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phases of the solar cycles 23 and
25
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J. M. Raines?, S. Livi*?, A. B. Galvin® and L. M. Kistler?

!Climate and Space Sciences and Engineering, University of Michigan, Ann Arbor, MI, United States,
?Space Science and Engineering, Southwest Research Institute, San Antonio, TX, United States,
*Physics and Astronomy, University of New Hampshire, Durham, NH, United States

The approximately 11-year solar cycle has been shown to impact the heavy
ion composition of the solar wind, even when accounting for streams of
differing speeds; however, the heavy ion composition observed between the
same specific phases of a past solar cycle and the current cycle has rarely, if
ever, been compared. Here, we compare the heavy ion composition of the solar
wind, as measured in situ during the solar cycle 23 and 25 ascending phases. We
examine the mean iron and oxygen charge state composition and the O’*/Q%*
ratio in multiple ranges of associated bulk wind speeds. Then, we compare the
iron and oxygen charge state composition and relative abundance of iron to
oxygen in the traditionally defined fast and slow solar wind. Finally, to determine
the impact of individual ion contributions on the solar wind iron abundance, we
examine individual ratios of iron and oxygen ions. Although the charge state
composition remained broadly similar between these two ascending phases,
both the O”*/O®* ratio and iron fractionation in fast-speed streams were higher
in the solar cycle 25 ascending phase than they were during the solar cycle 23
ascending phase, suggesting that equatorial coronal hole fields more frequently
reconnected with helmet streamers or active regions in the latter of the two
ascending phases; however, more work will need to be done to connect these
observations back to their coronal origins. The individual ion ratios used in this
work provided a spectrum to analyze the aggregate elemental abundances, and
this work, as a whole, is an important step in determining how conditions in the
corona may vary between solar cycles between the same phases.
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1 Introduction

The in situ observations of the solar wind charge state composition and elemental
composition are vital tools in the investigation of the formation and origins of the solar wind.
The charge state composition reflects thermal conditions encountered by solar wind plasma
as it expands out through the solar corona and becomes constant past each ion’s freeze-
in point (Hundhausen et al., 1968; Hundhausen, 1968; 1972; Ko et al., 1997; Landi et al.,
2012b; Rivera et al., 2022). Freeze-in distances for elements such as iron can range from
1 to 3 R, from the photosphere in the solar wind (Habbal et al., 2009; 2010; Boe et al., 2018)
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or as far as 5R, (Landietal, 2012a; b) but can freeze-
in as far as 10-25R, in interplanetary coronal mass
ejection (ICME)s (Rivera et al., 2019). Thus, the observations of
solar wind charge state composition made in situ can be used to
probe the various freeze-in conditions/heights to investigate the
solar wind’s formation.

The in situ observations of elemental abundances reflect the
structures from which the solar wind originates. The solar wind
abundances of low (<10 eV) first ionization potential (FIP) elements
are fractionated, generally being enhanced above photospheric
values, particularly in the slow solar wind. High (>10eV) FIP
elements are not enhanced above photospheric values, and elements
such as neon and helium can even be depleted in the solar
wind (Zurbuchen etal., 2016). This fractionation pattern, with
low FIP elements enhanced above their photospheric values and
high FIP elements consistent with their photospheric values, is
known as the FIP effect. FIP fractionation in solar wind streams
of varying speed has been related to coronal structures from
which the solar wind originated (Geiss et al., 1995; von Steiger et al.,
2000; Stakhiv et al., 2015; Zurbuchen et al., 2016; Zhao et al., 2017;
Rivera et al., 2022). Fast streams with little to no fractionation
are often associated with coronal holes, and slow streams with
high fractionation are often associated with closed field regions
(Stakhiv et al., 2015; Zurbuchen et al., 2016).

Theories for the mechanisms responsible for the FIP effect
center around interactions between Alfve 'n waves and ions/neutrals
in the region between the upper chromosphere and base of the
corona (Laming, 2015; Laming et al., 2019). These interactions lead
to the separation (Lundin and Guglielmi, 2006) and preferential
acceleration of low-FIP element ions from neutrals into the corona.
Developing an understanding of the processes responsible for the
FIP effect is considered central in determining the role of Alfve n
waves and turbulence in how the material is transported from the
chromosphere into the solar corona and how the corona is heated
(Laming, 2015; Laming et al., 2019).

Heavy ion composition has been observed in situ for
decades using the solar wind ion composition sensor (SWICS)
(Gloeckler et al., 1992) on Ulysses, SWICS (Gloeckler et al., 1998)
on advanced composition explorer (ACE), plasma and suprathermal
ion composition (PLASTIC) (Galvinetal, 2008) on the Solar
Terrestrial Relations Observatory (STEREO), and more recently
using the heavy ion sensor (HIS) in the solar wind analyzer (SWA)
suite (Owen et al., 2020) on Solar Orbiter. These instruments have
recorded heavy ion composition throughout multiple solar cycles
(SC)s, and the similarity between the ions which ACE/SWICS
and Solar Orbiter/HIS observe can allow for comparisons between
current and past SCs. Livi et al. (2023) compared iron abundances
relative to oxygen (Fe/O), oxygen, and carbon charge state ratios
(O7*/0%* and C®*/C>*, respectively) and the speed of O°* ions
measured by HIS from January to December of 2022 to similar
ACE/SWICS measurements ranging from February 1998 to August
2011. Measurements by HIS currently range up through most
of the ascending phase of SC 25, and charge state composition
measurements include O°~%* and Fe®'** ions, which are also
observed by SWICS. Because of this, there is an opportunity to
compare the heavy ion composition measured in the solar wind in
isolated ascending phases of two different SCs in terms of individual
ions and elemental abundances.
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FIGURE 1
Monthly sunspot numbers between 1996 and 2024, as well as selected
time ranges for the ACE (blue) and Solar Orbiter (red) data.

In this work, we seek to answer how the solar wind composition
changed between the ascending phases of SCs 23 and 25. In
Section 2, we describe the ACE and Solar Orbiter observations
used in the analysis. In Section 3, we compare the solar wind
composition in these two ascending phases in terms of the iron
and oxygen charge state composition (Section 3.1), iron abundances
relative to oxygen, and how contributions of individual ions impact
the aggregate elemental abundance (Section 3.2). In Section 4, we
discuss implications for the conditions in the corona across these
time periods. In Section 5, we describe our conclusion.

2 Observations

Figure 1 shows the provisional international sunspot numbers
(Ri) (SIDC-Team et al., 1981) between 1996 and 2024. The Solar
Orbiter/HIS observational period extends from January 2022 to
April 2023, part of the SC 25 ascending phase. Loosely matching the
sunspot numbers is the selected ACE/SWICS observational period,
which extends from January 1998 to April 1999—the latter part of
the SC 23 ascending phase. In these selected time ranges, the HIS
measurements span approximately 16 months, and the ACE/SWICS
measurements span approximately 15 months, only beginning in
February 1998. Although the 1.1 version of the ACE/SWICS level 2
observations span up to August 2011, the relative levels of activity
during the SC 24 ascending phase make it more challenging to
compare to the SC 23 and 25 ascending phases. The HIS L3
composition data (Miiller et al., 2020; Owen et al., 2020; Livi et al.,
2023) contain measurements of elemental abundances and charge
state composition of a subset of ions and elements in the solar wind.
The iron abundance (Fe/O), iron charge state distribution (FeS~124),
and oxygen charge state distribution (O>®*) are observed at a 10-
min resolution and, in this work, are taken from January 2022 to
April 2023. We use bulk proton speed observations from proton
and alpha particle sensor (PAS) (Owen etal, 2020) L2 ground
moment data (Miiller et al., 2020) re-timed to the 10-min resolution
of HIS to bin the composition data by proton speed.

The solar wind heavy ion composition measurements are
taken from SWICS (Gloeckler et al., 1998) level 2 data, version
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1.1 (Shearer et al,, 2014; Raines et al.,, 2005). We select the iron
abundance (Fe/O), iron charge state composition (Fe®20%), and
oxygen charge state composition (O°*) measurements at a 2-h
time resolution. The charge state composition is recorded in charge
state distributions: arrays of each observed ion’s charge state fraction
or density of the ion relative to the density of the element as a whole.
In other words, charge state distributions represent the densities of
individual observed ions, normalized to the total elemental density.
Since the iron charge state distribution in the HIS data does not
include Fe®7* and Fe!*"20*, we select only the Fe® !?* charge states
from the ACE/SWICS iron charge state distribution. We then re-

normalize each observation to the sum of the Fe®™1%*

charge state
fractions. Iron abundances relative to oxygen will not be normalized
since the Fe/O ratio measured by HIS includes the Fe®~2°* and 0%+
charge states, similar to ACE. Any measurement with a quality flag
other than 0, the flag for good data, is considered a missing value and
excluded from calculations. Additionally, any charge state fraction
with an associated statistical error greater than 0.4 (40%) is also
excluded. We use the bulk proton speed observations from solar
wind electron proton alpha monitor (SWEPAM) (McComas et al.,
1998) level 2 data (Garrard et al., 1998) re-timed to the 2-h time
resolution of SWICS to bin the composition data by proton speed.
Monthly accumulated wind speed histograms (top) and sunspot
numbers (bottom) are shown in Figure 2. Solar Orbiter/PAS (right)
made more observations of wind moving at higher speeds than
ACE/SWEPAM (left) did, with some monthly histograms even
ranging between 750 and 800 km s, There are some notable peaks
in the 300-350 km s™' and 350-450 km s~} range as well, where
Solar Orbiter measured a relatively high amount of samples in that
monthly period. If we define the fast wind as having proton speeds
greater than 500 km s™' and the slow wind as having proton speeds
less than this, about 13% of the ACE data are attributed to the fast
wind and 87% of the data are attributed to the slow wind. By similar
metrics, Solar Orbiter encountered a larger proportion of fast wind
observations at 32%, with about 68% of the data being attributed
to the slow wind. The monthly sunspot numbers in these ascending
phases are comparable, starting at approximately 50 sunspots at the
beginning of the observation period and ending near 150 sunspots.
Since the composition of the solar wind material associated
with ICMEs can differ significantly from the nominal solar wind
(Zurbuchen et al., 2016; Richardson and Cane, 2010), we seek to
mitigate the influence of ICME material on our analysis. In the ACE
data, intervals of the ICMEs identified by Richardson and Cane
(2010) and Jian et al. (2011), along with a buffer surrounding these
intervals from 48 h before to 48 h after the ICME intervals, are not
considered in our calculations. A similar list of ICMEs has not yet
been published for Solar Orbiter. Instead, we apply a scheme from
Richardson and Cane (2004) and later Zhao et al. (2009) using a
combination of the proton speed and the O7*/O°" ratio to remove
possible ICME data. The ICME samples are flagged using Equation 1:

O7+
> 6.008¢(~0.00578 Vyy), 1)

Oé+ -

where Vg, is the solar wind bulk proton speed. If the

Equation 1 is true, the sample is considered ICME wind. A buffer

surrounding potential ICME samples is not used, and Equation 1

has not been validated for the Solar Orbiter measurements, which
will be discussed in Section 4.
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3 Analysis
3.1 Fe and O charge state composition

To analyze the charge state composition in these ascending
phases, we first examine the average iron and oxygen charge state
distributions across different solar wind speeds. The charge state
fractions of the iron and oxygen ions are binned using proton
speed data into six bins ranging from 200 to 800 km s™!, as shown
in the first column of Table 1. The other two columns in Table 1
show the sample sizes in each wind speed bin for both ascending
phases, following ICME removal. Most observations are within
the 300-600-km s range. The 600-800 km s™' range effectively
includes all observations measured at wind speeds greater
than 600km s’ since neither spacecraft recorded non-ICME
composition measurements at associated speeds above 800 km s™!.

Figure 3 shows the wind speed dependency of the averaged
iron (top row) and oxygen (bottom row) charge state distributions.
Each cell is colored using a logarithmic base 10 norm to visualize
the orders of magnitude, in which the charge state fractions vary.
The general wind speed dependency of the averaged charge state
distributions is similar between the ACE/SWICS data (left column of
panels) and the Solar Orbiter/HIS data (right column of panels). The
contributions from individual iron ions to the total iron density do
not appear to have any regular wind speed dependency, evidenced
by no charge state monotonically increasing or decreasing with
higher wind speed bins. The contributions of Fe''* and Fe'** to
the total iron density measured during the ascending phase of cycle
23 (left) are slightly lower than they are in the ascending phase
of cycle 25 (right), and the contributions from Fe®" and Fe’* are
generally higher. The contributions from individual oxygen ions
to the total oxygen density appear to have a similar wind speed
dependency between both ascending phases, with the O®* charge
states contributing more at higher wind speeds and the O”* and O%"
charge states contributing less. The contribution of individual ions
again differs only slightly between the ascending phases of cycles 23
and 25, but Solar Orbiter measured solar wind plasma, which had
higher contributions of O”* and lower contributions of O®* than
ACE did at speeds greater than 600 km s™!.

The O7*/0%" ratio, which describes the relative contribution
of the O°" and O”* ions to the total oxygen density, is a
signature which indicates the source of the solar wind plasma
(e.g., Zurbuchen et al., 2002; Zhao et al., 2009; 2014; 2017)). Figure 4
shows the medians and interquartile ranges of the O7*/Q®" ratio,
separated into the same wind speed bins as Figure 3, but also
includes ACE/SWICS measurements during the sunspot maximum
of SC 23 (01/2000-12/2002) and the descending phase of SC
23 (01/2003-04/2004) to examine any possible solar cycle-related
effects. In the SC 23 ascending phase, between 200 and 400 km s
the median O7*/O%" measured by ACE/SWICS exceeds that
measured by Solar Orbiter/HIS, but the interquartile ranges indicate
this excess may not be necessarily significant. In the SC 25 ascending
phase (the Solar Orbiter/HIS observations), the solar wind o7+/0%
ratio is notably higher than it is in the SC 23 ascending phase
(the ACE/SWICS observations) at wind speeds between 600 and
800 km s~!. In the same wind speed bin, the Solar Orbiter/HIS
O’*/O°" ratio almost completes overlaps when compared to those
made by ACE/SWICS during the SC 23 Solar maximum and
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Monthly proton speed histograms and sunspot numbers during the selected ascending phases of SCs 23 (ACE observations, left) and 25 (Solar Orbiter

TABLE 1 Statistical non-ICME sample size within each speed bin for the ACE/SWICS (SC 23 ascending phase) and Solar Orbiter/HIS (SC 25 ascending

phase) observations.

Speed range (km s™)

ACE/SWICS (2 h)

Solar Orbiter/HIS (10 min)

200-300 88 2,611
300-400 1,405 18,236
400-500 1,126 14,382
500-600 350 10,786
600-800 32 5,331

overlaps by approximately 50% of the observations in the SC 23
descending phase. This could suggest that in the SC 25 ascending
phase, the solar wind plasma in the fastest streams originated
from regions in closer proximity to sources where the plasma
was highly ionized, such as helmet streamers and coronal holes,
than it did during the SC 23 ascending phase. This point will be
revisited in Section 4.

Since the wind speed dependency of the averaged iron
and oxygen charge state distributions was generally similar
between both ascending phases, we separated the charge state
composition measurements into traditionally defined fast (V, >
500 kms™!) and slow (V, < 500 km s7!) winds. From Table 1,
there are 2,619 slow wind and 382 fast wind non-ICME
observations during the SC 23 ascending phase and 35,229
slow wind and 16,117 fast wind non-ICME observations during
the SC 25 ascending phase. To check if these similarities
were unique to the ascending phase, we again examined the
ACE/SWICS measurements during the sunspot maximum of
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SC 23 (01/2000-12/2002) and the descending phase of SC 23
(01/2003-04/2004).

Figure 5 shows the averaged iron (top) and oxygen (bottom)
charge state distributions, with error bars spanning 1 standard
deviation from the mean to convey the variability of individual
observations. Each column corresponds to the phase of the SC
labeled in the iron charge state distribution panels. The iron charge
state distribution in the slow solar wind (red) appears to remain
similar across the different phases of the SC, peaking at Fe’*, with the
contributions from other charges states appearing constant across all
phases. However, the composition observed in the fast solar wind
(blue) seems to have a cycle dependency.

In the ascending phases, the fast wind iron charge state
distribution peaks at the Fe’* charge state, but in solar maximum
and the descending phase of cycle 23, the fast wind iron charge state
distribution peaks at Fe'®". The oxygen charge state composition
does not exhibit a significant solar cycle dependency in either the
fast or slow solar wind streams.
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FIGURE 3
Averaged charge state distributions of iron (top row) and oxygen (bottom row) ions, observed by ACE/SWICS (left column) and Solar Orbiter/HIS (right
column). Cells are annotated with average values of the charge state fractions and are color-coded by the logarithmic base 10 norm of the averages.

3.2 lron abundances and individual ion
ratios

To analyze the solar wind elemental composition during
these ascending phases, we first examine the abundance of iron
relative to oxygen, in terms of FIP fractionation. The photospheric
abundances are taken from Caffau et al. (2011) and are converted to
Fe/O using Equation 2:

<@> B 104712
no photo 10A0712

where Ap , and A, are the photospheric abundances of iron

Ap,—A
= 10%r"40,

)

and oxygen on a logarithmic scale, with the hydrogen abundance
defined as 12. Here, Ap , = 7.50 and A, = 8.83, with Fe/O,,, =
0.0468. We divide the solar wind measurements of Fe/O by Fe/O,,,
to determine the FIP fractionation for each observation.

Figure 6 shows the median iron FIP fractionation and
interquartile ranges of the ascending phases observed by ACE and
Solar Orbiter. The upper error bars are somewhat longer than the
lower ones, indicating that Fe/O measurements in both the fast and
slow wind are slightly skewed toward higher abundances. There is
no significant difference in slow wind FIP fractionation between
the ascending phases of SCs 23 observed by ACE and 25 observed
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by Solar Orbiter, but in the fast wind, the median FIP fractions in
the Solar Orbiter observations are nearly within the upper quartile
of the ACE observations. This implies that a majority of the Fe/O
observations during the ascending phase of cycle 25 originating
from high wind speed sources were more highly fractionated than
similar observations made during the ascending phase of cycle 23.

Since the iron abundances relative to oxygen represent
the aggregate densities of each identified ion, we then seek
to answer how the contributions of individual ions can
impact iron fractionation. To do this, we examine individual
ion ratios, calculated using iron and oxygen charge state
fractions using Equation 3:

. Fe*+
Fe* Fe &
=X ®3)
O O ©
0

After the individual ion ratios are calculated, the data
are once again separated into fast (V,>500 km s!) and slow
(VP<500km s7') wind. Like in the previous case, we normalize
the solar wind observations of Fe/O to the photospheric
equivalent (Equation 2) to compute the FIP fractionation of the
individual ion ratios. We appreciate that the individual ion ratios
are not necessarily reflected in the photospheric abundances of iron;
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FIGURE 4

Median and interquartile ranges of the O”*/Q%* ratio observed by ACE/SWICS (blue, upward triangle markers) during the ascending, maximum, and
descending phases (left, middle, and right, respectively) of SC 23, as well as Solar Orbiter/HIS (red, downward triangle markers).

rather, we are assuming the solar wind abundances of iron and
oxygen are completely composed of the ions which form the ratio
for the sake of comparison.

Figure 7 shows the medians and interquartile ranges of the
FIP fractionation of aggregate iron abundances and individual
ion ratios, as observed by ACE/SWICS (top) and by Solar
Orbiter/HIS (bottom). The dashed line denotes the photospheric
abundances. The FIP fractionation of individual ion ratios varies
significantly from the aggregate elemental abundance, with some
ratios being multiple orders of magnitude greater than the Fe/O FIP
fractionation. The individual ion ratios exhibit patterns dependent
on which iron and oxygen ions are included in the ratio: ratios of
Fe* */O%" are greatly enhanced compared to Fe/O, whereas ratios
of Fe* /0% are depleted, with the latter appearing depleted in
the solar wind when compared to the photosphere. The order of
predominance in the fast and slow wind also seems dependent on
the oxygen charge state: the Fe**/O°" and Fe* */O%* ratios are, in
general, slightly more predominant in the slow wind than in the
fast wind. For the Fe**/O”* and Fe* */O%" ratios, this ordering is
reversed: the fast wind values dominate the slow wind values. The
error bars indicate that the fast and slow wind are more separable for
Fe**/O”* and Fe* */O%; even in the Solar Orbiter data, where the
slow wind Fe/O almost completely overlaps the fast wind, like what
is shown in Figure 6. The Solar Orbiter/HIS individual ion ratios
generally exhibit similar patterns to those from the ACE/SWICS
observations but with some ratios being noticeably higher or lower.
The fast wind Fe* */O%" are lower at Solar Orbiter/HIS than they
are at ACE/SWICS, and almost all other ratios seem higher or about
equivalent. The Fe'?*/O’" ratio seems particularly unique; although
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the Fe'?*/O* ratio in the Orbiter/HIS observations is FIP enhanced,
the same ratio in the ACE/SWICS observations is only enhanced in
the fast wind and is depleted in the slow wind.

To summarize, we compare the iron and oxygen charge state
composition and iron abundances relative to oxygen measured
during the ascending phases of SCs 23 and 25, using the ACE/SWICS
and Solar Orbiter/HIS observations. Some of the most significant
findings from this analysis include the following:

« Iron ions do not exhibit a significant wind speed dependency,
but there are slight differences in some of the Fe ion
contributions. The oxygen ions do exhibit some wind speed
dependency, where contributions from O°' increase and
contributions from O+ and O®* decrease in the transition to
higher wind speeds.

« The solar wind O”*/O%" ratio is higher during the SC 25
ascending phase than it is during the SC 23 ascending phase
with wind speeds ranging from 600 to 800 km s™".

o The iron charge state composition in the slow solar wind
appears similar across different phases of the SC, but in the
fast wind, there is an appreciable shift in the iron charge state
distribution: in the ascending phases, the iron distribution
peaks at Fe’*, but in the maximum and descending phase, it

peaks at Fe!C*

. The oxygen charge state distribution did not
appear to have a significant solar cycle dependency.

o The iron abundances relative to oxygen appear to be equally
fractionated in the slow solar wind, but in the fast wind, iron
was more fractionated in the ascending phase of SC 25 than it

was in the ascending phase of SC 23.
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o The FIP fractionation of individual ion ratios can vary

significantly from the aggregate elemental abundance.
The Fe**/O’* and Fex*/O® ratios appear more
separable between the fast and slow wind when

compared to Fe/O.

4 Discussion

The wind speed dependency of iron and oxygen ions is mostly
similar between the two ascending phases examined; however, there
were slight differences in the average contributions of ions. The
higher charge states of Fe!! '** and O3+ were measured in greater
abundance in SC 25 than they were in SC 23. Simultaneously,
Fe®* and O°* contributed less in the ascending phase of SC
25 than they did in the ascending phase of cycle 23, with the
lower contributions from O°" at speeds greater than 400 km s™!
and the lower contributions from Fe®™* at all wind speeds, on
average. In terms of the thermal conditions which determined these
ionization states, this could indicate that the Solar Orbiter observed
material which encountered slightly higher electron temperatures
than ACE did during the ascending phase it observed, assuming
electron and ion density profiles remained generally similar at their
sources and that the solar wind speed remained mostly constant
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Orbiter/HIS (bottom). The red series represents the slow (Vp <500 km s7!) wind, and the blue series represents the fast (Vp > 500 km s71) wind. The

dashed line is where the Fe/O fractionation is equal to 1.

past the corona. Models predict that high charge states generally
freeze-in at lower altitudes than low charge states, and oxygen ions
generally freeze-in before iron ions (Gilly and Cranmer, 2020). It
could be the electron temperatures at the Fe®™* freeze-in height
were higher during the SC 25 ascending phase than they were during
the SC 23 ascending phase. Another possibility is that Solar Orbiter
encountered more boundary wind than ACE did, reinforced by the
fact that Solar Orbiter/HIS observed higher contributions of O”* and
lower contributions of O than ACE/SWICS did at speeds between
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600 and 800 km s™!. We will revisit this point when we discuss the
elemental abundances of iron.

The iron charge state composition in the fast wind varied as the
sunspot number increased, to the point where in solar maximum
the iron charge distribution peaked at Fe!%*, as opposed to Fe’* in
the ascending phases; however, in the descending phase, the peak
remained at Fe'”*. Assuming these fast wind streams originated
around equatorial coronal holes, this could indicate that thermal
conditions where iron freezes-in changed with the sunspot number.
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These thermal conditions include electron temperature, electron
density, ion density, and the time spent in the ionization region,
the last of which is relatively low in fast-speed streams. These
changes in thermal conditions coincide with greater numbers of
sunspots, which, in turn, are responsible for the active regions
where solar plasma can become highly ionized. It is possible that
as the number of active regions increases, the equatorial coronal
hole fields may more frequently reconnect with active region fields
and transport this highly ionized plasma; however, the persistently

high contributions of Fe'®*

in the declining phase, in conjunction
with significant differences between the fast and slow wind Fe/O
fractionation suggest this might not be the case. The iron charge state
composition in the slow wind remained unaffected as the sunspot
number varied, indicating that the number of active regions did not
have an effect on the relative contributions of Fe’* and Fe'%*.

The aggregate iron abundances make this picture more
complicated. In the Solar Orbiter/HIS observations made during
the ascending phase of cycle 25, nearly 50% of the fast wind iron
fractionation was as high as the slow wind, judging by the interquartile
range in Figure 6. There are a few scenarios which could explain this,
the most likely of which is that there is a significant amount of ICME
material still included in the Solar Orbiter/HIS data. In hot ICMEs
originating from long-lived loops or active regions, the magnetic cloud
can contain highly fractionated iron (Zurbuchen et al.,, 2016). If our
method to exclude possible ICME material was insufficient in doing
so, the fast wind from the ICME material would be highly fractionated,
appearing similar to the slow wind. This is possible since our method
of excluding ICMEs using both the O”*/O%* charge state ratio and the
proton speed (Equation 1) was not applied to the ACE data and has not
been tested using the Solar Orbiter/HIS data. Unfortunately, lack of
Fe!*~16* gbservations in the current version of the Solar Orbiter/HIS L3
composition data (Livi et al., 2023) makes it difficult to determine the
presence of the ICME material through the charge state distributions
alone (Lepri and Zurbuchen, 2004). If the ICME material was the
cause of these highly fractionated fast wind iron measurements, then
the identification technique would thus need to be refined, either
through adjustment of the variable thresholds in Equation 1, or the
inclusion of other parameters which together could more reliably
flag potential ICME wind.

If we assume the ICME material had been adequately removed
from the Solar Orbiter/HIS data, then we must raise the question as to
why the iron abundances originating from fast wind sources during
these two ascending phases were so different. The slow wind is known
to have alarge degree of variability when it comes to iron fractionation,
containing iron abundances as low as the wind originating from
coronal holes (Stakhivetal., 2015; 2016; Livi et al., 2023). In their
unified wind scenario, Stakhivetal. (2016) concluded that highly
fractionated iron in slow wind streams originates from coronal loops
which allow iron to achieve higher levels of fractionation. Solar wind
plasma streaming at speeds in excess of 500 kms™! is expected to
originate from coronal holes with less fractionated iron, such as what
was confirmed using Ulysses composition data (Stakhiv et al., 2015);
however, Solar Orbiter also appeared to, on average, be generally
more frequently connected to fast wind streams than ACE was during
these time periods, as shown in Figure 2, and yet, the iron fraction
was unexpectedly high, matching the slow wind fractionation. This
also places the fast wind observations in contrast with the proposed
boundary wind, which is expected to move at relatively low speeds,
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but have similar elemental fractionation to those of fast wind sources
(Stakhiv et al., 2015). A dependency on solar activity could be largely
ruled out since iron abundances in wind originating from coronal
holes are not expected to change drastically with the solar cycle phase,
unlike helmet streamers (Zhao et al., 2017); however, Zhao and Landi
(2014) found that the Fe/O ratio of the solar wind originating from
equatorial coronal holes increased drastically when comparing the
solar minimum between SC 22 and 23 and the solar minimum between
SC 23 and 24. Once again assuming the observations in this present
work originate from equatorial coronal holes, the highly fractionated
fast wind, in conjunction with the relatively high O”*/O%* ratio, could
suggest the fast speed winds which reached Solar Orbiter originated
from coronal hole magnetic fields reconnecting with structures such
as active regions. In a sense, the fast wind plasma measured Solar
Orbiter/HIS may have been mostly mixed with slow wind sources.
Additionally, once Solar Orbiter reaches a trajectory of roughly 33°
solar latitude (Miiller et al., 2020), it is possible that the compositional
characteristics from coronal holes and streamer regions could be more
accurately distinguished, even by bulk wind speed.

In this work, we do not account for distance from the Sun in
our comparison since the charge state composition is considered non-
evolving past each individual ion’s freeze-in point, due to the density of
the solar wind being too low to allow for ionization or recombination
processes to continue, which prevents both the charge state ratios and
the individual ion charge state fractions from changing. The exception
to this is when the material is contained within an ICME, which can
result in freeze-in distances much farther than typical, but ideally, such
ICME material would be fully excluded from this analysis. Another
means by which solar wind composition may vary due to turbulence
is in the case of the Alfvénic slow solar wind, which has been shown
to have compositional properties similar to that of coronal holes, with
such cases being the subject of future work.

There is a great deal of variability in the ion ratios between
two different elements—none of the ion ratios computed using
Equation 3 closely match the aggregate elemental abundance for
both the fast and slow solar wind. However, these ratios do provide a
spectrum to analyze the aggregate elemental abundance. The oxygen
ion density, being in the denominator of Equation 3, seems to
greatly affect the magnitude of the individual ion ratios: O%* being
largely dominant effectively lowers its group of ion ratios, whereas
0%, being extremely low in abundance in situ, seems responsible
for the apparent enhancement for its group. Individual ion ratios
can show much larger differences between the fast and slow wind
when compared to the fractionation of the aggregate elemental
abundance, despite being proportional to it. This is important as
the densities of individual ions comprise the aggregate elemental
abundance, suggesting that the inclusion of many ions is required
to adequately capture the behavior of the element. For instance,
excluding the O°* density from the observations would be removing
a small fraction of the oxygen species, but ratios against O°" are
some of the only ones which exhibit the standard ordering of
predominance of the fast and slow wind, similar to Fe/O. This
could also suggest that the Fe/O observations could change once
more iron ion species have been identified, possibly better reflecting
the ACE/SWICS data. Although they may be useful for analysis
involving differential speeds and mass-proportional temperatures,
the Ulysses/SWICS data documentation even cautions against
deriving freeze-in temperatures or abundance ratios of elements
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from individual ion ratios as they offer ion densities relative to O®*
(Zurbuchen and von Steiger, 2011). The present work demonstrates
that such ion densities are expected to be depleted when compared
to aggregate elemental abundances when multiple iron and oxygen
charge states are sampled.

From this, we posit that future investigations operating with a
limited subset of ion species take caution in the interpretation of
results when applied to the aggregate as the exclusion of even less
common charge states could affect the behavior of the aggregate
elemental abundance. For instance, the previously mentioned
Ulysses/SWICS observations only identify Fe®'®* and Q%
charge states in their iron and oxygen charge state distributions,
respectively. The reported aggregate elemental abundance might
thus be biased when compared to the ACE/SWICS observations of
the same type as ACE has identified ions for the Fe®2°* and O+
charge states in their iron and oxygen charge state distributions.

In future releases of Solar Orbiter/HIS data, the model for
identifying elements and charge states will have been refined,
allowing for the inclusion of other ions which can be used as
signatures for the origins and formation history of the solar wind.
Despite having normalized the iron charge state distribution in
the analysis of this present work, we find from these results
that enhanced forward modeling and ion extraction may yield
a more accurate comparison. The inclusion of magnesium and
silicon—other low-FIP elements with ions possessing several charge
states identified in situ as well as the full set of identified iron ions,
will be crucial in verifying that ICME material is being sampled. The
additional elemental abundances of low-FIP elements will reveal if
iron fractionation in the ascending phase of SC 25 is unique or if the
highly fractionated material was truly present in fast-wind streams.

5 Conclusion

In this work, we compare the solar wind heavy ion composition
during the ascending phase of SCs 23 and 25. We first compared
the wind speed dependency of the iron and oxygen charge state
composition. We found that iron ions do not exhibit a wind speed
dependency, while the oxygen ions do. Slight differences in ion
contributions between these two ascending phases might suggest
subtle changes in the conditions encountered in higher speed source
regions, particularly at the freeze-in point of iron. We also compared
the iron and oxygen charge state composition in the traditionally
defined fast and slow wind, including observations from solar
maximum and the descending phase of SC 23 in the comparison.
Although the iron composition in the slow solar wind did not
appear to have a solar cycle dependency, the peak of the iron
distribution in the fast wind shifted to a higher charge state in the
maximum and descending phase than it was in either ascending
phases. The contributions from oxygen ions do not appear to have
a significant solar cycle dependency. We compared the elemental
composition between the ascending phases by first examining the
FIP fractionation of iron, which we found to be equally fractionated
in the slow wind; however, in the fast solar wind, iron was more
fractionated in the ascending phase of SC 25 than it was during the
ascending phase of SC 23, and in conjunction with an enhanced
O7*/O" ratio in the SC 25 ascending phase, it suggests that many
high speed streams in SC 25 were the result of coronal hole magnetic
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fields frequently reconnecting with slow wind sources. To determine
the impact of the contributions of individual ions on the aggregate
elemental abundance, we compared individual ion ratios to the
aggregate elemental abundances in terms of an analogous FIP
fractionation. We find that the individual ion ratios exhibit a high
degree of variability and show particular differences in the fast and
slow solar wind, leading us to conclude that the exclusion of even
less common charge states could affect the behavior of the aggregate
elemental abundance. Further investigation should be made once
forward modeling enables the extraction of a wider array of iron
charge states, along with the inclusion of magnesium and silicon
elemental abundances and charge state composition.
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