shocks. When the shock becomes more oblique,
because of its magnetic field and shock normal geometry,
quasi-perpendicular shocks can effectively trap particles in the
vicinity of the shock without generating waves, aided by the
large-scale preexisting turbulence through which the shock
moves. An increasing fraction of the reflected particles will be
unable to escape and will be convected into the downstream
region and thermalized. This is the reason why the injection
energy into the diffusive acceleration process is expected to
increase with increasing shock angle. In a more general case
with an oblique or quasi-perpendicular shock, shock drift
acceleration (SDA) takes place. Particles drift along the shock
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Shock Parameters Derived from WIND Observations
Parameters FS1 RW FS2
Shock normal x-component, 71, —0.86 £ 0.03 —0.88 —0.82 £0.02
Shock normal y-component, 7, —0.45 £0.01 0.19 0.20 £+ 0.03
Shock normal z-component, 7i, 0.22 +0.02 0.45 0.52 +£0.02
Shock angle, 05, (degrees) 78° + 4.2 8°16 79° + 4.4
Compression ratio, r 3.08 £0.12 1.65 3.01 £0.14
Alfvén Mach number, M, 5.70 + 1.36 1.02 4.98 +1.20
Shock speed, Vg, (km s’]) 391 £4.2 400 462 +7.9
Upstream proton plasma beta, 3, 4.34 £0.25 2.47 1.11 £0.26

Chosen intervals

Upstream: 14:57-15:05 UT, Feb 14
Downstream: 15:08-15:16 UT, Feb 14

19:01-19:09 UT, Feb 15
18:50-18:58 UT, Feb 15

00:39-00:47 UT, Feb 18
00:55-01:03 UT, Feb 18

front and get accelerated by the convective electric field
(E=— uy x By) parallel to the drift motion (Armstrong &
Decker 1979; Jokipii 1982; Decker & Vlahos 1986). Jokipii
(1982) and Zank et al. (2006) pointed out that SDA can be
incorporated into DSA when particle scattering is included in
SDA, i.e., the individual particle energy gain proceeds through
SDA, but repeated scattering downstream of the quasi-
perpendicular shock can ensure the return of the particles to
the shock front. This causes quasi-perpendicular shocks to
accelerate particles faster and to higher energies. There is hence
a theoretical distinction between (1) fast acceleration to high
energies at quasi-perpendicular shocks, out of a suprathermal
seed population, and (2) slower acceleration to lower energies
at quasi-parallel shocks, which can accelerate ions out of the
thermal background. The standard equilibrium shock accelera-
tion theory predicts a power-law distribution function
f(p)~p~“, where a = Ll is the energy spectral index with
r the shock compressionrratio.

2.2. Energetic Particle Profile

As shown by Figures 3(a) (protons), (b) (electrons), and (c)
(helium), the CIR is preceded by a quiet period without any
increase in the intensity of energetic particles.

Using Equation (A2), we calculate the threshold injection
energy of protons and helium and find that the energy range of
the studied ions exceeds the threshold injection energy and can
be accelerated at FS1. However, for electrons, we cannot use
Equation (A2) to estimate the threshold injection energy
because the parallel and perpendicular mean free paths shown
in Equations (A3) and (A4) are based on the assumption of
magnetostatic turbulence and a spectrum without dissipation
range. This assumption does not apply to low-energy electrons
because they resonate with the dissipation range turbulence.
Furthermore, the mean free paths of electrons and ions can
differ fundamentally (Bieber et al. 1994). Electrons with the
same rigidity as protons can have a larger mean free path,
indicating that the mean free path has an explicit speed
dependence. This can lead to very different injection challenges
for electrons and protons (Amano et al. 2022). The basic idea
of DSA theory was proven by spacecraft measurements of
energetic ions around Earth’s bow shock as well as IP shocks
driven by CMEs (e.g., Lee 1983; Kennel et al. 1986). However,
why these shocks are relatively weak in electron acceleration or
heating relative to ions is still not fully understood. In recent
years, many possible electron acceleration mechanisms for
collisionless shocks have been noted (Amano et al. 2022). But
how the acceleration efficiency depends on the shock

parameters (e.g., Mach number, shock obliquity) remains
unclear. In this section, we will focus on individual species and
try to understand how they are accelerated in CIR- and ICME-
driven shocks.

As seen from Figure 3(a), low-energy protons (210-550 keV)
show flux enhancement at FS1, followed by a decrease in
intensity to the pre-enhancement level before SI, a phenomenon
that occurs only in low-energy protons and may be related to the
DSA process at FS1. Interestingly, the low-energy protons then
exhibit a local peak in the SI4+-HCS region (red-shaded area). One
possible explanation is that the low-energy protons experience
local compression acceleration at the SI+HCS (e.g., Wei et al.
2022). At the trailing edge of the CIR, the intensity of energetic
protons begin to increase over all energy ranges (210-4.40 MeV).
Significant flux enhancement is observed, especially for protons at
the higher-energy range, which are not accelerated at FS1 and SI
+HCS. The characteristic that the flux increase of high-energy
protons is more significant than that of low-energy protons is
consistent with the prediction of magnetic reconnection-related
local acceleration theory previously applied to the CIR particles
(Khabarova et al. 2015, 2016; Zhao et al. 2018b, 2019). Rather
remarkably, Zhao et al. (2018b) chose a particle injection point
close to HCS and successfully reproduced the observed energetic
particle “time—intensity” profile and energy spectra using the
stochastic acceleration theory of multiple interacting magnetic
islands. Here, we do not address the theoretical predictions but
focus exclusively on the interpretation of plasma and field
properties.

Upstream of the RW (i.e., after 19:00 UT on February 15), the
intensity of high-energy ions experiences an exponential decay.
The RW, as a quasi-parallel shock, has a simple injection
criterion: a particle must possess a speed (v) at least comparable to
the upstream flow speed (u;) to diffuse or propagate from
downstream of the shock into the upstream region, as outlined in
Equation (A1). As the particle diffuses repeatedly across the shock
front, it undergoes identical head-on collisions with scattering
centers in the upstream and downstream flows, resulting in a net
energy gain. Consequently, one can anticipate an efficient
acceleration process at the quasi-parallel RW. Compression due
to the CIR together with the HCS crossing provides favorable
conditions for particle energization. It is not clear, however,
whether it is the preexisting population of energetic particles or the
fact that the later RW moves through a more (magnetically)
turbulent medium, which increases the trapping of the particles,
leading to a higher acceleration rate. After crossing the RW, the
particle intensity is expected to gradually weaken over time as
particles are dispersed and undergo cooling in the expanding solar
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Figure 3. Five minute averages of (a) the 0.21-4.40 MeV proton intensities (b) the 40.5-520 keV electron intensities from WIND 3DP, (c) hourly averages of the
0.046-0.620 MeV nuc ™' helium intensities from WIND EPACT/STEP, and (d) hourly averages of the 2.00-9.64 MeV nuc~ ' helium intensities from WIND
EPACT/LEMT at multiple shocks. FS1 and RW correspond to the shocks driven by the CIR structure, and FS2 corresponds to the ICME-driven shock. The yellow-
shaded region indicates the in situ observation of the CIR region and the red-shaded region corresponds to SI+HCS.

wind (Zank et al. 2000). However, the occurrence of the CME-
driven fast-forward shock FS2 on February 18, 00:49 UT led to
another increase in energetic particle intensities, particularly
notable for ions (<1 MeV nuc™ ") and high-energy electrons. For
instance, at the lowest energy channel of 210keV protons (see
Figure 3(a)), the flux increases by more than 2 orders of
magnitude. One possible explanation is that the combined effect
of shock, and SI4+HCS structure associated with the CIR
significantly enhances proton acceleration at the subsequent
CME-driven shock, particularly if the acceleration process is not
yet complete. This means that the particles have not yet reached
their maximum possible momentum during the acceleration
process at the CIR-associated shock/waves. These particles retain
the potential to gain additional momentum and further be
accelerated when encountering subsequent shocks. This sustained
ability to accelerate highlights key dynamics in particle behavior
during multiple shock events. Previous studies have also shown
that the combined effects of multiple shocks and reacceleration
can make the overall acceleration process more efficient compared
to a single shock scenario (e.g., Melrose & Pope 1993).
Remarkably, Parker & Zank (2014) modeled the behavior of
diffusively accelerated particles at multiple shocks with different
characteristics and showed that the previous particle distribution
plays an important role in the final particle distribution, assuming
the dynamical timescale between shocks is sufficiently short to
allow for the contributions from the previously accelerated
distribution. Specifically, they found that the energy spectrum of

particles accelerated in a sequence of shock waves tends to be
flatter compared to the distribution of particles accelerated by a
single shock wave. However, we note that the multiple shock
scenario proposed by Parker & Zank (2014) is more suitable for
multiple CME-driven shocks, where the dynamical timescale of
the shock is appropriate to an expanding blast wave initiated near
the solar surface. The CIR shocks (FS1 and RW) investigated here
are driven by the overtaking fast wind plowing into the solar
wind, so the dynamical form of the interaction is different from
that of a blast wave. It is also noteworthy that both FS1 and FS2
are quasi-perpendicular shocks with similar density compression
and shock normal angle. Nevertheless, FS2 is found to accelerate
low-energy protons more efficiently compared to FS1. This
concludes that the suprathermal particles may serve as “seed”
particles for the mechanism by which particles accelerate to higher
energies at the shock waves driven by CMEs (Thomsen 1985;
Mason 2000).

On the other hand, the electron flux with varying energies
behaves differently. At the forward shock FS1, only higher-
energy electrons (180-520keV) undergo weak acceleration.
A long-standing problem with the DSA of electrons is the
difficulty in resonantly scattering electrons of moderate energy
—only already energetic electrons can scatter off the waves
excited by the streaming instability at a shock (Lee 1983).
Thus, low-energy electrons are difficult to be accelerated by the
DSA process. Nevertheless, Amano et al. (2022) provide a
potential solution to this problem. They argue that DSA can be
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effective for low-energy electrons that traverse the shock wave
in a completely adiabatic manner, as long as the particles are
subject to pitch angle scattering both upstream and down-
stream. At the SI+HCS, the electrons in all the energy ranges
show a local peak, which was also seen for low-energy protons,
as discussed earlier. Crooker et al. (2010) also found that the
suprathermal electron flux peaks around or right at the interface
by investigating SIRs via the WIND observation. The most
notable aspect of Figure 3(b) is that energetic electrons show
significant enhancement immediately after SI+HCS, especially
for the 40.5-180keV energy range. We suspect that local
acceleration may occur near the HCS, possibly due to magnetic
island-related reconnection acceleration (Zank et al. 2014; Le
Roux et al. 2016; Du et al. 2020; Li et al. 2021). At the RW, it
is interesting to note that only high-energy electrons
(310-520 keV) get accelerated, which is similar to high-energy
ions. As discussed earlier at FS1, electrons can be efficiently
accelerated at a shock via the DSA mechanism if they are
energetic enough and can experience pitch angle scattering
both upstream and downstream of the shock. This feature can
also be seen at later CME-driven shock FS2, where the
enhancement of the high-energy electron flux is almost 2 orders
of magnitude greater than the minimum flux right after the RW
around February 16 06:00 UT.

Furthermore, for helium particles, as shown in Figure 3(c),
the time—intensity profiles of low-energy helium first show
strong enhancement at FS1, followed by an abrupt decrease in
the region between FS1 and SI, and then again increase
immediately at the boundary of SIH+HCS boundary. This
behavior is different from high-energy helium, shown in
Figure 3(d), as helium flux at both FS1 and SI seems quiet
without any flux enhancement. But, the high-energy helium
flux also starts to increase at the boundary of SI+-HCS for all
energy channels (2.00-9.64 MeV nuc™') and peaks sharply in
the vicinity of the RW, which is consistent with high-energy
proton profiles shown in panel (a). On the other hand, the low-
energy helium flux (0.046-0.155MeV nuc™') does not show
enhancement at the RW because its energy is below the
injection threshold at a quasi-parallel shock, as explained in
Equation (A1). After crossing the RW, the low-energy helium
flux starts to increase, which shows that the low-energy helium
can also be accelerated at FS2, behaving like low-energy
protons. Additionally, we note that compared to protons of the
same energy, the helium flux decreases faster after passing
through the CIR structure and is barely accelerated at the FS2
shock front. A possible explanation is that it may be possible
that helium is preferentially accelerated at the RW. One of the
most relevant aspects is the ion heating process in the solar
wind, which has been proven that the heavy ions are
preferentially heated and accelerated with respect to protons
via wave—particle interactions and stochastic ion heating (e.g.,
Isenberg & Vasquez 2009; Cranmer & Van Ballegooijen 2012).
If the helium distribution is already saturated due to the
acceleration at the RW, then they cannot be further accelerated
unless the later shock FS2 is stronger. Energetic particles
cannot be enhanced relative to themselves if the energization
does not overcome the energy loss. On the other hand, there is
not enough energy left for protons after helium and minor ions
are accelerated at the CIR structure, leaving the proton
acceleration stopped at the “seeding” stage, from which the
later CME-driven shock picks up further proton acceleration. In
other words, it is possible that helium is preferentially
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accelerated at the preceding CIR shocks/waves if the
acceleration of helium is more efficient than protons. The
time—intensity profile shows that the helium flux of
~2MeVnuc ' at the CIR RW increases by ~4 orders of
magnitude compared to protons of similar energy, which only
increase by less than 2 orders of magnitude. Therefore, it is
reasonable that upstream of the later FS2 shock, the helium flux
continues to decrease without any acceleration, while the
protons can essentially maintain the same flux level or even
accelerate further. By comparing our event to the isolated IP
shocks without a preceding CIR structure (not shown here), we
find further evidence that isolated shock events tend to show
weaker proton acceleration and the helium flux enhancement is
comparable to that of protons of the same energy, suggesting
that preacceleration at the CIR contributes to proton accelera-
tion at the later shock FS2.

3. Turbulence Properties within the CIR Structure

Turbulence within the CIR can play a crucial role in the DSA
process. The enhanced turbulence and wave activity prevalent
downstream of CIR reverse shocks compared to forward
shocks (Tsurutani et al. 1995) may lead to a more efficient
acceleration of particles near the trailing edge (Schwadron et al.
1996). Also, the preexisting fluctuations are particularly
important for the acceleration of particles at quasi-perpend-
icular shocks (Guo et al. 2021). It is therefore useful to analyze
magnetic field fluctuations within the CIR structure.

We carry out a power spectral density (PSD) analysis of the
magnetic field fluctuations using 92 ms resolution of WIND
magnetic field measurements from 2011 February 14 10:45
UT-February 16 00:45 UT. The analysis is based on the Fourier-
transformed autocorrelation tensor of the magnetic field compo-
nents, from which the total PSD is taken as its trace spectrum.
(Leamon et al. 1998), i.e.,

PSD = Flb.b. + byb, + b.b!], )

where F denotes the Fourier transformation and b, bx', b, by’.,
and b, b! are the autocorrelation functions of the fluctuations in
three magnetic field components, respectively. The solid lines
are the power spectra corresponding to different regions within
the CIR structure, and they are color-coded by the time in hours
from the SI and normalized by the time of the RW. Each power
spectrum is calculated in a nonoverlapping 2hr sliding
window. A Kolmogorov-like f —3/3 spectrum is displayed for
reference. The trace spectra Pr, (right panel) are further
decomposed into parallel P (left panel) and perpendicular P
(middle panel) fluctuations relative to the mean magnetic field
direction in each 2 hr window. From Figure 4, it is evident that
the magnetic field fluctuation intensity is clearly larger in the
vicinity of SI+HCS followed by followed by the regions
around the RW. The total magnetic fluctuation power is
dominated by the incompressible transverse fluctuation P, .
The compressible parallel fluctuation P is relatively small at
every location. This may be important for the interpretation of
the observed energetic particle enhancement within the CIR
structure. Turbulence has a well-known effect on the scattering
mean free path of the particle, thus affecting the efficiency of
particle acceleration. Moreover, turbulence may also play a
more direct role in particle acceleration. For example, magnetic
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island-like turbulence is often accompanied by magnetic
reconnection through their dynamic interaction and can lead
to particle acceleration (e.g., Zank et al. 2014; Zhao et al.
2018b). From Figure 4, it is noteworthy to observe the spectral
bump occurring in the vicinity of the RW (red solid lines),
prompting a closer look into the PSD of magnetic field
fluctuations within this domain.

We select about 1 hr time intervals for regions both
downstream (18:00 UT-18:50 UT) and upstream (19:10 UT-
20:00 UT) regions of the RW and plot the magnetic field power
spectrum using the Welch method as shown in Figure 5. As a
reference, the proton cyclotron frequencies in the plasma frame

are plotted both upstream (f.,) and downstream (f.q) and the
equivalent frequencies in the spacecraft frame f5, =f., X
Vewae/ Ve and fiq =feq X Viw.a/Va.a is also shown. Here, Vg,
and V, are the solar wind and Alfvén speed estimated by
plasma measurements. The black solid lines correspond to f,
and f.4 and the black dotted lines correspond to f5, and fq. We
performed a power-law fitting in the inertial range and found a
Kolmogorov-like (f -3/ %) spectrum upstream and a steeper
spectrum downstream of the RW. The power spectra show
some flattening at high frequencies, which may be attributed to
instrumental noise (Woodham et al. 2018; Pitiia et al. 2021). It
is also evident that the transverse fluctuations dominate,
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indicating the prevalence of nearly incompressible fluctuations
(Zank et al. 2017). We also find that the power spectrum just
upstream of the RW has a bump near the proton gyrofrequency
(~0.5 Hz), which indicates ion-scale wave activity. Since the
spectral bumps mainly exist in incompressible transverse
fluctuations, we suspect that the enhanced power at the proton
gyrofrequency may be related to an ion cyclotron wave. For
quasi-parallel shocks like the RW in our case, the turbulence
(mainly incompressible Alfvén waves or structures) may be
generated by the anisotropic energetic protons at the shock
(Lee 1983).

4. Evolution of the Energetic Particle Spectrum

To study the spectral variations, we choose several regions
inside and outside the CIR for further analysis. Panel (i) of
Figure 6 and panel (a) of Figure 7 illustrates proton energy

spectra and velocity distribution function (VDF) before the
CIR, marked as “quiet.” We selected 3 hr (February 14
03:00 UT-06:00 UT) averaged flux for the quiet-time period.
The energy spectra and VDFs for the other regions are shown
in Figure 6, panels (ii)—(vi) and Figure 7, panels (b)—(f),
respectively. We use 4 hr averaged fluxes for these regions.
Since the flux data are not always available, we consider only
six energy channels of protons (210 keV—4.4 MeV) during the
period of averaging.

Figure 6 panels (i)—(vi) show the proton energy spectra at six
representative instances, which are organized in chronological
order. Panel (i) shows that the quiet-time proton spectrum
exhibits a typical power-law shape with an energy spectral
index of —1.85. Panel (ii) shows that at the CIR-associated FS1
arrival time, the low-energy particle intensity is slightly
enhanced, and hence, the spectrum becomes steeper compared
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to the quiet-time spectrum. After the FS1, in the vicinity of the
SI4+HCS region, only the low-energy proton flux (<1 MeV)
decreases a bit, while the high-energy particles remain at the
same level. Therefore, we can expect a spectrum resembling
that of panel (ii). At the trailing edge of the SI+HCS boundary,
the proton fluxes start to increase in all the energy channels and
are strongly enhanced at the RW, especially in the higher-
energy channel (>330keV). We find that the energy spectrum
at the RW is harder than the DSA predicted spectrum. The
strong enhancement of the high-energy proton flux and the
hardening of the spectrum indicates that the energization of
protons in the region between SI+HCS and RW may not be
directly related to the DSA process. Outside the CIR region, it
might be expected that the particle intensity would gradually
decrease and return to a quiet level. Panel (v) illustrates that the
proton activity has returned to the quiet level with a spectrum
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resembling panel (i). Proton fluxes start increasing again on
February 17 by the ICME-driven shock FS2, especially for the
low-energy channels (210keV-1MeV), as shown by the
change of power-law index from —1.83 to —3.16 in panel
(vi). While FS2 represents a quasi-perpendicular shock, the
acceleration process is significantly favored due to the
preceding shock, RW. To understand whether the significant
increase in low-energy proton flux at FS2 arises from a
preexisting energetic source or a lower-energy source in the
thermal solar wind, we generate plot proton VDFs shown in
panels (a)—(f) of Figure 7. Notably, an additional energy
channel (£ = 130 keV) is included in this analysis. We convert
the particle differential intensity, j(E), to the VDF, f(v), using, j
(E)= fn—Ezf (v) (Zhao et al. 2018b), where E is the particle energy
and v 1s the particle speed. From the VDF plot depicted in
Figure 7 panels (e) and (f), it is observed that the VDF of
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protons at energies below 200keV, before the arrival of
forward shock FS2, increases by more than 1 order of
magnitude (magenta marker, corresponding to E = 130keV).
This suggests that the ~200keV protons are presumably
accelerated from the pool of lower-energy ions. However, the
VDF of 130keV proton shows no obvious increase within the
CIR region, suggesting that the accelerated low-energy protons
at the CME-driven shock may not come from preaccelerated
particles at the CIR. Nevertheless, due to the absence of other
lower-energy particles in the suprathermal energy range (e.g.,
below 100keV), we cannot rule out the possibility of a
preexisting energetic source produced by the preceding CIR
structure, especially when the RW (M, = 1.02) of the CIR is
not sufficient enough to completely accelerate these particles.
Also, Guo et al. (2021) mentioned that if the preexisting source
has a much harder spectrum than that from the acceleration at
the shock, the resulting distribution downstream of the shock
retains the spectral index of the source spectrum, but that the
intensity gets boosted across the shock. Comparing the proton
energy spectrum in Figure 6 panels (v) and (vi), it can be seen
that the resulting distribution downstream of the FS2 retains the
spectral index of the source spectrum, i.e., proton energy
spectrum has a similar spectral index to the source spectrum
around 11:00UT on February 16. From these two possible
aspects, it is possible to explain that FS2-accelerated ion
distribution in this event is related to the preexisting particles
generated by the preceding CIR structure.

Figure 8 shows the corresponding energy spectra for
electrons at six selected respective regions. It is seen that the
quiet-time spectrum roughly follows a power-law with a
spectral index of —2.2. Panel (ii) shows that at the FS1 arrival
time, the spectrum does not change much and the electron
fluxes are similar to the background level in all energy
channels. The best-fit power-law index is calculated to be
—2.17, which deviates significantly from the 1D standard DSA
prediction (E~'2%). This is also found in the proton energy
spectra at all three shocks/waves. The exact reason for this
deviation is unclear. It may be related to the intervals we
choose when calculating the compression ratio. However, the
most likely reason may be that DSA is ineffective at quasi-
perpendicular shocks. For quasi-parallel RW, the enhancement
of high-energy ions may be due to compression-based
reconnection acceleration. Panel (iii) illustrates that the
spectrum becomes slightly steeper compared to panels (i) and
(i), which is related to the enhancement of low-energy
electrons at the SI+-HCS region. After crossing the SI+HCS
region, we observed a significant enhancement of electron
fluxes in all the energy channels. For example, panel (iv) shows
the spectrum near the RW, where there is a significant increase
in high-energy electron flux, resulting in a harder spectrum. As
discussed in Section 2.2, the lower-energy -electrons
(40.5-180keV) are accelerated at the SI+HCS boundary and
are not further accelerated at the RW, whereas the higher-
energy electrons (310-520keV) get accelerated at both SI
+HCS and especially near the RW. This suggests the
acceleration seems to be more pronounced at the trailing edge
or fast stream of the CIR structure compared to the FS1, which
is consistent with the results of Richardson (2004) and Zhao
et al. (2016). After crossing the CIR structure, the low-energy
electron flux starts to decrease, and as it approaches FS2, the
electron flux in >110 keV channels starts to increase, as shown
by the flattening of spectrum in panel (v) and at FS2, the
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electron fluxes in these energy channels are enhanced
dramatically, especially for high-energy electrons. The best-fit
power-law index is calculated to be —0.60, which is much
harder than the spectra at the early two shocks. The strong
enhancement of the electron flux and the hardening of the
spectrum suggest that an IP shock in the presence of a
preceding shock can significantly enhance the acceleration
process for the electrons if they are energetic enough. Besides
the seed particle intensity (Zank et al. 2000) and turbulence
level (Li et al. 2003), shock geometry also plays an important
role. Reames (2012) showed that a significant acceleration
occurs for the quasi-perpendicular shock since shock drift may
transfer a greater increment of energy each time a particle
encounters the shock. However, Zank et al. (2006) have
suggested that higher proton energies are achieved at quasi-
parallel rather than highly perpendicular shocks within 1 au,
which has been reported in the recent findings (Battarbee et al.
2013; Afanasiev et al. 2018). A recent study by Ameri et al.
(2023) analyzed energetic storm particle events in 116 IP
shocks driven by CMEs and found no dependence between the
energetic particle peak intensity and the shock normal angle.
The results presented here have shown that acceleration is
greatly favored at a quasi-perpendicular shock if multiple
preceding shocks or any large-scale structures like CIR/SIRs
are present. Nevertheless, a proper evaluation of the role of
shock geometry on the acceleration process requires a more
refined analysis that folds in time dependency as these
parameters, such as g, or compression ratio r, may be
strongly affected by local irregularities of the shock and
variations in the plasma and magnetic field properties of the
solar wind through which the shock is propagating (Lario et al.
2023). Additionally, when the separation time between the two
shocks is small, the trapping effect between the two shocks
may also contribute to the acceleration process.

5. PAD

In this section, we present the PAD of energetic particles by
using eight pitch angle bins (ranging from ~15° to ~165°).

Figure 9 shows the PAD of 180 keV electrons and 210 keV
protons upstream and downstream of the CIR-associated RW.
Both energetic electrons and protons have anisotropic PAD, as
indicated by the peak in both downstream and upstream
distributions being close to p=1. This suggests that the
observed anisotropy is associated with field-aligned particles
streaming from/at the vicinity of the shock. A form of DSA
can be developed for an anisotropic distribution (Le Roux et al.
2007), but the reconnection-related local acceleration can also
have an anisotropic PAD if it includes both the isotropic and
the first-order anisotropy in the distribution function, which
could account for the observed strong anisotropy shown here.

6. Conclusion

We analyze a CIR event that occurred on 2011 February
14-15, which comprised a pair of forward and reverse shocks
and was followed by a CME-driven shock on February 18
00:49 UT. We investigate the acceleration of multiple particle
species, including protons, electrons, and helium, at the three
successive IP shocks by analyzing the particle energy spectra,
VDF, turbulence, and PADs. The main results are summarized
below
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Figure 8. Energy spectra of electrons over the energy range 40.5-520 keV in the same format as Figure 6.

1. Near the leading edge (FS1) of the CIR, only the low-

energy protons within the energy range of 210 to 550 keV
show a weak enhancement. A similar feature is
observed near the SI for the protons of the same energy
range. However, the electrons at low-energy bands
(40.5-310keV) show a significant enhancement near
the SI+-HCS, which is not observed upstream of FS1 and
is probably due to the reconnection acceleration near the
HCS. At the RW of the CIR, an enhancement is observed
for ions at all energy ranges and for electrons within a
certain energy range. The flux enhancement appears to
depend on particle energy. The later ICME-driven fast-
forward shock FS2 has similar density compression and
shock normal angle to that of CIR-associated forward
shock FS1. By examining the lower-energy proton VDF
and energy spectrum changes cross the FS2, we find that
preexisting energetic protons generated by the preceding
CIR may play an important role in the acceleration of

12

low-energy protons at the subsequent perpendicular CME
shock.

. Using a PSD analysis of the magnetic field fluctuations,

we show that magnetic fluctuations are highly enhanced
near the SI+-HCS region, followed by the regions around
the RW, which may be important in explaining the
observed particle enhancement in the CIR trailing edge,
suggesting that turbulence may play an important role in
the observed acceleration between SI+-HCS and RW.
Nevertheless, this may be worth exploring in further
detail. We also observed ion-scale wave activity near the
proton gyrofrequency (spacecraft frame) in the upstream
region of the reverse shock. Such increasing wave
activity immediately upstream of the RW has also been
reported in previous studies (Zank et al. 2006; Adhikari
et al. 2016; Zhao et al. 2019). The resonant wave—particle
interaction might be associated with the observed particle
acceleration at the quasi-parallel RW.
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the RW.

3. The energy spectra associated with the CIR event showed
that there are no significant changes in the energy spectra
observed at FS1 compared to the quiet-time spectrum,
which suggests that the particles are not effectively
accelerated at the forward shock FS1. However, after
crossing the SI, which is further accompanied by HCS
crossings, the spectra start to become flat (harder), and at
the RW of the CIR structure, the spectra are much harder
than DSA predicts. This suggests that the interaction of
the HCS with shock/compressional waves may create
favorable conditions for energy particle acceleration
within CIR structures. Outside the CIR region, particle
intensity is generally expected to decrease and return to
quiet levels. The presence of FS2 greatly facilitates the
subsequent energization process and leads to an increase
in low-energy ions and high-energy electrons. However,
since the VDF of low-energy protons (130 kev) does not
show a significant increase in the CIR region, this seems
to indicate that we cannot rule out another possibility, i.e.,
the protons at the CME shock that are accelerated by 2
orders of magnitude may be independent of the
accelerated particles at the CIR.

4. The PAD of energetic protons and electrons exhibits
strong anisotropy at the CIR-associated RW, suggesting
that the observed anisotropy is associated with particles
streaming from/at the vicinity of the shock.

Particle acceleration at solar wind events involving multiple
shocks with a complicated morphology and global structure is
not well understood theoretically or observationally. We
analyze an interesting event of three closely spaced shocks/
waves associated with CIR and CME, respectively. One of the
arguments for CIR particle acceleration in the inner heliosphere
is whether the acceleration process requires the presence of a
pair of well-defined and relatively strong shocks. From the
studied event, this does not seem to be necessary. Flow
compression can lead to acceleration, and the local reconnec-
tion-related acceleration mechanism seems promising to
explain the energy dependence of the observed flux enhance-
ment. A further study of energetic particles associated with
CIRs using recent PSP and Solar Orbiter observations would
potentially allow a more direct and in-depth comparison with
1 au observations.
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Appendix
The Injection Threshold at a Shock

For a quasi-parallel shock, the injection criteria require that
the particle velocity should be at least comparable to the
upstream plasma flow velocity,

v = uy/cos Ogy, (A1)

where v is the particle velocity, u; is the upstream plasma flow,
and fg, is as previously defined (Lee 1983; Le Roux &
Webb 2009). This is similar to the injection criteria introduced
by Zank et al. (2000), who assumed that the injection energy is
determined by the thermal energy downstream of the shock
(with an injection efficiency of 1%). For particles to be
accelerated diffusively at a quasi-perpendicular shock requires
that they be sufficiently energetic already. According to Zank
et al. (2006), the local injection momentum or velocity for
particles to be accelerated diffusively at highly oblique shocks
is

1/2

r2 + A\l cos?é
1 L Il Bn ’ (A2)

(r—1% (AL + \jcos?Og,)?

Vinj = 3u

where r;, is the Larmor radius, A, | are the perpendicular and
parallel mean free paths (related to the diffusion term, x, by
A=3k/v). As described in Zank et al. (1998), the parallel
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mean free path (\) based on standard quasi-linear theory and
assuming magnetostatic turbulence is approximated by

A 2 3
N 343 B ( L )(1 + D), (A3)
)\slab < bslab > )\slab
where D = TA/9 A=(+n)¥6—1, n=

m+1/3)m+7/3)

5n%/3
0.746834 rL/)\ilab and m = m
magnetic field strength, Ag.,p, is the slab correlation length and
<b§ab> is the slab turbulence energy. Also, the perpendicular

mean free path (A, ) based on nonlinear guiding center theory is
given by Zank et al. (2004)

By is the mean

b2 2/3
A= [ﬁ ra2c 20l 32]2)> /\ZD] YIRS (A4)

0

where a* =1 /3 is a factor related to the gyrocenter velocity,

r'w)
= 207iTw—1/2)
Kolmogorov spectrum. Ap is the 2D correlation length and
(b3,) is the 2D turbulence energy.

For the calculation of the injection threshold, we assume that
the ratio of the slab to 2D correlation scale is 2 (Pei et al. 2010;
Chhiber et al. 2017; Zhao et al. 2017, 2018a). We also assume
that the total energy in fluctuations can be divided into majority
2D and minority slab energies with the ratio, 80:20 (Zank &
Matthaeus 1992, 1993; Bieber et al. 1996).

is a constant such that v=5/6 yields a
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