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Abstract

The abundance of doubly ionized helium ions (alpha particles) to singly ionized
hydrogen ions (protons), expressed as Ap.=100 * n,/n, (in percentage), varies
significantly in different layers of the Sun. Further, the alpha-proton ratio in
the solar wind has been shown to respond to solar cycle variation, to have de-
pendence on solar wind velocity, and also seen to have been enhanced in the
interplanetary coronal mass ejection (ICME) structures. In addition, this ratio
has also been observed to vary in the Stream/Corotating Interaction Regions
(SIRs/CIRs). Despite a number of studies in the past, the processes that lead to
the variations in helium abundance in the background solar wind, in ICME and
SIR/CIR structures are not well-understood. Another intriguing aspect is that
the helium abundance changes at various time scales starting from 11-year time
scale associated with solar cycle to the time scales corresponding to the passage
of ICME or SIR/CIR structures at 1 AU. In terms of magnitude of change, it is
often seen that while helium abundance changes to very high values (sometimes
Apge exceeding 30%) in some ICMEs, it drops down to very low values (less than
0.05%) on some occasions. The present thesis work addresses the above issues
(e.g. source processes, magnitude and time scale of changes) related to the Agy,
variations in the solar wind in a comprehensive and systematic manner.

One of the major outcomes of the thesis is to demonstrate that the Ag, vari-
ations are distinctively different in solar cycle 24 compared to the previous three
cycles. The frequency of Ay, = 2 — 3% events is found to be significantly higher in
slow /intermediate solar winds in solar cycle 24 as opposed to the dominance of the
typical Ag. =4 — 5% events in the previous three cycles. Also, the changes in the
delay between Ap,. and sunspot numbers variation are less sensitive to changes in
solar wind velocity in cycle 24. The investigation suggests that the coronal large-
scale magnetic field configuration started undergoing systematic changes from
cycle 23. This result is also probably indicative of the variation in the sources of
the solar wind starting from cycle 23. It is suggested that these changes affected
the way helium got injected and processed in the solar atmosphere.

Earlier studies suggested that Ap. is significantly enhanced (compared to
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the background solar wind) in ICMEs on many occasions. Systematic correlation
studies between Ap,. and other ICME signatures suggest that coronal temperature
and the FIP effects are not the only factors that control the Ay, enhancement
in ICMEs. The timing and strength of solar flares connected with the CMEs
play an essential role in Ay, enhancement. While the solar flares closer to the
launch of CME affects Ap. through chromospheric evaporation, gravitational
settling of helium determines how much helium is available that could be injected
into the solar wind by the chromospheric evaporation process. Therefore, it is
argued that time scales of these processes are important to determine whether
Ap. enhancement occurs in ICMESs or not.

Ape can get changed in the interplanetary medium as well. The interaction
between different solar wind streams, i.e. SIRs/CIRs, can modify Ay.. Higher
modifications are observed in the fast wind regions of SIRs compared to the slow
wind regions. The angle between bulk velocity vector and local magnetic field
and differential velocity of protons and alphas are shown to have important roles
in changing Ap. inside SIRs. These changes of Ay, variations in SIRs during
maxima and minima of solar cycles 23 and 24 are also brought out.

In general, Ay, variation in the background solar wind (slow and fast) is found
to be 2-5%. Particularly, Ay, is low in the slow solar wind. However, it is seen
that there are occasions when it can go even below 1% in the solar wind. This
very low Apg, is found near the heliospheric current sheet. The possible reasons
responsible for these very low Ag. events are investigated.

Overall, this thesis work takes a comprehensive approach to understand the
variations in Ay, by shedding light on diverse processes that contribute to the

changes in Ape.

Keywords: Solar wind, photosphere, chromosphere, transition region, corona,
active regions, quiet streamers, coronal holes, solar abundances, First Ionisation
Potential (FIP) effect, Coulomb drag, gravitational settling, solar cycle, Inter-
planetary Coronal Mass Ejections (ICMEs), flares, Stream/Co-rotating Interac-
tion Regions (SIRs/CIRs).
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Chapter 1

Introduction

1.1 Solar Wind

The Sun illuminates our world with light, but it also releases particles that are
invisible to the naked eye. The Sun emits one million tons of singly ionized
hydrogen per second as part of the solar wind. The solar wind is a flow of plasma
streaming out supersonically from the Sun (Parker, 1965). This plasma primarily
consists of electrons, protons, alpha particles and a tiny fraction of heavier ions
with the kinetic energy of the wind lying between 0.2 to 10 keV. So to say, solar
wind pervades the Inter-Planetary (IP) medium.

Solar wind varies in density, speed and temperature over time, solar latitude
and longitude depending on the nature of the source regions. The solar wind
particles can escape the Sun’s gravity because of their high energy. This high
energy results from the high coronal temperature or solar coronal heating. The
solar wind starts from the solar corona and merges with the interstellar medium
at the heliopause. Heliosphere is a region which is mainly affected by the activity
of the Sun. The effects of solar rotation (27 days), activity cycle (11 years) and
magnetic cycle (22 years) can be observed in the variations of solar wind across
the heliosphere.

The general properties of the solar wind are captured by a few parameters
measured at the first Lagrangian point (henceforth, L1 point) of the Sun-Earth

system and shown in Table 1.1.



Chapter 1: Introduction

Parameter Range | Typical value unit
Bulk speed (V) 300-800 400 Km/s
Thermal speed (w) 10-300 30 Km/s
Number density (n) 0.1-100 10 Protons/cm?
Magnetic field (B) 0.5-50 5 nT
Helium abundance (Ng./Ng) | 0.5-30 5 In percentage

Table 1.1: A few solar wind parameters, their ranges of variations and the typical

values along with the respective units are shown.

Solar wind achieves speeds of 250-750 km/s at a distance of a few solar radii
from the Sun. Solar wind can be classified into two types - the slow solar wind and
the fast solar wind. These two types of winds differ in speed and show different
physical properties, e.g. temperature, composition etc. Additionally, the sources
of slow and fast winds are also different. Observations around the L1 point show
that the slow solar wind has a velocity of 300-500 km/s, a temperature of ~100
MK, and a composition nearly matching with corona. On the other hand, the
fast-solar wind has a velocity of 750 km/s (600-900 km/s), a temperature of 800
MK, and its composition nearly matches the photosphere (Geiss et al., 1995).
The density of slow solar wind is twice as high as fast wind and is more variable
than the fast solar wind.

The sources of the slow solar wind are thought to be the streamer belt, quiet
Sun, and active regions. However, there are still debates on the sources of the slow
solar wind (Fisk, 2003). Figure 1.1, taken from McComas et al. (2003), shows
that emission of the slow solar wind occurred at lower latitudes (up to 30°-35°)
during the solar minimum (low solar activity, 1992-1998). The distribution of
slow wind expanded towards the poles during the period of higher activity (1998-
2003). The sources of the fast solar wind are coronal holes (Zirker, 1977). Figure
1.1 also shows that fast solar wind mainly comes from coronal holes. The coronal
holes are primarily characterized by the open field lines (Cranmer, 2009).

There are various ways to investigate the solar processes occurring closer to

the solar surface and at different layers (e.g. photosphere, chromosphere, tran-
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Figure 1.1: Solar wind speed as a function of helio-latitudes is shown. The two
vertical panels are for Ulysses’ first two orbits. Sunspot number (horizontal bottom
panel) shows that the first and second orbits occurred during the solar cycle’s
declining and ascending phases. The observed velocity is plotted over solar images
on a typical day during solar minimum (17 August, 1996) and that during solar
maximum (07 December 2000). (Courtesy: McComas et al., 2003)

sition region, and corona) of the Sun or in the IP medium. Researchers use a
combination of remote sensing and in-situ measurements to investigate various
solar processes. Remote sensing of the Sun involves the use of telescopes, spec-
trometers, coronographs, and other instruments to probe the Sun from a distance.
On the other hand, in-situ measurements involve sending spacecraft /instruments
to physically sample the solar wind. Remote sensing and in-situ measurements,
when combined together, provide a comprehensive understanding of the Sun and

its various processes.

In-situ measurements of solar wind provide crucial information about the com-
position, temperature, magnetic field, and dynamics of the solar wind as well as
solar processes. In-situ measurements are primarily used in this thesis. On cer-

tain occasions, remote sensing observations are used to understand the possible
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sources of solar wind near the Sun.

1.2 Solar wind composition

The solar photosphere primarily consists of hydrogen (~95% in terms of abun-
dance) and helium (~4% in abundance) is the second most abundant element.
The other heavier elements are much smaller in abundance (<1%). Grevesse
and Sauval (1998) and Asplund et al. (2009) comprehensively discuss heavier
elemental abundance measurements and observation methods. Spectroscopic ob-
servations show the presence of heavy ions and atomic nuclei: He, C, N, O, Ne,
Mg, Si, S, and Fe in the corona (Feldman et al., 1998). In-situ measurements
by the ACE/Ulysses/Wind satellites give details regarding the solar wind abun-
dance ratio (He/O, Mg/O, Fe/O, Si/O, He/H etc.), total charge states (Qpe,
Qc, Qo etc.) as well as charge state ratios (O7F/0O5*, C5F/C*t). The in-situ
compositions observed by Ulysses (e.g. Geiss et al., 1995) and ACE spacecraft
(e.g. Stakhiv et al., 2016) are helpful in understanding the solar wind origin and

acceleration.

Ion charge states and abundance ratios are important markers to understand
solar wind formation. The charge states reveal the source of the solar wind and
shed light on the physical processes occurring in the lower solar corona. Differ-
ent types of solar wind originating from various sources show different ionization
states, which have been extensively studied by researchers (Neugebauer et al.,
2016; Cranmer et al., 2017; Fu et al., 2017; Zhao et al., 2017). The ionization
equilibrium of the coronal plasma at a specific height in the solar atmosphere
allows the charge states to provide information about the local electron tem-
perature. Near the Sun, the recombination and ionization time scales are less
compared to the expansion time of the solar wind. As the solar wind travels out-
ward, the recombination time scale increases because of the rapid decrease in the
electron density (Hundhausen et al., 1968) with height. At a particular height,
when the recombination time scale becomes larger than the expansion time scale

of the plasma structure, the ionization states of a species get frozen. The temper-
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ature at which the charge states get frozen is known as the freeze-in temperature.
The height at which this happens is known as the freeze-in height. The freeze-in
heights differ for different elements depending on the specific ionic state and the
electron concentration at that height. The elevated total ion charge (e.g. Qpe,
Qsi etc.) states are also used to understand the Interplanetary Coronal Mass
Ejections (ICMEs) characteristics (Gruesbeck et al., 2011, 2012). These aspects
are again discussed and used in chapter 4.

The underlying cause(s) of abundance anomalies, such as the enhancement
or reduction of certain elements in the solar corona, has (have) remained poorly
understood despite their observations for the past 50 years (e.g., Pottasch, 1963).
The study of abundances can provide clues regarding the solar coronal heating

and the role of waves in the solar atmosphere.

1.2.1 Helium Abundance

In this thesis, the primary focus is on the helium abundance of solar wind. It is
already stated that helium is the second most abundant element in the solar at-
mosphere. Despite that, the direct measurements of relative helium abundances
in the solar atmosphere eluded the researchers because helium does not emit or
absorb radiations in the photosphere (too cold) or corona (too hot). The only
regions where helium radiates are the chromosphere, transition region, and promi-
nences. Helium was first observed in the above-said regions during an eclipse in
1868 (Hirshberg, 1973). Except for spectroscopy, there are other methods for
determining the helium abundance in the solar atmosphere that includes mea-
surements of solar wind and cosmic rays from space, solar neutrino flux (that
involves nuclear reactions and can be used to determine the core’s helium abun-
dance), and helioseismology to examine the photospheric abundance of helium
(Hirshberg, 1973; Basu and Antia, 2004). The Coronal Helium Abundance Ex-
periment (CHASE), conducted onboard Spacelab 2, provided the initial direct
measurement of helium abundance near the Sun (Patchett et al., 1981). The
obtained value of 7.9% at 1.15R, (solar radii) was in agreement with the photo-

spheric values. However, the accuracy of these measurements was compromised
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by the elevated background stray light which was higher than anticipated.
Helium abundance is generally denoted by Age = (nge/ng) * 100, where ny
is the number density of hydrogen and ng. is the helium number density. Please
note that hydrogen, singly ionized hydrogen and proton are used interchangeably
in the literature in the context of assessment of helium abundance. Similarly,
helium, doubly ionized helium, and alpha particles are also used interchangeably.
In the present thesis, we will also use the terms “alpha” (a, «) and “helium” (He)
interchangeably to refer to doubly ionized helium ions and “hydrogen” (H) and
“proton” (p) to refer to singly ionized hydrogen ions. The helium abundance is
8.5% in the photosphere (Grevesse and Sauval, 1998; Asplund et al., 2009) and 4
- 5% in the solar corona (Laming and Feldman, 2001, 2003; Mauas et al., 2005).
Solar wind consists of 95% of protons and 2 - 5% alpha particles. Ap,. varies with
solar wind velocity as well as solar cycle (Ogilvie and Hirshberg, 1974; Feldman
et al., 1978; Aellig et al., 2001; Kasper et al., 2007, 2012; Alterman and Kasper,
2019). The above researchers used different satellite data to show the solar cycle
variation of Ay, in the solar wind. Ay, gets enhanced and can exceed even 30%
in some ICMEs (Hirshberg et al., 1972; Borrini et al., 1982; Fu et al., 2020). The
primary goal of the thesis is to investigate how different sources as well as solar
and interplanetary processes influence variations in helium abundance in the solar

wind.

1.2.2 Importance of Helium Abundance

Helium constitutes 25% mass flux of the solar wind and plays an important role
in the structure and dynamics of the solar wind, corona, and interior of the
Sun. The simple models (mainly two fluids) of solar wind generation in solar
corona predict that the flux and speed of protons should increase sharply with
the increase in the temperature or heating rate of the solar corona. However, it is
observed that the proton flux in the interplanetary medium is roughly constant
and independent of solar wind speed (Feldman et al., 1978; Neugebauer, 1981).
To resolve this problem, researchers used a multifluid model (Geiss et al., 1970;

Biirgi, 1992; Hansteen et al., 1994, 1997) and not only found the constancy of the
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1.2 Solar wind composition

solar wind hydrogen flux but also suggested that helium plays a regulatory role
in the corona and is primarily responsible for the constant hydrogen flux in the

solar wind.

Kasper et al. (2007), based on statistical analyses, brought out another impor-
tant result that suggested that solar wind may cease to exist when helium abun-
dance in solar wind approaches zero. The upper panel of Figure 1.2 shows helium
abundance variation with proton speed. The lower panel shows the frequencies
of speed observed by the Wind spacecraft until the publication of Kasper et al.
(2007). There is a 6-month periodicity because of the Earth’s (and the Wind’s)
annual variation in heliographic latitude. This interval is shown in light grey, and
the 6-month modulations are removed while deriving the linear relationship. The
helium vanishing speed is calculated by extending the linear fit between the Ay,
and the solar wind velocity. The value of helium vanishing speed turns out to
be 259 + 12 km/s. The velocity distribution shown in the lower panel of Figure
1.2 also indicates that the minimum speed observed by Wind spacecraft is also
coming in the same interval. This matching between the lowest speed observed
and helium vanishing speed suggests that helium probably plays a very important

regulatory role in the solar wind flux.

The helium abundance reduces from the photosphere to the corona and can
undergo further changes from the corona to the solar wind. Helium is less affected
by the gravitational and pressure gradients in the corona compared to hydrogen
due to the dominance of other processes acting on helium. Therefore, helium
does not experience the classical Parker solar wind acceleration mechanism that
accelerates coronal hydrogen to supersonic speeds (Parker, 1958). There are other
processes which cause the acceleration of helium ions as well as variation in their
abundance. These processes will be discussed in the next section. The fast and
slow solar wind have different helium abundances. Therefore, it is not surprising
that Ay, changes across the stream interface when interaction between different
solar wind parcels take place (Duroveova et al., 2019). Another important aspect
is the enhancement of Ay, in CME/ICME structures on many occasions (Fu

et al., 2020, and references therein). Therefore, helium abundance can be used
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He
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Figure 1.2: (Top Panel) Ay, as a function of solar wind speed. The helium abun-
dance, which shows heliospheric modulation, is highlighted with a light grey band
in both panels. The dotted line is the best fit for the slow-speed component. This
does not include the three highest speed points. This linear fit is extended to the
velocity limit, where the Ay, approaches to zero. The zero-helium speed or helium
vanishing speed is 259+12 km/s. This vanishing speed is indicated in both panels
with a dark grey band. (Bottom Panel) The histogram for all solar wind speeds
measured by the Wind spacecraft for full mission duration (until the publication
of Kasper et al., 2007). The frequency of solar wind velocity observations drops by
three orders within one sigma of the helium vanishing speed. (Courtesy: Kasper

et al., 2007)

as a potential compositional proxy to mark the arrival of ICME at the L1 point.
Not only that since Ay, is different in slow and fast winds, variations in Ag. can
be used to understand the source regions of solar Wind (Kasper et al., 2007; Fu
et al., 2018). Further, Ay, variation can also be used to understand the wave-
particle interaction in solar wind (Bochsler, 2000). In recent times, it has been

shown (Kasper et al., 2019; Huang et al., 2023) that the properties of magnetic
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1.2 Solar wind composition

switchbacks and their effect on the solar wind can also be studied using helium

abundances.

The study of helium abundance in the solar wind began with the onset of
the satellite era. Previous studies have primarily focused on investigating the
variation of helium abundance within one or two solar cycles (Aellig et al., 2001;
Kasper et al., 2007; Alterman and Kasper, 2019). However, when it comes to
investigating the Ap. variation across all the solar cycles when measurements
are available and identifying the characteristic changes, if any, across the cycles
remain unaddressed. Further, although helium abundance is considered to be an
important signature for identifying ICMEs at the L1 point (Richardson and Cane,
2004, 2010), the physical processes that cause enrichment of helium in ICMEs
remain poorly understood except a few studies wherein the role of gravitational
settling (Hirshberg et al., 1970; Neugebauer and Goldstein, 1997), chromospheric
evaporation (Fu et al., 2020) have been brought out in isolated manners. Although
the roles of these processes have been indicated in these works, the interplay of
many of these processes that determine the variability of helium abundance in

ICME remain an enigma till date.

Similarly, there has been limited focus on the processes that determine the
variation of helium abundance in Stream Interaction Regions (SIRs). Previ-
ous studies by Gosling et al. (1978) and Durovcova et al. (2019) have indicated
changes in helium abundance near SIRs, with Durovcova et al. (2019) suggest-
ing the potential role of pitch angle and differential velocity in altering helium
abundance. However, it is not clear how these processes varied over the past
solar cycles and during different activity phases of the Sun. Another outstanding
problem is the very low (much lower than what is found in slow solar wind) he-
lium abundance in the solar wind. These are intervals when Ap, goes below 1%
and these events stand at the opposite end of the large enhancement of helium
abundance in ICMEs. Indirect evidences of these low Ag. events can be found
in studies such as Borrini et al. (1981); Suess et al. (2009); Sanchez-Diaz et al.
(2016); Vasquez et al. (2017). However, comprehensive investigation addressing

the identification of sources and processes responsible for low helium abundance
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(Ape) is currently lacking. The thesis aims to address these identified gap areas
mentioned above. To effectively fill these gaps, it is essential to have a comprehen-
sive understanding of the fundamental processes that control helium abundance.

These processes will be thoroughly discussed in the upcoming sections.

1.3 Physical processes

Table 1.2 shows the active processes operational at different heights in the solar
atmosphere. The rightmost column of the table shows the solar wind properties
that are mostly affected by each process. These are the major processes that

control the solar atmospheric and wind composition.

Different processes control the solar wind acceleration and composition at
three different transition layers in the solar atmosphere. The first transition hap-
pens at the lower chromosphere. At this height, the pressure changes its nature
from being predominantly thermal to magnetically dominated. The sound speed
and Alfvénic speeds are equal at this region. The wave mode conversion and other
wave-wave interactions can also occur in this region. Solar wind acceleration due
to Magnetohydrodynamic (MHD) waves derived from solar convection also takes
place in this region. Beyond this region, the separation between ions and neu-
trals starts. The second transition layer appears higher up in the chromosphere,
where the transition from neutral gas to ionized plasma occurs that ultimately
forms the solar wind and corona. The transition causes a strong density gradi-
ent, resulting in waves’ reflection and refraction. This reflection and refraction
of Alfvén waves and interaction with this density gradient generate the pondero-
motive force (Laming, 2012, 2015; Laming et al., 2019). The Alfvénic waves are
magnetic in nature. Therefore, this force will only affect the charged particles,
which is the primary reason behind the charge—neutral separation. This process
gives rise to elemental fractionation in the Sun’s upper atmosphere. This whole
phenomenon of elemental fractionation driven by the effects of the pondermotive
forces on the ions is known as the first ionization potential (FIP) effect. The

third transition layer is at higher distances where the solar wind plasma becomes
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collisionless. This is the region where the solar plasma evolves from a dominantly

fluid state to primarily kinetic state.

Distance
. Most Affected
From Solar Site Process
Solar Wind Property
Surface
o . gravitational settling/convective . . -
—0.3R; boundary radiative/convective zone elemental and isotopic composition
mixing
upper chromosphere lower . . "
< 1R, ion-neutral separation elemental composition
transition region
1-3Ry inner corona electronic collisions ionic charge state
- . Coulomb collisions/gravitational He/H ratio, elemental and isotopic
1—-10Rs upper transition region, corona
stratification composition
. . wave-particle interaction bulk speed, ionic velocity distributions
1 —10,000R interplanetary medium
stream-stream interaction bulk speed, ionic velocity distributions

Table 1.2: Spatial scales and relevant processes which modify the solar wind com-

position and its kinetic Properties. (Courtesy: Bochsler, 2000)

Returning to helium abundance, it changes from photosphere to corona to
solar wind, and Parker’s solar wind model cannot explain it. The helium ions
are, on many occasions, controlled, modulated, processed, and accelerated by
processes that do not work the same way or in the same degree for hydrogen. For
example, the helium ions are accelerated by coupling with accelerated hydrogen
through Coulomb collisions (Geiss et al., 1970; Biirgi, 1992). In addition, helium
may undergo cyclotron resonance with cascading turbulent Alfvénic fluctuations
in the corona. These fluctuations and variable intensities of Alfvénic waves can
change the interplanetary Ag. (Bochsler, 2000).

The primary process controlling the Ag. in the solar wind can be seen in
Figure 1.3. The First lonization Potential (FIP) effect and gravitational settling
are the dominant processes near the solar surface (< 1.5R). The modulation in
particle abundances due to wave-particle interaction dominates at higher heights
(> 3 —=5Rg). The coulomb collisions or drag control these abundances at the
intermediate heights (1.5R; < distance (R)< 3 — 5R;).

To understand the variation of plasma parameters with the regions of domi-
nance of the processes shown in Figure 1.3, a composite plot has been made with
data from the published literature. Figure 1.4 represents the variation of different

solar wind parameters, i.e. plasma beta (ratio of thermal pressure and magnetic
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RS 1.5R, 1.5, S RS 3-5A, R 3-5A,

FIP effect Coulomb drag Wave—particle interactions
Gravitational settling (resonant heating)
More collisions Fewer collisions

Figure 1.3: Schematic of the various processes that control elemental abundances
in corona and solar wind. The density and proton—ion collision rates decrease, and
flow speed increases as the distance increases. These changes cause the dominance
of different processes. Near the solar surface, gravitational settling and the FIP
effect are dominant. Coulomb drag becomes important at intermediate heights.
Wave-particle interactions can preferentially modulate and accelerate the ions at

higher heights (Courtesy: Hahn, 2020; Moses et al., 2020).

pressure), temperature, and hydrogen density. The variations in plasma beta with
height is taken from Gary (2001), while the height variations in temperature and
hydrogen density are obtained from Withbroe (1981). The processes depicted in
Figure 1.3 play important roles in determining the composition of the solar wind.
These processes exhibit different regions of dominance, approximately shown by
violet lines and texts in Figure 1.4. The charge states in the solar wind are gen-
erally fixed between 1-5 R (Landi et al., 2012, and references therein). This
region is shown by the green rectangular box. However, these freezing heights
change to 4-10 R, in CMEs (Gruesbeck et al., 2011, 2012).

It can be seen that major change in the solar wind parameters generally
happens near the transition region, where the ionization of elements starts dom-

inating the neutral particles. Its impact on composition will be discussed in the

12



1.3 Physical processes

Hydrogen Density (cm~2)

10% 10? 10 10t 102 1012 1014 101
Temperature (K)
10° 104 10° 10° 107
10!1 I . T I N
] - 10
. p>1 T Wave — Particle Interaction
1
s lz\eqzing height4 {1-5 Rs) P <+—— Coulomb Drag
10 ~— 00
l FIP and Gravitational Settling
10?
& 10—1
=
= Corona § =
_% 1o < L1072 B
] ]
T Transition region =
10°
L 10—3
Chromosphere 1
HHHHHHHHHHHHHHHHHHHHHHHHHHHH E____________
10-1 Photosphere ]
: F 107
| B>1
i
1072 T T — + T
1074 1073 1072 1071 10° 10t 102

Plasma beta (B)

Figure 1.4: Variation of plasma parameters, i.e. plasma beta (black), temperature
(red) and hydrogen density (blue) in the solar atmosphere. The boundaries of
photosphere and chromosphere are also marked by the dashed horizontal lines in
black. The dominance of different processes at different heights (violet) is also
approximately shown. The region of freezing-in of the charge states is shown by
the rectangular box in green color. This Figure is constructed based on the results
published in Gary (2001) (for plasma beta), Withbroe (1981) (for Hydrogen density
and temperature), Hahn (2020); Moses et al. (2020) (for region of dominance of
different processes) and Landi et al. (2012) and references therein (for the fixing

of the charge states).

context of FIP effect. Also, the freezing-in height closer to the dominance of wave-
particle interaction dominated region implies that the wave-particle interaction
is primary mecahnism which the ions are affected at these heights. These impor-
tant processes like FIP, gravitational settling, Coulomb drag and wave-particle
interactions play important roles in fixing the abundance ratio in the solar wind

(including alpha-proton ratio) and are discussed in the next section.
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1.3.1 First Ionization Potential (FIP) effect

The abundance of elements with First lonization Potential (FIP) below 10 eV are
generally enhanced in the corona as compared to photosphere and slow solar wind
by a factor of about 3 (can vary from 2 to 5). This enhancement in the abundance
of low FIP elements is observed by both remote sensing (i.e., spectroscopic) and
in situ measurements. At the same time, the coronal holes and the fast-solar
wind coming from them show less FIP fractionation than the quiet corona and
slow wind (e.g., Bochsler, 2007; Feldman, 1998). To solve this mystery of FIP
bias, i.e. enhancements of low (<10eV) FIP elements and reduction of high FIP
(>10eV) elements in corona, researchers have used various theories. The primary
approaches to understand FIP bias are diffusion, thermoelectric driving, chromo-
spheric reconnections, ion cyclotron wave heating and pondermotive force. The
details and drawbacks regarding these theories/models can be found in Laming
(2015) and references therein. Among these theories/models, the pondermotive
force model has been the most popular and successful in explaining elemental
abundances. Therefore, we will only invoke the pondermotive force model here

to understand the FIP effect.

The pondermotive force caused by the magneto-hydrodynamics (MHD) waves
separate the neutrals and ions in the solar atmosphere. According to Lundin
and Guglielmi (2006), the word “ponderomotive” comes from the Latin words
pondus (ponderis), meaning “heaviness” and motor. The ponderomotive forces
are time-averaged nonlinear forces. These forces are active on the medium in the
presence of oscillating non-uniform electromagnetic fields. The FIP effect depends
on propagation and strength (energy density) of the electromagnetic waves. A
simple case is presented in Figure 1.4 to understand the FIP effect due to the
pondermotive force in the solar atmosphere. A coronal loop having a footpoint
at the chromosphere is considered. The curvature effects of the loop are ignored
to understand the propagation of Alfvén waves. The model assumes the steady
evaporation of plasma from the chromosphere to the corona, having a speed
less than the local Alfvénic speed. The model also ignores the transient effects

e.g. flare heating, CME eruption etc. This is done because if the Alfvén waves
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produced by a heating event in the corona reach the chromosphere before the
heat conduction front, the chromospheric flow velocity required for fractionation
to occur will be significantly lower than what is required. If the opposite of this

scenario happens, then no fractionation will be there.

coronal Alfven waves
(from nanoflares?)

fractionation
occurs here
NP
>

. chromosphere .
leaking parametrically fast mode
Alfven wave generated converted
p-mode N from p-mode
plasmabeta=1 N

7 \
< reflecting p-mode
< N

- <

Figure 1.5: Schematic diagram for the FIP effect. The Figure shows the coronal
loop having foot points in the chromosphere. The region of fractionation, Alfvénic
waves transport and fast mode converted from p-mode (pressure — mode, Helio-

seismology notation) acoustic waves are shown. (Courtesy: Laming, 2012)

The pondermotive model starts with the assumption that the chromosphere
is unfractionated. This means there is sufficient turbulence to overcome any kind
of diffusion, including gravitational settling. There will be a thermal force caused
by heating in tandem with the pondermotive force. However, the acceleration due
to the thermal force is 1-10% of the acceleration provided by the pondermotive
force. The thermal acceleration is mass dependent, whereas the pondermotive ac-
celeration is independent of mass. The comparison of thermal and pondermotive
acceleration is necessary because these two majorly define the plasma movement
in the solar atmosphere.

The derivation and discussion regarding the pondermotive force can be found
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in the Laming (2009, 2015). This force is a second-order force which depends on

the second-order changes in the fields. The expression of this can be seen below.

@ BB
Cdmy (QF — w?) dz

(1.1)

Here, F; is the force on the ith ion present in the region where this force is
active. The ¢;, m;, €);, w and 0F, are charge, mass, ion cyclotron frequency,
frequency of wave and peak electric field, respectively. 'z’ is the coordinate along
the magnetic field. Therefore, for the low-frequency plasma (w << €;), the pon-
dermotive acceleration (F;/m;) is mass and charge-independent. The simplified

form of pondermotive acceleration (Laming, 2017) is

20 [6E*
305 (B_) (12

where 0 F/, B, ¢, and z are the wave electric field, ambient magnetic field, speed
of light, and a coordinate along the magnetic field respectively. Therefore, the
pondermotive acceleration depends on the gradient of the wave electrical energy.

Let us now go back to the fractionation process of different elements. Fig-
ure 1.5 shows the different processes at each foot-point of a coronal loop. The
Alfvén waves generated inside the coronal loop are shown as thick solid lines.
These waves bounce back and forth from the loop foot-points. There is a finite
probability of leaking out and being transmitted deeper into the chromosphere
at each bounce (left foot-point). These reflecting Alfvén waves can also produce
slow mode (“p-mode”, Helioseismology notation) waves by a parametric process
(right foot-point). These waves are shown by using thin dashed lines. The other
p-mode acoustic waves propagating inside the solar envelope can convert into
fast-mode waves at chromospheric heights where the Alfvénic speed and sound
speed become equal (nearby the plasma 5 = 1). These converted waves are shown
in a thin solid line at the right foot-point. These waves are refracted back into
the chromospheric region, where the Alfvénic speed increases with height. These
fast-mode waves may also convert to Alfvén waves. Depending on the frequency
of these waves, they can then propagate up to the loop to be transmitted or re-

flected. The transmission and reflection depend on the match between the loop
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resonance and their frequencies. The above are the primary ways the Alfvén
waves can generate and propagate in the coronal loops.

The pondermotive acceleration depends on the gradient of wave electric en-
ergy. The gradient in the wave energy is generated because of the change in
density inside the chromosphere. The heating of the chromosphere is mainly
caused by the processes responsible for coronal heating. The chromosphere is
cooled in the region where the maximum FIP fractionation happens. This cool-
ing primarily occurs because of the radiations in H Lyman a. As hydrogen gets
ionized in this region, its ability to cool through radiative cooling decreases, which
causes an increase in temperature. The density falls drastically, corresponding to
this increase in temperature. This gradient in density is steeper than the typical
hydrostatic scale height. All these changes, i.e. H atoms getting ionized, genera-
tion of strong density gradient, reduction in radiative cooling etc., happen at the
same location. Hence, this is where the pondermotive force is the most effective.

The fractionation caused by this pondermotive force can be calculated from
the momentum equation for ions and neutrals in the background of protons and
neutral hydrogen. The final expression for ratio (fy) of densities p; for element
k at lower (z;) and upper (z,) boundaries of the fractionation region can be seen

below.

_ Pk (Zu) . Zu 2§kal/kn/ [kalm + (1 — gk) Vki]
o=y = O {/ kT my + 2.+ 202 dz} (1.3)

08¢

Where & is the element ionization fraction, a, v; and vy, are pondermotive
acceleration, collision frequencies of ions and neutrals with the background gas
of neutral hydrogen and protons. The kg, T, and my represents Boltzmann’s
constant, temperature, and mass of element k, respectively. kgT/mi(= v.?)
represents the square of the element’s thermal velocity along the z-direction. wuy is
the upward flow speed and v o5 is a longitudinal oscillatory speed, corresponding
to upward- and downward-propagating sound waves. A slight change of & from
unity can result in significant decreases in the fractionation because vy; >> vy, in
the fractionation region at the top of the chromosphere. More detailed discussion

and derivation of fractionation because of the pondermotive force can be found
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in Laming (2009, 2015, 2017); Laming et al. (2019).

In simple words, the FIP effect is a phenomenon where elements with low first
ionization potentials (such as iron, magnesium, and silicon) are overabundant
in the solar corona relative to their abundances in the photosphere. As the
temperature increases with increasing height in the chromosphere, the low FIP
elements start ionizing. So, the low FIP elements are preferentially transported
up by pondermotive acceleration, resulting in their over-abundance in the corona.
In contrast, the elements with high FIP (helium, neon etc.) show a reduction in
abundance at coronal heights. This is because these elements become ionized at
upper heights. Rakowski and Laming (2012) show the depletion in the He/O.
They also shown that this depletion is maximum when wave frequency matches
the loop resonance. This causes the limit on the pondermotive acceleration up
to the top of the chromosphere. Therefore, oxygen, which has a lower FIP than
He, is ionized and transported to coronal heights, whereas helium being neutral,
remains at the lower height resulting in a reduction in the He/O ratio. In the same
way, the decrease in Ap, from the photosphere to the corona can be understood
using a similar argument. However, FIP is only valid for smaller reductions in
Ape in background corona or solar wind. Other active processes can dominate
over FIP effect under some specific conditions. These processes are discussed in

the upcoming sections.

1.3.2 Gravitational settling

The gravitational settling is primarily active in two regions of the Sun’s interior
and the atmosphere. The settling-dominated interior is at the boundary between
radiative and convection zones (Bochsler, 2000) and external or atmospheric set-
tling is active in the lower part of the chromosphere (Vauclair and Meyer, 1985).
The interior gravitational settling causes depletion of helium of typically 10% in
the convection zone compared to its initial abundance at the time of formation.
In the present thesis, we are more interested in the effects of the gravitational
settling in the chromosphere as this causes the reduction in the helium (as well

as other heavier elements).
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The physical mechanism of gravitational settling can be understood by using
a simple scenario. There are two major opposing forces on the minor ions. One
force is downward due to gravitational pull which is balanced by the momentum
transfer through collisions with the surrounding electron-proton gas. Without
friction or momentum transfer between heavy ions and electron-proton gas, the
heavy ions would drop rapidly into the solar atmosphere. However, the presence
of collisional interaction causes a reduction in the drift of particles in the solar

atmosphere.

Vauclair and Meyer (1985) investigated diffusion processes to explain the com-
positional changes in chromosphere and corona. The diffusion of a gas with neg-
ligible abundance in mixture of gases is used to understand the role of diffusion.
They stated that when a gas mixture is exposed to pressure, temperature, or
concentration gradients, or other forces (e.g. radiative force etc.), the gas compo-
nents undergo diffusion relative to each other. These authors treated the effects
of pressure, temperature, and concertation separately on the downward veloc-
ity of the less abundant species. This downward diffusion velocity (vp) can be

represented as follows.

vp=D(VIne—k,VIinp — krVInT + F/KT) (1.4)

In the above expression, D is the diffusion coefficient, ¢ is the concentration
of heavy ion (in this case, helium) considered, and k, and kp are the pressure
diffusion and thermal diffusion factors. p and T stand for pressure and temper-
ature respectively. The first, second, third and fourth terms on the right-hand
side represent diffusion in the concentration, gravitational settling (pressure dif-
fusion term), thermal diffusion and any additional force (like radiation force)
respectively.

In the chromosphere, the temperature and concentration gradients are negligi-
ble. Further the radiation gradient is not large enough to compete with pressure
diffusion term. Therefore, the composition of minor species in solar chromosphere

are controlled by gravitation settling. So, the above equation becomes
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vp = D(k,V1np) (1.5)

However, in the transition region, this scenario changes because of the sharp
gradient in temperature and concentration. In addition, the forces due to mag-
netic field becomes dominant because of the complete ionization of particles.

Recently, Laming et al. (2019) calculated periods corresponding to gravita-
tional settling for different elements. These authors assumed a coronal loop col-
lisionally coupled to the solar disk to remove the complication because of the
transition to the collisionless plasma. The continuity equation used by them is

as follows.

0

% — V- (o) ~ —2ng0/ L (1.6)
where L, vy and ny are the coronal loop length, settling velocity, and number

density respectively. vy can be calculated from the equation (Laming et al., 2019)

below:

3ﬁ my k’BT A + 1 ZkBT
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where Vi, my,, A, Z, InA, kg, T, G, and Mg, are velocity of hydrogen, mass

Vi = VH —
(1.7)

of the proton, atomic mass of selected heavy ion, the charge of the heavy ion,
collision cut-off parameter, the Boltzmann’s constant, temperature, gravitational
constant and mass of the Sun respectively. This equation is derived from Geiss
et al. (1970) and is valid only for the collisional plasma.

The solution of the continuity equation is

ny o< exp (—2uvgt/L) (1.8)

Laming et al. (2019) assumed n ~ 10%m™3, T ~ 10°K and L=75000 km
and found the gravitational settling time for He, O, and Ne are 1.5, 3.6, and 5.0

days respectively. These settling times are essential in understanding the helium
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abundance enhancements in the ICMEs. The details regarding this and the role

of gravitational settling in Ay, enhancement are taken up in Chapter 4.

1.3.3 Coulomb Drag

Coulomb drag is a process that occurs when charged particles interact with each
other in a plasma. In the solar wind, Coulomb drag plays an essential role in
the plasma dynamics. Solar wind plasma expands and cools down as it moves
away from the Sun. In addition, the solar wind particles become increasingly
collisionless as they go out. However, Coulomb drag continues to operate and can
be the dominant force affecting the plasma dynamics at a height range of 1.5 to 3-
5 Rs. Coulomb drag arises from the interaction between charged particles in the
plasma. The Coulomb interaction causes the particles to exchange momentum,
resulting in energy transfer from one particle to another.

To understand the Coulomb friction, consider an ion with mass M (Let us
assume alpha particle) surrounded by small ions (Let us assume protons). The
protons surrounding the alpha particle will exert Coulomb’s force on the alpha
particle, and the system will eventually be in equilibrium. However, if a parcel
of protons moves away, the equilibrium will get disturbed, and the alpha particle
will experience a force in the direction of movement of the protons. This is the
simplest explanation of Coulomb drag. The strength of Coulomb drag depends
on the charge and mass of the particles involved and the relative velocity between
them. In the solar wind, Coulomb drag is the most effective when the heavier
ions of the solar wind plasmas are considered. The general formula of Coulomb

drag (Geiss et al., 1970) is written below.

C

_ AdmetlnA nZ? { A m,

kT A A+12kT(V_U)} (1.9)

myp
where,

m,- the mass of the proton, v- velocity of the proton,

n- number density of protons, V- velocity of heavier ions,

Z- atomic number of heavier ions, A- atomic mass of heavier ions,

A - collision cut-off parameter (derived from Rutherford scattering, InA =22
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(Parker, 1963))

T- temperature, k- Boltzmann’s constant, and

G — function introduced by Chandrasekhar (1943) to explain the dynamic friction
Biirgi (1992) used the Coulomb drag to explain the constant proton flux at

1 AU. They created three fluid models, which include the electrons, protons and

alphas. The additional term used in this model was Coulomb friction on the

alpha particles due to protons and vice-versa. This is given by

n

fap < 375 (Up = va) (1.10)

where f,, is frictional force on alpha particles caused by protons, T, n,, v,, and
v, are temperature, proton number density, proton velocity, and alpha velocity
respectively.

Coulomb drag is an important force to reckon with closer to the Sun. It is
known that alphas move faster than protons near the solar surface. However,
closer to 1 AU, alphas and protons have comparable velocities (Mostafavi et al.,
2022). As Coulomb friction depends on the velocity difference of protons and
alphas, it is more effective closer to the Sun (up to ~ 0.3 AU) beyond which
wave-particle interaction controls the interaction between the alphas and protons

(Wang, 2016).

1.3.4 Wave-particle interaction

In the solar atmosphere and solar wind, there are various types of waves, such
as Alfvén waves, magneto-ionic waves, and plasma waves etc. These waves can
interact with the particles in the solar wind, leading to energy transfer between
the waves and particle and vice versa. One of the important consequences of wave-
particle interaction is the acceleration of particles. These accelerated particles can
then contribute to the heating of the solar wind. Wave-particle interaction can
also lead to the generation of turbulence in the solar wind. This interaction can
also change the properties of alphas and protons in the solar wind.

As mentioned earlier, the alphas move faster than the protons in solar wind

(Mostafavi et al., 2022) and the differential velocity between alphas and protons
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is higher near the Sun (Marsch et al., 1982; Mostafavi et al., 2022). The Coulomb
drag cannot explain the higher velocity of alphas (Dusenbery and Hollweg, 1981)
near the Sun. It is also observed that the heavier ions also have velocities higher
than the alpha particles (Schmidt et al. 1979). The differential velocity between
the alphas and protons (V, —V,) usually does not exceed the Alfvén velocity (V)
(Neugebauer and Feldman, 1979). Moreover, the kinetic temperature of alpha
particles is higher than protons (Robbins et al., 1970; Kasper et al., 2008). The
temperature anisotropies in alpha and protons also depend on the (V, —V,)/Va

(Kasper et al., 2008, 2013; Cranmer, 2014).

The reason for the velocity limit of the differential velocity is believed to be
caused by the interaction between waves and particles, which is driven by insta-
bilities caused by the interaction of alpha-proton with waves. The ion-cyclotron
waves can preferentially accelerate the alphas via resonance scattering. The alpha
and proton have different resonance factors for interacting with waves and there-
fore have different momentum and energy transfer rates (Hu and Habbal, 1999).
This interaction reduces the differential velocity to the Alfvén speed, which is

further explained in the works of Gary et al. (2000) and Verscharen et al. (2013).

An evidence for the interaction between Alfvén-cyclotron waves and helium
can be seen in Figure 1.6 (Kasper et al., 2008). This Figure shows the breakdown
in temperature equilibrium of proton and alpha in the solar wind. Figure 1.6
represents the histogram of alpha (7,) and proton (7),) temperatures for millions
of observations from the Wind spacecraft. This distribution/histogram shows the
maximum peak at T, /T, = 1, representing the isothermal plasma. Another peak
at T,/T, = 4 represents the equal thermal speed of the alpha and protons. This
equal thermal velocity in place of equal temperature represents the violation
of the principle of energy equipartition, which states that the total energy of
a system is equally distributed among all available degrees of freedom. This
suggests that the solar wind deviates from ideal gas behavior. In addition, a part
of the distribution (23%) shows T,/7,, > 5. This additional high temperature of
helium suggests that the resonant heating through waves is preferential for alphas

compared to protons.
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Figure 1.6: The histogram of T, /T, is shown. This Figure represents the bimodal
nature of the dominant components of the solar wind plasma. The first peak is
at T,/T, = 1 meaning isothermal plasma. The second peak is near T,/T, = 4,
representing similar thermal speed. The 23% of the observations show T, /T, > 5
which indicates the preferential heating of alphas over protons. (Courtesy: Kasper

et al., 2008)

The large amplitude Alfvén waves cause preferential heating (via resonance
with ions) and dissipation. During the interaction, these resonant ions will be
accelerated in the direction perpendicular to the ambient solar magnetic field.
The primary reasons behind these resonances can be the drop in gyrofrequencies
of the ions with increasing height or the power transfer to smaller kinetic scales
by long wavelength waves via turbulence (Kasper et al., 2008, and references
therein). These interactions of alphas and protons with waves can alter the
ions’ energies/temperature and velocities. These interactions lead to temperature

anisotropies.

The processes continuously altering the abundance, distribution, velocity,
temperature etc. of protons, alphas and heavier ions are discussed in the previ-

ous section. In the ensuing section, we discuss briefly processes like solar flares,
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CMEs and SIRs/CIRs that are relevant for the theme of the thesis.

1.4 Large-scale solar processes causing helium

abundance changes

1.4.1 Solar Flares

A solar flare is a sudden, intense burst of energy and radiation that originates
from the Sun. The primary cause behind the solar flare is the rapid release of
the stored magnetic energy. This rapid release of energy causes the acceleration
of particles and the emission of radiation in the broad electromagnetic spectrum,
from radio to gamma rays. Figure 1.7 shows various features associated with a
typical solar flare. Magnetic reconnection is the primary cause of energy release
in the solar flare. We are more interested in the changes in the helium abundance
caused by the solar flare. Therefore, we will focus on chromospheric evaporation
which is a process that occurs during a solar flare. More observational details
regarding solar flare can be found in Fletcher et al. (2011) and the modelling
details can be found in Priest and Forbes (2002).

As the name suggests, chromospheric evaporation is the evaporation of the
chromospheric material because of the energy released during the flaring process.
This process starts with the magnetic reconnection which is marked as 1 in Figure
1.7. The energy produced will energize the electrons in both upward and down-
ward directions. The downward moving non-thermal electrons are represented by
2. These electrons will move along the magnetic loops and reach toward the loop’s
foot-points, which are situated at the chromospheric heights. These electrons will
produce the hard X-rays and Gamma rays and heat the chromospheric material,
which will be evaporated (see number 3). The evaporated material is moved to
higher heights (number 4). This material will contain the chromospheric abun-
dances of helium. Therefore, solar wind affected by chromospheric evaporation
may have higher helium abundance.

The chromospheric evaporation can enhance the Ay, up to the chromospheric
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Figure 1.7: A schematic diagram of the processes that occurs during solar flare
leading to chromospheric evaporation. The numbers are used to indicate different

stages. (Courtesy: Lang, 2000)

level, i.e. 8%. The importance of the process in modulating the helium abundance
and its contribution to Ay, enhancement are discussed in Chapter 4. The critical
roles of flare strength and its timing will also be addressed in the context of the

results presented in Chapter 4.

1.4.2 Coronal Mass Ejections

Coronal Mass Ejections (CMEs) are massive eruptions of plasma and magnetic
fields from the Sun’s corona. These events are often associated with solar flares
and can release billions of tons of material into space at speeds ranging from a few
hundred to over 2000 km/s. The details regarding the modelling and observations
of CMEs can be found in Chen (2011). The interplanetary counterpart of CMEs
is known as ICMEs. The helium abundance is usually found to be enhanced in
ICMEs.

Figure 1.8 shows the three-part structure of a typical ICMEs that contains
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Figure 1.8: The three-part structure of the ICMEs, i.e., shock, sheath and flux
rope is shown on the left-hand side. The typical observational counterparts of an
ICME are shown on the right side. The schematic of ICME is taken from Kilpua
et al. (2017). The right side shows the magnetic field and its components (B, B,,
By, B,), velocity (V), number density (N), temperature, helium abundance (Ag.)
and Plasma beta ().

shock, sheath and magnetic flux rope. The observational counterparts are also
shown in the right side of Figure 1.8. The schematic of ICME shown in Figure 1.8
is taken from Kilpua et al. (2017). The right side of Figure 1.8 shows the magnetic
field and its components (B and B,, By, B,), velocity (V), number density (N),
temperature, helium abundance (Ag.) and Plasma beta (5). The sudden jump
in the various parameters, i.e., magnetic field, velocity, number density etc., can
be seen as the shock arrives at the location of the satellite. The structure of the
sheath is complex and highlighted with blue colour. The orange colour shows
the flux rope structure of the ICME, also known as the magnetic cloud (MC) .
The magnetic cloud shows an evident rotation in the magnetic field components
and has low plasma beta. The A, enhancement during the ICME (observed on
28-29 May 2010) can be seen in Figure 1.8.

More details regarding the ICMEs can be found in Kilpua et al. (2017) and
references therein. Ap, can be enhanced up to 30% during the arrival of the
ICMEs at the first Lagrangian point (L1) of the Sun-Earth system, but the reason

behind these enhancements is not understood fully. Although, there are a few
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works (e.g. Fu et al., 2020, and references therein) that suggest the important
role of chromospheric evaporation , a holistic picture regarding the enhancement

of Ay, in ICMEs is suggested in Chapter 4.

1.4.3 Stream Interaction Region/Corotating Interaction
Region

The processes discussed in the earlier sections are usually active near the Sun.
However, interplanetary modulations can also show changes in the helium abun-
dance. The significant interplanetary modulations are caused by Stream /Coro-
tating interaction regions (SIRs/CIRs). The SIRs are formed when fast wind
streams coming from coronal holes interact with slow wind streams ahead of
them. If the SIR corotates and survive one full solar rotation (~27 days) owing
to the long lifetime of coronal holes, it is known as a CIR. More details regard-
ing the formation and properties of SIR can be found in Richardson (2018) and
references therein. The major signatures of SIRs are discussed in Chapter 5.
Except a few studies (e.g. Durovcova et al., 2019; Gosling et al., 1978, etc.), the
changes in helium abundance in the SIRs have not been investigated comprehen-
sively till date. Although enhancements in Ap. are observed in SIRs on several
occasions, the degree of enhancements are not as dramatic as seen in ICMEs.
Gosling et al. (1978) and Wimmer-Schweingruber et al. (1999) suggested that
the resultant changes in the Ag. in SIRs are because of the interaction of dif-
ferent streams having their own variation in helium abundances. They indicated
that the Ag. is enhanced in SIRs because the fast stream has higher Ay, than
the slow stream. But, recently, Durovcova et al. (2019) have shown that inter-
action regions do affect Ay, as well. Figure 1.9 is taken from Durovcova et al.
(2019) and it shows that the alphas move slower and faster than protons in slow
and fast wind respectively. They considered that CIRs are analogous to magnetic
bottles and argued that the pitch angles of alpha particles within the magnetic
bottle play important roles in determining the Ay.. In Chapter 5 we treat the
alpha and proton interfaces separately and show how it can help in addressing

the changes in Ag, in SIRs.
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Figure 1.9: The interaction between the slow and fast wind is shown. The slow and
compressed side is shown in blue and red, respectively. The slow wind has an alpha
velocity higher/equal to protons, whereas alphas move fast in the fast wind. The
stream interface and Earth’s orbits are also shown. (Courtesy: Durovcova et al.,

2019)

1.5 Techniques to measure helium abundance

There are three main techniques which are used to measure the properties of the
ions. The first technique involves the use of a Faraday Cup, which is composed
of an electrically grounded metal cup or collector. When charged particles enter
this cup, they transfer their charge to the cup’s surface. The accumulated charge
is then measured as an electric current. This current will be proportional to the
incoming charged particles.

The second method includes Time of Flight (TOF) in combination with an
Electro-Static Analyzer (ESA). TOF is a method commonly used in mass spec-
trometry to determine the mass-to-charge ratio of ions. In a TOF mass spectrom-
eter, ions are accelerated by an electric field and enter a drift region where they

travel to a detector. The time it takes for ions to reach the detector is measured,
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and from this information, the mass-to-charge ratio can be calculated. TOF
mass spectrometers are known for their high sensitivity and fast data acquisition
capabilities.

The third technique introduces the Top Hat Analyzer (THA), which is used
together with the magnetic assembly to separate ions of varying masses and
detector for measuring these ions. Notably, THAs have the unique capability of
measuring ions within a two-dimensional plane, differentiating them from Faraday
Cups and TOF, which require the spacecraft to rotate to achieve a full 180-degree
coverage. These techniques play a crucial role in space missions and scientific
research, where accurate ion measurements are essential. The THA assembly
and FC were used in the Wind and PSP spacecraft. The ACE spacecraft has
TOF as a major particle detector. The ADITYA-L1 spacecraft have a TOF
(PAPA Payload) and the THA assembly (SWIS subsystem of ASPEX payload).
The THA assembly will measure the particles in 360°.

To improve helium measurements, the researchers are developing more effec-
tive ionization methods, improving electronics and detectors, improved design

and reducing noise.

1.6 Aim and overview of the thesis

The abundance of helium in the solar wind shows various features, such as de-
pendence on solar activity, on solar wind velocity, enhancement in coronal mass
ejection (CME) structures, and alteration during the interaction of different so-
lar wind streams (i.e., Stream/Co-rotating Interaction Regions, or SIRs/CIRs).
Although some of these aspects are addressed in the past, many aspects of the
variation of helium abundance in background solar wind, Interplanetary CME
(ICME) and SIR/CIR structures and at various time scales are not known in

great detail.

This thesis work addresses the changes in helium abundance (Ag.) ranging
from 0.01% to more than 30%. In doing so, various physical processes that may

cause these changes have been discussed in Chapter-1. The results presented in
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this thesis provide new insights into the processes closer to the Sun as well as to
the Earth, transport processes through the interplanetary medium and also, how
these processes may change the helium abundance at both shorter and longer
time scales. Chapter-2 of the present thesis introduces the techniques, data, and
models used to carry out this research work. This chapter contains information
about the relevant instruments onboard different satellites at the L1 point of the
Sun-Earth system (WIND and ACE), together with their basic principles. A
brief description of the Air Force Data Assimilative Photospheric Flux Transport

- Wang-Sheeley-Arge (ADAPT-WSA) model is also given.

It is well known that helium abundance varies with solar activity. However, a
4-cycle long perspective of the changes in the solar wind helium abundance was
missing before this work. The variation in helium abundance in the last four solar
cycles (cycle 21- cycle24) is described in chapter-3. This chapter shows that the
helium processing changed in solar cycle 24 (SC24) because of the changes in the
topologies and the dynamics of the large-scale coronal magnetic field. The inves-
tigation also suggests the important role of the possible changes in the sources of

the slow and fast solar winds in the last four solar cycles.

The helium abundance is, in general, 4-5% in the corona, but it can increase
to 8% or more in ICMEs measured by the Ll-satellites. A holistic view of all the
processes responsible for this enhancement in helium abundance is presented in
Chapter-4. This chapter also describes the critical role of timing and strength
of solar flares associated with the ICME measured from the L1 -satellites. It
is suggested that chromospheric evaporation associated with solar flares coupled
with gravitational settling can enhance Apg. to 30% or more. Chapter-5 is fo-
cused on helium abundance variation in the SIRs/CIRs. While Chapters 3 and
4 contain the results related to the changes in Ay, because of the near Sun pro-
cesses, Chapter 5 comprises of the results that capture the processes that cause
interplanetary alteration in Ag.. It is shown that the modifications in the pitch
angles of alphas and protons as well as their velocity differences play important

roles in the enhancement of Ay, towards the fast wind side of the SIRs.

The above chapters focus on the variation of Az, from ~2% to ~30%. How-

31



Chapter 1: Introduction

ever, there are instances when Ay, goes even lower than 1%. The potential source
region characteristics and the associated processes that may cause very low abun-
dance of helium are discussed in Chapter-6. Therefore, Chapters 3 to 6 of this
thesis cover the entire range of solar wind helium abundance variation.

In a nutshell, this thesis comprehensively addresses the changes in helium
abundance caused by various processes, sources, and interactions at various time
scales.

Chapter 7 of this thesis provides a brief discussion of the potential areas of

future research based on the findings and insights reported in this work.
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Chapter 2

Techniques, Datasets and Models

2.1 Introduction

The science problems addressed in this doctoral work have been addressed by uti-
lizing a range of solar wind parameters such as magnetic field, number densities,
temperature, and others. These parameters are obtained from multiple satellites,
including those in orbits at the first Lagrangian point (L1) of the Sun-Earth sys-
tem, as well as satellites located near Earth (e.g. Interplanetary Monitoring Plat-
form (IMP) and Geotail) and the Sun (e.g. Parker Solar Probe or PSP). These
satellites have various instruments designed to measure directly (e.g. magnetic
field) or to provide information on velocity distribution functions the moments of
which provide the bulk parameters (e.g. density, velocity, temperature etc.). A
variety of measurement techniques are used in these instruments and it is perti-
nent to introduce in this chapter brief descriptions of some of these techngiues.
Furthermore, the thesis also utilizes model outputs to connect the interplanetary
observations obtained from satellites (Wind and PSP) to the surface of the Sun
and it is also relevant to present briefly the basic description of these models.
Therefore, this chapter, by providing the basic principles of measurement tech-
niques, datasets and models, will prepare the context for the results that are to

be presented in the subsequent chapters.
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2.2 Waind Spacecraft

The Wind spacecraft (https://wind.nasa.gov/inst_info.php) was launched
on November 1, 1994, at 09:31 UT. In early 2004, the Wind satellite was transi-
tioned into a Lissajous orbit around the L1 point following multiple orbits through
the magnetosphere. The defined mission life was three years, but it is still work-

ing. The primary payloads in the Wind spacecraft are as follows:

= Solar Wind Experiment (SWE, Ogilvie et al., 1995)
= Magnetic Field Investigation (MFI, Lepping et al., 1995)

= Plasma Analyser instrument (3DP, Lin et al., 1995; Wilson et al., 2018,
2019)

= SMS Suprathermal Particle Data (STICS, MASS, SWICS, Gloeckler et al.,
1995)

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

= WAVES (Bougeret et al., 1995)

= Wind KONUS and TGRS Data (Aptekar et al., 1995; Owens et al., 1995)

In this thesis SWE (majorly Faraday cup) data is used to understand the
helium as well as proton properties in the solar wind. This instrument provides
different proton and alphas parameters, i.e. 3-D velocities, number densities,
thermal velocities, flow angles etc. In addition, the MFI instrument provided
the details regarding the magnetic field observations. The MFI data having a
similar resolution to SWE is also provided on the Coordinated Data Analysis
Web (https://cdaweb.gsfc.nasa.gov/). The details regarding these two in-

struments are discussed in subsequent sections.
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2.3 Solar wind Experiment (SWE)

SWE has two subsystems — one, for the ion measurements, and the other for mea-
surement of electrons. The SWE contains two instruments, i.e. Vector Electron
and Ton Spectrometer (VEIS) and Faraday Cup sensors.

Ion measurements

The SWE contains two Faraday Cup (FC) subsystems that measure solar
wind thermal protons and heavier positive ions. The details of the Faraday cup
subsystem can be found in Ogilvie et al. (1995). The details of this subsystem
will be taken up further in the next section. We have used mostly the Wind SWE
data for the thesis work. The details regarding the procedures and algorithms
used to generate the FC data products can be found in Kasper (2002). The details
regarding the systematic uncertainties in measurements using calibration against
other Wind instruments and using the basic physical principles are discussed in
Kasper et al. (2006). Together with the Faraday cup, the VIES also provides ion
measurements.

Electron measurements

Another part of SWE is used to measure the solar wind electrons. This
electron subsystem consists of two electrostatic analyzers, i.e., the vector spec-
trometer (VEIS) and the Strahl spectrometer. These instruments are designed
to measure the distribution function of electrons in the solar wind. The de-
tectors used in the instrument are described in detail in Ogilvie et al. (1995).
In 2001, the high-voltage power supply of the VEIS instrument failed. After-
wards, the Strahl detector underwent reconfiguration to restore the majority of
its measurement capabilities. Details of SWE electron instruments can be found
at https://wind.nasa.gov/swe/index.html.

The central theme of this thesis is to investigate the variations in the alpha-
proton ratio in the solar wind and therefore, we will only be discussing the FC in
the ensuing section.

The FC contains a set of planar grids and two semi-circular collector plates.
These semi-circular plates collect the solar wind and measure the current gener-

ated by the solar wind ions. Figure 2.1 shows the general FC assembly and cross-
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sectional view of the sensor. A DC-biased time-varying high voltage (200Hz) is
applied to a highly-transparent metal grid (modulator plate). This high voltage is
used to remove the photoelectric current. This high voltage also helps determine
ion energy and the discrimination between the charged particles and photoelec-
tric current. The waveform can vary from V+4dV, where this V4+dV can have a
value of 8kV, and dV can have a maximum value of 1kV. The suppressor grid
is biased at -120V to escape the secondary electrons from collector plates. The
multiple plates grounded grids are used to reduce the effect of capacitive-coupling
of the plates caused by the time-varying voltages. The front two outermost grids
minimize the emission of time-varying electric fields from the sensor’s front. The
resultant current from the collector grid is used to construct the solar wind ve-

locity distribution functions. The major features of the FC sensor system are:

a The energy/charge bandwidth can be changed using the change in dV.
b The precision in flow direction can be as good as 1°.
¢ High cadence measurements

d Measurements of 3-D velocity distribution functions

2.3.1 Working Principle

Faraday Cups’ operation principle can be understood from Figure 2.2. The mod-
ulator plate selects a particular range of perpendicular velocities depending on
the specific voltage applied on it. Therefore, nearly mono-energetic ions are se-
lected by the modulator. It is to be noted that some of the particles that are
incident on the FC with an angle will not be able to overcome the applied field.
The simulated current variations with angle can be found in Ogilvie et al. (1995).

The different parameters of solar wind can be derived by using the current
observed. The modeled velocity distribution function and nonlinear least square
fitting on currents can be used to derive the speed, density, and temperature. The

equation below shows the equivalence of observed current to isotropic Maxwellian
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Figure 2.1: The cross-section of the Faraday Cup sensor is shown. All the grids
except the modulator are at ground potential. The modulator grid has a time-
varying voltage applied to it. The functioning of different grids is described in the
text. (Image courtesy: Ogilvie et al., 1995)

distribution. Following Kasper (2002), the differential amount of current dI pro-
duced by a small element of plasma with velocity ¢ in the frame of the FC (and

speed v, = U.Z, normal to cup) is given by

dl = A(v/v)qu, f(0)d*v (2.1)

Equation 2.1 is a general form of the current seen by the simple FC. Now, in-
serting isotropic Maxwellian distribution and integrated over all energy/velocities

windows:

Ang _@E=0? .
Iiso B 3/211}3 ///wmdow - dgv (22)

Here, I;,, is the isotropic current observed, A is the collecting area of FC, n
is number density, q is the charge, w is thermal width, U is bulk velocity, v is
the velocity in FC’s frame, and v, is the velocity in the normal direction. The
integration is over the energy window. The above expression can be used to calcu-
late the velocity distribution function. Further details regarding the calculations

of solar wind parameters can be found in Kasper (2002) and Verscharen et al.
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Figure 2.2: The schematic of Faraday cup. Note, the voltage applied on the grid
helps in selecting particles with a particular of energy. (Courtesy: Ogilvie et al.,

1995)

(2019). In short, if the velocity distribution function is f(r, v, t), the solar wind

parameters can be calculated using moment analysis and can be seen below.

Starting with equation 2.1, we will use moment analysis technique to calculate
the bulk parameters. The most significant approximation of the moment analysis
technique is that f(¢) does not vary much over the width of the speed window

V, so we may approximately write the total current I as

Al ~ Aquf (v) AV (2.3)

The phase space density f; of the reduced distribution function along n for

the ith window at (V;; AV}) is then approximately
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N?
- AqV;AY

We can calculate the bulk parameters using this phase space density using

fi (2.4)

following equations:

Zeroth moment: - The density, n(r,t):

A Al - . ~
n(n) = Zm or n(T,t) = /f(r,v,t)d3v (2.5)

—

First moment: - The bulk velocity, U (7, t):

1
n(t,t)

U(ﬁ)zﬁz £V or U(E) = / fF 7, 07d%  (2.6)

Second moment: Thermal speed, w;; (Tensor quantity)

o\ 1/2
n) = 2ifi (Vi — U(®) or W-2~:—1 £,%,t) (vi — Up) (vi — U;) d3%
w(n)—ﬂ( o ) b= o [ TER O (= V) (5 - U,

(2.7)

2

The tensorial temperature (73;) can be calculated as kpTi; = 1/2mwy

2.4 Wind Magnetic Field Investigation (MFI)

The MFI (Lepping et al., 1995) observations are used in tandem with the SWE
observations. The MFI comprises dual, wide-range (£0.001 to £6536 nT) tri-
axial fluxgate magnetometers. These magnetometers are placed at 2/3 and the
end of a 12m boom. The length of the boom is sufficient to reduce the space-
craft’s magnetic field by up to 0.1 nT at the sensor located at the end. The
dual configuration eliminates the real-time dipolar part of the spacecraft’s mag-
netic field components. The basic principle of these magnetometers is magnetic
induction. The induction magnetometer does not respond to steady or station-
ary magnetic fields. The induction magnetometer sensitivity increases linearly
with the frequency. Therefore, this kind of magnetometer is used in fluctuating
(ac) magnetic field measurement. The mathematical details of induction mag-

netometers can be found in Ness (1970). The MFI uses the ring-core induction
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magnetometer. The schematic of the ring-core induction magnetometer can be

seen in Figure 2.3.
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Figure 2.3: Ring core induction magnetometer. (Courtesy: Ness, 1970)

The P and S in Figure 2.3 represent the primary and secondary coils, respec-
tively. The primary coil is wound on the core. Generally, P is used as an input,
and S is used as the magnetometer output.

The nonlinear characteristics of a magnetically saturable transformer, a sens-
ing element, are important factors for the operation of a flux-gate magnetometer.
The second harmonics of the input can directly give direct details of the external
magnetic field. The general principle of operation of fluxgate magnetometers can
be seen in Figure 2.4. The nonlinear B-H curve is assumed to be a combination
of linear parts. A triangular wave having a frequency of 1/T and amplitude of
Hp is used as input on the primary coil. The core material inside the primary
coil saturates when magnetic field strength, H reaches £ He (See Figure 2.4) and
the magnetic induction B reaches +Bg. Although a sinusoidal wave is generally
used, a simple triangular wave is shown here for the sake of simplicity and it will
not invalidate the principle of operation (Ness, 1970). Here, it is assumed that
the +AH is the bias caused by the external magnetic field.

The secondary /sensing coil observes the resultant waveform and can be seen as
Bp in Figure 2.4. The sensing coil works on Faraday’s law of magnetic induction

and its input depends on the B-H curve of the core material. The induced output
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Figure 2.4: Simple principle of operation of Fluxgate magnetometers. (Courtesy:

Ness, 1970)

signal in the sensing coil depends on the change in flux, i.e., the time derivative
of Br. This output will be observed when the flux varies, and zero output will
be observed when the flux is gated to positive or negative saturation levels. A
consistent wave of positive and negative pulses can be seen in Figure 2.4. The
width of these pluses is considered as 7', and the separation between successive
pulses is BT or (1 — 5)T. The alternating saturation of the core in the opposite
direction causes the ‘gated flux’, which is sensed by the secondary coil. The
Fourier analysis of the output waveform leads to formulas shown in Figure 2.4. It
can be noted that the « is independent of AH and § depends on the AH/Hp. In

case of no external field (AH=0), the term in the square bracket of Vs becomes

12 k=1,3,... odd
[1 — cos(km)] = (2.8)

0 k=0,2,... even

This suggests that even harmonics come only when the external perturbation
(AH # 0) is present. The second harmonics is used in the calculation because

of the decrease in the amplitude of higher harmonics. The amplitude of second
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harmonics is the most crucial parameter in calculating the ambient magnetic
field direction and magnitude. Now, to identify the relationship between the
harmonics and AH, some approximations, i.e., « << 1 and Hp is much larger
than AH, are used. By taking the ratio of second to first harmonics (r) and by
using these approximations, it can be found that the ratio (r) is:

1 —1+idsin(2rAH/Hp) AH

- = 2.
1 +1—isin(tAH/Hp)  Hp " (29)

This suggests that the second harmonics is 90° out of phase with the first /primary
harmonics. The amplitude of the second harmonics depends on the AH/H. So,
this overall operation explains the fluxgate magnetometer’s principle. More de-

tails regarding the more refined measurements can be found in Ness (1970).

2.5 ACFE Spacecraft

The Advanced Composition Explorer (ACE) was launched on August 25, 1997
at the L1 point for a mission duration of 5 years. However, it is still working and

continuously giving solar wind information. The following are the payloads on

board ACE spacecraft:

= Cosmic Ray Isotope Spectrometer (CRIS, Stone et al., 1998a)
= Solar Isotope Spectrometer (SIS, Stone et al., 1998b)
= Ultra Low Energy Isotope Spectrometer (ULELS, Mason et al., 1998)

= Solar Energetic Particle Tonic Charge Analyzer (SEPICA, Mobius et al.,
1998)

= Solar Wind Ions Mass Spectrometer and Solar Wind Ion Composition Spec-
trometer (SWIM and SWICS, Gloeckler et al., 1998)

= Electron, Proton, and Alpha-particle Monitor (EPAM, Gold et al., 1998)

= Solar Wind Electron, Proton and Alpha Monitor (SWEPAM, McComas
et al., 1998)
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2.6 Solar Wind Ion Composition Spectrometer (SWICS)

= Magnetometer (MAG, Smith et al., 1998)

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

The data from SWICS and SWIMS are used in this thesis. These two instru-
ments in combination provide the helium and other elemental abundances, charge
state of heavier ions in the solar wind etc. The details of these instruments are

provided in the next sections.

2.6 Solar Wind Ion Composition Spectrometer

(SWICS)

SWICS consists of electrostatic analyzer (ESA), post-acceleration, time of flight
(TOF), and energy measurements (Figure 2.5). The details of the SWICS instru-
ment can be found in Gloeckler et al. (1998).

2.6.1 Principle of Operation

The working principle of SWICS can be understood from Figure 2.5. The ions
having kinetic energy E, charge QQ, and Mass M enter the sensor through a multi-
slit collimator with a large aperture. The collimator ensures that only particles
with appropriate entrance trajectories are selected. The ions that have a particu-
lar E/Q ratio are chosen by the electrostatic analyzer (ESA). A stepped deflection
voltage determines these E/Q values. The ESA also uses a UV radiation trap.
Subsequently, the ions are accelerated and directed to enter the time-of-flight
section. The energy gained by these ions is sufficient to be detected by a solid-
state detector at the end of the sensor. The time of flight section provides the
speed of different ions based on the time taken by the ion from the start to the
end point of the system (distance of 10 cm). The particle energy is measured by
the solid-state detector, which completes the identification of the particles. The

equations below can be used to identify the ions in the ambient solar wind.

M = 2(7/d)* (Eyes /) (2.10)
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Q= (Eres/a) [ (Va+ E'/Q) (2.11)
M/Q =2(r/d)* (Vo + E'/Q) (2.12)
E=Q-(E/Q) (2.13)

Vien = 438 - (E/M)Y/? (2.14)

Where M, Q, E, Vi,, are Mass, charge, energy, velocity of ion. The d is
distance between start and end detector (10.5 cm) and t is flight time taken by
ion to cover this distance. F,.s is residual energy, V, is acceleration potential, «
is nuclear defect in solid state detector (Ipavich et al., 1978), E’/Q takes care of
the energy loss in the start detector Vj,, is in km/s and E/M in keV/amu. E’ is

the energy after a small portion of energy is lost in the carbon foil.

Collimator  Deflection Post- Time-of- Energy
(E/q)  acceleration Flight Section (Solid-State
(~10 cm) Detector)

i
!
i
1
i
i

Figure 2.5: The schematic of the measurement technique used in SWICS, illus-
trating the functions of each basic element involved in the process. (Courtesy:

Gloeckler et al., 1998)

2.6.2 Deflection analyzer

An electrostatic deflection analyzer is used in SWICS. There are two separate

deflection regions (channels) of the analyzer. One is for H & He, and the other

44



2.6 Solar Wind Ion Composition Spectrometer (SWICS)

for all ions. Both the analyzers have 18 plates with a limit of 0.5% dispersion.
The resolution of the H/He channel is 5.2%, and and that of the main channel
6.4%. Deflection voltage in case of H/He channel varies from 6.91 to 945 V, but
in the main channel, it is 46.09 to 6300 V.

The H/He region generally covers the energy range from 0.16 to 15.05 keV /charge.
These low-energy particles are accelerated and measured by a single rectangular
solid-state detector. Stepping-up of voltage provides the separated E/Q spectra.
The main channel has an energy range of 0.49 to 100.0 keV /charge. Figure 2.6
shows both H/He and the main channel of the analyzer.
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Figure 2.6: Cross section of the SWICS sensor illustrating the key components
including the collimator, two-channel deflection system, deflection power supply,
time-of-flight system, He/H detector, analogue electronics, and sensor bias and

power supply. (Courtesy: Gloeckler et al., 1998)

2.6.3 Time-of-flight vs energy system

For the time of flight system, SWICS uses a carbon foil as a start detector and
a solid-state detector (AuSi) as the stop detector as well as the detector for
the residual energy measurement. Electrons generated from the start and stop

detector are accelerated by 1 kV and collected by the front surface of each chevron-
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assembly micro-channel plate (MCP).

A slight difference of 0.2 ns in flight time is generated because of the path
difference of the electrons, which is less than ~0.5 ns FWHM of analogue elec-
tronics. The ion’s trajectory will not be significantly affected because of its higher
energy. The measurement of residual energy is carried out using one of the three
rectangular solid-state detectors. Time of flight system can be understood from

Figure 2.7.

AuSi
Detector
Micro-
channel channel
Plates | Plates
oV

Figure 2.7: Time-of-flight vs energy telescope of SWICS displaying computer-
generated trajectories of secondary electrons emitted from the carbon foil and

solid-state detector. (Courtesy: Gloeckler et al., 1998)

2.7 Solar Wind Ions Mass Spectrometer (SWIMS)

SWIMS measure solar wind particles with the exceptionally high isotopic reso-
lution of M/AM > 100. It determines the density of the elements and their

isotopes lying between 3 to 60 amu.

2.7.1 Principle of Operation

Like SWICS, ions with Energy E, mass M, and charge QQ enter the elecrostatic
analyser, which selects a particular E/Q channel. The ESA also acts as a UV
trap. lons passing through the slit are chosen using a Wide-Angle, Variable En-
ergy/charge (WAVE) passband deflection system, as shown in Figure 2.8. WAVE

plates are connected with variable voltage supply, which varies in 60 logarithmic
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steps (0.6 kV to 12.2 kV). The walls of WAVE also trap UV radiation. E/Q

resolution of this system is 5%.

Solar Wind lon

Figure 2.8: Schematic of the SWIMS instrument illustrating the WAVE entrance
system, start MICP location, hyperbolic deflection surface, position-sensing stop

MCP, and a typical ion trajectory. (Courtesy: Gloeckler et al., 1998)

These ions with specific E/Q ratios will pass through a thin carbon foil and
then enter the High Mass Resolution Spectrometer (HMRS) for time-of-flight
measurements. The secondary electrons generated from carbon foil will give the
start time trigger for the time of flight HMRS system. Subsequently, these pos-
itive charges are deflected by the static retarding harmonic potential (V). This
voltage (V) applied in the time of flight system is proportional to the square of
the perpendicular distance from MCP, i.e. Z (V o Z?), as shown in Figure 2.8.
Time of flight (7) in this type of potential depends only on the mass (M) and

charge state (Q*) remaining after the crossing of carbon foil, as written below.

Toc (M/Q")'? (2.15)

The ions passing from the carbon foil will remain neutral or have a charge of

+1 with a minor fraction of 42 and -1 charge states. The above equation and the
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E/Q value can be used to identify the ions. The details of time of flight systems

are discussed in the following subsection.

Neutral

\
Carbon
foil

lon

Figure 2.9: Schematic of the high mass resolution section of the SWIMS instru-
ment. (Courtesy: Gloeckler et al., 1998)

2.7.2 SWIMS Time-of-flight High Mass Resolution Spec-

trometer

Secondary electrons are produced by ions when passing through 4 mm x 15 mm
carbon foil (< 2 pg em™2) supported by a grid. MCP measures these electrons
and gives a start time. After passing through the static harmonic potential region,
these ions are collected by a stop MCP and giving a stop time.

The time difference in start and stop MCP gives the flight time. The whole
process can be seen in Figure 2.9. By using this flight time, we can get the
required information.

The ion data are primarily used from the above instruments. The magnetic
field observations are used from the MAG instrument onboard ACE. The details

of this instrument are discussed in the next section.
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2.8 Magnetic Field Experiment (MAG)

The MAG instrument is almost similar to the Wind/MFI instrument. The only
change is in the Input/Output (I/O) data board. The I/O data board were
replaced to change (reduce) the sampling rate of the instrument from 44 vectors
571 to 24 vectors s~!. The basic principle of operation can be seen from the MFI
instrument in section 4. The other details regarding the MAG observations can

be seen in Smith et al. (1998).

2.9 The Parker Solar Probe (PSP)

The Parker Solar Probe (PSP) was launched on August 12 2018. PSP’s main
objective is to study the Sun’s outer atmosphere, i.e., the solar corona. The
probe follows a highly elliptical orbit around the Sun. It carries four suites of
scientific instruments, which are discussed below. The spacecraft has a heat
shield to withstand intense heat and radiation. The instruments on-board PSP
are described below. There are four instruments onboard PSP. But the data from
FIELDS and SWEAP are used in thesis.
Electromagnetic Field Investigation (FIELDS)
This instrument measures the electric and magnetic fields. FIELDS measures
the electric field using five antennas. Four out of five antennas are fixed beyond
the spacecraft’s heat shield. The length of these antennas is two meters. The
fifth antenna sticks out perpendicular to others in the shade of the heat shield.
These five antennae provide the 3D measurements of electric fields. Two identical
fluxgate magnetometers, i.e., MAGi and MAGo, are used to measure the magnetic
fields. The working principle of MAGi and MAGo is similar to Wind’s MFI. More
details regarding this instrument can be found in Bale et al. (2016).
Solar Wind Electron Alpha and Protons (SWEAP)

The major constituents of the SWEAP instrument are Solar Probe ANalyzers
(SPAN) and Solar Probe Cups (SPC). The SPAN is an electrostatic analyzer,
and SPC is a Faraday Cup sensor. The basic principle of SPC is similar to the
Wind /SWE. The FC is situated at the top of the heat shield. It faces all the
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light, heat, and energy from the Sun.

The SPAN is composed of SPAN-A and SPAN-B instruments. These instru-
ments have a wide field-of view. The ions crossing through the ESA are deflected
by a series of deflectors and voltages which separate particles based on their mass
and charge. SPAN-A measures electrons and ions, whereas SPAN-B only mea-

sures the electrons. Further information and additional details can be found in

Kasper et al. (2016).

Integrated Science Investigation of the Sun (ISGIS)

The instrument consists of two parts: Energetic particle Instruments (EPI) -Lo
and EPI-Hi. EPI-Lo measures electron and ion spectra, covering a wide field-
of-view with 80 viewfinders. It measures ions from 0.02 MeV/n to ~15 MeV
total energy and electrons from 25-1000 keV. EPI-Hi measures protons and He
nuclei from ~1 to ~100 MeV /n, with higher energies for heavier elements. It has
three telescopes for a wide energy range and field of view: High Energy Telescope
(HET), Low Energy Telescope -1 (LET1), and LET2. Further details can be
found in McComas et al. (2016).

Wide-field Imager for Solar Probe (WISPR)
The WISPER (Wide-field Imager for Solar Probe) is an optical telescope that
takes images of the corona and heliosphere. The WISPER consists of two cam-
eras having radiation-hardened active pixel sensor CMOS detectors. The full

detailed description can be found in Vourlidas et al. (2016).

These were the primary instruments from which the data are used in this thesis
work. The compiled data (OMNI database) of various solar wind parameters from
multiple satellites are also used in Chapter 3. The time duration of the OMNI
database is more than 50 years. The details of the OMNI database can be found

in the next section.
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2.10 OMNI Database

The OMNI web contains two sets of data, i.e., Low-Resolution OMNI (LRO) and
High-Resolution OMNI (HRO). All the details of the OMNI database of OMNI
web can be found at https://omniweb.gsfc.nasa.gov/. The details of LRO can
be found at https://omniweb.gsfc.nasa.gov/html/ow_data.html and HRO
at https://omniweb.gsfc.nasa.gov/html/HROdocum.html. The LRO data have
an hourly cadence and HRO data have a 1-minute and 5-minute cadence. We

have used the LRO dataset in Chapter 3.

The Low-Resolution OMNI (LRO) dataset is available from 1963 to the present
date. This dataset is compiled based on the measurements from a number of
spacecrafts. These satellites are/were either in geocentric or orbits around the
L1 (Lagrangian point) point. The data have been extensively cross-normalized
between different satellites for overlapping periods. The data of the following
satellites are used in creating the dataset: IMP 1 to IMP 8, AIMP 1 & 2, HEOS
1&2, VELA 3, OGA 5, ISEE 3 &1, PROGNOZ 10, Wind, ACE and Geotail. Fur-
ther details regarding time shift, satellite parameterization, cross-normalization
etc. can be found at https://omniweb.gsfc.nasa.gov/html/ow_data.html.
ACFE and Wind satellites are significant contributors to this data set. The re-
moval of the outliers are also present e.g., they have taken a simple approach to
eliminating most of magnetic field outliers by rejecting any 3-sec record with a
magnetic field magnitude or component in excess of 70 nT. For SWE data, they
have run a despiking routine requiring (to be a non-spike) that the difference
between a parameter value and the mean of the two preceding and two following
values should be less than four times the standard deviation. Various methods
are employed to calibrate velocities, utilizing different windows. The correlation
between spacecraft velocities for distinct velocity windows was established as part
of the OMNI data generation techniques. Additional information can be found
on the OMNI website. Also, The cross normalization between ACE and Wind
can be found in King and Papitashvili (2005).
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2.11 ADAPT-WSA model

we have used the Air Force Data Assimilative Photospheric Flux Transport -
Wang-Sheeley-Arge (ADAPT-WSA; Arge et al., 2010) coronal and solar wind
model to identify the sources of solar wind. This model is a combined empirical
and physics-based model. This model is an upgraded version of the original WS
model (Wang and Sheeley, 1992; Wang et al., 1995). The ADAPT model produces
global synchronic photospheric field maps, which are subsequently utilized as
input for the WSA model. The ADAPT model uses magnetic flux transport
model (Worden and Harvey, 2000) for the differential rotation particularly when
the observations are unavailable. After getting the input from ADAPT maps,
the WSA uses the traditional Potential-field Source-Surface (PFSS) model to
determine the coronal fields from the source surface height, i.e., 2.5 R, (Hoeksema
et al., 1983). The outputs of the PF'SS model are used as the input to the Schatten
Current Sheet (SCS) model (Schatten, 1971). This SCS model will give us more
realistic magnetic field topologies of the corona.

The WSA used with ADAPT provides twelve solutions of solar wind param-
eters. These solutions represent the comprehensive state of the coronal field and
connectivity from a spacecraft to 1R for a given time. The optimal output is se-
lected by comparing the model-derived magnetic field and solar wind speed with
the observed values. Further details regarding the identification of solar wind

sources can be found in work by Wallace et al. (2019, 2020).
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Chapter 3

Changes in the helium
abundance of the solar wind over

the last four solar cycles

Abstract

This chapter deals with the behaviour of helium abundance in solar wind during
the last four solar cycles. Fifty years of inter-calibrated Ap. data obtained from
multiple satellites (OMNI) is used to understand the Ay, behaviour. We show
that Ay, variations and phase offset between the variations in Ay, and sunspot
number change in solar cycle 24 (hereafter, SC24) compared to the last three cy-
cles (hereafter, SC21,22, 23). The solar wind velocity is divided into five windows
to understand the change in the frequency distribution of Ag.. We find that slow
and intermediate solar wind shows the maximum changes. The median of the
frequency distribution of helium abundance is shifted toward lower values (Ape
= 2-3%) in SC24 from higher values (Ag. = 4-5%) in the previous three SCs.
This investigation also shows a disproportionate drop in the percentage of events
with Ay, > 10% in SC24. Further, the changes in the delay of Ay, with re-
spect to sunspot numbers are less sensitive to changes in velocity in SC24. These
distinctive changes started from SC23 and became conspicuous in SC24. Our in-

vestigation suggests that the global coronal magnetic field configuration started

23
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undergoing systematic changes started from SC23 and continued in the SC24.
These changes in magnetic field configuration affected helium processing in the
solar atmosphere and caused changes in its abundance. The role of the changes
in the sources of slow and fast winds that are known to have low and high helium

abundances respectively, is also believed to be a potentially important factor.

3.1 Introduction

The particles coming out of the Sun constitute what is known as the solar
wind (Parker 1965). Solar wind generally has ~95% proton (H*) as the prin-
cipal constituent and ~ 5% helium nuclei (He?") or alpha particle as the sec-
ond major constituent. Helium abundance in the solar wind is represented by
Apre = (npge/ny)* 100, where ny. and n, are the alpha and proton concentrations
in the solar wind. Analysis of helium abundance in the solar wind can provide
essential clues to the solar processes, the origin of the slow and fast solar wind,
and heating processes in the solar corona (Neugebauer et al., 1996; Kasper et al.,
2012, 2007). Ap. in the photosphere is nearly 8.5% (Grevesse and Sauval, 1998;
Asplund et al., 2009). However, it remains about 4 — 5% in the solar corona
(Laming and Feldman, 2001, 2003). It is also found that the alpha particles
have higher velocities than the protons in the solar wind. These higher velocities
are reported based on the measurements from Ulysses (Neugebauer et al., 1996;
Reisenfeld et al., 2001), Wind (Steinberg et al., 1996), and ACE (Berger et al.,
2011).

The variation of Ap,. with solar activity was first indicated by Hirshberg (1973)
and Ogilvie and Hirshberg (1974) by comparing these with the variations in the
Sunspot numbers (SSN). These authors used multiple satellite data to show the
relationship between Ap, and SSN. Subsequently, Feldman et al. (1978) used IMP
satellite data to extend the result of Ogilvie and Hirshberg (1974) and found a
delay between the variations in Ay, and SSN. These authors also realized that
Ape of fast and slow solar wind needed to be treated differently. Aellig et al.
(2001) extended the SC variation of Ap. using WIND data and found a linear
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relationship between the velocity and the Ag, for the slow solar wind. No such
strong association was found to exist for the fast-solar wind. It was also found
that the linear relationship between the solar wind velocity and the Apy. for the
slow solar wind is strong during minima however weak during maxima. These
authors explained higher values of Ap. during solar maxima and lower during

minima using the expansion factor of the solar magnetic field and Coulomb drag

(Aellig et al., 2001).

Further, to understand the variation of Ay, for slow solar wind, Kasper et al.
(2007, 2012) investigated the solar activity variation of Ay, for approximately
one entire SC. These authors proposed two types of slow solar wind sources- one
from the streamer belt and the other from the active regions. The active region
and the streamer belt sources dominate during solar maxima and minima periods,
respectively. As the origins of the fast-solar wind are generally known to be only
the coronal holes, these authors attributed the minimal variability of the Ay, of

the fast solar wind with SSN to the coronal hole processes.

The above studies indicate a connection between the sources of the solar wind,
their characteristics, and relative abundances at various stages of solar activity
and the Ap. variation. Extending arguments in these lines, Fu et al. (2018)
discussed three sources of the solar wind quiet Sun, active regions, and coronal
holes. These authors also showed differences in properties of these sources using
Ap. and velocity difference between alpha and proton in the solar wind. They
found that coronal holes (CH) generally have higher Ay, and higher velocity
differences. On the other hand, quiet sun (QS) has low Apy. and low-velocity
differences. Interestingly, it was also shown that the composition of the solar
wind originating from active regions (AR) and the velocity difference of alpha
and proton depend on the phase of the SC. These authors discussed three types
of solar wind based on velocity - slow (< 400 km/s), intermediate (between 400

to 500 km/s), and fast (> 500 km/s).

In addition to the dependence on sources, the earlier studies right from the
work of Feldman et al. (1978) suggested that it is essential to understand the delay
between Ap. and SSN. The delay between different solar activity indicators like
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sunspot numbers (SSN), sunspot area (SA), solar radio flux (F10), solar flare
index (FI) etc., were studied by Ramesh and Vasantharaju (2014) and references
cited therein. They found that the delay between the solar indices for the three
SCs starting from SC21 to SC23 varies from 0 days to 23 months. In recent times,
Alterman and Kasper (2019) investigated the delay in Ag, variation with respect
to the variations in SSN and found a linear relationship between the solar wind
velocity and the delay. These authors used approximately two SC data from the
WIND satellite, extended the work of Kasper et al. (2007, 2012), and found that
the delay varies from 100 to 400 days.

The above discussion suggests that although some progress has been made in
understanding the relationship of Ay, with sunspot variation and solar wind ve-
locity, there has been no attempt to investigate these aspects for a more extended
period that includes more than two solar activity cycles’ of observation. This is
important as this will help in evaluating the SC-to-SC variations in Ag.. This
is achieved by extensively analyzing the cross-normalized OMNI dataset for 49
years, available at https://cdaweb.gsfc.nasa.gov. The results obtained are
discussed in the upcoming sections. The implications of these results are also

discussed in the later parts of this chapter.

3.2 Data Section

We have used the OMNI data set. The details of the OMNI data can be found
in Chapter 2.

3.3 Results

SC24 is one of the weakest cycles in the last hundred years (Hathaway, 2015). We
performed several extensive analyses of Ay, data to evaluate the changes in the
solar wind helium abundance in SC24 compared to the previous three SCs. Ag,
data is taken at a 1-hour cadence from the OMNI database spanning over half a
century encompassing the last four cycles (SC21 to SC24). The general variation

of helium abundance in the previous SC can be seen in Figure 3.1. The yearly
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averaged Ap. (red color), and the sunspot number (blue colour) are shown for
the years from 1971 to 2022. It can be seen that the Ay, varies with the SC. If
we consider only Ag.’s maxima value, it decreases from SC21 to SC24. Further

detailed analyses are discussed in upcoming subsections.
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Figure 3.1: Variation in helium abundance: A comparison of the variation in the
helium abundance (Red color) with sunspot number (Blue color) in the last 52

years. It is clear that variation in helium abundance follows SC variation.

3.3.1 Frequency of Ay, events in the last four SCs

To analyze the distribution of Ag,., we divided the one hourly Ap. data for each
SC in five velocity bins, viz. (1) < 300 km/s, (2) 300-400 km/s, (3) 400-500
km/s, (4) 500-600 km/s, and (5) > 600 km/s. The frequency distributions of
Ap. events are found by using the percentage of occurrence (Frequency) of Age
events in a number of Ap, bins (0-1, 1-2 etc.) in different velocity windows. We
note that the frequency distributions could be well-approximated by Log-normal

distributions for all the velocity bins except for the bin 300 km/s (Figure 3.2).

A4 —(log(Ane) — p)?
Frequency = U\/%exp{ 5,2 } (3.1)
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m = exp(p) (3.2)

Equation 3.1 is a general log-normal distribution function where A is the
normalization factor, o is the standard deviation (shape parameter), and p is the
centre (median) of the distribution. Equation (3.2) converts u from log scale to
linear scale. The m in equation 3.2 is the linear counterpart of p, and this is
the median value. The corresponding A, m and p values are mentioned in each

subplot of Figure 3.2 below.

< 300 km/s —#=300 - 400 km/s —#-400 - 500 km/s —#-500 - 600 km/s > 600 km/s

0.15 —————— 0.15 ‘ ‘
' b A=0.45 m=3.14 ¢ =0.87
A=0.33 m =457 o=0.50
0.10 1 1 010+ A=0.13 m=4.91 ¢ =0.31
0.05
>
(%]
5
20,00
8 0.15 — ———
- d A=052 m =250 & =084
A=0.30 m=3.84 =052
0.10 0.10 A=0.11 m=4.27 =040
0.05 0.05
sc24
JPE o < SR TN = U NE S =S aines = e
012345678 9101112131415 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
A, (%)

He

Figure 3.2: Frequency of distribution of Ay.: Frequency distribution of Ay, events
for four velocity bins, viz. (1) < 300 km/s (2) 300-400 km/s (3) 400-500 km/s
(4) 500-600 km/s (6) > 600 km/s in SC21 (a), SC22 (b), SC23 (c) and SC24 (d).
Velocity windows are marked with different colours and are shown at the top of the
Figure. The frequency distributions are fitted with Log-normal distributions where
A (normalization coefficient), o (standard deviation) and m (median in linear scale)
are the fit parameters. The median (m) monotonically decreased for 300-400 km/s
and 400-500 km/s velocity windows from SC21 to SC24. Further, the velocity
window 400-500 km /s shows a shift in the peak Ay, from the usual 4-5% (in SC21
and SC22) to 2-3. In addition, an increase in the frequency in the 300-400 km/s
velocity bin in SC24 can be observed. The vertical dashed sky-blue lines mark Ay,
of 4.5. It can be seen that the frequency of occurrence of higher Ay. events (>

10%) events are insignificant in the statistical sense.

The velocity bins 300-400 km/s and 400-500km /s show the maximum change

in Ap,. distribution. In addition, these bins contribute almost 75% to the solar
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wind. It can be seen that the median value of Ap. monotonically decreased for
300-400 km/s and 400-500 km/s velocity bin as one goes from SC21 to SC24.
However, the median value increased in SC22 for the other two velocity bins
before dropping again in SC23 and 24. The most important feature to be noted
is the shift of the peak Ap, in the 400-500 km/s velocity range from the usual
4-5% in SC21 and 22 to 3-4% in SC23, and then this peak shifted towards lower
value, i.e., 2-3% in SC24. In addition, there is an increase in the frequency (See
parameter A in the Figure 3.2) in the 300-400 km/s velocity range in SC24. It
can also be seen that there are a few events above 10%. Therefore, based on
Figure 3.2, we fix the upper limit of Ay, for slow and intermediate winds at 10%
and proceed to evaluate the other properties of Ay, variations for the four SCs

in upcoming sections.
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Figure 3.3: Frequency of Ay, > 10% events: The yearly frequency of higher Ay,
events (> 10%) events (blue vertical bars) and Sunspot number (red vertical bars)
in the last four SCs are shown in subplots a, b, c and d, respectively. This frequency
is the ratio of Ay, >10% with respect to the number of all Ay, events in a particular
year. The peak value of the Ay, frequencies is 12.55%, 10.25%, 3.44% and 1.98%
from SC21 to 24. A drastic change in the higher Ay. event can be observed.
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3.3.2 Frequency of Ay, events higher than 10% in the last
four SCs

The higher Ap. events are usually associated with solar eruptive events (Borrini
et al., 1982). The higher events can be used as a proxy for the distribution of the
eruptive events. The yearly events distribution having a higher Ay, value (>10%)
is shown in Figure 3.3. It can be observed that these events are drastically reduced
in SC24. It can also be noted that these events started reducing significantly from

SC23, and by SC24, the frequency of these events did not exceed 2%.

3.3.3 Solar cycle variation of Ay, < 10%

This section divides the solar wind velocity in each SC into 12 quantiles. This
division in the quantiles is essential because the number of observations varies ac-
cording to the solar wind velocity. The fastest and slowest quantiles are neglected
to avoid possible measurement uncertainties and expanding velocity range. These
analyses are primarily related to slow and intermediate solar wind velocities. The
Apg. and SSN are first averaged for 250 days for each velocity quantile for all the
SCs. This exercise is repeated for each SC, and the results can be seen in the
subplot of Figure 3.4. The mid-point of each quantile and the corresponding
Spearman Rank Correlation co-efficient (CC) between Ap. and SSN are shown
as a legend in each subplot. It can be seen that CC maximizes at 369 km/s,
372 km/s, and 373 km/s in SCs 21, 22 and 23, respectively. In comparison, the
CC value maximizes at 401 km/s in SC24. Therefore, CC maximizes at a higher
velocity in SC24 compared to the previous three SCs. It is also interesting to note
that the variation of CC across different velocity bins and mainly in higher veloc-
ity bins are significantly less in SC24. This is not the case in the previous three
SCs. There is a continuous decrease of CC in higher velocity bins in SC23-SC24.

We also note a phase offset (delay) between the Ap. and SSN, however this
offset decreases in SC23 and eventually becomes negligible in SC24. The details
of this delay and its dependency on solar wind velocity are explored in the next

part.
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Figure 3.4: Variation of Ay, < 10%: - The variation of averaged (for 250 days)
Ag. and averaged Sunspot number are shown for four SCs. The Ay, variation is
shown for ten velocity quantiles. The Spearman Rank Correlation (CC) between
Ap. and sunspot numbers (SSN) for each velocity quantile in the last four SCs are
calculated. Results for SC21 to SC24 are represented in a, b, c and d, respectively.
The correlation coefficients (CC) and the mid-point of each velocity quantile are
shown as legend on the top of each panel. Different colours mark each velocity
quantile (see legend), and SSN variations are marked by black. It can be observed
that the velocity 369 km/s, 372 km/s, and 373 km/s have the highest CC in the
SCs 21-23, respectively. In contrast, the velocity of 401 km/s shows the highest

correlation in SC24.

3.3.4 Phase offset and correlation between Ay, and SSN
for the last four SCs

In this section, we have calculated the time delay between the Ag, and the SSN.
To derive the phase offsets between Ay, and SSN for four SCs, the Ay, and SSN
were 1-day averaged. However, the major problem was that this phase offset
varied with the Ay, and SSN smoothing window. Therefore, we have done a
sensitivity test to choose a proper smoothing window. We have calculated the
variation in the delays between the SSN and the Ay, for the different smoothing
windows in steps of 40 days. We have also computed Spearman’s correlation co-

efficients for each smoothing window. The variation in the delay with smoothing
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varies for lower smoothing windows, and the variation varies less for the higher
smoothing window. This exercise was repeated for all the quantiles for all the
SCs. Similar behaviour was observed for most of the velocity quantiles except a

few.
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Figure 3.5: Sensitivity analysis - 1: This sample case is for the 456.5 km/s velocity
quantile of SC23. The variation of R? and the delay (in days) with respect to
smoothing applied. The dashed black vertical line is at 390 days. It can be noted
that the variation in delay is not significant when smoothing beyond 390 days is

applied.

Two sample cases are presented below in Figures 3.5 and 3.6 The sample
cases are 456.5 km/s velocity quantile from SC23 and 401 km/s velocity quantile
from SC24 with Ap,. limit of 10%. It can be seen from Figures 3.5 and 3.6 that
there is no significant variation in the delay as we go towards higher smoothing
window. After the sensitivity analysis, we decided to use 390 days (13 months)
of smoothing. Ramesh and Vasantharaju (2014) also used the 13 months’ of
smoothing for calculating the delay/phase offset between different solar activity
indicators like sunspot numbers (SSN), sunspot area (SA), solar radio flux (F10),
solar flare index (FI) etc.

Note that smoothing window of 13 months also helps to remove the discrete-

ness in the data. In addition, there is a six-monthly periodicity in the helium
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Figure 3.6: Sensitivity analysis- 2: This sample case is for the 401 km/s velocity
quantile of SC24. The variation of R? and the delay (in days) with respect to
smoothing applied. The dashed black vertical line is at 390 days. Similar to the
previous case, the variation in delay with the smoothing period is small when we

increase the smoothing beyond 390 days.

abundance data (Kasper et al., 2007) because of the orientation of the heliospheric
current sheet with respect to the satellites. A 13 month’s smoothing window also

removes this six-monthly periodicity.

To calculate the delay, SSNs are shifted in steps of 10 days starting from 0
to 600, and the peak Spearman rank correlation coefficients, CC, are obtained
for each velocity quantile. The delay for this peak CC corresponds to the delay
for the given velocity quantile. These results are plotted in Figure 3.7, which
shows CC without delay in the dashed blue line and the peak CC with delay
in the solid blue line for each velocity quantile. The delays at different velocity
quantiles are marked in filled black circles joined by the dashed line. The positive
delay means changes in Ag,. follow the changes in SSN. The standard deviations
are also plotted. It can be observed that the CC maximizes between 350-400
km/s in all four SCs. However, the slopes of the linear fits (the fit equations
are mentioned in the subplots of Figure 3.7) for delay are significantly reduced

in SCs 23-24. We note that the delay for even the highest velocity quantile does
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Figure 3.7: Delay and correlation between Ap. (< 10%) and SSN:. The delay
variation (dashed black line) between SSN and Ap. for each velocity quantile.
These variations are marked by a, b, ¢ and d for SCs 21 to 24, respectively. Peak
correlation coefficients between SSN and Ay, with (solid blue line) and without
(dashed blue line) delay for each velocity quantile are also plotted for each SC.
A linear line is fitted (red colour) in the delay variation, and the fitting equation
and R? values are shown in each panel. The maximum peak correlation coefficient
between 350-400 km/s in all four SCs can be observed. However, the slopes of
the linear fit equations in SCs 23-24 and particularly in SC24 are significantly less
than the previous two SCs, i.e., SC21-22. It can be observed that the dependence
of delay on velocity is considerably less, or the delay for each velocity quantile is

not varying much in SC24.

not exceed 200 days in the case of SC24. Not only that, the differences in delay
between the lowest and highest quantiles are not significantly different. This

suggests that the dependence of delay on velocity is reduced in SC24.

We varied Ap. from 4% to 10%, and linear fit parameters were obtained in
each case. Here, the 4% bin encompasses all Ay, values below 4%. All the other
bins are constructed in a similar manner, representing Ay, values below their
respective percentage thresholds. The fitting parameters are shown in Table 3.1.
In the table, m is the slope, c is the intercept, and R? is the linear regression
coefficient. Slopes are highlighted in grey colour. It is found that the slopes

remain consistently higher (close to 1 or more) in SCs 21 and 22 and consistently
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lower (the highest value of the slope is 0.64 at Ay, = 5%) in SC24 for all values
of AHe-

SC | Modelled Ape limit
parameters | 4% 5% 6% ™% 8% 9% 10%
m 1.85 1.12 1.34 1.58 1.35 1.11 0.92
21 ¢ -508.24 | -56.89 | -157.70 | -285.37 | -262.95 | -143.45 | 94.93
R? 0.39 0.22 0.42 0.54 0.61 0.61 0.40
m 2.06 2.22 2.04 1.69 1.27 1.08 1.04
22 ¢ -671.54 | -756.51 | -688.91 | -543.61 | -389.24 | -310.99 | -309.99
R? 0.75 0.0.84 0.82 0.64 0.86 0.85 0.89
m 0.99 1.90 1.66 1.95 0.60 0.30 0.30
23 ¢ -153.54 | -498.31 | -419.18 | -531.84 | -28.42 78.65 47.21
R? 0.56 0.97 0.75 0.94 0.35 0.16 0.24
m 0.35 0.64 0.62 0.55 0.43 0.32 0.36
24 ¢ 55.19 | -54.05 | -50.91 | -22.36 | 16.14 | 56.87 | 37.61
R? 0.21 0.81 0.69 0.50 0.63 0.41 0.63

Table 3.1: Linear fit parameters between the phase offset and velocity for different
Apge limits: The limit of Ay, is varied from 4% to 10% in steps of 1%, and the
corresponding delays are estimated. The linear fit parameters can be seen in the
Table. These parameters include slope (m), intercept (c¢) and the goodness of
fit coefficient (R?). The rows corresponding to the slope in each SC have a grey
background. It is found that the slopes remain consistently higher (close to 1 or
more) in SCs 21 and 22, whereas the slopes are always lower (the highest value
of the slope is 0.64 at Ay, = 5%) in SC24 for all the limits of Ay.. In SC23, the
slopes remained higher when Ay, was between 4%-7% and decreased when Ay,

was between 8% to 10%.

3.4 Discussion

The helium abundance varies significantly in the solar atmosphere. The photo-
spheric value of helium abundance is nearly 8.5% (Grevesse and Sauval, 1998),

however it depletes at higher heights in the solar atmosphere. This Ay, value
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reduces to 4 — 5% in the solar corona (Laming and Feldman, 2001). The Ape
value can vary in solar wind depending on the SC activity. This value can vary
depending on the processing of helium at different longitude, latitude and heights
in the solar atmosphere (Moses et al., 2020). This general reduction in helium
abundance suggests that the helium abundance is depressed by processes occur-
ring in the chromosphere, transition region and corona. Helium is heavier than
hydrogen, therefore it does not follow the Parker Mechanism (Parker 1965) of
solar wind. The helium feels more gravitational pull and experiences enhanced
gravitational settling (Hirshberg, 1973). The other essential processes which can
contribute to this depletion are First Ionisation Potential (FIP) effect (Laming,
2015) and Coulomb drag (Geiss et al., 1970).

The FIP effect is the primary process that can alter the solar atmosphere’s
composition. In this process, the elements with lower FIP get enhanced, and the
higher FIP elements are depleted in the closed magnetic field regions. In simple
words, the ions are lifted upward because of the pondermotive forces caused
by the upward or downward propagating waves in the solar corona and solar
chromosphere (Laming, 2012; Rakowski and Laming, 2012). Therefore, the ions
(Low FIP elements), which are ionized at lower heights, are lifted towards higher
altitudes and enhanced. The low FIP ions are released into the corona whenever
these magnetic loops open up due to magnetic reconnection. This phenomenon
enhances the abundance of lower FIP elements in the corona, implying that it
reduces the higher FIP elements. Therefore, this effect suggests that if there are
any changes in the coronal magnetic loop configuration from one SC to another,
these changes will be reflected in the helium processing and its abundance in the

solar atmosphere.

It is also important to understand the sources of the solar wind, which can
have helium abundance variation. Generally, the fast wind comes from the coro-
nal holes. The streamers, quiet Sun and active regions are considered the sources
of slow and intermediate wind (Fu et al., 2018). Similar sources, i.e. streamer belt
and active region, are also proposed by Kasper et al. (2007). The active regions

have stronger magnetic fields compared to the streamer belt. At the same time,
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streamer belts have longer magnetic loops as compared to the active regions. It
was suggested that helium is processed more inside the streamer belts because of
the higher loop length, and this higher processing causes the lower value of helium
abundance. These authors also suggested that Ap,. is higher in the solar wind
coming from the active region. The interplay between the dominance of streamer
belt and active region causes the SC activity variation in the helium abundance.
This interplay between sources and the processing of helium abundance leads to
the delay or phase shift with respect to the sunspot numbers variation. Interest-
ingly, this delay is solar wind velocity dependent (Alterman and Kasper, 2019).
However, we found out that this processing seems to have become less sensitive

to solar wind velocity starting from SC23.

In addition, pseudostreamers are considered slow wind sources (Crooker et al.,
2012). The pseudostreamers generally have only a one-foot point with a single
magnetic polarity, whereas streamers have two-foot points corresponding to dif-
ferent magnetic field polarities. The occurrence of pseudostreamers is higher
during the minimum of the SC23, whereas these structures almost disappeared
in the SC21 and SC22 (Owens et al., 2014). These authors also showed that the
dipole streamers were less tightly confined to the solar equator at the end of SC23
compared to the previous two SCs. These differences in the sources, i.e., pseu-
dostreamers and dipole streamers properties at the end of SC23 with respect to
the earlier SCs 21 and 22, may have caused the changes in the solar wind helium
processing. These changes are reflected in the helium abundance distributions

and phase offset.

Some researchers suggest the boundaries of the coronal holes as slow solar
wind sources (Levine et al., 1977; Wang and Sheeley, 1990). In a general picture,
the magnetic field expansion from the coronal holes decides the bulk flow speed of
solar wind. The expansion of magnetic field lines and bulk speed of solar wind are
anti-correlated. This reduction in the bulk flow speed results in the low proton
flux coming out from the boundaries of the coronal holes. This reduced proton
flux beyond 2.5 R can be one of the reasons for the decrease in the alpha parti-

cle abundance in the solar wind because of the reduction in momentum transfer
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via Coulomb collisions (Biirgi, 1992). This process is particularly dominant for
the solar minimum when these magnetic flux tubes undergo strong expansion.
We hypothesize that global scale magnetic flux tube topologies are changed in
SC24, which started from SC23. These changes affected the processing of helium
together with the velocity dependence of the phase offset between helium enrich-
ment and sunspot number. This hypothesis gets indirect support from Janardhan

et al. (2018) where these authors showed the unusual reversal of the polar field.

The higher Ay, events are generally associated with transient coronal distur-
bances like solar flares, coronal mass ejections, eruptive prominences etc. (Borrini
et al., 1982). The details of these are discussed in chapter 4 also. The frequency
of occurrence of such transient events is approximately in phase with the SC
(Borrini et al., 1982). A similar observation can be seen in Figure 3.3. The drop
in high Ag. events can be because of the reduction in the number of X, M and
C-class flares in SC23 compared to the earlier SCs 21 and 22 (Hudson et al.,
2014). The number of these flares is even lesser in SC24.

As discussed earlier, SC24 has been the weakest in the last century. The
observations from Ulysses from its first (SC22) and third orbit (SC23) revealed
that the solar wind in the minimum of SC23 was weaker than SC22 (McComas
et al. 2008). These changes in SC23 can be characterized by number density
reduction, cooler wind and momentum flux compared to the first orbit during the
solar minimum in SC22. Earlier researchers have also shown the distinctiveness
of the SC24 (Antia and Basu, 2013). Janardhan et al. (2011) and Choudhuri
et al. (2007) highlighted the declining solar activity from SC23 onwards based on
observations and dynamo models, respectively. Therefore, combining these results
with our results suggests that the Sun’s global large-scale coronal magnetic field
topology changed significantly in SC24. The changes in helium processing and
phase offset are the product of these magnetic field changes.

To summarize, helium abundance can be used as a proxy to understand the
strength of solar activity SC. The claim of the onset of SC25 based on the variation

in helium abundance is reinforced by Alterman et al. (2021).
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3.5 Summary

The present chapter can be summarised in the form of the following points.

1. The median of the frequency distribution of helium abundance is shifted

towards a lower value in SC24 compared to SC21 to 23.

2. The higher Ap. events (>10%) are also reduced in SC24.

3. The delay between the Ap. and sunspot variation is reduced in SC24 as

compared to SC21-SC23

4. This delay is velocity dependant and this dependence of delay on velocity

is reduced in SC24.

5. Our results suggest that large-scale global coronal magnetic fields started

changing in SC23, which became conspicuous in SC24. This change de-

termined the way helium got processed in the solar corona through FIP

effect.

6. The changes in the sources of solar winds can also play a significant role in

the Ap,. variations observed during SC24.
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Chapter 4

Changes in the Helium
abundance in the interplanetary

Coronal Mass Ejection structures

Abstract

The relative abundance of alpha particles with respect to protons is known to
respond to solar activity and solar wind velocity. The Ay, is 8% in the photo-
sphere and can go up to 30% in ICMEs. This chapter contains the study of Ay,
enhancement inside the interplanetary Coronal Mass Ejection (ICME) structures.
The relationships between different compositional proxies of ICME and Ap,. are
explored in detaill and this exercise suggests that local coronal heating and the
FIP effects are not the only factors that control the Ay, enhancement in ICME.
We show that the timing and strength of the flares preceding the ICMEs are
important drivers that control Ay, enhancement in the ICMEs. We propose
that chromospheric evaporation combined with the sludge effect (sludge of en-
hanced helium formed due to gravitational settling) determine the degree of Ap,

enhancement in ICME structures.
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4.1 Introduction

In the last chapter, we discussed about the helium abundance (Ap,) variation in
the ambient solar wind. It is known that Ag,. follows the solar cycle variation
and depends on the solar wind velocity. It was also found that there is a delay
between the sunspot number variation and the Apy. variation. It was observed
that background solar wind properties have changed in solar cycle 24 in terms of
Ap. variations (Chapter-3). These differences in the Ap, variations during solar
cycle 24 suggest a significant change in the large-scale coronal magnetic field
topologies and dynamics as well as the sources of the slow and fast winds. In
Chapter 3, events with Ay, >10% are not considered to remove eruptive events
from the database.

This chapter deals with the variation of Ay, during the passage of interplane-
tary coronal mass ejections (ICMEs) at the L1 point. Earlier works showed that
Ap. enhancement could be used to identify the ICMEs (Hirshberg et al., 1972;
Borrini et al., 1982). In this context, it is essential to note that various proxies
are reported in the literature to identify the arrival of ICMEs in the heliosphere.
These proxies are discussed by Zurbuchen and Richardson (2006). In their work,
the ICME signatures are divided into several broad categories based on the vari-
ations in the magnetic field (B), plasma dynamics (P), plasma composition (C),
plasma waves (W), and suprathermal particles. Our primary focus here is the
compositional signatures of ICMEs. A few of these reported signatures are (a)
high Helium abundance (Hirshberg et al., 1972; Borrini et al., 1982), (b) enhance-
ment in the minor ions, (e.g., Bame et al., 1979; Wurz et al., 2001), (c¢) enhanced
charge states of iron (Bame et al., 1979; Lepri and Zurbuchen, 2004) and oxygen
(Galvin, 1997; Rodriguez et al., 2004), (d) enhancement in FIP bias in low FIP
elements (Fe/O, Mg/O) (Zurbuchen et al., 2016), as well as (e) He™ enhance-
ment (Gosling et al., 1980) in some cases. To make things complicated, not all
the ICMEs show all the compositional signatures discussed above.

The compositional anomalies of ICMEs hold important clues to the conditions
prevalent near the solar surface during the CME initiation process. As a conse-

quence, ionic charge states are essential proxies for understanding the formation
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of ICMEs. These charge states carry information about the electron temperature
near the solar surface (1 —5R). Near the Sun, the recombination and ionization
time scales are less than the expansion time of the ejecta/magnetic cloud asso-
ciated with CME. As the CMEs expand, the recombination time scale increases
because of the rapid decrease in the electron density (Hundhausen et al., 1968)
with height. At a particular height, when the recombination time scale becomes
more than the expansion time scale of the plasma structure, the ionization states
of a species get frozen (Gruesbeck et al., 2011, 2012). This is known as the freeze-
in temperature. The freeze-in heights differ for different elements depending on
the specific ion and electron concentration. Therefore, if the coronal plasma is
in ionization equilibrium at any given height in the solar atmosphere, the charge
states can throw light on the local electron temperature. Usually, the average
charge states of other elements are elevated in the CMEs. Such enhancement or
anomalies exist in 85% or more CMEs (Richardson and Cane, 2004; Zurbuchen
and Richardson, 2006). Henke et al. (1998, 2001) observed the high oxygen charge
states in the ICMEs, and Reinard et al. (2001) characterized ICMEs on the basis
of O™ /O%" > 1.0. A correlation was shown between the charge states and asso-
ciated flare magnitude, indicating the enhanced charge states originate from the

flare-heated region of the corona.

Zurbuchen et al. (2016) showed the enhancement of the lower FIP elements
(Mg/0O, Si/O, Fe/O) together with Ne/O and S/O for ICMEs in the Carrington
rotation 1975 (CR1975) in 2001. They also found that the C/O ratio depletes
in ICMEs. They also found a strong correlation between the low FIP proxies,
and the correlation is found to improve when the compositionally hot CMEs
(Qre > 12) are considered. There are also reports of a good correlation between
Mg/O and the average Qr. or O™ /O%" (Richardson and Cane, 2004). A good
correlation was observed between the Fe/O and the Ne/O, which was unexpected
as Ne is a high FIP element and Fe is a low FIP element (Zurbuchen et al.,
2016). Correlations between compositional proxies related to FIP and coronal
temperature can help to understand the processes that cause the enhancement of

a particular proxy. This, in turn, can help to understand the coronal processes in
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Table 4.1: The table is taken from Zurbuchen and Richardson (2006). The in-
situ signatures of ICMEs are collected from various authors. These signatures
are divided in several broad categories based on the variations in the magnetic
field (B), plasma dynamics (P), plasma composition (C), plasma waves (W), and

suprathermal particles (S).

Signature Description Selected references

B1: B Rotation > 30°, smooth Klein and Burlaga (1982)
Hirshberg and Colburn (1969);
Klein and Burlaga (1982)
Pudovkin et al. (1979); Klein and
Burlaga (1982)

B4: Discontinuity at ICME boundaries Janoo et al. (1998)

B2 : B Enhancement > 10nT

B3: B Variance decrease

Gosling and McComas (1987);
McComas et al. (1989)

B5: Field line draping around ICME

) S kT Klein and Burlaga (1982);
B6: Magnetic clouds (B1, B2 and g = o) < 1)
Lepping et al. (1990)
Klein and Burlaga (1982); Russel
P1: Declining velocity profile/expansion Monotonic decrease

and Shinde (2003)
P2: Extreme density decrease <lem™ Richardson et al. (2000a)
Gosling et al. (1973); Richardson

P3: Proton temperature decrease T, < 0.5Texp
and Cane (1995)
P4: Electron temperature decrease T,<6x10* K Montgomery et al. (1974)
. Sittler and Burlaga (1998);
P5: Electron Temperature increase T.>1T,
Richardson et al. (1997)
P6: Upstream forward shock/”Bow Wave” Rankine-Hugoniot relations Parker (1961)
) Hirshberg et al. (1972); Borrini
C1: Enhanced o/ proton ratio He*" /H > 8%
et al. (1982a)
Henke et al. (2001); Zurbuchen
C2: Elevated oxygen charge states O™ /05 > 1
et al. (2003)
Bame et al. (1979); Lepri et al.
C3: Unusually high Fe charge states (Q)re > 12; Q11 > 0.01 (2001); Lepri and Zurbuchen
(2004)
Schwenn et al. (1980); Gosling
C4: Occurrence of He™ Het/He*™ > 0.01 et al. (1980); Gloeckler et al.
(1999)
C5: Enhancements of Fe/O % >5 Ipavich et al. (1986)
. 3He/*He) cME
C6: Unusually high *He/*He (<‘P(1c1/141{101)ih0t::;nﬁ >2 Ho et al. (2000)
Fainberg et al. (1996); Lin et al.
W1: Ion acoustic waves
(1999)
S1: Bidirectional strahl electrons Gosling et al. (1987)
o . . . Palmer et al. (1978); Marsden
S52: Bidirectional ~ MeV ions 2nd harmonic > 1% harmonic
et al. (1987)
S3: Cosmic ray depletions Few % at ~ 1GeV Forbush (1937); Cane (2000)
S4: Bidirectional cosmic rays 2nd harmonic > 1 st harmonic Richardson et al. (2000 b)
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more detail. The scientific objective of the work in this chapter is to understand
the possible reasons behind the enhancement of Ap,. for some ICMEs and the
absence of enhancements for others. As stated, the physical processes behind the
enhancements or lack thereof are not understood comprehensively to this date
(Manchester et al., 2017). Elliott et al. (2018) showed Ap. is a good indicator
for ICMEs in the outer heliosphere. However, it is known that Ag. shows solar
cycle variation at slow and intermediate solar wind velocities (Kasper et al., 2007;
Alterman and Kasper, 2019). Therefore, it is difficult to identify a threshold level
beyond which Ap. enhancements can be seen as a true enhancement associated
with the ICME as it passes through the L1 point since Ag, in the ICME is mixed
up with the Ap. in the ambient solar wind Richardson et al. (2003). Further,
although helium is a high FIP element, it shows photospheric values in many
ICMEs. Therefore, it is crucial to understand the physical processes that cause

enhancements in Ay, in some ICMEs.

Enhanced Ap,. at 1 AU was also observed in the past and was associated with
interplanetary (IP) shocks (e.g., Borrini et al., 1982). However, some authors
(e.g., Fenimore, 1980) reported that Ap. enhancement can also happen without
preceding IP shock. Borrini et al. (1982) suggested that enhanced Ap,. in the
solar wind at 1 AU indicates the arrival of ejecta from the solar eruptive events.
They concluded based on the high ionization temperature observed during these
events. The ejecta brings out additional loads of gravitationally settled helium
(Hirshberg et al., 1970). Neugebauer and Goldstein (1997) proposed the ’sludge
effect’ in which the eruptive events take out gravitational settled helium. As
gravitational settling is always present, it is unclear how the enhancement of Ay,
selectively occurs in certain ICMEs and not in a few other ICMEs. On the other
hand, Fu et al. (2020) suggested that the enhancement in helium abundance is
caused by chromospheric evaporation. As chromospheric abundance of helium
is not expected to be drastically different from the photospheric abundance of
Ap. which is known to be ~ 8% (Grevesse and Sauval, 1998), it is obvious
that chromospheric evaporation alone cannot explain the enhancement in Ag,

above 8%. Therefore, the variability of Ay, enhancements in ICMEs, particularly
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enhancements beyond 8% or the absence of enhancement on some occasions,
remain unresolved till date. In this chapter, we take a holistic approach, evaluate
all the processes that may cause Ap, enhancements in ICMEs and address this

issue of variability of Ay, enhancements in ICMEs.

4.2 Data and ICME selection

The measurements from the Solar Wind Ion Composition Spectrometer (SWICS)
instrument onboard the ACE (Advanced Composition Explorer) satellite are used
in the present study. The details of SWICS-ACE can be found in Chapter 2. Here
we have used the two-hourly data of different elemental compositions and charge
states. This data set contains data from 04 February 1988 to 21 August 2011
for several elements and their charge states. On 22 August 2011, ACE/ SWICS
entered a different state due to hardware degradation caused by radiation-induced
defects. After this incident, another approach (Shearer et al., 2014) was used to
get the compositional data. A few compositional observations were possible using
this indirect and modified approach. Details on the data before and after the
change in approach can be found at http://www.srl.caltech.edu/ACE/ASC/
level2/index.html. The one-hourly helium and hydrogen ratios are used from

the ACE/SWEPAM data (McComas et al., 1998).

In this work, the ICME catalogue compiled by Richardson and Cane (2004,
2010) and available at http://www.srl.caltech.edu/ACE/ASC/DATA/level3/
icmetable2.htm is used to identify the ICME events and their arrival at the
L1 point. The ICME selection criterion is based on multiple ICME indicators
like enhancement in O™ /0% average Qr., magnetic field signatures, streaming
bi-directional electrons, etc. The details regarding the selection criteria can be
found in Richardson and Cane (2004). The start and end times of the passage
of ICMEs at the L1 point are determined based on the behaviours of different
compositional indicators or plasma/magnetic field observations (Richardson and
Cane, 2010; Cane and Richardson, 2003). The ICME list is categorized into three
classes: ICME with full magnetic cloud (MC) characteristics, ICMEs showing
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4.3 Role of background conditions

magnetic rotation but lacking few properties like enhancements in the magnetic

field (Partial MC), and ICMEs without most of the MC characteristics (Ejecta).

In addition, we have considered only those events for which the data are
available for more than 6 hours. The parameters used in this work are averaged
for the entire duration of the passage of ICME through the L1 point, i.e., each
point corresponds to a particular ICME. The ICME boundaries are marked based
on the timings provided in Richardson and Cane (2010). A total of 319 ICMEs
are considered in the present work, out of which ICMEs with more than 6 hours
of data are found to be 275. The number of ICMEs having magnetic cloud (MC),
partial MC and ejecta are 86, 92 and 97, respectively. The ambient solar wind
data are averaged for 24 hrs and the averaging stops 12 hours before the ICME
event. If two conjugative ICMEs exist, then no ambient solar wind reaching the

trailing ICME is considered. The number of ambient solar wind events is 184.

4.3 Role of background conditions

Background conditions can play an important role in controlling the Ay, value.
Background Apg, is solar cycle-dependent (Kasper et al., 2007; Alterman and
Kasper, 2019). Therefore, the solar cycle variation of Ap, for the ICME duration
is investigated for SC23 and 24 to understand the background contribution in the
Ap. enhancements during ICMEs. This is done as the ICME related enhance-
ments of Ay, are expected to be over and above the background Ag.. In the
upper panel of Figure 4.1, the red and black lines in the background show the
individual ICME averaged Ap. and sunspot number (SSN). The red and black
dots are the yearly averaged SSN and Ay, averaged over the ICME durations for
a given year.

Interestingly, the yearly ICME averaged Ap., and SSN shows a good correla-
tion (R?* = 0.63), as shown in the lower panel of Figure 4.1. If we consider a 95%
confidence level, the correlation coefficient spans from 0.31 to 0.82. Similarly, at
a 68% confidence level or 1-0, the correlation coefficient ranges between 0.48 and

0.74. Therefore, the CC (R? = 0.63) in present case (lower panel of Figure 4.1) is
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Figure 4.1: Upper panel: The variation of Ay, and SSN: The variation of individual
ICME averaged Ap. (in red) and Sunspot number (SSN) (in black) respectively.
Lower panel: correlation between SSN and Apg.: The linear correlation between

the annually averaged Ag., and SSN for the ICME duration is shown.

modest with respect to 95% confidence level but quite good with respect to 68%
confidence level. This solar cycle variation suggests that the processes controlling
the Ap. in the background solar wind do contribute to the ICME Apg, values as
well. Therefore, if the background Ay, is already high (high solar activity period),
enhancements in Ay, in ICMEs are expected to be more pronounced. Another
important point to observe from Figure 4.1 is the higher ICME averaged Apg. in
2005. A similar kind of enhancement in the flare production by the active region
and CME eruption rate in 2004-2005 is seen by Hudson et al. (2014) and Mishra
et al. (2019), respectively. The possible flare connection in Ap, enhancement will

be discussed in the upcoming sections.

4.4 Relationship of Ay, with different proxies

It is observed (Zurbuchen et al., 2016) that the low- FIP elements are enhanced

during the ICMEs as compared to the ambient SW. These authors suggested that

78



4.4 Relationship of Ay, with different proxies

either FIP bias is more significant during the CME or a different type of plasma
is injected into the CME. It is known that the magnetic energy is converted into
kinetic and thermal energies through magnetic reconnection in the corona during
the CME initiation process (Forbes et al., 2006; Wimmer-Schweingruber et al.,
2006). The flares associated with these events can alter the compositions of the
ICMEs. The temperature-dependent compositional proxies that include charge
states and the charge state ratios, get frozen in the corona at higher heights
(generally, above 2.5 R) because there are effectively no collisions beyond these
heights. CME throws out this plasma with frozen compositions from the corona
into the interplanetary medium (Gruesbeck et al., 2011, 2012). Therefore, it is
essential to evaluate the relationship of Ay, with average charge states, charge
state ratios, and FIP elemental ratios. This comparison can shed light on the
Ap. enhancement during ICMEs.

This section is divided into three parts. In the first part, the relationship
between the average charge state (@ x where the subscript ”X” stands for C, O,
Mg, Si, Fe) and Ay, is evaluated, in the second part, the relationship between the
number density ratio for different charge states for a particular element (C* /C4F
C5%/C5, and O /O5") and Ap. is investigated. The relationship between Ay,

and FIP elemental ratio is evaluated in the last and final part.

4.4.1 Relationship between Ay, and the average charge

states

As discussed earlier, the charge states are good proxies for ICME identification.
In this section, we compare the relationship between Ag. and the different charge
states during the ICME events. Figure 4.2 shows the correlation coefficients of the
average charge state of elements, i.e., Carbon (C), Oxygen (O), Magnesium (Mg),
Silicon (Si), and Iron (Fe) with Ag,. in each row, respectively. Column one is for
ambient solar wind, column 2nd is for ejecta, column 3rd is for the event that does
not fulfil all MC criteria, and the 4th column is for the MC. It can be observed
from Figure 4.2 that there is almost zero correlation between the Ay, and charge

proxies for ambient solar wind. In contrast to the ambient solar wind, Ag.
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shows varying degrees of correlations with the average charge states of different
elemental species with the exception of carbon. The correlation coefficients (CC
characerized by R?) and the parameters for the linear fits are mentioned in each
subplot. The 1- sigma variations are also shown along with the mean values.

A few important points can be inferred from Figure 4.2. First, the R? value is
found to be maximum for Qg;. Second, the R? values for Qpe, Qury and Qo are
found in descending order, but the values are not significantly different. Third,
although not significantly different, the R? values for ejecta are less than their MC
and partial MC counterparts. Fourth, Q)¢ is uncorrelated with Ag.. The higher
R? for MCs (partial and complete) compared to ejecta and ambient SW suggests
modification in Ag. by localized coronal heating due to magnetic reconnection
processes. This may be the reason for the improvement in the linear relationship
between Ay, and averaged charge state proxies. Together with this, the Spearman
Correlation Coeffiecients (Sp CCs) are higher than linear correlations. These
higher Sp CCs suggest the involvement of processes other than localized coronal
heating for the Ay, enhancements in ICMEs. This, in turn, means contributions
from other processes in Ay, enhancements that cannot be explained by the charge

state only.

4.4.2 Relationship between Ay, and number density ratio

of different charge states of a given element

In the second part of this section, the ratios of the number density of different
charge states of carbon and oxygen are compared with Ag.. This is shown in
Figure 4.3. It is noted that similar to the average charge state of carbon (shown
in the previous subsection), the ratio of the number density of different charge
states of carbon (C%F/C*T and C®F/C5") also do not show any correlation with
Ape. This can be seen from the first two rows of Figure 4.3. However, the third
row reveals that the number density ratio of the Oxygen charge states (O™ /0°%T)
show reasonable correlation with Ay, for ICMEs compared to the ambient solar
wind. The ejecta have a lower correlation coefficient than the partial MCs and

MCs. Similar to the previous section, SP CCs are also calculated here. The
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Figure 4.2: Correlations between the average charge state of different elements
with Ap.: Average charge states of Carbon (C), Oxygen (O), Magnesium (Mg),
Silicon (Si), and Iron (Fe) are shown in rows starting from the top to the bottom.
Column 1: Ambient solar wind (184), Column 2: Ejecta - ICMEs without MC
characteristics (97), Column 3: Partial MC - ICMEs with partial MC characteris-
tics (92), Column 4: MC -ICMEs with MC characteristics (86). These correlations
include the data from the duration of 1998-2011. The linear fitted line (red colour)
and associated parameters, including R? values, are mentioned in each plot. The
Spearman correlation coefficients are mentioned in blue colour. It can be noted
that the average charge states (except carbon) show reasonable correlations with
Apg. in the case of partial MCs and MCs. In contrast, there is a negligible correla-

tion in the case of ambient solar wind.

enhanced value of Sp CC with respect to CC can be seen in the case of O™ /O%F.

The slope of the linear fits is higher in the case of ICMEs compared to ambient
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Solar wind. It can be seen that the 1-sigma variations during the ICMEs are also
higher as compared to the ambient solar wind. This suggests that the variations
of the proxies are much higher in the case of ICMEs compared to the ambient
SW. These results also indicate contributions from factors other than localized

coronal heating for the Ay, enhancements in ICMEs.
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Figure 4.3: Correlations between the number density ratios of the different charge
states of carbon and oxygen with Ay.. The C®t/C*t, C%t/C5F, and O™ /0%t are
shown in rows from the top to the bottom. Similar to Figure 4.2, the four columns
represent ambient solar wind, ejecta, partial-MC and MC events from left to right.
The linear line is fitted, and the associated parameters are written in the figure.
The Spearman correlation coefficients are mentioned in blue colour. A reasonable
correlation can be found between the event-averaged O"*/O%" and Ay.. The num-
ber density ratios of different charge states of carbon, i.e., average C%*/C*t and

average C%T/C5" and average Ap., do not show any correlations.

4.4.3 Relationship between Ay, and FIP elemental ratios

This section deals with the relationship of Ay, with different FIP elemental ratios
(like Mg/O, Fe/O, Si/O, C/O, Ne/O and He/O) for the background solar wind,
ejecta, partial MC and MC varieties of ICMEs. The FIP elemental ratios are
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arranged in Figure 4.4 in accordance with the ascending values of the FIP from
top to bottom. It is to be noted that the FIP of Mg, Fe, Si, C, Ne, He and O
are 7.6, 7.9, 8.2, 11.3, 21.6, 24.6 and 13.1 eV, respectively. Similar to previous
sections, it can be observed that there is a negligible correlation in the case of
the ambient solar wind. The reason behind this may be the inclusion of all the
sources of the solar wind, i.e., active region, coronal holes, streamers, quiet Sun

etc., in calculating parameters for the ambient wind.

Figure 4.4 reveals that the correlation coefficients are low for He/O and neg-
ligible for C/O regardless of ejecta, partial or MC variety. In case of He/O and
Ape, a higher correlation is expected because both the H and O have FIP of
13.6 eV. The other FIP ratios show a higher correlation for MC when compared
with the ejecta and partial-MC categories. The higher correlations are indicative
of the presence of well-defined structure of the magnetic cloud. The correlation
coefficients are nearly comparable for Mg/O, Fe/O, and Si/O. The similar FIP
values of these elements may be the reason behind the similar correlation coeffi-
cients. The correlation coefficient corresponding to Ne/O is the highest compared

to other elements.

Similar to the previous cases, Sp CCs are more than linear CCs . This again
indicates the role of non-linear processes in the Ay, enhancement. In order
to verify further, we have additionally computed the significance levels for the
correlation of each signature. Our analysis revealed that the significance bands of
the correlation coefficients (CCs) overlap for ejecta, partial MC and MC in nearly
all cases. However, when comparing the CC with its significance band to the Sp
CC with significance, we observed that a significant number of events do not
overlap. These significance levels significantly support our argument regarding

the engagement of non-linear processes.

It can be seen from figure 4.2-4.4 that the carbon proxies do not shows any
kind of CC with the Ag.. Song et al. (2021) showed the solar cycle variation of
CO/C5F and CF/C**. In their study, C/O exhibits a negative but low corre-
lation with SSNs. The solar cycle variation observed in C%"/C5* and C®F/C**t

may be linked to temperature changes in solar atmosphere due to solar activity.
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Figure 4.4: Correlations between the FIP elemental ratios with Ay.. The Mg/O,
Fe/0, Si/O, C/0O, Ne/O, and He/O are shown in rows from top to bottom. Similar
to Figures 4.2 and 4.3, the three columns represent ambient solar wind, non-MC
and MC events from left to right. The Spearman’s correlation coefficients, linear
fitting, and associated parameters are mentioned in blue and black colour, respec-
tively. A significant enhancement in correlation can be seen between FIP proxies

and average Ay, for the MCs except for He/O and C/O.

Additionally, they found that C/O does not show any correlation with C°* /C>*
and C%F/C**. Similarly, in our study, C/O, C%*/C°* C%"/C*", and Q¢ do not
show correlation with He/H. This is consistent with Song et al. (2021) and also
suggest that the carbon requires a separate investigation.

All the above results are summarized in Table 4.2. This table contains the
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Table 4.2: The collective results from the detailed correlation exercises of Ay,
with FIP elemental ratios, average charge states, and charge state ratios - Linear
correlation coefficient (CC - parameterized by the Coefficient of determination, R?)
and the Spearman’s Correlation coefficients (Sp. CC) are calculated and tabulated
for ambient SW, Ejecta, partial MC as well as MC. The correlation of Ay, in
ICME is non-existent for ambient SW and maximum for MC. Importantly, Sp.
CC consistently exceeds CC, indicating other processes’ vital role in determining

the abundance of Ay, in ICMEs.

Ambient SW Ejecta Partial MC MC
(184) (97) (92) (86)

Average charge States
CcC Sp CC CC |SpCC | CC | SpCC | CC | SpCC
Q. 0.01 0.08 0.02 | -0.15 | 0.02 0.08 0.00 | 0.00
Qo 0.07 0.20 0.19 | 0.51 | 0.34 0.56 0.32 | 0.57
Quig 0.11 0.33 0.28 | 0.63 | 0.42 0.65 0.35 | 0.57
Qsi 0.05 0.21 0.29 | 0.58 | 0.44 0.66 0.42 | 0.65
Qre 0.05 0.22 0.26 | 0.56 | 0.44 0.62 0.36 | 0.61

Charge state ratios
CC SpCC CC | SpCC | CC SpCC CC | Sp CC
ct6/Cct | 0.01 0.07 0.00 | 0.00 | 0.05 0.25 0.03 | 0.17
Ct6/C*5 | 0.01 0.06 0.01 | -0.08 | 0.04 0.15 0.02 | 0.12
0*7/0%6 | 0.06 0.19 0.21 | 0.57 | 0.31 0.60 0.31 | 0.63

FIP elemental ratios
CC Sp CC CC | SpCC | CC Sp CC CC | SpCC
Mg/O 0.06 -0.29 0.05 | 0.27 | 0.19 0.35 0.32 | 0.54
Fe/O 0.03 0.12 0.13 | 040 | 0.23 0.35 0.33 | 0.56
Si/O 0.00 -0.01 0.06 | 032 | 0.15 0.33 0.32 | 0.56
C/0 0.08 -0.28 0.26 | -0.57 | 0.12 -0.38 0.07 | -0.26
Ne/O 0.03 -0.22 0.20 | 0.52 | 0.31 0.49 0.42 | 0.58
He/O 0.12 0.36 0.02 | 0.13 | 0.09 0.30 0.15 | 0.39

linear CC and the Sp CC for the ambient solar wind, ejecta, partial MCs and
MCs.

The results presented in sections 4.3-4.4 reveal that the correlation coefficients

between ICME signatures and Ay, in ICMEs are not very high when viewed in
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Figure 4.5: Correlations of Mg/0O, Si/O, Ne/O with Fe/O - Relationships between
the average elements abundance ratio (Mg/O, Si/O, and Ne/O) with Fe/O are
explored. The four columns represent the ambient solar wind, Ejecta, Partial
MC, and MC from left to right. Spearman’s correlation coefficients (Sp. CC) are
mentioned in blue colour. It can be seen that all the ICME events show higher
correlation coefficients (R2) compared to the ambient solar wind. The Mg/O and
Si/O show an excellent correlation with Fe/O. Also, the difference between linear
CC and Sp CC are narrowed down to particularity for MCs and partial MCs. This
is probably because of the FIP effect, as the First ionization potentials are not
significantly different for Mg(7.65 eV), SI (8.15), and Fe(7.9 eV). However, Ne/O
correlates positively with Fe/O in partial and complete MC events. The reason

behind this is not apparent, as the Ne (21.56 eV) is a high FIP element.

isolation. However, these can be considered reasonably higher with respect to the
ambient solar wind. One way to validate these results is to test these exercises on
analogous proxies and check if the correlation coefficients increase significantly.
We tried this and found a very high correlation coefficient (R? =0.67 ) between
Mg/O and Fe/O and Si/O and Fe/O (R? =0.80) in the case of magnetic clouds.
The correlation coefficient for partial MCs and MCs are comparable and higher
than ambient solar wind and ejecta. In addition, the R? values are also found

to be closer to Sp CC as one considers ICMEs. These results can be seen in
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Figure 4.5. This exercise suggests that if the process is same (in this case, the
FIP effect), one can expect significantly higher correlations.

These results suggest that processes like FIP effect (that determines the ele-
mental abundances) and localized coronal heating (that determines the average
charge states as well as charge state ratios) may contribute to the changes in
Ap. in ICMEs to a certain degree. The higher Sp CC (compared to the linear
CC) strongly suggests the possible role of contributions from non-linear processes.
This makes chromospheric evaporation and sludge effect important factors to be

considered. This aspect is discussed in the next section.

4.5 Chromospheric evaporation and Sludge ef-

fect

In this section, we evaluate the relationship between the Ay, enhancements in
ICME and the occurrence of flares. To do that, we identify the flares and the cor-
responding NOAA active regions associated with these flares using SOHO/LASCO
CME catalogue https://cdaw.gsfc.nasa.gov/CME_list/halo/halo.html. The
number of flares associated with each active region are considered along with the
strength of the flares around the eruption of CME. The information on the num-
ber of CMEs and the occurrence of flares for each CME are available for 63 cases.
All these 63 cases are listed in Table 4.3. This table includes the ICME start
time, end time, associated CME onset time, classes (discussed later in this sec-
tion), peak Ap., Average Ag. and flare class. Out of these 63 cases, 17 cases are
associated with X-class flares, 29 with M-class, 16 with C-class, and 1 with B-
class flare. We find (marked in red in Table 4.4) that approximately 88% (15/17)
of the ICMEs associated with X-class flares show Ay, enhancement at the L1
point for at least an hour. The corresponding numbers for ICMEs with M and
C-class flares are ~ 76% and 50%, respectively.

Further, 46 out of 63 events (~73%) show Ay, > 8% for at least one hour, and
this number increases to 59 (~94%) if F 12 hours are considered with respect to

the ICME start and end times respectively. These additional 12 hours are taken

87


https://cdaw.gsfc.nasa.gov/CME_list/halo/halo.html

Chapter 4: Helium abundance variation in ICMEs

because of the difference in the compositional and magnetic start and end times
(Gopalswamy et al., 2013) corresponding to ICMEs. A similar observation can
be seen in the catalogue compiled by Richardson and Cane (2010), where the

compositional start and end times differ from the magnetic start and end times.

Table 4.3: List of ICMEs with other relevant details: The list of 63 events used
in this work is presented below. The table includes ICME start time, end time,
associated CME onset time, classes (discussed later in this section), peak Ag.,

Average Ap. and flare class.

ICME Start ICME End CME Onset Class | Peak Apg. | Avg Apg. | Flare class
1997/04/110600 | 1997/04/111900 | 1997/04/071427 1 8.6 5.34 C68
1997/05/150900 | 1997/05/160000 | 1997/05/120530 1 10.5 7.45 C13
1999/06/272200 | 1999/06/290400 | 1999/06/241331 1 19.1 5.5 C41
2000/04,/070600 | 2000/04/080600 | 2000/04/041632 1 9.8 3.64 c97
2000/07,/281200 | 2000/07/301300 | 2000/07/250330 1 13.1 7.82 M80
2000/11/061700 | 2000/11/080300 | 2000/11/031826 1 7.9 3.73 C32
2000,/12/230000 | 2000/12/231200 | 2000/12/181150 1 2.8 1.76 C70
2001,/03/281700 | 2001/03/301800 | 2001/03/251706 1 7.5 4.34 C90
2001/10/010800 | 2001/10/020000 2001/09/280854 1 8.6 4.72 M33
2001/11/061200 | 2001/11/090300 | 2001/11/041635 1 9.8 5.56 X10
2002/05/111500 | 2002/05/120000 | 2002/05/081350 1 6.4 4.31 C42
2002/09/080400 | 2002/09/082000 | 2002/09/051654 1 5.2 3.52 C52
2004/12/122200 | 2004/12/131900 | 2004/12/82026 1 15.6 8.03 €25
2005/02/201200 | 2005/02/220700 2005/02/170006 1 6.1 4 C49
2012/01/222300 | 2012/01/230700 | 2012/01/191436 1 3.6 1.95 M32
2012/07/090000 | 2012/07/091400 | 2012/07/041724 1 10.9 8.89 M18
2012/07/150600 | 2012/07/170500 | 2012/07/121648 1 16.4 9.4 X14
2013/04/141700 | 2013/04/152300 013/04/110724 1 15.6 9.36 M65
2014/04/052200 | 2014/04/070500 | 2014/04/021348 1 14.9 11.02 M65
2014/09/122200 | 2014/09/140200 | 2014,/09/101800 1 17.3 11.86 X16
1997/11/070400 | 1997/11/091200 | 1997/11/040610 2 11.5 5.39 X21
1998/11/072200 | 1998/11/090100 | 1998/11/04 0754 2 10.9 5.85 C16
2000,/06,/081200 | 2000/06/101700 | 2000/06/061554 2 16.1 9.5 X23
2001,/01/240900 | 2001/01/260700 | 2001/01/202130 2 8.2 3.25 M 77
2001/04/281400 | 2001/05/010200 2001/04/261230 2 13.9 10.07 M78
2001/10/212000 | 2001/10/251000 | 2001/10/191650 2 14.2 7.52 X16
2002/08/191200 | 2002/08/211400 | 2002/08/161230 2 12.9 6.95 M52
2003/05/302200 | 2003/06/010100 | 2003/05/290127 2 13.2 4.4 X12
2005/01/161400 | 2005/01/170700 | 2005/01/131754 2 10.8 7.71 C42
2005/05/300100 | 2005/05/302300 2005/05/261506 2 12.1 5.86 B75
2005/08/241400 | 2005/08/242300 | 2005/08/220131 2 13.6 5.48 M26
2006,/08,/201300 | 2006/08/211600 | 2006/08/161630 2 2.6 1.64 C36
2010/02/110800 | 2010/02/120300 | 2010/02/070354 2 5 2.51 M64
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2011,/02/181900 | 2011/02/200800 | 2011/02/150236 2 14.9 7.79 X22
2011/08/062200 | 2011/08/072200 | 2011/08/040412 2 4.2 1.4 M93
2012/06/162300 | 2012/06/171200 | 2012/06/141412 2 9.1 6.13 M19
2014/02/160500 | 2014/02/161600 | 2014/02/120612 2 13.3 9.97 M37
2014/12/220400 | 2014/12/221700 | 2014/12/170500 2 4.7 2.48 M87
2015/03/171300 | 2015/03/180500 | 2015/03,/150236 2 15.3 8.75 Co1
2015/06/251000 | 2015/06/260600 | 2015/06/221836 2 12.4 9.11 M65
1998/05/020500 | 1998/05/040200 | 1998/04/291658 3 14 7.87 M68
1998/05/041000 | 1998/05/072300 | 1998/05/021406 13.5 6.01 X11
2000/02/121200 | 2000/02/130000 | 2000/02/100230 3 7 5.37 C73
2000/02/141200 | 2000/02/160800 | 2000/02/120431 9.6 4.33 M17
2000/07/131300 | 2000/07/141500 | 2000/07/111327 3 7.4 4.6 X10
2000/07/151900 | 2000/07/170800 | 2000/07/141054 19.1 14.45 X57
2001/03/310500 | 2001/03/312200 | 2001/03/281250 3 18.4 13.79 M43
2001,/04/010400 | 2001/04/031500 | 2001/03/291026 13 9.07 X17
2001/04/081400 | 2001/04/090400 | 2001/04/061930 3 5.8 2.41 X56
2001/04/112200 | 2001/04/130700 | 2001/04/100530 17.2 7.79 X23
2001,/04/130900 | 2001/04/141200 | 2001/04/111331 13.1 8.45 M23
2001/11/192200 | 2001/11/211300 | 2001/11/170530 3 6.1 2.54 M28
2001/11/241400 | 2001/11/252000 | 2001/11/222330 18.5 8.74 M99
2002/04/171600 | 2002/04/191500 | 2002/04/150350 3 35.6 12.27 M12
2002,/04/200000 | 2002/04/211800 | 2002/04/170826 12.6 6.76 M26
2004/07/221800 | 2004/07/240800 | 2004/07/201331 3 16.2 7.85 M86
2004/07/270200 | 2004/07/272200 | 2004/07/251454 6.8 5.88 Mi11
2004/09/141500 | 2004/09/161200 | 2004/09/120036 3 10 6.15 M48
2004/09/181200 | 2004/09/200000 | 2004/09/141010 14.1 6.68 M15
2004/11/092000 | 2004/11/112300 | 2004/11/071654 3 11 6.88 X20
2004/11/120800 | 2004/11/132300 | 2004/11/100226 8.5 4.03 X25
2012/03/090300 | 2012/03/110700 | 2012/03/070024 3 18.8 10.06 X54
2012/03/151700 | 2012/03/161000 | 2012/03/131736 3.7 2.28 M79

The statistics of Ay, enhancement during different kinds of flares can be
seen in Table 4.3. This exercise tells that the stronger the flare, the higher the
chances of Ay, enhancement in ICMEs. This indicates that energetic flares are
associated with stronger chromospheric evaporation processes leading to higher
probability of Ap. enhancement. However, chromospheric evaporation can at the
most enhance Ay, up to the chromospheric levels of Ay, (~8%) but it cannot
explain the higher Ay, values (>8%) that are also observed in the ICMEs at
the L1 point. This suggests that the additional processes are at play. Various

researches indicate that helium accumulates in the chromosphere and/or lower
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Figure 4.6: The first column shows GOES X-ray flux variation, and the dotted
dashed blue line indicates the CME eruption time. The green dashed lines are for
all the flares originating from the same NOAA region. The flare class with the
NOAA number is also written. The second column represents the Ay, variation
for the associated ICME. The solid and dashed lines in 2nd column are for the
ICME start and end time. The red and blue lines represent different events. The
horizontal dotted dashed line represents the Ay, = 8% level. Panel a and a’ are
for the CME erupted on 2014/04/02. These belong to Class 1 (see the text). The
second row, i.e., b, b’, represents Class 2. Panels b and b’ correspond to the CME
eruption on 2014/02/12. The third and fourth rows, i.e., ¢, ¢’ and d, d’, represent
Class 3. The events pair that erupted on 2001/03/28 and 2001/03/29 (panels c
and ¢’) as well as 12/09/2004, and 14/09/2004 (panels d and d’) are used for Class
3.

corona (Geiss et al., 1970) during the fractionation in the solar wind. The physical
mechanism proposed by the authors is the inefficient Coulomb drag, i.e., the
smaller proton drag force on helium compared to other heavy ions causing the
bulging of helium in the chromosphere and/or lower corona. The other mechanism
can be the gravitational settling (Hirshberg et al., 1970; Laming et al., 2019) which
can also help in the accumulation of helium. The ’Sludge effect’ proposed by

Neugebauer and Goldstein (1997) is effectively the removal of this excess helium
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by CMEs. The ’cleaning out’ of this accumulated helium in lower corona by
CMEs can contribute to the higher values of Ay, (Wimmer-Schweingruber et al.,

2006) in ICMEs.

To understand the effect of chromospheric evaporation together with the
sludge effect, we divide the CME events (see Table-4.3 and 4.4) into three classes.
Under Class-1, we consider the CMEs (20 events) with a nearly concurrent flare
event before the CME and no previous flare activities from the same active re-
gion (except the concurrent one) for 12 hours before the CME. Under Class-2, we
consider CMEs (20 events) with multiple flares before the CME from the vicinity
of the same active region. Class-3 is for the multiple CMEs (23 events-11 active
regions, one or more CMEs per active region) erupting from a single active region.
One typical example of Class 1 and 2 is shown in the 1st and 2nd row of Figure
4.6. The 3rd and 4th rows are examples of Class 3. The 1st column of Figure
4.6 shows the GOES X-ray flux variation. The green vertical dashed lines show
the times of flares that originated from the same NOAA region and from which
the CME erupted. Blue vertical dashed lines mark the eruption time of CMEs.
The 2nd column shows the Ap, variation in the ICMEs as measured from the L1
point. The solid and dashed lines in 2nd column are for the ICME start and end
time. The red and blue lines represent different events. The horizontal dotted
dashed line represents the Ay, = 8% level. It is a general observation from the
statistical analysis that CMEs having multiple flares nearby (class 2) shows the
highest probability Ay, > 8% as compared to CME with a single flare nearby
(class 1). This may be because there is a continuous supply of material from
the lower heights of the solar surface due to continuous chromospheric evapora-
tion caused by multiple flares. Class-1 shows the least enhancement probability
(65%) as a single flare is connected to CME. The probability of Ay, enhancement
is highest (80%) in Class-2. Class-3 shows medium probability (74%) because it
is a mixture of Class 1 and 2 based on the multiple CMEs (and not flares) from a
single active region. The details of enhancement probability for different Classes

and flares can be seen in Table 4.4.
The CMEs originated on 2014/04/02 (panels a and a’ of Figure 4.6), and
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Table 4.4: The statistics of Ay, enhancement events according to the associated
flare class (in red). The column shows the percentage of enhancements of Ay, for

at least one hour for different

X M C B
Class 1 | 3/3 (100%) | 5/6 (83.3%) | 5/11 (45.5%) 13/20 (65%)
Class 2 | 5/5 (100%) | 7/10 (70%) | 3/4 (75%) | 1/1 (100%) | 16/20 (30%)
Class 3 | 7/9 (78%) | 10/13 (77%) | 0/1 (0%) 17/23 (74%)
15/17 (88%) | 22/29 (76%) | 8/16 (50%) | 1/1 (100%) | 46/63 (73%)

2014/02/12 (panels b and b’) are used as representatives of Class 1 and 2. For
Class-3, the events that erupted on 2001/03/28 and 2001/03/29 (panels ¢ and
¢’) & 12/09/2004 and 14/09/2004 (panels d and d’) are taken. These two events
are chosen based on the time difference between the two CME eruptions. The
first one has the least time difference (21 hour 36min) among all the events of
multiple CMEs originating from the same active region. The second one has a

time difference of 2 day 9 hour and 34 min. between the successive CMEs.

These multiple events from a single active region can help us understand the
"Sludge effect’. We know that the gravitational settling time for helium is 1.5
days (Laming et al., 2019). If two events erupts in close succession (less than 1.5
days) from the same active region, Ay, in the first ICME should be higher as
there will not be sufficient time for the gravitational settling to take place before
the second CME erupts. We assume here no change in the solar background
conditions between the two CMEs. We have only two cases with a time difference
of less than 1.5 days. Panel ¢’ shows a similar observation, i.e., the first event
shows higher Ap. and the second event shows lesser Ay.. It is expected that
most of the helium will settle down if the time between two successive CMEs is
higher than 1.5 days, and under that condition, the two ICMEs can show any
value depending on the background condition at the eruption time. An example
of CME events having a higher time difference can be seen in panels d and d’ of

Figure 4.6.

This analysis suggests that chromospheric evaporation working in tandem

with the sludge effect can enhance Ap. beyond 8%. The interplay between these
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two processes determine the variability of the Ay, enhancememts in ICMEs.
Having said this, we also see that there exists a class of ICMEs that do not show

any Ap. enhancement. Further investigations are needed to address this issue.

4.6 Summary and Conclusions

1. These results show that solar activity level, FIP effect, and coronal temper-

ature contribute to Ag. enhancements in ICMEs to certain degrees.

2. The chromospheric evaporation during solar flares, assisted by the gravi-

tational settling of helium, determines the enhancement and variability of

Ap. in ICMEs.

3. We show that the intensity and timing of the preceding flares from the same
active region where the CME erupts are important factors in determining

the Ay, enhancements in ICMEs.

4. A subset of ICMESs does not show any enhancement at all. Studies of these

events will be taken up in future.
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Chapter 5

Variations in Helium abundance

in the Stream /Co-rotating
Interaction Regions (SIRs/CIRs)

Abstract

The helium abundance in solar wind, in general, gets fixed near the Sun by a num-
ber of processes that are discussed in the earlier two chapters. However, a few
recent studies suggest that helium abundance can also change in the Stream/Co-
rotating Interaction Regions (SIRs/CIRs) present in the interplanetary medium.
In this chapter, we show that the angles between bulk velocity and local magnetic
field (henceforth, bulk velocity angle) as well as their differential velocities play
important roles in determining Ay, enhancements in SIRs. The fast wind re-
gions of the SIRs show higher modification in Ap,. as compared to the slow wind
regions. Our results suggest that the frequency of alpha particles having higher
bulk velocity angles is more than protons in the fast wind region. This investiga-
tion also shows the difference between background solar wind and SIR in terms of
the velocities of alphas and protons. The study suggests that the changes in the
differential velocity of alphas and protons as well as changes in the bulk velocity
angle distribution cause Ap. enhancement. Another important result is that the

variations in helium abundance within the SIR are not influenced by the levels of
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solar activity, but rather by the bulk velocity angle and the differential velocity

of alphas and protons.

5.1 Introduction

Stream/Corotating interaction regions (SIRs/CIRs) are formed by the interaction
of fast solar wind with slow solar wind in the interplanetary medium (Sarabhai,
1963; Belcher and Davis, 1971). The fast solar wind, in general, originates from
the coronal holes. The interaction region forms the compressed plasma along with
the leading edge (Richardson, 2018). This interaction region is approximately
twisted into an Archimedean spiral because of the solar rotation. Since the fast
wind sources, i.e., coronal holes, sustain for a long time (often persisting for a
few months), the interaction regions are generally observed at regular intervals
that coincide with the time period of solar rotation (~27 days). Owing to this,
the interaction regions are usually referred to as Corotating Interaction Regions
(CIRs). The fast and slow wind do not mix because of the frozen-in principle
(Alfvén, 1942). The faster stream interacts with slow stream and deflects the
slower flow towards the west, while the slower stream deflects the faster flow
towards the east. As a result, a compression region is created with the increases
in the magnetic field intensity and plasma density, forming the stream interaction
region.

Observations of interfaces separating low and high-speed flows in the solar
wind were first reported in 1971 (Belcher and Davis, 1971) using Mariner 5 data.
Additionally, the typical profiles of plasma parameters at 1AU related to stream
interaction regions were summarized in Figure 5.1 taken from Belcher and Davis
(1971). The upper section of Figure 5.1 illustrates two high-speed streams that
are co-rotating with the Sun, as viewed from above the solar north pole. The
spiral regions of compressed plasma are formed at the leading edges of these fast
streams. The dotted lines in the figure indicate representative magnetic field
lines corresponding to the slow and fast solar wind. The variations of plasma

parameters observed by a spacecraft at ~ 1AU are shown in the lower part of
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Figure 5.1.

These authors identify four regions which are as follows:
1. The ambient, undisturbed, slow solar wind (S);

2. Slow compressed solar wind (S’);

3. Fast compressed solar wind (F’);

4. The ambient, undisturbed, fast-solar wind (F).

In this chapter, we have focused on three specific components of Stream Inter-
action Regions (SIRs) - the region of slow wind (compressed), the stream interface
region, and the region of fast wind (compressed). The stream interface (SI) is
usually identified based on the sharp changes in solar wind parameters across
it. Abrupt drop in density, increase in the solar wind pressure and temperature,
and a change in velocity with a large gradient (Burlaga, 1974) are, in general,
observed across the SI. The characteristic changes of various solar wind param-
eters like solar wind density, interplanetary magnetic field, solar wind dynamic
pressure etc. across the stream interface region have been discussed in detail by
Richardson (2018) and references therein. However, the effects of stream interac-
tion on plasma composition has not been explored comprehensively. One of the
important compositional parameters in this context is helium abundance, which
is often used to understand various solar processes but the behavior of which has
not been extensively studied across the SI region.

As already discussed in the previous chapters, the Helium abundance, Ay, =
N,/N,%100, is an important parameter for identifying the solar wind sources (e.g.,
Borrini et al., 1981; Kasper et al., 2008). Different regions of solar atmosphere
are characterized by different Ag,.. While A, in photosphere is ~8%, it is 4-5%
in the corona. Apg, varies in solar wind according to solar cycle activity level and
solar wind velocity (Kasper et al., 2007; Alterman and Kasper, 2019). In general,
higher Ay, values are observed in the fast wind as compared to the slow wind.
Further, the variations in Ag, values are larger in the case of the slow solar wind,

whereas the variations are significantly smaller in the case of the fast wind. It
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slov:\

Figure 5.1: Schematic of two high-speed streams and the associated variations
in some of the plasma parameters at 1AU: Thermal velocity (Vr), magnetic field
fluctuation level (o;); solar wind speed (Viy); density (IN); magnetic field intensity
(B); and the transverse component of the solar wind velocity (V). The indicated
regions include the unperturbed slow solar wind (S), compressed and accelerated
slow solar wind (S’), compressed and decelerated fast solar wind (F’), unperturbed
fast solar wind (F), and rarefaction in the region of declining solar wind speed (R).
The interaction region is formed by S’ and F’, with the stream interface situated
at the S>-F’ boundary. Dotted lines represent magnetic field lines in the slow and

fast solar wind. (Courtesy: Belcher and Davis, 1971)

is already discussed that Ay, values often go above 8% in the case of ICMEs
(Borrini et al., 1982; Fu et al., 2020). The changes (enhancement in general)
in Ag. in SIR were earlier thought to be only because of the transition in the

type of solar wind (Gosling et al., 1978; Wimmer-Schweingruber et al., 1999).
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However, recently, Durovcova et al. (2019) suggested that some other physical
processes may also be responsible for the changes in the helium abundance in
SIR. They suggested that the SIR’s magnetic configuration is similar to a large-
scale magnetic mirror in which the curvature of the magnetic field lines changes
with the bulk solar wind speed. The pitch angle and velocity of alphas in the
proton frame can help in explaining the variations in Ay, in SIRs (Durovcova
et al., 2019). These authors have studied the Ap. behaviour for SIR using data
from the Helios and Wind satellites.

We have studied the properties of alphas and protons individually inside the
SIRs. Additionally, helium abundances are also investigated in the context of fast
and slow wind, solar minima, and maxima of SC23 and 24 to understand whether
the changes in Apy. are due to changes in the interplanetary interaction and/or
solar wind sources. In the upcoming sections, we will discuss the behavior of alpha
and protons in terms of bulk velocity angle and differential velocity distributions

of helium and hydrogen for different solar activity conditions.

5.2 Selection of SIR events and other datasets

For this study, we utilized data from the Solar Wind Experiment (SWE) onboard
the Wind spacecraft (Ogilvie et al., 1995). This dataset provides observations
with a temporal resolution of approximately 92 seconds. Magnetic field data
were obtained from the Magnetic Field Investigation (MFI) experiment (Lepping
et al., 1995).

The SIR events used in our analysis are the same events as reported in the
work by Chi et al. (2018). Detailed information regarding event selection, start
and end times of the SIR events can be found in Chi et al. (2018) and references
therein. The catalogue initially contained 866 SIR events spanning from 1995 to
2016. We excluded events with incomplete data coverage and those with possible
influence from Interplanetary Coronal Mass Ejections (ICMEs) occurring one
day before the start time and one day after the end time. The ICME events were
obtained from the Richardson & Cane catalogue (Richardson and Cane, 2010).
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Applying these criteria resulted in a final set of 436 events which is used for our
analysis.

The SIR events were categorized into four groups for further analysis: SC23
minima (1996-1998, 2006-2009), SC23 maxima (1999-2005), SC24 minima (2010-
2011, 2016), and SC24 maxima (2012-2015). It should be noted that the SIR
event data beyond 2016 is not included in this catalogue that has resulted in a
smaller number of SIR events in SC24 compared to SC23. However, we have
compared the results obtained based on the available SIR events (For example,
Figure 5.6) with those obtained by ensuring an equal number of SIR events in each
solar epoch (For example, Figure 5.7). This comparison does not point towards
any significant change in the results. This suggests that the scientific conclusions
drawn in this study remain consistent regardless of the equality or non-equality of
the number of SIR events in each epoch. This is probably because of the already
large number of events that are used in this work. Therefore, we have used the

entire available database in this work in order to be more comprehensive.

5.3 Results and Discussion

5.3.1 Superposed Epoch Analysis (SPA) of the total events

during solar maxima and minima

Figure 5.2 shows the general properties of SIRs based on superposed epoch anal-
ysis (SPA). The data cadence is changed from the 92s to two minutes to generate
the SPA plot. The stream interface is the intermediate part between the slow
and fast wind. Throughout this work, the slow wind side will be referred to as
the Slow Wind Region (SWR), and the fast wind side will be described as the
Fast Wind Region (FWR). It can be noted from Figure 5.2 that although SPA
mixes measurements from inside the SIRs with those from outside the SIRs, the
characteristic changes related to SI occur mostly within an interval of 410 hours
with respect to zero epoch line. Note, in our investigation, the duration of 80%
of SIR events are more than 20 hours. Therefore, we believe that the results

presented in this work are statistically valid.
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Figure 5.2: The general properties of SIRs can be seen in this figure. The red dashed line is
the epoch time (SI). The epoch time is the time when signatures of ST are seen. The upper seven
rows of each panel show the magnetic field components (B, By, B.), velocity (V), the difference
between the alpha and proton velocities (V, —V,), the number density of alpha and proton (N,
N,), Helium abundance (Ag.), East-West GSE bulk Flow Angle (¢) and North-South flow angle
(9). Row eight shows the difference between scaled (< N, >= (np — 1p min)/ (Mp.maz — Np,min))
proton number density and scaled alpha number density (< Ngo >= (¢ — Na,min)/ (e, maz —
Na,min)). Row nine shows the East-West velocity of alphas and protons (V(p), Vs(a)). The ¢
and V4 are good indicators for the change in the solar wind type, i.e., from slow to fast wind
or in other words, the ¢ and Vy can be used to identify the Stream Interface. The R? between
< N, > — < N, > and ¢ is very high (more than 90%). This indicates that the pile-up of
protons dominates in the slow wind region, whereas the alpha pile-up dominates in the fast

wind region.
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The variation in the magnetic field, number density, and velocity across the
stream interface (SI) can be observed in the SPA (Figure 5.2). An important
point from this figure is that the difference between the scaled proton number
density and scaled alpha density shows a very high correlation (see figure 5.2)
with the East-West flow angle. These high correlations suggest that the pile-
up of protons is dominant over alpha in the SWR, whereas pile-up of alphas
dominates towards FWR. This is the primary cause of enhancement of Ap, during
SIRs. The reason behind the pile-up of alpha or protons is discussed in upcoming
subsections. It is to be noted here that the east-west component of velocity
difference is finite and small (and not zero) in the lowermost panel of Figure 5.2 in
this context, Marsch et al. (1982) have shown that the differential velocity is about
one half of the Alfven velocity. However, Marsch et al. (1982) considered the bulk
velocities and azimuthal components of velocities are considered here. Note as the
azimuthal velocity is less compared to radial velocity in solar wind, the differences
in azimuthal velocities of alpha and protons are very small but non-zero. Since
azimuthal velocities are considered, the orientation of differential velocity along
the magnetic field (e.g., in Némecek et al., 2020) is not expected. Further, we
have considered different solar activity levels to understand if the changes in the
properties of alphas and protons are due to interplanetary interactions or just a

manifestation of two different types of solar winds.

5.3.2 Superposed epoch Analysis of number densities of

alphas and protons

In this section, we focus on the variation of the number density of alphas and
protons. The zero-epoch time is the time when the signatures of SI are identified.
A period of 2 days before and after the zero-epoch time is shown. Figure 5.3
shows the variation of proton and alpha in red and blue colour, respectively,
with one sigma (standard deviations) variations. The four panels correspond
to SC23 minima, SC23 maxima, SC24 minima and SC24 maxima, respectively.
The dashed black line is the zero-epoch time. The red and blue dashed vertical

lines represent the peak proton number density towards SWR and the peak alpha
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number density towards FWR, respectively.

Figure 5.3 reveals distinct additional SIs (peak) towards the FWR for alphas
during SC24, both in the minima and maxima phases, whereas this additional SI
appears to be absent in SC23. In SC23, the SI of alphas either coincides with
the SI of protons in the maxima or is noticeably separated as the primary SI in
the FWR region during the minima. Regardless of whether it is the primary or
additional alpha SI, there is an approximate 2-hours separation from the proton
SI. Therefore, considering the well-separated nature of the alpha Sls (except for
SC23 maxima) based on a statistically significant dataset, we consider these alpha
SIs to be genuine. Further, there is no abrupt decline in the alpha number density
near SI, whereas protons show a sharp decrease across it. It is perplexing that
alpha density doesn’t drop abruptly at the so-called SI similar to protons as can
be seen in figure 5.3. The discussion regarding this is taken up in section 5.3.5.
Therefore, an enhanced helium abundance can be observed near the SI towards
the FWR. The alpha peak is higher toward SWR in the case of maxima of SC23.
This can be understood as the Ap, value is higher in the slow wind during solar
maxima. The SWR peak and FWR peak of alpha particles are similar in SC24,
whereas the SWR peak of alpha is higher than its FWR peak in SC23 maxima.
This may be associated with the strength of the solar cycle, i.e., the SC23 is
a strong cycle, and SC24 is weak. In case of solar minima, the peak of alpha
particles is higher towards FWR. There seems to be a second alpha peak towards
FWR in all the solar epochs except for the SC23 maxima, for which this feature

is not very conspicuous.

Durovcova et al. (2019) considered SIRs as equivalent to magnetic mirror
assemblies. The pitch angle and the velocity of ions are important parameters
which control the charged particles’ motion in curved magnetic fields. In this
work, instead of pitch angle, we have considered angle between bulk velocity
vector and local magnetic field vector and differential velocity between alphas
and protons. We have evaluated how these parameters affect the alpha and
proton number density. This exercise is repeated for the maxima and minima of

SC23 and SC24. It can be noted from Figures 5.2 and 5.3 that the behaviours
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Figure 5.3: The SPA of proton and alpha densities. Protons and alphas are marked
in red and blue colour, respectively, with one sigma error bar superimposed on the
variations. The four panels show the SC23 minima, SC24 maxima, SC24 minima,
and SC24 maxima, respectively. The number of events used to construct each
subplot is mentioned at the top. The dashed black, red, and blue vertical lines
represent the stream interface (SI), the peak proton density towards the SWR, and
the peak alpha density towards the FWR. The additional peak of alpha particles
towards fast wind suggests the differential behaviour of alphas and protons across
the stream interface. This additional peak of alpha particles is considered as the

alpha SI.

of alphas and protons are different in the SWR and FWR. Therefore, both SWR
and FWR are analyzed separately and the results are presented in the upcoming

subsections.

5.3.3 Bulk velocity Angle Distribution(BAD)

We define bulk velocity angle with respect to the local magnetic field (in short,
BA) for both protons and alphas and construct Bulk velocity Angle Distribution
(BAD). Note, BAD is different from Pitch Angle Distribution or PAD as BAD
deals with the angle of bulk velocity of ions with respect to the local magnetic
field direction while PAD deals with the angles between the individual ion velocity

with respect to the local magnetic field direction. BA is defined as follows:
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BV

(BA) = COS_l(#
|1 B||V]

) (5.1)

Here B is the magnetic field vector and V is the bulk velocity vector. Subse-
quently, BADs are calculated from 0° to 90°. The BAD between 90° to 180° is
the mirror image of BAD between 0° to 90° and this aspect is taken care by the
modulus inside the cosine inverse in the expression for BA. Figure 5.4 represent
the BAD for minima and maxima of SC23 and SC24 for SWR. The frequency
in Figure 5.4 (similar in Figure 5.4-5.10) represents the rate of occurrence with
respect to the total number of observations. The BAD of SIRs is compared to the
background BAD to understand the effects of the Stream interaction. The data
with velocities less than 400 km/s is used here as the background for slow wind,
whereas the speed higher than 500 km/s is used as the background for the fast
wind. The solar wind having velocities between 400-500 km/s are not considered
to avoid the overlapping between slow and fast wind. The ICMEs and SIRs are
removed from the data to estimate the background properties.

In Figure 5.4, the red and blue colours represent the protons and alphas
respectively. In each panel of Figure 5.4, the upper part shows the BAD for SWR
in a dotted line, and the dotted dashed line shows the BAD for the background
wind. In each panel, the dashed vertical lines represent the point where the SWR
and background BADs intersect. The bottom part of the panel illustrates the
difference between the BAD of the SWR and the BAD of the background slow
solar wind. The green line shows the difference or residue between the BADs of
alphas and protons for SWR.

Figure 5.4 reveals a few important points. It can be seen that a portion of
the lower BAD shifts towards higher values after the crossover point. This shift
appears to be more during the maximum period of SC24. The crossover point
is nearly 50° for SC23 and SC24. The crossover points are almost identical in
SC23 and SC24 except for SC23 minima wherein a difference of 2.7° is noticed.
The green line is near zero, i.e., there is little difference between the BADs of
alphas and protons. Therefore, it is apparent that there is not much difference

between the BADs of alphas and protons for the SWR. Additionally, there are
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Figure 5.4: The BAD in the SWR for SC23 minima, SC23 maxima, SC24 minima,
and SC24 maxima respectively are shown. The red and blue colours represent
protons and alphas, respectively. The upper part of each panel shows the BAD for
SWR and slow (<400 km/s) background wind while the lower part of each panel
shows the differences (Residues) between them for alphas and protons. The green
colour indicates the difference between the residues of the alphas and protons for

the slow wind.

more protons and alpha particles for higher BAs than the background slow solar
wind. The SC24 maxima show the highest shift of particles from lower BAs to
higher BAs. The SC23 SWR distribution also shows a plateau region (no distinct
sharp peaks in the BADs) for higher BAs in both maxima and minima. In
contrast, distinct peaks can be seen in the case of SC24 SWR distribution during
both maxima and minima. These aspects will be taken up in the discussion
section.

The BADs for SWR are also calculated for the alphas in the solar wind (pro-
ton) frame. These are shown in Figure 5.5. It can be seen that the background

and SWR BAD of alpha particles in the proton frame do not show significant

106



5.3 Results and Discussion

Slow wind (SC23 minima- 157) Slow wind (SC24 minima- 70)
e Alpha (a) in SW frame @ Alpha (a) in SW frame
12 { —- BG(a) in SW frame 12 1 —- BG(a) in SW frame
8 8
> >
(&) [}
c c
Q [
g 4 g 4
<4 s IS g reay,
[y S0, i) et
ff e eteat sentumeonn e mene j/ it T TP,
0 g0 g
= 0 3
-4 9 -4 g
-8 = -8«
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Slow wind (SC23 maxima- 120) Slow wind (SC24 maxima- 89)
o Alpha (a) in SW frame o Alpha (a) in SW frame
12 1 —- BG(a) in SW frame 12 { —- BG(a) in SW frame
8 8
> >
(s} ()
C =
Q @
3 3
g 47 qeSony g 41 Bl S
[ T i Sone
;7 e S errmovnasens 4' - q"’"”’bm&c‘wsma
0 g0 g
0 _.3 ...... 0 E
-4 9 -4 9
-8« -8«
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Bulk velocity angle Bulk velocity angle

Figure 5.5: Same as Figure 5.4 but the BADs of alpha particles are shown here in
solar wind (proton) frame. The dotted dashed and dotted lines are for the BADs

for the background slow wind and SWR, respectively.

differences. These findings obtained from Figure 5.5 are consistent with those
obtained from Figure 5.4 and therefore, the inferences drawn from Figure 5.4 are

invariant even in the solar wind proton frame.

Similar analysis is also performed for the FWR. Figure 5.6 is analogous to
figure 5.4 but applicable for FWR and background fast wind. Figure 5.6 reveals
that a portion of the particle distribution with lower BAs in the background
solar wind shifts towards higher BAs, similar to the SWR distribution. Unlike
the slow solar wind, which has a single crossover point, the BADs for FWR and
background fast wind exhibits at least two crossover points. The first crossover
occurs at a lower angle, while the second occurs at a slightly higher value. The
crossover BAs for protons are approximately 40° and 45°, except for SC23 minima,
which have values of 31.1° (proton) and 37.6° (alpha). The difference between the
crossover angles of protons and alphas is approximately 5 degrees, with alphas

having higher crossover angles, indicating a higher shift of alpha particles towards
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Figure 5.6: The BAD for the FWR for SC23 minima, SC23 minima, SC24 minima,
and SC24 maxima respectively are shown. The red and blue colours represent
protons and alphas, respectively. The upper part of each panel shows the BADs
for the fast wind region and fast (>500 km/s) background wind while the lower
part of each panel shows the differences (Residues) between them for alphas and
protons. The green colour indicates the difference between the residues of the

alphas and protons for the FWR.

higher BAs. The green lines suggest that alphas are more dominant at higher
BAs compared to protons.

At this juncture, the analysis shown in Figure 5.6 is repeated by taking an
equal number of events in each maxima and minima of SC23 and SC24 to evaluate
the impact of the effects of the sample size on the results. It can be seen that
Figure 5.6 and Figure 5.7 show similar results except for the changes in the
absolute numbers. Therefore, it can be concluded that the results reported here

remain consistent regardless of the number of events considered.

BADs for alphas in the solar wind (proton) frame are also computed for the
FWR and shown in Figure 5.8. Similar to Figure 5.6, the BADs for alphas in the

solar wind frame show similar shift towards higher values. The results observed
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Figure 5.7: Similar to Figure 5.6 but for equal events (60). The results remain

consistent regardless of the number of events considered.

in Figure 5.8, similar to Figure 5.6, suggests that the results reported in this work
do not change in the solar wind frame.

In the context of Figure 5.5 and 5.8 one important point to be noted. Némecek
et al. (2020) showed that the differential velocity angles are close to zero. It
appears that this scenario is valid in the absence of stream interactions. The
present investigation suggests that in the presence of stream interaction, the bulk
velocity angles may change significantly. The different uncertainties in deriving

proton and alpha velocities may additionally contribute to this difference as well.

5.3.4 Distribution of velocity difference between alphas

and protons

In this subsection, we have analyzed another important parameter: the differ-
ence between alpha and proton velocities (Differential velocity). Similar to the

previous subsection, the SIRs are divided into four parts based on solar activity
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Figure 5.8: Same as Figure 5.6 but the BADs of alpha particles are shown here in
solar wind (proton) frame. The dotted dashed and dotted lines are for the BADs

for the background fast wind and FWR, respectively.

level. Figures 5.9 and 5.10 show the distribution of velocity differences for SWR
and FWR, respectively. The red and blue colour in both the figures shows the
differential velocity distribution for SWR and FWR, distribution of the back-
ground differential velocity, respectively. The green colour represents the differ-
ence (Residue) between the two distributions, i.e., differential velocity distribution
for SIR and background differential velocity distribution. Figure 5.9 reveals that
the distribution of SWR is nearly indistinguishable from the distribution corre-
sponding to the background solar wind, except for the minor deviation at the
center (V, —V, = 0) of the distribution.

In contrast to SWR, the FWR distribution of differential velocity shows more
conspicuous changes. Similar to Figure 5.9, the red colour indicates the differen-
tial velocity distribution for the FWR in Figure 5.10. Blue colour represents the
background distribution for the fast wind (velocity > 500 km/s). The green colour

shows the difference between these two distributions. The background distribu-
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Figure 5.9: The distribution of differential velocity (alpha velocity — proton veloc-
ity) for SC23 minima, SC23 maxima, SC24 minima, and SC24 maxima, respec-
tively, are shown for the slow wind region (SWR). The red and blue colours are
used for the differential velocity distribution for the slow wind region in SIR and
background slow wind, respectively. The green colour represents the difference

between the SWR in SIR and the background slow wind distribution.

tion exhibits enhanced tails towards the positive side due to the higher velocity
of alpha particles compared to protons in the background fast wind. In the case
of FWR, the tail of the distribution towards the positive side is diminished com-
pared to the background. This reduction indicates that faster alpha particles are
slowed down in the interaction region and tend to accumulate near the centre
(Va=Vp) of the distribution. The substantial enhancement of the residual curve
in green near the center reflects this accumulation of alpha particles in the proton
frame. This phenomenon is the primary cause of the enhanced helium abundance
observed towards the FWR of SIRs. Another important observation to be made
here is that Marsch et al. (1982) showed (Figure-10) the velocity difference to
be almost zero in the 300-400 km/s velocity range at 1 AU. This velocity range

contributes to 25% of the total solar wind, as shown in Chapter - 3. Therefore, it
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is expected that zero differential velocity should be observed in ~ 25% of the total
cases. Figures 5.9 and 5.10 show that the zero differential velocity contributes
maximum (~ 20%) to the total observations and 80% of the total cases show
significant differences in the alpha and proton velocities. Therefore, the results
shown in Figures 5.9 and 5.10 are consistent with the results of Marsch et al.

(1982).
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Figure 5.10: Same as Figure 5.9 but for the FWR.

This enhanced Ap. near the centre (V, = V,) of the distribution is consis-
tent with additional SI for alpha particles in Figure 5.3, indicating a preferential
accumulation of alpha particles in the Fast Wind Region (FWR). Notably, the
decoupling of these additional SI from the SI determined based on proton-related
parameters such as number density, compressed magnetic field, flow deflection,
and temperature increase (Chi et al., 2018) suggests that this additional SI is
not a result of mixing processes. If mixing were the cause, additional SI would
have also been observed in the Slow Wind Region (SWR) as well. Hence, alpha
particles appear decoupled towards the FWR due to differential forcing resulting

from differences in BA and velocity compared to protons.
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Furthermore, we observe minimal disparity in the velocity differences at the
maxima and minima of SC23 and SC24. Considering that SC24 was a weaker
cycle compared to SC23, this implies that the alteration in the differential veloci-
ties between alpha particles and protons within SIRs is predominantly influenced
by interplanetary processes. This aspect will be elaborated in the subsequent

section.

5.3.5 Validity of magnetic mirror hypothesis

It should be noted that factors other than the magnetic mirror effect may also
contribute to the variation of Ax, within SIRs. While the SPA reveals distinct
changes in Ap, across SI, the influence of other processes occurring within the
interaction region cannot be disregarded. One such process is the diffusive shock
acceleration that can alter Ay, within SIRs (Durovcova et al., 2019). However,
as pointed out by Durovcova et al. (2019), variations in Ap,. are also observed
for SIRs/CIRs not bounded by shocks. In such cases, the role of diffusive shock

acceleration is not unambiguous.

Additionally, the simple magnetic mirror model overlooks the impact of tur-
bulence and plasma waves in the solar wind, which may be associated with the
passage of SIRs through the interplanetary medium. Further, the propagation
of SIRs/CIRs through the interplanetary medium can introduce nonlinear effects
related to magnetic field steepening and expansion (e.g., Burlaga and F.-Vinas,
2004; Durovcova et al., 2019). To accurately describe and model the behavior of

helium within SIRs, these aspects need to be taken into consideration.

The SI of alpha shows different characteristics as compared to the SI of protons
as seen in Figure 5.3. This may be due to the fact that the although the mirroring
hypothesis is reasonably effective in explaining the increase in alphas towards the
FWR, a two fluid description is not enough to predict the behaviour of alphas
at the stream interface region. Omne probably needs a three fluid description
(protons, alpha and electrons as neutralising fluid) to understand the behaviour

of alphas at the stream interface.
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5.3.6 Uncertainties associated with alpha particle mea-

surements

The derived alpha parameters generally have more uncertainties compared to
proton parameters. Further, there can be significant overlap between the Velocity
Distribution Functions (VDFs) of protons and alphas in the compression region.
In this study, we have utilized the mean values of proton and alpha densities
and velocities without considering the 1-sigma (standard deviation) variations.
While this approach does not impact the conclusions drawn in this work, it does
affect the specific characteristics of the BA and differential velocity distributions.
For instance, considering 1-sigma variations would result in changes to the value
of the crossover BA and the width of the residual curve centered around zero

differential velocity.

5.4 Discussion

In this chapter, we present evidence that alpha particles and protons exhibit
distinct behaviour within SIRs, and we observe an enhancement in Apy,. across
the stream interface in FWR. Previous studies, such as Gosling et al. (1978),
proposed that the Ay, enhancement at the stream interface results from the
different solar wind types (fast wind with high Ay, and slow wind with low
Apge). On the other hand, Durovcova et al. (2019) proposed that SIRs can be
understood as magnetic bottles or mirror assemblies. In the magnetic bottle, the
magnetic field and ion velocity govern the ion’s motion. The magnetic mirror
force depends on the ions’ magnetic moment, given by u = mV?/2B where m
and V represent the mass, and charge of ions (protons and alphas in this case),
respectively. This force decelerates ions or causes ions with pitch angles higher
than the loss cone angle to undergo bounce-back motions.

Our findings indicate that alpha particles and protons have similar BAs in
the SWR, but in FWR, more alpha particles are distributed towards higher BAs
than protons. It is worth noting that the mirror hypothesis is the most effective

when BAs (ranging from 0 to 90 degrees) exceed the loss cone angle. Therefore,
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the mirror hypothesis can be applied as long as the mean loss cone angle aligns
closely with the BA crossover. The observed changes in Ay, within SIRs in re-
lation to the loss cone angle are discussed in detail by Durovcova et al. (2019).
Another important aspect is that the BA crossover between the SIR and back-
ground distributions is similar for alpha particles and protons in SWR. However,
in the FWR, this crossover differs by approximately 5 degrees. This change in
distribution may play a significant role in the enhancement of alpha particles

observed in the FWR of SIRs.

In addition to BA, the velocity of the solar wind also plays an important role
in determining the number density of particles. Typically, protons and alpha
particles have similar velocities in the SWR, while alpha particles are faster than
protons in the FWR. Due to their higher velocity and mass, alpha particles possess
a higher magnetic moment. As a result, they experience a greater magnetic
curvature or mirror force compared to protons. The implication of this increased
force can be observed in Figure 5.10, where the frequencies of alpha particles faster
than protons are reduced in the FWR of SIRs. Consequently, this difference in
curvature force between alpha particles and protons leads to a second peak of

alpha particles towards the FWR, of SIRs.

The additional important point that comes out from this work is that the
BAD for SWR in SC24 shows overall similarities with the BAD of FWR. This
includes the peak at higher BAs in the BAD of SWR similar to BAD of FWR . On
the contrary, the SWR BAD distribution in SC23 shows a plateau at higher BAs.
This indicates the changes in the sources of slow solar wind in SC24 compared to
SC23. This is consistent with the suggestion made in chapter 3 wherein this was
indicated based on the results obtained on the changes in the abundance of solar
wind helium. The results presented above indicate that the solar activity levels do
not primarily determine variations in helium abundance in SIR. Solar activity can
influence the level of Ay, enhancement in the SWR by altering the background
value of helium abundance in the slow solar wind. This can be observed in Figure
5.3, where the enhancement level in helium differs in the SWR, while it remains

approximately same in the FWR. Rather, the BA and differential velocity are
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found to be important factors influencing helium abundance in SIR.

One particular observation provides additional credence to this argument.
When considering the SWR. of SIRs, no notable changes are observed in terms
of BA and differential velocity. This lack of significant variation in SWR may
result in similar enhancement observed in both alphas and protons in this region.
However, in the case of the FWR, there are significant disparities in the BA
and differential velocity distributions between alphas and protons. The crossover
points between the background distribution and the FWR distribution for alphas
occur at a higher angle than protons. This indicates that a larger proportion of
alpha particles are shifted towards higher BAs compared to protons, resulting in a
considerable increase in the alpha number density. This seems to contribute to the
generation of a second peak in the distribution of alphas in the FWR. Moreover,
the differences in the BAD of SC23 (plateau) and SC24 (peak) suggest additional
variations in the source of slow wind during these cycles. On the contrary, the
differential velocities of alphas and protons do not exhibit significant changes in
SC23 and SC24. This suggests that SIRs play a primary role in determining the

differential velocities.

In addition to the magnetic mirror hypothesis, collisionality in both slow
and fast solar winds plays a crucial role in determining the velocity difference
between protons and alphas. The difference in velocity between alpha particles
and protons in the slow wind disappears, possibly due to the higher collisionality
of the slow solar wind. Conversely, the fast solar wind, characterized by lower
collisionality, behaves differently. The higher collisionality explains the similar
behavior of alpha and protons towards the SWR. However, in the FWR, alpha
particles are piled up due to negligible collisionality. Exploring these aspects
using collisional age is beyond the scope of this thesis and could be investigated

in the future.
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5.5 Conclusion

1. Alphas and protons exhibit similar behaviour in the SWR, of SIRs, while

they demonstrate contrasting behaviour in the FWR.

2. The crossover between the BAD of the SIR and the background indicates

a higher concentration of alphas at elevated BAs in the FWR.

3. In the SWR, there is minimal difference in the differential velocity distri-
bution between the SIR and the background.

4. In the FWR, there is a significant disparity in the differential velocity dis-
tribution between the SIR and the background.

5. The levels of enhancement differ among the minima and maxima of SC23

and SC24.

6. The bulk velocity angle and differential velocity distributions show relatively
minor changes across different phases of the solar cycles, suggesting that the
observed behavioural changes are primarily influenced by the interactions

occurring in the interplanetary medium.
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Chapter 6

Very Low Helium Abundances in

the solar wind: Insights

Abstract

The abundance of helium (Ag. = 100 * N,/N,) in the solar wind exhibits vari-
ations ranging from 2-5% with respect to solar cycle activity and solar wind
velocity. However, there are instances where the observed Ap,. is exceptionally
low (< 1%). These occurrences of low Ap,. levels are detected both near the
Sun and at 1 AU. These low Ap. events are generally observed near the helio-
spheric current sheet. We use 28 such events from the WIND spacecraft and 4
such events from the Parker Solar Probe (PSP) to understand the origin of these
events. The backtracking of these events using the ADAPT-WSA model shows
that these events originated from the coronal hole boundaries. We also show
that the coronal holes and the core of the streamer cannot produce this kind of
very low helium abundance. The legs of the streamers are the most probable
source candidates for these events. The association of these legs with coronal
hole boundaries can produce very low helium abundances. We propose that the
freezing of Ag. at higher heights within the streamer legs can explain very low

Ap. events.
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6.1 Introduction

Helium abundance in solar wind, represented as Ap.=100% N, /N, varies signifi-
cantly in the solar atmosphere. Depending on the sources, coronal and interplan-
etary modulations, Ay, can vary from 0.1% to more than 30%. Ap. follows the
solar cycle (SC) and varies with solar wind velocity (Kasper et al., 2007; Alter-
man and Kasper, 2019). It is 8% in the photosphere and gets reduced to 4-5%
in the solar corona. It can go up to 30% in coronal mass ejections (Fu et al.,
2020, and references therein). It also varies in the interplanetary (IP) medium
depending on the interaction between the different solar wind streams (Durov-
cové et al., 2019). The variation in the helium abundance can tell us about the
different processes occurring near the solar surface and interplanetary medium.
Based on remote-sensing observations, Moses et al. (2020) showed that helium is
not uniformly distributed in the solar atmosphere. The variation of Ay, in the
solar wind, CMEs etc., has been explored by various researchers (Kasper et al.,
2007; Alterman and Kasper, 2019; Fu et al., 2018, etc.). However, there are very
few works on the very low (< 1%) helium abundances in the solar wind. This is
an important problem as understanding very low helium abundances may shed
important lights on how the solar wind is generated and comes out of the Sun.

Borrini et al. (1981) showed that the helium abundance is low near the sector
boundaries in the interplanetary (IP) medium. They also showed that these
regions are generally associated with higher proton and electron densities, IP field
polarity reversals, low bulk velocity, low alpha and proton temperature, minimum
in the alpha-proton temperature ratio (7,/7,) and nearly equal hydrogen and
helium speed. They suggested that these events may be related to the streamer
belts. They indicated that these events might be associated with the solar current
sheets. However, the processes that could decrease the amount of helium so
drastically was not addressed. Also, it was unclear whether these reductions in
the Ay, were because of the interplanetary modulations or due to the processes
that occurred closer to the Sun.

In recent times, a few other researcher (Sanchez-Diaz et al., 2016; Vasquez

et al., 2017) also observed and indirectly studied the low helium abundance.
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The low helium abundance was observed in the very slow solar winds (VSSW)
(Sanchez-Diaz et al., 2016). These authors used the Helios data to understand the
properties of the VSSWs. They showed that the Ay, in VSSW also varies with
the solar cycle (SC). They also suggested that the velocity of helium ions was less
than the proton velocities in cases of VSSW events. During solar maxima, the
Ape. value in the VSSW was higher than that in the normal slow wind in case of
a few events. Although their main objective was to understand the properties of
VSSW, they showed that these events were related to the Heliospheric Current
Sheets (HCS) and High-Density Regions (HDR). Vasquez et al. (2017) studied
Ape in very slow ejecta and winds near solar minima of SC23. They showed that
slow ejecta and winds show similar Ap, variation. They also showed that these
events follow the relationship between the Ag. and velocity shown by Kasper
et al. (2007) earlier. However, this relationship deviated at a very low speed.
Although these authors studied the sources of the ejectas, the reason behind the

low Ap. events and their sources were not explored.

Suess et al. (2009) studied the quiescent current sheets in the solar wind and
found that helium abundance is very low in the vicinity of the current sheets.
Their main objective was to study the current sheets and the origin of slow wind.
Woolley et al. (2021) recently found very low helium abundance observed by
Parker Solar Probe (PSP). Despite these observations, the causes behind these

low abundances remains relatively less explored so far.

The above discussion suggests that the low Ag,. events are generally observed
near the HCS and the streamers, but the process causing this depletion is unclear
to a great extent. In order to address this gap area, we have critically looked into
the solar sources of these events. Interestingly, in some cases, the increment in the
proton densities also contribute in the reduction in Ag,. In this work, we present
cases where significant reduction in Ay, were majorly due to the reduction in the
helium ions in the solar wind and not due to increase of the proton densities. We
have also used the PSP data to see the origin of the low Ap. events closer to the
Sun. We have used the ADAPT-WSA (Air Force Data Assimilative Photospheric
Flux Transport - Wang-Sheeley-Arge model) model to identify the solar sources
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of these events. The data used and model details are presented in Section 6.2.
Section 6.3 shows the results, and the probable reasons behind the reduction in

Ap, are discussed in Section 6.4.

6.2 Data Section and Model details

We have used OMNI data with 1-hour cadence for the selected events. OMNI
data can be found at https://cdaweb.gsfc.nasa.gov/index.html/. The data
utilized for our analysis spans from 1995 to 2021. We have chosen those events for
which very low Ay, (< 1%) condition persists for more than 48 hours at the Sun-
Earth L1 point. The data from Solar Wind Experiment (SWE) (Ogilvie et al.,
1995) and Magnetic Field Investigations (MFI) (Lepping et al., 1995) instruments
on board the Wind satellite are used for proton, alpha parameters and magnetic

field respectively. All the events observed here are from the solar minimum epoch.

In this work, we have also used data from Solar Probe Analyzer for Ions
(SPAN-I), which is a subsystem of the Solar Wind Electrons Alphas and Protons
(SWEAP) (Kasper et al., 2016) onboard Parker Solar Probe (PSP). The SPAN-I
instrument provides the alpha and proton parameters, whereas the magnetic field

observations are used from the FIELDS instrument suite (Bale et al., 2016).

In addition to the above observations, we have used the ADAPT-WSA model
to identify the sources of these low Ay, solar wind events. This model combines
both empirical and physics-based approaches. This model is an upgraded version
of the original WS model (Wang and Sheeley, 1992; Wang et al., 1995). The
global full disc magnetograms are used as the input in this model. The global
synchronic photospheric field maps generated by the ADAPT model are used in
this work. The ADAPT model incorporates magnetic flux transport (Worden and
Harvey, 2000) to account for differential rotation and can interpolate situations
when observations are not available. After getting the input from ADAPT maps,
the WSA uses the traditional PFSS model to determine the coronal fields from
the source surface height, i.e., 2.5R; (Hoeksema et al., 1983). The outputs of
the PFSS model are used as the input to the Schatten Current Sheet (SCS)
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model (Schatten, 1971). This SCS model will give us more realistic magnetic
field topologies of the corona.

WSA along with ADAPT provide twelve solutions. These solutions represent
the global state of the coronal field and connectivity from a spacecraft to 1R
for a given time. The best output is determined through a comparison between
the magnetic field and solar wind speed obtained from the model and the corre-
sponding observed values. Further details regarding the model can be found in
the work by Wallace et al. (2019, 2020).

In this work, we are using the WIND data to see the variation in solar wind
parameters because of the availability of high cadence data. However, Advanced
Composition Explorer data is also used to compare the model output and inter-
planetary data. The Wind and ACE observations have a high correlation in the
case of most of the events. Data from the Solar Wind Ion Composition Spec-
trometer (SWICS; Gloeckler et al., 1998) onboard ACE are used to understand

compositional changes during the events.

6.3 Results

6.3.1 In-situ measurements of Low helium abundance events

The low (<1%) helium abundance (Ag.) events are identified using the data
compiled at OMNI web and using the PSP data. We chose 28 events from the
OMNI data (duration higher than 48 hours) and four from the Parker solar probe
(PSP).

The events identified based on the Parker Solar Probe (PSP) data have shorter
durations. This is because the position of PSP changes very fast. The PSP events
are chosen based on the SPAN instrument’s data coverage, i.e., when alpha and
proton measurements are both available. The details regarding the selection
criteria of the PSP events can also be seen in Mostafavi et al. (2022). These
observation criteria are used to avoid the misinterpretation of the PSP data.
We found four such events from encounters 4 (2 events), 9 and 11. The details

regarding WIND and PSP events are provided in the Table 6.1.
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In this section, we will discuss one event observed from each spacecraft, i.e.
WIND and PSP. The other events are also analyzed similarly and the results are
provided in the Table 6.1. The event from December 2019 is shown in Figure
6.1 below. The panels a-f of Figure 6.1 represents various parameters, i.e., mag-
netic field components, velocity (alpha and proton), number density (proton and
alpha), helium abundance, the temperature of the proton (7,) and alpha (7,),
and differential velocity. It can be seen from Figure 6.1 that this event has low
velocity (average ~ 310km/s). All the other events have similarly significantly
less speed. The blue and red horizontal dashed lines in Figure 6.1c show the solar
cycle (SC) average of proton and alpha number density, respectively. It is seen
that the proton number density is usually higher or equal to the average value
for almost all the time. In contrast, the helium number density is (with a few oc-
casional spike-like increases) significantly less than the average Ay, value during
the interval marked by the vertical red dashed lines. Similar feature is observed
for the other 28 events as well. This suggests that the reduction in alpha number
density causes these very low Ay, events. Another point that can be noted is
that the velocities of alphas and protons are almost equal for the duration of
the event. In fact, almost all the events characteristically show low alpha den-
sity, slow speed and negligible alpha and proton velocity difference. Therefore, it
appears that all the events originated from the same source or underwent some
interplanetary modulations. To further confirm these characteristics, we have

used PSP observations.

Figure 6.2 shows PSP event number two from the Table 6.1. The variation
of all the parameters shown in the Figure 6.2 are in the instrument frame. The
panels a-f of Figure 6.2 show magnetic field components, bulk velocity of alphas
and protons, alpha and proton number density, helium abundance, 7}, Ta and
difference in the bulk velocities of alpha and proton. The event shown here is the

encounter 4 when PSP was at a distance of 0.13 AU (27.8 Ry)).

It can be seen from Figure 6.2 that the low Ap. (except occasional spikes)
interval is not only confined to the interval of encounter 4 but also extended

more than 12 hours before and after the encounter interval. It can be seen that,
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Event Time: 2019-12-28 19:30:00 to 2019-12-31 19:30:00

27 28 29 30 31 Jan 02 03
Date 2020-Jan

Figure 6.1: The low helium abundance event observed by Wind spacecraft in De-
cember 2019. The variations of the parameters, i.e., magnetic field components,
velocity (alpha and proton), number density (proton and alpha), helium abun-
dance, proton and alpha temperature (Tp, Ta), and differential velocity, are shown
in panels a to f. The blue and red horizontal lines in panel c represent the average
number density of protons and alpha particles over two SCs. The panel c shows
that the proton density (Np) are higher than average value of Np (6.29) over the
two solar cycles. On the contrary, the densities of alpha particles are lower com-
pared to the two solar cycle averaged value. There is significantly less velocity

difference between the alpha and protons (see panel f).

unlike Figure 6.1, there is a finite velocity difference between the alphas and
protons in the event duration. Interestingly, this velocity difference is reduced
after the event. Solar wind is also slower. This extended part also shows similar
properties to the events observed at the L1 point by WIND with the exception
of temperature of protons and alphas (7}, and 7,). This is understandable as

the temperatures observed at the L1 point and near the Sun are expected to be
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different.

Event Time: 2020-01-28 20:00:00 to 2020-01-29 02:00:00

08:00  12:00  16:00  20:00  Jan-29 0400  08:00  12:00
Date 2020-Jan-29

Figure 6.2: The low helium abundance event observed by PSP in January 2020.
Similar to previous Figure, the variations in the solar wind parameters, i.e., mag-
netic field components, velocity (alpha and proton), number density (proton and
alpha), helium abundance, proton and alpha temperature (7,, 7,), and differential
velocity, are shown in panels a to f. It can be seen the low Ay, persist more than 12
hours before and 12 hours after the marked duration. The events time is selected
based on the presence of alpha and protons in the field of view of the SPAN-I

instrument onboard PSP.

Figure 6.2 shows that lower Ap. events are also observed near the Sun. In the
next section, all the events are traced back to the solar surface to understand the

nature of the solar source. The ADAPT-WSA model is used for this purpose.
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Chapter 6: Very Low Helium Abundances in solar wind

6.3.2 Sources of low Ay, events

Figures 6.3 and 6.4 represent the WIND and PSP events (discussed in the previous
section) traced back to the Sun. We have used the ADAPT-WSA model for the
global coronal magnetic field. The top panel in Figure 6.3 shows connectivity
between the projection of WIND/PSP’s location at 5 R and open field foot-
points at 1 R.. The top panel represents the derived coronal holes together with
the filed line connectivity. The middle panel shows the photospheric magnetic
field. This coronal magnetic field at 5 R can be seen in the bottom panel of
Figure 6.3. The dates labelled in red are satellite subpoints corresponding to when
and from where the solar wind left the Sun at 5 R. These red-coloured dates
are joined with red/white tick marks representing the location of the satellite
subpoints in all three panels of Figure 6.3. The black lines in panel 1 of Figure
6.3 are track of sub-satellite points at 1 R. These black lines reveal the Model-
generated source regions of the solar wind, which the WIND /PSP observed. The
colour code represents the velocity in the same panel. The three panels are
shown for the whole Carrington rotation (Left: CR-2225, right: CR-2226). The
top panel of Figure 6.3 shows that solar wind originated from the coronal hole

boundaries and reached the WIND /PSP.

Before tracking the specific lines of each event connected to the spacecraft, the
best ADAPT-WSA solution from the 12 is selected for the period of interest. This
is done by comparing the WSA-generated solar wind speed and magnetic field
polarity for all 12 solutions with the observation from 4-6 days/ 1-3 days (solar
wind travel time to reach WIND /PSP) after the solar wind left the Sun. The best
realization is presented in Figure 6.4. The figure shows the model-derived solar
wind (blue), and spacecraft observed (black) solar wind speed. The above two
events, i.e. WIND /PSP, are well produced by the WSA model. There are a few
events where the model output was not consistent with the satellite observations.
This kind of events are listed in Table 6.2. Out of 4 PSP events, the first two are
well predicted, and 3rd event was at the time when PSP was on the far side of the
sun. For event 3 the magnetogram constructed by the ADAPT model has more

importance because of the lack of observations. Looking qualitatively at Event
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Figure 6.3: ADAPT-WSA model output for CR 2225 (Left) and CR 2226 (Right).
The left and right model runs are for WIND and PSP satellite events (Figures 6.1
& 6.2). The white (top panel) and red (middle and bottom panel) tick-marks or
verticle lines are subsatellite points with dates labelled in red. These lines represent
the back projection of the WIND /PSP satellite at 5 R;. The top panel shows a
WSA-derived open field at 1 Ry with model-derived solar wind speed in colour
scale. Black lines indicate the magnetic connectivity between the projection of the
observing satellite location at 5 R and the solar wind source region at 1 Ry. The
light and dark grey contours in the upper panel indicate the field polarity at the
photosphere, with light corresponding to positive polarity and dark representing
negative polarity. The photospheric field can be seen in the middle panel. This
panel’s yellow lines again show the the connectivity of satellite’s projection to the
photosphere. The bottom panel shows the WSA-derived coronal field at 5 R;. The
yellow contour represents the heliospheric current sheet, derived from the model,
which indicates the boundary where the overall coronal field undergoes a change

in polarity.
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3 is challenging, but we have recorded the event’s details in Table 6.2. For event

4, the velocity did not match accurately, but the magnetic field polarity was well

matched.
4 Day Advanced Predictions and Satellite Observations 2 Day Advanced Predictions and Sateliite Observations
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Figure 6.4: The left column is for the WIND event, and the right column is for the
PSP event. The ADAPT-WSA model output (blue) vs the satellite observation
(black) are shown. The upper panel is for the radial magnetic field’s polarity, and
the lower panel is for the solar wind velocity. Each solar wind represents the solar

wind parcel connected to the WIND (ACE)/PSP.

The other parameters are calculated after the field lines are identified for
each event. It is important to note that we are looking for in situ measurements
of a solar wind parcel, which is a 3D structure, whereas the modelling of each
structure only represents a 2D slice of a more extensive system. In addition, the
model calculations are best matched for the events’ duration compared to other
parts of the Carrington rotation. The model also provides the speed of solar wind
parcels that originate from each field line along the subsatellite track. The blue
colour in Figure 6.4 represents the model-predicted solar wind speed and IMF
of solar wind parcel coming out from a specific source region. This process of
finding sources is repeated for all 28 and 4 events. The parameters given by the
models are listed in Table 6.2. The model-derived parameters are mentioned for

the events for which the model and observation show good consistency.
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Chapter 6: Very Low Helium Abundances in solar wind

Table 6.2 shows the solar wind speed, distance from the current sheet, the
magnetic field at the foot point, longitude, latitude of foot points, coronal hole

distance and expansion factor.

It can be seen from Table 6.2 that the sources of almost all the events are
coronal hole boundaries, as the distance from coronal holes is less than 2° or it is
nearby 2°. Note, 2° is the resolution of our model calculations. Out of 23 events,
16 show relatively smaller expansion factor, i.e. close to 30 or less. This is also an
additional support to the inference that the sources are coronal hole boundaries,
as the expansion factors are higher inside the coronal holes. Except for a few, all
the events are observed near the current sheet (see current sheet distance). This

suggests that these observations are from helmet, quiet, or flat streamers.

Therefore, it can be seen that most of the events originated from the solar
coronal hole boundaries and are observed near current sheets, i.e., streamer belts.
The interesting point is that the sources of these events are independent of the
observation point, i.e. PSP or WIND. The role of these source regions in the

context of low helium abundance events is discussed in the next section.

6.4 Discussion

The low helium abundance events are important events as these events can pro-
vide critical information regarding the sources of solar wind. It is well known
that coronal hole boundaries are also an important source region for the slow
solar wind (Schwadron et al., 2005). The slow solar winds usually have a lesser
and variable Ag, than the fast wind (Bame et al., 1977). The analysis presented
in the previous section represents the sources of the very low helium events that
are associated with streamers. A detailed discussion regarding the association of
the low Ag. events with the streamers can also be found in Suess et al. (2009).
On the other hand, Borrini et al. (1981) showed that low helium abundances are
observed near the current sheets. Interestingly, our work also reveals that the
low Ap. events are detected near the heliospheric current sheet. Similar observa-

tions are also reported in Suess et al. (2009). Also, Suess et al. (2009) suggested
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that three potential locations associated with streamers, can produce low helium
abundance. These locations are coronal hole, streamer core just below the mag-
netic cusp and the streamer legs (See Figure 11 of Suess et al., 2009). These three
sources can supply the low Ap. plasma in the following manner. One, there is
a probability that the plasma from the coronal holes adjacent to streamers can
enter the streamer region via Kelvin-Helmholtz instability. Two, the streamer
core region located just below the cusp can release plasma from a specific side
leading to a depletion of Ag. on that side of the HCS and three, the streamer
legs can provide plasma to the streamers. The probable roles of these sources

towards the low Ag,. events are discussed below.

In this section, to understand the contribution of the coronal hole plasma,
we compare the Fe/O vs. Ay, density distribution for the fast-solar wind events
(Left panel of Figure 6.5) with that during the slow wind events (Right panel of
Figure 6.5). In order to construct this plot, data from ACE satellite during 1998-
2020 are used. The right panel of Figure 6.5 is pertinent for the low Ay, events.
Figure 6.5 indicates that the Fe/O ratio of the slow wind events are predominantly
located at the higher values of Fe/O in the density distribution. The red patches
in both the panels of Figure 6.5 are Ay, and Fe/O values averaged for the entire
duration of the low Ap. events considered in the pre-sent work. Interestingly,
these patches are outside the observed distribution of the fast wind but inside
the distribution corresponding to slow wind. Further, these events significantly
deviate from the distribution of fast wind, suggesting minimal contribution from
coronal hole plasma and/or dominance of other processes. The slow wind events
exhibit higher Fe/O value indicating substantial influence of the First lonization
Potential (FIP) effect. This also suggests that the plasma comes from the longer
loops resulting into higher level of FIP processing. However, as suggested by
Laming et al. (2019), FIP effect alone cannot explain the low helium abundances

and therefore, in the subsequent sections, we explore other possibilities as well.

The second possibility is that the low Ay, plasma comes from the cores of the
streamers. This is unlikely as the cores of the streamers are expected to be in strict

static equilibrium Suess et al. (2009). Interestingly, core outflow in the streamers
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Figure 6.5: The Fe/O vs Ap. density distributions are plotted. The ACE data is
used from 1998 to 2020. The left and right panels are for the fast wind (>600
km/s) and slow solar wind (<450km/s), respectively. The red coloured patches
show our events’ average Ap. and Fe/O values. It can be observed that the events
show higher Fe/O ratios as compared to most of the fast wind observations. In
addition, the red patches are outside the observed distribution of the fast wind but

inside the distribution corresponding to slow wind.

is not unlikely as this has been observed by Noci and Gavryuseva (2007). In
addition, Suess et al. (2009) also showed a good correlation between O/H and
He/H and argued that O/H is reduced in the core of the streamers compared
to the legs. Therefore, they suggested that streamer cores could be potential
sources of low Ap, winds. However, in the same work, the authors rejected this
hypothesis as all Current Sheets (CS) do not show the Ap. depletion. Therefore,
these low Ay, events were proposed as transient events. Further, depleted helium
abundance is mostly observed towards one edge of the CS. This consistent release
of core plasma towards one edge only is surprising and hard to believe. Therefore,
it appears that legs may potentially be the sources of these transient low Apg,
events.

Suess et al. (2009) suggested that plasma blobs are released through the legs of
the streamers. The sharply pinched magnetic field confines the plasma, and this
plasma can be released easily by small pressure pulses. These small perturbations
cause an episodic release of low Ap,. plasma. These plasma blobs from each leg of
streamer may not get mixed if there is a small difference between the blob velocity

originating from the different legs. There are finite chances of different velocities
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6.4 Discussion

in legs because the sources or locations of origin in both legs differ. Therefore,
these blobs can be observed at one side of the CS. These one-sided depletions are
discussed in Suess et al. (2009). Although the depletion of Ay, in one edge of CS
is explained, the problem of these low plasma Apg. blobs remains unresolved in the
work by Suess et al. (2009). In our work, we show that the coronal hole boundaries
are the sources of low Apg, in most of the cases. The coronal boundaries are
possible sources of the slow solar wind. Further, the coronal hole boundaries can
be the potential legs of the helmet streamer containing the HCS. We propose a
possible scenario in which the low Ap,. plasma is released from higher heights

inside the coronal hole boundaries (see Figure 6.6).

Coronal Hole boundary (CHB)
Coronal Hole (CH)

Current sheet
Streamer Leg

Figure 6.6: The schematic structure of the streamers. The zoomed view of the
coronal boundary is shown. The reduction in helium abundance in the solar wind
is attributed to the freezing of plasma composi-tion at higher altitudes e.g., the

solar wind coming from h4 will have lesser Ay, as compared to wind from hl.

Figure 6.6 shows three potential sources of solar wind similar to Suess et al.
(2009). Following this Figure, if we consider gravitational stratification around
the boundary region of coronal hole in which the helium abundance is reduced at
a higher height. It can be seen from Figure 6.6 that the solar wind coming from
h4 will have lesser Ay, as compared to wind from hl because of the enhanced
helium abundance at hl due to gravitational settling. As the solar wind comes

from the upper heights and the long length of these loop originating from edges of
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Chapter 6: Very Low Helium Abundances in solar wind

the coronal hole causes enhanced FIP effect, Ay, is reduced significantly. In this
scenario, the interplanetary modulation causing the low Ap. events is ignored as
these events are observed by PSP near the Sun. McComas et al. (2002) showed
inverse relationship between the temperature calculated using O™ /O%* and the
velocity of solar wind at the coronal hole boundaries. They also showed the tran-
sition of solar wind composition from chromospheric to coronal compositions at
the boundary of the coronal hole. This provides additional support to the propo-
sition made here that suggests that the freezing of the solar wind composition
occurs at higher heights.

During the solar minimum, it is observed that there are longer durations
with lower Ap. values compared to the solar maximum. This intriguing feature
can be attributed to two key factors. First, during the solar maximum, there
is an expansion of lower-height plasma driven by the energy released through
reconnections. This expansion leads to the mixing of different plasma populations,
resulting in higher Ap. values. Second, the reduction in the extent of coronal
holes towards the equatorial latitudes causing the reduction in the solar wind
from the coronal hole boundary. Furthermore, the dominant presence of solar
wind originating from streamers, which typically exhibit lower Apy. values, can
also contribute to explain the SC variation in Ag,.

Finally, the low Ap. events can be considered as transient events (Suess et al.,
2009). They require specific conditions to be met in order to be observed in the
solar wind. The present investigation suggests that this aspect requires more
detailed modelling of the coronal hole boundary regions and the altitudes of the

solar wind from where it originates. This aspect can be taken up in future.

6.5 Conclusions

1. Very low helium abundance events (<1%) are unique features of slow solar

wind.
2. These events show slow velocity, low temperature and small Va-Vp.

3. Analysis using the ADAPT-WSA model indicates that these events origi-
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nate from the boundaries of coronal holes.

4. Coronal holes and the streamer core below the cusp are unlikely to be

responsible for generating these events.

5. The streamer legs associated with the coronal hole boundaries contribute to
these low helium abundance events. The fixing of Ay, at higher altitudes

within the streamer legs explains this phenomenon.
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Chapter 7

Summary and Future works

7.1 Summary

The abundance of doubly ionized helium ions (alpha particles) to singly ion-
ized hydrogen ions (protons), expressed as Ay, = 100 * n,/n, (in percentage),
varies significantly in different layers of the Sun. In this thesis, the variation in
alpha-proton ratio in the solar wind (at solar cycle time scale), in the Interplan-
etary Coronal Mass Ejections (ICMEs) and Stream (or Co-rotating) Interaction
regions (SIRs/CIRs) are explored. It is shown that the changes in coronal large-
scale magnetic field configuration and/or solar wind sources, starting from solar
cycle 23 affected the helium processing in the solar atmosphere that led to sig-
nificant changes in Ap, solar cycle 24. One of the major objectives of the thesis
was to address the frequent enhancements in the helium abundance in interplan-
etary coronal mass ejection (ICME) structures. It is shown that although the
background conditions, FIP effect, and coronal temperature contribute to Ag.
enhancements in ICMEs to certain degrees, the interplay between gravitational
settling and chromospheric evaporation significantly determine the enhancements
(more than 8%) observed in Ay, abundance in ICMEs. The thesis also examines
the role of angle between bulk velocity vector and local magnetic field (bulk ve-
locity angle) and differential velocity of protons and alphas in modifying helium
abundance within Stream (or Co-rotating) Interaction Regions. It was shown that

bulk velocity angle distributions and differential velocity distribution in the in-
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terplanetary medium play important roles in the helium enhancements, although
these parameters did not change significantly in the time scale of solar cycles.
Moreover, the thesis focuses on identifying the potential factors contributing to
very low helium abundance events and brings out importance of the streamer legs
associated with coronal hole boundaries and the fixing of helium abundance at
higher altitudes within the streamer legs. Therefore, in summary, it can be said
that this thesis work addresses the whole range of variations in the helium abun-
dance in the solar wind in various time scales, structures and provide insights on

possible physical mechanisms.

7.2 Future works

The thesis explores various aspects of the variations of helium abundance in
the solar wind and the associated physical processes. Many of these processes
occur closer to the Sun and some of these occur in the interplanetary medium.
It is, therefore, difficult to understand these processes comprehensively based
on measurements from a single spacecraft. Multi-spacecraft operations open up
opportunities to sample various parts of the ICME, SIR/CIR and background
solar wind structures paving the way for understanding the variation in helium
abundance in these structures. This information can be tied together to build
the bigger picture that link the solar processes to the point of measurement and
this, in turn, can provide the end-to-end understanding of the physics of the solar
wind. In addition, these observations need to be complemented by the model
outputs (e.g. ADAPT-WSA) to dig deeper into the processes which cannot be
understood based on observations only. If needed, suitable earth-based solar
telescope observations also can be made use of to understand the solar processes
which may be indirectly helpful to understand the physics of the solar wind.
Therefore, although this theme is explored in this thesis primarily using in-situ
variations in the helium abundance in the solar wind, other compositional proxies,
measurements, model runs can be made use of to achieve the eventual goal of

understanding the origin, acceleration and propagation of solar wind through the
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interplanetary medium. This understanding, in turn, will help to evaluate how
efficiently we understand the space weather in the vicinity of the earth, other
planets and in the heliosphere.

A few immediate science problems that arose during the course of this thesis

work and that can be taken up for further investigation are listed below:

1. The evolution of solar wind helium abundance in Interplanetary medium
based on multi-spacecraft (i.e., PSP, Solar Orbiter, Wind, ACE, STEREO
etc.) measurements. An associated question is - do these measurements
throw light on how the background solar wind structures originate and

evolve as they propagate through heliosphere.

2. An extension of the previous question is to address the spatial evolution
of the transients that include ICMEs, SIRs/CIRs using measurements of

helium abundance measurements from multi-spacecraft.

3. While we associate enhanced helium abundance with the ICMEs, there
are ICMEs which do not show any enhancement in the helium abundance.
This question has been touched upon in this thesis by invoking the inter-
play of timing of occurrence of solar flares and time constants associated
with chromospheric evaporation, FIP and gravitational settling processes.
This aspect needs more investigation in future so that we understand the
interplay of these processes in greater detail. This understanding will also
lead to better space weather forecasting framework based on measurements

of helium abundance from the L1 point.

4. Although oxygen and hydrogen have similar FIP values, the present work
shows that the ratios He/O and He/H do not show significant correlation.
This suggests that there are processes other than FIP that may be opera-

tional. This aspect needs critical attention.

5. It is observed that carbon did not demonstrate any correlation with He/H
regardless of the choice of the charge states, charge state ratio, or its ratio

with oxygen. Interestingly, a depletion in the C/O ratio is often observed
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10.

11.

during the onset of ICMEs. The underlying processes leading to these

depletions need further attention.

. The thesis highlights the significance of bulk velocity angle and velocities

of alphas and protons in comprehending the changes in Ay, within SIRs.
Multi-vantage point observations can help in gaining the insights into the
evolution of bulk velocity angles and velocities within SIRs. Such investi-
gations can provide valuable information about the dynamics and processes

occurring within these regions.

In chapter 5, the results are mainly dependent on the SPA and limitation of
SPA is that that it tends to wash out signatures at different length scales.

In future, this aspect will be investigated.

. We have used only the magnetic mirror assembly to explain the behaviour

of alpha and protons in the SIRs. The collisional age can also alter the
variation of the alpha and protons. The role of the differences between the
collisional ages of protons and alphas in determining the helium abundances

in SIRs will be investigated in future.

. The presence of streamer structures associated with the boundaries of coro-

nal holes has been found to contribute to low helium abundance events.
Pseudo-streamers or unipolar streamers, which separate coronal holes of
the same polarity without a current sheet in the outer corona, are very
interesting structures that can be studied to evaluate their role in low Ag.

events.

One aspect that has not been touched upon in this thesis is the temperature
anisotropy of the solar wind. Temperature anisotropy of helium and how it
is different from hydrogen are important science problems that can be taken
up in future. This exercise can be done for single spacecraft as well as for
multiple spacecrafts to understand the variations of temperature anisotropy

in heliosphere.

The wave-particle interaction can change the thermal properties of the solar
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12.

13.

wind ions. Usually, the heavier ions have a higher temperature as compared
to the protons. The increase or decrease in the energy of ions can lead
to a change in the velocity of the heavy ions in the proton frame. These
changes in velocity can cause the accumulation or dispersion of the particles.
Then, in turn, can change the abundance of the elements e.g. Helium,
Iron, Carbon etc. However, the effect of temperature anisotropy on helium
abundance is not seen in the literature. This can only be taken up as a

future study as this constitutes a very detailed investigation.

Not much is known about the directional anisotropy in helium abundances
in the background solar wind as well as in the transients like ICMEs,
SIRs/CIRs. This aspect can be addressed by the directional measure-
ments of helium from the Aditya Solar wind EXperiment (ASPEX) on-
board Aditya-L.1 mission of India. This mission is coming up shortly and
the measurements from this mission can be invaluable to address this and

other science aspects.

Long term measurements of helium abundances can be used to train ma-
chine learning algorithms leading to development of efficient space weather

forecasting tools. This is an area that can be tapped in future.
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ABSTRACT

The relative abundance of alpha particles with respect to protons, usually expressed as Ape = (1,/1,)100, is known to respond
to solar activity, although changes in its behaviour in the last four solar cycles are not known. In this letter, by systematically
analysing inter-calibrated Ay, data obtained from the first Lagrangian point of the Sun-Earth system, we show that Ay, variations
are distinctively different in solar cycle 24 as compared to the last three cycles. The frequency of Ay, = 2-3 per cent events
is significantly higher in slow/intermediate solar winds in solar cycle 24 as opposed to the dominance of the typical Ay, =
4-5 per cent events in the previous three cycles. Further, the occurrence of Ay, > 10 per cent events is significantly reduced in
cycle 24. Not only that the changes in delay of Ay, with respect to peak sunspot numbers are less sensitive to changes in solar
wind velocity in cycle 24. The investigation suggests that the coronal magnetic field configuration started undergoing systematic
changes starting from cycle 23 and this altered magnetic field configuration affected the way helium got processed and depleted

in the solar atmosphere.

Key words: magnetic fields; Sun: abundances — Sun: activity —solar wind; sunspots; Sun: corona.

1 INTRODUCTION

Doubly ionized helium (He?* or « particle) is the second most
abundant species in the solar wind after the singly ionized hydrogen
(H" or proton). Despite helium being the second most abundant
element in the solar wind, doubly ionized helium atom abundance in
the quiet solar wind does not exceed 4-5 per cent (Laming & Feldman
2001) and is strongly regulated by a number of processes occurring
in the chromosphere, transition region, and corona. Helium is four
times heavier than hydrogen and, as a consequence, it constitutes
25 per cent of the solar wind mass flux. The first ionization potential
(FIP) of helium is the highest among the solar elements; therefore,
helium gets ionized later than any other element and this occurs
at the topside of the chromosphere. It is believed that the FIP
effect (Laming 2015) primarily depletes the helium abundance in the
chromosphere and the transition region. Processes like gravitational
settling, Coulomb collisions, and other wave—particle interactions
also contribute in varying degrees to the helium depletion process at
different heights (Moses et al. 2020).

The variation of Ay, with solar activity was first indicated by
Hirshberg (1973) and Ogilvie & Hirshberg (1974) by comparing it
with the variations in sunspot numbers (SSNs). These authors used
multiple satellite data to show the relationship between Ay, and
SSNs. Subsequently, Feldman et al. (1978) used IMP satellite data
to extend the result of Ogilvie & Hirshberg (1974) and indicated
a possible delay between the variations in Ay, and SSNs. Aellig,
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Lazarus & Steinberg (2001) extended the solar cycle variation of
Ay using Wind data and found out a linear relationship between the
SSNs and Ay for the slow solar wind. No such strong relationship
was found to exist for the fast solar wind. It was also found that the
linear relationship between the solar wind velocity and Ay, for the
slow solar wind is strong during minima, but weak during maxima.
Further, in order to understand the variation of Ay, for the slow
solar wind, Kasper et al. (2007, 2012) investigated the solar activity
variation of Ay for approximately one full solar cycle. The above
studies suggest the possible association between the sources of the
solar wind and solar activity variation of Ay.. In addition to this,
right from the work of Feldman et al. (1978), it is suggested that
there exists a delay (hysteresis) between Ay and SSNs. In recent
times, Alterman & Kasper (2019) investigated the delay in Ay
variation with respect to the variations in SSNs and found a linear
relationship between the solar wind velocity and the delay. Although
the solar activity dependence of Ay, and the hysteresis between A,
and SSNs were shown, it is not known whether helium abundance
in solar wind behaved identically in the last four solar cycles. The
answer to this question can shed light on the long-term changes in the
way helium got processed in the coronal magnetic field of the Sun.
This is an important question as many authors showed declining
solar activity from cycle 23 onwards (Janardhan et al. 2011). The
results presented in this work provide evidence that the variation of
helium abundance started changing from cycle 23 onwards and is
conspicuously different in cycle 24.
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2 DATA SET

The low-resolution OMNI data base used in this work contains
multispacecraft data (such as IMP, Wind, ACE, and Geotail) having
1-h cadence. Some of these satellites are in earth orbit and for these
satellites, the measurements made outside the terrestrial magneto-
sphere are considered. The plasma data from some spacecraft and
parameters are compared and cross-normalized with respect to the
Wind/SWEINLF data. For the present investigation wherein proton
and alpha measurements are used, primarily four multisource data are
used. These are IMP6/IMP7/IMPS satellite data during 1971-1978,
IMPS8 data during 1973-2001, IMPS/ISEE3 data during 1978-1982,
and IMP8/Wind/ACE/Geotail data during 1995-2019. These aspects
are detailed comprehensively at https://omniweb.gsfc.nasa.gov/html
fow_data.html. One can also find the discussions on the time shifting
of the data set for various satellites, data averaging scheme, spacecraft
prioritization, cleaning of source data, as well as the possible sources
of random and systematic differences between hourly averages of
pairs of like parameters obtained by two spacecraft in this link.
In addition, King & Papitashvili (2005)and references cited therein
also provide the nuances of the normalization scheme for ACE and
Wind satellites that are major contributors to this OMNI data base.
Although the OMNI data base starts from 1963, the Ay, data set
is available since 1971. The data are parsed to create data for solar
cycles 21-24 marked by the years 1976-1986, 1987-1996, 1997-
2008, and 2009-2019, respectively.

3 RESULTS

Solar cycle 24 turns out to be the weakest cycle in the last 100 yr
(Hathaway 2015). In order to evaluate the changes, if any, in the
solar wind helium abundance in cycle 24 compared to the previous
three cycles, we performed a number of extensive analyses of Ay
data taken at 1-h cadence and available on the OMNI data base (ht
tps://cdaweb.gsfc.nasa.gov/index.html/) spanning over almost half a
century and encompassing the last four solar cycles (cycles 21-24).

3.1 Frequency of Ay, events (<10 per cent and > 10 per cent) in
the last four solar cycles

As afirst step, we divided the 1-h Ay, data for each solar cycle in five
velocity bins, viz. (1) <300kms™', (2) 300-400kms~', (3) 400~
500kms™", (4) 500-600kms~', and (5) >600kms~". For a given
velocity bin, we evaluated the frequency distributions of Ay, events.
We note that the frequency distributions can be well approximated
by lognormal distributions for all the velocity bins except for bin
<300kms~" (Fig. 1).

€8]

Frequency =

A { ~(log(Aye) —mZ}
BN 20

m = exp(p). 2

In equation (1), A is the normalization factor, ¢ is the standard
deviation (shape parameter), and p is the centre (median) of the
lognormal distribution. Equation (2) is used to convert x from log
scale to linear scale. This linear counterpart of  is marked as m
and this is basically the median value. The corresponding values
of A, m, and y are mentioned in each subplot of Fig. 1. It can be
noted that the median value of Ay, monotonically decreases for 300-
400 and 400-500kms~" velocity bins as one goes from cycle 21
to cycle 24. However, for the other two velocity bins, the median
value increases in cycle 22 before dropping again in cycles 23 and
24. The most important feature to be noted is the shift of peak Ape
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from the usual 4-5 per cent (in cycles 21 and 22) to 2-3 per cent in
the 400-500km s~" velocity range and increase in the frequency in
the 300-400kms~" velocity range in cycle 24. Interestingly, these
two velocity bins contain around 80 per cent of the total data points.
Based on Fig. 1, we fix the upper limit of Ay, at 10 per cent and
proceed to evaluate the velocity dependence of Ay, for the four solar
cycles in Sections 3.2 and 3.3.

We also evaluate the yearly frequency of events with Ape >
10 per cent vis-a-vis yearly averaged SSNs for the four solar cycles
(Fig. 2) and note that these events start reducing significantly from
cycle 23 and by cycle 24, the frequency of these events does not
exceed 2 per cent.

3.2 Solar cycle variation of Ay, < 10 per cent

InFig. 3, we divide the solar wind velocity in each cycle into 12 quan-
tiles and neglect the fastest and slowest quantiles to avoid possible
measurement uncertainties and spreading out of the velocity range.
Therefore, this work is primarily applicable for slow and intermediate
solar wind velocities. For each velocity bin, both Ay, and SSNs are
first averaged for 250 d and plotted for the four cycles separately.
The legend in each cycle shows the mid-point of each quantile and
the corresponding Spearman rank correlation coefficient, p (Ape,
SSN), between Ay and SSNs. Fig. 3 reveals that p (Age, SSN)
maximizes at 369, 372, and 373kms™! in cycles 21, 22, and 23,
respectively. However, in cycle 24, the p (Aye, SSN) value maximizes
at401kms~" and it does not change significantly at higher velocity
unlike other cycles.. Therefore, p maximizes at a higher velocity in
cycle 24 compared to the previous three solar cycles.

We also note that there is an apparent phase offset (delay) between
the Ay and SSN, but this offset starts decreasing in cycle 23 and
eventually becomes negligible in cycle 24. The dependence of this
phase offset with the solar wind velocity is taken up for further
scrutiny for the four solar cycles.

3.3 Delay between Ay, and SSNs

In order to derive the phase offsets between Ay, and SSNs for four
solar cycles, both the time series are first subjected to 1-d average
followed by 13 months’ smoothing. This is done to remove the
discreteness in the data and also to eliminate the influence of the
orientation of the heliospheric current sheet with respect to the
satellites. SSNs are shifted in steps of 10 d starting from 0 to 600 and
peak p (Ae, SSN) values are obtained for each velocity bin with the
corresponding delay times. These results are plotted in Fig. 4 that
shows p (Ape, SSN) without delay by a dashed blue line and peak p
(Ane, SSN) with delay by a solid blue line for each velocity quantile.
The delays at different velocity quantiles are marked with filled black
circles joined by a dashed line to aid the eye. Positive delay means
changes in Ay, follow the changes in SSNs. The standard deviations
are calculated by considering 1 per cent variation of peak p (Ape,
SSN) and the associated delays. It can be observed that p (A, SSN)
maximizes between 350 and 400 kms~" in all four cycles. However,
the slopes of the linear fits (the fit equations are mentioned in Fig. 4)
for delay are significantly reduced in cycles 23 and 24. We note that
the delay for even the highest velocity quantile does not exceed 200 d
and the differences in delay between the lowest and highest quantiles
are not significantly different. We varied Ay, from 4per cent to
10 per cent and linear fit parameters are obtained in each case. This
is tabulated and provided as a supplementary material. It is found
that the slopes remain consistently higher (close to 1 or more) in
cycles 21 and 22, and consistently lower (the highest value of slope
is 0.64 at Ay, = 5 per cent) in cycle 24 for all values of Ape.
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Figure 1. Frequency of distribution of Ay in different velocity bins in the last four solar cycles. Frequency distribution of Ay, events with 1 per cent bin size
for four velocity bins, viz. (1) <300kms™!, (2) 300-400kms~", (3) 400-500kms ™", (4) 500-600kms~!, and (5) >600kms~" in solar cycles 21 (a), 22 (b),
23 (c), and 24 (d). Each velocity window is marked with a different colour (with a filled circle joined by a solid line) and is shown at the top of the figure. The
frequency distributions are approximated by lognormal distributions wherein A, o, and m are the fit parameters, representing normalization coefficient, standard

deviation and median in linear scale, respectively. It can be noted that m monotonically decreases for 300-400 and 400-500 kms™
from cycle 21 to cycle 24. Further, the shift of the peak A from the usual 4-5 per cent (in cycles 21 and 22) to 2-3 per cent in the 400-500km s~
range and increase in the frequency in the 300-400kms™
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This figure also reveals that the frequency of occurrence for Ay > 10 per cent events is insignificant in statistical sense.
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Figure 2. Frequency of Aye > 10 per cent events in the last four cycles. Year-wise frequency of Ay > 10 per cent events (marked by blue vertical bars) and
yearly averaged sunspot numbers (SSNs) (marked by red vertical bars) in the last four solar cycles denoted by (a), (b), (c), and (d). This frequency is calculated
with respect to the number of all Ay, events in a particular year. Peak values of Ay, frequencies are 12.55 per cent, 10.25 per cent, 3.44 per cent, and 1.98 per cent
as one goes from cycle 21 to cycle 24.

4 DISCUSSION AND CONCLUSIONS

The helium abundance in the photosphere is taken to be nearly
8.5 per cent (Grevesse & Sauval 1998), but it generally remains
about 4-5 per cent (Laming & Feldman 2001) in the solar corona.
This suggests that the helium abundance is depressed by processes
that occur in the chromosphere, transition region, and corona. As

helium is heavier than hydrogen, it undergoes enhanced gravitational
settling (Hirshberg 1973). In addition, FIP effect (Laming 2015)
can change the helium abundance. When the downward or upward
propagating Alfvén waves encounter the chromosphere, these exert
upward ponderomotive forces on the ions that raise the ions up in
altitude (Laming 2012; Rakowski & Laming 2012). Subsequently,
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Figure 3. Variation of Age < 10per cent in the last four solar cycles: Spearman’s rank correlation analysis between averaged (for 250 d) Ape and sunspot
numbers (SSNs) for 12 velocity quantiles in the last four solar cycles. Results for cycles 21-24 are provided in (a), (b), (c), and (d), respectively. The Spearman’s
rank correlation coefficient, p (Age, SSN), values, and the mid-point of each velocity quantile are shown on the top of each panel. Note that the highest and
lowest velocity quantiles are removed from this representation. Each velocity quantile is marked by filled circles of different colours joined by solid lines, and
SSN variations are marked by black filled circles joined by dashed lines. The p (Ape, SSN) values maximize at 369, 372, and 373 km s~lin cycles 21, 22, and
23, respectively. However, in cycle 24, the p (Ane, SSN) value maximizes at 401 kms~!. The apparent phase offset between Ay, and SSNs becomes negligible

in cycle 24.

600
500
400

Delay (Days)
ny w S w D
o o o o o
o o o o oo

o
S

Ay C6)
©

300

200

100

SSN

300

200

2020

A <10%
. . . . . 300 10 . . . . .
—8—-333-0.68 352-0.71 —®—369-0.87 385-0.70 —@—402-0.64 —8—-337-088 356-0.89 —®-372-0.95 389-0.85 —8—407-0.78
422-059 —9—445-0.74 473-067 507 - 0.50 557-0.51 427-0.84 —9—452-0.88 482-0.66 523-0.32 583 - 0.46
sc21 8 (b) SC22
200 6 ,’*—./‘v
= RS NN
\, = o %
S, 27100 / ;
12 ol® 4
. . . . \'\*‘" 0 ‘ . . . . T
76 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996
. . . . . 300 10 . . . .
—8-333-091 354-0.89 —-373-0.92 392-0.88 —9—411-0.88 —8-320-0.90 338-0.91 —®-352-0.90 367-0.91 —€—384-0.90
432-0.89 —®—457-0.79 489-0.75 531-0.71 586 - 0.36 401-0.93 —9—-422-091 447-0.80 480-0.84 531-0.92
(c) sc23 8 (d) sc24
200
/o»hr‘l\\ 6
L .
B = =N 4
e A W S = S
¥ s
/l 1\.\‘ LY 2
‘. . . . L The,
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Years

-¢-Delay —Linear fit -#-Peak p with delay

-®-Peak p without delay

1 600 ‘ 1
0 5001 (b) . , 108
400
0.6 . 0.6
300
T/ 04 0.4
% 200
sc21 102 4qp c22 102
y=0.92%x -95.00 (R2=0.40) y=1.04%x 310,00 R?=0.89)
: : : : : 0 0 : : : 0
R s = e e
-9-0T-9-0-9-_
0g 500[ (d) e 08
400
0.6 0.6
300
‘ ~1104 0.4
---- 200
sc23 102 qgo sc24 0.2
y =037 +4721 (R’=0.24) y =036 +37.61 (R’=0.63)
0 : : : : : 0 0 : : : : : 0
300 350 400 450 500 550 600 800 350 400 450 500 550 600
Velocity (kms'1)

Figure 4. Delayed correlation between A (<10 per cent) and SSNs in four solar cycles. Variation of delay (filled black dots joined by a dashed line) between
SSNs and Ay for each velocity quantile in four solar cycles (21-24) is marked in (a), (b), (c), and (d), respectively. Peak p (Ape, SSN) values between SSNs and
Ape with (blue solid dots joined by a solid blue line) and without (blue solid dots joined by a dashed blue line) delay for each velocity quantile are also plotted
for each cycle. The standard deviations are calculated by varying peak p (Ape, SSN) by 1 per cent and considering the associated delays. The red lines mark the
linear fits (equations and R* values are shown in each figure) for the delays in each cycle. Peak p (A, SSN) value maximizes between 350 and 400kms~" in
all the four cycles. However, slopes of the linear fits in cycles 23 and 24, and particularly in cycle 24, are significantly less compared to cycles 21 and 22.

if the magnetic loops open up due to magnetic reconnection,
the low FIP ions are released into the corona. While this effect
enhances the abundance of lower FIP elements in the corona, it
also conversely implies that it depletes the higher FIP elements.
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Therefore, FIP effect suggests that if there are significant changes in
the closed loop coronal magnetic field configuration from one cycle
to other, it will have impact on the helium abundance as well as

delay.

Peak p



This investigation shows that the maximum correlation coefficient
between Ay, and SSNs is obtained at a different velocity bin in
cycle 24 as compared to the previous three cycles. Given this, it
is also important to evaluate the sources of the slow/intermediate
solar winds and how these affect the helium abundance. It was
proposed earlier that the slow solar wind originates from two primary
sources, viz. streamer belt and active region (Kasper et al. 2007).
While the active region has stronger magnetic fields compared to
the streamer belt, the latter has longer magnetic loops that facilitate
enhanced processing of the solar wind helium. This leads to the delay
in Ay, with respect to the SSNs. Interestingly, this delay is solar
wind velocity dependent and, in general, more for higher velocities
(Alterman & Kasper 2019). However, as shown by our analysis
starting from cycle 23, this processing seems to have become less
sensitive to the solar wind velocity. At this juncture, it may be noted
that the time lag of the order of hundreds of days suggests that He
fractionation is a slow process. Whether it indicates the dominant
role of gravitational settling in the He fractionation is a question that
requires further attention. Interestingly, as discussed by Laming et al.
(2019), extreme He depletions reported by earlier works (Kasper
et al. 2012; Kepko et al. 2016) are unlikely to be reproduced by
ponderomotive force and thus gravitational settling appears to be the
most dominant mechanism. Therefore, the reduced time lag across
the velocity bins and systematic shift of Ay, frequency to lower
Ape values in cycle 24 may be suggestive of systematic changes in
ponderomotive force as well as the gravitational settling in closed
magnetic loops. It is to be noted that the length of the magnetic loop
is also important for He processing. Although these are speculative
scenarios, there are indications that systematic changes did occur in
the Sun starting from cycle 23. One such example is the changes in
the occurrence and characteristics of pseudo-streamers and dipole
streamers. Pseudo-streamers are known to be additional sources of
slow solar wind (Crooker et al. 2012). Interestingly, occurrence of
pseudo-streamers was found to be significantly higher during the
minimum of the solar cycle 23 unlike cycles 21 and 22 when these
structures almost disappeared (Owens, Crooker & Lockwood 2014).
On the other hand, the dipole streamers were shown (Owens et al.
2014) to be less tightly confined to the solar equator at the end of
cycle 23 compared to the previous two cycles. This difference in the
pseudo-streamers and dipole streamers at the end of solar cycle 23
indicates towards the possible change in the processing of the slow
solar wind at the end of cycle 23.

Some of the earlier works (Levine, Altschuler & Harvey 1977;
Wang & Sheeley 1990) suggest that the origin of slow solar wind is
the boundary of the coronal holes. As the magnetic flux tubes from the
boundary of the coronal hole are expanded, the bulk speed of the slow
solar wind decreases. This reduces the proton flux beyond 2.5 R, and,
as a result, the alpha particle enrichment in the solar wind decreases
through reduced momentum transfer via Coulomb collisions (Biirgi
1992). This scenario is particularly valid for solar minimum when
the magnetic flux tubes undergo strong overexpansion. We suggest
that large-scale magnetic flux tube topologies are quite different (in
statistical sense) in solar cycle 24 (starting from solar cycle 23),
which affected the processing as well as the velocity dependence of
the helium enrichment process in the solar wind. This proposition
gets indirect support from the fact that the polar field went through
unusual reversal in solar cycle 24 (Janardhan et al. 2018).

The higher Ay, events are, in general, thought to be associated
with transient coronal disturbances like solar flare and eruptive
prominences (Borrini et al. 1982). Many of these processes are
believed to throw helium-rich plasma from the lower solar corona to
the interplanetary medium causing helium abundance enhancements.
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The frequency of occurrences of such transient disturbances is
approximately in phase with the solar cycle (Borrini et al. 1982).
Further, it is known that the number of X, M, and C-class flares
dropped drastically in cycle 23 compared to the earlier cycles
(Hudson, Fletcher & McTiernan 2014). The number of such flares
is even less in cycle 24. This may be one of the reasons for the
lower frequency of higher Ay, events in cycle 24 compared to the
previous three cycles. As stated earlier, solar cycle 24 turns out
to be the weakest in the last century and the Sun was unusually
quiet since the deep minimum of cycle 23. Many authors highlighted
the declining solar activity from solar cycle 23 onwards based on
observations (Janardhan et al. 2011) or dynamo models (Choudhuri,
Chatterjee & Jiang 2007). Observations during Ulysses first (cycle
22) and third orbit (cycle 23) revealed that solar wind in the minimum
of cycle 23 was weaker characterized by significantly less dense,
cooler wind with less mass, and momentum flux compared to the
first orbit during the solar minimum in cycle 22 (McComas et al.
2008). The peculiarities of solar cycle 24 have also been highlighted
by earlier workers (Antia & Basu 2013). Therefore, we believe that
the large-scale coronal magnetic field topology and dynamics of the
Sun went through significant changes in cycle 24 that affected the way
helium was processed in the solar wind. Recent helium abundance
measurements (Moses et al. 2020) in the solar corona provide
credence to this proposition. Further modelling investigations are
needed to explain the changes in the helium abundance in cycle 24
and to predict the possible variation in cycle 25.
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Table 1: Linear fit parameters between the delay and velocity for different Ag, limits: The
limit of Ag, is varied from 4% to 10% and the corresponding delays are estimated. The Ay, limit of
10% means all the Ay, data upto Ag. = 10% are considered The linear fit parameters are stated in
the table. The fit parameters include slope (m), intercept (c) and the goodness of fit coefficient (R2).
The rows corresponding to the slope in each cycle are marked in bold fonts. It is found that the slopes
remain consistently higher (close to 1 or more) in cycle 21 and 22 and consistently lower (highest value
of slope is 0.64 at Ay, = 5%) in cycle 24 for all values of Apg..

SC | Modelled Apge limit
parameters | 4% 5% 6% % 3% 9% 10%
m 1.85 1.12 1.34 1.58 1.35 1.11 0.92
21 c -508.24 | -56.89 | -157.70 | -285.37 | -262.95 | -143.45 | 94.93
R? 0.39 0.22 0.42 0.54 0.61 0.61 0.40
m 2.06 2.22 2.04 1.69 1.27 1.08 1.04
22 c -671.54 | -756.51 | -688.91 | -543.61 | -389.24 | -310.99 | -309.99
R? 0.75 0.0.84 0.82 0.64 0.86 0.85 0.89
m 0.99 1.90 1.66 1.95 0.60 0.30 0.30
23 ¢ -153.54 | -498.31 | -419.18 | -531.84 | -28.42 78.65 47.21
R? 0.56 0.97 0.75 0.94 0.35 0.16 0.24
m 0.35 0.64 0.62 0.55 0.43 0.32 0.36
24 c 55.19 -54.05 | -50.91 | -22.36 16.14 56.87 37.61
R? 0.21 0.81 0.69 0.50 0.63 0.41 0.63
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ABSTRACT

Despite helium abundance (Ay. = ny/ny.) being ~8 percent at the solar photospheric/chromospheric heights, Ay, can be
found to exceed 8 percent in interplanetary coronal mass ejections (ICMEs) on many occasions. Although various factors like
interplanetary shocks, chromospheric evaporation, and ‘sludge removal” have been separately invoked in the past to address the
Ay, enhancements in [CMEs, none of these processes could explain the variability of Ay, in ICMEs comprehensively. Based
on an extensive analysis of 275 ICME events, we show that there is a solar activity variation of ICME averaged Ay, values. We
also found that the first ionization potential effect and localized coronal heating due to magnetic reconnection are not the major
contributing factors for Ay, enhancements in ICMEs. Investigation on concurrent solar flares and ICME events for 63 cases
reveals that chromospheric evaporation in tandem with gravitational settling determines the Ay, enhancements and variabilities
beyond 8 percent in ICMEs. While chromospheric evaporation releases the helium from chromosphere into the corona, the
gravitationally settled helium is thrown out during the ICMEs. We show that the intensity and timing of the preceding flares
from the same active region from where the CME erupts are important factors to understand the Ay, enhancements in I[CMEs.

Key words: Sun: abundances — Sun: activity — Sun: coronal mass ejections (CMEs) - Sun: flares — solar wind.

1 INTRODUCTION

The abundance of helium with respect to hydrogen, expressed as
Ape = ny/nye percent in general, varies significantly in different
layers of the Sun. While Ay, is ~8 percent in the photosphere, it
remains 4-5 per cent in the corona. On the other hand, Ay, varies from
2to 5 per cent in the quiet solar wind (SW) depending upon the phase
of the solar activity and SW velocity (Kasper et al. 2007; Alterman &
Kasper 2019; Yogesh, Chakrabarty & Srivastava 2021). Interestingly,
on many occasions, Ay is found to increase significantly and exceed
the photospheric abundance of ~8 per cent (Grevesse & Sauval 1998;
Asplund et al. 2009) in the interplanetary coronal mass ejection
(ICME) structures. This suggests that other processes are operational
for the elevated Ay, abundances in the ICME structures. The nature
of these processes is poorly understood till date (Manchester et al.
2017). While elevated Ay is observed in many ICMEs, the absence
of Ay, enhancements is also noted in some ICMEs. This unresolved
dichotomy is also intricately connected with the question of efficacy
of Ay as one of the ICME indicators (Hirshberg, Bame & Robbins
1972; Borrini et al. 1982; Zurbuchen & Richardson 2006) in the
heliosphere.

In the past, enhanced Ay, at 1 au has been found to be associated
with interplanetary (IP) shocks (e.g. Borrini et al. 1982). However,
Ay enhancement without preceding IP shock has also been found
in many cases (e.g. Fenimore 1980). Based on the high ionization
temperature associated with the Ay, enhancement events, Borrini

* E-mail: yphy22@gmail.com, dipu@prl.res.in

et al. (1982) suggested that enhanced Ay, in the SW at 1 au
indicates the arrival of plasma ejecta from the solar eruptive events.
As the ejecta are thrown from the lower corona, these bring out
additional loads of gravitationally settled helium (Hirshberg et al.
1970). Therefore, the ‘sludge effect’ proposed by Neugebauer &
Goldstein (1997) is primarily an extension of this gravitational
settling argument. Since gravitational settling is always present, it
is not clear how the sludge effect can selectively enhance Ay, in
certain CMEs only. On the other hand, Fu et al. (2020) suggested
an important role of chromospheric evaporation for the enhancement
in A in CMEs. However, as the photospheric abundance of Ay, is
~8 per cent (Grevesse & Sauval 1998), it is not clear how this process
can enhance Ay, beyond 8 per cent. Therefore, despite the important
roles of the above processes being qualitatively acknowledged, the
relative roles of these processes governing the variability of Ay
enhancements, particularly beyond 8 percent, remain elusive till
date. In this work, we evaluate all these processes in totality and show
that primarily chromospheric evaporation along with gravitational
settling controls the variabilities of Ay, in ICMEs.

2 DATA AND ICME SELECTION

The measurements from the Solar Wind Ion Composition Spectrom-
eter (SWICS; Gloeckler et al. 1998) instrument onboard Advanced
Composition Explorer (ACE) satellite are used in this study. We have
used the two-hourly data of different elemental compositions and
charge states here. This data set contains data from 1998 February
4 to 2011 August 21 for several elements and their charge states.
On 2011 August 22, ACE/SWICS entered into a different state
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due to hardware degradation caused by radiation-induced defects.
After this incident, another approach (Shearer et al. 2014) was used
to get the compositional data. A few compositional observations
were possible using this indirect and modified approach. Details
on the data prior to and after the change in approach can be found
athttp://www.stl.caltech.edu/ACE/ASC/level2/index.html. The one-
hourly helium and hydrogen ratios are also used from the OMNI data
set (King & Papitashvili 2005).

In this work, the ICME catalogue (http://www.srl.caltech.edu/AC
E/ASC/DATA/level3/icmetable2.html) compiled by Richardson &
Cane (2004, 2010) is used to select the ICME events and their
arrival at the L1 point. The details regarding the selection criteria
can be found in Richardson & Cane (2004). A total of 275 events
have been compiled. The ICME list is classified into three different
categories: (1) ICMEs with magnetic cloud (Burlaga et al. 1981)
having properties like high magnetic field strength, smooth rotation in
components and low beta, etc. (MC, 86 events); (2) ICMEs showing
the magnetic rotation but lacking a few properties like magnetic field
enhancements (referred to as partial MC, 92 events); and (3) ICME
without most of the MC characteristics (termed as ejecta, 97 events).
We have considered only those events for which the composition data
are available for more than 6 h. Relevant details like the start and end
times of the duration of passage of the ICMEs through the L1 point
are given in the Richardson and Cane catalogue. For a selected ICME
event, the average Ay, between the start and end times is considered.
The SOHO/LASCO CME catalogue (Gopalswamy et al. 2009, and
references therein) is used to find the details on the flares associated
with these CMEs and the NOAA active region identifier from where
the flares erupt. The SOHO/LASCO Halo CME catalogue details can
be found at https://cdaw.gsfc.nasa.gov/CME _list/halo/halo.html.

3 RESULTS AND DISCUSSIONS

3.1 Solar activity variation of Ay, in ICMEs

Since Ay, in SW varies with solar activity level (Kasper et al. 2007;
Alterman & Kasper 2019; Yogesh et al. 2021), it is important to
check whether the variation of Ay, in ICMEs also shows variation
with solar cycle. Solar cycle (cycles 23 and 24) variation of Ay,
during ICME events is analysed in order to address this aspect. In
Fig. 1(a) (upper panel), the red and black lines depict the individual
ICME averaged Ay, and sunspot number (SSN). The lines joining
red and black dots are the yearly averaged SSN and Ay, averaged
(with £1o variations) over the ICME durations for a given year.
Interestingly, the yearly ICME averaged Ay, (varies from 1 to 6)
and SSN show a good correlation (R = 0.63) as brought out in
Fig. 1(b) (lower panel). This suggests that the processes controlling
the Ay, in background SW modulate the ICME averaged Ay, values
also. Another important point that emerges from Fig. 1 is the higher
value of ICME averaged Ay, in the year 2005. An increase in the
number of flare occurrence (Hudson, Fletcher & McTiernan 2014)
and CME (Mishra et al. 2019) for the same duration 2004-2005 was
reported earlier. This is indicative of the important role of solar flares
in the Ay, enhancement. This aspect will be exclusively taken up in
a subsequent section.

3.2 Relationship of Ay, with FIP elemental ratios, average
charge states, and charge state ratios

It is, in general, observed (Zurbuchen et al. 2016) that the low-
FIP (first ionization potential) elements are enhanced during the
ICME:s as compared to the ambient SW. These authors suggested that
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Figure 1. Solar activity variation of ICME averaged Ape. Panel (a): The
red and black coloured lines in the background show the individual ICME
averaged A and SSN. The filled red and black circles joined by lines are the
yearly averaged Ape (With 1o variations) and SSN for the ICME duration
only. Panel (b): The correlation between the annual averaged Ay and SSN
for the ICME duration is shown.

either FIP bias is more significant during the CME or different type
of plasma is injected into the CME. Further, the magnetic energy
is converted into thermal and kinetic energies through magnetic
reconnection in the corona during the CME initiation process (Forbes
et al. 2006; Wimmer-Schweingruber et al. 2006) and the flares
associated with these events. The charge states and the charge state
ratios get frozen in the corona and the CME throws out these plasma
from the corona into the SW (Gruesbeck et al. 2011; Gruesbeck,
Lepri & Zurbuchen 2012). Therefore, it is worthwhile to evaluate the
relationship of Ay, with FIP elemental ratios, average charge states,
and charge state ratios.

We thus tested the relationship of Ay, with different FIP proxies
(like Mg/O, Fe/O, Si/0, C/O, Ne/O, and He/O) for background SW,
ejecta, partial MC, and MC varieties of ICMEs. As the FIPs of Mg,
Fe, Si, C, Ne, He, and O are 7.65, 7.9, 8.2, 11.3, 21.6, 24.6, and
13.6 eV, respectively, the correlation results of Mg/O, Fe/O, Si/O,
C/O, Ne/O, and He/O with respect to Ay, for the four categories
(ambient SW, ejecta, partial MC, and MC) are summarized from
top to bottom in Table 1. The corresponding plots are provided
as supplementary Fig. S1. Two types of correlation coefficients
are considered. One is the linear correlation coefficient (CC —
parametrized by the coefficient of determination, R?) and the other is
the Spearman’s correlation coefficient (Sp CC). Itis noted that the FIP
proxies are uncorrelated with Ay in the ambient SW. However, with
the exception of He/O and C/O, R* improves for the MC category
compared to the non-MC category. It is also noted that Sp CCs are
higher than R?, indicating control of processes other than FIP. This
is because Sp CC is a measure of monotonic relationship and does
not necessarily imply a linear relationship. As we show later, Ay, is
additionally controlled by gravitational settling unlike other proxies
and therefore certain degree of non-linearity can be expected between
Ape and other proxies.

In the intermediate section of Table 1, we have tabulated the linear
correlation coefficients (CC parametrized as R), and Sp CC between
the average charge state of C, O, Mg, Si, Fe, and Ay, respectively.
The corresponding plots are provided as supplementary Fig. S2.
A few important points can be inferred in this case. First, R is
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Table 1. The results from the detailed correlation analysis of Ay, with FIP elemental
ratios, average charge states, and charge state ratios. Linear correlation coefficient (CC
— parametrized by the coefficient of determination, R2) and the Spearman’s correlation
coefficients (Sp CC) are calculated and tabulated for ambient SW, ejecta, partial MC as well
as MC. The corresponding figures are provided as supplementary materials. The correlation
of Age in ICME is non-existent for ambient SW and maximum for MC.

Ambient SW (184)

Ejecta (97)

Partial MC (92) MC (86)

FIP proxies
cc spCC CC spCC cC spCC CcCc  spce

Mg/O 006 -029 0.05 027 019 035 032 0.54
Fe/O 0.03 012 0.13 040 023 035 033 0.56
Si/0 000 —0.01 0.06 032 015 033 032 0.56
C/0 008 -028 026 057 012 -038 007 -026
Ne/O 003 =022 020 052 031 049 042 0.58
He/O 0.12 036 0.02 013 0.09 030 0.15 0.39

Average charge states
cc spCC CC spcC c€C spcC CC  spccC

0c 001 008 002 —015 002 008  0.00 0.00
0o 0.07 020 0.19 051 034 056 032 0.57
Owe 0.11 033 028 063 042 065 035 057
Osi 0.05 021 029 058 044 066 042 0.65
Ore 0.05 022 026 056 044 062 036 0.61

Charge state ratios
cC spCC CC SspCC CC SspCC CcC  spcC

ctoctt 0,01 007  0.00

0.00  0.05 025 0.03 0.17

CHct 001 006 0.01 —0.08 0.04 015  0.02 0.12

ot7/0t0  0.06 0.19 021

057 031 0.60  0.39 0.63

significantly less for the ambient SW. Secondly, the R* values are
significantly higher for ejecta, partial MC, and MC as compared
to ambient SW for Qs;, Ore, Omg. and Qo but nearly zero for Qc.
Thirdly, R? values for ejecta are less than their MC and partial MC
counterparts. The increased R* for MC categories (partial and full)
compared to ejecta and ambient SW suggests modification in Ap,
by localized coronal heating associated with magnetic reconnection
processes. This is because R* can increase from an improved linear
relationship between Ay, and averaged charge state proxies. Since
average charge state proxies are dependent on localized coronal
heating, the increased R> may suggest modification in Ag. by
localized coronal heating. However, as Sp CCs are more than CC
values, factors other than localized coronal heating for the Ay
enhancements in ICMEs assume importance.

In order to further explore the role of localized coronal heating for
the Ay, enhancements during ICMEs, CC and Sp CC between the
charge state ratios of C, O, and Ay are explored. This is also captured
in Table 1 and the plots are provided as supplementary Fig. S3.
Similar to previous cases, we again find that negligible correlations
exist between the charge state ratios and Ay, for the ambient SW.
In addition, the number density of carbon charge states (C*6/C**
and C*®/C*3) also does not show a significant correlation with Age.
However, the oxygen charge states, O*7/0*, show much higher
correlations with Ay, particularly for MC. Similar to what has been
noted earlier, the Sp CCs are higher than CCs for ejecta, partial MC,
and MC in the case of O*7/0*®, This indicates contributions from
factors other than localized coronal heating for the Ay, enhancements
in ICMEs.

One way to verify these results is to perform tests on similar
proxies and check if the correlation coefficients increase significantly.
Following this line of thinking, we found very high correlation
coefficients (R*> = 0.67) between Mg/O and Fe/O as well as Si/O
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and Fe/O (R* = 0.80) in the case of MC. Note that Mg, Si, and Fe
have FIPs less than 10 eV. Therefore, the Mg/O, Si/O, and Fe/O are
expected to get enhanced due to the FIP effect (Laming 2015). In
addition, the CC values are also found to be closer to Sp CC as one
considers ICMEs. These results are also provided as supplementary
Fig. S4. This exercise suggests that if the underlying process is
identical (in this case, FIP effect), one can expect significantly higher
correlations. We can deduce that because Ay, is dependent not only
on FIP but on multiple processes (discussed in ensuing sections),
its correlation with proxies that primarily depend on one process
(e.g. Mg/O fractionation primarily depends on FIP) is expected to
be poorer than correlation between proxies dependent on identical
processes (e.g. Mg/O and Fe/O). One can see Table 1 in favour of this
argument. Further, it is possible that CC is higher for MC (Table 1)
because the MCs offer well-defined flux ropes to be intercepted by
the in-situ S/C, while partial MC or ejecta may be a consequence
of flank encounters with the S/C and thus all the properties of the
ICMEs (MC) are not captured efficiently, leading to relatively poor
correlation.

Based on these arguments, we infer that the processes like localized
coronal heating that determine the average charge states and charge
state ratios or the FIP effect in the chromosphere may contribute to
the processes that determine Ay, in ICMEs up to a certain degree.
The enhanced Sp CC (compared to the linear CC) strongly suggests
the presence of non-linear contribution from other processes.

3.3 Chromospheric evaporation and sludge effect

Recently, it has been suggested by Fu et al. (2020) that the
chromospheric evaporation associated with a flare can alter the
Ape values. Interestingly, the thermal energy release during a flare
can influence the charge states as well as the frozen-in signatures.
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Therefore, we evaluate the relationship between the occurrence of
flares and observed Ay, enhancements in associated ICMEs. The
number of flares associated with each active region is considered
along with the strength of the flares during the course of the CME
development. The information on the associated flare and source
active region of this flare for each CME is available for 63 cases.
Out of these 63 cases, 17 cases are associated with X-class flares,
29 with M-class, 16 with C-class, and 1 with B-class flare. We
find that 88 percent (15/17) of the ICMEs associated with X-class
flares show Ap. enhancement at the L1 point for at least an hour.
The corresponding numbers for ICMEs with M- and C-class flares
are ~76 per cent and 50 per cent, respectively. Also, the MCs have
highest probability (21/27 ~ 78 percent) of Ay, enhancement as
compared to partial MC (16/22 ~ 73 percent) and ejecta (9/14
~ 64 percent) for the 63 ICMEs. In totality, 46 out of 63 ICME
events (~73 percent) show Ay, > 8 percent for at least 1 h in the
presence of flares, and this number increases to 59 (~94 per cent)
if an additional 12 h is considered beyond the ICME start and end
times, respectively. As the ICME start and end times at the L1 point
can differ significantly if one goes by compositional boundaries or
magnetic field boundaries (Gopalswamy et al. 2013, also see the
Richardson and Cane catalogue), consideration of additional 12 h
takes care of the uncertainties involved in identifying the passage of
ICMEs at the L1 point. Further, we have verified that if we change the
duration of A, enhancement from 1 to 6 h or more, the percentage of
occurrence of Ay, enhanced ICME events changes from 73 per cent
(46/63) to 55.6 per cent (35/63).

Since the occurrence of Ay, enhancement is more likely linked
with the strength of the flare, we infer that stronger flares lead
to stronger chromospheric evaporation contributing to the higher
Ape enhancements. These statistical results are also provided as
supplementary Table S5. However, chromospheric evaporation can
enhance Ay, only up to the chromospheric/photospheric abundance
limit (8 percent). Therefore, Ay, values greater than 8 percent in
ICMEs at the L1 point on many occasions cannot be explained
by chromospheric evaporation alone. The work by Geiss, Hirt &
Leutwyler (1970) suggests that Ay, accumulates in the chromosphere
and/or in the lower corona by inefficient Coulomb drag exerted by
protons on helium. This inefficient Coulomb drag is the cause behind
the bulging of helium in the chromosphere and/or lower corona.
More importantly, helium being heavier than hydrogen, gravitational
settling (Hirshberg et al. 1970; Laming et al. 2019) contributes
significantly to the piling up of helium at lower coronal heights.
In fact, the large lags (of the order of 100 d) reported by Yogesh et al.
(2021) strongly suggest the dominant role played by gravitational
settling at lower heights. SW brings out this excess helium through
CMEs mediated by a process akin to ‘sludge removal’ (Neuge-
bauer & Goldstein 1997) or ‘cleaning out” (Wimmer-Schweingruber
et al. 2006). We here suggest that chromospheric evaporation along
with the ‘cleaning out of the gravitationally settled helium-enriched
sludge (or, to some extent settled by inefficient Coulomb drag) CMEs
can contribute to the higher values of Ay, greater than 8 percent.
However, it is obvious that this may not happen for all CMEs.

To understand when the ICME events with Ay, > 8 percent
are a possibility, we divide the CME events into three classes and
build up a statistical picture. This is captured in the supplementary
Table S5. Under class 1, we consider the CMEs (20 events) with
a nearly concurrent flare event prior to the CME and no previous
flare activities from the same active region (except the concurrent
one) for 12 h prior to the CME. Under class 2, we consider CMEs
(20 events) with multiple flares (without additional CMEs) prior to
the CME from the vicinity of the same active region. The class 3 is
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for the multiple CMEs (23 events—11 active regions, on an average
of two or more CMEs per active region) erupting from a single
active region. One typical example of classes 1 and 2 is shown in the
first (panels a and ') and second (panels b and b') rows of Fig. 2.
The third (Figs 2¢ and ¢) and fourth (Figs 2d and d') rows are
examples of class 3. The left-hand column (panels a-d) of Fig. 2
shows the GOES X-ray flux variation in sky blue lines for four
representative cases (2014 April 2, 2014 February 12, 2001 March
28-29, and 2004 September 12-14). The green vertical dashed lines
mark the flares that originated from the same active region where
the CME originated. The dark blue vertical dashed lines mark the
eruption times of the CMEs. The class (mentioned in rectangular
boxes) of the flares that erupted just before the CME is also marked
in Figs 2(a)~(d). The right-hand column of Fig. 2 (panels a'-d’)
shows the variation of Ay, in the ICMEs as measured from the
L1 point for the four cases shown in the left-hand column. In Figs
2(a')~(d"), the vertical solid and dashed lines mark the start and end
times of the passage of an ICME at the L1 point. Two ICMEs are
marked by red and blue colours, respectively. The horizontal blue
dashed lines mark the Ay, = 8 per cent level. Ay, > 8 percent
are considered enhancements. We observe the highest percentage
(80 per cent) of Ay, enhancement events falling under class 2. On the
contrary, the class-1 events show the lowest percentage (65 per cent)
of Ay, enhancement events. Class 3 shows Ay, enhancements in
74 per cent of the cases. Therefore, these analyses reveal that CMEs
with the near-simultaneous occurrence of multiple flares from the
same active region (class 2) predominantly have Ay, > 8 per cent as
compared to CMEs with a single flare from the nearby location (class
1). This suggests that the CMEs with higher helium abundance at
the L1 point carry more helium-rich plasma from the lower coronal
region released by chromospheric evaporation processes occurring
during multiple flares.

To understand the effect of gravitational settling, the events shown
in Figs  2(c) and (d) are chosen. These two events are selected
based on the time difference between the two CMEs. The first event
(Fig. 2c) has the time difference of 21.5 h (less than 1 d) between
the two CMEs, whereas the second event has a time difference
of 57.5 h (more than 2 d). As the gravitational settling time for
helium is ~1.5 d (Laming et al. 2019), if the second CME erupts
before the helium gets gravitationally settled, the second CME can
be expected to have lesser helium abundance than the first one.
We speculate that this must have happened for the case shown in
Fig. 2(c’). On the contrary, if the second CME erupts sufficiently
later than the first one (as in Figs 2d and d'), the helium abundance
in the second CME can be more (in this case) or less depending
upon the accumulation of helium. We got only two cases in our
filtered data base with a time difference between CME:s of less than
1.5 d. More such cases in future will strengthen our argument. We
note here that the time-scale for the gravitational settling is more
than that of chromospheric evaporation (approximately less than an
hour; Zurbuchen et al. 2016) and less than that of FIP bias (a few
days; Zurbuchen et al. 2016). Therefore, if an intense flare (and
the associated CME) occurs at an opportune time when sufficient
helium has settled down, it will throw out significant helium into
the ICMEs through chromospheric evaporation. Therefore, these
results strongly indicate the primary role of the combined effects of
chromospheric evaporation and ‘sludge removal’ for the enhanced
Ape abundance in CMEs. Although the evidence for the combined
roles of solar flare and sludge removal in Ay, enhancement is
compelling, there exists a small subset of ICMEs that do not show
any Ay, enhancement whatsoever. This class of ICMEs need separate
investigations.
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Figure 2. Solar flares and Ay enhancements in ICMEs. Panels (a)-(d): GOES X-ray flux variation shown by sky blue curves for four representative cases
(2014 April 2, 2014 February 12, 2001 March 28-29, and 2004 September 12-14). The dark blue vertical lines indicate the CME time from the NOAA active
regions from where the flares erupted. The green dashed vertical lines are the time of occurrence of flares from the same NOAA active region. The class of the
flare just preceding the CME is mentioned. Panels (a')~(d'): Ay variation for the associated ICMEs at the L1 point. The vertical solid and dashed lines mark the
start and end times of the passage of an ICME at the L1 point. Two ICMEs are marked by red and blue colours, respectively. The horizontal blue dashed lines
mark the Ay = 8 per cent level. Note that Ay > 8 per cent are considered enhancements here.

4 CONCLUSIONS

This investigation shows that although solar activity variation, FIP
effect, and localized coronal heating contribute in certain degrees
towards Ay, enhancements in ICMEs at the L1 point, it is the chro-
mospheric evaporation during solar flares assisted by gravitational
settling of helium that determines the enhancement of Ay, in ICMEs.
It is shown that while chromospheric evaporation is important in
releasing the helium in CMEs, gravitationally settled helium thrown
out of the corona during chromospheric evaporation process helps the
Ape levels to exceed the 8 per cent photospheric/chromospheric level.
It is suggested that the time constants of chromospheric evaporation
and gravitational settling are important parameters to understand the
Ay, enhancement events.
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SUPPORTING INFORMATION
Supplementary data are available at MNRASL online.

Figure S1. Ay, and FIP proxies — Relationship of the FIP elemental
ratios with Ay, is explored in this figure.

Figure S2. Ay, and charge states — Relationships of the average
charge state of different elements with Ay, are explored in this figure.
Figure S3. Ay and charge state ratios — Relationship of the number
density ratios of the different charge states of carbon and oxygen
with Ay is explored in this figure.

Figure S4. Correlations of Mg/O, Si/O, Ne/O, with Fe/O - Rela-
tionships of the average element abundance ratio (Mg/O, Si/O, and
Ne/O) with Fe/O are explored.

Table S5. The distribution of events according to the associated flare
class (in red).
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Supplementary Figure S1: Ay, and FIP proxies - Relationship between the FIP
elemental ratios with Ap, is explored in this figure. The Mg/O, Fe/O, Si/O, C/0, Ne/O,
and He/O are plotted with Ay, in rows from top to bottom. Column 1: Ambient solar
wind (184) for the duration 1998-2011, Column 2: Ejecta events (97), Column 3: partial
MC events (92), Column 4: ICMEs with MC characteristics (86). The linear fits and the
corresponding correlation coefficients (i.e., expressed by R?) values are shown in each plot.
Spearman’s correlation coefficients (Sp. CC) are mentioned in blue color. A significant
enhancement in correlation can be seen between FIP proxies and average Ap, for the MCs
except for He/O and C/O. Since O and H have similar FIP values, higher R? are expected
for correlations of He/O and C/O with Ay,. However, This does not happen. These results
indicate FIP bias is not the major process.
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Supplementary Figure S2: Ay, and Charge States - Relationships between the average
charge state of different elements with Ap, are explored in this Figure. Average charge states
of Carbon (C), Oxygen (0), Magnesium (Mg), Silicon (Si), and Iron (Fe) are shown in rows
starting from the top to the bottom. Similar to Figure S2, the four columns pertain to
the ambient solar wind, Ejecta, Partial MC, and MC events from left to right. Spearman’s
correlation coefficients (Sp. CC) are mentioned in blue color. It can be noted that except
for Carbon, the other average charge states show reasonable correlations with Ap,. This
correlation enhances in MC as compared to ejectas. Higher Sp. CCs suggest significant role
of processes other than localized coronal heating.




Ambient SW(184) Ejecta(97) Partial MC(92) MC(86)

50 {C*9/C** =|0.259A4e + 3.063 (R? = 0‘01)] C*9/C** = -0.081A, + 6.507 lRZ=0,00)] C*/C* = 0.492Ap, + 4.446 (R? =0,05)] C*9/C*F = 0.396Ap + 5.777 (R2=0.03)
404 ‘
<
U 304
Q Sp cc: 0.07 p cc: 0.00 Sp cc: 0.25 ‘ H Spcc: 0.17
© — e I
T2 + ‘ 1
o L4 ‘
10 —
0 —_—
10
C*9/C*5 = 0.039A, + 0.922 (R?=0.01) C*9/C*> = -0.027Ap + 1.461 (R?=0.01)| || C*6/C*5 = 0.067Aye + 1.144 (R? =0404i] C*9/C*? = 0,058Af + 1.357 (R?= 0‘02)]
8
0
o 61 ——
= Sp cc: 0.06 Sp cc: -0.0§ Spcc: 0.15 | I Spcc: 0.12
o4 14 I
° L
24 “_+7
04
5
N 0+7/0%6 = 0.024A + 0.129 (R2=0.06)| || 0*7/0*® = 0.0594, + 0.263 (R? =0.21)] 0*7/0*6 = 0.123Ae + 0.061 (R2 =0.31)] 0+7/0%6 = 0.097Ape + 0.216 (R2 =0.39)
©
: 34
Q Spcc: 0.19 e Sp cc: 0.57 o Spcc:0.60 Spcc: 0.63
~
+ 29
o —
1 N +
04
T T —r T T T
5 10 15 0 5 10 15
Ate Atie

Supplementary Figure S3: - Ay, and Charge States Ratios -Relationship between
the number density ratios of the different charge states of Carbon, oxygen with Ay, are
explored in this Figure. The C%F/C*F, C%F/C®F and O™ /O are shown in rows starting
from the top to the bottom. Similar to Figures S2 and S3, the four columns pertain to
the ambient solar wind, Ejecta, Partial MC, and MC events from left to right. Spearman’s
correlation coefficients (Sp. CC) are mentioned in blue color. Reasonable correlations can be
found between O7* /0% and the event-averaged Ap,. Negligible correlation exists between
the number density ratios of different charge states of Carbon, (average C®*/C**+ and
average C%T/C5T) and average Ap,. In this case also, higher Sp. CCs suggest significant
role of processes other than localized coronal heating.



Ambient SW(222) Ejecta(100) Partial MC(99) MC(92)

1 (Moo= 0346Fer0 +0.108 (R7=0.19)]|  (Mg/O = 0.425Fe/0 + 0.124 (R7=035) | [MgO = 0.675Fe0 + 0.063 (R]=069)]|  [Mg/0 = 0.638Fe/0 + 0.078 (R?=0.67)
0.75
< /
5 0.50 L
= .
0.254 ; } .
0.00 4 Sp cc: 0.56 Spcc: 0.58 Sp cc: 0.65 ! Spcc: 0.76
0.8
064 [sif0 = 0.343Fe/0 + 0122 (R?=0.33)| | (S0 = 0416Fe/0 + 0116 (R?=0.62)| | [Sil0 = 0.540Fe/0 + 0.083 (R2=0.78)] || [Sil0 = 0.509Fe/O + 0.093 (R? = 0.80)

I

0.0 Sp cc: 0.68 Spcc:0.78 Sp cc: 0.80 Sp cc: 0.87

100 [Ne/O = 0.138Fe/O + 0.100 (R2=0.08) [Ne/O = 0.313Fe/O + 0.108 (R2=0.18) Ne/O = 0.652Fe/O + 0.036 (R4=10.60) [Ne/O = 0.554Fe/0 + 0.073 (R?=0.56)
0.75
Q
3 050 1 * 1l —
z o ~
0.259 o —qqp o 8-
0.00 4 Sp cc: 0.15 Sp cc: 0.36 Spcc: 0.44 Sp cc: 0.65

0.0 0?2 0?4 0?6 0?8 0.0 0?2 0t4 0?6 0?8 0.0 0?2 0?4 0?6 0?8 0.0 0?2 0?4 0?6 OtS
Fe/O Fe/O Fe/O Fe/O

Supplementary Figure S4: - Correlations of Mg/0, Si/O, Ne/O with Fe/O -
Relationships between the average elements abundance ratio (Mg/O, Si/O, and Ne/O) with
Fe/O are explored. Similar to Figures S2, S3 and S4, the four columns pertain to the
ambient solar wind, Ejecta, Partial MC, and MC from left to right. Spearman’s correlation
coefficients (Sp. CC) are mentioned in blue color. It can be seen that all the ICME events
show higher correlation coefficients (R?) compared to the ambient solar wind. The Mg/O
and SI/O show an excellent correlation with Fe/O. Also, the difference between linear CC
and Sp CC are narrow down particularity for MCs and partial MCs. This probably because
of the FIP effect as the First ionisation potentials are not significantly different for Mg(7.65
eV), SI (8.15), and Fe(7.9 eV). However, Ne/O shows good correlation with Fe/O in partial
and full MC events. The reason behind this is not clear as the Ne (21.56 ¢V) is a high FIP
element.



Supplementary Table S5: - The distribution of events according to the associated flare
class (in red). The column shows the percentage of enhancements of Ap, for at least one
hour for ICMEs associated with different class of flares. It can be seen that chances (88%)
of Ag, enhancement are highest in CMEs associated with X-class flares. The chances of
Ap. enhancements are related to the strength of associated flares. The statistics for three
classes of CMEs (described in the main text) can be seen in rows. The last column (blue
color) shows the total statistics for CME classes irrespective of the associated flare-strength.
The 2nd class shows the highest probability (80%) of Ay, enhancement. This may be
because of the continuous supply of He-rich material from the lower coronal heights due to
continuous chromospheric evaporation caused by multiple flares. First class shows the lower
probability (65%) of enhancement as single flare is connected to these CMEs. The class-3
is an intermediate class as it is based on the multiple CMEs from a single active region and
not on the flare occurrence. Overall, 73% of flare-associated CMEs show enhancement.

X M C B
Class 1 | 3/3 (100%) | 5/6 (83.3%) | 5/11 (45.5%) 13/20 (65%)
Class 2| 5/5 (100%) | 7/10 (70%) | 3/4 (75%) | 1/1 (100%) | 16/20 (80%)
Class 3| 7/9 (18%) | 10/13 (77%) | 0/1 (0%) 17/23 (74%)
15/17 (88%) | 22/29 (76%) | 8/16 (50%) | 1/1 (100%) | 46/63 (73%)
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Correction to: A holistic approach to understand helium enrichment in
interplanetary coronal mass ejections: new insights

This is a correction to: Yogesh, D Chakrabarty, N Srivastava, A holistic approach to understand helium enrichment in interplanetary
coronal mass ejections: new insights, Monthly Notices of the Royal Astronomical Society: Letters, Volume 513, Issue 1, June 2022, Pages
L106-L111, https://doi.org/10.1093/mnrasl/slac044

The paper ‘A holistic approach to understand helium enrichment in interplanetary coronal mass ejections: new insights’ was published in
MNRASL, 513, L106-L111. There is a typographical mistake in the paper. We have written AHe = nH /nHe which is incorrect. The correct
representation is AHe = (nHe/nH) * 100.

This paper has been typeset from a TeX/IATEX file prepared by the author.

© The Author(s) 2023.
Published by Oxford University Press on behalf of Royal Astronomical Society.

€202 AINe ZL uo Jasn Aiojeloge] yoleasay |eoisAyd A9 8€61£0/2/8271/1L/0ZS/@101e/|seluw/woo dno olwapeode)/:sdyy woly papeojumoq



of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 526, L13-L19 (2023)
Advance Access publication 2023 August 3

https://doi.org/10.1093/mnrasl/slad 112

New insights on the behaviour of solar wind protons and alphas in the
stream interaction region in solar cycle 23 and 24

Yogesh *,'** D. Chakrabarty' and Nandita Srivastava’

! Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
2Indian Institute of Technology-Gandhinagar, Gandhinagar 382055, India
3Udaipur Solar Observatory, Physical Research Laboratory, Udaipur 313001, India

Accepted 2023 August 2. Received 2023 July 11; in original form 2023 April 1

ABSTRACT

Although the enhancements in the alpha-proton ratio in the solar wind (expressed as Ay, = N,/N,*100) in the interplanetary
coronal mass ejections have been studied in the past, Ay enhancements at the stream interface region received very little attention
so far. In this letter, by extensively analysing the stream interaction region (SIR) events observed in solar cycle 23 and 24, we
show that the stream interface of alphas starts separating out from that of protons from the minimum of solar cycle 23. The
population of alpha particles are enhanced compared to protons at higher angles between bulk velocity and local magnetic field
(henceforth, bulk velocity angle) in the fast wind region of SIRs if the background solar wind is taken as reference. The analysis
of differential velocities between alphas and protons also reveals that the faster alpha particles accumulate near the fast wind
side of the stream interface region leading to enhancement of Ay.. The investigation brings out, for the first time, the salient
changes in Ay in SIRs for the two solar cycles and highlight the importances of bulk velocity angle and differential velocity in
the fast wind region for the changes in Ay, in SIRs.

Key words: Sun: abundances — Sun: activity — Sun: coronal mass ejections (CMEs) - Sun: heliosphere — Sun: magnetic fields—

Solar wind.

1 INTRODUCTION

The stream interaction regions (SIRs) are large-scale and long lasting
structures in the interplanetary (IP) medium. SIRs influence the
dynamics of near-Earth solar wind properties and hence, associated
space weather impact. The SIRs are formed by the interaction of
high-speed solar wind stream with the preceding slow solar wind.
The increase in plasma density, magnetic field strength, and plasma
pressure indicate compressed plasma in the SIR. SIRs have three
parts — slow-wind region, stream interface region, and fast-wind
region. The stream interface (SI) is usually characterized by an
abrupt drop in density, an increase in the temperature/pressure, and
a change in velocity with a large gradient at 1 au (Belcher & Davis
1971; Burlaga 1974). Earlier researchers have studied the changes in
solar wind plasma parameters, i.e. density, magnetic field, dynamic
pressure, etc. (Richardson 2018, and references therein) associated
with SIR. However, there are very few studies (e.g. Gosling et al.
1978; Duroveov4, Németek & Safrankova 2019) on how SIR would
alter the solar wind plasma composition in general and alpha—
proton ratio (expressed as Ape = N,/N,x100) in particular. This is
probably because large enhancement in Ay, in SIRS is rare unlike
interplanetary coronal mass ejections (ICMEs) wherein significant
enhancements in Ay, are observed quite frequently (Richardson &
Cane 2010; Fu et al. 2020; Yogesh, Chakrabarty & Srivastava 2022,
etc.). Nevertheless, how Ay, varies across the SI can be very useful
in characterizing SIR structures and to evaluate their space weather
impact.

* E-mail: yphy22@gmail.com, dipu@prl.res.in

© 2023 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

It is also worthwhile to mention here that Ay, can provide
indication about the source region of the solar wind (e.g. Borrini
et al. 1982; Kasper et al. 2007). It is also known that although the
Ape is 8 per cent in the photosphere, it gets depleted in corona and
solar wind and gets fixed at a 4-5 percent level (Laming 2004).
Yogesh, Chakrabarty & Srivastava (2021) showed that this scenario
got changed in solar cycle 24 when Ay, shifted towards lower values
(2-3 percent) indicating changes in the helium processing in the
corona in the last cycle. Further, Ay, varies in solar wind according
to solar wind speed and the solar activity level (Kasper et al. 2007;
Alterman & Kasper 2019; Yogesh et al. 2021). Usually, the fast wind
shows higher Ay, as compared to the slow wind. Ay, values are more
variable in slow solar wind, whereas it does not vary significantly
in the case of fast wind. Yogesh et al. (2022) also showed that the
possible interplay of chromospheric evaporation and gravitational
settling determines the enhanced Ay, level in ICMEs reported earlier
(e.g. Borrini et al. 1982; Fu et al. 2020, etc.). However, very little has
been reported for the Ay, variations in SIR. It was thought earlier that
changes (generally increase) in helium abundance in SIR structures
are only because of the transition in the type of solar wind (Gosling
et al. 1978; Wimmer-Schweingruber, von Steiger & Paerli 1997).
Gosling et al. (1978) also showed that alpha flow speeds relative to
protons change abruptly at the interface. Recently, Duroveovi et al.
(2019) suggested that the pitch angles and velocity of alphas in the
proton frame are important factors to be accounted to explain the
enhancement in Ap, in SIRs.

In this letter, we investigate a large number of SIR events spanning
over solar cycle 23 and 24 (henceforth, SC23 and SC24) in the
context of slow/fast wind and solar maxima/minima. This has not
been attempted so far.
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Figure 1. Superposed epoch analysis (SPA) of the 436 SIR events. The red vertical dashed line is the epoch time. The ST is chosen as the epoch time. The upper
seven rows show the magnetic field components (By, By, B), velocity (V), the difference between the alpha and proton velocities (V — V;), number density of
alpha and proton (N,, Np), Helium abundance (Age), East-West GSE bulk flow angle (¢), and North-South flow angle (6). The row number eight shows the
difference between scaled proton number density (Scaled density = <N> = (n—npin }/(ftmax —7imin)) and scaled alpha number density (<N, > — <N,>). The
row number nine shows the East-West velocity of alphas and protons (Vs (a), Vs(p)). The ¢ and Vs are good indicators for the change in the solar wind type,
i.e. from slow to the fast wind. Note, R? (coefficient of determination) between <Np> — <N,> and ¢ is very high (more than 90 per cent). This suggests that
the proton pile-up dominates slow wind, whereas the alpha pile-up dominates fast wind.

2 DATA AND SELECTION OF SIR EVENTS

For the present investigation, we have used the Solar Wind Experi-
ment (SWE) data on board the WIND spacecraft (Ogilvie et al. 1995).
The data set has a resolution of approximately 92 s. The magnetic
field measurements are taken from the Magnetic Field Investigation
experiment (Lepping et al. 1995).

The SIR events are taken from the catalogue compiled in Chi et al.
(2018). The details regarding the selection of events and the start
and end times of the events at the spacecraft can be found in Chi
et al. (2018) and references therein. This catalogue contains 866 SIR
events observed during 1995-2016. We have removed the events
which do not have continuous coverage of data. The SIR events,
having possible mix-up with ICMEs within one day before the start
time and one day after the end time, are also removed to make sure

MNRASL 526, L13-L19 (2023)

that only pure SIR events are considered. The ICME events are taken
from the Richardson & Cane catalogue (Richardson & Cane 2010).
The above criteria lead to 436 events that are used eventually for the
present investigation.

We have divided the SIR events into four categories, i.e. SC23 min-
ima (1996-1998; 2006-2009), SC23 maxima (1999-2005), SC24
minima (2010-2011; 2016), and SC24 maxima (2012-2015). Note,
SIR events beyond 2016 are not available in this catalogue making
the number of SIR events considered in SC24 much less compared to
SC23. Nevertheless, by considering identical number of SIR events,
we have verified (see supplementary Fig. S1 and compare with
Fig. 4) that the scientific inferences reported in this work remain
invariant. Therefore, in this work, we exploit the full available data
base.
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Figure 2. SPA of number densities of alphas (blue) and protons (red) in
SC23 and SC24 are shown with one sigma error bar for SC23 minima, SC24
maxima, SC24 minima, and SC24 maxima. The number of events considered
are also mentioned at the top of each panel. The dashed black, red, and blue
vertical lines represent the S, the peak value of proton density towards the
slow wind region (SWR), and the peak value of alpha density towards the
fast wind region (FWR), respectively. The additional peaks of alpha particles
towards fast wind (in SC23 minimum and SC24) suggest the differential
behaviour between the alphas and protons across SI.
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Figure 3. The bulk velocity angle distribution (BAD) for minima and
maxima for SC23 and 24 are shown only for the SWR. The red and blue
colours are used for protons and alphas, respectively. The upper part of each
panel shows the BAD for SWR of SIR and slow background wind. The
lower part of each panel shows the difference between SIR BAD and the
background slow wind. The green colour indicates the difference between
alpha and proton BAD for SWR.

3 RESULTS AND DISCUSSION

3.1 Superposed epoch analysis (SPA) of the total events during
solar maxima and minima

Fig. 1 shows the SPA of the SIR events used in this work. The
cadence of data is changed from the 92s to 2min to generate the
SPA outputs. The SI is the boundary between the slow and fast wind.
The SPA is carried out with respect to the zero-epoch line which,
in this case, is the SI. Henceforth, the slow wind side of SI will be
referred to as the SWR, and the fast wind side will be described
as the FWR. It can be noted from Fig. I that although SPA mixes
together measurements from inside the SIRs with those from outside
the SIRs, the characteristic changes related to SI occur mostly within

Helium abundance in SIRs  L15

Fast wind (SC23 minima- 157) Fast wind (5C24 minima- 70)

* Proton (p) *  Proton (p) i
4] ¢ wenate) 4] ¢ wenae i s
—- Background(p) " —- Backgroundip)
—- Background(a) i Backgrounda) .
S ~ly,
N e N ’.‘d i
22 7 22 %
E R E
gy ‘4{.‘," Res. (o) g1 - Restp)
i G = e Resfe) & = Resfo)
ol & B (78 — FalF) . (B8 — Haprm
18 18
0w 0 @
oY 1 Y-
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Fast wind (SC23 maxima- 120) Fast wind (SC24 maxima- 89)
* Proton (p) +  Proton (p)
N ®  Alpha(a) g *  Aipha (a)
—- Background(p) —+ Background(p)
5| = marna 4| = e o
s Ly
2 =l
c2 £2
E El
g1 Res.(p) g 1 Res.(p)
& d k- vees Ps.(a) & were Resfa)
¥ (M4  — FaFip 3 () ———ey
13 13
03 Fo-10 B
Qe =
0 15 30 45 60 75 9% 0 15 30 45 60 75 9%

Bulk velocity angle Bulk velocity angle

Figure 4. The BAD for minima and maxima for SC23 and 24 are shown
only for the FWR. The red and blue colours are used for protons and alphas,
respectively. The upper part of each panel shows the BAD for FWR of SIR
and background fast wind. The lower part of each panel shows the difference
between SIR BAD and background fast wind. The green colour indicates the
difference between alpha and proton BAD for FWR.

an interval of £10h with respect to zero-epoch line. Note, in our
investigation, the duration of 80 per cent of SIR events are more than
20h. Therefore, we believe that results presented in this work are
statistically valid.

The change in the magnetic field, number density, and velocity can
be observed in the SPA (Fig. 1). The change in East-West flow angle
(¢)1is a good indicator for Slidentification (Rout et al. 2017; Mayank,
Vaidya & Chakrabarty 2022). An important point that emerges from
this figure is that the difference between the scaled proton number
density (scaled density = <N> = (0 — Nyin)/(Nmax — Nimin)) and
scaled alpha density show very high correlation (See Fig. 1) with
the East-West flow angle (¢). This differential scaled density also
suggests that the pile-up of protons is dominant over alphas in SWR,
whereas the alphas pile-up dominates towards FWR. Therefore, it
becomes apparent from the SPA that this differential pile-up is the
primary cause of relative enhancement of Ay, in the FWR of SIRs.
The possible reasons for this differential pile-up and the variations
in Ape in minima and maxima of SC23 and SC24 are taken up in the
ensuing sections.

3.2 Superposed epoch analysis (SPA) of number densities of
alphas and protons in SC23 and SC24

In this section, we show the SPA of the number density of alphas and
protons (N, and N,) corresponding to maxima and minima of SC23
and SC24 (Fig. 2). The SI (dashed black line) is used as the zero-
epoch time. The duration of 20 h before and 20 h after the zero-epoch
time is shown. The variations in protons and alphas are shown in red
and blue colour respectively, with one sigma error bar. The red and
blue dashed vertical lines represent the peak value of proton number
density towards SWR and the peak alpha number density towards
FWR.

It can be observed from Fig. 2 that alphas have distinct additional
SIs towards FWR during SC24 (both minima and maxima) and
this additional ST seems to be absent in SC23. In SC23, the SI of
alphas either coincides with SI of protons (maxima) or lies distinctly
separated (primary SI) in the FWR region (minima). Whether it is

MNRASL 526, L13-L19 (2023)

€202 Jequieoa( Z| Uo Jasn AlojeiogeT] yoleasay |eoisAud AQ 9/89€2/2/€ L 1/L/92S/1oIE/|seluw/wod dno-ojwepeoe//:sdily wolj papeojumoq



L16  Yogesh, D. Chakrabarty, and N. Srivastava

% Slow wind (SC23 minima- 157)

Slow wind (SC24 minima- 70)

10

.

- Vel —— Residual
- B
. 5
‘
3
“} 0 g
i’ B
it
VY ]
o \
.
s T,
-10
-20 -10 0 10 20

Slow wind (5C24 maxima- 89)

20

- Vol
« Bg

—=— Residual

- Velp : —— Residual
- Bg.
15 i
g
10 werretiesd
3 TN e
& : iy
5 H
H .
rd “
1 e
0] sesensent’ T
-20 -10 0 10 20
55 Slow wind (SC23 maxima- 120)
- VeV, o —— Residual
* Bg.
15
'
z
710
2 (Rl
g
= o
5 i
s :
o %,
0] serererst? rteersrisosen
-20 -10 0 10 20
Vel

=
¥ L
[ §
fot
'
"R -5
g b
« i,
rereeness” ettertsetenns
-10
-20 -10 0 10 20
Vol

Figure 5. The distribution of differential velocity (alpha velocity—proton velocity) for minima and maxima for SC23 and 24 are shown only for the SWR. The
red and blue colours are used for differential velocity distribution for the SWR in SIR and background (Bg.) slow wind, respectively. The green colour shows
the difference between the SWR in SIR and the background slow wind distribution.
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Figure 6. The distribution of differential velocity (alpha velocity—proton velocity) for minima and maxima for SC23 and 24 are shown only for the FWR. The
red and blue colours are used for differential velocity distribution for the FWR of SIR and background (Bg.) fast wind, respectively. The green colour shows the

difference between the FWR of SIR and background fast wind distribution.

primary or additional alpha S, both are separated by ~2h from the
proton SI. Therefore, as the alpha SIs are well separated (with the
exception of SC23 maxima) based on statistically significant data set,
we treat these alpha SIs as real. In addition, there is no abrupt decline
in the alpha number density similar to proton density across the SI.
This suggests that an enhanced helium abundance can be expected in
the FWR of SIRs. It is now known that SC24 is a weaker cycle and
the declining solar activity could be observed from the SC23 minima
(deep minimum) itself while the maximum of SC23 was relatively
stronger (Hathaway 2015). Therefore, it appears that the enhanced
helium abundance at the SWR of SC23 maxima is associated with
the SC23 solar activity.

Duroveov et al. (2019) considered the SIRs as analogous to a
magnetic mirror assembly. The important parameters which control
the motion of charged particles in curved magnetic fields are the pitch
angle and the velocity of ions. In this work, instead of pitch angle,
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we have considered angle between bulk velocity vector and local
magnetic field vector and differential velocity between alphas and
protons. We have evaluated how these parameters affect the alpha
and proton number density for different phases of SC23 and SC24.
It can be noted from Fig. 2 that the behaviour of alphas and protons
are different in the SWR and FWR of SIR. Therefore, these regions
are investigated individually in the upcoming subsections.

3.3 Bulk velocity angle distribution (BAD)

We define bulk velocity angle with respect to the local magnetic
field (in short, BA) for both protons and alphas and construct BAD.
Note, BAD is different from pitch angle distribution or PAD as BAD
deals with the angle of bulk velocity of ions with respect to the local
magnetic field direction while PAD deals with the angles between
the individual ion velocity with respect to the local magnetic field
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direction. BA is defined as follows

B.V
BA = cos™! (——). 1
(| B ‘) M
Here, B is the magnetic field vector and V is the bulk velocity
vector. The BAD from 0° to 90° is only considered here and this is
ensured by taking modulus in the denominator. This is done as the
BAD between 90° to 180° is expected to be the mirror image of the
BAD between 0° to 90°. To start with, we have grouped the BA data
(~92 s cadence) from SWR and FWR of all the SIR events separately.
Subsequently, a BAD is constructed by taking a bin size of 2°. Fig. 3
shows the BAD in minima and maxima of SC23 and SC24 in SWR.
To understand the effect of the stream interaction, the BAD of SIRs
is compared with the BAD of the background slow and fast winds
in absence of SIR. Solar wind velocities less than 400kms~! and
higher than 500 kms~" are used to construct the references for the
slow and fast background wind, respectively. The solar wind having
velocities between 400-500 km s~ is not considered to maintain the
sanctity of the references. In addition, the ICME events are also
removed from the data to estimate the background references. Note
the references are constructed based on data during 1996-2016 to
make it consistent with the SIR catalogue. The red and blue colours
are for protons and alphas, respectively.

3.3.1 Slow Wind Region (SWR)

In each panel of Fig. 3, the upper part shows the BAD (of protons
and alphas) in SWR of SIR in dotted lines whereas the dotted dashed
lines capture the BAD for the background wind. The dashed vertical
lines show the crossover of the SWR of SIR and the background
BAD. The lower part of each panel shows the difference between the
BAD in SWR of SIR and background slow solar wind. The green
line shows the difference or residual between the BAD of alphas and
protons in the SWR of SIR.

A few important points can be noted from Fig. 3. A part of the
lower BAs (before the crossover) distribution seems to have shifted
towards the higher values (after the crossover). This shift seems to
maximize in the maxima of the SC24. The crossover point is nearly
at 50° in SC23 and SC24. The alphas and protons have similar
crossover points except for SC23 minima wherein a difference of
2.7° is noticed. The SC24 maxima shows the highest shift of particles
from lower BAs to higher BAs. Another important feature is that the
SWR distribution shows a plateau region (lack of distinctly sharp
peaks in the BAD) for both maxima and minima for higher BAs in
SC23. In contrast, conspicuous peaks are noticed in the case of SWR
distribution during both maxima and minima in SC24. Despite all
the above features, the green line is near zero which means there is
little difference between the alpha and proton BAD. Therefore, there
is no significant difference between the BAD of alphas and protons
in the SWR of SIR although there are higher number of protons or
alpha particles for higher BAs than the background slow solar wind.

3.3.2 Fast Wind Region (FWR)

A similar analysis is also performed for FWR in SIR. Fig. 4 is
analogous to Fig. 3 but with the properties of FWR and background
fast wind. It can be observed from Fig. 4 that a part of particle
distribution having lower BAs than the background solar wind seems
to have shifted towards higher values similar to SWR. However, one
difference is noticed. The BAD for FWR and background fast wind
have at least two distinct crossover points unlike the slow solar wind

Helium abundance in SIRs ~ L17

when only one crossover point is seen. The first crossover point
is at the lower BA, whereas the second is at a very high value.
The crossover BAs are nearly 40° and 45° for protons except for
SC23 minima (31.1° proton and 37.6° alpha). The proton and alpha
BAs crossover points have a difference of approximately 5°. The
alphas have higher crossover angles, suggesting that more alpha
particles are shifted towards higher BAs. Unlike SC23, the variation
in the green line (in the lower panels) in this case suggests that
alphas are more at higher BAs than protons. This alpha and proton
distribution difference is the least in the SC23 minima. Note, SC23
is characterized by a deep minimum period (Hathaway 2015). Based
on these results, it can be stated that the alphas behave differently
than protons in the case of the FWR. In addition, the BA crossovers
are different from those for SWR.

We have also repeated this exercise for helium ions in solar wind
(proton) frame. These results are presented in supplementary figs S2
and S3. It can be seen from S2 and S3 that the alpha particles are
shifted towards higher BAs in FWR whereas this feature is absent
for SWR. This is consistent with Figs 3 and 4.

3.4 Distribution of differential velocity between alphas and
protons in SC23 and 24

The variation in the difference between the alpha and proton
velocities (differential velocity) are shown in Figs 5 and 6 for SWR
and FWR in SC23 and 24 similar to Figs 3 and 4. Figs 5 and 6
show the distribution of velocity difference for SWR and FWR
respectively. The red colour in both the Figures shows the differential
velocity distribution for SWR and FWR for SIRs. The blue colour
indicates the distribution for the background differential velocity.
The green colour is the difference between the two distributions, i.e.
differential velocity distribution for SIR and background velocity. It
can be observed from Fig. 5 that there is hardly any difference in
the distribution for SWR in SIR and in the background solar wind
barring slight differences at the distribution centre (V, — V, =0).

The FWR distribution for differential velocity shows significant
changes than the SWR distribution. The background distribution
shows relatively enhanced tails towards the positive side because
of the fact that alphas have higher velocity than protons in the
background fast wind. Or in other words, velocities of alpha particles
getreduced in the case of the FWR of SIRs. Therefore, the faster alpha
particles are slowed down in the interaction region and accumulate
near the centre (Va = Vp) of the distribution. This is captured by
the substantial enhancement of the residual curve in green near the
centre, suggesting the accumulation of alpha particles in the proton
frame. This is the primary cause of the enhanced helium towards the
FWR of SIRs and it is probably consistent with additional SI found
in Fig. 2. The additional SI for alphas in Fig. 2 suggests preferential
accumulation of alpha particles in the FWR. The decoupling of this
additional SIfrom the SI determined based on proton number density,
compressed magnetic field at the interface, flow deflection, and
temperature increase (Chi et al. 2018) suggest that these additional
alpha ST is not because of mixing. If it were the case, additional
SI would have been found in SWR also. Therefore, it appears that
alpha particles get decoupled towards the FWR owing to differential
forcing arising out of the differences in BA and velocity with respect
to protons.

We also note that there is little difference in the behaviours of
velocity differences in the maxima and minima of SC23 and SC24.
This suggests that unlike N, and BA, the change in the differential
velocities between alphas and protons in SIRs with respect to the
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background solar wind is due to primarily IP processes. This aspect
will be discussed further in the next section.

3.5 Validity of magnetic mirror hypothesis

It must be mentioned that processes other than magnetic mirror
may also contribute in the variation of Ay, within SIRs. As the
SPA shows distinctive changes in Ay, around SI, the role of
other processes operational within the interaction region cannot be
neglected. Therefore, the finite role of diffusive shock acceleration in
changing Ay, in SIR may be hypothesized (Durovcovi et al. 2019).
However, as Durovcové et al. (2019) pointed out, changes in Ay,
are also observed for SIRs/CIRs that are not bounded by shocks.
Under this scenario, the role of diffusive shock acceleration is not
unambiguous. Further, the simple magnetic mirror model disregards
the effects of turbulence and plasma waves in the solar wind that
may be associated with the passage of SIR through IP medium. Note,
propagation of SIR/CIR through IP medium can bring in non-linear
effects associated with magnetic field steepening and expansion (e.g.
Burlaga & F.-Vifas 2004; Durovcov et al. 2019). For an accurate
description and modelling of the behaviour of helium inside SIRs,
these aspects need to be considered.

3.6 Uncertainties associated with alpha particle measurements

The derived alpha parameters, in general, come with larger uncertain-
ties than proton parameters. In addition, in the compression region,
there can be significant overlap between proton and alpha velocity
distribution functions. In the present work, we have considered
the mean values of proton, alpha densities, and velocities without
considering the 1o (standard deviation) variations. This will not
affect the inferences drawn in this paper although the exact nature
of BA and differential velocity distributions will be affected. For
example, if we consider 1-o variations, the value of the crossover
BA will change as well as the width of the residual curve centred
around zero differential velocity will get affected.

4 SUMMARY

In this letter, we show that alphas and protons show different
behaviour in the SIRs and enhancement in Ay, occurs across the SI
in the FWR. Gosling et al. (1978) suggested that the enhancement in
Ape at the SIis caused by the difference in the type (fast or slow wind
having high and low Ay, respectively) of solar wind. The SIRs can
be considered as magnetic bottles or mirror assemblies (Duroveové
etal. 2019). It is well known that the magnetic field and the velocity
of the ions play important roles in controlling the bounce motion of
particles. The magnetic mirror force depends on the ions’ magnetic
moment, m = mV, %/2B. This force slows down the ions or the ions
having a BA higher than the loss cone angle tend to have bounce-back
motions. Our results suggest that alphas and protons have similar BAs
in SWR, but in the case of FWR, more alpha particles are distributed
towards higher BAs as compared to protons. It may be noted that
the mirroring hypothesis works best when BAs (varying 0 to 90° in
this case) exceed the loss cone angle. Therefore, as long as the mean
loss cone angle is closer to the BA crossover shown in Figs 3 and
4, the mirroring hypothesis can be applied. The observed changes
in Ay, in SIR with respect to loss cone angle is discussed in detail
in Durovcové et al. (2019). Another aspect to be noted is that the
BA crossover between SIR distribution and background distribution
is similar for alpha and protons for SWR. This crossover differs
by approximately 5° in the case of FWR of SIRs. This change in
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distribution may play an important role in causing the enhancement
of alpha particles in the FWR of SIR.

In addition to BA, solar wind velocity also plays a vital role
in deciding the number density. In general, protons and alphas
have similar speeds in the slow wind, whereas alphas are faster
than protons in the fast wind. The alphas have a higher magnetic
moment because of the higher velocity and mass. So, alpha particles
experience more magnetic curvature or mirror force than protons.
The implication of this higher force can be seen in Fig. 6 as the
frequencies of alpha particles faster than protons are reduced in the
case of FWR of SIRs. So, this difference in curvature force for alphas
and proton causes a generation of the second peak of alpha particles
towards FWR.

The additional important point that emerges from this work is that
the SWR BAD in SC24 shows similarities with the overall FWR
BAD as these show peaks at higher BAs. On the contrary, the SWR
distribution in SC23 shows a plateau region at higher BAs. This
probably indicates additional influence of the changes in the sources
of slow solar wind in SC24 compared to SC23.

The above results reveal that the variations in helium abundance
near the SI are not primarily determined by the level of solar
activity. Instead, it appears that the primary factors affecting helium
abundance in this region are BA and differential velocity. The solar
activity can determine the level of enhancement towards SWR
because it changes the background value of helium abundance in
the slow solar wind. This can be observed in Fig. 2, that the level
of enhancement in helium differs in SWR whereas these levels are
approximately the same in the FWR region.

In a nutshell, the SWR of SIRs does not show significant changes
in BA and differential velocity. This may be the primary cause behind
the similar enhancement in the alphas and protons in the case of SWR.
Inthe case of FWR, the BA and differential velocity distribution show
significant differences between alphas and protons. The crossover
between background distribution and the FWR distribution for alphas
is at a higher angle than protons. It means that more alphas are shifted
towards higher BA than protons, causing a significant enhancement
in the alpha number density. This probably causes the second peak of
alphas in the FWR. The differences in the BAD for SC23 (plateau)
and SC24 (peak) possibly indicate additional changes in the source
of slow wind during SC23 and SC24. On the contrary, the differential
velocities of alphas and protons do not show any significant change
in SC23 and SC24. This suggest primary role of SIR in determining
the differential velocities.
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Supplementary Figure S1: Similar to figure 4, the Bulk velocity Angle Distribution
(BAD) for minima and maxima for SC23 and 24 are shown only for the fast wind region
(FWR). The number of events are taken equal (60) in maxima and minima of SC23 and
SC24. The red and blue colors are used for protons and alphas, respectively. The upper
part of each panel shows the BAD for FWR of SIR and background fast wind. The lower
part of each panel shows the difference between SIR BAD and background fast wind. The
green color indicates the difference between alpha and proton BAD for FWR. The difference
in bulk velocity angle crossover point for alpha and protons can be observed. The results in
this figure are almost similar to figure 4 irrespective of the change in number of events.
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Supplementary Figure S2: Similar to figure 3 but in solar wind (proton) frame. The
upper part of each panel shows the BAD for SWR and background slow wind. The lower
part of each panel shows the difference between SWR BAD and background slow wind.
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Supplementary Figure S3: Similar to figure 4 but in solar wind (proton) frame. The
upper part of each panel shows the BAD for FWR and background fast wind. The lower
part of each panel shows the difference between FWR BAD and background fast wind.
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