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Abstract

Suprathermal particles/ions (with energies in the range of ~ 0.01 — 1.0 MeV per
nucleon) are ubiquitous in the heliosphere. Unlike solar wind particles, suprather-
mal particles are non-thermal and exhibit inverse power law distributions. These
particles are essentially the bridge between solar wind (< 3.0 keV) and solar ener-
getic particles (SEPs) with energies from hundreds of keV per nucleon to hundreds
of MeV per nucleon. A clear distinction between solar wind and suprathermal
particles in the lower energy side is often difficult to establish. The same is true
for the upper limit of energies where suprathermal particles and SEPs overlap.
Presence of suprathermal particles is observed even in the absence of any tran-
sient solar events (i.e., during quiet times) like coronal mass ejections (CMEs);
solar flares etc., and this suggests that these particles originate from a pool of
ions in the interplanetary (IP) medium. Enhancements in fluxes of these particles
are observed during passages of interplanetary CMEs (ICMEs); stream /corotating
interaction regions (SIRs/CIRs) etc. It is believed that suprathermal ion pool sup-
plies the seeds for further acceleration in IP shocks to eventually produce SEPs.
Suprathermal particles are also observed to propagate towards the Sun. Plane-
tary bow shocks, forward and reverse shocks associated with SIR/CIRs are some
of the sources of these sunward propagating particles. Despite studies in the past,
the sources and energization processes of suprathermal particles are poorly un-
derstood till date. Earlier studies reported a “universal” spectral index (slope of
differential directional flux vs energy spectra) of 1.5 as one of the characteristic
features of quiet time suprathermal particles. However, recent observations seem
to suggest that this is violated on many occasions. This thesis provides a detailed
understanding on the generation and modulation of these particles during quiet
IP conditions, passage of SIRs, upstream of the terrestrial bow shock, and the
impact of IP suprathermal particles on the energetic particle environment in the
terrestrial magnetosphere.

In quiet times, fluxes of different suprathermal particles (i.e., different species)
are observed to vary with solar cycles (nearly 11-year cycle in the sunspot num-
bers) with noticeable lags (i.e., time delay between sunspot number variation and

the flux variation) of the order of a year or two, as observed from the L1 point
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measurements. Correlation between suprathermal fluxes with the sunspot number
reveals that solar processes inject suprathermal particles in the IP medium. Lags
in suprathermal fluxes with respect to the sunspot number essentially suggest that
these particles wander and are accelerated in the IP medium. One of the major
outcomes of the thesis is the determination of differential lags of suprathermal
“He and Fe in solar cycle 24. While *He exhibits negative lags (meaning higher
fluxes of He corresponding to lower number of sunspot), Fe does not show any
lag with respect to the sunspot number in solar cycle 24. Differential behavior
of “He and Fe is also observed in the spectral indices of these elements in solar
cycle 24. In addition, similar variations in lags and spectral indices are observed
for C and O fluxes. Keeping in mind the contrasting first ionization potential
(FIP) and different mass-to-charge ratio (m/q) of *He and Fe, it is argued that
the long-term modulation of suprathermal particles in the IP medium depends on
FIP and m/q of species. The similar behaviors of C and O (having similar FIP
and m/q) seem to support this proposition. The spectral indices of quiet time
suprathermal particles are observed to vary in the range ~ 1.5-2.6. Therefore, the
thesis suggests that the “universal” spectral feature of suprathermal particles does
not seem to hold good on most of the occasions. Instead, it appears that there is
mixing of particles from different sources in the quiet time suprathermal ion pool.

Enhancements in suprathermal particles are observed during the passage of
SIR/CIR events even when there are no well-formed forward and reverse shocks
at 1 AU. Some past studies suggested the compressed interaction regions as pos-
sible particle accelerators. In this thesis, it is shown that the spectral indices of
“He, O, and Fe during shock-less SIR/CIR events vary in the range ~ 1.5-4.5.
There could be many factors that contribute to such wide variation in the spectral
indices of SIR-associated suprathermal ions. It is conjectured that mixing of seed
populations, stochastic nature of acceleration mechanism, and difference in com-
pressional characteristics might lead to this variation. Interestingly, softer spec-
tra (i.e., higher spectral indices) than quiet times are observed in SIR-associated
suprathermal particles, the reason for such behavior is still unknown. No sys-
tematic dependence of spectral indices of *He, O, and Fe on m/q of species is
observed. A special event is also identified when *He, O, and Fe exhibit almost

identical spectral indices very close to 1.5. On further investigations, it is found
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that merging and contraction of small-scale magnetic islands near the spacecraft
at 1 AU might energize these particles and produce nearly equal spectral indices
regardless of m/q of elements. This also suggests that suprathermal particles
associated with SIRs can get accelerated locally in the IP medium.

Suprathermal particles upstream of the Earth’s bow shock sometimes get en-
hanced for very short (1-2 hour) periods. These are called upstream events. These
particles generally exhibit softer spectra during the events. In this chapter, it is
shown that a systematic modulation in the spectra of upstream ions is observed at
the Sun-Earth first Lagrange point (L1) depending on the m/q of different species,
when compared with the spectra of incoming solar wind suprathermal ions. It is
noticed that for most of the events, a radial magnetic field that connects the
satellite (at L1) with the bow shock is an important condition for detecting these
upstream events. In the presence of radial magnetic fields, cross-field diffusion of
ions increases with increasing m/q of ions. Therefore, lighter particles (say, H)
reach the spacecraft from the bow shock in a focused manner. On the other hand,
heavier ions (say, CNO) get mixed up with different sources of suprathermal ions
and exhibit relatively harder spectra very similar to the solar wind suprathermal
particles. Contribution of heavier ions having solar wind origin in the upstream
events is also reflected in the abundance ratio of heavier ions.

Geomagnetic storms are generally observed with varying intensities during the
passage of ICMEs past the Earth’s location. High energy SEPs (> 10 MeV) as-
sociated with ICMEs can penetrate the terrestrial bow shock/magnetopause and
affect the energetic particle environment in the terrestrial magnetosphere. In this
thesis, by using the measurements by the Aditya Solar wind Particle EXperiment
(ASPEX) payload on board the Aditya-L1 mission of India, it is shown that the
suprathermal ions and the low energy SEPs (< 2 MeV) can also affect the parti-
cle environments of magnetosphere and magnetosheath region if the original SEP
spectra at the Sun-Earth L1 point are hard. More importantly, it is demonstrated
that although “stealth” CMEs can affect the Earth’s magnetosphere geomagneti-
cally similar to typical CMEs, the “stealth” CMEs do not seem to modulate the
energetic particle environment of the magnetosphere. Therefore, this work sug-
gests that the space assets in the magnetosphere are at risk when an energetic

particle detector detects harder spectra at L1.
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Overall, this thesis gives a comprehensive view on the sources and acceleration
mechanisms of suprathermal particles in the IP medium and in the terrestrial mag-
netosphere. It also underscores the importance of multi-point, multi-directional,
species-separated observations combined with physics-based modeling to decouple

different processes.

Keywords: Solar wind, Solar Energetic Particles (SEPs), Interplanetary Coro-
nal Mass Ejections (ICMEs), Solar cycle, Solar flares, Stream/Corotating Interac-
tion Regions (SIR/CIRs), Bow shock, Magnetosphere.
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Chapter 1

Introduction

1.1 Energetic particles in the heliosphere

The Sun is an ordinary star that moves in the Milky Way along with the solar
system. Being a hot ball of plasma, it possesses its own magnetic field. The
typical temperature of the visible disk (photosphere) is ~ 5800 K. Surprisingly,
the temperature of the Sun’s upper atmosphere, called the corona, is of the order
of 105 K (Alfvén, 1941). How the solar corona is heated to such a high temperature
is an ongoing topic of research. The solar corona is considered as the source of
supersonic plasma flow from the Sun, which is known as solar wind (Parker, 1965).
The major constituents of solar wind are protons, electrons, and doubly ionized
helium (i.e. alpha particles). Other heavy elements form a very small fraction of
the solar wind ions in terms of abundance. Solar wind carries the Sun’s magnetic
field into the interplanetary (IP) space. The Sun, with the help of solar wind and
interplanetary magnetic field (IMF), creates a bubble in the interstellar medium,
which is called the heliosphere. In addition to the solar wind ions, there exists
several types of energetic ions in the heliosphere. Throughout the thesis, the words
“ions” and “particles” are used interchangeably to mean the positively charged
species, distinguishing those from electrons. The origin and characteristics of these
energetic ions are different. Figure 1.1 gives a schematic of different types of ions
available in the heliosphere. There are galactic cosmic rays (GCRs), anomalous
cosmic rays (ACRs), solar energetic particles (SEPs), suprathermal and energetic

particles associated with stream/corotating interaction regions (SIR/CIRs) etc.
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in the interplanetary (IP) medium. Although this thesis deals with suprathermal
particles (with energies < 1 MeV), each type of energetic ion in the heliosphere is

discussed briefly in the following section for the sake of completeness.

_Energetic Particles in the Heliogphere
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Figure 1.1: Different types of energetic particles and their possible source regions
(taken from Stone et al., 1998¢c).

1.1.1 Galactic cosmic rays (GCRs)

Galactic cosmnic rays (GCRs) are very high energetic (108-10'° €V) ions, gener-
ally accelerated by supernovae shocks (Diehl et al., 2001; Hillas, 2006; Aharonian
et al., 2011; Fu et al., 2021; Baral et al., 2023 etc.). Shocks and relevant particle
acceleration mechanisms are discussed later in this chapter. Protons, heavier ions,

and electrons are the major constituents of GCRs. The interface between the he-
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liosphere and the interstellar medium filters out most of these ions. The remaining
ions form a constant background of GCRs in the heliosphere (e.g., Rahmanifard
et al., 2020). Omnidirectional fluxes of GCRs are observed to vary as power law

of energy and the spectral index () is 2.6.

1.1.2 Pick-up ions and anomalous cosmic rays (ACRs)

Interstellar neutral particles enter the solar system due to the relative motion
between the solar system and the interstellar medium (Frisch, 1996; Giacalone
et al., 2012). These neutrals gain energy by dropping into the gravitational well of
the Sun. These get ionized by interaction with solar wind particles and extreme
ultra-violet radiations in the IP medium. These singly ionized ions are picked
up finally by the solar wind magnetic field (Fisk et al., 1974). The so formed
pick-up ions typically have energies four times that of solar wind ions and traverse
outward with the solar wind. These are thought to be further accelerated to very
high energies (~ 100 MeV) by the termination shock of the heliosphere (Pesses
et al., 1981). Due to the presence of these particles and also due to the modulation
of GCRs in the heliosphere, the extrapolation of GCR power law (with spectral
index of 2.6) to lower energies is mediated by an “anomalous” increase of particle
populations peaking around 100 MeV (Giacalone et al., 2012). This is why these

high energy particles are called anomalous cosmic rays (ACRs).

1.1.3 Solar energetic particles (SEPs)

The lions’ share of the energetic particle intensities in the IP medium originates
from the Sun or is related to the processes occurring in the heliosphere. SEPs are
primarily of two types: gradual SEPs (for a comprehensive review, see Desai and
Giacalone, 2016) associated with interplanetary coronal mass ejections (ICMEs)
and impulsive SEPs (Reames, 2018a) associated with solar flares (Reames, 1999a,
2013). The characteristics and compositions of these two types of SEP are distin-
guishably different. Figures 1.2a and b show schematics of the sources of gradual

and impulsive SEPs along with longitudinal extends of the interplanetary magnetic
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Figure 1.2: Two different classes of SEPs — (a) gradual SEPs from large-scale CME
driven shock that accelerate SEPs along IMF over a wide longitudinal regions and
(b) impulsive SEPs along IMF over narrow longitudinal region and well connected
to a solar flare location. Panel (C) shows variations in the proton fluxes at differ-
ent energies during a gradual SEP event. Variations in high-energy electron and
proton fluxes during a 3He-rich impulsive SEP event are plotted in panel (D). This
figure is taken from Desai and Giacalone (2016) and was originally published in
Reames (1999b).

field (IMF) lines populated with these particles, respectively. Impulsive SEPs is
generally observed when an observer is magnetically connected to the source loca-
tion. On the other hand, due to their vast longitudinal spread, gradual SEPs can
be detected to a greater extent in the IP medium. Variations in energetic elec-
trons and protons during gradual and impulsive SEP events are shown in Figures

1.2C and D, respectively. The gradual and impulsive variations of electron proton
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fluxes are clear in these figures. Gradual and impulsive SEPs also carry their typ-
ical compositional signatures. For example, *He/*He shows more than 1000 times
enhancement in the impulsive SEPs as compared to the solar wind *He/*He, which
is ~ 5 x 107%. The increased Fe/C and Fe/O ratios (~ 1) provide a more sta-
ble indicator of impulsive SEP. In addition, 1000-fold increases in elements with
76 < Z < 82 are also observed in many impulsive SEP events (Reames, 2018a).
Most importantly, impulsive SEPs are electron rich (Cane et al., 2002). Another
important property of the impulsive SEPs is the higher ionization states of heavy
elements compared to the normal solar wind ionization states of heavy elements.
For example, the ionization state of Fe sometimes goes up to ~ 20, indicating a
temperature of ~ 10 MK in the source region (Klecker et al., 1984; Luhn et al.,
1987). On the contrary, gradual SEPs are proton-rich and have Fe/O ratios ~
0.1. The mean ionization states of Fe observed in gradual SEPs vary in the range
~ 10-14 (Luhn et al., 1984; Reames, 1999a). In addition, it was assumed that
3He/*He ratios in large SEP events are similar to those of the solar wind. How-
ever, after the launch of NASA’s Advanced Composition Explorer (ACE, Stone
et al., 1998¢) in 1997, the scenario has changed. It is reported by Mason et al.
(1999) that the ~ 1 MeV per nucleon (MeV n~!) 3He/*He ratios are enhanced by
factors of ~ 5-140 over their solar wind values in many large gradual SEP events.
Many authors (Cohen et al., 1999; Wiedenbeck et al., 2000; Torsti et al., 2002)
also reported enhancement in *He above 5 MeV n~!. Not only *He, the Fe / O
ratios and the mean ionization states of Fe are also observed to be enhanced in
many large gradual events. These observations hint towards the mixing of flare
particles with the gradual events. In fact, Reames (2020) described four pathways

of SEP production based on element abundance patterns:

1. SEP1: ions accelerated in the islands of magnetic reconnection in solar jets

with 1000-fold enhancements in *He/*He.

2. SEP2: ions produced in jets and subsequently accelerated by CME-driven

shocks along with excess amount of energetic protons.

3. SEP3: remnant ions from previous impulsive events and accelerated by
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CME-driven shocks

4. SEP4: ions accelerated by extremely strong CME-driven shocks from the

ambient coronal plasma

It is clear from the above discussions that IP shocks associated with interplan-
etary coronal mass ejections (ICMEs) produce gradual SEPs from various back-
ground plasmas, like suprathermal tails of the solar wind (Gosling et al., 1981;
Desai et al., 2003), remnant flare particles (e.g., Tsurutani and Lin, 1985; Tan
et al., 1989). Not only CME-driven shocks, there is another kind of large-scale

structure that is sometimes associated with energetic particles at 1 AU.

1.1.4 Stream interaction regions (SIRs) and associated en-

ergetic particles

Solar wind generally shows a bimodal distribution in speed - slow solar wind
(300-500 km/s) and fast solar wind (600-900 km/s). A stream interaction region
(SIR) is formed when a stream of fast solar wind, originated from a coronal hole,
interacts in the IP medium with a preceding slow solar wind stream emanated
typically from the streamer belt (Belcher and Davis Jr, 1971). A compression
region is created due to this interaction, which rotates with the Sun and forms an
Archimedean spiral. Coronal holes, sometimes, persist for several solar rotations
leading to co-rotation of the interaction regions more than one solar rotation pe-
riod (Carrington rotation of period ~ 27 days). These structures are then called
corotating interaction regions (CIRs). The schematic in Figure 1.3 (taken from
Richardson, 2018 and originally published by Belcher and Davis Jr, 1971) shows
two SIRs corotating with the Sun, as viewed from above the north pole of the Sun.
The typical variations in the in-situ solar wind parameters are also shown in the
same figure.

Recurrent enhancements of energetic particles with energies > 1 MeV n~! were
observed first almost six decades ago (e.g., Bryant et al., 1965; Wilcox and Ness,

1965 etc.). Some of the initially observed properties of these energetic particles
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slow

Figure 1.3: Schematic diagram of two SIRs and associated variations in some in-
situ plasma parameters at 1 AU. Here, V is thermal speed, o4 represents level
of fluctuation in magnetic field, Vy, is the solar wind speed, N is the density, B
is magnetic field intensity, and V, is the transverse component of the solar wind
velocity. Region S indicates the unperturbed slow solar wind, S’ is the region of
compressed and accelerated slow solar wind, F’ is the compressed and decelerated
fast solar wind, and F represents the unperturbed fast solar wind. R represents
the rarefaction region after the compressed interface (S’-F’). Dotted lines show
the magnetic field lines corresponding to slow and fast solar wind. This image
is adapted from Richardson (2018) and was originally published by Belcher and
Davis Jr (1971).

include occurrence regardless of solar events or high activity, few hours’ of rise and

decay times, dispersionless onset of the events, softer and similar spectra at the
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onset and event maximum, and weak directional anisotropies. The Pioneer obser-
vations (McDonald et al., 1976; Barnes and Simpson, 1976; Kunow et al., 1976;
Van Hollebeke et al., 1978; Vanhollebeke et al., 1979; Christon and Simpson, 1979)
revealed that these energetic particle events tend to peak near the stream inter-
action regions and adjacent to the forward and reverse shocks at the leading and
trailing edges of the interaction regions, respectively. Van Hollebeke et al. (1978)
reported that the peak intensities of SIR events occur at a few AU. Solar origin
of these particles was ruled out because of the declining trend in the intensities
of these particles towards the Sun. Evidence of particles streaming towards the
Sun supports this argument (Marshall and Stone, 1978; Mewaldt et al., 1978;
Van Hollebeke et al., 1978; Christon, 1981; Zwickl and Roelof, 1981; Richardson,
1985; Richardson et al., 1993).

To explain the origin of sunward streaming particles in association with SIRs,
Fisk and Lee (1980) proposed a model for particle acceleration by reverse shocks
adjacent to the fast solar wind streams of the SIRs beyond 1 AU. According to
this model, at 1 AU, particle spectra below several 100 keV should show a roll-over
if these particles are accelerated beyond 1 AU. This reflects the effect of adiabatic

deceleration of low energy particles in the expanding solar wind.

By analyzing 41 SIR events Mason et al. (2008b) showed that the abundances
(with respect to O) of energetic particles associated with SIRs are similar to that
of solar wind, in particular, fast solar wind. These authors found relatively higher
abundances of He and Ne. In addition, their work suggests that the source pop-
ulations of SIR-associated energetic particles do not directly come from the Sun.
Later, Mason et al. (2012) shows that Fe/O ratio in SIR events follows solar cycle
in 1997-2012. This indicates that Fe-rich remnant flare particles contribute to the
source populations for SIR events. Enhancement in *He in these events (Mason
et al., 2008b) also suggests this proposition. Some works reported presence of in-
terstellar pick-up ions at 1AU during SIR events (Hilchenbach et al., 1999; Chotoo
et al., 2000). However, by analyzing charge states of SIR associated energetic par-

ticles Mobius et al. (2002) and Mazur et al. (2002) independently concluded that
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majority of the ions have similar charge states to that of the solar wind ions.

1.1.5 Suprathermal particles

So far, all the types of particles mentioned in Figure 1.1 have been discussed.
Except for GCRs, all the other types of energetic particles have a common con-
nection, in terms of either source or pool, to suprathermal populations in the solar
wind. Suprathermal particles are ubiquitous in the heliosphere (Gloeckler, 2003).
These particles have energies (velocities) greater than the bulk solar wind energies
(velocities) and lie in the range ~ 10s of keV per nucleon to ~ 100s of keV per
nucleon. Sometimes, it is hard to differentiate between suprathermal particles and
SEPs or other higher energetic particles from their energies. The distribution func-
tions of these non-Maxwellian ions are generally described by power law tails. The
transition from the thermal solar wind particles to the suprathermal particles is
parameterized by the Kappa (k) or the generalized Lorentzian velocity-distribution
function, which was shown first time by Vasyliunas (1968). The functional form

of this distribution can be written as

fiﬂ(ra U) =

o i+ 1) ( + ng)—mﬂ) (1.1)

2m(kw?, )32 T(k — 1/2)['(3/2) Kw?

e

where w,; = \/(2/43 — 3)KT;/km; is the thermal velocity, m; is the mass of the
i species particles, T; is their equivalent temperature, v is the speed of the
particles, n; is their number density, and I'(z) is the Gamma function. The lower
limit of the index x should be 3/2 to prevent the distribution function in Eq.
1.1 from collapsing. Figure 1.4 shows the distribution functions for different s
values. As can be seen from Eq. 1.1, for K — oo the Kappa function tends
to be the Maxwellian function. The value of k determines the spectral index of
the energy spectrum of suprathermal particles. Many observational and satellite
data regarding suprathermal particles in the heliosphere are observed to be fitted

with Kappa distribution function. These includes solar wind particles (Gloeckler

et al., 1992; Maksimovic et al., 1997), the magnetosheath (Formisano et al., 1973),
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Figure 1.4: Plots for the Kappa distribution function with velocity parallel to
magnetic field for different values of x as shown in the different colors. This figure
is taken from Pierrard and Lazar (2010).

the terrestrial magnetosphere (Gloeckler and Hamilton, 1987), the radiation belts
(Pierrard and Lemaire, 1996; Xiao et al., 2008), the terrestrial plasmasheet (Bame
et al., 1967; Christon et al., 1988; Kletzing et al., 2003) etc. In addition, the
velocity distributions of the strahl component of solar wind electrons can also be
characterized by the Kappa distribution function (Maksimovic et al., 1997).
Intensities of suprathermal particles increase during the passages of shocks and
other IP disturbances like SIR/CIRs at 1 AU. However, “quiet time” tails are ob-
served even in the absence of shocks nearby. This makes it difficult to understand
the energization mechanisms of this particle population, and consequently, sources
and acceleration mechanisms of these particles have been a field of research for

the past few decades.

The distribution functions of “quiet time” suprathermal particles were reported
to follow a common power law in velocity and the spectral index happened to be
-5 (Gloeckler, 2003; Fisk and Gloeckler, 2006, 2007, 2008, 2014 etc.). According to
Fisk and Gloeckler (2006), this kind of spectrum of accelerated ions in the “quiet

time” solar wind can be expected if these particles are accelerated by stochastic
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process due to compressional turbulence in the solar wind. There are some other
theoretical works (e.g., Schwadron et al., 2010; Antecki et al., 2013 etc.) that tried
to explain the common -5 spectral index of suprathermal particles. However, the
origin of suprathermal ions has remained highly debated as many authors (Desai
et al., 2009; Dayeh et al., 2017) reported deviations in spectral indices of quiet

time suprathermal particles from the so called universal -5 spectral index.

1.1.6 Particles upstream of the Earth’s bow shock

Some energetic ions are observed to propagate in the sunward direction from the
Earth’s bow shock (Asbridge et al., 1968; Sarris et al., 1976; Scholer et al., 1979;
Paschmann et al., 1980; Desai et al., 2000; Meziane et al., 2002; Kronberg et al.,
2011 etc.). These ions are called upstream ions. In the upstream region of the
Earth’s bow shock; various types of ions are present. Among the suprathermal
and energetic ions observed immediately upstream and downstream of the quasi-
perpendicular bow shock (where the shock normal angle, 0, is greater than 45°.
A brief account of different types of shocks are given in section 1.3.2), the least
energetic are the specularly reflected ions, with energies of a few keV. These ions
are energized by the solar wind electric field (Gosling et al., 1982) and remain
confined within one gyro-radius upstream from the shock (Gosling and Robson,
1985). Slightly more energetic protons, with energies of less than ~ 10 keV, form
field-aligned proton beams. These beams are believed to originate either from
reflection at the shock or from the leakage of hot proton populations from the
magnetosheath into the upstream region (Schwartz and Burgess, 1984). Diffuse
ions, in contrast, can reach energies of up to 200 keV per charge and exhibit an
almost isotropic distribution in the spacecraft frame (Scholer et al., 1979, 1981).
These diffuse ions are consistently associated with large-amplitude hydromagnetic
waves (Paschmann et al., 1979). An outstanding problem regarding these diffused
upstream ions could be the modulation of these ions during their transport away

from the Earth’s bow shock.
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1.1.7 Particles in the Earth’s magnetosphere

Terrestrial magnetosphere is also a great source of energetic particles. High en-
ergy SEPs (Paulikas and Blake, 1969; Kalegaev et al., 2018; Filwett et al., 2020
etc.), ACRs, GCRs, particles accelerated at the Earth’s bow shock (West Jr and
Buck, 1976; Asbridge et al., 1978) can penetrate the magnetopause region and
directly contribute to the magnetospheric particle populations. The Earth’s mag-
netosphere is also filled with particles accelerated at the magnetotail region (Fan
et al., 1975, 1976) in the night side magnetosphere. Particles with energies < 1
MeV in the magnetosphere are harmful for different space-assets (e.g., O'Dell et al.,
2000; Fioretti et al., 2016) rotating in the geosynchronous orbits. ICME-associated
low energy SEPs are one of the potential sources for enhanced magnetospheric
suprathermal particles. Therefore, assessing the impact of ICME associated SEPs

on the magnetosphere is important in the context of space-weather prediction.

1.2 Sources and sinks of suprathermal particles

The various sources and sinks of suprathermal particles are described through
the schematic in Figure 1.5 taken from Mason (2000). The suprathermal ion
pool provides seed populations for further acceleration by IP shocks, SIR/CIRs
leading to SEPs. On the other hand, solar wind particles, particles escaping from
planetary bow shocks and magnetospheres, remnant particles from solar flares,
pick-up ions, and other energetic ions contribute to the surpathermal ion pool
after losing energies (Mason, 2000). Figure 1.6 shows total fluence of oxygen ions
with respect to energies ranging from solar wind to GCRs. As can be seen from this
figure, fluence of solar wind oxygen (up to say 0.03 MeV n~!) is the highest among
all types of particles. Fluence of suprathermal particles comes next followed by
solar energetic particles. ACRs and GCRs are highly energetic but their fluences
are very less. Space assets are more vulnerable to SEPs, which are produced from
the suprathermal ion pool (e.g., Desai et al., 2003) as during impulsive and gradual

events, the fluences can increase significantly. Therefore, suprathermal particles
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Figure 1.5: A schematic of the various sources and sinks of the suprathermal ion
pool in the heliosphere (taken from Mason, 2000).

and SEPs are of prime importance as long as the risk to space technologies are
concerned. Production of large gradual SEPs by IP shocks associated with ICMEs
is now well established (a brief description of shock and particle acceleration by
shocks is discussed in the next section). Although more studies are required to
understand /explain the production and transport of impulsive SEP events, these
events are observed mostly during the maximum of solar cycles when the Sun is
very active. The present thesis focuses on the suprathermal and low energy SEPs
and no on the high energy SEPs. Despite a large volume of work in the field
of suprathermal and low energy SEPs, pin-pointing the origin and energization
processes remain elusive till date. In the ensuing section, some of the important
particle acceleration processes that are relevant for the generation of suprathermal

and low energy SEPs, are discussed.

1.3 Particle acceleration mechanisms

A number of particle acceleration mechanisms have been proposed over the years

to explain the existence of energetic particles in the heliosphere. In the following
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Figure 1.6: Oxygen spectra during October 1997-June 2000 as observed by differ-
ent particle detector on board the Advanced Composition Explorer (ACE) space-
craft at the L1 point. Blue dots show a composite spectrum of slow-solar wind,
fast-solar wind, suprathermal tail, SEPs, ACRs, and GCRs during the said period.
Typical spectrum of gradual SEPs, CIR-associated energetic particles, impulsive
SEPs are also shown (taken from Mewaldt et al., 2007)

sub-section, some of the most accepted and successful particle energization theories

relevant to suprathermal and low energy SEPs are discussed.

1.3.1 Fermi acceleration

Fermi acceleration, named after Enrico Fermi, is one of the most accepted and

established theories in the field of particle acceleration. Originally, the Fermi ac-
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celeration was proposed to explain the origin of very high energetic cosmic rays.
According to Fermi (1949), cosmic rays are accelerated by collisions with wander-
ing magnetic fields (or rather, magnetized clouds) in the interstellar medium. A

simplified version of this theory is described below.

Consider a charged particle with initial kinetic energy Ey; moving in an envi-
ronment full of magnetized clouds moving with a speed of V,, (< the speed of the
particle). In this scenario, the charged particle will collide with the magnetized
clouds and undergo random motion after reflection. If the collision is a head-on
collision (the particle and a cloud are moving towards each other), then the parti-
cle will gain energy. For a follow-on collision (the particle catches up a magnetic
cloud from behind), the particle will lose energy. However, the probability of the
head-on collisions is more than that of follow-on collisions. In each such collision,
the mean energy gain by the particle will be proportional to (V;,/c)?, where c is
the speed of light. The spectra of particles thus accelerated will be an inverse

power law as observed in case of cosmic ray spectra.

There are some limitations to this theory. The injection energies required
for heavy ions to be accelerated by the above-mentioned mechanism should be
very high to overcome the ionization loss due to inhomogeneity in the interstellar
clouds. According to an estimate by Fermi (1949), the injection energy for protons
is 200 MeV. On the other hand, minimum energies required for alpha particles,
oxygen, and Fe are 1 BeV, 20 BeV, and 300 BeV, respectively. Therefore, Fermi
(1949) discarded the probability of acceleration of heavy ions by this method.

Another important limitation of this theory is the collision frequency. An esti-
mate by Fermi (1949) shows that the mean time difference between two collisions
in the interstellar medium is more than a year. This shows that the probabil-
ity of particle energization by Fermi acceleration is limited. However, keeping in
mind the stochastic nature of the acceleration process, similar concept is adopted
in many of the particle acceleration theories. For example, diffusive shock accel-
eration (Krymskii, 1977; Bell, 1978) requires scattering of particles by magnetic

irregularities upstream and downstream of a shock front. In the next section, the
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diffusive shock acceleration is discussed more illustratively.

1.3.2 Acceleration of particles by shocks

A shock forms in a medium when the relative speed of an object exceeds the
characteristic speed of the medium with which information travels in the medium.
For example, if an object moves through air with a speed greater than speed of
sound in air, a shock will form ahead of the object. In case of plasma, this speed
is fast magnetosonic wave. The region of the medium ahead of a shock is called
upstream and the region behind the shock is called downstream. A supersonic flow
upstream of the shock is converted to a subsonic flow in the downstream region.
Collisions between molecules of air support the propagation of sound through air.
In case of solar wind plasma, the collisional mean free path is very large (~ 1
AU) as compared to thickness of shocks (for the Earth’s bow shock, the thickness
varies in the range of 100 km). Therefore, whatever happens in an IP shock,
collisions among particles are not of great importance. For this reason, these
shocks are called collisionless shocks. Some examples of such collisionless shocks
are the termination shock of the heliosphere, planetary bow shocks, IP shocks
ahead of CMEs, forward and reverse shock pairs in the leading and trailing edge
of SIR/CIRs etc.

Shocks are regions in space where we see abrupt transition in different proper-
ties of the medium between the upstream and downstream regions. It is difficult to
say what happens inside a shock. However, the medium properties upstream and
downstream of a shock are measurable. In addition, mass, energy, and momen-
tum should be conserved in any physical system like a shock. By using magneto-
hydrodynamics, one can relate medium properties upstream and downstream of
the shock. In case of solar wind plasma, these relations are called shock-jump con-
ditions (also known as Rankine-Hugoniot relations). A brief description of these
relations is given below (following Kivelson and Russell, 1995).

In Figure 1.7, it is considered that a shock front is moving leftward. With

respect to a frame of reference where the shock is stationary (shock frame), the
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Figure 1.7: A schematic of configuration for shock jump relations (taken from
Kivelson and Russell, 1995).

upstream plasma and embedded magnetic field in it is moving towards the shocks
and the downstream plasma is moving away from the shock. The shock plane is
the [ — m plane and the shock normal is directed along n, as shown in Figure
1.7. The plasma density, pressure, magnetic field intensity, and the velocity of
the plasma in the upstream regions are p,, p,, By, and u, respectively. The
corresponding values of these parameters in the downstream region are py, pg, By,
and ug. Although the shock is a discontinuity, it has a thickness in reality. Two
regions of steady flow are basically separated by the shock. Let us consider that

the change in quantity X across the two regions is represented by

(X] = X, — X, (1.2)

Assuming the shock to be steady and one dimensional (i.e., variations in quantities

in the n direction only), one can express the mass conservation relation as

[pu,] =0 (1.3)

where n represents the normal component of mass flow. This relation proves that
if the shock decreases the plasma flow speed in the downstream region, the density

downstream the shock will increase.

The conservation of momentum normal to the shock surface can be represented
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by

up + +B;2 =0 (1.4)
pun TP o) = :

Similarly, the transverse component of the momentum conservation leads to

B,
[punut — —Bt] =0 (1.5)
Ho

where t stands for transverse to the shock, i.e., parallel to the shock surface. In
deriving these equations, we have assumed the pressure to be isotropic. Also, the
electric stress term £/ = —u x B is also considered to be negligible. Considering the
plasma to be represented by adiabatic equation of state, so that pp™ = constant,
the energy conservation equation can be obtained as

1 B? B,
pun | =u® + P up,— —uB—| = (1.6)
2 vy—1p

where the first two terms are flow energy and internal energy, respectively. The

third and fourth terms are due to electromagnetic energy flux.

In addition to the above equations, another two conservation relations coming
from the Maxwell’s equations are useful: V.B = 0 leads to the continuity of the

normal component of the magnetic field. Therefore,
[B,] =0 (1.7)
and V x E = —0B/0t produces
[up By — Buug) =0 (1.8)

Here it is considered that 0B/0t = 0 All these conservation relations (Eq. 1.3-
1.8) are known as Rankine Hugoniot relations. The solution to these equations

produces a number of magneto-hydrodynamic (MHD) discontinuities.

A discontinuity is considered to be a shock when there is plasma flow through

the shock and the plasma is dissipated and compressed across the shock. We can
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1.3. PARTICLE ACCELERATION MECHANISMS

classify a shock with respect to the relative orientation between the shock normal
and the upstream magnetic field (shock normal angle). If the shock normal angle
(0pn) < 45°, the shock is called a quasi-parallel shock. If 45° < 0p, < 907,
the shock is called quasi-perpendicular. Figure 1.8 shows a schematic diagram of

quasi-parallel and quasi-perpendicular shocks.
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Figure 1.8: Schematic of quasi-parallel and quasi-perpendicular shocks (taken from
Schwartz et al., 2004).

From section 1.1.3, it is clear that shock geometry plays very important role
in particle acceleration. In general, parallel geometry of shocks suit for diffusive
shock acceleration (DSA) and shock drift acceleration mechanism demands per-
pendicular geometry of the shock. In the following part, we discuss briefly both

of the two acceleration mechanisms.

Diffusive shock acceleration (DSA) or first order Fermi acceleration

A comprehensive analytical discussion of diffusive shock acceleration can be found
in Drury (1983). There is moving magnetic inhomogeneity both upstream and
downstream of a shock due to turbulence. Consider a case of a charge particle
with sufficiently high energy (injection energy), so that it can cross the shock,
moves from upstream to the downstream region. The particle will be reflected

back to the upstream region by any moving magnetic irregularity it encountered
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in the downstream region. The diffusion of particles across the shock front is aided
by magnetic fields parallel to the shock normal. The energy of the particle will
be enhanced due to the motion of the magnetic inhomogeneity. Similar process
may occur in the upstream region also. After multiple reflections, the particle will
gain sufficiently high energy and the velocity distribution spectrum turns out to
be a power law with spectral index ¢ = 3r/(r — 1), where r is the ratio of plasma
densities downstream and upstream of the shock (Blandford and Ostriker, 1978).
The energy gained by the particle in each collision is proportional to (vs/c), where
vs is the shock velocity and c¢ is the speed of light. Since particles are accelerated
by diffusion across the shock front, the acceleration process is called diffusive shock
acceleration (DSA). This is sometimes termed first-order Fermi acceleration citing
the similarity with the classical Fermi acceleration and due to the fact that the

energy gain varies with first-order of the velocity of the shock.

A similar distribution of particles was obtained by Bell (1978) where charged
particles gain energy by collision with Alfvén waves upstream and downstream of
the shock front. In that case, the differential energy spectrum of the energized

particles follows a power law with spectral index

(24 %) + x(2uu/vs — 1/My)
= (x = 1) = x(vw/vs + 1/My) (1.9)

where y is the shock compression ratio, v,, is the mean velocity of the scattering
centres in the downstream region, as viewed by an observer in the rest frame of
the downstream plasma, and M4 represents the Alfvén Mach number. In case of
a strong shock (y = 4) and if the shock velocity is very less as compared to the
velocity of scattering center, the spectral index ¢ = 2. This is very close to the
observed spectral index of cosmic rays (a slope of 2.5).

There are multiple limitations of this theory. First is the initial injection
energy required by the particles to cross the shock front. These energies typically
fall in the suprathermal energy range. How these particles gain sufficiently high
energies in the solar wind is still unclear. Secondly, the reaction of back-scattered

particles on the velocity field and transmitted spectrum is not taken into account
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in these theories. Thirdly, there is high chance of losing energy by the relativistic
particles in adiabatic decompression because of the expansion of the shock waves.
Despite all these limitations, diffusive shock acceleration has proved to be useful in
explaining particle energization by CME and SIR/CIR~associated shock to some

extent.

Shock Drift acceleration (SDA)

The DSA theory is mostly valid for parallel or quasi-parallel shocks. In case of
perpendicular shocks, the magnetic field is not parallel to the shock normal. This
configuration gives rise to a motional electric field. Sometimes, particles may be
accelerated by this motional electric field. This process is called shock drift accel-
eration (SDA). While gyrating around the magnetic field ions and electrons cross
the ramp of a shock front multiple times as the shock front is parallel to the mag-
netic field. Eventually, these particles escape in the upstream region (Armstrong
et al., 1985). The SDA acceleration mechanism is distinct from the DSA mecha-
nism, but in both the cases, particle acceleration takes place while drifting along

the shock front within a small distance of the ramp (Jokipii, 1982).

1.3.3 Particle acceleration by gradual compression regions

While IP shocks are considered major candidates for particle acceleration in the
heliosphere, gradual compression regions associated with SIR/CIRs can also ac-
celerate particles by a process similar to the DSA mechanism (Giacalone et al.,
2002). This work investigates the possibility of particle acceleration when the
particle mean free path is larger than the width of the compression region. This
condition holds good for low energetic particles at 1 AU where the forward and
reverse shock-pair has not formed yet. However, particle acceleration in the com-
pression region is possible in the expanding solar wind if the divergence of plasma

velocity is negative.
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1.3.4 Pump mechanism

So far, particle acceleration mechanisms associated with transient events in the IP
medium have been discussed. As mentioned in section 1.1.5, velocity distribution
functions of suprathermal particles exhibit power spectra with a common spec-
tral index of -5. This common spectrum is observed mainly during quiet times.
To explain the origin of this common spectrum, Fisk and Gloeckler (2008, 2014)
proposed a particle acceleration mechanism, known as pump mechanism, which
seems to be effective in regions of large-scale compressions and expansions. There
should be a source of particles to be accelerated in the region of interest. The
volume of the region is considered thermally isolated. It is also assumed that par-
ticles are accelerated in the volume only and loss of particles from the volume is
negligible. Figure 1.9 shows a volume in space containing regions of compressions
and expansions and different types of particles with different speeds. The particle
population in the volume primarily consists of three distinct types of particles:
(a) the thermal plasma (like thermal solar wind carrying the mass and provid-
ing background for compressions and expansions), (b) the source particles with
speeds greater than the thermal speed of the bulk plasma and less than an upper
threshold speed (vy,), (¢) the accelerated particles with speeds greater than wy,.
The source particles cannot escape through diffusion even if they undergo ran-
dom compressions and expansions. This is the main difference between the source

particles and the accelerated particles.

Since the volume considered here is thermally isolated, the source particles
will be compressed adiabatically in the compression regions and flow across the
threshold boundary v = vy,. The extension of the compression region in higher
particle speeds indicates the enhancement in number of accelerated particles in

the compression region.

On the other hand, the flow of particle and energy occurs from the accelerated
particles to the source particles. Due to spatial gradients of particle speed, the
accelerated particles will spatially diffuse from the compression regions to the

expansion regions. Consequently, after some time, the compression regions will
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Figure 1.9: A schematic description of the pump mechanism (taken from Fisk and
Gloeckler, 2014).

be expansion regions and vice-versa. The flow of particle and energy between the
source particles and the accelerated particles continue repeatedly. This process
enhances particle energy systematically with time and is called pump mechanism.
Particles from the source population are pumped up in energy by this process
without any external influence. The distribution of the accelerated particles can

be best represented by the standard Parker transport equation

of B
E + 5UVf =

V.éuva_f
3 Ov

+V.(7 V) (1.10)

where f = f(r,n,t), du is the convective velocity of the compressions and expan-

sions, and & is the spatial diffusion tensor.

One important aspect of the pump mechanism is that the spatial distribution
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of compression and expansion regions in the volume is not random. Every com-
pression region is surrounded by expansion regions. This is fundamentally different
from the traditional stochastic acceleration mechanism for which the compression
regions are distributed randomly.

The -5 spectral index of accelerated particles via pump mechanism comes from
some small assumptions. Since the process of particle acceleration inside the
thermally isolated volume is irreversible, the accelerated particles will tend to
reach a state of maximum entropy. The compressions and expansions continue
after attaining a state of maximum entropy. This indicates that the compressions
and expansions are isentropic or adiabatic. The spatial gradient in velocity is
negligible at the regions below the rollover in velocity in Figure 1.9. Therefore,
we can essentially ignore spatial diffusion of particles for those regions. In such a

scenario, the distribution of particles can be described by

of
5 +ouVf—

V.ou of
v =0 (1.11)

The pressure equation for isentropic compression and expansion is

aa—]; +o0u.VP + g(v.éu)P =0 (1.12)

Every compression and expansion, at least in the portions with negligible spatial
gradient, must follow this pressure equation.
Therefore, if the pump mechanism produces a particle spectrum f oc v=¢, the

spectral index a must be 5 to satisfy both the distribution and pressure equations.

1.3.5 Particle acceleration by merging and contraction of

magnetic islands
It has been discussed in section 1.1.3 that magnetic reconnection during solar flares
in the corona accelerate the particles and generate impulsive SEPs. In the super-

sonic solar wind also, magnetic reconnection can energize particles. Many authors

(e.g., Gouveia Dal Pino and Lazarian, 2005; Kowal et al., 2011, 2012) identified

24



1.3. PARTICLE ACCELERATION MECHANISMS

acceleration of particles similar to the first and the second order Fermi accelera-
tion due to magnetic reconnection. Typically, direct current (DC) electric fields
generated in the reconnection current sheets are thought to accelerate particles.
Magnetic islands of different scales are common in magnetospheric plasmas (Greco
et al., 2010). In the IP medium, these islands are located near the heliospheric
current sheet (Khabarova et al., 2015a). Figure 1.10 gives a schematic illustration
of the wavy heliospheric current sheet and magnetic islands of different scales lo-
cated at the ripples of the current sheet. Below we discuss a mechanism (Zank
et al., 2014) of particle acceleration by merging of magnetic islands in a turbulent
plasma. Merging of two neighboring magnetic islands is shown in Figure 1.11.

Particle energization occurs in these sites because of three main reasons.

1. (i) Particles trapped in magnetic islands will gain energy by repeated reflec-
tions from the ends of converging mirrors in the contracting magnetic islands
formed during reconnection (Drake et al., 2006a). This process is similar to
first order Fermi acceleration. On the other hand, oscillating (both con-
tracting and expanding) magnetic islands energize particles via second order

Fermi acceleration

2. Particles are energized via second order Fermi acceleration due to contraction
in the magnetic field length during merging of two magnetic islands (Drake
et al., 2012). The shortening in the length of magnetic field increases the
particle velocity component parallel to the magnetic field. If the particles

are sampled in multiple magnetic islands, they will gain sufficient energy.

3. Particles are energized through interaction with the induced reconnection

electric field (Oka et al., 2010)

Therefore, total acceleration of the particles is a superposition of these three types

of energizations. In this scenario, the force equation can be written as

F=F, +F.+F, +Fg (1.13)

where, F, is the Lorentz force, F. is the force due to contraction in magnetic
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Figure 1.10: Ripples in the heliospheric current sheet and magnetic islands of
different sizes. The Earth (blue solid circle in the left image) is shown to move
in its orbit (blue curve in the left image) through the heliospheric current sheet
(taken from Mingalev et al., 2019).

Figure 1.11: Lines with arrows are the local oppositely polarized magnetic field
lines of two neighboring magnetic islands experiencing reconnection. The recon-
nection site is marked by X and the outflows are shown by thick arrows. The
induced reconnection electric field is directed into the page (taken from Zank
et al., 2014).

islands, F,, is the force due to merging of magnetic islands, and F g represents
the electric force due to reconnection electric field, which is different from the
large-scale or mean electric field.

Now, let us consider some test particles with mean speed ¢y are being injected
steadily in an incompressible super-Alfvénic flow. It is also considered that the

motion of the particles is confined in the x direction only. Half of the test particles
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will be accelerated and the rest will be decelerated to conserve the energy. Due to
the contribution from the induced electric field alone, the distribution function of

the accelerated particles (¢ > ¢y) will be

no

o) = gt

87TC3’VE’

< H(c—cy), forz>0

~(3+U/IVl)/2
2

(1.14)

ne [ ¢\ GHUVED2
8 g|Vil \co H(§+2)V for = < 0
SWCg’VE’ (CO) (£+ ’ E‘-T/K,), or -

where ng is the initial density of test particles; Vg is the velocity of particles due
to induced electric field; k = ¢?7/3, 7 being scattering time scale; U is the velocity
of the super-Alfvénic flow; & = In(c/cp); and H(z) is the Heaviside step function.
The solutions are power laws with spectral index of -(3 + U/|VEg|)/2 ~ —(3 +
Ma)/2, where M, is the Alfvén Mach number. For M4 = 7, the so called ‘univer-
sal” spectral index (5) for quiet time suprathermal particles can be achieved.
If the particles were to accelerated by contraction of a magnetic island alone,

the distribution of particles with ¢ > ¢y would be

n 3Te ¢ \ & Y 1
F,cfeo) = (—)

8rcdU \| 274irr \ co min(c/co)
1 1 Tdiff X x
Z_ H(|l
e K2 6ln(c/co) e Ldiff) Ldiff] x Hlin(c/co))

Here, 747y = r/U? is the diffusive time scale, 7. is the contraction time scale,

(1.15)

Lyiss = w/U is the diffusive length scale. The spectral index in this case is
3% [(7./8Taiss)+1] and depends on the contraction and diffusion time scales. This
mechanism is expected to produce a harder spectrum since the contraction time
scale is very less as compared to the diffusion time scale though the nature of both
of these time scales is not known properly.

Considering effects of both the induced electric field and contraction of mag-
netic island, the acceleration time scale (7,..) can be calculated such that 7,..—1 ~
8V4/(3l) where [ is the characteristic size of the magnetic island. A comparison
of Taee With the adiabatic cooling rate (U/R, R being the solar wind spatial scale

~ 1 AU) in the solar wind yields that acceleration rate is 100 times greater than
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adiabatic cooling. Therefore, merging and contraction of magnetic islands can
essentially generate suprathermal power laws in the IP medium.

In addition to these mechanisms, wave particle interactions (Vocks and Mann,
2003) and transit time damping of magnetohydrodynamic (MHD) waves (Fisk,
1976) are also suggested as potential processes for the acceleration of suprathermal

and energetic particles in the heliosphere.

1.4 Aim and overview of the thesis

As discussed in section 1.2, origins and energization mechanisms of suprather-
mal particles are not understood properly. These particles are present in the IP
medium in a consistent manner and enhance during transient events (like ICMEs,
SIR/CIRs, and solar flares).

It is difficult to find a fixed energy (velocity) value that distinguishes the
suprathermal particles from the solar wind particles in the low-energy limit of
suprathermal particles. Similarly, high-energy suprathermal particles and SEPs
are inseparable in the high-energy limit. For the sake of uniformity, in this thesis,
particles with energies ~ 0.05 < E < 1.0 MeV n~! are considered as suprathermal
particles. This thesis aims to investigate the origin, energization, and modulation
of suprathermal particles in the solar wind. In order to do so, at first, behaviors of
quiet time suprathermal particles in the IP medium is investigated. Then, ener-
gization of suprathermal particles during SIR events is studied. Subsequently, an
effort to understand the characteristics of upstream suprathermal particles from
the terrestrial bow shock is made. Last but not the least, the impact of low en-
ergy SEPs (< 2 MeV) associated with ICMEs on the terrestrial magnetospheric
energetic particle environment has been evaluated. The subsequent chapters of
this thesis are as follows.

Chapter 2 discusses some useful parameters and concepts related to the physics
of suprathermal particles . This chapter also includes the measurement techniques
of suprathermal and energetic particles, instruments, data sources, and catalogues

of different events used in the subsequent chapters.

28



1.4. AIM AND OVERVIEW OF THE THESIS

In Chapter 3, behaviors of different suprathermal species (H, “He, 3He, C, O,
and Fe) are investigated during solar cycles 23 and 24 by using the L1 point ob-
servations. These particles are shown to follow solar cycles with certain lags with
respect to the sunspot number. Variations in spectral indices of these elements
during quiet times over the two solar cycles are also discussed in this chapter.
Deviation from the “universal” spectral index of suprathermal particles is seen.
Modulation of suprathermal particles in the IP medium is observed to be depen-
dent on first ionization potential and mass-to charge ratio of different elements.

Energization of suprathermal particles at 1 AU during 20 shock-less SIR events
is investigated in Chapter 4. Spectral indices of *He, O, and Fe are found to vary
in a wide range. In a special SIR event, the three species exhibit almost identical
spectral indices. This particular event is investigated in detail. The role of merging
and contraction of magnetic islands in accelerating suprathermal particles with
identical spectral indices is observationally shown in this chapter.

Modulation of upstream suprathermal H, *He, and CNO during the course of
their propagation from the Earth’s bow shock towards the Sun is investigated in
Chapter 5 by using simultaneous measurements of solar wind (towards the terres-
trial bow shock) and upstream (sunward) suprathermal particles. A systematic
hardening of upstream ions is observed with increasing mass-to-charge ratio of
these elements.

Chapter 6 presents the first observations by the suprathermal and energetic
particle instrument on board the Aditya L1 spacecraft during its earth-bound
orbits. Contrasting impacts of SEPs associated with a “stealthy” and a typical
ICME on the magnetospheric energetic particle environment is discussed in this
chapter.

In Chapter 7, the key findings discussed in chapter 3—6 are summarized. This
chapter also includes some potential science problems that will be taken up in near

future.
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Chapter 2

Instruments, Datasets, Techniques

In-situ measurements of particle fluxes and other solar wind parameters (like bulk
solar wind speed, magnetic field, density, pressure etc.) from various space-based
instruments have been utilized extensively in this thesis. The salient details of the
relevant instruments and corresponding measurement techniques are presented
in this chapter. In-situ data from the Advanced Composition Explorer (ACE;
Stone et al., 1998¢c), Wind (https://wind.nasa.gov/), Solar Terrestrial Relations
Observatory Ahead, Behind (STEREO-A, B; Kaiser et al., 2008), and the newly
launched Aditya-L1 (Seetha and Megala, 2017) mission of India are utilized in this
thesis. There are multiple instruments on board these spacecraft. For the sake
of brevity, a list of all the instruments present in each of the above-mentioned
satellites is provided. Only the measurement techniques of instruments which
measure the energetic particles, solar wind particles (top hat analyzer), and IMF

(fluxgate magnetometer) are discussed briefly.

2.1 Some useful parameters and concepts

Before detailing the instruments, it is necessary to introduce a few useful pa-
rameters that will be used in the upcoming chapters. A few standard statistical

concepts that are used in the thesis are also discussed.
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CHAPTER 2. INSTRUMENTS, DATASETS, TECHNIQUES

2.1.1 Parameters related to suprathermal particles

1. Phase space density (f): This is defined as the number of particles per
unit phase space volume (a multidimensional volume defined by components
of coordinate and velocity). In the context of suprathermal particles, phase
space density and the velocity distribution function are used interchangeably:.
The velocity distribution functions are, in general, the key parameter for the
theoretical explanations of the acceleration and transport of suprathermal
particles. It is expressed in terms of particles cm™%s3 (Gloeckler et al., 1995b;

Wiiest et al., 2007; Knoll, 2010).

2. Differential directional flux (j): This is defined as the number of particles
per unit time per unit area per unit solid angle per unit energy. Differen-
tial directional flux is, in general, measured over a range of energies and

directions. Usually, it is expressed in units of particles s~ tem2sr—1MeV L.

In general, f and j are connected by the following relation under the assump-

tion of quasi-isotropic particle distribution (Gloeckler et al., 1995b)

j~ [ (2.1)

where p is the momentum of the particles.

3. Fluence: This is the differential directional flux integrated over time. It is
expressed in units of particles cm™2sr~!MeV ! (Wiiest et al., 2007; Knoll,

2010).

As mentioned in chapter 1, suprathermal particles exhibit power law spectra.
Power law is observed in the f vs v spectra (phase space density description)
as well as in the j vs E spectra (differential directional flux description),
where v and E are particle’s speed and kinetic energy respectively. Since f

and j are connected by Eq. 2.1, the power law indices in both the approaches

32



2.1. SOME USEFUL PARAMETERS AND CONCEPTS

are also related. If

fr~v® (2.2a)

j~E? (2.2b)

where a and b are the spectral indices in the f vs. v and j vs. E descriptions,

respectively then,

(2.3)

Following Eq. (2.3), it can be seen that a spectral index of 5 in phase space
density description is equivalent to a spectral index of 1.5 in differential directional
flux description. Spectral index in the j vs E description is considered throughout

the thesis.

2.1.2 Statistical concepts

The spectral indices of suprathermal particles are estimated by plotting the differ-
ential directional fluxes with respect to the energies of these particles subsequently,
by estimating the slopes of the linear fits. Therefore, the accuracy of the estimated
spectral indices are dependent on the goodness of the fits even if one does not con-
sider the measurement errors. These errors are statistical in nature and two types

of statistical errors in the spectral indices are estimated in the thesis.

1. Margin of error (MoE): Margin of error (MoE) of an estimated spectral
index gives a measure of the maximum difference between the true pop-
ulation spectral index and the estimated spectral index (e.g., Tanur, 2011;
Ramachandran and Tsokos, 2021). Basically, MoE creates an interval around
the estimated spectral index, which is called the confidence interval. In fact,
MokE is defined as the half width of the confidence interval. A higher con-
fidence leads to a wider confidence interval and consequently, greater value

of MoE. MoE depends on variabilities in the data points, number of data
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points used for the fit, and a confidence level (typically 90%, 95%, 99% etc.).
MoEs corresponding to 95% confidence level are used as estimation of errors

in the spectral indices of suprathermal particles in chapter 3 and chapter 4.

2. Standard error (SE): Standard error (SE) of an estimated spectral index
is a measure of the variability of the estimated spectral index around the
true population spectral index (e.g., McHugh, 2008). If the spectral index is
calculated repeatedly several times, then the variability that arises from this
repetition can be captured by SE. SE is not associated with any confidence

level.

In fact, MoE can be written in terms of SE as

MoE = SE x t (2.4)

where, t value is associated with the Student’s ¢ distribution and depends on the
confidence level and degrees of freedom (n = N — K, N and K being the number
of data points and number of parameters to be calculated, respectively). This ¢
value is taken from the ¢ table, which is a standard practice. For most of the
cases, MoE > SE, because t > 1. Sometimes, the higher value of MoE may lead to
misinterpretation of the estimated spectral index. Therefore, SE is used for cases
when there is no need to calculate the MoE. In fact, in chapter 5 and chapter 6,

SE is given preference for the measure of errors in the estimated spectral indices.

2.2 Instruments

Data from a number of space-based instruments have been utilized in this thesis.
In this section, brief overviews of different spacecraft and the instruments on board

these spacecraft are given.
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2.2.1 Advanced Composition Explorer (ACE)

The National Aeronautics and Space Administration (NASA) launched this science
exploration mission on August 25, 1997 and injected the spacecraft into a Lissajous
orbit around the first Sun-Earth Lagrange (L1) point. An overview of the ACE
spacecraft can be found in Stone et al. (1998c). The ACE is a spin-stabilized (5
rpm) satellite with spin axis towards the Sun. Below is the list of instruments on

board this spacecraft

1. Cosmic Ray Isotope Spectrometer (CRIS, Stone et al., 1998a)
2. Solar Isotope Spectrometer (SIS, Stone et al., 1998b)
3. Ultra Low Energy Isotope Spectrometer (ULEIS, Mason et al., 1998)

4. Solar Energetic Particle Ionic Charge Analyzer (SEPICA, Mdobius et al.,
1998)

5. Electron, Proton & Alpha Monitor (EPAM, Gold et al., 1998)
6. Solar Wind Ion Mass Spectrometer (SWIMS, Gloeckler et al., 1998)
7. Solar Wind Ion Composition Spectrometer (SWICS, Gloeckler et al., 1998)

8. Solar Wind Electron, Proton & Alpha Monitor (SWEPAM, McComas et al.,
1998)

9. Magnetometer (Smith et al., 1998)

10. Real-Time Solar Wind monitors (RTSW, Zwickl et al., 1998)

2.2.2 Wind

The Wind satellite (https://wind.nasa.gov/) was launched on November 1, 1994
by NASA with an intention to study solar wind and magnetospheric radio waves
and plasma. Initially, it revolved around the Earth to study the magnetosphere

and lunar environment. The spacecraft was injected into a Lissajous Orbit around
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the L1 point in May 2004. It was later inserted into a halo orbit in 2020. This is
also a spin-stabilized satellite with spin axis almost normal to the ecliptic plane.

The instruments on board the Wind spacecraft are listed below
1. Magnetic Field Investigation (MFI, Lepping et al., 1995)
2. Solar Wind Experiment (SWE, Ogilvie et al., 1995)

3. Three-Dimensional Plasma and Energetic Particle Investigation (3DP, Lin

et al., 1995)

4. Solar Wind and Suprathermal Ion Composition Experiment (SMS, Gloeckler
et al., 1995a)

5. The Energetic Particles: Acceleration, Composition, and Transport (EPACT,
Von Rosenvinge et al., 1995)

6. Transient Gamma-Ray Spectrometer (TGRS, Owens et al., 1995)
7. Radio and Plasma Wave Investigation (WAVES, Bougeret et al., 1995)

8. KONUS (Aptekar et al., 1995)

2.2.3 Solar-Terrestrial Relations Observatory (STEREO)

A pair of identical STEREO (Kaiser et al., 2008) satellites was launched on Oc-
tober 26, 2006 by NASA to study the structure and evolution of solar transients.
One of the satellites was placed ahead of the Earth and other one behind it.
STEREO-A takes 347 days to complete one revolution of the Sun and revolution
period of STEREO-B is around 387 days. While STEREO-A is still operational,
STEREO-B lost contact with the ground segment on October 1, 2014. Each of

these satellites carries the following instruments

1. Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI,
Howard et al., 2008)
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2. In-situ Measurements of Particles and CME Transients (IMPACT, Luhmann
et al., 2008)

3. PLAsama and SupraThermal Ion Compostion (PLASTIC, Galvin et al.,
2008)

4. STEREO/WAVES (Bougeret et al., 2008)

2.2.4 Geostationary Operational Environmental Satellites

(GOES)-16, 18

Goes-16 and GOES-18 are among the GOES-R series satellites operated by NASA
and the National Oceanic and Atmospheric Administration (NOAA). These satel-
lites are used as weather satellites. GOES-16 was launched on November 19, 2016
and is a replacement of GOES-13 satellite. GOES-18 was launched on March 1,
2022. It replaced GOES-17 on January 4, 2023. The details of these satellites can
be found at https://www.ngdc.noaa.gov/stp/satellite/goes-r.html. The following
instruments are there on board both the GOES satellites

1. Extreme Ultraviolet and X-ray sensors (EXIS, Machol et al., 2020)
2. Magnetometer (MAG)

3. Space Environment In Situ Suite (SEISS)

4. Solar Ultraviolet Imager (SUVI)

5. Advanced Baseline Imager (ABI)

6. Geostationary Lightning mapper (GLM)

The details of these instruments can be found at https://www.goes-r.gov/downloads/

resources/documents/ GOES-RSeriesDataBook.pdf.
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2.2.5 Aditya-L1

The first Indian dedicated solar observatory, Aditya-L1 (“Aditya” in Sanskrit
means “the Sun”) was launched on September 2, 2023. It was inserted into a
halo orbit around the L1 point on January 6, 2024. It is a three-axis stabilized
satellite. There are 4 remote sensing and 3 in-situ payloads on board the Aditya-L1

(e.g. Seetha and Megala, 2017). These are
1. Visible Emission Line Coronagraph (VELC, e.g., Prasad et al., 2017)
2. Solar Ultraviolet Imaging Telescope (SUIT, eg., Ghosh et al., 2016)

3. Solar Low Energy X-ray Spectrometer (SOLEXS, Sankarasubramanian et al.,
2011)

4. High Energy L1 Orbiting X-ray Spectrometer (HEL10S, Sankarasubrama-
nian et al., 2017)

5. Aditya Solar wind Particle EXperiment (ASPEX, Janardhan et al., 2017;
Goyal et al., 2018)

6. Plasma Analyzer Package for Aditya (PAPA, e.g., Janardhan et al., 2017)

7. Magnetometer (MAG, Yadav et al., 2018)

In this thesis, differential directional fluxes of different ion species correspond-
ing to energies < 2 MeV (suprathermal and low energy SEPs) of various instru-
ments have been utilized. Some instruments are capable of differentiating between
different elements (species) and some provide species integrated ion fluxes. Table
2.1 summarizes these instruments and the spacecraft that carry those instruments,
field of views (FOVs), energy ranges, measurement techniques, typical thickness
of detectors, and the nature of stabilization of the spacecraft.

Here
LEMS120/EPAM: Low Energy Magnetic Telescope, which makes 120° angle
with the spin axis of the ACE, of EPAM suite (Gold et al., 1998)

SIT/SEP /IMPACT: Suprathermal Ion Telescope (Mason et al., 2008a) of the
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Spacecraft Instrument FOV Energy Technique Thickness of detector Platform

ACE ULEIS 24° x 20° | 0.045-8.2 MeV/n | TOF + residual E 500 pm Spin stabilized
LEMS120/EPAM 51° (Cone) 0.047-4.8 MeV Total E 200 pm

STEREO-A, B | SIT/SEP/IMPACT 44° x 17° | 0.068 — 8.1 MeV/n | TOF + residual E 500 pm 3-axis stabilized
SEPT/SEP/IMPACT | 52° (Cone) 0.06-7 MeV Total E 300 pm

Wind STEP/EPACT 44° x 17° | 0.04 - 8.1 MeV/n | TOF + residual E 500 pm Spin stabilized

Aditya-L1 PS/STEPS/ASPEX | 30° (Cone) | 0.02 - 10.0 MeV Total E 300 pm 3-axis stabilized
NP/STEPS/ASPEX | 28° (Cone) | 0.02 - 10.0 MeV Total E 300 pm

GOES-16, 18 MPSH/SEISS 30 ° (Cone) 0.05 — 12 MeV Total E 3-axis stabilized

Table 2.1: List of instruments from which suprathermal particle fluxes are obtained
and the necessary specifications.

Solar Energetic Particle (SEP) suite for IMPACT (Luhmann et al., 2008)
SEPT/SEP/IMPACT: Solar Electron and Proton Telescope (Muller Mellin et
al., 2008) of the Solar Energetic Particle (SEP) suite for IMPACT (Luhmann et al.,
2008)

STEP /EPACT: Suprathermal Energetic Particle instrument of EPACT (Von Rosenvinge
et al., 1995)

STEPS/ASPEX: SupraThermal and Energetic Particle Spectrometer, a subsys-
tem of ASPEX payload (Goyal et al., 2018). Parker Spiral (PS) and north pointing
(NP) units are the two sensors of the STEPS subsystems looking towards Parker
Spiral, and the ecliptic North respectively.

MPSH /SEISS: Magnetospheric Particle Sensor High energy of SEISS on board
GOES-16, 18 (available at https://www.goes-r.gov/downloads/resources/documents/
GOES-RSeriesDataBook.pdf)

In Table 2.1, the names of the instruments are mentioned in the form of abbre-
viations and those are expanded below for the sake of completeness. The relevant
references are also provided. Based on Table 2.1, it is noted that there are two
types of particle detection techniques employed in the above instruments—Total
energy measurement (Total E) and the time of flight plus residual energy mea-
surement (TOF + residual E). In addition to the fluxes of suprathermal particles,
some other in-situ data such as solar wind speed, proton density, pressure, compo-
nents of interplanetary magnetic field (IMF) etc. and geomagnetic index, Sym-H
are also used in the thesis. The technique for measuring solar wind parameters

is different from the above-mentioned techniques to measure energetic particles.
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Magnteometers also use different principle of measuring IMF. Brief descriptions
of measurement techniques used in PLASTIC (solar wind bulk parameters) and

MAG (magnetic field) onboard STEREO spacecraft are also given below.

2.3 Measurement techniques

2.3.1 Total energy measurement in a solid-state detector

When traversing through a solid-state detector (e.g., silicon), energetic charge
particles lose energy generally by interactions with nuclei and electrons of the
solid-state medium. The amount of energy lost by the charged particle per unit

path length through the medium is called the linear stopping power of the medium

(—dE

7). Classically, linear stopping power can be expressed by the Bethe formula,

which reads as follows.

dE  4metz?
—_ = NB 2.
dx mov? (2:5)
where
2mov? v? v?

and ze= charge of the particle, mo=particle’s mass, v= particle’s speed, N=
number density of medium atoms, Z= proton number of medium atom, and [ is
the average excitation and ionization potential of the medium atoms. From FEjq.
2.5 and 2.6, it can be seen that the stopping power of the medium is inversely
proportional to the square of the velocity of the charged particle. This means that
particles with greater speeds (and with same charged states) will spend less amount
of time within a unit length of the medium and will get less time to interact with
the atoms of the medium, resulting in less energy deposition within the medium.
In addition, it can be further seen that for two particles with same speed, the one

with higher charge state will lose more energy. In the thin absorber (solid-state

40



2.3. MEASUREMENT TECHNIQUES

1025 — — — T

[EEN

o
-
I

[EEN

o
o
I

Transmitted energy
10 E

Deposited energy (MeV)

[EEN
S
N

10_3 Ll sl Ll L
1072 101 10° 10t 102
Proton incident energy (MeV)

Figure 2.1: Deposited (black) and transmitted (red) energies vs initial energy of
protons through a Si detector with thickness of 300 pm.

medium) limit, the energy deposited by a charge particle can be approximated by

35 (1) -

where d is the thickness of the absorber and (%) is the linear stopping power
inside the absorber. Therefore, any energetic charge particle will continuously
lose energy during its course through a solid medium and eventually lose its entire
energy. The path length inside the medium up to which a charge particle with a
particular energy travels before it loses all of its energy is called the range of the
particle through that medium. For two same type of particles with equal charge,
the range through a medium will be greater for the particle with greater energy.
If the thickness of an absorber is less than the range of a charge particle with
particular energy and charge state, a fraction of the particle’s initial energy will

be deposited inside the absorber. The particle then will penetrate the absorber

41



CHAPTER 2. INSTRUMENTS, DATASETS, TECHNIQUES

thickness travel with the remaining energy.

Figure 2.1 shows that a proton with energies up to 6 MeV will completely
deposit their energies in a 300 pm silicon detector. If the proton’s incident energy
is > 6 MeV, a part of the incident energy will be deposited in silicon and the rest
will be carried away by the proton. LEMS120/EPAM, SEPT, STEPS/ASPEX,
and MPSH use this technique to detect ions. The thickness of the solid-state
detectors of these instruments are mentioned in Table 2.1. A single solid-state
detector cannot distinguish between different ion species. One way to separate
ions with different masses is the measurement of time-of-flight plus the residual

energy of charged particles.

2.3.2 Time-of-flight and residual energy measurement tech-

nique

In order to understand this technique, the schematic diagram of SIT instrument
(Figure 2.2) is shown. In this configuration, any charged particle has to travel
thorough a thin metal foil (here nickel foil is used), which is generally kept at
a certain distance (L) above the solid-state detector (Si). Secondary electrons
generated from the metal foil due to interaction with the charged particle are
collected and the time is recorded. This defines the ‘start’ of the event (particle
detection). A fraction of the particle’s energy is lost in this step. When the particle
with residual energy (E,.s) reaches the solid-state detector, again some secondary
electrons are produced. These electrons are collected. This defines the ‘stop’ of
the event. The energy of the particle is measured by the solid-state detector. The
time of flight (7) of the particle from the metal foil to the solid-state detector is
calculated from ‘start’ and ‘stop’ time stamps. The speed of the particle during
the course of its journey from the thin metal foil to the solid-state detector is
calculated as

(2.8)

RSy
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Figure 2.2: Schematic diagram of the cross section of SIT instrument on board
STEREO spacecraft. This figure is taken from Mason et al. (2008a).

By using the detected energy E = %va, mass of the particle can be determined
and is given by

m = 2F (%) (2.9)

Once the mass is known, the energy of the particle is corrected for the energy loss
in the thin foil. ULEIS, SIT, and STEP use this technique to measure both the
energy and mass of different species of the suprathermal and energetic particle

populations.
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2.3.3 Top hat analyzer (THA): PLASTIC

PLASTIC measures solar wind parameters and elemental composition of low en-
ergy heliospheric particles (~ 0.3-80 keV per electronic charge, keV/e) in the
ecliptic plane. The Solar Wind Sector (SWS) of PLASTIC has a FOV of 45° in
the ecliptic plane and 40° FOV in the polar plane. There are two channels in
SWS instrument: small channel and main channel. The small channel measures
the velocity distribution functions of solar wind protons and alpha particles. The
final data product of this channel are proton number density, solar wind bulk
speed, thermal speed, and alpha to proton ratio. On the other hand, the main
channel measures the ionic charge state distribution, compositions of elements,
and speeds (both bulk and thermal speeds) of more abundant minor species in
the solar wind (e.g., C, O, Mg, Si, and Fe). Another sub-system of PLASTIC
is the Suprathermal Ions Wide-Angle Partition Sector (WAP), which measures
suprathermal ion distribution in the solar wind in the energy range 0.3-80 keV /e.
A schematic diagram of PLASTIC instrument is shown in Figure 2.3. It can be
seen from Figure 2.3 that energy of incoming particles is selected using a top hat
analyzer (energy-per-charge) placed at the top of the unit. Then the selected ions
are accelerated and forced to pass through a time-of-flight arrangement. The an-
gle information is extracted using a resistive anode (4 quadrants Q1, Q2, Q3, and

Q4). Mass-to-charge ratio of incident ions can be calculated as
M/Q =2x (E/Q+ |PAC|) x a x (1/d)* (2.10)

where E/Q is the energy-per-charge, PAC is the post-acceleration voltage, 7 is
the time of flight, d is the length of the flight path, and «(E, M) is the mass and

energy dependent energy loss in the carbon foil.

The mass of the ions can be determined as
M =2 x Eyq/B x (7/d)? (2.11)

where G(E, M) is a function of the pulse height defect in silicon detector. « and
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Figure 2.3: Schematic cross section of the PLASTIC instrument on board

STEREO spacecraft (taken from Galvin et al., 2008).

[ are determined based on pre-flight calibrations and simulations.

2.3.4 'Tri-axial fluxgate magnetometer: MAG

The magnetometer (MAG) of IMPACT/STEREO is a tri-axial fluxgate magne-

tometer that can measure magnetic field vector in two ranges up to 65536 n'T and

up to 500 nT with 0.1 nT accuracy. A fluxgate magnetometer works on the princi-

ple of magnetic induction (Ness, 1970) and is more sensitive in case of fluctuating

magnetic field. In order to understand the basic working principle of a fluxgate

magnetometer, Figure 2.4 is shown. The magnetic hysteresis of a magnetically

saturable transformer, which serves as a sensing element, play a crucial role in the

operation of a flux-gate magnetometer. In this case, the second harmonics of the

input can provide direct information about the external magnetic field. The non-

linear B — H curve is considered a combination of linear segments. A triangular
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Figure 2.4: Schematic description of working principle of a fluxgate magnetometer
(taken from Ness, 1970).

wave with a frequency of 1/7 and an amplitude of Hp is applied to the primary
coil. The core material within the primary coil saturates when the magnetic field
strength, H, reaches + H¢ (as shown in Figure 2.4) and the magnetic induction
B reaches + Bg. Although a sinusoidal wave is typically used, a simple triangular
wave is depicted here for clarity, without compromising the operational principle
(Ness, 1970). It is assumed that the +AH is the bias introduced by the external
magnetic field (here the solar wind magnetic field). The resulting magnetic field,
Bp, is shown in Figure 2.4. The induced output signal of the sensing coil depends
on the aB . When the flux varies, an output will be observed, but there will be no
output when the flux is restricted to positive or negative saturation levels. Figure
2.4 illustrates a consistent pattern of alternating positive and negative pulses. The
width of these pulses is denoted as o', and the interval between successive pulses
is BT or (1 — B)T. The alternating saturation of the core in opposite directions
generates the 'gated flux,” which is detected by the secondary coil. Fourier analysis

of the output waveform results in the formulas displayed in Figure 2.4. It is noted
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that « is independent of AH, while 5 depends on AH/Hp. In the absence of
any external field (AH = 0), the even harmonics of the square bracketed term in
the expression of V; becomes zero. These are non-zero in the presence of external
magnetic field. The amplitudes of the second harmonics are used to calculate the

ambient magnetic field. The details of the technique can be found in Ness (1970).

2.4 Data sources

Suprathermal and energetic particle fluxes, sunspot numbers, solar wind parame-
ters, solar images, positions of different spacecraft are obtained from the following

sites

1. https://cdaweb.gsfc.nasa.gov/index.html: Particle fluxes and solar wind pa-

rameters data
2. https://omniweb.gsfc.nasa.gov /form/dx1.html: Solar wind parameters
3. https://www.sidc.be/SILSO /datafiles: Sunspot number data
4. http://www.ipshocks.fi/database: IP shock database
5. https://www.ngdc.noaa.gov/stp/satellite/goes /dataaccess.html: GOES data
6. https://www.ngdc.noaa.gov/stp/satellite/goes-r.html: GOES-R series data

7. https://solar-mach.streamlit.app/?embedded=true: Instantaneous position

of satellites
8. https://cdaw.gsfc.nasa.gov/: CME properties

9. https://helioviewer.org/: Solar activity images and movies

2.5 Catalogues

In thesis, catalogues of various transient events like IP shocks, ICMEs, SIR, stealth
CMEs are used. The URLs for these sites are provided below.
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1. http://www.ssg.sr.unh.edu/mag/ace/ACElists/obs _list.html#1998: ACE list

of disturbances and turbulences:

2. https://stereo-ssc.nascom.nasa.gov/data/ins_data/impact/level3/: STEREO

SIR catalogue

3. https://izwl.caltech.edu/ACE/ASC/DATA /level3/icmetable2.htm+#(c): Richard-
son and Cane ICME catalogue

4. https://doi.org/10.1007/s11214-021-00857-0: List of ICMEs associated with
“stealth" CMEs

2.6 Data used in different thesis chapters

2.6.1 Chapter 3

1. Differential directional fluxes of H, “He, 3He, C, O, and Fe are obtained from

ULEIS instrument on board ACE (during 1998-2020)

2. Sunspot number data

2.6.2 Chapter 4

1. Differential directional fluxes of “He, O, and Fe are obtained from SIT instru-
ment of SEP suite, a part of IMPACT investigation on- board STEREO-A,
B. (during 2007-2014)

2. Solar wind parameters obtained from PLASTIC on board STEREO-A
3. Components of IMF from the Magnetometer on board STEREO-A

4. Solar images in the extreme ultra-violet (19.5 nm) captured by Extreme
Ultra-Violet Imager of the Sun Earth Connection Coronal and Heliospheric
Investigation (SECCHI)

5. List of SIRs observed by STEREO-A, B
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2.6. DATA USED IN DIFFERENT THESIS CHAPTERS

2.6.3 Chapter 5

1. Differential directional fluxes of H, “He, and CNO obtained from the STEP
instrument of EPACT investigation on board the Wind spacecraft (during
2012-2014)

2. Components of IMF from OmniWeb

2.6.4 Chapter 6

1. Differential directional fluxes of ions obtained from STEPS/ASPEX on board
the Aditya-L1 (during September 11-19, 2023)

2. Differential directional fluxes of ions obtained from LEMS120/EPAM on
board ACE

3. Differential directional fluxes of ions obtained from SEPT of SEP suite, a
part of IMPACT investigation on board on board STEREO-A

4. Differential directional fluxes of protons observed by MPSH /SEISS on board
GOES-16, 18
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Chapter 3

Characteristics of “quiet”
suprathermal particles in the
interplanetary medium

Excerpt

The origin and acceleration processes of background “quiet” suprathermal parti-
cles in the heliosphere are outstanding science issues where a number of ideas have
been floated over the years but the field has still remained wide open as no single
process seems to explain all the characteristic observational features. In this chap-
ter, the behaviors of “quiet” time suprathermal particles (H and heavy ions like
“He, 3He, C, O, and Fe) are investigated using < 1 MeV per nucleon (MeV n~!) ion
flux data from the Ultra-Low Energy Isotope Spectrometer on board the Advanced
Composition Explorer over solar cycle 23 and 24. In order to address this problem,
a set of criteria is defined first for the identification of “quiet” time. Subsequently,
cross correlation investigation of the variation of suprathermal fluxes with the vari-
ations in the sunspot numbers is performed to understand the influences of solar
processes on the generation of suprathermal particles in the interplanetary (IP)
medium. This investigation reveals that maximum cross-correlation coefficient is
obtained when the quiet-time suprathermal *He shows positive lags in solar cycle
23 and negative lags in cycle 24. Interestingly, Fe shows no negative lag in solar
cycle 24. Lags of other elements are found to be inconsistent and mostly around

zero. The differential behavior of “He and Fe is also visible in their spectral in-
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dices calculated over different phases of solar cycles. This contrast is particularly
prominent during the descending phase of solar cycle 24. On the contrary, varia-
tions in spectral indices for C and O are found to be similar over all the phases
of the solar cycles. These observations suggest a modulation of quiet-time sur-
pathermal particles in the IP medium depending on the first ionization potential

and mass-to-charge ratio of different ion species.

3.1 Introduction

Suprathermal particles with energies in the range ~ 0.01-1.0 MeV n~! are ubiqui-
tous in the heliosphere. Although not so energetic in terms of damaging space
assets, these particles play crucial role in providing the seeds for solar ener-
getic particles (SEPs) accelerated by IP shocks associated with coronal mass
ejections (CMEs) (e.g., Gosling et al., 1981; Desai et al., 2003, 2004 etc.) and
stream/corotating interaction regions (SIR/CIRs) (Fisk and Lee, 1980; Chotoo
et al., 2000; Giacalone et al., 2002; Ebert et al., 2012 etc.). The concerned ac-
celeration mechanisms like diffusive shock acceleration (DSA) (Krymskii, 1977;
Bell, 1978 etc.) and acceleration by gradual compression regions (e.g., Giacalone
et al., 2002) are discussed in Chapter 1. One of the most important observations
regarding suprathermal ion populations is their presence in the IP medium irre-
spective of local solar wind conditions at any point of solar cycle. These ions are
observed even in the absence of any transient events like shocks or SIR/CIRs.
These “quiet” time particles are believed to constitute the suprathermal ion pool
in the IP medium. The sources of the suprathermal ion pool are manifold (Mason,
2000) and are already discussed in Chapter 1.

Earlier observations suggest that the differential directional flux (phase space
density, PSD ) of suprathermal particles varies as a power of energy (velocity)
(Gloeckler, 2003; Fisk and Gloeckler, 2006, 2007 etc.). This power spectrum is
essentially the higher energy part of a generalized Mawellian distribution, called
the Kappa distribution (Pierrard and Lazar, 2010; Lazar et al., 2012). On some

occasions, the “quiet” time spectral index is observed to be -5 (Fisk and Gloeckler,
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2006) in the phase space density vs velocity representation, which is equivalent to
-1.5 in the differential flux vs energy approach. Multiple theories have been pro-
posed to explain the generation of the -5 spectral index of suprathermal particles.
For example, Fisk and Gloeckler (2007, 2008, 2014) proposed the pump mecha-
nism, according to which, particles are accelerated during quiet times by large-
scale compressions and rarefactions in the solar wind. However, there are many
studies that have reported suprathermal spectral indices deviating from spectral
index of -5 (-1.5) (Gloeckler, 2003; Mason and Gloeckler, 2012; Dayeh et al., 2017
etc.). Many researchers (Dayeh et al., 2009, 2017) have reported double power law

spectra in the energy range of 0.11-1.28 MeV n~!.

These observations indicate
towards the difficulty in characterizing the acceleration mechanism of quiet time

suprathermal ions in terms of a single process.

There are variations in the composition of quiet time suprathermal particles
also. Kecskemety et al. (2011) investigated the possible sources of low-energy
suprathermal ions with the help of composition analysis using ACE, Wind, and
SOHO data. They checked abundance ratios of Fe/O, Fe/CNO, Ne-S/O, and
C/0O during 1998-2011, which encompasses the minimum of solar cycle 23 (SC23).
It was found that Fe/O ratio during 50% of the quiet periods, excluding the mini-
mum of SC23, corresponds to the mean coronal Fe/O ratio. It resembles the solar
flare abundance during the rest 50% of the quiet periods. Interestingly, Fe/O ratio
during the SC23 minimum was reported to be similar to that found in solar wind.
Owing to the difference in the Fe/O ratios during quiet time intervals, these au-
thors suggested different seed populations that are accelerated at different phases
of the solar cycle. Solar cycle variations of C/O, Fe/O, and *He/*He at 1 AU have
been studied during SC23 and SC24 by Dayeh et al. (2017). These authors have
found clear solar cycle dependence of these abundance ratios. They have reported
correlation coefficients of -0.62, 0.89, and 0.90 between annual mean sunspot num-
ber (SSN) and C/O, Fe/O, and *He/*He, respectively. Fe/O ratio resembles that
of gradual solar energetic particles (GSEPs) during solar maxima and that of solar

winds during minimum of solar cycle. It has been concluded by Dayeh et al. (2017)
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that particles accelerated by shocks and remnant flare particles possibly have the
major contribution in the suprathermal population at 1 AU during enhanced solar
activity. On the other hand, SIR/CIRs and heated solar wind contributes to the
suprathermal ions during minima of solar activity. Interesting, C/O ratio neither
matches with GSEPs not with the solar wind values. In addition, these authors
have found a spectral rollover in the C-Fe spectra in the energy range of 0.11-
1.28 MeV n~!. The low energy (0.11-0.32 MeV n~') spectral indices lie in the
range 1.40-2.97 in the differential flux vs energy representation. The spectra are
observed to steepen in higher energy range (0.46-1.28 MeV n~!). No correlation
was found between the spectral indices of heavy ions and the SSN. Looking at the
wide variations in spectral indices and composition ratios these authors suggested
that quiet time suprathermal particles are transported from regions far away from
the observation location. These particles are then accelerated locally by different

processes as discussed in Chapter 1.

Regardless the exact nature of the seed population and the process(s), it is ex-
pected that charged suprathermal population will be modulated while they wander
in the IP medium in the presence of interplanetary magnetic field (IMF). During
the course of modulation, these particles should exhibit systematic time delay with
solar activity proxies (for example, SSN). Time delay (lag) analysis with respect to
the SSN has already been attempted for SIR/CIR-associated suprathermal parti-
cles (Mason et al., 2012; Allen et al., 2019). However, for quiet time suprathermal
particles, this has not been attempted and can be done to gain new insights on the
generation of the suprathermal population in the IP medium. Also, the nature of
IP modulation for different elements is not known. Therefore, a detailed compar-
ison of lags (associated with cross-correlation) between quiet time suprathermal
particles and SSN and spectral indices may give us new insights on the sources
and propagation of these ions through the IP medium. In this chapter, these is-
sues are addressed using particle flux measurement from the L1 point during SC23
and SC24. The results reveal interesting differences in the behaviors of different

suprathermal elements in SC23 and SC24.
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3.2 Data used

Differential directional fluxes of H, ‘He, 3He, C, O, and Fe (with energies 0.1-1.0
MeV n~!) obtained from ULEIS on board ACE spacecraft and sunspot number
data during 1998-2020 have been extensively analyzed in this study. The details

of measurement techniques used in ULEIS has already been discussed in Chapter

2.

3.3 Identification scheme for the “quiet” periods

It is observed that suprathermal ion fluxes are enhanced on many occasions by
many orders of magnitude above the background level. These increments may be
associated with SIR/CIRs, CME-associated shocks etc. Enhancements in fluxes
are also different for different elements. An example is shown in Figure 3.1 (a)
and (c) where temporal variations of H and *He fluxes, respectively, at different
energy channels during June 2-August 3, 2007 are shown. The interval bounded
by the red and blue dashed vertical lines corresponds to flux enhancement due to
a CIR event as reported by Allen et al. (2019). It is not intended to identify the
other enhancements seen in Figure 3.1 (a) and (c) and these are called non-CIR
transient events. Therefore, in order to identify a “quiet” background, it is essential
to remove the intervals associated with the transient enhancements in the observed
flux. Choosing a flux cut-off and subsequently removing fluxes above that cut-off
value is one way to do that (Kecskemety et al., 2011). However, in that case,
the transient flux enhancement events in which the enhancements are below the
defined cut-off will get mixed up with the quiet period. Therefore, in this work,
the transient events are removed entirely from start to end by visual inspection to
minimize the contribution of any transient event to the “quiet” time data. Further,
this is done for the six elements (i.e., H, 3He, *He, C, O, and Fe) independently
as the durations of the “quiet” times are not identical for every element. Figure
3.1 (b) and (d) show variations of the quiet time H, and *He fluxes corresponding

to Figure 3.1 (a) and (c), respectively.  Figure 3.2 shows the complete sets of
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Figure 3.1: Identification of “quiet” time intervals in the variation of suprathermal
fluxes . Panel (a) shows the original H fluxes at three energy channelsas observed
by ACE/ULEIS during June 2 — August 3, 2007. Mean values of the energy
channels are mentioned at the top of each panel. Enhancement in H fluxes due to
a CIR event (reported in Allen et al., 2019) is marked between red-blue vertical
dashed lines . Other enhancements in H fluxes are termed as non-CIR transient
events. The corresponding quiet fluxes are plotted in panel (b). Original and
quiet “He flux variations at nine energy channels are shown in panel (c) and (d),
respectively.

original and quiet background fluxes of the six elements considered during the
whole data interval. Note, quiet has been kept within quotes so far to highlight
that the selection of “quiet” period can be subjective to some extent. However,
to keep the subsequent description simple, the quotes will be dropped around the
word quiet from this point onwards. The original variations of H fluxes at different
energy channels are shown in panels (a) and (b) represents the corresponding quiet
time variations. Similarly, panels (c) and (d) show the original and quiet fluxes,
respectively, for “He. Original and quiet 3He fluxes are plotted in panels (e) and
(f), respectively. Panels (g), (i), and (k) show the original flux variations of Fe,
C, and O, respectively. The corresponding quiet backgrounds are shown in panels
(h), (j), and (1). The above exercise automatically brings out the cut-off /threshold

values for fluxes of different elements. For example, it comes out that 0.24 MeV

26



3.3. IDENTIFICATION SCHEME FOR THE “QUIET” PERIODS

« 0.12 MeVin
- 0.24 MeVin - 0.24 MeVin
+ 0.48 MeVin - 0.48 MeVin
« 0.96 MeVin -+ 0.77 MeVin
1.09 MeVin
€ 0.1 MeVi
= T e © 0.14 MeVin
D - 0.4 MeVin RS
= ¢ 02MeVin -
L« 027 MeVin * 048 MeVin
g 039 MeVin * 0.96 MeVin
o 0.55 MeVin
£ v 077 Mevin
S - 1.09 MeVin
A
>
=
=
c
G
= . 042MeVin + 0.13 MeVin
. 0.24 MeVin * 0.24 MeVin
. 0.48 MeVin . 0.48 MeVin
0.96 MeVin * 0.96 MeVin

, 1
2010 2015 2020 2000 2005 2010 2015 2020
Time

bt s
2000 2005

Figure 3.2: Plots for original and “quiet” fluxes for the six elements during the
1998 — 2020. The original flux variations of H, *He, 3He, Fe, C, and O are shown
respectively in panel (a), (c), (e), (g), (i), and (k). The corresponding “quiet”
fluxes in the similar order are plotted in panel (b), (d), (f), (h), (j), and (1). The
mean energies for each of the elements are also mentioned at the left and right of
the Figure.

proton flux has a upper threshold value of around 10 particles/(cm2-sr-s-MeV)
during the quiet times. Despite all these, it is still possible that some minor
contributions from transient events are still present in the quiet time dataset. To
address this issue, a rigorous sensitivity analysis is performed by choosing different
cut-off /threshold values for fluxes of different elements at different energy channels.
This aspect is discussed later in this chapter. In the subsequent section, a detailed
correlation analysis between the particle fluxes at different energy channels and
the SSN data is performed after obtaining the quiet time fluxes for the six elements

under consideration.
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3.4 Results

3.4.1 Cross-correlation analysis (SSN vs. Flux) and sensi-

tivity analysis for the choice of lags

In order to find correlations between the quiet time suprathermal ion flux and
SSN, SC23 and SC24 are treated separately. In both the solar cycles, the flux and
SSN data are subjected to moving average in which the averaging windows from
240 days to 400 days with an increment of 10 days. This is done to test that the
results coming out of the present analyses are invariant regardless of the choice of
the size of averaging window. The averaging window is also kept sufficiently more
than 180 days so that the variation of the heliospheric current sheet (e.g. Kasper
et al., 2007) with respect to the spacecraft does not affect the correlation analysis.
Figure 3.3 shows the variations of 240 days averaged ion fluxes at different energy
channels along with 240 days averaged SSN data. For better visuals, *He, *He, C,
O, and Fe fluxes are multiplied by some factors mentioned in the header of each
column of Figure 3.3 (a) and (b). These plots show good correlations between the

ion fluxes and the SSN.

For each averaging window mentioned above, maximum correlation coefficient
and corresponding lag between averaged ion flux at each energy channel and SSN
are calculated. To check the significance of these correlation coefficients, first
the lags are applied to the time series data. Then, the Pearson’s correlation
coefficients and corresponding p values (defined as the probability of acceptance
of null hypothesis that these correlations are occurring by chance) are calculated
between the lagged fluxes and SSN. This method is illustrated in Figure 3.4. 370
days averaged 0.55 MeV n~! “He flux and SSN data during SC23 and SC24 are
shown in panel (a) of Figure 3.4. The flux data are then shifted in the right side
or the left side of SSN to maximize the correlation coefficients. Panels (b) and (c)
show the results obtained after this analysis scheme is applied. As can be seen from
panel (b), maximum cross correlation (marked by red vertical line) occurs in SC23

when the flux data is shifted leftward. On the other hand, the flux data has to
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Figure 3.3: Variations in 240 days’ averaged fluxes and SSN are shown for each
suprathermal element and different energy channels. Figure (a) shows the varia-
tions for H, *He and 3He fluxes and Figure (b) shows the variations of C, O, and Fe
fluxes. Individual suprathermal elements are mentioned at the top of each panel.
Except for H, all other flux values are multiplied by constant factors mentioned at
the top of each panel. Different energy channels are marked by different colors.
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Figure 3.4: Illustration of method for calculating lag and Pearson’s correlation
coefficients between averaged ion flux and SSN. Panel (a) presents variations of 370
days’ averaged 0.55 MeV n~! 4He flux and SSN data in SC23 and SC24 separately.
Variations of cross-correlation coefficients between flux and SSN with respect to
the lags in SC23 and SC24 are shown in panels (b) and (c), respectively. The
maximum cross-correlations in both the solar cycles are marked by red vertical
dashed lines. The lags between *He flux and SSN are defined as the value in the
abscissa where the red lines intersect. The lag values are then adjusted in the
“He flux variations to make the *He fluxes and SSN in phase. The scatter plots
in panels (d) and (e) represent variations of the adjusted *He fluxes in SC23 and
SC24, respectively, with respect to the SSN. The Pearson’s correlation coefficients
and p values between these two quantities are also mentioned.

shift rightward in SC24 to maximize the cross-correlation coefficients. Therefore,
a positive lag value indicates that the flux variation lags the SSN variation. A
negative lag value refers to the situation when increase in flux has started earlier
than increase in SSN variation. Once the nature of the lags are known, the flux
data are adjusted for these lags in both the cases and the Pearson’s correlation

coefficients as well as corresponding p values are calculated and shown in panels
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(d) and (e) of Figure 3.4. In both SC23 and SC24, the Pearson’s correlation
coefficients are > 0.8 and p values (probability of acceptance of the null hypothesis
that these correlations do not occur by chance) are < 0.5. This indicates strong
correlations between flux data and SSN data with the presence of noticeable lags.

The complete variations of Pearson’s correlation coefficients between ion fluxes
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Figure 3.5: Variations of Pearson’s correlation coefficients between lag-adjusted
quiet time suprathermal ion fluxes at different energy channels and SSN with
respect to the averaging windows. The Pearson’s correlation coefficients are cal-
culated for both SC23 and SC24. Panels (a), (c), (e), (g), (i), and (k) depict the
fluctuations in correlation coefficients for H, *He, 3He, Fe, C, and O, respectively,
throughout SC23. Conversely, panels (b), (d), (f), (h), (j), and (1) illustrate the
corresponding variations during SC24. The energy channels of concerned elements
are mentioned in the left and right side of the figure.

and SSN in SC23 and SC24 are plotted with respect to averaging windows in
Figure 3.5. The Pearson’s correlation coefficients between lagged flux and SSN
data are seen not to vary significantly with the averaging window. The p values in
most of the cases are found to be < 0.05. Variations of lags corresponding to each
point in Figure 3.5 are shown in Figure 3.6. This figure reveals some interesting

features. It can be seen from Figure 3.6 (a) that H does not lag the SSN for all

61



CHAPTER 3. QUIET TIME SUPRATHERMAL PARTICLES

T
0.24 MeV/in 100 4 900 -S€23 s Fe | : 0.12 MeV/n
® 0.48 MeV/n 01»..000-..00-..000600 eo0o0o0o0 0 ....." 0.24 MeV/n
® 0.96 MeV/n -100 |- SC23 @ H | 300 T 0.48 MeV/n
1 1 1 1 1 1 408 poede l(g) 1 1 ! 1 1 ® 0.77 MeV/In
T T T T T T T T T T T T T T
400 e 0 e 1.09 MeV/n
|l eoeo o0 4 4
208» ° EEREEEEX R ) 200%
-200 [ g 04 ;
-400 - sc24 (b) coo | sc24 (h) |
———————
800 F R
oAMevin E0E 0T g0 “He ] 10# _‘ ® 0.14 MeVin
® 0.14 MeV/n 42188': co00® eoococee ¢ - 1 ® 0.24 MeVin
—~@® 0.2 MeV/n 0000000000000 ooses . ® 0.48 MeV/n
[ SC23 100 SC23 (i) C
%’ 0.27 MeV/n 1 I | 1 (¢ 1 ! 1 200 ! 1 | 1 1 1 1 0.96 MeV/n
E 0.39 MeV/n 200 - T scI24 T T d T T T | T T T T T T T I
oe® 055MeV/n 0¢ @ oooooo(o)ooo o0 (U ° h
©
- © 0.77MeVin-2006 o o o & o -200 )
e 109MeVin-400F , | S°°®eeeceesigp  SC4 O o
T T T T T T T T T T T T T T
0.12 MeV/n + _I e 0.13 MeV/n
100 1 100
® 0.24 MeVin 0006060606000 00000009 0 ° oo o4 ®024MeVin
® 0.48MeVin o0l sc23 e - 100}_ sc23 ®) o 1 ® 0.48 MeVin
® 0.96 MeV/n I 1 | L(e) I 1 I 1 | 1 1 1 1 0.96 MeV/n
200 T T T T T T T T T T T T T
0000606060000 000000F9 Sc24 U
2006 0 0 00 0 o o . ° °
° 0
400 SC24 o9 -0 0 0 ) PP .
1 1 1 I(f) 1 1 1 -20 +- 1 1 1 1 1 1 1 -I

240 260 280 300 320 340 360 380 400 240 260 280 300 320 340 360 380 4
Averaging window (days)

o

0

Figure 3.6: Variations of the lags between the quiet-time averaged ion fluxes at
different energy channels and SSN with respect to the averaging windows. Panels
(a), (c), (e), (2), (i), and (k) illustrate the variations of the lags for H, *He, *He, Fe,
C, and O, respectively, during SC23. Panels (b), (d), (f), (h), (j), and (1) depict
the same during SC24. Energy channels corresponding to H, *He, and *He are
written on the left side of the left column of the figure. The same corresponding
to Fe, C, and O are mentioned on the right of the right column of the figure.

the energy channels in SC23 while in SC24 (Figure 3.6 (b)), inconsistent lag in
H fluxes can be seen. At this point, it must be noted that the differently colored
legends for different energy channels are overlapped in the figure making it difficult
to identify each color distinctly. This happens for all the subplots. From panel
(c), it is clear that *He fluxes show zero or positive lags in SC23. On the other
hand, there are zero and negative lags (panel (d)) with respect to the SSN in SC24.
This indicates that He lags are of opposite natures in SC23 and SC24. Panel (e)
and (f) of Figure 3.6 bring out that there is no time delay in the variations of
3He fluxes with respect to the SSN variations, while only 0.96 MeV n~! *He flux
shows negative lags on some occasions. It can be seen from panel (g) of Figure

3.6 that Fe fluxes show zero and positive lags with respect to SSN in SC23. In
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SC24, only zero lags are observed for Fe fluxes. The behavior of Fe fluxes in SC24
is completely opposite to that of *He fluxes in SC24. Panel (h) and (i) show that
C fluxes exhibit zero lag with respect to SSN in both the solar cycles. Almost
similar variation is observed for O fluxes as well, which is depicted in panel (k)
and (1).

To validate the values of Pearson’s correlation coefficients and lags, rigorous
sensitivity analysis is performed by choosing 4 sets of cut-offs in the ion fluxes.
The above-described method is repeated for these 4 sets of flux thresholds. Figure
3.7 shows the variations of Pearson’s correlation coefficients and lags for the six
elements corresponding to the 4 cut-offs in ion fluxes. Figure 3.7 (a)-(f) present
the variations in Pearson’s correlation coefficients between H, *He, 3He, C, O, and
Fe fluxes and SSN with respect to the variations in the averaging window for (1)
no-cut-off as far as the background flux level is concerned and (2) four different
cut-off levels in the background flux levels. It can be seen that the Pearson’s
correlation coefficients are, in general, consistent and independent of the levels
of cut-offs chosen. Therefore, this exercise reveals that as long as the cut-off
levels are below certain flux level, the correlation coefficients do not get affected
significantly with the averaging window chosen. Figure 3.8 (a)-(f) reveals the lags
are also nearly independent of the averaging window as long as the cut-off levels
are below certain flux level. This exercise validates our method for obtaining quiet

background flux levels.

3.4.2 Variations in spectral indices of different elements at

different phases of solar cycles

Since Correlation coefficients between SSN and Suprathermal fluxes indicate so-
lar connection and lags indicate IP modulation of these particles, the previous
sections indicate that, on many occasions, the IP modulations of the suprather-
mal particles occur for a large duration which sometimes extends to 100s of days.
In this section, the spectral slopes of suprathermal elements are explored during

quiet times at various phases of the two solar cycles to investigate the changes
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in the acceleration/energization processes of these populations. In order to check
spectral index variations of different suprathermal elements the two solar cycles
are divided into 7 phases with 2 years of duration in each phase. These phases
are (1) maximum of SC23 (from November 11, 1999 to November 11, 2001), (2)
descending phase of SC23 (from July 15, 2003 to July 15, 2005), (3) minimum
of SC23-24 (from July 05, 2007 to July 05, 2009), (4) ascending phase of SC24
(from September 24, 2009 to September 24, 2011), (5) maximum of SC24 (from
April 20, 2012 to April 20, 2014), (6) descending phase of SC24 (from July 8, 2015
to July 8, 2017), and (7) minimum of SC24-25 (from August 31, 2018 to August
31, 2020). The solar cycle phases are shown in Figure 3.9. Average of quiet back-
ground fluxes are taken over these phases and calculate the spectral indices for

all the six elements. The spectral indices are denoted by m;’s (where i=1,2, 3, 4,

Averaging window (days)

(d) same as 3.7a but for C
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Figure 3.7

5, 6, and 7) starting from the maximum of SC23 and ending at the minimum of

SC24-25. The spectra of the six elements for seven phases are shown in Figure

3.10. The margin of errors (MoEs) are shown as estimates of uncertainties in

calculating the spectral indices. Actually, MoE sets a lower and upper bound on

the estimated spectral index corresponding to a specified confidence level. The

value of MoE depends on the data sample size, variability in the data, and the

confidence level. The more one wants confidence on estimated parameters like,

spectral index, the wider becomes the confidence interval and consequently, the

greater the MoE. One of the methods to calculate MoE in estimated parameters

is Bootstrapping (Tibshirani and Efron, 1993).

In order to synthesize the results obtained from Figure 3.10, Figure 3.11 is
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(d) same as 3.8c but for C

created. Panel (a) of Figure 3.11 shows the variations of H spectral indices with

different phases of solar cycles. It is found that the spectral index of H varies

between 1.51 (mg) and 2.2 (m7). The maximum spectral index is seen during

the minimum of SC24-25. The MoEs corresponding to the H spectral indices are

large possibly because of less number (3) of energy channels to fit the spectra.

Solar cycle variations of *He spectral indices are shown in Figure 3.11 (b). The

spectral indices vary in the range 2.35 (m;) — 2.64 (my7). Panel (c) presents a

comparison between spectral indices of C and O. It can be seen that spectral

indices of these two elements vary almost hand in hand for all the phases of solar
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cycles with spectral indices for O being consistently greater than those for C .
The differences between the spectral indices of O and C appear to be maximum
during the minimum of SC23-24. Figure 3.11 (d) shows a comparison of *He and
Fe spectral indices. The spectral indices (from m; — ms) vary almost similarly
up to the maximum of SC24 with spectral indices for *He having relatively higher
values than Fe. However, the scenario changes from the descending phase of SC24
when 4He spectral index (mg) becomes less than Fe spectral index. This time “He
spectral index reaches a minimum value among all the seven values corresponding
to seven phases of solar cycles. During the minimum of SC24-25, spectral index
(m7) of *He becomes higher than m; of Fe. Interestingly, spectral indices of Fe do

not show any significant change. Note, mean values are taken as reference while

Averaging window (days)

(f) same as 3.8c but for Fe

Figure 3.8
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Figure 3.9: Temporal variation of 30 days averaged SSN data in SC23 and SC24.
Seven phases of solar cycles, each with durations of 2 years, are shown by shaded
intervals of different colors. m;’s (i=0, 1, 2, 3, 4, 5, 6, and 7) denote the spectral
indices (see Figure 3.10) of ions during these phases of solar cycles

concluding the increase and decrease of spectral indices and variation > 0.5 are

considered significant.

3.5 Discussions and conclusions

Previous studies (e.g., Dayeh et al., 2009; Kecskemety et al., 2011; Dayeh et al.,
2017) have reported variations in suprathermal heavy ion ratios (C/O, Fe/O, and
3He/*He) during "quiet" periods with respect to solar activity. These ratios are
noted to have SEP-like values during solar maximum and a SIR/CIR/solar wind-
like values during solar minimum. This suggests that SEP and CIR events are
important contributors to the suprathermal ion pool in the IP medium during solar
maximum and minimum, respectively. This investigation not only confirms the
dependence on solar activity, as indicated by significant correlation coefficients,
but also highlights time delays between solar activity proxies (e.g., SSN) and
quiet time suprathermal fluxes suggesting IP modulations of these particles. This

also suggests that the so-called quiet time suprathermal population in the IP
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Figure 3.10: Differential directional flux vs energy spectra for (a) H, (b) “He,
(c) *He, (d) C, (e) O, and (f) Fe during the seven phases of solar cycles shown in
Figure 3.8. The spectral indices (mi’s) and corresponding margin of errors (MoEs)
with 95% of confidence level for H, *He, and *He are mentioned in the left of panel
(a), (b), and (c), respectively. The same for C, O, and Fe are written in the right
of panels (d), (e), and (f), respectively.

medium may consist of residual particles from previous solar and IP transient
events. Hence, the quiet time population of suprathermal particles may not truly

be quiet, even after the contemporaneous transient events are accounted for.

It is observed that different elements exhibit both positive and negative lags of
240-800 days (the lower limit comes from the lower limit of the averaging window)
with respect to SSN in SC23 and SC24. These time scales are much larger than any
solar transient solar phenomenon such as the passages of ICME (a few days) and
SIR (a few months), solar rotation (Carrington rotation of ~ 27 days), solar wind
expansion time scale (~ 2-3 days) etc. (e.g., Verscharen et al., 2019). Even, the
lags are larger than the first ionization potential (FIP) modulation time, which is a
few days (Laming, 2015). Zhang and Lee (2013) compared time scales of stochastic
particle acceleration, adiabatic cooling, and shock acceleration at 1 AU. These

authors found that the shock acceleration time scale for particle energy below 60
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Figure 3.11: Solar cycle variations of spectral indices of (a) H, (b) *He, (c) C (red)
and O (black), and (d) *He (red) and Fe (black). These spectral indices (values
are mentioned in Figure 3.10) are calculated at the seven phases of solar cycles as
illustrated in Figure 3.9. The error bars are the margin of errors.

MeV is < 10 days. Acceleration time scales for particle with much lower energies
are further smaller. Although suprathermal particles with energies < 1 MeV n™!
are being discussed in this chapter, the maximum total energy is ~ 56 MeV (for
Fe with energy ~ 1 MeV n™'). This essentially means that the shock acceleration
time scale for the highest-energy particle also is negligible when compared to

the lags observed. However, the time scale of stochastic acceleration by small-
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scale magnetohydrodynamic waves for particles with total energy <~ 5 MeV is
comparable to that of lags. This energy corresponds to 5 MeV n~! for H, 1.25 MeV
n~! for “He, 0.42 MeV n~! for C, 0.31 MeV n~ ! for O, and 0.1 MeV n~! for Fe. As
mentioned in Section 3.4.1, all these smaller time scales are averaged out due to
the choice of long-term averaging windows (i.e., 240-400 days). This choice also
mitigates the effect of heliospheric current sheet modulation time scales, which is

around 6 months (Kasper et al., 2007).

This investigation reveals, for the first time, the presence of negative lags be-
tween suprathermal *He fluxes and the sunspot number (SSN) in SC24. This im-
plies that suprathermal “He flux levels began to increase in the IP medium before
the SSN started to rise during SC24. This points towards source processes that
are predominant during the solar minimum phase. Given that SIR/CIRs are the
primary source of energetic particles in the IP medium during solar minima, the
negative lags of suprathermal *He during SC23-24 likely indicate the generation of
these suprathermal particles from CIR events in the IP medium. The deep mini-
mum of SC23-24 provides an optimal background condition for this phenomenon.
This argument is supported by the negative lags observed in the 0.96 MeV n~!
3He flux in SC24. It is established that impulsive flare events contribute to the
energetic 3He population in the IP medium (e.g., Mason et al., 2002). Therefore,
a negative lag in the *He fluxes may also suggest the involvement of remnant flare
particles that were accelerated by CIR events during the minimum of SC23-24 and

contributed to the background suprathermal ion pool.

Mason et al. (2012) utilized ACE/ULEIS data spanning from 1998 to 2011 and
observed that the lag between CIR event-averaged suprathermal Fe/O ratios and
SSN was initially present in SC23, but this lag diminished and became more syn-
chronized in SC24. These findings were further corroborated and expanded upon
by Allen et al. (2019), who utilized ACE/ULEIS data from both SC23 and SC24
(1998-2018) and identified similar trends in CIR-averaged suprathermal Fe/O ra-
tios (specifically in the energy range of 0.32-0.45 n™1). Interestingly, our current

results focusing on quiet time suprathermal populations exhibit consistency with
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the observations made by both Mason et al. (2012) and Allen et al. (2019) regard-
ing the differences in lag times of suprathermal Fe between the two solar cycles.
This consistency suggests that past CIR events may contribute significantly to the

quiet time suprathermal particle population at present.

Significant shifts in the spectral index of *He are observed in the descending
phase of SC24. During the declining phase of SC24, the mean spectral index (mg)
of He reaches its minimum value at 1.72. In the subsequent phase, the index (my
= 2.50) attains its peak value, surpassing all other phases. This alteration is more
pronounced than any of the MoEs for “He. On the other hand, the spectral indices
of Fe exhibit a smoother variation and attain their maximum during the minimum
of SC24-25. These fluctuations in the spectral indices of *He and Fe indicate dis-
parities in the production and/or processing of these two suprathermal elements
in the IP medium. As noted earlier, different lags of these two elements were ob-
served in SC23 and SC24. Hence, it is evident that there are significant differences
in SC24 when the generation and processing of suprathermal *He and Fe are con-
cerned. Actually, SC24 holds particular significance in several aspects. Notably, it
stands out as the weakest solar cycle in the last century and follows an extended
minimum period. An unusual polar field reversal in the Sun was also reported by
Janardhan et al. (2018). Therefore, it appears that changes in the Sun makes *He
and Fe to behave differently in SC24. This proposition does not get support from
the fact that C and O exhibit similar lags and spectral indices in both the solar
cycles. This discrepancy prompts a consideration of the selective processing of
suprathermal particles within the IP medium. The acceleration of the suprather-
mal population in this medium has been proposed to hinge on factors such as the
mass-to-charge ratio (m/q) (e.g., Drake et al., 2009; Zhao et al., 2017; Reames,
2018b) and FIP effects (e.g., Feldman and Widing, 2002). Given the noticeable
differences in m/q and FIP between He and Fe, it is possible that the processing
of these elements in the IP medium was influenced during SC24. This hypothesis
gains support from the observation that carbon (C) and oxygen (O) share closer

FIP and m/q values, resulting in no discernible differential changes in the lags
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and spectral indices between SC23 and SC24. Thus, the present study suggests a
dependence on FIP and m/q for the generation of suprathermal populations in the
IP medium. In the context of SC24’s distinctiveness, several additional findings
are pertinent. Mewaldt et al. (2015) revealed a marked reduction in the fluence
of SEPs during the initial phase of SC24, attributed to two factors: a diminished
IMF in the IP medium and a depletion in the seed population (suprathermal par-
ticles). It is expected that a reduced IMF can affect the acceleration of particle
adversely, leading to less population in the SEP energy domain (e.g., Gopalswamy
et al., 2014; Mewaldt et al., 2015; Allen et al., 2019). Also, the maximum energy
attained by particles which are accelerated by interaction with the Alfvén waves at
the shock fronts will be limited by the lower densities of the seed population (e.g.,
Li and Lee, 2015. Interstellar pick-up ions may also be responsible for changes in

spectral indices in the IP medium.

At this juncture, it’s crucial to consider the relative significance of acceleration
and deceleration processes in the alterations observed in suprathermal *He dur-
ing the minimum of SC24-25. As mentioned earlier, the typical time scale of the
stochastic acceleration mechanism differs from energy to energy (Zhang and Lee,
2013). The second-order Fermi acceleration is prevalent in the interstellar medium
(Fermi, 1949). The time scale of Fermi acceleration is limited by the frequency of
collisions between charged particles and magnetized clouds, which is of the order
of a year. On the other hand, the time scale for the first-order Fermi acceleration
mechanism (or diffusive shock acceleration) varies between 0.001 and 500 days
for energies ranging from 0.01 to 10000 MeV (Zhang and Lee, 2013). Particle
acceleration by gradual compression region has an almost similar time scale as
shock acceleration. This acceleration process is applicable during the passage of
SIR/CIRs in the absence of a forward and reverse shock pair (Giacalone et al.,
2002). The pump mechanism works where there are large-scale compressions and
expansions. The heliosheath, the interstellar medium, shocked solar wind down-
stream of interplanetary shocks etc. are some of the places suitable for particles

acceleration by pump mechanism. The details about this mechanism (e.g., Fisk
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and Gloeckler, 2006, 2007, 2008, 2014) is discussed in section 1.3.4 of the thesis.
According to Fisk and Gloeckler (2014), particle acceleration in this process is pos-
sible only when the particles do not escape the compression and expansion regions
by spatial diffusion. The time scale of pump acceleration can vary from hours to
days (Fisk and Gloeckler, 2014). Particle acceleration by merging and contraction
possibly occurs near the heliospheric current sheet, where the probability of the
formation of small-scale magnetic islands is more (e.g., Zank et al., 2014). Since
the underlined mechanism is magnetic reconnection, the particle acceleration time

scale in this case should be less than an hour.

Dayeh et al. (2017) deliberated on the origins of suprathermal tails, suggesting
they arise from either continuous acceleration of seed populations in the IP medium
(e.g., Fisk and Gloeckler, 2006, 2008, 2014; Zank et al., 2014 etc.) or deceleration
of energetic particles stemming from solar and IP events (e.g., Fisk and Lee, 1980;
Giacalone et al., 2002 etc.). In the works of Fisk and Gloeckler (2006, 2008, 2014),
these authors introduced pump acceleration mechanism, which is operational in
regions containing large-scale compressions and expansions and readily available
seed particles (e.g., downstream region of a shock). Previous research has indicated
that the lower-energy segment of SIR/CIR-associated suprathermal populations
is predominantly influenced by local acceleration processes (e.g., Schwadron et al.,
1996; Giacalone et al., 2002; Ebert et al., 2012; Filwett et al., 2017, 2019; Allen
et al., 2019, 2020, 2021), whereas the higher-energy segment is affected by shock
acceleration occurring at a distance (e.g., Ebert et al., 2012; Filwett et al., 2019).
Thus, the significance of acceleration, whether local or shock-induced, cannot be
overstated in the observed changes reported in the present study. Schwadron et al.
(2010) proposed that a combination of stochastic processes, represented by dis-
tribution functions such as exponential and Gaussian functions, could lead to the
emergence of a power-law distribution function with an exponent of -5 (f oc v79)
(or -1.5 in terms of differential intensity with respect to energy). This proposition
suggests that variable acceleration and heating processes may be operative in the

[P medium for the generation of suprathermal particles. Antecki et al. (2013)
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further explored stochastic acceleration under a pressure balance condition, where
the timescale of acceleration is balanced with the timescale of adiabatic cooling
in the solar wind, as an effective mechanism for producing a -1.5 spectral index.
Conversely, the potential role of deceleration processes in the observed changes in
suprathermal *He particles during the minimum of SC24-25 cannot be ruled out.
This is because particles accelerated at distant shock fronts can be redirected back
into the inner heliosphere, leading to increased scattering and magnetic cooling
processes. Such phenomena may induce variations in intensity and spectral in-
dex (e.g., Fisk and Lee, 1980; Mason et al., 1999; Zhao et al., 2016; Allen et al.,
2021). Importantly, particles accelerated during previous transient events, while
traversing the IP medium, undergo adiabatic expansion of the solar wind, result-
ing in their deceleration. As a result, energetic particles undergo a deceleration
process and become part of the suprathermal pool. According to Fisk and Lee
(1980), this type of particle is expected to exhibit a rollover below approximately
0.5 MeV n~! in the spectra. However, no such rollover is observed by Mason et al.
(1997), and similarly, our present investigation does not reveal such a feature.
Nonetheless, while it is challenging to ascertain, the potential impact of decelera-
tion processes on the changes in the spectral slope of *He during SC24-25 cannot
be dismissed. It appears plausible, therefore, to argue that variable contributions
from both acceleration and deceleration processes or distribution functions may
lead to variations in spectral indices with changing solar activity levels. These
processes might have undergone changes during the minimum of SC24-25, con-
tributing to changes in spectral indices, particularly concerning heavier ions like
Fe and “*He. These aspects warrant further scrutiny in future studies, and the com-
prehensive suprathermal particle measurements from India’s upcoming Aditya-L1
mission (Janardhan et al., 2017; Goyal et al., 2018; Tripathi et al., 2022) may shed

significant light on some of these unresolved issues.

3.6 Key findings

The key findings of the present chapter can be summarized as follows.
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. Fluxes of quiet-time suprathermal particles vary with solar cycles.

. “He and Fe lag the SSN in SC23 and SC24 differently. There are positive
and zero lags in both *He and Fe fluxes in SC23. Negative lags are observed

in *He fluxes in SC24, while no negative lag is there in case of Fe fluxes in

SC24.
. H, C, and O do not lag the SSN

. The differential behavior of “He and Fe is also visible in their spectral indices
in different phases of solar cycles, specifically after the maximum of SC24.

Spectral indices of C and O vary similarly in both the solar cycles.

. There appears to be a FIP and m/q dependence of the modulation of
quiet-time suprathermal particles . While FIP dependence suggests mod-
ulation closer to the Sun, the m/q dependence indicates IP processing of the

suprathermal ion pool.
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Chapter 4

Suprathermal particles associated
with stream interaction regions

Excerpt

Enhancements in suprathermal particles are often observed at 1 AU during the pas-
sage of stream interaction regions (SIRs). The forward and reverse shocks formed
respectively at the leading and trailing edge of a SIR are thought to accelerate
these particles. In the absence of these shock pairs, the compressed interaction
regions may also energize particles. The nature and relative roles of the shock
pairs and the compression region associated with SIR in accelerating particles are
poorly understood as of date. In this work, in order to address some of these is-
sues, suprathermal fluxes of “He O, and Fe associated with twenty shock-less SIR
events observed by Solar Terrestrial Relations Observatory-Ahead (STEREO-A)
have been analyzed. It is found that the fluxes of heavy elements like O and Fe get
enhanced during certain events and do not get enhanced in certain other events.
The reason for these selective enhancements could not be ascertained. Moreover,
spectral indices of *He, O, and Fe are observed to vary in ranges of 1.55-4.08,
1.49-4.56, and 1.46-4.04, respectively. The cause behind the large variations in
the spectral indices of these three elements with different mass-to-charge ratio
(m/q) is attributed to difference in seed populations or/and stochastic nature of
acceleration mechanisms. Interestingly, while variation in spectral indices is found

in most of the cases, “He, O, and Fe are seen to exhibit nearly identical spectral
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indices (close to 1.5) during one particular SIR event. Based on circumstantial
evidences, it is argued that the background conditions (like turbulence in the in-
terplanetary (IP) medium due to solar flare, strength of interplanetary magnetic
field, IMF, solar wind speed etc.) favored the generation of small-scale magnetic
islands (SMIs) near the spacecraft, which accelerated these particles regardless of

their m/q.

4.1 Introduction

Association of suprathermal particles with stream/corotating interaction regions
(SIR/CIRs) has been known for the past few decades. The first observation of re-
current enhancements in the ~ 1.0 MeV per nucleon (MeV n~') H and “He fluxes
at 1 AU was reported by Bryant et al. (1965). It is confirmed by Pioneer 10 and
11 measurements that these particles are accelerated in the IP space between 3-5
AU (Desai et al., 1998). It is believed that the forward and reverse shocks formed
respectively at the leading and trailing edge of a SIR accelerate these particles
(Barnes and Simpson, 1976; Sanderson et al., 1994) at heliocentric distances > 2
AU. According to Fisk and Lee (1980), particles are accelerated at these shocks
by being compressed between upstream and downstream magnetic irregularities.
These particles experience adiabatic deceleration while steaming into the inner he-
liosphere. According to this model, an exponential rollover in the spectra of these
particles below ~ 500 keV is expected at 1 AU. However, SIR associated particle
spectra show power law till about 0.1 MeV n=! (Mason et al., 1997, 2008b; Chotoo
et al., 2000). This raises a concern regarding the true nature of the acceleration
mechanism(s) of SIR-associated particles at 1 AU.

As discussed in Chapter 1, a typical SIR has four sectors: S, S’, F’, and F.
Chotoo et al. (2000) showed that the peak intensities of 0.01-0.5 MeV n~! HT,
He' and He™™ ions occur in the compressed fast wind (F’ in Figure 1.7.) region.
However, as per these authors, this is not the case for MeV n~! ions. Peak intensi-
ties in MeV n! ions are generally observed in the rarefied fast wind (F in Figure

1.7.) region of SIRs. Enhancements in suprathermal (0.25-0.8 MeV n™!) pick-up
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ion abundances (He'/Het") at 1 AU was also reported (Kucharek et al., 2003;
Ebert et al., 2012). Ebert et al. (2012) also investigated 73 CIR events and found
that ~ 0.1 - 0.8 MeV n~! He peak intensities are well correlated to the magnetic
compression ratios (ratio between the downstream and upstream magnetic field)
irrespective of the presence and absence of shocks. These authors suggested local
acceleration of suprathermal particles near the spacecraft at 1 AU. An acceler-
ation mechanism was suggested by Giacalone et al. (2002) in which low energy
particles gain energy in regions of gradual compression. This mechanism is similar
to that of acceleration by quasi-parallel shocks and can explain the acceleration of
protons up to ~ 10 MeV when the mean free path of particles is larger than the
width of the compression region. These authors also suggested that the accelera-
tion efficiency inversely depends on the width of the compression region. However,
Bucik et al. (2009) did not find any correlation between peak He intensities and
the width of the compression regions in shock-less SIRs. Bucik et al. (2011) found
that the frequency of occurrence of strong CIR-associated particle events at 1 AU
increases with the increase in tilt angle of the heliospheric current sheet (HCS).
Therefore, it is clear from the above discussion that no unanimously agreed mech-
anism could be identified that could fully explain the acceleration mechanism(s)

for SIR/CIR-accelerated particles at 1 AU.

One way to get an idea of the acceleration mechanism is to investigate the
characteristics of different heavy ions with varying m/q. It has been observed
that 0.1-1.0 MeV n~! *He ions exhibit a wide range (1.3-5) of spectral indices
(Mason et al., 2008b; Allen et al., 2021). Correlation between spectral indices
of CIR-associated 0.16-0.91 MeV n~! “He and O was reported by Mason et al.
(2008b). These authors did not find any similarity between Fe spectral indices in
the same energy and “He or O spectral indices. This shows that the acceleration
mechanism treats different ion species differently or may be, ions with different
m/q are modulated in the IP medium depending on their m/q. This proposition
seems to be valid because m/g-dependent modulation of quiet-time suprathermal

particles in solar cycle time scale has been suggested by Dalal et al. (2022). This
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indicates that although different particles are accelerated locally by SIR, by the
time they reach any spacecraft, they are modulated and the information of the
source mechanism probably gets modulated as well .

In this work, the behaviors of suprathermal (~ 0.1-1.0 MeV n™!) *He, O,
and Fe associated with 20 shock-less SIR events at 1 AU observed by the Solar
Terrestrial Relations Observatory Ahead (STEREO-A) have been investigated.
The spectral indices of these elements are observed to vary significantly similar to
quiet time (Dalal et al., 2022). The possible physical processes responsible for such
wide variation in spectral indices of these elements associated with SIR events are
discussed. Interestingly, in a particular SIR event, the spectral indices of “*He, O,
and Fe are found to be almost identical and close to 1.5. This event is investigated
in detail. The outcomes of this investigation leads to the conclusion that this
noticeable similarity in spectral indices of these three elements is possibly due to
their acceleration by merging and contraction of small-scale magnetic islands at
1 AU near the spacecraft. The details of the work are discussed in subsequent

sections.

4.2 Data used

Instrumentation and data used in this study have already been discussed in Chap-

ter 2.

4.3 Selection of events

20 SIR events occurring between 2007 and 2014 that exhibited significant en-
hancements in suprathermal “He have been identified. These events, labeled as
SIR 1-20, are tabulated in Table 4.1. These are characterized as shock-less SIR
events based on the in-situ data at 1 AU. However, it is to be noted that the
contribution of distant shocks associated with SIRs in accelerating these parti-
cles (that are detected at 1 AU) cannot be completely ignored and the energized

particles may have the imprint of these shock accelerations. It is important to
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note that while these events showed enhancements in suprathermal *He, not every
SIR event correlated with increases in O and Fe fluxes. Specifically, among the
selected events, there were 16 instances where O fluxes displayed minor to moder-
ate enhancements and 9 instances where Fe fluxes exhibited enhancements. This
selective enhancement is itself enigmatic. This aspect will be briefly discussed in

the discussion section. Variations in *He, Fe, and O fluxes during SIR 1, 9, 11,

SIR No. Start time End time O/'He | Fe/'He Spectral index
“He O Fe

1 Sep 21, 2007 13:35 | Sep 23, 2007 11:32 | 2.12E-03 | 2.75E-04 | 2.67+0.44 | 2.8940.87

2 Oct 25, 2007 18:04 | Oct 26, 2007 15:17 | 2.63E-03 | 3.60E-04 | 3.33+0.45 | 3.88+0.62

3 Nov 13, 2007 18:00 | Nov 16, 2007 03:30 | 1.67E-03 | 2.09E-04 | 3.35£0.60

4 Dec 11, 2007 18:00 | Dec 13, 2007 04:10 | 1.23E-03 | 1.58E-04 | 3.70£0.38

5 Feb 11, 2008 00:00 | Feb 13, 2008 04:40 | 2.30E-03 | 2.71E-04 | 2.924+0.49 | 2.75+0.45 | 2.59+0.69
6 Feb 29, 2008 16:00 | Mar 03, 2008 03:15 | 1.80E-03 | 1.66E-04 | 2.49+0.38 | 2.83%0.56

7 Jun 16, 2008 06:00 | Jun 17, 2008 18:36 | 2.02E-03 | 3.05E-04 | 3.1240.36

8 Aug 07, 2008 18:10 | Aug 12, 2008 00:00 | 2.54E-03 | 2.59E-04 | 3.144+0.38 | 3.64+0.71

9 May 31, 2009 08:13 | Jun 02, 2009 16:00 | 2.37E-03 | 1.40E-04 | 4.08+0.42 | 4.1440.95

10 Jan 12, 2011 12:03 | Jan 14, 2011 08:00 | 6.50E-03 | 2.03E-03 | 3.1840.28 | 3.98+0.61 | 4.04£1.57
11 Nov 12, 2011 02:00 | Nov 14, 2011 18:00 | 8.63E-03 | 8.82E-04 | 2.86+0.28 | 2.61+£0.22 | 2.09+£0.27
12 Jun 12, 2012 04:00 | Jun 13, 2012 18:00 | 2.08E-02 | 3.86E-03 | 1.55+£0.39 | 1.49£0.34 1.46%0.60
13 Aug 21, 2012 20:00 | Aug 23, 2012 11:10 | 1.69E-02 | 1.27E-02 | 2.714+0.33 | 2.954+0.30 | 3.09£0.46
14 Apr 18, 2013 16:00 | Apr 19, 2013 14:19 | 5.27E-03 | 2.37E-03 | 3.60£0.43 | 2.84+0.42 | 3.09+0.46
15 Jul 17, 2013 00:00 | Jul 22, 2013 16:00 | 1.08E-02 | 4.36E-04 | 4.084+0.24 | 4.56+0.38

16 Sep 24, 2013 08:00 | Sep 25, 2013 12:00 | 5.21E-03 | 3.88E-04 | 4.05+0.74

17 Oct 24, 2013 10:00 | Oct 26, 2013 02:25 | 3.91E-03 | 6.26E-04 | 3.97+0.47 | 3.67+0.53

18 Apr 28, 2014 16:47 | Apr 30, 2014 19:05 | 1.47E-02 | 2.76E-02 | 2.064+0.67 | 1.85+0.34 | 2.11£0.59
19 May 06, 2014 02:37 | May 07, 2014 02:00 | 1.20E-02 | 1.53E-02 | 3.064£0.35 | 2.53+0.29 | 2.82+0.51
20 Jun 03, 2014 07:27 | Jun 05, 2014 00:00 | 1.29E-02 | 6.44E-04 | 3.45+0.41 | 3.1940.19 | 2.72+0.76

Table 4.1: A list of SIR events, O/*He & Fe/*He ratios calculated during the
enhancement of ‘He fluxes
, and spectral indices of *He, O, & Fe calculated during the flux enhancement
intervals associated with these SIR events. The event no 12 is marked differently
as nearly identical spectral indices are observed in “He, Fe and O during this
event, which has not been observed for other events

and 12 are shown in Figure 4.1 The start and end times of these SIR events are
enlisted in the columns 2 and 3 of Table 4.1. O/*He and Fe/“He ratios are calcu-
lated for the energy range of 0.14-1.09 MeV n~! during the intervals of enhanced
“He. These ratios are mentioned in columns 4 and 5 of Table 4.1. Once the events
are identified, the duration of flux enhancements for “He, O, and Fe are marked.
Subsequently, the spectral indices are calculated from the differential directional
flux vs. energy spectra. The results obtained from this exercise are discussed in

the next section.
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Figure 4.1: Variations in *He, Fe, and O fluxes at different energy channels during
(a) SIR 1, (b) SIR 9, (c) SIR 11, and (d) SIR 12. The red (blue) vertical dashed
lines indicate the start (end) times of these SIR events. The energy channels are
written at the right of each panel. The duration of these events are also mentioned

at the top of each sub-figure.
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4.4. SPECTRAL ANALYSIS

4.4 Spectral analysis

The power law nature of differential directional flux vs energy spectra of suprather-
mal particles is well known. Although the underlying process of particle acceler-
ation is difficult to uncover, similar spectral indices of different species may be
indicative of similar acceleration mechanism. Figure 4.2 shows the spectra of *He
during the flux enhancements in all the 20 SIR events. The spectral indices and
corresponding margin of errors (MoEs) are tabulated in the column 6 of Table 4.1.
It can be seen that “*He spectral indices vary between 1.55 and 4.08. Figure 4.3 and
Figure 4.4 present the spectra of O and Fe respectively in 16 and 9 SIR events when
fluxes of these two elements increased. Table 4.1 includes the spectral indices of O
and Fe as well. The spectral indices of O vary in the range 1.49-4.56. The range
of Fe spectral indices is 1.46—4.04. Note that O and Fe spectra are sometimes best
fitted up to 0.77 MeV n~!. From the 6, 7", and 8" columns of Table 4.1 one can
see that the spectral indices of “He, O, and Fe are different even for a particular
SIR event. However, SIR 12 is an exception because these three element exhibit
almost identical spectra indices (close to 1.5) corresponding to this particular SIR.
The flux enhancements of *He, O, and Fe in SIR 12 are also distinct from that in
other SIR events. An impulsive increase and gradual decay in the fluxes of these
elements can be seen. Therefore, SIR 12 draws attention by virtue of its disparate
flux variations and almost identical spectral indices for three elements with di-
verse first ionization potential (FIP) and m/q. The reason for such observations
is explored in this chapter. In addition to the above-mentioned 20 SIR events
observed by STEREO-A, Spectral indices of these three elements (i.e., “*He, O,
and Fe) during two SIR events observed by STEREO-B are also studied. Actu-
ally, SIR 1 and 2 (Table 4.1) are also observed by STEREO-B before STEREO-A
in the IP medium. A list of SIR events observed by both the STEREO satellites
is available at https://stereo-ssc.nascom.nasa.gov/data/ins_data/impact/level3/.
The relative positions of STEREO-A and STEREO-B with respect to the Earth
at times very close to the 2 SIR events are shown in Figure 4.5 (a) and (b). Fig-
ure 4.5 (a) shows the positions of STEREO-A, The Earth, and STEREO-B on
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Figure 4.2: The graphs illustrate the contrast between the differential directional
flux and energy spectra of *He during flux enhancements associated with SIRs
1-20. Each graph corresponds to a specific SIR event, as indicated in the upper
right corner. The spectral indices (m) and corresponding MoEs within the 95%
confidence bounds are provided in the bottom left corner of each graph. Notably,
the spectral indices of He range from 1.55 to 4.08. SIR 12 is highlighted with a
gray background because the spectral index of 1.55 is the lowest among all spectral
indices.

September 20, 2007. Note that STEREO-B and STEREO-A observed the SIR-1
on September 19 at 18:15 UTC and September 21 at 13:35 UTC respectively. On
the other hand, positions of these two satellites and the Earth on October 24, 2007
are shown in Figure 4.5 (b). SIR-2 was observed by STEREO-B on October 24 at
11:20 UTC and by STEREO-A on October 25 at 18:04 UTC.

Figure 4.6 (a) and (e) show the variations of *He fluxes associated with SIR 1
observed by STEREO-A and STEREO-B, respectively. The corresponding spectra
during flux enhancements are shown in panels (b) and (f) of Figure 4.6. The

spectral indices for STEREO-A (2.67) and STEREO-B (2.69) match very well.
Figures 4.6 (c) and (g) show “He flux variations during SIR- 2 as observed by
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Figure 4.3: The figures depict the O spectra during enhancements within the SIR
events specified in the upper right corner of each panel. Spectral indices (m) and
their MoEs are indicated in the bottom left corner of all panels. Note that spectral
indices for O range from 1.49 to 4.56. As in Figure 4.2, SIR 12 is highlighted with
a gray background due to its noticeably lower spectral index of 1.49 compared to
the other events.

STEREO-A and STEREO-B, respectively. The corresponding spectra during the
increase of “He fluxes are plotted in Figure 4.6 (d) and (h). The spectral indices
are 3.33 (STEREO-A) and 2.94 (STEREO-B). Although spectral indices different
by at least 0.5 is considered significant in the present study, this exercise shows
that spectral index of SIR associated *He may match or slightly vary as well even
if observed by two different spacecrafts in the close vicinity. This aspect will be

discussed in the next section.
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Figure 4.4: The figure shows Fe spectra during enhancements due to the SIR
events specified in the upper right corner of each panel. Spectral indices (m)
and their MoEs are indicated in the bottom left corner of all panels. Note that
spectral indices for Fe range from 1.46 to 4.04. As in Figure 4.2 and 4.3, SIR 12
is highlighted with a gray background due to its noticeably lower spectral index
of 1.46 compared to the other events.

4.5 Discussions and conclusions

This study reveals that during an SIR event, the fluxes of various suprathermal el-
ements, such as *He, O, and Fe, with comparable energies per nucleon (velocities),
may not exhibit enhancement. One potential explanation for this phenomenon
could be the absence of initial seed populations in the IP medium that undergo
acceleration or deceleration, eventually contributing to the suprathermal pool of
particles. It is also possible that the intensity of seed populations was below the
instrument’s sensitivity threshold. It can be seen from columns 4 and 5 of Ta-

ble 4.1 that O/*He and Fe/*He ratios vary at least one order of magnitude and
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Figure 4.5: The diagrams illustrate the relative positions of (1) STEREO-A (red),
(2) the Earth (green), and (3) STEREO-B (blue) at two specific times: (a) on
September 20, 2007, at 00:00 hours, and (b) on October 24, 2007, at 00:00 hours.
The solid colored lines represent Parker spirals connecting these objects, calculated
assuming a solar wind speed of 400 km/s. This visualization was generated using
Solar-MACH software (Gieseler et al., 2023) [URL: https://solar-mach.streamlit.
app/?embedded=true].

two orders of magnitude, respectively. While in 18 SIR events O/“He > Fe/‘He,
there are 2 events (SIR-18 and SIR-19) when the O/*He < Fe/*He. Therefore, it
seems unlikely that the absence of enhanced O or Fe fluxes in some of the SIR
events is due to instrument sensitivity as in that case, the above two exceptions
would not have occurred. Another possible factor could be the effectiveness of the
mechanism responsible for generating suprathermal ions within the IP medium.
Ebert et al. (2012) demonstrated a correlation between the peak intensity of <
0.8 MeV n~! *He ions and local magnetic compression ratios (M) at 1 AU, even
without reverse shocks. Similarly, Desai et al. (1998) established a link between
the strength of local compression ratios and the intensity of ~ 1 MeV protons at
5 AU. Thus, it seems that the strength of local compression ratios significantly
influences the variations in intensity observed in < 1 MeV n~! suprathermal par-
ticles. Nevertheless, the studies mentioned do not provide clarity on the specific
threshold of compression ratio strength necessary to elevate suprathermal fluxes

above the background level.
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Figure 4.6: The temporal variations of *He fluxes at various energies, as noted
between panels (a) and (c) for measurements by STEREO-A, and panels (e) and
(g) for measurements by STEREO-B, correspond to two pairs of SIR events (SIR-
1 observed by both STEREO-A and STEREO-B, and SIR-2 observed likewise).
These spacecraft were in close proximity during these observations. The spectra
of *He during the enhanced periods linked with SIR-1 (for both STEREO-A and
STEREO-B) and SIR-2 (again, for both spacecraft) are displayed in panels (b)
and (f) and panels (d) and (h), respectively, along with the spectral indices (m)
and their corresponding MokEs.

The spectral analysis of *He, O, and Fe fluxes reveals considerable variability
in the spectral indices across different shock-less SIR events, with indices ranging
from 1.55 to 4.08 for ‘He, 1.49 to 4.56 for O, and 1.46 to 4.04 for Fe. Similar
ranges of spectral indices have been reported by Mason et al. (2008b) and Allen
et al. (2021) for CIR-associated *He within the energy range of 0.16-0.91 MeV
n~!, measured by the Ultra-Low Energy Isotope Spectrometer (ULEIS) on board
the Advanced Composition Explorer (ACE) and the Suprathermal Ion Spectro-
graph (SIS) on board the Solar Orbiter. Some of the events studied by Mason
et al. (2008b) involve shocks, but even in the absence of well-defined shocks at 1
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AU, particle acceleration can occur in gradual compressing regions associated with
SIR/CIRs (Giacalone et al., 2002). Filwett et al. (2019) also observed variations
in spectral indices of suprathermal particles across different SIR events. Notably,
suprathermal heavy ions (such as O and Fe) associated with IP shocks also ex-
hibit spectral index variations ranging from 1.00 to 4.00 in the energy range of
0.1-0.5 MeV n~! (Desai et al., 2004). Hence, wide variations in spectral indices of
suprathermal particles below 1 MeV n~! appear to be a common characteristic of

stochastically accelerated particles.

To examine the spatial variability in the spectral index of suprathermal par-
ticles linked with SIR events, the *He spectra from two specific SIR events (des-
ignated as SIRs 1 and 2 in Table 4.1) are contrasted. These events were initially
detected by STEREO-B and subsequently by STEREO-A when the satellites were
in close proximity (approximately 84 Gm) to each other. Despite their proximity,
the satellites recorded differences in solar wind parameters across both events, in-
cluding variations in magnetic field, maximum proton density, and extreme solar
wind speeds. Notably, in the first SIR event observed initially by STEREO-B
and then by STEREO-A, the spectral indices of *He were nearly identical (2.67
for STEREO-A and 2.69 for STEREO-B). Conversely, in the second SIR event,
there were differences in the spectral indices for *He observed by STEREO-B
and STEREO-A (2.94 for STEREO-B and 3.33 for STEREO-A). Further inves-
tigation revealed that the second SIR event observed by STEREO-B followed an
interplanetary coronal mass ejection (ICME), whereas STEREO-A did not detect
any ICME during that time. This observation suggests that the spectral index
of suprathermal particles associated with SIRs may vary when the suprathermal
particle population comprises particles from multiple sources. This idea finds sup-
port in the work of Schwadron et al. (2010), who proposed that the time-averaged
spectra of particles are essentially a combination of various distribution functions
associated with different solar wind conditions, such as temperature and density.
In essence, because SIRs gather residual particles from different events (for in-

stance, particles from an ICME in the second SIR event observed by STEREO-B)
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across various regions of the IP medium throughout their evolution, it is plausible

that multiple processes influence the modulation of suprathermal particle spectra.

It is notable from Table 4.1 that there are variations in the spectral indices for
different elements across 19 SIR events, with the exception of SIR 12. Earlier stud-
ies have also documented the presence of nonuniform spectral indices for different
elements within a particular SIR event (Filwett et al., 2019). Mason et al. (2008b)
previously reported a strong correlation between the spectral indices of *He and
O within the energy range of 0.16-0.91 MeV n~!, noting that the average spectral
index of O is approximately 1.03 times that of “He. However, this investigation
reveals a different scenario. It is observed that in 50% of the SIR events where
enhancements in O fluxes are observed (as indicated in Columns 4 and 5 of Table
4.1), the spectra of “He are actually harder. Furthermore, the spectral index of Fe
does not align with the spectral index of other elements either. Considering the
FIP, where O (~ 13.6 eV) lies between Fe (~ 7.9 ¢V) and *He (~ 24.6 €V), and the
differences in m/q among these elements, it appears that the source and genera-
tion mechanisms responsible for producing the suprathermal particles associated
with most shock-less SIR events at 1 AU might be influenced by both the FIP and
m/q values. While FIP of elements is one of the primary factors that controls the
original abundances of different elements closer to the Sun, the m/q of elements
can affect the abundance in the IP medium. Therefore, these two factors appear

to produce a difference in behaviors of *He, O, and Fe for most of the cases.

According to these arguments, SIR-12 appears as an exceptional and distinctive
case. Despite having different values for and m/q, the suprathermal *He, O, and
Fe exhibit nearly identical spectral indices (close to 1.5) within SIR 12. In a series
of papers, Fisk and Gloeckler (2006, 2008, 2014) proposed that compressional
turbulences could accelerate particles when, in a steady state, these particles do
equal work on the turbulences. The source of free energy in this process stems
from pressure variations in the core particles. This free energy then flows upward
in energy through suprathermal tails, exhibiting a power-law index of 1.5 (Fisk

and Gloeckler, 2006). However, this scenario evidently does not hold true for
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Figure 4.7: These images are captured by SECCHI instrument (e.g., Wiilser et al.,
2004) on board STEREO-A in 19.5 nm on June 12, 2012 at (a) 04:55:30 UTC and
(b) 05:05:30 UTC. A massive coronal hole and a flaring region are marked by ‘1’
and ‘2’, respectively in panel (b). The location of the flare region, as mentioned
in Chertok et al. (2015), is SI5W126.

suprathermal particles associated with other SIR events examined in this study.
Mason et al. (2008b) and Filwett et al. (2019) did not observe any clustering of
spectral indices around 1.5. Notably, the pump mechanism proposed by Fisk and
Gloeckler (2008), which they suggested accounts for the 1.5 spectral index, is only
applicable to the quiet solar wind, devoid of shocks or large-scale compression
regions. Given that a spectral index very close to 1.5 is observed in the *He, O,
and Fe spectra associated with only one SIR event (SIR-12), the involvement of
the pump mechanism can be discarded in this case. In the subsequent section,
alternative explanations for the occurrence of the 1.5 spectral index across different
species are explored.

To investigate SIR 12, Figure 4.7 is presented, which displays images of the
solar corona in 19.5 nm (extreme ultraviolet) light captured by the Sun-Earth
Connection Coronal and Heliospheric Investigation (SECCHI) instrument aboard
STEREO-A on June 12, 2012, at approximately (a) 04:55 UT and (b) 05:05 UT.
From Figure 4.7, it is evident that a sizable coronal hole was present during this

time, extending from the northeast to the southwest mid-latitudes of the Sun and
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Figure 4.8: On June 12, 2012, at 05:00 UT, the positions of STEREO-A (red),
Earth (green), and STEREO-B (blue) are shown. Solid colored spirals, based on
a solar wind speed of 400 km /s, connect these objects to the Sun. A solid arrow
indicates the location and direction of the solar flare referenced in Figure 4.7.
Additionally, a dashed black spiral represents the magnetic field line originating
from the flare location. This figure suggests that there is a possibility of STEREO-
A being magnetically connected to the flaring region during the passage of SIR 12.
It is noted that at this time, the Carrington longitudes of Earth and STEREO-A
were 127.2 and 244.6, respectively.

encompassing the equatorial region. Figure 4.8 depicts the positions of STEREO-
A, the Earth, and STEREO-B around the same time. At this juncture, the Car-
rington longitudes of the Earth and STEREO-A were 127.2 and 244.6, respectively.
Consequently, this coronal hole was not visible from either the Earth or STEREO-
B. It is possible that SIR 12, which commenced on June 12, 2012, at 04:00 UT,
was triggered by the fast solar wind stream emanating from this extensive coronal
hole. Interestingly, the SECCHI images also reveal the onset of a flare at 05:05 UT.
The flaring region was situated at the edge of this coronal hole (denoted by "2" in
Figure 4.7). Chertok et al. (2015) identified this flare event as an M4.6 class flare
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by analyzing the length of the blooming streak associated with it. As depicted in
Figure 4.8, the magnetic field line connecting the flare location (S15W126, accord-
ing to Chertok et al., 2015) closely aligns with STEREO-A. Therefore, it is likely
that the sharp enhancements in suprathermal *He, O, and Fe fluxes are associated
with an impulsive solar energetic particle (ISEP) event associated with the solar

flare, as illustrated in Figure 4.7.

Mason et al. (2000, 2002) demonstrated, through data analysis from the ULEIS
and Solar Isotope Spectrometer (SIS) instruments aboard ACE spacecraft, that a
specific category of He-rich ISEP events displays power-law behavior in the heavy
ion spectra (e.g., 3He, “He, O, and Fe) within the energy range of 0.1-1.0 MeV n™ .
In their study, Mason et al. (2002) highlighted an ISEP event observed by ACE on
September 9, 1998, where ions with energies below 1.5 MeV n~!, including *He,
“He, O, and Fe, exhibited comparable variations in their spectra. The spectral
indices fell within the range of 1.15-1.38. While the association of these ISEP
events with solar flares appears promising for yielding similar spectral indices,
conflicting evidence exists in the literature. The typical time difference between
the onset of a solar flare (as measured by GOES X-ray fluxes) and the detection
of an ISEP event near Earth is approximately 1 hour, as noted by Papaioannou
et al. (2023). However, in the case of SIR-12, this interval extends to about 9
hours. Additionally, even in certain ISEP events, the simultaneous enhancement
of various energy channels does not always occur as expected, as highlighted by
Mason et al. (2000). This indicates that the increase in particles, such as ‘He,
at higher energies (e.g., 1 MeV n™!), may commence earlier than for particles at
lower energies (e.g., 0.5 MeV n™!). Assuming a typical Parker-spiral path length
of 1.2 AU between the flaring region depicted in Figure 4.7 and the location of
STEREO-A, the expected time delay between a 0.5 MeV n~! and a 1 MeV n~!
particle regardless of the specific particle type, given the energy unit normalization
by mass number is calculated to be over an hour. However, in the case of the *He
flux enhancements corresponding to energies of 0.55 MeV n~! and 1.09 MeV n~*

in SIR-12, no significant time delay is observed. Consequently, it appears unlikely
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Figure 4.9: Panel (a) shows the variation in *He fluxes at different energy channels
(mentioned at the top of the figure) in SIR 12. Panels (b)—(e) depict respectively
the components of IMF (B,, B,, and B,) in the Radial Tangential Normal (RTN)
coordinate system, total magnetic field (B), solar wind velocity (Vg ), and proton
density (ng). The variations in the Alfvén speed (V4) during SIR 12 is plotted
in panel (f). Panel (g) shows the fluctuations in the Alfvénic Mach number (My).
The interval between the start of the “He flux enhancement and the time of the
peak 0.14 MeV n~! flux is shaded.

that these flux enhancements directly originate from the flaring region. Another
process within the IP medium may be at play, resulting in an insignificant time
delay and the consistent spectral index observed across three different elements

with varying FIP and m/q.

In this context, it is proposed that a more fitting mechanism to explain this
event could be the acceleration of particles through the merging and contraction
of small-scale magnetic islands (SMIs), as discussed by Drake et al. (2006a,b),
Cargill et al. (2006), , Bian and Kontar (2013), Zank et al. (2014), Khabarova
et al. (2015a), Le Roux et al. (2015), and others. These SMIs can form in the
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Figure 4.10: Hodograms of the IMF (a) B,-B, and (b) B,~B, during the shaded
interval, as shown in Figure 4.9. The rotation in the magnetic field components
establishes the existence of magnetic islands during this interval.

vicinity of the heliospheric current sheet (Bemporad, 2008; Cartwright and Mold-
win, 2008; Khabarova et al., 2015a,b, 2016 etc.) due to various active processes
in the solar corona (such as solar flares, CMEs) or instabilities within the current
sheets (Eastwood et al., 2002; Drake et al., 2006a). Typically, the length scale
of these SMIs ranges from 10° to 107 kilometers (Khabarova et al., 2015a). Zank
et al. (2014) demonstrated analytically that particles accelerated by the merging
and contraction of magnetic islands exhibit power-law behavior, with the spectral
indices dependent on the Alfvénic Mach (M4) number, which is independent of
the m/q of the particles. At 1 AU, a specific case of this theory (with My = 7)
predicts a velocity distribution spectrum that follows a V= dependence (where
V represents particle speed), equivalent to a differential directional flux spectrum
of approximately E715 (where E is the energy of the particle). To evaluate the
applicability of Zank et al.’s theory to our observations, particularly concerning
the 1.5 spectral indices, Figures 4.9 and 4.10 are presented. Figure 4.9 depicts

(a) *He fluxes across different energy channels, (b) the components (B,, B,, and

Yo
B.) of the IMF in the RTN coordinate system, (c) the magnitude of the magnetic

field (B), (d) the bulk solar wind speed (Vg ), (e) the proton number density
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(ng), (f) the Alfvén speed (V4), and (g) the Alfvénic Mach number (M4) during
SIR-12. Figure 4.9 (g) illustrates that M, fluctuates within the range of 5-10
several hours before the onset of “He flux enhancements, aligning with Zank et al.
(2014)’s hypothesis. More importantly, the presence of magnetic islands is cor-
roborated by hodograms (e.g., Khabarova et al., 2015a) displayed in Figures 4.10,
where rotation within the IMF inside the magnetic islands (as indicated by the
shaded interval in Figure 4.9) is evident. To estimate the typical length scale (1),
Eq. 2 from Khabarova et al. (2015b) is used, which states [ = r x (B/Bg)"/?
km (where r is distance in AU, B = B(r) is the magnetic field, and By=10,000
nT is the minimum coronal magnetic field). With a typical value of B = 15 nT
inside the shaded region in Figure 4.9, [ ~ 6 x 10° km is the calculated value
of length scale of SMIs at 1 AU. Hodograms corresponding to other SIR events
have been checked. A few events other than SIR-12 showed indication of rotation
of magnetic field components. However, the very fact that the spectral indices
of these elements are different in those cases suggests that processes other than

merging/contraction of SMIs might also be operational.

At this point, it is important to discuss the origin of SMIs in IP medium. Gen-
erally, dynamical processes associated with magnetic reconnection and turbulence
can lead to the production of magnetic islands (Greco et al., 2010; Markidis et al.,
2013). It may be noted that Susino et al. (2013), Eriksson et al. (2014) suggested,
which was supported by Khabarova et al. (2015a), that these SMIs near the he-
liospheric current sheet in the solar wind are likely to be formed due to magnetic
reconnection occurring anywhere from the solar corona to a distance of several
AU. Therefore, the origin of these SMIs may be debated but the acceleration of
the particles in this case appears to be local (coming from the same source without
significant dispersion) in nature. The spectral index of the particles corresponding
to SIR 12 is around 1.5, which is also consistent with the corresponding spectral
index associated with the acceleration of particles due to magnetic reconnection
(e.g., Gordovskyy et al., 2010). This provides an additional clue to the origin of
the energetic particles during SIR 12.
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Another possibility of detecting the almost identical spectral indices could be
related to the unmodulated propagation of different ion species from the source
location to the observer. In the reconnection site, due to direct electric field,
particles may be accelerated. In this context, the Dreicer electric field is a critical
electric field above which electrons in a collisional plasma can be accelerated to
become runaway electrons. It can be estimated by the following formula (Connor

and Hastie, 1975)
1 nedln(A
S E Y
dmeg  Mmev7T,

where e is the electronic charge, m, is the mass of electron, n is the electron density,

In(A) is the Coulomb logarithm (equals to 10), and vy, is the electron thermal

EdXB

speed. Accelerated electrons experience a drift =45>,

which is independent of
charge and mass. This electric field is not applicable for the ions which the present
work is concerned with.

Hence, it seems that the almost identical spectral indices (nearly 1.5) observed
for He, O, and Fe linked with SIR-12 stem from the localized acceleration of these
particles by SMIs. This localized particle acceleration also supports the minimal
modulation, indicated by the absence of significant changes in spectral indices,
observed in these particles prior to their detection by STEREO-A. These findings

further support the characteristics of the source process.

4.6 Key findings

The salient outcomes of this chapter can be summarized into the following points.

1. All SIR events do not generally enhance heavy ion (like O and Fe) fluxes at 1
AU. The possible reasons include low seed population densities, less efficient

acceleration mechanism framework etc.

2. SIR-associated suprathermal particles display wide variations in spectral in-
dices. This variation is prominent in case of different elements. It appears
to be consistent with stochastic nature of acceleration mechanism and IP

modulation of these particles depending on FIP and m/q of species.
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3. Sometimes, suprathermal particles may be accelerated near the spacecraft
at 1 AU by merger and contraction of small-scale magnetic islands. Spectral

indices of different elements accelerated by this mechanism may be identical.
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Chapter 5

Suprathermal particles upstream of
the Earth’s bow shock

Excerpt

Energetic upstream ions propagating towards the Sun from the Earth’s bow shock
have been observed in the past. In this chapter, the relationship between solar
wind suprathermal and upstream ions has been investigated by analyzing fluxes
of H, *He, and CNO obtained from multidirectional in-situ measurements at the
first Lagrange point (L1) of the Sun-Earth system during 2012-2014. In this
work, a total of 49 upstream events have been selected by comparing the flux
enhancements of the upstream ions with the solar wind suprathermal ions. It is
found that the suprathermal ions with energies less than 300 keV are observed at
the L1 point during the upstream events suggesting an energy cut-off that exists
for these events. This points towards the efficiency of the terrestrial bow shock
in generating the upstream ions. Interestingly, spectra of upstream ions soften
systematically as compared to the spectra of their solar wind counterpart. The
degree of spectral softening increases with decreasing mass-to-charge ratio of the
species. Since during most of the events the interplanetary magnetic field (IMF)
was radial, it is argued that cross-field diffusion of upstream ions gives rise to
the modulation (spectral softening) of upstream ions, which is dependent on the
mass-to-charge ratio of species. This work indicates towards a systematic change

in solar wind suprathermal ions after interaction with the bow shock. In addition,
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this work gives a hint for possible source of heavy ions (CNO) during the upstream

events.

5.1 Introduction

Origin and characteristics of energetic ions (< 1 MeV) upstream of the Earth’s
bow-shock has been studied for the past few decades (e.g. Asbridge et al., 1968;
Sarris et al., 1976; Scholer et al., 1979; Paschmann et al., 1980; Desai et al., 2000;
Meziane et al., 2002; Kronberg et al., 2011 etc.). These upstream events are gen-
erally characterized by short durations (~ 1-2 hours), steeply falling spectra (j
~ E72 to E75, (Anagnostopoulos et al., 1998), field aligned sunward anisotropies
(Mitchell and Roelof, 1983; Miiller-Mellin et al., 2008b; Desai et al., 2008 etc.).
These events are observed in higher numbers associated with corotating interaction
regions (CIRs) (e.g., Desai et al., 2000), intense geomagnetic activity (Anagnos-
topoulos et al., 1998). Despite a number of studies, there exists significant uncer-
tainty about the origin of these upstream ions. There are broadly two schools of
thought regarding the origin of these upstream particles — (i) these ions are accel-
erated by the Earth’s bow shock (Lee, 1982; Trattner et al., 2003) and (ii) these are
generated in the Earth’s magnetosphere (Sheldon et al., 2003; Anagnostopoulos
et al., 2005; Chen et al., 2005) and diffuse upstream of the bow shock.

There are different types of ions present in the upstream region of the Earth’s
bow shock. Specularly reflected ions are the least energetic (with energies of few
keV) among all the suprathermal and energetic ions that are observed immediate
upstream and downstream of the quasi-perpendicular (shock normal angle, 0g,, >
45°) bow shock. These ions are energized by the solar wind electric field (Gosling
et al., 1982) and are confined to within one gyro-radius upstream from the shock
(Gosling and Robson, 1985). A relatively more energetic (< ~ 10 keV) field aligned
proton beams are thought to be produced either by reflection from the shock or by
the leakage of hot proton populations from the magnetosheath into the upstream
region (Schwartz and Burgess, 1984). Diffuse ions, on the other hand, can extend

up to 200 keV per charge and show almost isotropic distribution in the spacecraft
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frame (Scholer et al., 1979, 1981). Large-amplitude hydromagnetic waves are

always observed in association with these diffuse ions Paschmann et al. (1979).

It is to be noted that Both ions and electrons are reflected from the Earth’s
bow shock due to various reasons like (i) magnetic mirroring, (ii) interaction with
low frequency waves, (iii) interaction with electric field and (iv) due to cross-shock
potential. According to test particle simulation, dynamics of particles in the up-
stream of the Earth’s bow shock is divided into three kinds: specular reflection
(Broll et al., 2018), multiple traversal, and multiple bounce. The specular reflec-
tion of protons is mainly due to a cross-field potential, in the Hoffman-Teller frame
of reference, formed by plasma pressure gradient, magnetic pressure gradient and
different gyrations of ions and electrons (Broll et al., 2018). Ions with energy less
than this electrostatic potential are reflected back upstream. Particles with suffi-
ciently larger pitch angles can be reflected from the bow shock due to combined
effects of magnetic mirroring and pitch angle scattering (Burgess, 2007). Particles
may also be lost due to wave-particle interactions and pitch angle scattering and
leave the magnetic field. In that case, loss-cone will depend on the IMF strength.
Energetic particles upstream of the bow shock are observed to show loss-cone

shaped distribution (e.g., Seki et al., 2009).

One of the interesting observations regarding upstream ion events is that these
ions are observed at wide spatial distances starting from the vicinity of the bow-
shock (Ipavich et al., 1981; Meziane et al., 2002) to up to 1750Rg (Desai et al.,
2008; Kronberg et al., 2011) upstream of it. Paschmann et al. (1980) proposed a
theory in which solar wind particles are reflected by the Earth’s bow shock and
the energy gained by these particles is a function of IMF, solar wind velocity, and
the local shock normal. Interestingly, Dwyer et al. (2000) reported that there is
more than 50% chance that two spacecraft located at ~ 70 Rg apart can also
observe upstream events simultaneously. These authors remarked that the size
of the source regions of these simultaneously observed upstream events are larger
than the spatial size of the bow shock. While most of these studies indicated a

magnetic connection between the spacecraft and the bow shock to be essential for
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observing upstream events, Haggerty et al. (2000) has reported upstream events
that were observed with transverse magnetic field configuration ahead of the bow
shock. Results by Desai et al. (2008) show that upstream events can be observed
simultaneously by two spacecraft even if they are separated by 800 Rg both ra-
dially and laterally. These authors suggested that one of the possible sources of
these events is large amplitude Alfvén waves with spatial scales of the order of

0.03 AU.

Upstream ion distributions in the vicinity of the bow shock and far upstream
are very different (Scholer et al., 1981). It is possible that highly anisotropic ener-
getic particles far-upstream of the bow shock are originally the leaked diffuse ions
that travelled mostly scatter-free to long distances (Scholer et al., 1981; Mitchell
and Roelof, 1983). However, the particle fluxes decay exponentially with increas-
ing distance from the bow shock (Ipavich et al., 1981; Trattner et al., 1994; Kis
et al., 2004). These studies essentially show that the e-folding distance in that
case depends on the energy of the particles indicating energy dependent escape of
particles from the bow shock (Desai et al., 2008). Therefore, how the properties
of ions with different masses are modulated during the transport from the bow

shock to interplanetary (IP) medium remains unclear till date.

One way to address this issue is to explore any systematic relationship that
may or may not exist between the solar wind suprathermal ions (propagating away
from the Sun) and the upstream ions (propagating towards the Sun) reaching
the L1 orbit. Since there are evidences of the solar wind ion populations to be
scattered by the Earth’s bow shock, upstream ions should carry the signatures
of bow shock modulation. Therefore, a comparative study between suprathermal
particles during upstream events at L1 and the original solar wind suprathermal
particles that crossed L1 earlier might capture these effects. It can be conjectured
that this approach may lead to two scenarios about upstream ions. One possible
scenario may be systematic modulation (changes in the spectral slope of upstream
ions in different events vary systematically) indicating dominance of bow shock

related effects and the second scenario may be random modulations of spectral
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slopes indicating multiple processes/sources in action that includes bow shock as
well. Keeping this objective in mind, by using the observations from the Wind
spacecraft, spectra of suprathermal H, CNO, and “He propagating towards the Sun
and towards the Earth are compared. The analyses bring out a mass-dependent
systematic softening in the spectra of sunward propagating suprathermal ions over

the suprathermal ions propagating toward the Earth.

5.2 Data used and instrumentation

H, *He, and CNO fluxes analyzed in this work are obtained from the two telescopes
(T1 and T2) of STEP instrument of EPACT investigation Von Rosenvinge et al.
(1995) on board the Wind spacecraft. The measurement technique of STEP has
already been discussed in Chapter 2. It is to be mentioned here that T1 and
T2 of the STEP instrument are oriented at + 26°, respectively with respect to
the ecliptic plane (equivalently, 116° and 64°, respectively with respect to the
spacecraft’s spin axis, which is along —7Z direction in the Geocentric Solar Ecliptic
(GSE) coordinate system. T1 and T2 scan the IP medium just above and below
the ecliptic plane in eight azimuthal sectors of 45° each (see Desai et al., 2000
for a schematic of the scan planes and sector information). This configuration is
useful to analyze and compare suprathermal particles that come from both the
“Sun sector” (i.e., Sun-looking sector) (by combining data of sector 1, 2, and 3
of STEP telescopes) and the “bow shock sector” (bow-shock-looking sector) (by

combining data from sector 5, 6, and 7 of the STEP telescopes).

Event Start time End time Flux ratio (Fpg/ss)
No. Ha@ |“*He@ | CNO
140 60 @ 60
keV/n | keV/n | keV/n
1 2012 Jan 06 06:59 | 2012 Jan 06 07:53 3.94 10.67 -

2 2012 Jan 16 16:59 | 2012 Jan 16 18:03 | 15.12 | 28.23 0.60

3 2012 Jan 23 06:21 | 2012 Jan 23 07:59 0.97 1.15 0.92

4 2012 Feb 02 10:17 | 2012 Feb 02 11:32 0.78 0.84 0.95

5) 2012 Feb 17 07:11 | 2012 Feb 17 08:48 7.79 11.49 2.06

6 2012 Apr 27 09:43 | 2012 Apr 27 10:26 6.71 5.90 4.33
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2012 May 20 00:29
2012 May 23 14:06
2012 Jul 07 09:56
2012 Aug 01 01:34
2012 Aug 20 07:06
2012 Aug 21 04:48
2012 Aug 27 04:39
2012 Sep 05 17:03
2012 Sep 20 16:57
2012 Oct 11 12:12
2012 Oct 14 04:16
2012 Nov 26 20:42
2013 Jan 08 02:34
2013 Jan 27 13:58
2013 Jan 27 20:48
2013 Mar 13 06:25
2013 Mar 28 00:44
2013 May 05 05:56
2013 Jun 03 23:32
2013 Jun 04 10:45
2013 Jun 21 02:06
2013 Jun 21 04:17
2013 Jun 30 08:54
2013 Jul 18 23:23
2013 Aug 22 09:55
2013 Oct 16 21:20
2013 Nov 10 10:54
2013 Nov 10 17:56
2013 Nov 17 18:22
2013 Dec 08 21:47
2013 Dec 31 14:51
2014 Jan 03 11:46
2014 Jan 04 01:34
2014 Jan 04 03:13
2014 Mar 06 15:27
2014 Apr 04 12:46
2014 May 04 15:26
2014 Jun 19 15:13
2014 Aug 04 14:11
2014 Oct 20 19:54
2014 Dec 08 04:37
2014 Dec 08 20:47

2012 May 20 01:34
2012 May 23 16:27
2012 Jul 07 11:16
2012 Aug 01 01:57
2012 Aug 20 08:00
2012 Aug 21 06:05
2012 Aug 27 05:12
2012 Sep 05 17:56
2012 Sep 20 17:50
2012 Oct 11 13:16
2012 Oct 14 04:59
2012 Nov 26 21:58
2013 Jan 08 04:03
2013 Jan 27 15:23
2013 Jan 27 22:14
2013 Mar 13 07:08
2013 Mar 28 01:37
2013 May 05 06:47
2013 Jun 04 01:20
2013 Jun 04 12:34
2013 Jun 21 03:11
2013 Jun 21 04:59
2013 Jun 30 09:38
2013 Jul 19 00:27
2013 Aug 22 11:21
2013 Oct 16 22:46
2013 Nov 10 12:52
2013 Nov 10 19:22
2013 Nov 17 19:37
2013 Dec 09 01:46
2013 Dec 31 15:25
2014 Jan 03 12:40
2014 Jan 04 03:00
2014 Jan 04 03:57
2014 Mar 06 16:21
2014 Apr 04 13:42
2014 May 04 16:20
2014 Jun 19 18:16
2014 Aug 04 14:44
2014 Oct 20 20:49
2014 Dec 08 05:40
2014 Dec 08 22:58

0.70
2.26
1.92
1.85
6.96
0.73
10.20
1.58
5.62
2.01
7.58
1.25
1.08
1.88
4.06
1.57
9.94
1.89
2.51
3.75
2.64
2.31
0.86
2.20
2.16
1.50
2.16
2.71
3.70
1.72
1.21
1.10
1.43
6.54
2.29
2.15
2.35
3.45
3.79
2.40
1.14
1.49

0.64
1.87
9.39
3.95
14.90
3.15
29.00
1.96
3.80
3.66
11.30
1.99
3.34
1.60
7.94
7.49
39.52
4.49
3.73
4.32
3.16
3.85
0.86
3.29
1.66
2.25
3.35
3.22
11.57
1.56
2.90
1.43
4.93
13.51
6.07
3.95
4.85
7.52
13.75
2.35
1.71
2.07

0.61
1.66
0.98
3.92
6.57
1.00

0.79
5.83
1.43

1.37
1.00
0.72
2.79

1.25

1.85
1.67
0.44
1.87
0.72
0.76
2.52
1.07
1.71
1.08
0.53
0.75
0.89
8.26
1.51
4.07
0.53
1.00
0.64
1.85
1.31
1.43
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| 49 | 2014 Dec 09 02:12 | 2014 Dec 09 03:41 | 541 | 7.91 | 7.87 |

Table 5.1: List of start (column 2) and end (column 3) times of upstream events.
Note that in all the events, either T1 or T2, or both have recorded enhancement
in either H (@ ~ 140 keV) flux or *He (@ ~ 60 keV) flux or both the fluxes. These
events are selected on the basis of T2 measurements only. Flux ratios (Fpg/ss,
defined as the ratio between the ion fluence at a particular energy observed in the
bow shock sector during an event and the ion fluence observed in the “Sun sector”
during the same event) of H, “He, and CNO during the chosen upstream events
are mentioned in columns 4, 5, and 6, respectively.

5.3 Selection of upstream events and method

49 upstream events are selected based on enhancements in the H (at 0.14 MeV [in
T2|), *He (at 0.06 MeV n~! [ in T2|) observed in the “bow shock sector” during
2012-2014. An event is identified based on the enhancement in at least one of
these two elements in the “bow shock sector” when compared to the “Sun sector”
at the same time. Fluxes observed in the “Sun sector” of the detector units need
not necessarily show any enhancement during these intervals. The start and end
times of these events are selected based on visual inspections. The start and end
times of the events are enlisted respectively in columns 2 and 3 of Table 5.1. 15
and 34 events among the 49 events listed in Table 5.1 are chosen based on the
increments in H and “He, respectively. It is observed that the ion fluxes measured
by T2 are higher than the fluxes measured by T1 most of the time. The flux
variations observed by T2 are given preferences while choosing these events. It is
observed that not all the three elements exhibit enhancements during all the events
mentioned here. Enhancements in multiple elements are also observed in many
events. Flux ratios (Fpg/gs, defined as the ratio between ion fluence at a particular
energy observed in the bow shock sector during an event and ion fluence observed
in the “Sun sector” during the same event) of H, *He, and CNO are calculated
during these events and are tabulated in columns 4, 5, and 6, respectively. Note
that Fpg/5s does not capture the relative enhancement of fluxes in the* bow shock

sector” with respect to the “Sun sector” during an event. Instead, it gives an idea
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Event No. 31: 2013-08-22 09:55 - 2013-08-22 11:21
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Figure 5.1: Flux variations during the upstream event 31 as listed in Table 5.1
Panel (a), (b), and (c) show respectively H, CNO, and “He fluxes measured by
T1 (blue) and T2 (red) from the bow shock direction. The energy values are
mentioned in the right side of each panel. H, CNO, and *He fluxes coming from
the “Sun sector” are shown in panel (d), (e), and (f), respectively. Interestingly, T2
reports greater fluxes than that measured by T1 in most of the events. The start
and end times of the event are marked by vertical black and green dashed line,
respectively. As mentioned in Table 5.1, this event is chosen based on variation in
*He (at 0.06 MeV n™') flux measured by T2. Panel (g) shows the components of
IMF (red: B,, green: B, and blue: B,) and total magnetic field, B (black) in the
GSE coordinate system.

of the relative fluence of different ions observed in both sectors.

Figure 5.1 captures a typical event in which temporal variations of H, *He,
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Event No. 1: 2012-01-06 06:59 - 2012-01-06 07:53
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Figure 5.2: Flux variations during the upstream event 1 as listed in Table 5.1.

The figure description is same as Figure 5.1. Here, no enhancement is observed in
CNO fluxes.

and CNO fluxes from the “bow shock sector” and the “Sun sector” corresponding
to upstream event 31 in Table 5.1 are shown. The top three panels (a, b, and ¢)
clearly show enhancements in H, *He, and CNO fluxes during the event (interval
between the black and green vertical dashed lines) above the background. The next
three panels (e, f, and g) show flux variations in the “Sun sector” of the telescopes.
Components of IMF in geocentric solar ecliptic (GSE) coordinate system during

the event are shown in panel (g) of Figure 5.1. It is seen that the IMF connecting

109



CHAPTER 5. UPSTREAM ENERGETIC IONS

the spacecraft and the nose of the bow shock is nearly radial and lies in the ecliptic
plane during the event. Figure 5.2 is an example in which CNO fluxes are not
observed by both the T1 and T2 STEP telescopes.

Once the upstream events are selected, the spectral indices of all the three
elements are calculated if there is enhancement in at least three consecutive energy
channels. The results obtained from this analysis are discussed in the following

section.

5.4 Results

This section presents a comparison between the spectral indices of H, *He, and
CNO observed in the “Sun sector” and the “bow shock sector” during the selected
upstream events. In order to do so, it is assumed that the Sun is the major
source of particles and the “bow shock sector” of T1 and T2 observes the particles
scattered /reflected by the bow-shock. It should be acknowledged that there is
possibility of mixing up of particles observed at L1 from different sources. Con-
sidering the path of a particle (say, H) to be a straight line between the position
of Wind and the bow-shock nose with a path length of 200 Rg, the travel-time of
a proton with kinetic energy E from the spacecraft location to the bow shock nose
and back can be calculated. For E= 60 keV, this travel-time appears to be around
25 minutes. Therefore, according to the previous assumption, particles detected
in the “Sun sector” of the detector units at any point of time are expected to be
detected by the “bow shock sector” of the detector units on an average 30 minutes
later. In Figure 5.3, the spectra of H, “He, and CNO observed at the “Sun sec-
tor” 30 minutes before the upstream event 31 and “bow shock sector” during the
event by T1 and T2 telescopes are shown. While calculating the spectral indices
from the “Sun sector”, ion fluxes are averaged over the same duration as those
of the upstream events. From the spectral indices mentioned in Figure 5.3 it is
found that spectra observed in the ‘bow shock sector” seem to be softer than that
observed in the “Sun sector” of T1 and T2. This aspect is further illustrated in

Figure 3 where spectral indices of H, *He, and CNO observed at the “bow shock
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Figure 5.3: Spectra of H, *He, and CNO during upstream event No. 31 observed
by T1 (black) and T2 (blue) in the “Sun sector” are shown in panel (a), (b), and
(c), respectively. The corresponding spectra for the “bow shock sector” are shown
in panel (d), (e), and (f). The spectral indices and standard errors (SEs) are
mentioned in the lower left corner of the panels.

sector” are plotted against those observed at the “Sun sector” of T1 and T2. The
45° black dashed line in each panel of Figure 5.4 indicates equal spectral indices in
both the sectors. From panel (a) and (b) of Figure 5.4 it can be seen that spectral
indices of H in the “bow shock sector” are most of the times above the line of equal

spectral indices (systematic softening) in T1 and T2, respectively. Interestingly,
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spectral indices of CNO (panel ‘e’ and ‘f”) observed in both T'1 and T2 in the “bow
shock sector” go almost hand in hand (no softening) with the spectral indices ob-
served in the “Sun sector”. It can be seen from panel (d) of Figure 5.4 that the
softening in *He spectra observed in the “bow sector” is intermediate between H
(softest among the three elements) and CNO (least soft). This mass-dependent
hardening effect is more prominent in case of T2. In order to evaluate the origin
of the upstream ions (*He and CNO), *He/H and CNO/H between the Sun sector
and the bow shock sector are compared in Figure 5.5. This figure shows that the
correlation between (CNO/H)synsector and (CNO/H)powshocksector (S€€ panel ‘b’
R?=0.55) is better than the corresponding correlation between (*He/H)sunsector
and (*He/H)powshocksector (see panel ‘a’, R?=0.18). The implications of these ob-

servations are discussed in the following section.

5.5 Discussions and conclusions

The durations of these upstream events discussed in the previous section vary in
the range of 0.5-3.5 hours, which is consistent with the existing literature (e.g.,
Desai et al., 2000). The degree of enhancements in H, He, and CNO fluxes differ
and vary from event to event, which is clear from Table 5.1. CNO fluxes show
enhancements in fewer events as compared to H or “He fluxes. This may be due
to the lack of suprathermal CNO fluxes above the instrument threshold level.

In the present work, upstream events exhibit steeply falling spectra with spec-
tral indices in the range of 2-6. This is consistent with earlier results (Anagnos-
topoulos et al., 1998; Desai et al., 2000 etc.). Further, it is seen that in 80% of
the upstream events observed by T2, the enhancement in H fluxes is limited to <
300 keV per nucleon. The corresponding percentages for < 300 keV per nucleon
cut-off for CNO and “He are 100% and 93%, respectively. Therefore, it appears
that there is an energy cut-off of the upstream events observed in the “bow shock
sector”. Meziane et al. (2002) showed by statistical study of upstream events that
in the absence of pre-existing population of energetic ions (> 50 keV), ion energy

spectrum is limited to 200-300 keV. It is to be noted that the Hillas criterion
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Figure 5.4: Comparisons of spectral indices of H [(a) T1, (b) T2]; *He [(c) T1,
(d) T2], and CNO [(e) T1, (f) T2| observed from the “Sun sector” and “bow shock
sector” of the telescopes. The black 45° dashed line in each panel represents the
line of equal spectral indices.

puts an upper limit on the energy gained by a charged particle accelerated at an
acceleration site. Conventionally, this criterion estimates the maximum energy of

cosmic rays to identify the sources of such high energetic particles. According to
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Figure 5.5: (a) Comparisons between the He/H ratios observed at the Sun sector
30 minutes earlier than the start of upstream events (duration being same as that of
the upstream events) and He/H ratios during the upstream events. All fluxes are
measured by T2 telescope. The ratio is calculated for nearly equal energy channels
of *He and H. The energy channels are mentioned at the top of the panel. The
red line shows the linear regression fit. The corresponding fit parameters (slope,
m and goodness of fit, R?) are mentioned in the panel. (b) Same as panel (a), but
for CNO/H.

Hillas condition, as long as a charged particle, with charge ¢ and energy ¢, remains
at the acceleration region and the Larmor radius (R = ¢/¢B) of the particle is
smaller than the size of the accelerator (R), it will gain energy. Therefore, the
maximum energy gained by the particle before it escapes the acceleration site is

(following Bustamante et al., 2010)
Emaz = qBR

An enhancement in H fluxes is observed below 300 keV for 80% of the upstream
events studied in this chapter. Going along the line of Hillas criterion, this upper
limit in energy corresponds to the accelerator size R = 12 x 10° km (taking B
at the bow shock = 25 nT) which is ~ 80 AU. Therefore, the size of the Earth’s
bow shock has to be very large to produce 300 keV protons. This shows that the

upper limit in the energy of upstream suprathermal particles cannot be explained
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in terms of the Hillas criterion.

It is verified that at least 42 out of 49 upstream events analyzed in this study
neither do follow an interplanetary coronal mass ejections (ICMEs) nor associated
with high-speed solar wind stream, which are considered as sources of energetic
particles in the solar wind. In such cases, Meziane et al. (2002) did not find any
dependence of the energy spectrum on shock geometry. Turbulent quasi-parallel
bow shock can accelerate particles up to ~ 300 keV almost isotropically (Lin
et al., 1974; Greenstadt et al., 1980). Ellison and Moebius (1987) showed that
the fraction of solar wind energy flux imparted to the high-energy ion flux (the
injected particles) falls off very rapidly with energy. This limits the ion acceleration
up to very high energy. Diffused ions are the most energetic among all types of
upstream ions discussed in the introduction section. Therefore, an energy cut-off
at 300 keV n~! suggests that the observed upstream events are essentially diffused
ions accelerated by the first order Fermi acceleration at the quasi-parallel bow

shock and propagated to the orbit of the Wind spacecraft.

It can be seen from Figure 5.4 that the spectral indices of H observed in the
“bow shock sector” of both T1 and T2 are more scattered above the line of equal
spectral indices and towards the lower side of the spectral indices. This suggests a
systematic softening of the H spectra observed in the “bow shock sector”. This is
an interesting insight that has come out of this investigation. Another interesting
result that comes out of this investigation is that the difference between spectral
indices for both the sectors decreases with increase in the mass of the species
(H>%He>CNO). In fact, Figure 5.4 reveals that spectral softening decreases with
increasing mass of the elements. This mass-dependent modulation in spectra of
energetic particles observed upstream of the bow shock at L1 point is a new
result. Sarris et al. (1978) hinted towards rigidity-dependent escape of protons
from the magnetosphere and subsequent acceleration of these particles to explain
harder proton spectra outside the magnetosphere than spectra observed inside the
magnetosphere. In this study, a mass-dependent modulation in particle spectra

during upstream events at L.1 point is observed. Since the observed upstream ions
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appear to be the diffused ions, the proposition of Sarris et al. does not seem to
explain our observations. Instead, it may be possible that the softening of particle
spectra is due to mass-dependent modulation of the ions during the course of
their transport from the bow shock to the spacecraft. One of the reasons for such
modulation could be cross-field diffusion of these upstream ions. An estimate
of the cross-field diffusion due to resonant scattering can be written as follows

(Jokipii, 1987)

K 1

B+ (/) o)
where x| and x are the coefficients for diffusion parallel and perpendicular to
the magnetic field, A is the parallel mean free path and r, is ion gyroradius,
which depends on the mass-to-charge ratio (m/q) of ion species. r, increases with
increasing m/q, so does % This will lead to greater mixing of upstream ions with
the solar wind suprathermal ions. Therefore, the points mostly lie along the line
of equal spectral indices between the Sun sector and bow shock sector for CNO
as m/q is higher and there is enhanced mixing between solar wind and upstream
ions due to enhanced perpendicular diffusion. On the contrary, in case of H, the
cross-field diffusion is less, which allows the upstream ions reach the L1 point in
a focused manner. Since bow shock softens the solar wind spectra, the points
mostly lie above the line of equal spectral indices. The behavior of *He seems to
be intermediate between H and CNO. This suggests that cross-field diffusion may
play an important role during the propagation of upstream ions from bow shock to
the L1 point. Cross-field diffusion also supports observation of upstream events in
places far apart laterally consistent with earlier observations (Dwyer et al., 2000;
Desai et al., 2008 etc.). Not only in upstream events, Dalal et al. (2022) have
shown the modulation of quiet-time suprathermal particles depending on m/q of
elements. Therefore, it appears that upstream ions do get modulated depending

on the m/q of the species.

Although systematic softening of spectra is observed as far as the upstream
ions are concerned with respect to solar wind, the possibility of mixing up of

suprathermal particles coming from multiple sources like diffused ions from the
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magnetosphere, bow shock accelerated particles, particles accelerated by reverse
shocks of stream interaction regions (SIRs) formed beyond the Earth’s orbit, pick
up ions etc. cannot be ruled out. Figure 5.5 seems to give an idea about the
sources of the upstream ions. The good correlation between CNO/H from the
“Sun sector” and the “bow shock sector” probably suggests that upstream CNO
reaching .1 are mostly of solar wind origin. On the contrary, poor correlation
between “He from the “Sun sector” and the “bow shock sector” suggests that “He
fluxes reaching at L1 get mixed up with suprathermal populations coming from
other sources. Detailed investigations are needed to understand this aspect.

It is observed that IMF was near radial (see panel ‘g’ of Figure 5.1 for an
example) during 67% of the events analyzed here. This is consistent with earlier
studies (e.g., Desai et al., 2000). Radial magnetic field is indicative of connection
between the L1 point and the magnetosphere of the Earth (Haggerty et al., 2000).
It is possible that these upstream ions propagated along the magnetic field in all the
events. This proposition appears to be valid because the typical width of magnetic
flux tubes linked to the Earth in case of impulsive solar energetic particle (ISEP)
events is ~ 4.7 x 10% km (~ 750 Rg) (Mazur et al., 2000; Giacalone et al., 2000).
The spatial scale length in which IP shocks accelerate particles is ~ 2.97 x 10 km
(~ 460 Rg) (Neugebauer et al., 2006). Therefore, large-scale magnetic flux tubes
seem to be very common in the heliosphere. The present investigation essentially
supports the observation of upstream events originated from a small source region
and thereafter propagating along magnetic flux tubes having larger spatial scale

sizes.

5.6 key findings

1. An energy cut-off of around 300 keV per nucleon seems to occur for the

upstream ions.

2. Systematic hardening of ion spectra with increasing m/q during upstream

events observed at the L1 point. Cross-field diffusion may be the possible
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cause.

3. Solar wind CNO fluxes as major source of upstream CNO ions.
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Chapter 6

Contrasting impacts of two CMEs

on the terrestrial magnetosphere
measured by STEPS/ASPEX during

the earth-bound orbits of Aditya-L1

Excerpt

Geomagnetic storms with varying intensities are often observed during the pas-
sages of interplanetary coronal mass ejections (ICMEs). Interplanetary (IP) shocks
associated with ICMEs accelerate energetic particles (e.g., gradual solar energetic
particles, GSEPs), which can harm space assets. Although there have been re-
ports in the past regarding the access of high energetic (> 10 MeV) solar energetic
particles (SEPs) into the magnetosphere, studies regarding the effect of low en-
ergetic (< 2 MeV) SEPs and suprathermal ions on the magnetospheric energetic
particle environment are sparse. In this chapter, by using the first observations
from the SupraThermal and Energetic Particle Spectrometer (STEPS), a subsys-
tem of the Aditya Solar wind Particle EXperiment (ASPEX) payload on board the
Aditya-L1 spacecraft of India, the effects of a “stealthy” and a typical ICME on
the magnetospheric energetic particle environment have been assessed. This study
reveals, for the first time, that although “stealth” CMEs can create geomagnetic
impact as strong as typical CMEs, ions with energies < 2 MeV associated with

“stealth” CMEs do not change the energetic particle environment in the Earth’s
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magnetosheath and magnetosphere significantly. On the other hand, ions with
energies < 2 MeV associated with ICMEs having speeds > 500 km/s can directly
affect the magnetospheric energetic particle environment if the SEP spectra are
hard enough at L1. This study is important in assessing the impacts of ICMEs

on the space-assets inside the Earth’s magnetosphere.

6.1 Introduction

The solar wind continuously interacts with the Earth’s magnetosphere and a bow
shock is created ahead of the terrestrial magnetosphere. The magnetosheath region
in between the bow shock and the magnetopause boundary is always filled with
energetic ions (Anderson et al., 1965; Meng and Anderson, 1970, 1975; West Jr
and Buck, 1976; Daly et al., 1979; Sibeck et al., 1987). Among the sources of these
particles are the magnetosphere (Haskell, 1969; Hones Jr et al., 1972), cosmic rays,
solar wind particles accelerated in both the bow shock (West Jr and Buck, 1976;
Asbridge et al., 1978) and the magnetotail (Fan et al., 1975, 1976), and solar wind
particles accelerated at the dayside magnetopause during merging of magnetic
fields (Axford, 1976; Richter et al., 1979; Cohen et al., 2016). The study of these
energetic ions is important because of their adverse effects on the space assets. For
example, decrease in power outputs of the uncovered solar cells due to exposure
of these cells to low energy (< 1 MeV) proton fluxes was reported by Statler and
Curtin (1971). Astrophysical and cosmological observations are hampered if these
protons enter inside the X-ray telescope (Fioretti et al., 2016). O’Dell et al. (2000)
also reported damage of the front-illuminated charge-coupled devices (CCDs) in
the advanced CCD imaging spectrometer (ACIS) on board the Chandra X-ray
Observatory by 100-300 keV protons.

Solar wind particles can enter the terrestrial magnetosphere through magnetic
reconnection and Kelvin-Helmholtz instability Kronberg et al. (2011). Energetic
ions (> 0.1 MeV) can infiltrate into the magnetosphere through two regions: (i)
through near equatorial dayside magnetopause and (ii) through the regions of mag-

netopause intersected by open field lines (Tverskoi et al., 1973; Kalegaev et al.,
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2018). According to Richard et al. (2002), protons with energies less than 10
MeV can enter the magnetosphere along open field lines and more energetic parti-
cles can directly penetrate the dayside magnetopause. Significant changes in the
magnetospheric energetic particle environment takes place during geomagnetic
storms caused due to passage of ICMEs when solar energetic particles (SEPs) are
observed at lower latitudes of the Earth than under quiet conditions (Fliickiger
et al., 1990; Kudela et al., 2008; Kalegaev et al., 2018). Access of > 5 MeV pro-
tons to the geosynchronous Earth orbit (GEQO) was reported in many past studies
(Filwett et al., 2020; Kalegaev et al., 2018; Paulikas and Blake, 1969 etc.). The
fluctuations in the magnetic field outside the GEO govern the entry of 5-21 MeV
protons in the GEO (Paulikas and Blake, 1969). The access of > 1 MeV protons
to altitudes below the GEO is observed to correlate with Dst, AE, and dynamic
pressure (Ivanova et al., 1985). The importance of the orientation of the interplan-
etary magnetic field (IMF) was studied by Richard et al. (2002). It is found that
southward IMF conditions are more favorable for SEP injection into the magne-
tosphere. However, how the low energy part of SEPs (with energies in the range
0.1-2 MeV) associated with different ICMEs enter the magnetosphere and affect

the particle population there are not clear till date.

For example, a fairly good percentage of earth-bound CMEs are “stealth” CMEs
(e.g., Ma et al., 2010; Wang et al., 2011; Kilpua et al., 2014; O’Kane et al., 2019
etc.), which do not have distinct eruptive signatures in the low solar corona. This
type of CMEs generally have speeds < 500 km/s (D’Huys et al., 2014). Sources
of “stealth” CMEs could be quiet Sun (Ma et al., 2010) and regions close to open
magnetic field (Nitta and Mulligan, 2017). According to Howard and Harrison
(2013), stealth CMEs are less energetic events and might originate from streamer
blowouts. These authors suggest that the nomenclature (“stealth”) is possibly due
to limitations in instrumentation. It still remains an open issue if there is any
difference between typical CMEs and “stealth” CMEs. However, despite having
low speeds, “stealth” CMEs cause geomagnetic disturbances (e.g., Zhang et al.,

2007; Nitta and Mulligan, 2017). While there are some studies regarding the geo-
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magnetic impacts of stealth CMEs, the impact of SEPs associated with “stealth”
CMEs on the Earth’s magnetospheric particle environment has not been studied
explicitly. This is a very important issue from the perspective of the assessment

of the impacts of transient events like ICMEs on space assets.

Quite serendipitously, the first observations made by SupraThermal and En-
ergetic Particle Spectrometer (STEPS), a subsystem of the Aditya Solar wind
Particle EXperiment (ASPEX) payload on board the Aditya-L1 (AL1) mission
of Indian Space Research Organization (ISRO) that was launched on September
2, 2023, provided a set of observations to address this important issue. The rel-
evant details of the ASPEX payload and its subsystems can be found in Goyal
et al. (2018), Janardhan et al. (2017), Tripathi et al. (2022). It is to be noted
that AL1 accomplished a number of earth-bound orbits before it started cruising
towards the halo orbit around the L1 point. This trans-L1 or cruise phase started
on September 19, 2023. After the third earth-bound maneuver on September 10,
AL1 traversed thrice around the Earth in an orbit of dimension 296 km x 71767
km (distances from the surface of the Earth) before the fourth earth-bound ma-
neuver on September 15. It accomplished another two revolutions around the
Earth before the trans-L1 phase on September 19 started. Some detector units
of STEPS [specifically, Parker Spiral (PS) and North Pointing (NP) units| were
turned on during these earth-bound phases when the altitude of AL1 was beyond
52000 km (approximately beyond the outer radiation belt). These were the first
sensors that were switched on in this mission. This brought an opportunity to
sample suprathermal particles from the Earth’s magnetosphere, magnetosheath,
and solar wind regions from two mutually perpendicular directions during three
ICME events, which hit the Earth during the observation period (September 11
— 19, 2023). Interestingly, one ICME was “stealthy” in nature. This study brings
out contrasting impacts of the “stealthy” and a typical ICME on the energetic
particle environments of magnetosheath and magnetosphere regions though geo-

magnetically they affect similarly. The results are described in the next section.
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6.2 Data used and instrumentation

The details of the data used in this chapter have already been discussed in Chapter
2.
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Figure 6.1: Panels (i) and (ii) present the ion fluxes at different energy channels as
measured by PS and NP units, respectively, of the STEPS/ASPEX. The energy
channels are mentioned at the right side of these panels. Variations in the Sym-H
are shown in panel (iii). The black horizontal bars in panel (iii) represent the
intervals when fluctuations in westward auroral electrojet index (AL) went below
-500 nT. Solar wind bulk speed (black) and proton density (red) are plotted in
panel (iv). Panel (v) shows the variations in Z-component (north-south component
in GSE coordinate) in the IMF Bz (blue) and magnitude of IMF total field B
(black). The green vertical dashed lines represent arrival of three ICMEs at L1
point. Based on the empirical model calculations described in Eq. 2 and Eq. 3,
several intervals are selected when AL1 was inside the magnetosphere (gray shaded
intervals), magnetosheath (yellow shaded regions), and in the IP medium (pink
shaded regions). The spectral indices of ions (PS, NP, LEMS120, and SEPT)
and protons (MPSH-16, 18) are shown for these intervals in panel (vi). Different
symbols mentioned in the right side of panel (vi) represent different instruments.

6.3 Observations

Panels (i) and (ii) of Figure 6.1 show the ion flux variations during September

11-19, 2023 as measured respectively by the PS and NP detector units of STEPS.
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The gaps in the variations are when the STEPS units were switched off. Sym-H
and other solar wind parameters like bulk speed, proton density, magnetic field in
the geocentric solar ecliptic (GSE) coordinate system are shown in panels (iii) —
(v). The black horizontal bars in this panel denote the intervals when real time
westward auroral electrojet index (AL, available at https://wdc.kugi.kyoto-u.ac.
jp/wdc/Sec3.html) went below -500 nT, which is indicative of possible substorm

related activities in the night side magnetotail.

As mentioned earlier, the earth-bound orbits of AL1 are highly elliptical and
therefore, STEPS samples ion fluxes from solar wind /TP medium, magnetosheath,
and inside the magnetopause boundary. The position of bow shock nose are avail-
able in the NASA GSFC CDAWeb (https://cdaweb.gsfc.nasa.gov/index.html).
However, the magnetopause nose distance (L,,,) is calculated using the formula

given below (Kivelson and Russell, 1995),
Loy = 107.4(ngu?,) "o (6.1)

where n,, and uy, are the proton number density and solar wind bulk speed.
Once the standoff distance of the magnetopause is obtained, the magnetopause

boundary is calculated Shue et al. (1997),

2 e}
=  — 2
reTo <1 + 0039) (6.2)

where ry and « are the standoff distance and the flaring angle, respectively. This
model is useful to get any idea of the location of AL1 with respect to the magne-
topause boundary. The shape of the magnetopause in the night side is determined
by a. For a = 0.5, the magnetopause boundary behaves asymptotically. The
magnetopause is closed for a < 0.5 and it expands with increasing distance from
the Earth for o« > 0.5. For the present study, a = 0.7 is used to obtain a magne-
topause boundary which is expanding in the night side. Since we are using STEPS
data when AL1 was in the dayside (and not in the magnetotail), this choice of «

does not affect the results derived from this investigation. The Lj;p values are fed
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as rg in Eq. 6.2. Along with the magnetopause surface, an estimate of the bow
shock surface is also required. The shape of the bow shock surface is described by

similar expression as in Eq. 6.2 (from Chao et al., 2002),

"= 1o (i)a (6.3)

1 + ecosf

where € is an eccentricity factor and « is the tail flaring parameter. We calculate
the bow shock nose distance from the position coordinates in GSE coordinate
system and feed these values in Eq. 6.3. According to Chao et al. (2002), ¢ =
1.029. In this case, a = 1.2 is chosen. It is to be noted that the bow shock and
magnetopause are considered symmetric in both the Y and Z directions in the

GSE coordinate system.

Depending on the positions of AL1, several intervals shown by differently
shaded regions in Figure 6.1 are selected. During the intervals marked by ‘a’,
‘b, d’, ‘g, ‘7, and ‘I’ (yellow shaded intervals in Figure 6.1), AL1 was inside
the magnetosheath region according to the models presented in Eq. 6.2 and Eq.
6.3. It was inside the magnetopause boundary (within magnetosphere) during the
intervals ‘e’; ‘f’, ‘j’, and ‘m’ (gray shaded regions). The pink shaded intervals
(i.e., ‘¢’, ‘h’, ‘’k’, and ‘n’) are the intervals when ALl was in the IP medium (i.e.
measuring solar wind suprathermal ions). Figure 6.2 (a) and (b) show the position
of AL1 (marked by red dot in each panel) during these intervals in both the XY
and XZ planes in GSE coordinate system. The magnetopause (depicted by blue
solid curves) and bow shock (depicted by dashed magenta curves) boundaries are
calculated using Eq. 6.2 and Eq. 6.3, respectively. Spectral indices of ions mea-
sured by PS and NP units during each of these intervals are shown in panel (vi)
of Figure 6.1. Proton spectral indices (in the energy range 0.08-1.9 MeV) derived
based on the measurements by Magnetospheric Particle Sensor for High energy
(MPSH) on board Geostationary Operational Environmental Satellites (GOES)-
16 and GOES-18 along with those derived based on the measurements by the
STEPS/ASPEX during the intervals ‘e’, ‘f’, /j’, and ‘m’ are shown in panel (vi).

Spectral indices of ions derived based on the measurements by the Low-Energy

125



CHAPTER 6. FIRST OBSERVATIONS BY STEPS/ASPEX

(a): start (b): Start (c): Start (d): start (e): Start

(f): Start (g): Start

40T~ _ e Adityall o~ _ i H Feee} To-d ~~~ad

Y-GSE (Rg)

Z-GSE (Rg)

X-GSE (Re) X-GSE (Re) X-GSE (Rg) X-GSE (Re) X-GSE (Rg) X-GSE (Re) X-GSE (Re)

(a): End (b): End (c): End (d): End (e): End (f): End (9): End
9
40 ] g ! . ~] L]
3 2 + =~ -] doee i~
€ T s T T T = T =X
i ol eIy o1 ¢ ¢ P
$ -20+—+ — i L LA L |
—a04" [ | -~
a0f___ —_ I
& 20 "\%A — E e — s L S
< | N N
D S P — + &b
zfzo Lt L — - L ——— L L e
—a04" -~ + [ --
-10 10 -10 10 -10 10 -10 10 -10 10 -10 10 -10 10
X-GSE (Re) X-GSE (Re) X-GSE (Re) X-GSE (Re) X-GSE (Re) X-GSE (Re) X-GSE (Re)
(a)
(h): Start (i): Start (j): Start (k): Start (1): Start (m): Start (n): Start
40 ] Aditya-L1 \‘j ~~_] 1 H IS T~ 1 H
2 20 s
g0
> ~207 -
-40 -1
40
& 20
g 0
3 201
-40
40
2 20
g o
2 201 — —
—40 4" 4
40 IS
& 20 L F—~
g 0 ®
N —20 - - g - T
—40 -7 M e — M il ; M el B
-10 10 -10 0 10 -10 10 -10 0 10 -10 0 10 -10 10 -10 0 10
X-GSE (Re) X-GSE (Rg) X-GSE (Re) X-GSE (Rg) X-GSE (Re) X-GSE (Re) X-GSE (Re)

Figure 6.2: Position of AL1 (red dot) with respect to the bow shock (magenta
dashed curve) and the magnetopause (blue solid curve) boundaries at the start
and end times of the intervals (a) ‘a’-‘g’ and (b) ‘h’-‘n’ as mentioned in Figure
6.1. These boundaries are calculated using Eq. 6.2 and Eq.6.3. Both (a) and (b)
consist of 7x 4 panels. The first rows of both (a) and (b) show the positions of AL1
in the XY plane in the GSE coordinate system at the start of different intervals.
The positions of AL1 in the XZ plane at the start of the intervals are shown in the
second rows of (a) and (b). The third and fourth rows describe the positions of
AL1 in the XY and XZ planes, respectively, at the end of the intervals. Sometimes,
due to unavailability of solar wind parameter data just at the start and end times
of the intervals, the boundaries correspond to closest times of the start and end of
the intervals (vertically stacked) are drawn. The blue circle in each of the panels
represents the Earth, which is at the center of the GSE coordinate system.
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Magnetic Spectrometer (LEMS120, Gold et al., 1998), which is one of the two
magnetic telescopes of the Electron Proton and Alpha Monitor (EPAM, Gold
et al., 1998) and oriented 120° with the spin axis of the Advanced Composition
Explorer (ACE, Stone et al., 1998c) satellite and the Solar Electron Proton Tele-
scope (SEPT, Miiller-Mellin et al., 2008a) on board the Solar-Terrestrial Relations
Observatory Ahead (STEREO-A, Kaiser et al., 2008) are also calculated during
the intervals when AL1 was in the IP medium and presented in panel (vi) of Figure

6.1.

The green vertical dashed lines represent the arrivals of three ICMEs at the
Earth. The ICMEs on September 17 (ICME-2) and 18 (ICME-3) are enlisted in
the Richardson and Cane’s list of ICMEs (https://izwl.caltech.edu/ACE/ASC/
DATA /level3/icmetable2.htm#(c)) at 1 AU. In this paper, only the effects of
ICMEs on September 12 (ICME-1) and ICME-3 are discussed because these two
ICMEs caused geomagnetic storms in the Earth’s magnetosphere. Interestingly,
minimum Dst for reached ~ -84 nT and ~ -98 n'T corresponding to the geomagnetic
storms caused by ICME-1 and ICME-3, respectively. This can be noted from panel
(iii) of Figure 6.1. The nature of ICME-1 is debatable. This was “unexpected” and
“stealthy” according to https://spaceweather.com/. In addition, it is not included
in the Richardson and Cane catalogue as well. The main differences between these
two ICMEs are seen in proton density, pressure, and bulk solar wind speed. Proton
density in the ICME-1 goes very high (> 60 per cm?®) and so as the pressure (not
shown here and can be verified from https://cdaweb.gsfc.nasa.gov/index.html).
Due to the high solar wind pressure, the bow shock and the magnetosphere were
compressed and AL1 went outside the bow shock boundary for some time (see
interval ‘¢’ in Figure 6.1 and panel ‘¢’ in Figure 6.2). On the other hand, solar
wind bulk speed, magnetic field, and proton density show signatures of shock
arrival (clear jump in those parameters) associated with the ICME-3. The details
of these intervals and spectral indices are mentioned in Table 1 where yellow, grey
and pink shades are used to mark magnetosheath, magnetosphere and solar wind

similar to Figure 6.1. At this juncture, it is important to note the orientations
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Int

Start time

End time

Spectral index

PS
STEPS

NP
STEPS

MPSH
GOES-16

MPSH
GOES-18

EPAM
ACE

SEPT
STEREO-A

EE —me 50 om0 Ao |58

2023-09-11 08:38
2023-09-12 03:15
2023-09-12 12:15
2023-09-13 01:40
2023-09-13 12:18
2023-09-14 01:43
2023-09-14 04:10
2023-09-15 06:00
2023-09-16 09:25
2023-09-16 12:40
2023-09-17 07:00
2023-09-18 10:05
2023-09-18 11:50
2023-09-19 03:25

2023-09-11 11:42
2023-09-12 09:45
2023-09-12 14:05
2023-09-13 08:35
2023-09-13 15:31
2023-09-14 04:07
2023-09-14 10:08
2023-09-16 08:30
2023-09-16 12:15
2023-09-16 15:40
2023-09-18 09:30
2023-09-18 11:45
2023-09-18 16:00
2023-09-19 23:59

2.84 £ 0.09
2.97 £ 0.08
3.06 + 0.05
2.7 £0.09
4.62 £ 0.05
4.68 £0.1
3.08 £ 0.05
2.16 £ 0.14
2.89 £ 0.11
3.09 + 0.06
1.18 +£ 0.13
1.81 £ 0.16
249 £ 0.14
3.256 £ 0.13

2.1 £0.05
1.96 £+ 0.08
2.49 £ 0.03
2.56 £ 0.14
4.53 £ 0.07
4.57 £ 0.07
2.34 £ 0.06
1.89 £+ 0.18
247 £ 0.1
3.28 £ 0.05
0.89 £ 0.07
1.55 + 0.17
2.28 £0.18
3.08 £ 0.1

524 £0.14
4.88 £0.3

4.78 £ 0.16

3.18 £0.28

5.57 £ 0.19
5.14 £ 0.1

4.93 £ 0.07

3.61 £ 0.14

2.41 + 0.07

1.95 £ 0.2

1.17 £ 0.15

2.41 + 0.05

2.49 + 0.03

2.37 £ 0.09

1.77 £ 0.06

2.73 £0.03

Table 6.1: List of start and end times of different intervals and spectral indices as
shown in Figure 6.1.

of PS and NP telescopes. Although PS and NP are meant for looking along the
Parker spiral and the ecliptic north, respectively, their orientations were different
during the earth-bound phases. Actually, AL1 was rotated by 90° most of the
times in such a way that NP looked along the +Y-axis of the GSE coordinate
system. Figure 6.3 gives an overview of the orientations of these two sensors
during ICME-1 (from the start of interval ‘b’ to the end of interval ‘c’) and during
ICME-3 (from the start of interval ‘k’ to the end of interval ‘m’). It is clear
from the figure that during ICME-1 and ICME-3, orientations of PS and NP
detector units were similar. In the next part of this section, variations of spectral
indices of suprathermal particles during the above-mentioned intervals (‘a’-‘n’)
are presented. It is to be noted that while calculating these spectral indices, ion
fluxes measured by PS and NP sensors are averaged over the whole duration of
the intervals regardless of the orientations of these sensors. It is well known that
fluxes of energetic ions associated with an ICME start enhancing well before the
arrival of the ICME shock at the measurement location. From Table 6.1, it can
be noted that during intervals ‘a’ and ‘b’, PS unit recorded ions with spectral
indices 2.84 and 2.97, respectively, in the magnetosheath region. On the other
hand, the spectral indices observed by NP unit during these two interval are 2.1
and 1.96, respectively. ICME-1 was recorded at L1 point on at 12:37 UT on
September 12. After the ICME hit, a sudden compression in the bow shock and
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Figure 6.3: Orientations of PS (black arrow) and NP (blue arrow) during inter-
vals ‘b’-‘c’ (left, corresponding to ICME-1) and ‘k’-‘m’ (right, corresponding to
ICME-3) with respect to the GSE coordinate system. The +X-axis in this coor-
dinate system is looking at the Sun. The trajectory of AL1 is marked by magenta
dots. The Earth’s location is shown by big blue solid circle. The date and times
corresponding to each arrow is also mentioned.

the magnetopause was observed for a very short period (interval ‘c’) according
to the models in Eq. 6.2, 6.3 and panel ‘¢’ in Figure 6.2. Consequently, ALl
tasted the solar wind for the first time. Ion spectral indices observed by PS,
NP, LEMS120, and SEPT during this interval are 3.06, 2.49, 2.41, and 2.49,
respectively. PS and NP detectors sampled energetic ions in the magnetosheath
region during interval ‘d” with spectral indices 2.7 and 2.56, respectively. ALl
entered inside the magnetopause boundary roughly at the start of interval ‘e’.
Softer spectra are observed by both the PS and NP units during this interval,
the spectral indices being 4.62 and 4.53, respectively. Energetic protons (in the
energy range 0.08-1.9 MeV) observed by MPSH-16, 18 in the geosynchronous
orbits also show softer spectra during this interval and the corresponding spectral
indices are 5.24 and 5.57, respectively. Magnetospheric ions are also observed by
STEPS during the interval ‘f’. This time, the spectral indices measured by PS, NP,
MPSH-16 (MPSH on board GOES-16), and MPSH-18 (MPSH on board GOES-
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18) are 4.68, 4.57, 4.88, and 5.14, respectively. Ions in the magnetosheath during
interval ‘g’ show spectral indices of 3.08 and 2.34 as observed by PS and NP units,
respectively. It is to be noted from panel (iii) of Figure 6.1 that the AL values went
below -500 nT during interval ‘e’ and ‘f” (marked by black thick horizontal lines).
This indicates the occurrence of possible substorm in the nightside magnetosphere
and it has been verified that the increase and decrease in the flux levels during
intervals ‘e’ and ‘f” coincide with the enhancement and decrease in the AL indices.
Solar wind suprathermal ions are measured by STEPS units as well as by LEMS120
and SEPT during interval ‘h’. The spectral indices vary in the range 1.89-2.37.
STEPS again measured suprathermal ions from the magnetosheath region during
interval ‘i’. The spectral indices of ions observed by PS and NP units are 2.89 and
2.47, respectively, during this interval. STEPS units recorded comparatively softer
spectra of magnetospheric ions with spectral indices 3.09 (PS) and 3.28 (NP) in the
interval ‘j°. The spectral indices of protons in the geosynchronous orbits are 4.78
(MPSH-16) and 4.93 (MPSH-18). In-situ signatures of ICME-2 was recorded at L1
at 02:34 UT on September 17. Interestingly, AL1 sampled suprathermal particles
from solar wind and magnetosheath before the arrival of IP shock associated with
ICME-3 on September 18, 13:31 UT at the L1. It can be seen from panel (vi) of
Figure 6.1 and Table 6.1 that a much harder spectra were detected by PS, NP,
LEMS120, and SEPT during the interval ‘k’. The spectral indices are calculated to
be 1.18, 0.89, 1.17, and 1.77, respectively. Comparatively harder ion spectra were
observed by STEPS detector units also in the magnetosheath region during the
interval ‘I’. The effect of ICME-3 persisted in the magnetosphere even during the
interval ‘m’. The spectral indices of ions as measured by PS and NP are 2.49 and
2.28, respectively during this interval. MPSH-16 and MPSH-18 recorded proton
spectra with spectral indices 3.18 and 3.61, respectively. There is a possibility of
substorm related particle enhancement in the magnetosphere during interval ‘m’.
However, the comparatively smaller spectral indices clearly show that low energy
SEPs associated with ICME-3 penetrated the magnetopause boundary and made

the proton and ion spectra harder. During the interval marked by ‘n’, spectral
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indices of solar wind suprathermal particles as observed by PS, NP, LEMS120,
and SEPT are 3.25, 3.08, 2.41, and 2.73, respectively.

To summarize, ICME-1 does not alter the spectral indices in the magneto-
sphere (compare intervals ‘b’ and ‘d’) while ICME-2 hardens the spectra in the
magnetosphere (compare intervals ‘I’- ‘n’ with special attention to intervals ‘k’
and ‘1’). Another important observation that came out is the significant soften-
ing of spectra during ‘¢’ and ‘f” when substorms occurred as indicated by the

variations in the AL indices. It can be seen from Figure 6.1 and Table 6.1 that
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Figure 6.4: Panel (a) shows the temporal variations of ion fluxes at different energy
channels as observed by LEMS120 corresponding to ICME-1. The magenta colored
vertical solid line marks the arrival of shock/bow wave associated with the ICME
at L1 point. Variations in proton fluxes measured by MPSH-18 corresponding to
the ICME are plotted in panel (b). Panel (c) shows the correlation between ion
fluxes (with energies 1.05-1.89 MeV) measured by LEMS120 and proton fluxes
(with energies 1.0-1.9 MeV) measured by MPSH-18 during the interval bounded
by the red and black vertical dashed lines. The red line is the linear regression line.
The slope of fitted line and the R? values are mentioned. Panels (d), (e), and (f)
represent the similar variations as (a), (b), and (c), respectively, but corresponding
to ICME-3.

although both ICME-1 and ICME-3 caused almost similar impact on the geomag-
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netic field, their impact on the energetic particle environment of magnetosphere
and magnetosheath region are contrasting in nature. While ICME-1 (“stealthy”)
does not alter the energetic particle environment in the magnetosphere (spectral
index remains nearly the same), ICME-2 does the opposite (hardens the spectra).
Figure 6.4 is presented to garner further support for this observation. Figure 6.1
(a) and (d) show the temporal variations of ion fluxes obtained from LEMS120
during ICME-1 and ICME-3, respectively. The corresponding proton fluxes ob-
tained from MPSH-18 are plotted in panel (b) and (e), respectively. It can be seen
from panel (c) that the correlation between the hourly averaged ion fluxes in the
energy range 1.05-1.89 MeV observed by LEMS120 and hourly averaged proton
fluxes in the energy range 1.0-1.9 MeV observed by MPSH-18 is negligible. On
the other hand, there is a relatively stronger correlation between > 1 MeV ion
fluxes measured by LEMS120 and > 1 MeV proton fluxes measured by MPSH-18
(panel (f)). This suggests direct impact of energetic ions associated with ICME-3
on the magnetospheric proton fluxes. The implications of these observations are

discussed in the next section.

6.4 Discussions and conclusions

It can be seen from the above section that almost similar intensity geomagnetic
storms occurred due to ICME-1 and ICME-3. However, hardening in spectra of
ions (see Figure 6.1) corresponding to the IP medium (change in spectral index
from ~ 2 to ~ 1.17), magnetosheath (change in spectral index from ~ 3 to ~ 1.8),
and magnetosphere (change in spectral index from > 5 to ~ 2.5) is observed only
in the case of the latter ICME, which appears to be a typical ICME with clear
shock signatures like jumps in solar wind bulk speed, magnetic field. However, the
proton density remains low in ICME-3. On the other hand, a large enhancement
in the proton density is observed in ICME-1. Harder spectra due to ICME-3 in
the geosynchronous orbit are also observed by GOES satellites. The direct impact
of the SEPs associated with this event is confirmed by Figure 6.4 (f) where a very
good correlation (R?=0.69) between the 1.05-1.89 MeV ion flux observed at L1
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Figure 6.5: (a) From top to bottom: ion fluxes measured by LEMS120 at different
energy channels, proton fluxes measured by MPSH/GOES-17 (MPSH-17) at var-
ious energy channels, total (black) and z-component (red) of the IMF, solar wind
flow speed, proton density, and Sym-H corresponding to Stealth CME 1 (taken
from O’Kane et al., 2021). The arrival of the shock front is marked by magenta
colored vertical solid line. Ton and proton fluxes during the interval between the
red and blue vertical dashed lines are used to calculate correlation coefficient as
shown in Figure 6.7 (a). (b) From top to bottom: same as Figure 6.5 (a) except
for proton flux measured by MPSH-16 corresponding to Stealth CME 2. This
event is taken from Nitta et al. (2021). The correlation between IP ion flux and
magnetospheric proton flux is shown in Figure 6.7 (b).
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point by LEMS120 and 1.0-1.9 MeV protons observed by MPSH is shown. On the
contrary, poor correlation (R?=0.18) between the LEMS120 ion flux and MPSH
proton flux suggests little effects of SEPs associated with the “stealthy” ICME-1 on
the magnetospheric energetic particles. Now, the question remains whether this is
the case for all the “stealth” CMEs. In order to answer this question, suprathermal
particles associated with two “stealth” CMEs (Stealth CME 1 is taken from O’Kane
et al., 2021 and details of Stealth CME 2 can be found in Nitta et al., 2021) and two
typical ICMEs (from Richardson and Cane catalogue) as measured by LEMS120
are compared with proton fluxes measured at geosynchronous orbit. Figure 6.5
(a) and (b) show the temporal variations of proton fluxes in the geosynchronous
orbit, Sym-H, ion fluxes and solar wind parameters measured at the L1 point
corresponding to Stealth CME 1 and Stealth CME 2, respectively. Figure 6.6 (a)
and (b) show the corresponding variations during Typical CME 1 and Typical
CME 2, respectively. The correlations between ion fluxes measured by LEMS120
and proton fluxes measured by GOES satellites during the two “stealth” CMEs
and two typical CMEs are described in Figure 6.7. It can be noted from Figure 6.7
(a) and (b) that there is very little correlation between the SEPs (in the energy
range of 1.05-1.89 MeV) associated with these “stealth” CMEs and proton fluxes
(1.0-1.9 MeV) measured at geosynchronous orbits. On the other hand, Figure
6.7 (c) and (d) show very good correlations between SEP fluxes associated with
typical CMEs and protons in the geosynchronous orbit. An interesting similarity
between the Stealth CME 1 and Stealth CME 2 is that solar wind speed is < 400
km/s at the beginning of both the events (see Figure 5). The solar wind speed
during the “stealthy” ICME-1 (Figure 1) also is < 450 km/s. On the contrary,
solar wind speed is observed to be > 500 km/s at the onset of both the typical
CME events. This condition is very much similar to ICME-3 studied in this work.
Therefore, it appears that the local speed (or in other words, the strength of the
shock) of ICMEs is an important factor that controls the impact of SEPs on the

magnetospheric energetic particle environment.

The geomagnetic impact of “stealth” CMEs has been known for quite some
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Figure 6.6: (a) From top to bottom: ion fluxes measured by LEMS120 at different
energy channels, proton fluxes measured by MPSH-18 at various energy channels,
total (black) and z-component (red) of the IMF, solar wind flow speed, proton
density, and Sym-H corresponding to Typical CME 1 (taken from Richardson and
Cane catalogue). The arrival of the shock front is marked by magenta vertical solid
line. Ton and proton fluxes during the interval between the red and blue vertical
dashed lines are used to calculate correlation coefficient as shown in Figure 6.7 (c).
(b) Same sequence is followed as in Figure 6.6 (a). The corresponding correlation
is shown in Figure 6.7 (d).
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Figure 6.7: (a) Comparison between 1.05-1.89 MeV ion flux measured by
LEMS120 and 1.0-1.9 MeV proton flux measured by MPSH-17 during the interval
bounded by red and blue vertical dashed lines corresponding to Stealth CME 1 in
Figure 6.5 (a). The R? value is mentioned at the top of the panel. (b) Comparison
between 1.05-1.89 MeV ion flux measured by LEMS120 and 1.0-1.9 MeV proton
flux measured by MPSH-16 during the interval bounded by red and blue vertical
dashed lines corresponding to Stealth CME 2 in Figure 6.5 (b). The R? value is
mentioned at the top of the panel. (¢) Comparison between 1.05-1.89 MeV ion
flux measured by LEMS120 and 1.0-1.9 MeV proton flux measured by MPSH-18
during the interval bounded by red and blue vertical dashed lines corresponding
to Typical CME 1 in Figure 6.6 (a). The R? value is mentioned at the top of the
panel. (d) Comparison between 1.05-1.89 MeV ion flux measured by LEMS120
and 1.0-1.9 MeV proton flux measured by MPSH-18 during the interval bounded
by red and blue vertical dashed lines corresponding to Typical CME 2 in Figure
6.6 (b). The R? value is mentioned at the top of the panel.

time. However, the contrasting impact of < 2 MeV SEPs associated with a
“stealthy” and a typical ICME on the magnetospheric particle environment is
being reported for the first time in this work based on the earth-bound orbits of

AL1. This study indicates that low energy SEPs with harder spectra (and as-
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sociated with ICMEs with speed > 500 km/s) at L1 are likely to penetrate the
magnetopause boundary and condition the magnetospheric energetic particle en-
vironment. On the contrary, “stealth” CMEs, having speeds < 450 km/s on most
of the occasions, do not affect the energetic particle environment of the magne-
tosphere. Attempts are being made to strengthen this inference by evaluating a
greater number of stealth and typical CMEs. Nevertheless, it is clear that this
study is important in assessing the impact of ICME associated energetic particles
on the terrestrial magnetosphere by simply evaluating the hardness of the particle

spectra at the L1 point.

6.5 Key findings

1. Based on ASPEX payload on-board Aditya-L.1 mission of India as well as
other satellite and ground based observations, it is shown that stealth CMEs
and typical shock CMEs can cause magnetic perturbations of equivalent
strengths but their impact on the energetic particle environment on the

magnetosphere can be entirely different.

2. SEPs or energetic ions with energies less than 2 MeV associated with stealth
CMEs are, in general, are not effective in modulating magnetospheric ener-
getic particle environment. This is because of low velocity and low shock

strength of stealth CMEs.

3. SEPs or energetic ions with energies less than 2 MeV associated with typical
CMEs with speed > 500 km/s affect the magnetospheric energetic particle

environment if the spectral indices are harder at the L1 point.
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Chapter 7

Summary and Future works

7.1 Summary

Suprathermal particles/ions (with energies ~ 0.01-1.0 MeV n~!) are important to
study for both scientific and technical reasons. These particles can directly affect
the space assets (or indirectly by providing seeds for solar energetic particles).
While this aspect raises technological concerns, the lack of understanding of the
origin and energization processes of these particles make them scientifically critical.
This thesis provides a detailed understanding of the generation and modulation
of suprathermal ions during quiet IP conditions, passage of SIRs, and upstream
of the terrestrial bow shock. It also discusses the impacts of SEPs associated with
different types of ICME on the magnetospheric particle environment.

One of the objectives of this thesis is to understand the factors that contribute
to the consistent presence of suprathermal particles in the IP medium even in the
absence of transient events like ICMEs, SIR/CIRs, solar flares, etc. (i.e., during
quiet times). This objective is achieved by comparing the differential directional
fluxes of H, 3He, *He, C, O, and Fe with sunspot number during solar cycles 23
and 24. It is observed that quiet-time suprathermal particles vary with the solar
activity cycle (sunspot number cycle). However, in some cases, a time delay (lag)
between the flux variation and sunspot number variation is observed. A lag in
the quiet-time suprathermal ion fluxes is indicative of heliospheric modulation
of suprathermal particles. This modulation is observed to depend on the m/q

of different ion species, as * He and Fe behaved differently in terms of lag and
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spectral indices in solar cycle 24, while C and O behave similarly in both solar
cycles. SIR/CIRs are thought to play a vital role in modulating suprathermal

particles in the interplanetary medium.

Therefore, as an obvious choice, SIR-associated suprathermal particles are
studied in the next work. It is observed that SIR-associated suprathermal parti-
cles do not show a systematic dependence on the m/q of the species. On most of
the occasions, large variations in the spectral indices are observed regardless of the
type of events. This indicates that possibly multiple processes are involved in the
acceleration of suprathermal particles. An observational evidence of acceleration
of suprathermal particles by merger and/or contraction of small-scale magnetic
islands during the passage of an SIR in the IP medium is also shown. This is
indicative of the local acceleration of suprathermal particles in the interplanetary

medium.

The characteristics of back-streaming suprathermal ions from the Earth’s bow
shock are investigated next. A direct comparison between suprathermal particles
arriving at the L1 point from the direction of the Sun and from the direction of the
Earth’s bow shock is done in this work. In case of upstream events, modulation
dependent on the m/q ratio in the suprathermal particles is prominent. This time,
cross-field diffusion of different species appears to create the difference between

light (H) and heavy (CNO) suprathermal species.

Another important aspect of the thesis is the first observations made by STEPS/ASPEX
on board the Aditya-L1 satellite during its earth-bound phases. Contrasting im-
pacts of suprathermal and low energy SEPs (< 2 MeV) associated with a typical
ICME and an ICME corresponding to a “stealthy" CME on the dayside terrestrial

magnetospheric energetic particle environment is shown.

This thesis highlights the importance of multi-point, multidirectional, species-
separated measurements of suprathermal and energetic particles to decouple dif-
ferent processes regarding the energization of these particles. In addition, physics-
based modeling is required to understand some of the aspects concerning the

acceleration of suprathermal particles and SEPs.
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7.2 Future works

This thesis explores the behaviors of suprathermal particles in different IP con-
ditions. A number of factors governing the generation and modulation of these
particles in the IP medium has been identified. The coupling between multi-
ple sources and processes on the suprathermal ion pool has come out from the
studies. Therefore, a single point measurement is not sufficient to understand
the energization of these particles. There is a need of multi-point measurements
to sample suprathermal particles from different parts of ICMEs, SIRs etc. The
observations are to be coupled with physics-based models to get a comprehensive
understanding of the acceleration mechanisms. It has been observed that energetic
phenomena (like flare) can potentially affect the suprathermal ion populations in
the IP medium. Therefore, remote sensing observations of the Sun are also helpful
to identify source processes.

There are still many unknowns regarding the origin, acceleration, and fates of
suprathermal particles. Some immediate scientific questions that surfaced during

the course of this thesis are listed below:

1. The validity of “quiet” periods as far as suprathermal particles are concerned

can be evaluated further.

2. It is observed that SIR-associated suprathermal particles exhibit softer spec-
tra than during quiet times on many occasions. It is not yet clear under what
conditions it is possible, particularly when there is an active acceleration

framework (e.g., compression region) is present.

3. During the last phase of this thesis, the strongest geomagnetic storm in the
past 20 years occurred on May 10, 2024. The implications of this storm on
the suprathermal particle populations in the IP medium (at L1 point to be
precise) needs to be investigated by using directional measurements from

STEPS/ASPEX.

4. The energization processes of SEPs from the suprathermal particles can be

better understood with the help of modeling and observations.
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. Suprathermal particles are frequently observed to enhance during the pas-

sage of ICMEs. This thesis does not include such investigation. Therefore,

this study can be taken up in the near future.

Selective enhancements in heavy ion fluxes (Fe, O, CNO etc.) are observed
during SIR events, upstream events. Although the detection limitation is
argued to be one of the major reasons for such observations, a comprehensive

understanding is needed in this regard.

The sources of suprathermal particles in the upstream events has been de-
bated for past few decades. There is a need to delineate the solar wind and

magnetospheric origin of these particles.

This thesis does not include the characteristics and acceleration of suprather-
mal electrons. This can be investigated for quiet /SIR/ICME events in future

by using multi-point observations.

Modeling on the energization of suprathermal particles, connection of these
particles with SEPs, transport of these particles in the interplanetary medium

can be one of the potential future studies that can be taken up.

The association of energetic particles with the solar sources can be taken up

using multi-vantage point observations and modeling.
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Abstract

Investigations on the solar cycle variation of the properties of suprathermal populations (H and other heavy ions
like “He, *He, C, O, and Fe) in the solar wind are sparse and hence poorly understood. In the present investigation,
solar cycle variations of “quiet” time suprathermal elements are investigated using <~ 1MeV n~' particle flux
data obtained from the Ultra-Low Energy Isotope Spectrometer on board the Advanced Composition Explorer
satellite during solar cycles 23 and 24. The analysis reveals that helium (*He) shows zero or positive lags with
respect to sunspot numbers in solar cycle 23 while it shows zero or negative lag in solar cycle 24. On the contrary,
although iron (Fe) shows a zero or positive lag in cycle 23 similar to “He, it shows only a zero lag in cycle 24 and
no negative lag is seen. Further, significant differences in the spectral indices are seen between “He and Fe in cycle
24 compared to cycle 23. These results suggest that generation mechanisms responsible for suprathermal “He and
Fe underwent changes in cycle 24 and these mechanisms are probably dependent on the first ionization potential
and mass-to-charge ratio. This proposition gets credence from the fact that changes in the lags and spectral slopes
for C and O are not significantly different in cycles 23 and 24.

Unified Astronomy Thesaurus concepts: Solar energetic particles (1491); Corotating streams (314); Solar wind

(1534); Solar coronal mass ejections (310)

1. Introduction

Suprathermal particles with energies from ~10 KeV per
nucleon (keV nfl) to ~1MeV per nucleon (MeV n") are
thought to act as seed populations for further acceleration by
interplanetary (IP) shocks associated with solar eruptive events
like coronal mass ejections (CMEs) (Gosling et al. 1981; Desai
et al. 2003, 2004 etc.) and corotating interaction regions (CIRs)
(e.g., Fisk & Lee 1980; Chotoo et al. 2000; Allen et al. 2019).
The two most widely known acceleration mechanisms, namely
first-order Fermi acceleration (or diffusive shock acceleration)
(Krymskii 1977; Bell 1978 etc.) and the second-order Fermi
acceleration (Fermi 1949), necessitate the initial presence of
suprathermal particles in the acceleration framework. Energetic
protons as well as heavy ions from *He to Fe and beyond
constitute the suprathermal ion pool in the IP medium.
Compositional abundance studies reveal that possible sources
of the suprathermal ion pool include solar wind ions (Desai
et al. 2003), particles associated with previously occurred
transient events (Fisk & Lee 1980; Giacalone et al. 2002 etc.),
and interstellar pick-up ions (Allen et al. 2019). In general, a
dominant contribution from pick-up ions in the suprathermal
populations is observed beyond 1 au (Fisk 1976). Suprathermal
particles exhibit a power-law distribution, also known as a
“quiet” time tail, when the velocity distribution function
(differential directional flux) is plotted against velocity
(energy). Often, a spectral index of —5 (—1.5) (Fisk &
Gloeckler 2006, 2007) has been reported in the past regardless
of the species considered. In this work, the spectral index of the
differential flux versus energy convention (—1.5) is chosen.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

There have been a few reports in the past (e.g., Gloeckler 2003;
Mason et al. 2012; Dayeh et al. 2017) that showed that this
spectral index deviates substantially from the —1.5 value. The
reasons for significant variations in the spectral index is a topic
that is still poorly understood. Further, it is also not abundantly
clear why different elements in the suprathermal ion pool
should follow a similar spectral index (Fisk & Gloeckler 2006;
Mason et al. 2008). These issues are important and need critical
attention as they might throw light on the generation of the
suprathermal ion population in the IP medium. Enhancements
of suprathermal protons and other heavy ions in CIRs within
and beyond 1 au have been reported by many authors (Mason
et al. 1997; Chotoo et al. 2000; Mason et al. 2008, 2012; Bucik
et al. 2009; Ebert et al. 2012; Filwett et al. 2017; Yu et al. 2018;
Allen et al. 2019, 2020; etc.). As a possible source of
energization of suprathermal particles associated with CIRs,
many have suggested diffusive shock acceleration by forward
and reverse shocks bounding the compression region of a CIR
(e.g., Palmer & Gosling 1978; Fisk & Lee 1980). Fisk & Lee
(1980) proposed a model in which particles accelerated by
shock fonts can be decelerated to lower energies by the effect
of adiabatic expansion and associated cooling in the IP
medium. However, the spectral rollover predicted by this
model below 0.5 MeV n~! could not be observed (Mason et al.
1997). The gradual compression region bounded by the shock
pair associated with a CIR is also considered as an effective
source of acceleration under suitable conditions (Mason 2000;
Giacalone et al. 2002), although the shock pairs might not be
adequately formed within 1 au on many occasions. Never-
theless, the presence of suprathermal populations in the IP
medium in the absence of such compression regions and shock
structures makes it difficult to comprehend the acceleration
processes involved. Further, there are also evidences that
“quiet” time suprathermal particles depend on solar activity. By
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studying the relative abundances of “quiet” time suprathermal
ions at 1 au, Kecskemety et al. (2011) found out that during
solar cycle minima, the suprathermal Fe/O ratio resembles the
corresponding ratio in the solar wind. These results were
supported later on by Dayeh et al. (2017), in which the solar
cycle dependence of suprathermal C/O, Fe/O, and *He/*He
with very strong correlations with the yearly averaged sunspot
number (SSN) were reported. They argued that suprathermal
particles are transported from remote places during “quiet”
times and are accelerated locally. Regardless of the acceleration
process involved, it is expected that during the course of
transport of suprathermal particles through the IP medium, the
particles may show a systematic time delay with solar activity
proxies (for example, SSN) and this may provide important
clues for understanding the source of these particle populations.
Although indicated in a few earlier works (e.g., Mason et al.
2012; Allen et al. 2019) detailed investigations on these time
delays are sparse. Further, comparison of these time delays and
spectral indices for various elements for multiple solar cycles
may lead to new insights related to the role of solar/IP
processes for the generation of these particles. Keeping these
issues in mind, the suprathermal particle flux data from the
Ultra-Low Energy Isotope Spectrometer (ULEIS) (Mason et al.

1998) on board the Advanced Composition Explorer (ACE)
(Stone et al. 1998) for solar cycles 23 and 24 (henceforth, SC23
and SC24, respectively) have been extensively analysed and
the results are presented in the present work. The results reveal
important differences between SC23 and SC24 as far as the
above aspects are concerned.

2. Data Set

ACE is a spin-stabilized spacecraft revolving around
Lagrangian point L1 of the Sun—Earth system in a halo orbit.
In this work, one-hour-integrated differential directional flux
(level 2) data corresponding to different energy channels for H,
4He, He, O, C, and Fe from 1998 March 1 to 2020 August 31
obtained by ULEIS on board ACE are used. ULEIS is a time of
flight mass spectrometer, which measures the time of flight (7)
and deposited energy (E) of isotopes with Z = 2-28. Using the
measured 7 and corrected energy (see Mason et al. 1998 for
details), the mass (M) of the isotope is determined. The
uncertainties in the energy measurements of ULEIS may affect
mass separation near the low-energy threshold in the presence
of significant noise (see Mason et al. 1998 and references cited
therein). This problem is particularly relevant for *He and “He.
Nevertheless, we have avoided using low-energy
(<100keV n~ ") channels for all the elements in our invest-
igation. The data set spans almost 22 yr covering SC23 and
SC24 and is available at https://cdaweb.gsfc.nasa.gov /index.
html. A list of CIR events, identified based on the measure-
ments at the L1 point and reported by Allen et al. (2019), is also
used to remove the concomitant enhancements in the
suprathermal flux associated with CIR events. In addition, as
stated in the next section, we also remove any other transient
event that causes enhancements in the suprathermal flux. We
have termed these events as ‘“non-CIR” transient events. This
step leads to a time series corresponding to “quiet” time. Here
“quiet” is put inside the inverted commas as we will argue later
that in either case—whether it is exhaustive removal of the
transient events or removal of transient events based on a cut
off flux level—the propagation of the suprathermal flux from
the transient events (CIRs, interplanetary coronal mass
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ejections (ICMESs)) into the “quiet” time suprathermal ion pool
cannot be completely eliminated in presence of a significant lag
with the SSN. We will come back to this point later on in more
detail. The daily averaged SSN data are available at http://
www.sidc.be/silso/datafiles.

3. Selection of Quiet Periods, Sensitivity Analyses, and
Validation

As indicated in the previous section, the data set used in the
present work pertains to periods devoid of transient events
(e.g., CIR and any other non-CIR events) that cause
enhancements in the suprathermal flux. From the entire data
set spanning over 22 yr, it is noted that transient CIR or non-
CIR events take flux levels much higher than the background
flux level encountered at other times. Therefore, these transient
flux variations are apparently easy to remove by choosing a
threshold flux level (e.g., Kecskemety et al. 2011). However, in
the present work, we do not initially choose any cut off flux
level as a reference level to remove transient events. Rather, we
remove the flux variations associated with these transient
variations in totality (from base flux level to peak flux level) so
that the propagation of the peak flux into the “quiet” time flux
is minimized significantly. It is possible that some minor
transient injections will remain in the time series even after
doing this. Therefore, we also perform detailed sensitivity
analyses and cross check critically to show that the results
obtained through present analysis procedure (no cut off level,
removal of transient events) remains nearly unchanged with
those obtained with four different cut off flux levels (much
lower than the peak levels of the transient injection events from
base to peak levels). Note, at least two of these cut off levels are
below the lowest flux level encountered during solar minima
(between SC23 and SC24) in the original time series. We also
subject these to sensitivity analyses for different averaging
windows (in days). These detailed sensitivity analyses with
different cut off levels and averaging windows are provided as
supplementary Figures A1-A12. It is found that the correlation
coefficients and the lags, thus derived, between the suprather-
mal fluxes for each element (at different energy channels) and
the SSN remain nearly invariant for different choices of cut off
levels and averaging windows. Therefore, we will not discuss
this point subsequently in this paper.

We now come back to the methodology adopted in this
work. This aspect is illustrated in Figure 1. Figures 1(a) and
1(b) show the variations in the proton fluxes for the original
and “quiet” (after removal of the transient events from base to
peak) data set, respectively, from 2007 June 2 to August 3.
Different colors correspond to different energy channels. The
mean of the upper and lower limits of each energy channel is
taken to represent (legend) the corresponding energy channel.
During the representative interval shown in Figure 1, there was
one CIR event (according to Allen et al. 2019), the start and
end times of which are marked in red and blue vertical dashed
lines, respectively. The other transient events are termed as
“non-CIR transient events” and no attempt is made here to
characterize those events. Figures 1(c) and 1(d) respectively
show the original and corresponding “quiet” time fluxes of “He
at various energy channels during the same time interval as that
of H. It is to be noted that durations of transient events removed
from the time series of “He may be different from those
removed from the H time series. This is because of the fact that
the enhancement and depletion of different elements at the
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Figure 1. The left column shows the proton flux data (a) before and (b) after the removal of the transient events. The dashed vertical lines indicate the start (red) and
end (blue) times of the CIR event during this period as observed by ULEIS/ACE. The non-CIR transient events are indicated by arrows in (a). Different energy
channels are represented by the mean of the lower and upper energy limits and are shown by colored dots. The right column shows the “He flux variation before (c)
and after (d) the removal of transient events similar to what has been done for the proton channels.
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Figure 2. Original vis-a-vis modified (after removal of the transient events) variations of the fluxes of different elements for the entire period (1998-2020) along with
the SSN data used in this paper (panel (a)). Subplots (b), (d), (f), (h), (j), and (1) show the original flux variations of H, “He, *He, Fe, C, and O, respectively. The
modified (“quiet”) fluxes of the elements in the similar order are plotted in subplots (c), (), (g), (i), (k), and (m). Legends for the different energy channels of an
element are marked by colored dots and are appropriately placed at the left and right of the plots.

measurement location are not simultaneous in many cases
(Reames 2018). Considering this important aspect, we have
removed the transient events for each element manually. The
complete exclusion of the transient events for the whole
duration of the data set for each element under consideration is
shown in Figure 2. The daily averaged SSN data are shown in

Figure 2(a). Please note that detailed correlation analyses of
this SSN time series are performed with the elemental flux time
series using different averaging windows. These aspects are
discussed in Figures 3-5 and in Figures A1-A12. In Figure 2,
subplots (b), (d), (f), (h), (j), and (I) show the temporal
variations of the suprathermal H, 4He, 3He, Fe, C, and O fluxes,
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Figure 3. Panel (a) shows typical variations of the 370 day averaged *He flux (black) corresponding to 0.55 MeV n~' (mentioned at the right corner) and SSN (red).
Variations of the normalized cross-correlation coefficients between the “He flux and SSN with respect to the lags (in multiples of 370 days) for SC23 and SC24 are
shown in subplots (b) and (c), respectively. The scatter plots in subplots (d) and (e) represent variations of the averaged and adjusted “He fluxes with respect to the
SSN in SC23 and SC24, respectively (see the text for details). Pearson’s correlation coefficient (R) between flux and SSN and corresponding p values are mentioned at

the bottom of panels (d) and (e).

respectively. The corresponding “quiet” time fluxes are shown
in subplots (c), (e), (g), (i), (k), and (m) respectively. The mean
values (up to two decimal place) of each energy channel for
H,*He, and *He are mentioned at the top left of Figure 2 using
colored dots as legends. The same is done for Fe, C, and O, as
mentioned at the top right of the figure.

It is to be noted at this point that all the subplots of Figure 2
are significantly compressed in time as these contain data
spanning over 22 yr. Although there is apparent bunching of
spikes in some of the “quiet” time series plots (for example, in
(1)) giving an impression of flux changes associated with
transient events, it is verified that those spikes are formed due
to temporal compression of the plot and constituent data points
that are temporarily far apart from each other. Another
important point to be noted here is that the resultant “quiet”
flux variations for all the elements lie below conspicuous
threshold levels that emerge out automatically for each
element. The “quiet” time particle flux data obtained through
this method are then analysed further and the results are
discussed in subsequent sections.

4. Results

4.1. Correlation Coefficients and Lags with the Variations in
the SSN in SC23 and SC24

Correlations between the “quiet” suprathermal fluxes and
SSN during SC23 and SC24 are investigated in this section.
Fluxes of different particles at different energy channels and
SSN have been subjected to averaging over 240 days to 400
days in steps of 10 days. In each such step, the maximum cross-
correlation coefficient and corresponding lag between the flux
and SSN is determined. In order to get an idea about the
significance of these correlations, we use these lags, apply them
to the time series data, and calculate the Pearson’s correlation
coefficients (CCs) and corresponding p values (probability of
acceptance of the null hypothesis that these correlations are
occurring by chance) between the lagged fluxes and SSN. The
method adopted in this work to compute CCs and lags is
depicted in Figure 3. Figure 3(a) shows typical variations of the
370 day averaged “He flux with energy 0.55 MeV n™' and SSN
for SC23 and SC24. In each case, the SSN variation is
subjected to positive and negative lags with respect to the flux
variation to maximize the cross-correlation coefficient. The
results obtained by this method for SC23 and SC24 are shown
in Figures 3(b) and 3(c), respectively. The lags corresponding



THE ASTROPHYSICAL JOURNAL, 938:26 (15pp), 2022 October 10

Dalal, Chakrabarty, & Srivastava

0.24 MeV/n
——0.48 MeV/n
—0—0.96 MeV/n

S<a on ' —o—0.12 MeV/n
L N S —e—0.24 MeVin
1 0.48 MeV/n
—8—0.77 MeV/n

1.09 MeV/n

0.1 MeV/n
——0.14 MeV/n
—8—0.2 MeV/n
~—8—0.27 MeV/n

0.39 MeV/n

—8—0.14 MeV/n
—8—0.24 MeV/n
~—0—0.48 MeV/n

0.96 MeV/n

—8—0.55 MeV/n
0.77 MeV/n
—0—1.09 MeV/n

Pearson correlation coefficients

0.12 MeV/n
—0—0.24 MeV/n
—8—0.48 MeV/n
~—0—0.96 MeV/n

—8—0.13 MeV/n
== 7 —@—0.24 MeV/n
~—8—0.48 MeV/n

0.96 MeV/n

r SC24 0 b

240 260 280 300 320 340 360 380 400 240 260 280 300 320 340 360 380 400
Averaging window (days)

Figure 4. Variations of Pearson’s CC between the lagged fluxes and SSN with respect to the averaging window. Panels (a), (c), (e), (g), (i), and (k) show the variations
of CC for H, “He, *He, Fe, C, and O, respectively during SC23. Panels (b), (d), (f), (h), (j), and (1) represent the same for SC24. Energy channels corresponding to H,
“He, and *He are written on the left side of the left column of the figure. The same corresponding to Fe, C, and O are mentioned on the right of the right column of the

figure.

to the maximum cross-correlation coefficients (marked by
vertical red dotted—dashed lines) are considered as the lags of
interest. A positive lag value indicates that the flux variation
lags the SSN variation. On the other hand, a negative lag
reveals that the flux variation leads the SSN variation, which
essentially means that the increase in flux has started earlier
than the increase in SSN. The above two scenarios are clear
from Figures 3(b) and 3(c), respectively. It can be seen that the
370 day averaged “He flux lags the SSN variation in SC23 by
370 days and leads it in SC24 by the same number of days.
Once the lag is noted, the flux variation is adjusted for the lag,
and then Pearson’s CC and the corresponding p value are
estimated. Figures 3(d) and 3(e) show Pearson’s CCs and p
values for SC23 and SC24, respectively. Note, in both the cases
Pearson’s CC (R) is higher than 0.8 and the p values are <0.05,
which indicate that these high correlations are real.

Figure 4 shows the variations of Pearson’s CCs with respect
to the averaging window during SC23 and SC24 for various
elements. Every vertical pair of subplots in this figure
corresponds to the variations of Pearson’s CCs of an element
in SC23 and SC24. It can be seen from Figure 4 that the CC
values corresponding to any particular energy channel of any
element do not vary significantly depending on the averaging
windows. In most of the cases it is observed that p < 0.05.

Variations of the lags corresponding to each point in
Figure 4 are shown in Figure 5. Some interesting outcomes
from this figure are discussed in the following part of this
section. “Quiet” time suprathermal H at L1 point does not show
any noticeable time delay with respect to the SSN variation in

SC23. The time lags are inconsistent in SC24 as positive, zero,
and negative lags are observed in different energy channels of
H. Interestingly, although “He shows zero and positive lags in
SC23, zero and negative lags are observed on some occasions
in SC24.

He flux variation does not lag the SSN variation in both
SC23 and SC24 except for at 0.96 MeV n~' energy channel
when negative lags are seen in SC24 for some averaging
periods. While zero or positive lags are observed for the Fe
fluxes in SC23, predominantly zero lags are there in SC24. C
and O show mostly zero lags in both solar cycles.

4.2. Variations in the Spectral Index of Different Elements at
Different Phases of SC23 and SC24

In order to evaluate the variabilities of the spectral indices of
different suprathermal elements during the different phases of
SC23 and SC24, seven phases are identified from the SSN data
spanning from 1998 March to 2020 August. The duration of
each phase is two years. These phases are: (1) maximum of
SC23 (from 1999 November 11 to 2001 November 11), (2)
descending phase of SC23 (from 2003 July 15 to 2005 July
15), (3) minimum of SC23-24 (from 2007 July 05 to 2009 July
05), (4) ascending phase of SC24 (from 2009 September 24 to
2011 September 24), (5) maximum of SC24 (from 2012 April
20 to 2014 April 20), (6) descending phase of SC24 (from 2015
July 8 to 2017 July 8), and (7) minimum of SC24-25 (from
2018 August 31 to 2020 August 31). “Quiet” time suprathermal
ion fluxes of each element are then averaged over each phase
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Figure 5. Variations of the lags between the averaged fluxes and SSN with respect to the averaging window. Panels (a), (c), (e), (g), (i), and (k) show the variations of
the lags for H, 4He, 3He, Fe, C, and O, respectively, during SC23. Panels (b), (d), (f), (h), (j), and (1) represent the same during SC24. Energy channels corresponding
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of the figure.

and plotted against the corresponding energies (represented by
colored dots), as shown in Figure 6. Each subplot in Figure 6
corresponds to the spectra of an element mentioned at the right
upper corner of each subplot. Lines with seven different colors
are the least-squares fitted lines corresponding to the seven
phases of solar cycles as mentioned earlier. The spectral indices
denoted by m; (where i=1, 2, 3, 4, 5, 6, and 7) are the
estimated mean slopes of the fitted lines corresponding to
different phases. The margin of errors (MoE; which sets a
lower and upper bound on the estimated value corresponding to
a specified confidence level) within 95% confidence bounds in
estimating the mean slopes are also mentioned here. It is to be
noted that the MoE depends on the variability of the data
points, sample size, and confidence level (e.g., Agresti &
Coull 1998). Bootstrap sampling (Efron & Tibshirani 1993) is a
useful method to calculate the confidence intervals and MoE of
an estimated (fitted) parameter like the spectral index.

Figure 7 summarizes the results shown in Figure 6. It shows
the variations of the spectral indices of (a) H, (b) 3He, (c) Cand
0, and (d) “He and Fe with different phases of the solar cycles
as mentioned above. The MoEs are also shown. Note, the y-
axis scales are made different for each subplot in Figure 7 to
provide better visualization.

Figure 7(a) shows the variations in the mean spectral indices
for suprathermal H at different phases of the solar cycles. The
mean spectral index is found to vary from 1.51 (mean m,) to
1.88 (mean ms) except for that at the minimum of SC24-25
when it changes to 2.2 (mean m;). It can be seen that the
spectral index changed significantly during the minimum of

SC24-25. However, since the variabilities of the fluxes are
large and the number of data points is only three (corresp-
onding to the three energy channels), the MoE is relatively
large. This argument is justified as Bootstrap sampling depends
on the number of original data points and the more the data
points, the better is the normal approximation used in Wald’s
method (see, for example, Agresti & Coull 1998). Therefore, a
larger sample size and smaller variability of the sample data
lead to a smaller MoE.

Figure 7(b) shows the corresponding variations of the
spectral indices of *He similar to what is shown in Figure 7(a).
It is noted that the m; of *He vary from 2.35 (mean m,) to 2.64
(mean m;). The MoEs are also quite high (except for the MoEs
of the mean m; (0.69) and mean mg (0.80)). Comparative
variations of the spectral indices of C and O (Figure 7(c))
reveal that these two elements go almost hand in hand over all
the phases of the solar cycles, with the largest difference
between the mean m; appearing to occur during the minimum
of SC23-24. This is in contrast to “He and Fe wherein the
largest difference between the spectral slopes seems to occur
during the minimum of SC24-25. The spectral indices (from
my to ms) of “He and Fe vary almost hand in hand in between
the maximum of SC23 and the maximum of SC24. However,
during the descending phase of SC24, mg of *He reaches a
minimum value (1.72) and in the next phase, the index m; of
“He changes abruptly to a maximum value (2.50). Such abrupt
changes are not seen in case of Fe during the minimum of
SC24-25.
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on the left for H, “He, and *He and on the right for C, O, and Fe.

5. Discussion

Variations of “quiet” time suprathermal heavy ion ratios (C/
0, Fe/0, and *He /*He) with solar activity were reported in the
past (e.g., Dayeh et al. 2009; Kecskemety et al. 2011; Dayeh
et al. 2017; etc.). It was also suggested that these ratios exhibit
a solar energetic particle (SEP)-like signature during solar
maximum and a CIR/solar wind-like signature during solar
minimum. Therefore, the contribution from SEP and CIR
events to the suprathermal ion pool in the IP medium during
solar maximum and minimum, respectively, have been
indicated in the past. Our investigation explicitly brings out
not only the solar activity dependence (based on significant
CCs) but also the time delays between the SSN and “quiet”
time suprathermal fluxes. Therefore, our results augment and
consolidate the earlier results (e.g., Dayeh et al. 2017) on the
solar activity dependence of suprathermal particles in the IP
medium. It appears that as the occurrence of SEP (both
impulsive and gradual events) and CIR events vary with solar
activity, so does the suprathermal population in the IP medium.
The most striking point in this context emerges when we see
conspicuous lags on many occasions despite the removal of
transient events. This strongly suggests that the so-called
“quiet” time suprathermal population in the IP medium may
possibly be composed of leftover particles from previous solar
and IP transient events. Therefore, the “quiet” time population
of suprathermal population may not be truly “quiet” (even after
the removal of the transient events).

This investigation, for the first time, shows that there exists
negative lags between the suprathermal “He fluxes and SSN in
SC24. This essentially means that suprathermal “He flux levels
started rising in the IP medium before the SSN started rising

Energy (MeV/n)

Figure 6. Plots of two year “quiet” time averaged differential directional flux vs. energy for the six elements under consideration. The spectral slopes (m;) of the fitted
lines for different phases of SC23 and SC24 are also shown in different colors. The MoEs of the spectral index estimations within 95% confidence bounds are written

during SC24. This indicates toward source processes that
dominate during the minimum phase of the solar cycle. Since
CIRs are the major source of energetic particles in the IP
medium during the minimum of solar cycles, the negative lags
of suprathermal “He during the minimum of SC23-24 probably
indicate the production of these suprathermal particles from
CIR events in the IP medium. The deep minimum of SC23-34
provides an ideal background condition for this. This argument
is supported by the negative lags observed in the 0.96 MeV n™"'
He flux in SC24. It is known that impulsive flare events
contribute to the energetic *He population in the IP medium
(e.g., Mason et al. 2002). Therefore, a negative lag in the *He
fluxes may additionally suggest the role of remnant flare
particles that were accelerated by CIR events during the
minimum of the solar cycle and contributed to the suprathermal
ion pool.

Mason et al. (2012) used ACE/ULEIS data from 1998 to
2011 and found that CIR event-averaged suprathermal Fe/O
lagged behind SSN in SC23 but became more in phase in
SC24. The results of Mason et al. (2012) also got extended and
supported by the work of Allen et al. (2019) wherein similar
behavior for the CIR averaged suprathermal Fe/O (in the
energy range of 0.32-0.45MeV n™ ') was brought out using
ACE/ULEIS data from both SC23 and 24 (1998-2018).
Interestingly, the present results that deal with “quiet” time
suprathermal populations show consistency with the results
obtained by both Mason et al. (2012) and Allen et al. (2019) as
far as the difference in lags of the suprathermal Fe is concerned
within both cycles. This result also indicates the contribution of
CIR-associated particles in the “quiet” time suprathermal
particle population.
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Figure 7. Variations of spectral indices of (a) H and (b) 3He and comparative variations of (c) C (red) and O (black) and (d) “He (red) and Fe (black) with respect to the
different phases of the solar cycles starting from the maximum of SC23 up to the minimum of SC24-25. The MoEs corresponding to the 95% confidence interval, in

estimating the spectral indices as shown in Figure 6, are set as error bars.

Drastic changes in the spectral index of “He occur after the
maximum of SC24. In the descending phase of SC24, the mean
spectral index (mg) of “He reaches its minimum value at 1.72.
In the next phase, the index (m; =2.50) is the highest among
all the phases. The change is greater than any of the MoEs for
“He. On the other hand, the spectral indices of Fe vary quite
smoothly and reach a maximum in the minimum of SC24-25.
These variations in the spectral indices of “He and Fe suggest
that there were some differences in the production and (or)
processing of these two suprathermal elements in the IP
medium. Earlier, we have noted different lags of these two
elements in SC23 and SC24. Therefore, it is clear that as far as
the generation and processing of suprathermal “He and Fe are
concerned, there exist significant differences in SC24. In fact,
SC24 is special in many ways. One such specialty is that SC24
is the weakest solar cycle in the last century and succeeds an
extended minimum. Janardhan et al. (2018) also reported
unusual polar field reversal in the Sun. Therefore, it is natural to
assume that the differential behavior of suprathermal “He and
Fe in SC24 may be associated with changes in the Sun itself.
However, the lags and spectral index variations of C and O

look similar in both solar cycles. This contradiction leads us to
think about the preferential processing of suprathermal particles
in the IP medium. The acceleration of suprathermal population
in the IP medium has also been suggested to depend on the
mass-to-charge ratio (M/q) (e.g., Drake et al. 2009; Zhao et al.
2017; Reames 2018) and first ionization potential (FIP) effects
(e.g., Feldman & Widing 2002). Owing to the significant M/q
and FIP differences, it is possible that the processing of “He
and Fe in the IP medium were affected in SC24. This argument
gets credence from the fact that C and O have similar FIP and
M/q values. Hence, no differential changes are noticed in the
lags and spectral indices of C and O in SC23 and SC24.
Therefore, the present investigation suggests a sensitive
dependence of the generation of a suprathermal population in
the IP medium on FIP and M/q. In the context of SC24 being
different, a few other results are also relevant here. Mewaldt
et al. (2015) revealed that the fluence of SEP particles were
conspicuously lower during the initial phase of SC24 and this
reduction is attributed to two factors—a lower interplanetary
magnetic field (IMF) in the IP medium and depletion in the
seed population (suprathermal particles). While a reduced IMF
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Figure A2. Variations of Pearson’s CC between the averaged and shifted “He fluxes at different energies (written in the middle column) and the averaged SSN with
respect to the averaging window during SC23 (left) and SC24 (right) are shown. The fluxes are shifted based on the calculated lags with respect to the SSN variation.
The green dots are Pearson’s CCs when there is no cutoff on the fluxes (as shown in Figure 3 in the main text). The red, black, pink, and blue dots represent Pearson’s
CCs obtained in the similar way after putting cutoffs on the fluxes. Threshold values of the fluxes in units of particles/(cm2-s-sr-MeV /n) are written on the left and
right of each pair of subplots corresponding to SC23 and SC24, respectively.

reduces the efficiency of acceleration leading to an under-
population in the SEP energy domain (e.g., Gopalswamy et al.
2014; Mewaldt et al. 2015; Allen et al. 2019), lower densities

of the seed population may limit the maximum energies that

particles can be accelerated to by Alfvén waves through wave—

particle interaction at the shock front (e.g., Li & Lee 2015).
Another possibility is the changes in the spectral slopes through
variations in the pick-up ion populations in the IP medium.

The relative importance of the acceleration and deceleration

processes in the changes of suprathermal “He that we see
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Figure A3. Similar to Figure A2 but for *He.
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Pearson CCs of Fe in SC23 (left) and SC24 (right)
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Figure A6. Similar to Figure A5 but for Fe.
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Figure A7. Variations of the lag between the averaged and shifted H fluxes at different energies (mentioned in between the subplots) and the averaged SSN with
respect to the averaging window during SC23 (left) and SC24 (right) are shown. The fluxes are shifted based on the calculated lags with respect to the SSN variation.
The green dots are the lags when there is no cutoff on the fluxes (as shown in Figure 4 in the main text). The red, black, pink, and blue dots represent Pearson’s CCs
obtained in the similar way after putting cutoffs on the fluxes. The threshold values of the fluxes in units of particles/(cm2-s-s--MeV /n) are written above each

subplot.

during the minimum of SC24-25 also deserves attention at this
stage. Dayeh et al. (2017) discussed that suprathermal tails are
either generated due to (1) continuous acceleration of the seed
populations in the IP medium (e.g., Fisk & Gloeck-
ler 2006, 2008, 2014; Zank et al. 2014 etc.) or due to (2)
deceleration of energetic particles from solar and IP events
(e.g., Fisk & Lee 1980; Giacalone et al. 2002 etc.). Earlier
studies have suggested that the lower-energy part of the CIR-
(or stream interface region, SIR)-associated suprathermal
populations gets affected primarily by local acceleration
processes (e.g., Schwadron et al. 1996; Giacalone et al. 2002;
Ebert et al. 2012; Filwett et al. 2017, 2019; Allen et al.
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2020, 2021) while the higher-energy part gets affected by
shock acceleration occurring far away (e.g., Ebert et al. 2012;
Filwett et al. 2019). Therefore, the importance of acceleration,
whether local or shock-induced, is undeniable in the observed
changes that are reported in the present investigation.
Schwadron et al. (2010) theorized that variable superpositions
of stochastic processes (distribution functions represented by
exponential and Gaussian functions) could give rise to a power-
law distribution function with an exponent of —5 (f oc v—5) (or
—1.5 in differential intensity w.r.t. the energy approach). This
work essentially suggests that variable acceleration and heating
processes may be in operation in the IP medium for the
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Figure A8. Similar as Figure A7 but for “He. Also, the legends are shown adjacent to the subplots.
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Figure A9. Similar as Figure A8 but for *He. Energy channels are mentioned inside the subplots.

generation of suprathermal particles. Antecki et al. (2013)
adopted stochastic acceleration under a pressure balance
condition—the timescale of acceleration is in balance with
the timescale of adiabatic cooling in the solar wind as an
effective means of producing a —1.5 spectral index. On the
other hand, the possible role of deceleration processes for the
observed changes in the suprathermal “He particles during the
minimum of SC24-25 cannot be ruled out also. This is because
the particles that are accelerated at the distant shock fronts can
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be thrown back into the inner heliosphere leading to increased
scattering and magnetic cooling processes. This may result in
modulations in the intensity and spectral index (e.g., Fisk &
Lee 1980; Mason et al. 1999; Zhao et al. 2016; Allen et al.
2021). Most importantly, particles accelerated through previous
transient events, while speeding through the IP medium,
experience adiabatic expansion of the solar wind resulting in
the deceleration of these particles. As a consequence, the
energetic particles slow down and enter into the suprathermal
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Figure A10. Similar as Figure A9 but for C.
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Figure A11. Similar as Figure A10 but for O.

pool. According to Fisk & Lee (1980), this type of particle is
expected to show a rollover below ~0.5MeVn~' in the
spectra. However, no such rollover is observed by Mason et al.
(1997). We also do not see such a rollover feature in the present
investigation. Nevertheless, although difficult to comment, the
relative role of deceleration processes on the significant
changes in the spectral slope of “He during SC24-25 cannot
be ruled out. It seems, therefore, reasonable to argue that
variable contributions of acceleration and deceleration or
distribution functions may lead to variations in the spectral
indices with varying solar activity. These processes might have
undergone changes in the minimum of SC24-25 so as to cause
changes in the spectral indices as far as heavier ions like Fe and
“He are concerned. These aspects need more critical attention
in the future, and the multidirectional suprathermal particle
measurements on board India’s forthcoming Aditya-L.1 mission
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(Goyal et al. 2018) may throw important light on some of these
issues.

6. Summary

In this work, by analysing 22 yr of flux variations of
suprathermal H, 3He, 4He, C, O, and Fe measured by the ACE
spacecraft from the first Lagrangian point of the Sun—Earth
system, we show that these particles follow a solar cycle
variation with varying lags or time delays. These time delays
are shown to vary with energy and element. It is inferred that
the suprathermal population in the IP medium during “quiet”
times is not free from particles originating from earlier transient
events. Further, this investigation, for the first time, reveals that
suprathermal Fe and “He show discernible changes in lags and
spectral slopes in SC24. It is hypothesized that these changes in
lags and spectral slopes may result from acceleration/
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Figure A12. Similar as Figure A1l but for Fe.

deceleration processes that depend on the mass-to-charge ratio
and FIP. This suggestion gets credence from the behavior of C
and O wherein no such differential changes are noticed. Further
investigations are needed to understand the underlying physical
processes that are responsible for the differential changes in the
suprathermal helium and iron in the IP medium in SC24.
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Data Sources: The suprathermal particle flux data used in
this paper are available at https: //cdaweb.gsfc.nasa.gov /index.
html. The daily estimated SSN data can be downloaded from
http://www.sidc.be/silso /datafiles.

Appendix

Rigorous sensitivity tests to validate the results regarding
lags of suprathermal particles with respect to SSN variation are
performed. These plots reveal how the correlation between the
“quiet” suprathermal fluxes and SSN varies depending on the
flux thresholds. Four sets of flux thresholds have been selected
at random in decreasing order for each energy channel of each
element. We have repeated the same exercise depicted in the
main text to calculate the lags and Pearson’s CCs between
SSNs and fluxes with the above mentioned cutoffs. The results
of the same are shown in Figures A1-A12. Figures A1-A6
show the variations in Pearson’s CC for H, “He, *He, C, O, and
Fe, respectively. It can be seen from Figure Al to Figure A6
that irrespective of the thresholds, the flux and Pearson’s CC do
not change significantly if we compare these values with the
CCs calculated by only removing transient events. Not only the
CCs, but also the time delays between the fluxes and SSN also
do not change depending on the flux baselines (see
Figures A7-A12). These give direct credence to the
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methodology adopted here for generating quiet time data by
removing the transient events.
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Abstract

Stream interaction regions (SIRs) are often thought to be responsible for the generation of suprathermal population
in the interplanetary medium. Even though the source is the same, wide variations in the spectral indices of
suprathermal populations are observed at 1 au during SIRs. This poses a significant uncertainty in understanding
the generation of suprathermal ion populations by SIRs and indicates an interplay of multiple source mechanisms.
By analyzing variations in suprathermal “He, O, and Fe for 20 SIR events recorded by STEREO-A during
2007-2014, we find that the spectral indices of these elements vary in the range of 2.06—4.08, 1.85—4.56, and
2.11-4.04 for 19 events. However, in one special case, all three suprathermal elements show nearly identical
(~1.5) spectral indices. We describe possible mechanisms that might cause significant variations in the spectral
indices of suprathermal particles. More importantly, we show the possible role of merging and/or contraction of
small-scale magnetic islands near 1 au in producing nearly identical spectral indices for three different elements
with different first ionization potentials and mass-to-charge ratios. The occurrence of these magnetic islands near
1 au also supports the minimal modulation in the spectral indices of these particles. We also suggest that a possible
solar flare may have played a role in generating these magnetic islands near the heliospheric current sheet.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Interplanetary shocks (829); Corotating streams (314);

Solar energetic particles (1491); Solar flares (1496)

1. Introduction

Suprathermal particles with energies in the range 0.01- 1.0 MeV
per nucleon (hence, MeV n™ '), often characterized by power-law
distributions, are ubiquitous in the heliosphere (Gloeckler 2003).
The power-law index (spectral index) has been suggested to be—
1.5 in general due to stochastic acceleration in compressional
turbulences during quiet times when the differential directional flux
is plotted against the energy of the particles (Gloeckler 2003; Fisk
& Gloeckler 2006, 2007, 2008, 2014, etc.) The generation of
suprathermal particles in the interplanetary (IP) medium has been
one of the most debated topics for several decades. Stream
interaction regions (SIRs) are considered the main source of
suprathermal and energetic particles in the IP medium (Tsurutani
et al. 1982; Mason et al. 2012; Richardson 2018; Allen et al.
2019, 2021, etc.). SIRs form when faster solar wind streams from
coronal holes interact with preceding slower streams originating
from coronal streamers (Belcher & Davis 1971; Richardson 2018).
Coronal holes and the fast solar wind emanating from them
sometimes persist for several solar rotations (the Carrington
rotation is ~27 days). This causes the compressed interaction
regions to corotate with the Sun for more than one solar
rotation. These structures are then called corotating interaction
regions (CIRs; Gosling et al. 1981). The spectral indices of
SIR /CIR-associated suprathermal “He calculated over an energy
0.1-1 MeV n~' observed at 1 au may vary in the range 1.3-5
(Mason et al. 2008b; Allen et al. 2021). Mason et al. (2008b)
found that the spectral indices of CIR-associated “He and O in the
energy range 0.16-0.91 MeV n~' are correlated and similar.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

However, the slopes of Fe spectra are found to be different from
those of “He and O. This raises the question whether the
acceleration of SIR /CIR-associated suprathermal ions depends on
the first-ionization potential (FIP) and mass-to-charge ratio (m/g) of
the species. In a recent paper, Dalal et al. (2022) have shown that
the modulation of quiet-time suprathermal particles in the IP
medium depends on the FIP and m/g of elements. In particular,
elements with a contrasting FIP and n/g (e.g., “He and Fe) behave
differently during quiet times in solar cycle 24 as compared with
cycle 23, while species with a similar FIP and m/g (e.g., C and O)
are modulated similarly in both the solar cycles.

One theory related to particle acceleration in SIR/CIRs is
that suprathermal and energetic particles are generated in
forward and reverse shocks associated with the leading and
trailing edges of SIRs, respectively (Fisk & Lee 1980).
However, these shocks may or may not form at 1 au
(Richardson 2018), and suprathermal particles may intensify
during the passage of shock-less SIR/CIR events as well
(Giacalone et al. 2002; Mason et al. 2008b; Bucik et al. 2009;
Ebert et al. 2012; Allen et al. 2019; Filwett et al. 2019; Allen
et al. 2021, etc.). We note that shock-less events do not exclude
shock-accelerated particles at the satellite location. As
discussed by Fisk & Lee (1980), the contribution from
suprathermal particles generated by a reverse shock beyond
1 au may cause enhancements in the suprathermal fluxes at
1 au.

In the present work, we select the events wherein the
signatures of shocks are not identified at the satellite location. It
is also to be noted that not only shocks, but also the gradual
compression regions have been suggested (Giacalone et al.
2002) to play an important role in the generation of
suprathermal population in the IP medium. While the role of
shocks in particle acceleration is well accepted, the role of
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Table 1
List of SIR Events and Spectral Indices of “He, O, and Fe Corresponding to These Events
SIR No. Start Time End Time Spectral Index
“‘He o) Fe
1 2007 September 21 13:35 2007 September 23 11:32 2.67 £0.44 2.89 +0.87
2 2007 October 25 18:04 2007 October 26 15:17 3.33 £045 3.88 £ 0.62
3 2007 November 13 18:00 2007 November 16 03:30 3.35 £ 0.60
4 2007 December 11 18:00 2007 December 13 04:10 3.70 £ 0.38
5 2008 February 11 00:00 2008 February 13 04:40 2.92 +0.49 275+ 045 2.59 + 0.69
6 2008 February 29 16:00 2008 March 3 03:15 2.49 £0.38 2.83 £0.56
7 2008 June 16 06:00 2008 June 17 18:36 3.12+£0.36
8 2008 August 7 18:10 2008 August 12 00:00 3.14+£038 3.64+£0.71
9 2009 May 31 08:13 2009 June 2 16:00 4.08 £0.42 4.14 £0.95
10 2011 January 12 12:03 2011 January 14 08:00 3.18 £0.28 3.98 + 0.61 4.04 £1.57
11 2011 November 12 02:00 2011 November 14 18:00 2.86 +0.28 2.61 £0.22 2.09 +£0.27
12 2012 June 12 04:00 2012 June 13 18:00 1.55£0.39 1.49 +0.34 1.46 £ 0.60
13 2012 August 21 20:00 2012 August 23 11:10 271 +£0.33 2.95+0.30 3.09 + 0.46
14 2013 April 18 16:00 2013 April 19 14:19 3.60 +0.43 2.84 +0.42 3.09 + 0.46
15 2013 July 17 00:00 2013 July 22 16:00 4.08 £0.24 4.56 £0.38
16 2013 September 24 08:00 2013 September 25 12:00 4.05+£0.74
17 2013 October 24 10:00 2013 October 26 02:25 397 £047 3.67 £ 0.53
18 2014 April 28 16:47 2014 April 30 19:05 2.06 £ 0.67 1.85 +£0.34 211 £0.59
19 2014 May 6 02:37 2014 May 7 02:00 3.06 +£0.35 2.53 £0.29 2.82+0.51
20 2014 June 3 07:27 2014 June 5 00:00 3.45 + 041 3.19+£0.19 272 +£0.76

gradual compression regions in generating suprathermal pool
has not received enough attention. Further, if well-defined
shock structures are detected by the spacecraft, they might
dominate the suprathermal flux enhancements at the satellite
location. Therefore, in order to ensure that we do not disregard
the contribution of the suprathermal population generated from
other processes such as the gradual compression regions, the
so-called shock-less events are chosen. After selecting these
events, we focus on the evaluation of the spectra of elements
with a different FIP and m/g. In this work, we therefore
estimate the spectral indices of “He, O, and Fe with energies
0.14-1.09 MeV n~" associated with 20 shock-less SIR events
observed by the Solar Terrestrial Relations Observatory—Ahead
(STEREO-A). We note significant variations in the spectral
indices across the SIR events and elements similar to quiet-time
conditions (e.g., Dalal et al. 2022). The possible physical
processes that might contribute to this spectral index variability
during SIR events are discussed. Interestingly, we also find one
particular SIR event in which these three elements exhibit
nearly identical spectral indices. We investigate this particular
SIR event in detail and argue that the enhancement in the
suprathermal population during this event is a consequence of
merging and/or contraction of a small-scale magnetic island
near the spacecraft. The following section discusses the data
used in this work. In the subsequent section, we present our
results. The discussions and conclusions follow the results
section. We summarize the results in the last section.

2. Data Used

The SIR events used in this work were observed by
STEREO-A during 2007-2014 and are available at https://
stereo-dev.epss.ucla.edu/media/SIRs.pdf. The start, end, and
approximate passage times of the stream interface structure are
determined based on criteria discussed in Jian et al.
(2006, 2013, 2019). Suprathermal “He, 0, and Fe fluxes with
energies <1 MeV n~' obtained from the Suprathermal Ion

Telescope (SIT; Mason et al. 2008a) during and close to these
events are used. The SIT is a time-of-flight mass spectrometer
with a mass resolution (o,,/m) of 0.1 in the 0.1-1 MeV n!
energy range. This mass resolution is high enough to
distinguish *He and “He in the energy range of interest (see
Mason et al. 2008a for details). Suprathermal particle flux data
for “He, O, and Fe can be found at https://cdaweb.gsfc.nasa.
gov/index.html. These elements have a different FIP and m/g.
It is also checked whether any IP shock was observed by
STEREO-A at the time of the event. The list of IP shocks
observed by STEREO-A is available at http://www.ipshocks.
fi/database. The solar wind proton density and bulk speed data
are obtained from the Plasma and Suprathermal Ion Composi-
tion (PLASTIC) instrument (Galvin et al. 2008) on board
STEREO-A. The components of the interplanetary magnetic
field (IMF) in the radial-tangential-normal (RTN) coordinate
system are measured by the fluxgate magnetometer (Acuila
et al. 2008), which is a subsystem of the In-situ Measurements
of Particles and CME Transients (IMPACT) investigation
(Luhmann et al. 2008) on board STEREO-A. These data are
also available at https://cdaweb.gsfc.nasa.gov /index.html.
The event-selection criteria adopted in this work are discussed
in the next section.

3. Selection of Events

From all the SIR events listed in the above link (https://
stereo-dev.epss.ucla.edu/media/SIRs.pdf), we have selected
20 SIR events during 20072014 when there were noticeable
enhancements in the suprathermal “He. These events are
denoted SIR 1-20 and are listed in Table 1. As discussed
earlier, these are shock-less SIR events. It is noted that not
every SIR event is associated with enhancements in the O and
Fe fluxes. Sixteen events are observed when the O fluxes show
small or moderate enhancements, and nine events are seen
when the Fe fluxes show enhancements. Figure 1 shows the
typical temporal variations of the “He, Fe, and O fluxes at
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Figure 1. Temporal variations of suprathermal “He (top row), Fe (middle row), and O (bottom row) fluxes at different energy channels associated with two typical SIR
events: SIR 2 (left) and SIR 12 (right). Table 1 provides the details on the date and time of arrival of these SIRs at the location of STEREO-A. The start and end times
of these events (determined by the characteristic changes in the solar wind parameters associated with SIR/CIR) are shown by the vertical dashed red and blue lines.
The intervals of these events are written in the titles of the left and right column of the figure. The energy channels are mentioned in between the columns.

different energy channels corresponding to SIR 2 and SIR 12.
One can easily see that “He fluxes have increased noticeably
above the background (level before and after the enhancement)
in connection with SIR 2. The enhancement in Fe fluxes is
negligible, and averaged O fluxes have negligible increment.
On the other hand, large enhancements in all the three elements
are observed in association with SIR 12. The second and third
columns of Table 1 enlist the start and end times of the 20 SIR
events observed by STEREO-A.

4. Results: Spectral Analysis

As is known, suprathermal ions (<1 MeV n ! atl au
exhibit a power law in the differential flux versus energy
spectra. In the present investigation, we use the spectral indices
associated with these power laws as representative of the
processes that generate the suprathermal particles corresp-
onding to the SIR events. The spectra of *He during the
enhanced flux level corresponding to SIRs 1-20 are shown in
Figure 2. The spectral indices and associated margin of errors
(MoEs) within the 95% confidence bounds are listed in the
fourth column of Table 1. Dalal et al. (2022) have rigorously
used MoEs as error bars in their estimated spectral indices of
quiet suprathermal particles, and for a detailed discussion, we
refer to Agresti & Coull (1998) as well as Dalal et al. (2022).
One can see from Figure 2 and Table 1 that the spectral indices
of suprathermal *He lie between 1.55 and 4.08 for these events.

Figures 3 and 4 show the spectra of O and Fe, respectively,
corresponding to the SIR events for which we see enhance-
ments in these elements. Their spectral indices are also listed in
Table 1. It is noted that O and Fe spectra are sometimes best fit
up to 0.77 MeV n ™, as shown in Figures 3 and 4. The spectral
indices of O and Fe vary from 1.49 to 4.56 and from 1.46 to
4.04, respectively. Although the spectral indices for “He, O,
and Fe are different from those of other SIR events in general,
they are almost equal for SIR 12 and are very close to 1.5 (1.55,
1.49, and 1.46, respectively). This is consistent with the fact
that the nature of the flux variations of all three elements in SIR
12 (shown in the right panel of Figure 1) are different (an
impulsive increase followed by a gradual decay in the flux)
from the nature of the flux variations during other SIR events.

In addition to the 20 SIR events observed by STEREO-A, we
also calculate the spectral indices for suprathermal *He associated
with 2 SIR events observed by STEREO-B. Interestingly, SIRs 1
and 2 (see Table 1) were observed by STEREO-B before they
were observed by STEREO-A (a list of SIR events observed by
both the STEREO spacecraft is available at https://stereo-ssc.
nascom.nasa.gov/data/ins_data/impact/level3/). Figures 5(a)
and 5(b) show the positions of STEREO-A and STEREO-B
with respect to the Earth on 2007 September 20 and 2007
October 24, respectively. Figures 6(a) and (¢) show “He flux
variations corresponding to SIR 1 (STEREO-A; started on 2007
September 21, 13:37) and SIR 1 (STEREO-B; started on 2007
September 19, 18:15), respectively. The corresponding “He
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Figure 2. Differential directional flux vs. energy spectra of *He during flux enhancements associated with SIRs 1-20. Each panel corresponds to the SIR event written
in the upper right corner of the panel. The spectral indices (m) along with the MoEs within the 95% confidence bounds as errors are written in the bottom left corner of
each panel. It is noted that the spectral indices of “He vary from 1.55 to 4.08. SIR 12 is overplotted on a gray background because the spectral index for this event is

1.55 and is distinctly lower than in the remaining events.

spectra are shown in Figures 6(b) and (f). The spectral indices for
“He observed by STEREO-A and STEREO-B are 2.67 and 2.69,
respectively. Figures 6(c) and (g) show “He flux variations during
another pair of SIR events observed by STEREO-A and
STEREO-B. This time, the spectral indices are 3.33 and 2.94
as observed by STEREO-A and STEREO-B, respectively. This
exercise shows that the spectral index of SIR-associated “He
observed by closely spaced spacecraft may also vary. We discuss
all these aspects in the next section.

5. Discussions and Conclusions

In this work, it is shown that the fluxes of all suprathermal
elements (e.g., “He, O, and Fe) with similar energies per
nucleon may not be enhanced during an SIR event. One of the
probable reasons for this could be the lack of seed populations
in the IP medium that are subjected to acceleration (or
deceleration) and eventually become part of the suprathermal
pool of particles. Another possibility may be linked to the
efficacy of the generation mechanism of suprathermal ions in
the IP medium. Ebert et al. (2012) showed that the peak
intensity of the <0.8 MeV n~' *He population is correlated
with the local magnetic compression ratios (M, defined as the
ratio of the downstream and upstream magnetic fields) at 1 au
even in the absence of reverse shocks. The correlation between
the local compression ratio strength and ~1 MeV n~' proton
intensities at 5 au was established by Desai et al. (1998).
Therefore, it appears that the local compression ratio strength
plays an important role in shaping the intensity variations of the
<1 MeV n~' suprathermal particles. However, the critical
value of the compression ratio strength required to raise

suprathermal fluxes above the background level is not clear
from these studies.

It is brought out from the spectral analysis of the “He, O, and
Fe fluxes that there are wide variations in the spectral indices of
these elements in different shock-less SIR events. The spectral
indices lie in the range 1.55-4.08 and 1.49-4.56 and from
1.46-4.04 for “He, O, and Fe, respectively. Mason et al. (2008b)
and Allen et al. (2021) also reported spectral indices in a similar
range in the energy range 0.16-0.91 MeV n~ for CIR-
associated “He measured by the Ultra-Low Energy Isotope
Spectrometer (ULEIS) on board the Advanced Composition
Explorer (ACE) and the Suprathermal Ion Spectrograph (SIS) on
board Solar Orbiter. Some of the SIR/CIR events investigated in
Mason et al. (2008b) are associated with shocks. Even though
there are no well-formed shocks at 1 au, the acceleration of
particles is still possible in gradual compression regions
associated with SIR/CIRs (Giacalone et al. 2002). Filwett
et al. (2019) also reported variations in the spectral indices of
suprathermal particles in different SIR events. It is worth noting
that suprathermal heavy ions (e.g., O and Fe) associated with IP
shocks also show spectral indices that vary from 1.00 to 4.00
(Desai et al. 2004) in the energy range of 0.1-0.5 MeV n™ ..
Therefore, wide variations in the spectral indices of suprathermal
particles below 1 MeV n™' seem to be a common feature in case
of stochastically accelerated particles.

In order to check the spatial variation in the spectral index of
suprathermal particles associated with SIR events, we compare
the spectra of *He corresponding to two SIR events (SIRs 1 and
2 in Table 1) that were observed first by STEREO-B and then
by STEREO-A when these satellites were very close (around



THE ASTROPHYSICAL JOURNAL, 960:16 (11pp), 2024 January 1 Dalal et al.
101 f srR1]| [ srR2| [ SIR5 | | SIR 6
1071 ¢ T 1
®
1034 . Ul - \ °
m = 2.89 + 0.87 m =275+ 0.45 m = 2.83 £ 0.56
10t 4 SR8 | [ SRo ] [ SIR 10| SIR 11
-
I 1074 - T 1
—
T
£ 1073 1 of ol T of 1
% m = 3.64 +0.71 m = 4.14 = 0.95 m = 3.98 + 0.61 m = 2.61 + 0.22
E T T T T
“ 10! + SIR 12| | SIR 13] 1 SIR 14| SIR 15
:
1
NE 107t + r T 1
U
'
el
x 1073t T T 1
5 m = 1.49 + 0.34 m=295=+0.3 m = 2.84 + 0.42 m = 4.56 + 0.38 b
- t t t t
o 10l 4+ SIR 17| 1 SIR 18] 1 SIR 19| J SIR 20
1071 I N\\’ | \\\.\\‘ - \\.
1073 + r T 1
m = 3.67 + 0.53 . m=1.85+ 0.34 m=2.53+0.29 m =319 +0.19
1071 10°107? 10°107? 100107t 10°

Energy (MeV n71)

Figure 3. Spectra of O during the enhancements in the SIR events mentioned in the upper right corner of each panel. The spectral indices (m) and MoEs are written in
the bottom left corner of all the boxes. The spectral indices here vary from 1.49 to 4.56. Similar to Figure 2, SIR 12 is overplotted on gray background because the
spectral index is 1.49 in this event, which is distinctly lower than in the remaining events.

84 Gm) to each other. Despite the proximity of STEREO-A and
STEREO-B, these satellites recorded differences in solar wind
parameters (e.g., in the magnetic field, the maximum proton
density, and in the extreme solar wind speeds across the SIRs)
in both events. Interestingly, we find that in the first SIR event
that was first observed by STEREO-B and then by STEREO-A,
the spectral indices of “He are almost equal (STEREO-A: 2.67
and STEREO-B: 2.69). On the other hand, the spectral indices
for “He observed by STEREO-B and STEREO-A differ
(STEREO-A: 3.33 and STEREO-B: 2.94) for the second SIR
event. By further investigation, we find that the second SIR
event observed by STEREO-B (Figure 6) followed an
interplanetary coronal mass ejection (ICME; the list of ICMEs
can be found at https://stereo-ssc.nascom.nasa.gov/data/ins_
data/impact/level3/), while STEREO-A did not observe any
ICME. This suggests that the spectral index of suprathermal
particles associated with SIRs may differ if the suprathermal
particle population contains particles from more than one
source. This hypothesis is supported by Schwadron et al.
(2010), who argued that the time-averaged spectra of particles
are essentially a superposition of many distribution functions
related to different solar wind conditions, such as temperature
and density. In other words, because SIRs acquire remnant
particles from different events (e.g., particles from an ICME in
the second SIR event observed by STEREO-B) from different

parts of the IP medium, during the course of their evolution, it
is possible that many processes are at play in modulating
suprathermal particle spectra.

It is to be noted from Table 1 that we see differences in the
spectral indices for different elements corresponding to 19 SIR
events, except for SIR 12. Nonuniform spectral indices for
different elements corresponding to a particular SIR event have
been reported earlier (Filwett et al. 2019). Mason et al. (2008b)
reported that the “He and O spectral indices in the energy range
0.16-0.91 MeV n™" are extremely well correlated and that the
average spectral index of O is 1.03 times that of “He. However,
this is not the case in our investigation. We find that the spectra
of “He are harder in 50% of the SIR events when we see
enhancements in the O fluxes (see Columns 4 and 5 of Table 1).
The spectral index of Fe does not match the spectral index of
other elements either. In terms of the FIP, O (~13.6 eV) lies in
between Fe (~7.9 eV) and “He (~24.6 eV). These elements also
differ in m/g. Therefore, it appears that the source and generation
mechanisms involved in producing the suprathermal particles
associated with most of the shock-less SIR events at 1 au might
be dependent on the FIP and m/q values.

According to these arguments, SIR 12 stands out as an
anomalous and special case. Even thought it has a different FIP
and m/g, the suprathermal “He, O, and Fe exhibit a nearly
identical spectral index (close to 1.5) in SIR 12. In a series of
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Figure 5. Relative positions of (1) STEREO-A (red), (2) the Earth (green), and (3) STEREO-B (blue) on (a) 2007 September 20 at 00:00 hour and (b) 2007 October
24 at 00:00 hour. The solid colored lines are Parker spirals connecting these objects and are calculated based on a solar wind speed of 400 km s~'. This figure is
generated using Solar-MACH software (Gieseler et al. 2023) based on the inputs provided [URL: https://solar-mach.streamlit.app/?embedded=true].
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Figure 6. Temporal variations of the “He fluxes at different energies (mentioned in between) measured in panels (a) and (c) by STEREO-A and in panels (e) and (g) by
STEREO-B, corresponding to two pairs of SIR events (SIR 1; STEREO-A and STEREO-B) and SIR 2; STEREO-A and STEREO-B) observed by these two
spacecraft when they were very close to each other. The spectra of “He during the enhanced periods associated with SIR 1 (STEREO-A and STEREO-B) and SIR 2
(STEREO-A and STEREO-B) are shown in panels (b) and (f) and panels (d) and (h), respectively. The spectral indices (m) with MoEs are also mentioned.

papers, Fisk & Gloeckler (2006, 2008, 2014) argued that
compressional turbulences could accelerate particles when in
steady state, these particles do equal the amount of work on the
turbulences. The source of free energy in this process is the
pressure variation in the core particles. This free energy flows
upward in energy through suprathermal tails (energy cascad-
ing) that exhibit a power-law index of 1.5 (see Fisk &
Gloeckler 2006 for more details). However, this condition is
evidently not satisfied for suprathermal particles associated
with the other SIR events that were investigated in this work.
Mason et al. (2008b) and Filwett et al. (2019) did not find any
clustering of the spectral indices near 1.5. Most interestingly,
the pump mechanism introduced by Fisk & Gloeckler (2008)
that they claimed is responsible for the 1.5 spectral index is
valid only for the quiet solar wind, that is, it is devoid of any
shocks or large-scale compression regions. Because we observe
a spectral index very close to 1.5 in the “He, O, and Fe spectra
in connection with an SIR event (SIR 12), we can rule out the
role of the pump mechanism in this case. In the following part,
we explore some other possibilities for the 1.5 spectral index
for different species.

In order to investigate SIR 12, we show Figure 7. This figure
shows the images of the solar corona in 19.5 nm (extreme-
ultraviolet) light observed by the Sun-Earth Connection
Coronal and Heliospheric Investigation (SECCHI) instrument

on board STEREO-A on 2012 June 12 at around (a) 04:55 UT
and (b) 05:05 UT. One can see from Figure 7 that a large
coronal hole was present around this time. The hole extends
from the northeast to the southwest mid-latitudes of the Sun
and encompasses the equatorial region as well. The locations of
STEREO-A, the Earth, and STEREO-B around the same time
are shown in Figure 8. During this time, the Carrington
longitudes of the Earth and STEREO-A were 127.2 and 244.6,
respectively. Therefore, this coronal hole was not visible from
the Earth or from STEREO-B. It is possible that SIR 12 (starts
on 2012 June 12 at 04:00 UT) is generated by the fast solar
wind stream emanating from this large coronal hole. Interest-
ingly, the SECCHI images also reveal the onset of a flare at
05:05 UT. The location of the flaring region was at the edge of
this coronal hole (marked by “2” in Figure 7). Chertok et al.
(2015) identified this flare event as an M4.6 class flare by
analyzing the length of the blooming streak associated with this
flare. As can be seen from Figure 8, the magnetic field line
connecting the flare location (S15W126, from Chertok et al.
2015) propagates very closely to STEREO-A. Therefore, it is
possible that the sharp enhancements in the suprathermal “He,
O, and Fe fluxes occur due to an impulsive solar energetic
particle (ISEP) event associated with the solar flare, as shown
in Figure 7. Mason et al. (2000, 2002) showed by using data
obtained from ULEIS and the Solar Isotope Spectrometer (SIS)
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(a) (b)

Figure 7. Solar corona observed in 19.5 nm by the EUVI of the SECCHI instrument (e.g., Wiilser et al. 2004) on board STEREO-A at (a) 04:55:30 UT and (b)
05:05:30 UT on 2012 June 12. The dark region (1) represents a coronal hole. The bright region (just above the number 2) is a flaring region. The location of this flare
region is SISW126 (Chertok et al. 2015).
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Figure 8. Positions of STEREO-A (red), the Earth (green), and STEREO-B (blue) on 2012 June 12 at 05:00 UT. The solid colored spirals connecting these three
objects to the Sun are calculated based on a solar wind speed of 400 km s~'. The solid arrow represents the location and direction of the solar flare mentioned in
Figure 7. The dashed spiral (black) is the magnetic field line originating from the flare location. This figure indicates that it is possilbe that STEREO-A was
magnetically connected to the flaring region when SIR 12 passed through it. Note that during this time, the Carrington longitudes of the Earth and STEREO-A were
127.2 and 244.6, respectively.

on board the ACE spacecraft that a particular class of *He-rich Mason et al. (2002) reported an ISEP event observed by the
ISEP events exhibit power laws in the heavy ion spectra (e.g., ACE on 1998 September 9 where <1.5 MeV n™' *He, “He, O,
3He, 4He, O, and Fe) in the energy range 0.1-1.0 MeV n L and Fe exhibit similar variations in their spectra, and the
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Figure 9. Variations in (a) “He fluxes corresponding to different energy channels, (b) the components (B, B,, and B) of the IMF in the RTN coordinate system, (c) the
magnitude of the magnetic field (B), (d) the bulk solar wind speed (Vsw), (¢) the proton number density (ny), (f) the Alfvén speed (V4), and (g) the Alfvénic Mach
number (M) during SIR 12. The dashed red and black lines indicate the start and end time of the SIR, as mentioned in Figure 1 and Table 1. The interval between the
start of the “He flux enhancement and the time of the peak 0.14 MeV n~' flux is shaded.

spectral indices lie in the range 1.15-1.38. Although the role of
the solar flare-associated ISEP event looks promising in
producing an identical spectral index, counterevidence exists
in the literature. The typical time delay between the flare onset
(measured by GOES X-ray fluxes) and an ISEP detection
closure to the Earth is about 1 hr (e.g., Papaioannou et al.
2023). In the case of SIR 12, this delay is about 9 hr. Even in
some ISEP events, the dispersionless enhancement of different
energy channels is not guaranteed (see Mason et al. 2000). This
essentially means that the enhancement of any particle (e.g.,
“He) with a higher energy (e.g., 1 MeV n™") starts earlier than
for a particle with lower energy (e.g., 0.5 MeV n™!). When we
assume a nominal Parker-spiral path length of 1.2 au between
the flaring region shown in Figure 7 and the location of
STEREO-A, the time delay between a 0.5 MeV n! and a
1 MeV n~! particle (for any particle, because the energy unit is
normalized by the mass number) is calculated to be more than
an hour. However, we do not find any noticeable time delay in
the “He flux enhancements corresponding to 0.55 MeV n™"' and
1.09 MeV n~! in SIR 12. Therefore, the flux enhancements
observed in SIR 12 do not appear to come directly from the
flaring region. There may be another process at play in the IP
medium that causes an insignificant time delay and the identical
spectral index of three different elements with different FIP and
m/q.

In this context, we believe that a more suitable mechanism that
can explain this event would be acceleration of particles by
merging and contraction of small-scale magnetic islands (SMls;
Drake et al. 20062, 2006b; Cargill et al. 2006; Bian & Kontar 2013;
Zank et al. 2014; Khabarova et al. 2015a; Le Roux et al. 2015,
etc.). These SMIs can be induced in the vicinity of a heliospheric
current sheet (Bemporad 2008; Cartwright & Moldwin 2008;
Khabarova et al. 2015a, 2015b, 2016, etc.) by different active
processes in the solar corona (e.g., a solar flare or CMEs) or by
various instabilities in the current sheets (Eastwood et al. 2002;

Drake et al. 2006a). The typical length scale of such SMIs is
10°- 10" km (Khabarova et al. 2015a). Zank et al. (2014) showed
analytically that particles accelerated due to merging and
contraction of magnetic islands exhibit a power law, and the
spectral indices depend on the Alfvénic Mach (M) number, which
is independent of the m/q of the particles. At 1 au, a particular case
of this theory (M =7) predicts a velocity distribution spectrum
that varies with V> (V is the particle speed), which is equivalent to
a differential directional flux spectrum ~E ' (E is the energy of
the particle). To check the applicability of the theory of Zank et al.
in our observation of the 1.5 spectral indices, we show Figures 9
and 10. In Figure 9, we plot (a) “He fluxes corresponding to
different energy channels, (b) the components (B,, By, and B;) of
the interplanetary magnetic field (IMF) in the RTN coordinate
system, (c) the magnitude of magnetic field (B), (d) the bulk solar
wind speed (Vsw), (e) the proton number density (ny), (f) the
Alfvén speed (Va), and (g) the Alfvénic Mach number (M4)
during SIR 12. It can be seen from Figure 9 (g) that M, varies in
the range 5-10 several hours before the start of the *“He flux
enhancements. This is consistent with the hypothesis of Zank et al.
(2014). More importantly, the very presence of magnetic islands is
established from the hodograms (e.g., Khabarova et al. 2015a)
shown in Figures 10(a) and (b), where rotation in the interplanetary
magnetic field inside the magnetic islands (shaded interval in
Figure 9) is evident. This type of rotation is not observed in
other SIR events. We also calculate the typical length scale (I)
by using Eq. 2 in Khabarova et al. (2015b), which reads
I = r x (B/By)"/? km, where r is distance in au, and B = B(r) is
the magnetic field, By=10,000 nT is the minimum coronal
magnetic field provided by Jensen & Russell (2009). By taking the
typical value of B = 15 nT inside the shaded region in Figure 9, we
obtain /~ 6 x 10° km at 1 au.

Therefore, it appears that the identical spectral indices (very
close to 1.5) for "He, O, and Fe associated with SIR 12 are
caused by local acceleration of these particles by the SMIs that
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Figure 10. Hodograms of the IMF (a) B,~B, and (b) B,~B during the shaded interval,

the existence of magnetic islands during this interval.

are generated by the flare (shown in Figure 7). The local
acceleration of particles also supports the minimal modulation
(no significant changes in the spectral indices) of these particles
before they were detected by STEREO-A along with the
characteristics of the source process.

6. Summary

This study investigated 20 SIR events observed by the
STEREO-A spacecraft to better understand the energization
process of suprathermal particles, especially those that are not
linked to shocks. We analyze the differential directional flux of
three distinct species (*He, O, and Fe) in energy ranges from
0.14 to 1.09 MeV per nucleon and calculate their respective
spectral indices for each event. Most of our events show
significant variations in the spectral indices for each of the three
species. Additionally, we observe that the spectral index for
each species varies over a wide range: *He has a range of
1.55-4.08, O showed variability between 1.49 and 4.56, and Fe
ranged from 1.46 to 4.04. We ascribe these spectral index
variations to the stochastic nature of their origins and to
interplanetary modulation, which depends on the m/q ratio.

In one of the 20 events, which we refer to as SIR 12, we
observe that the spectral indices for all three species remain
close to 1.5. We found that this event is associated with an
M4.6 class solar flare that occurred approximately nine hours
before the observed flux enhancement, and this connection is
traced along the Parker spiral. Further investigation of this
event revealed that during this period, the magnetic field
rotated in the y — z plane, perpendicular to the equatorial plane
(x—y plane). Additionally, we note that the solar wind
Alfvénic Mach number (M,) prior to the event remained
within the range of 7-10. Taking all of these pieces of
information into account, we conclude that the suprathermal
population is generated locally through the merging and
contraction of SIMs, which may have formed as a result of
the flare and which are situated both above and below the
heliospheric current sheet. For this particular case, we calculate

10

(b)

as shown in Figure 9. The rotation in the magnetic field components establishes

the size of the typical small-scale magnetic islands to be
~6 x 10° km.
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