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Abstract

Coronal mass ejections (CMEs) belong to the most energetic explosions in the solar atmo-
sphere, and their occurrence rates exhibit obvious solar cycle dependence with more events
taking place around solar maximum. Composition of interplanetary CMEs (ICMEs), refer-
ring to the charge states and elemental abundances of ions, opens an important avenue to
investigate CMEs. In this paper, we conduct a statistical study on the charge states of five
elements (Mg, Fe, Si, C, and O) and the relative abundances of six elements (Mg/O, Fe/O,
Si/O, C/O, Ne/O, and He/O) within ICMEs from 1998 to 2011, and find that all the ICME
compositions possess a solar cycle dependence. All of the ionic charge states and most of the
relative elemental abundances are positively correlated with sunspot numbers (SSNs), and
only the C/O ratios are inversely correlated with the SSNs. The compositions (except the
C/O) increase with the SSNs during the ascending phase (1998-2000 and 2009-2011) and
remain elevated during solar maximum and descending phase (2000-2005) compared to so-
lar minimum (2007-2009). The charge states of low-FIP (first ionization potential) elements
(Mg, Fe, and Si) and their relative abundances are correlated well, while no clear correlation
is observed between the Co*/C3*+ or C®*/C** and C/O. Most interestingly, we find that the
Ne/O ratios of ICMEs and slow solar wind have the opposite solar cycle dependence.
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1. Introduction

Coronal mass ejections (CMESs) are energetic explosions that occur in the solar atmosphere
(Forbes, 2000; Chen, 2011; Webb and Howard, 2012), which are called interplanetary CMEs
(ICMEs) after they leave the corona. ICMEs can propagate at high speed in the interplane-
tary space (Liu et al., 2014; Manchester et al., 2017) and induce strong geomagnetic storms
when they arrive at the Earth’s magnetosphere (Gosling et al., 1991; Zhang et al., 2007;
Shen et al., 2017). CMEs result from eruptions of magnetic flux ropes that can form prior
to (Patsourakos, Vourlidas, and Stenborg, 2013; Cheng et al., 2014) and during (Song et al.,
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2014; Ouyang, Yang, and Chen, 2015) solar eruptions. Studies demonstrate that both mag-
netic reconnection (Lin and Forbes, 2000; Zhang et al., 2001; Qiu et al., 2004; Marici¢ et al.,
2007; Miklenic, Veronig, and Vr$nak, 2009; Zhu et al., 2020) and ideal magnetohydrody-
namic instability of flux ropes (Forbes and Priest, 1995; Chen, Hu, and Sun, 2007; Song
et al., 2013, 2015a, 2018; Cheng et al., 2020) can contribute to the CME acceleration.

The counterpart of CME flux ropes in the interplanetary space is called magnetic cloud
(Burlaga et al., 1981) that is only detected in about one-third ICMEs near 1 au (e.g., Chi
etal., 2016). Researchers have suggested that the geometric selection effect decides whether
the magnetic-cloud features are detected or not (Zhang, Hess, and Poomvises, 2013; Xie,
Gopalswamy, and St. Cyr, 2013), which is further supported by recent studies (Maricic et al.,
2020; Song et al., 2020). The in situ measurements of ICMEs can provide information on
their velocity, density, temperature, magnetic field, as well as composition, including the
charge states and the elemental abundances of different ions, which are very helpful to in-
vestigate CMEs (Song and Yao, 2020).

The elemental abundances in ICMEs do not change during their transit to 1 au, while the
ionic fractions for a given chemical element may vary substantially near the Sun. For sim-
plicity, let us assume that the velocity difference between species in different charge states is
not that important for determining the ionic fractions (see e.g., Chen, Esser, and Hu, 2003).
This then makes it meaningful to follow a fluid parcel moving with the bulk velocity v and
varying at a dynamic timescale tqy, = 1/|D/Dt|, where D/Dt =3/t + v - V is the ma-
terial derivative. The so-called ionization equilibrium is realized when 74y, is much longer
than the timescales characterizing the ionization/recombination processes (Tion). If accepting
that the ionization is primarily due to electron impact (and possibly autoionizations) and the
recombination largely involves radiative and dielectronic processes, then the ionization/re-
combination frequencies (Vion = 1/7ion) are proportional to the electron density N, as well
as the ionization and recombination rate coefficients, which in turn depend essentially only
on the electron temperature (7,) (e.g., Owocki, Holzer, and Hundhausen, 1983; Del Zanna
and Mason, 2018; Shi et al., 2019; Li et al., 2020). Ionization equilibrium is expected when
a fluid parcel just leaves its source regions given the pertinent high values of N,. However,
when a fluid parcel moves through the first several solar radii, N, decreases rapidly with
time (or equivalently with heliocentric distance), making 4y, (much) shorter than T, be-
yond some distance. Rivera, Landi, and Lepri (2019) have visualized the departures from
ionization equilibrium for a number of ions within ICMEs near the Sun. The end result is
that the ionization fractions do not vary any longer, i.e., freeze-in. This means that the ionic
fractions measured in situ are largely determined by the physical parameters near the Sun
where freeze-in occurs (Rakowski, Laming, and Lepri, 2007; Lynch et al., 2011; Gruesbeck
et al., 2011; Gruesbeck, Lepri, and Zurbuchen, 2012; Song et al., 2015b,c), which have been
further used to infer the eruption process of flux ropes (Song et al., 2016; Wang et al., 2017;
Huang et al., 2018). It should be noted that the different structures of CMEs have different
freeze-in history (Gruesbeck, Lepri, and Zurbuchen, 2012; Rivera et al., 2019), which leads
to the complex nature of ICMEs and makes the interpretation of ions in situ less straightfor-
ward.

The O7*/0% and C®+/C>* have long been adopted to differentiate the solar wind sources
(Zurbuchen et al., 2002; Zhao et al., 2017b), and Landi et al. (2012a) showed that the
C8+/C*+ is more sensitive to indicate the electron temperatures. The charge states of C*~6+
and O°~7* freeze-in close to the Sun, and the formation temperature of C*+, C°+, O, and
O’* covers a large range (Landi et al., 2012a,b). Therefore, their freeze-in abundances do
not change drastically prior to freeze-in and remain good representations of the source re-
gion of solar wind. Contrary to the charge state ratios of O and C, the average charge state
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of Fe (<Qpg.>) acts as the sensitive indicator of electron temperatures in the corona (e.g.,
Lepri, Landi, and Zurbuchen, 2013). Fe charge states freeze-in at a larger distance range
from 1.2 R to beyond 5 Ry, in the solar wind and farther for ICMEs. Thus the Fe charge
states become less representative of source region, while are more appropriate for analyzing
CME eruption process (Song et al., 2016; Wang et al., 2017).

Observations have found that the abundances of elements with a low first ionization po-
tential (FIP) are often enhanced over the high-FIP elements in the solar upper atmosphere
and solar wind. The separation between low and high FIP is ~10 eV, and Mg, Fe and Si are
considered as low-FIP elements while O, Ne and He are considered as high-FIP elements.
Young (2005) reported that the Mg/Ne abundance ratio in the transition region of the Sun
is enhanced over the photospheric value by a factor less than 2, and Feldman et al. (1998)
found that the low-FIP elements are enriched by about a factor of 4 in the corona above
the quiet equatorial region. This abundance anomaly pattern is referred to as the“FIP effect”
(Laming, 2015). The solar wind plasma is accelerated in the solar corona and its elemental
abundances are expected to be consistent with that of the corona, rather than the photosphere
(e.g., Schmelz et al., 2012; Zhao et al., 2017b). The FIP effect can be employed to diagnose
the origin of ICME plasmas (Zurbuchen et al., 2016; Song et al., 2017a; Fu et al., 2020).
Therefore, several studies have been conducted on the characteristics and applications of
ICME composition (Song and Yao, 2020, and references therein). For example, Song et al.
(2017a) analyzed the elemental abundances of an erupted filament within an ICME near 1 au
and found that its relative abundances are close to the corresponding photospheric values.
This does not support that the filament plasma originates from the corona.

Owens (2018) analyzed the charge states of C, O, and Fe within 215 ICMEs, including
97 magnetic clouds and 118 non-cloud events. The work reported that magnetic clouds
exhibit higher ionic charge states than non-magnetic clouds. In addition, statistical results
demonstrated that fast magnetic clouds have higher charge states and relative elemental
abundances (except the C/O) than slow ones (Owens, 2018; Huang et al., 2020), and cold
prominence plasmas with lower charge states can be detected within ICMEs near 1 au (Lepri
and Zurbuchen, 2010; Gilbert et al., 2012; Sharma and Srivastava, 2012; Wang, Feng, and
Zhao, 2018; Feng et al., 2018). Zurbuchen et al. (2016) performed a comprehensive analysis
of the elemental abundances of 310 ICMEs on Richardson and Cane’s catalog from 1998
March to 2011 August (Richardson and Cane, 2010). They reported that the abundances of
low-FIP elements within ICMEs exhibit a systematic increase compared to the solar wind,
and the ICMEs with elevated iron charge states possess higher FIP fractionation than the
other ICME:s.

The solar cycle has an average period of ~11 years, which is well represented by the
sunspot numbers (SSNs). Remote observations report that the Sun’s evolution and variation
over the cycle are very obvious. For instance, the structure of solar corona varies with solar
cycle from a near spherical symmetry at solar maximum to an axial dipole at minimum (Dik-
pati, Suresh, and Burkepile, 2016). The numbers of active regions in the solar atmosphere
decrease gradually from solar maximum to minimum, which might reflect the underlying
physical driver of the variations—the solar dynamo (Charbonneau, 2020). More solar ac-
tivities, such as CME:s, flares and filament eruptions, occur in active regions around solar
maximum (e.g., Chen, 2011). As both slow solar wind and ICMEs originate from quiet-Sun
areas and active regions, which have different physical properties, such as temperature, den-
sity, as well as magnetic field structure, and the detected slow wind and ICMEs near 1 au
are more frequently originate from the active region around solar maximum compared to
minimum, the measured composition of solar wind and ICMEs should exhibit solar cycle
dependence.
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Previous studies showed that both the charge states and elemental abundances of solar
wind (with the exclusion of ICME periods) have a solar cycle dependence (Lepri, Landi, and
Zurbuchen, 2013; Shearer et al., 2014; Zhao et al., 2014, 2017b). A recent study revealed
that the Mg/O, He/O, and the average charge states of C and O within ICMEs exhibit the
solar cycle dependence (Gu, Yao, and Dai, 2020) similar to the solar wind. As ICMEs and
solar wind result from different mechanisms (Chen, 2011; Abbo et al., 2016), a more com-
prehensive statistical study on the solar cycle variation of ICME composition is necessary to
examine whether some differences exist between ICMEs and solar wind and to infer more
knowledge about CMEs and/or FIP effect. This is the major motivation of this paper. We
introduce the data and ICME catalog in Section 2, present the statistical results in Section 3
and give the discussion in Section 4. Section 5 is the summary.

2. Data and ICME Catalogs

The compositional data in this study are obtained from the Solar Wind Ion Composition
Spectrometer (SWICS; Gloeckler et al., 1998) aboard the Advanced Composition Explorer
(ACE), which was launched in 1997 and orbits around the L1 point. SWICS is optimized
for low-noise measurements of the solar wind composition. It identifies a solar wind ion
through a combination of three independent measurements, i.e., an electrostatic selection of
its energy-per-charge (E/q), a time-of-flight measurement of its speed, and a measurement of
its total energy (Gilbert et al., 2012). SWICS can provide the charge-state distributions and
abundances of ~10 elements, and the newly released SWICS 1.1 level 2 data (Shearer et al.,
2014) are used in our analysis, which can be downloaded from the ACE science center.! The
yearly average SSNs are from the Solar Influence Data Center of the Royal Observatory of
Belgium.?

Experts in ICME fields have provided several complete and reliable catalogs based on
measurements of the ACE (Richardson and Cane, 2010, RC catalog), WIND (Chi et al.,
2016; Nieves-Chinchilla et al., 2018), and the Solar Terrestrial Relations Observatory (Jian
et al., 2018). Every catalog contains the ejecta boundaries of each ICME, which can be
adopted to analyze the composition of ICME ejecta. As the ICME compositional data ana-
lyzed in this paper are provided by the SWICS aboard the ACE, we choose to use the RC
catalog.’

The optimal SWICS data are available online from 1998 February to 2011 August, during
which 319 ICMEs in total appear in the RC catalog. The histograms in Figure 1 display the
yearly numbers of ICMEs from 1996 to 2011 with the gray denoting the events occurred
between 1998 February and 2011 August. Note that there are 36 and 32 ICMEs in 1998 and
2011, respectively, while no optimal SWICS data for five events in 1998 and 20 events in
2011. The data gap only appears in a few events, which are not included automatically when
calculating the average values.

To demonstrate the solar cycle dependence of ICME numbers, the yearly average SSNs
are plotted together in Figure 1 as shown with the black line. To evaluate the correlation
between the yearly numbers of ICMEs and sunspots quantitatively, we calculate their linear
Pearson correlation coefficient with the IDL routine correlate.pro. This coefficient is defined
in statistics as the measurement of the strength of the relationship between two variables and

1 http://www.srl.caltech.edu/ACE/ASC/level2/index.html.
2http://www.sidc‘be/silso/home.
3 http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.html.
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ICME Number

0 0
96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11
Year

Figure 1 Yearly numbers of ICMEs observed at the L1 point and sunspot numbers from 1996 to 2011. The
histogram depicts the ICME numbers with the gray regions indicating the numbers during SWICS optimal
science configuration. The black line connecting the filled circles displays the SSNs. The correlation coeffi-
cient (cc) between the numbers of ICMEs and sunspots is also presented.

their association with each other. It has a value between —1 and 1, and —1 (1) indicates a per-
fectly negative (positive) linear correlation between the two variables, while 0 indicates no
linear correlation between them. Usually, the absolute values 0.8~1.0 (0.6~0.8) represent a
fairly strong (strong) relationship, and 0.4~0.6 (0.2~0.4), a moderate (weak) relationship.
The correlation coefficient between the numbers of ICMEs and sunspots is 0.85, illustrating
a fairly strong correlation between them.

3. Statistical Results

To analyze the solar cycle dependence of ICME composition, we first calculate the average
value of every composition within each ICME with the two-hour time resolution SWICS
data (Shearer et al., 2014), and then get the yearly means and standard deviations of every
composition based on all ICMEs in each year. All of the calculated results are listed in Table
1, which also displays the analyzed ICME number in each year in the second row.

3.1. The lonic Charge States

The yearly means of <Qu>, <Qpe>, <Qg;>, C®T/C>*, CO*/C*T, O7+/0°", and SSNs
are displayed sequentially in Figures 2(a)—(g). The red vertical lines in both Figures 2
and 3 represent the standard deviations. Figure 2 illustrates that the ionic charge states in-
crease with SSNs during the ascending phase (1998-2000 and 2009-2011) and remain ele-
vated during solar maximum and descending phase (2000-2005) compared to the minimum
phase (2007-2009). The yearly means of <Qug> (<Qpe>, <Qgi>, COT/C>, COT/C*,
and O7+/0%*) drop up to ~0.77 (2.85, 1.65, 1.48, 7.43, and 0.68) from solar maximum to
minimum. The correlation coefficients between the yearly means of charge states and SSNs
are 0.74, 0.64, 0.74, 0.63, 0.80, and 0.80 sequentially, which are also displayed in Panels
(a)—(f) and demonstrate quantitatively that all of the charge states possess the solar cycle
dependence.

A similar solar cycle dependence of ionic charge states also exists in the slow solar wind.
The left and right blue numbers in Figures 2(b) and (d)—(f) denote the corresponding means
of slow wind parameters during solar maximum (2000-2002) and minimum (2008-2009)
(Lepri, Landi, and Zurbuchen, 2013), respectively. As CMEs originate from active regions
and quiet regions, which are also the sources of slow wind, it is reasonable to see the similar
solar cycle variation. However, Figure 2 shows that the average charge states of ICMEs are
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Figure2 The solar cycle
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Figure 3 The solar cycle
dependence of elemental
abundances within ICMEs from
1998 to 2011. The panels show
the variations of (a) Mg/O,

(b) Fe/O, (¢) Si/0O, (d) C/O,

(e) Ne/O, (f) He/O, and (g) yearly
average SSNs. The vertical red
lines show the standard
deviations. The correlation
coefficients (cc) between the
abundances and SSNs are
presented in Panels (a)—(f). The
horizontal blue dotted lines in
Panels (d)—(f) denote the
corresponding values in the
photosphere. The blue numbers
refer to the corresponding values
in the slow solar wind (SSW)
during solar maximum (left) and
minimum (right) (Lepri, Landi,
and Zurbuchen, 2013; Shearer
etal., 2014).
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obviously higher than those of the slow wind around solar maximum, while their differences
are relatively slight around minimum. In addition, the correlation coefficient between the
C%+/C** and SSNs is 0.80, which is larger than the coefficient between C®*/C>+ and SSNs,
supporting that C5+/C** is a more sensitive indicator of the coronal electron temperature
(Landi et al., 2012a).

3.2. The Elemental Abundances

Figure 3 shows the yearly means for Mg/O, Fe/O, Si/O, C/O, Ne/O, He/O, and SSNs from
top to bottom panels sequentially. The left and right blue numbers in Panels (b)—(f) also
denote the corresponding means of slow wind parameters around solar maximum and min-
imum, respectively (Lepri, Landi, and Zurbuchen, 2013; Shearer et al., 2014). We can see
that most relative abundances (except the C/O) increase with the SSNs during the ascending
phase (1998-2000 and 2009-2011) and remain relatively elevated during solar maximum
and descending phase (2000-2005) compared to minimum phase (2007-2009). The yearly
means of Mg/O (Fe/O, Si/O, Ne/O, and He/O) decrease by a factor of up to ~45% (55%,
46%, 44%, and 59%) from solar maximum to minimum. The correlation coefficients be-
tween these elemental abundances and SSNs are 0.85, 0.83, 0.87, 0.65, and 0.80, respec-
tively, demonstrating the strong solar cycle dependence.

Conversely, the C/O ratios show negative correlation with SSNs as presented in Panel
(d), and the yearly means of C/O increase by a factor of up to ~27% from solar maximum
to minimum. This agrees with the variation trend in the slow wind (e.g., Lepri, Landi, and
Zurbuchen, 2013). Most interestingly, the Ne/O ratios of ICMEs and slow wind possess
the opposite solar cycle dependence, i.e., the Ne/O values of slow wind increase from solar
maximum to minimum (Shearer et al., 2014; Zhao et al., 2017b). These will be discussed
later in Section 4.

As mentioned, the relative elemental abundances in the corona are different from their
photospheric values, which can be described with FIP bias factor. The factor refers to the
ratio of relative abundance (e.g., Fe/O) in the corona over the abundance in the photosphere.
Researchers have provided several data sets on the photospheric abundances (e.g., Grevesse
and Sauval, 1998; Asplund et al., 2009; Caffau et al., 2011), and some differences exist
in different publications. We adopt the photospheric abundances of Grevesse and Sauval
(1998), as it has been used to study the FIP bias of ICMEs (Zurbuchen et al., 2016) and
solar wind (Zhao et al., 2017b), which is convenient for comparison between our study and
their results. The curves in Panels (a)—(f) also describe the variations of FIP bias factors
(see the right ordinates). The relative abundances in the photosphere (Grevesse and Sauval,
1998) and the FIP bias range of ICMEs are also presented with black text in these panels.

Figure 3 shows that the FIP bias factors of low-FIP elements (Mg, Fe, and Si) within
ICMEs maintain over 1, and most of the factors of C and He keep beyond and below 1
during the whole solar cycle, respectively, which are consistent with the slow wind (Zhao
et al., 2017b). The factors of Ne for ICMEs are beyond (below) 1 around solar maximum
(minimum), different from the slow wind which maintains values below 1 (Zhao et al.,
2017b). The horizontal blue dotted lines in Panels (d)—(f) denote the corresponding relative
abundances in the photosphere (FIP bias factor = 1). Zurbuchen et al. (2016) reported that
the factors of Ne for the ICMEs with (without) high <Qg.> are beyond (below) 1, where
an ICME is defined as a high <Qg.> one if it contained a minimum of 6 hr of plasma with
<Qpe> larger than 12 (Lepri et al., 2001). This agrees with our present study as more high
<Qpe > ICMEs appear around solar maximum (Song et al., 2016), with their FIP bias factors
of Ne beyond 1 (Zurbuchen et al., 2016).
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The statistical results based on fewer events should not be credible, so we do not fur-
ther divide the yearly ICMEs into fast and slow ones, or magnetic clouds and non-cloud
events (Owens, 2018). There were only a few events in 2007 and 2008, while 29 events in
total were detected during the solar minimum (2006-2009). The yearly average values of
compositional parameters are close in these years, while different from those around solar
maximum. Therefore, the overall variation trends of compositions from solar maximum to
minimum should not result from the event selection effect. In addition, we conduct a t-test
to compare the means of each parameter around solar maximum (2000-2003) and minimum
(2006-2009) as some standard deviations are relatively large. The t-test is a type of inferen-
tial statistic used to determine if there is a significant difference between the means of two
groups. As we want to check if the difference of ICME compositional means between solar
maximum and minimum is significant, we conduct a t-test on each parameter (e.g.,<Qpe >,
Fe/O, etc.) between two groups (solar maximum and minimum) through the IDL routine
tm_test.pro. The function computes the Student’s T-statistic and the probability (p-value)
that two sample populations X and Y have significantly different means. The p-value is in
the interval [0.0, 1.0], and a small value (less than 0.05 or 0.01) indicates that X and Y have
significantly different means. Our t-test results show that all the p-values are less than 0.01,
which illustrates the means of every composition around solar maximum and minimum have
significant difference at the 99% confidence level.

3.3. Correlations Between the Relative Abundances and Charge States of Heavy
lons

Figure 4 presents the scatter plots of the yearly means of relative abundances and charge
states of heavy ions within ICMEs. As both the abundances and charge states of low-FIP
elements are correlated well with the SSNGs, it is natural to expect that correlation exists
between the Mg/O (Fe/O and Si/O) and the <Qug> (<Qp.>, and <Qg;>) as displayed
in Panels (a)—(c). The correlation coefficients are 0.91, 0.76, and 0.91 for Mg, Fe, and Si,
respectively. However, no clear correlation is observed between the C/O and the C®*/C>* or
C%*/C**t as shown in Panels (d) and (e).

4, Discussion

The ionic charge states within ICMEs are mainly governed by the thermodynamic evolu-
tion of the electrons in CMEs up to freeze-in distance of each ion (Owocki, Holzer, and
Hundhausen, 1983; Landi et al., 2012a,b; Song et al., 2016). More CMEs are associated
with energetic flares around solar maximum (e.g., Kou et al., 2020), indicating higher elec-
tron temperatures and then more elevated ionic charge states due to magnetic reconnections
(e.g., Lepri and Zurbuchen, 2004; Song et al., 2016). The elevated charge states generated
in the current sheets connecting magnetic flux ropes and flare loops can flow into CMEs
during eruptions (Song et al., 2016; Wang et al., 2017). Therefore, it is reasonable that
the charge states within ICMEs are positively correlated with the SSNs, which agree with
the expectations of current CME models (Mikic and Linker, 1994; Antiochos, DeVore, and
Klimchuk, 1999; Lin and Forbes, 2000; Moore et al., 2001; Fan and Gibson, 2007; Chen,
2008). However, it is not so straightforward to understand the variations of relative elemen-
tal abundances as they can be positively or inversely correlated with the SSNs and some
differences exist between ICMEs and solar wind.

@ Springer



Solar Cycle Dependence Page 110f18 111

T T T T T 13

9.4](a) cc=0.91 o (b) cc=0.76 (c) cc=0.91
: %, 3
° . ®e .
. A 12 { 100f °q
9.2+ q b o * g
. i .
A, A, d oo A .
F 9.01 . 1 g 11k . 1& 95¢ ,
J . 9 J
o0
° 3
8.8 ,
10F 9 9.0 ,
L]
86l ™ ] . °
T T 9 . . . . 8.5 L . . . .
0.140.160.180.200.220.24 0.26 0.28 015 020 025 0.30 0.12 0.14 0.16 0.18 0.20 0.22 0.24
Mg/O Fe/O Si/0
T 10 T T
(d) cc=0.03 (e) cc=-0.15 ¢
2.0r . , 8r . ,
° L]
L]
+ + A . °
1< e et ] bof 1
© « ° . © ® e
. 4+ ]
L]
1.0F . .
. ol d o |
L]
0.45 0.50 0.55 0.60 0.45 0.50 0.55 0.60
C/O C/O

Figure 4 The scatter plots of yearly average values of charge states and relative elemental abundances within
ICMEs. The correlation coefficients (cc) between them are presented in each panel.

According to a model of the FIP effect (Laming, 2004, 2012), the elemental fraction-
ation results from the ponderomotive force acting on the ions from Alfvén waves in the
chromosphere. More Alfvén waves could be generated in the corona through magnetic re-
connections around solar maximum, and this might be employed to explain the solar cy-
cle dependence of relative abundances of low-FIP elements in both ICMEs and solar wind
(Lepri, Landi, and Zurbuchen, 2013; Zhao et al., 2017b). This can also explain why the
coronal temperatures are higher around solar maximum compared to minimum as both mag-
netic reconnections and Alfvén waves can contribute to the coronal heating (Cranmer and
Winebarger, 2019). Therefore, the relative elemental abundances and ionic charge states (ex-
cept the C/O and C®+/C>* or Co+/C**) are correlated well as both of them correlate with
the SSNs well though they are determined by different physical processes.

4.1. The Negative Correlation Between C/O and SSNs

The high-FIP elements exhibit some different behaviors. As the FIP of C (11.26 eV) is
lower but close to that of O (13.62 eV), it is expected that the overall C/O ratios show pos-
itive correlations with the SSNs, instead of negative correlation in both ICMEs and slow
wind as shown in Figure 3(d). Zhao et al. (2017a) reported an anomalous composition in
the slow wind, which has the same charge state composition compared to the normal slow
wind but the abundances of fully charged species decrease, leading to the depletion of He
and C elemental abundances. The anomalous phenomenon appears more frequent around
solar maximum. Kocher et al. (2017) conducted a statistical study on the charge state com-
position of each ICME from 1998 to 2011. They found that 44% of the ICMEs possess the
similar anomalous composition and labeled them “depleted ICMEs”. The number of de-
pleted ICMEs is higher around solar maximum and almost none is found around minimum.
They also reported that the C/O ratios are lower in nearly all the depleted ICMEs compared
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to the surrounding plasma. The anomalous phenomenon in both solar wind (Zhao et al.,
2017a) and ICMEs (Kocher et al., 2017) seems to be one factor that changes the correlation
between the C/O ratios and SSNs.

To examine the validity of the above explanation, we select 111 non-depleted ICMEs
from the 319 ICMEs according to a relatively strict criterion, which requires that none of
the data points within the ICMEs exhibit the anomalous composition, i.e., log,, R < 0.15,
where R = (C%/C>*)/(07*/0%*%) (Kocher et al., 2017). The yearly means of C/O ratios
within non-depleted ICMEs and SSNs exhibit a positive correlation (not shown) with the
correlation coefficient being 0.40. This is contrary to the negative correlation when all the
ICME:s are involved as we have known, and supports that the anomalous phenomenon in
ICMEs can influence the solar cycle dependence of C/O ratios. The He abundances are
significantly higher than the other heavy elements, and the anomalous phenomenon might
not be able to change their overall variation trend throughout the solar cycle.

4.2. The Different Solar Cycle Dependence of Ne/O Within ICMEs and Solar Wind

The most interesting phenomenon is that the Ne/O ratios show positive and negative cor-
relations with SSNs in ICMEs and slow wind (Shearer et al., 2014; Zhao et al., 2017b),
respectively. This is different from the other elements that keep consistent cycle dependence
in ICMEs and slow wind no matter positive or negative correlations. The Ne has higher FIP
(21.56 eV) than O, so it is expected that the Ne/O ratios are lower around solar maximum ac-
cording to the above FIP effect model (Laming, 2004, 2012), which should be the situation
in the solar wind.

Zurbuchen et al. (2016) found that the Ne/O correlates with the Fe/O well in the ICMEs
with elevated Fe charge states, and we find that the ionic charge states within ICMEs are
higher around solar maximum as displayed in Figure 2. Thus it is reasonable that the Ne/O
ratios within ICMEs are higher around solar maximum as shown in Figure 3(e). However,
the Fe charge states in the slow wind are also higher (Lepri, Landi, and Zurbuchen, 2013) but
their Ne/O ratios are lower (Shearer et al., 2014) around maximum. This implies that [CMEs,
especially those with elevated charge states, i.e., associated with strong flares, might suffer
different element ionization and fractionation process compared to the solar wind. Here
we discuss one potential mechanism that leads to the enhanced Ne/O ratios within ICMEs
around solar maximum.

The enhanced Ne/O ratios such as ~0.25 and ~0.32 have been reported in flaring solar
plasma (Schmelz, 1993; Ramaty et al., 1995), which are close to the ICME Ne/O values
around solar maximum as presented in Figure 3(e) and larger than the abundances in the
corona and solar wind (Ramaty et al., 1995; Shearer et al., 2014; Zhao et al., 2017b). The
photoionization has been proposed as one possible mechanism to explain the enhanced Ne/O
ratios (Shemi, 1991; Schmelz, 1993). Shemi (1991) suggested that the pre-flare soft X-
ray can penetrate through the chromosphere and create a slab-like region of non-thermal
ionization ratios at the chromosphere base. As the photoionization cross section ratios of O
and Ne are 4:9 (Yeh and Lindau, 1985) and the photoionized O can recombine through the
efficient charge transfer reactions with the neutral H, the Ne ions are mixed mainly with the
neutral O in the slab region. Then the photoionized Ne ions are selected with the thermally
ionized low-FIP elements together for preferential transfer to the upper atmosphere.

The detailed calculations supported that the flare ionization can provide sufficient Ne
ions in the slab region (Shemi, 1991). Shemi (1991) concluded that a long-duration (>30
min) flare, especially flares with a long and intense pre-flare phase, could produce high
Ne/O ratios in the flaring region. Given the diffusion and other mechanisms suggested for
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the quiet-Sun stage could not explain the ion—neutral separation during the mass transport
from the slab region to the upper atmosphere in a short-time scale. Shemi (1991) further
proposed a plausible way, where magnetic activity causes the ion—neutral separation either
via magnetic field reconnections or by shearing motions. Through this scenario, the plasma
with enhanced Ne/O ratios in the flaring region (associated with active-region flares usually
around solar maximum) can flow into CMEs (Lepri and Zurbuchen, 2004), corresponding
to the enhanced Ne/O ratios within ICMEs.

4.3. The Large Standard Deviation

The elemental compositions within ICMEs are determined by many factors, such as the
properties of source regions and the detailed eruption processes (Song and Yao, 2020). In
the meantime, many CMESs possess the three-part structure (Vourlidas et al., 2013; Song
et al., 2017b, 2019a,b) that result from filament or hot channel eruptions. The different parts
of CMEs could contain different FIP biases and thermodynamic evolution from the Sun. All
of these lead to the compositions within ICMESs can vary significantly from case to case.
In addition, the measured results are also influenced by the spacecraft trajectory crossing
ICME:s as the compositions are not uniform within one ICME. Therefore, it is understand-
able that the standard deviations of ICME composition are large. Our study demonstrates
that there exists the overall solar cycle dependence of ICME composition, which makes
sense as the coronal properties evolve from solar maximum to minimum.

5. Summary

In this paper, we conducted a statistical study on the solar cycle dependence of the charge
states (including <Que>, <Qpe>, <Qs;>, COT/C>*, COT/C*F, and O""/0°%") and the rel-
ative elemental abundances (including Mg/O, Fe/O, Si/O, C/O, Ne/O, and He/O) within
ICMEs measured by ACE spacecraft from 1998 to 2011. Our major findings can be summa-
rized as follows.

i. All the ICME compositions exhibit the solar cycle dependence. The t-test demonstrates
that all the parameters have significantly different means from solar maximum to minimum.
All of the ionic charge states and most of the relative elemental abundances (except the C/O)
are positively correlated with the SSNs.

ii. The compositions (except the C/O) increase with the SSNs during the ascending phase
(1998-2000 and 2009-2011) and remain elevated during solar maximum and descending
phase (2000-2005) compared to minimum phase (2007-2009).

iii. Several of the relative abundances in ICMEs and slow wind exhibit the similar solar
cycle dependence, while the Ne/O ratios within ICMEs display the opposite variation trend
compared to the slow wind (Shearer et al., 2014; Zhao et al., 2017b) from solar maximum
to minimum.

iv. The ionic charge states and relative abundances within ICMEs are correlated well for
low-FIP elements such as Mg, Fe, and Si, while no clear correlation is observed between the
CS*/C5F or COF/C** and the C/O.
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