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ABSTRACT

The two-state solar wind paradigm is based on observations showing that slow and fast solar wind
have distinct properties like helium abundances, kinetic signatures, elemental composition, and charge-
state ratios. Nominally, the fast wind originates from solar sources that are continuously magnetically
open to the heliosphere like coronal holes while the slow wind is from solar sources that are only
intermittently open to the heliosphere like helmet streamers and pseudostreamers. The Alfvénic slow
wind is an emerging 3¢ class of solar wind that challenges the two-state fast/slow paradigm. It has
slow wind speeds but is highly Alfvénic, i.e. has a high correlation between velocity and magnetic
field fluctuations along with low compressibility typical of Alfvén waves, which is typically observed
in fast wind. Its other properties are also more similar to the fast than slow wind. From 28 years of
Wind observations at 1 AU, we derive the solar wind helium abundance (Aye), Alfvénicity (|o.|), and
solar wind speed (vgy ). Characterizing vsy as a function of |o.| and Age, we show that the maximum
solar wind speed for plasma accelerated in source regions that are intermittently open is faster than
the minimum solar wind speed for plasma accelerated in continuously open regions. We infer that
the Alfvénic slow wind is likely solar wind originating from open-field regions with speeds below the
maximum solar wind speed for plasma from intermittently open regions. We then discuss possible
implications for solar wind heating and acceleration. Finally, we utilize the combination of helium
abundance and normalized cross helicity to present a novel solar wind categorization scheme.

Keywords: Solar wind (1534), Fast solar wind (1872), Slow solar wind (1873), Abundance ratios (11),
Chemical abundances (224), Alfven waves (23), Magnetohydrodynamics (1964)

1. INTRODUCTION

The Sun’s coronal plasma becomes the solar wind at
the height where its speed transitions from sub- to super-
sonic as its thermal energy is converted to kinetic energy
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Figure 1. Three probability density functions (PDFs) of
the solar wind speed observed by the Wind Faraday cups
at 1AU. The PDFs indicate all the data observed (green
dashed), data from solar maxima 23 and 24 (orange dash-
dotted), and solar minima 23 and 24 (solid black).

(Parker 1958; Meyer-Vernet 2007). This height r. is typ-
ically referred to as the “sonic point” and is considered
to be at roughly ~ 5 Rg. This is also where the solar
wind reaches the minimum speed required to escape the
Sun’s gravitational pull. However, this energy conver-
sion mechanism does not provide sufficient energy for the
solar wind to reach the asymptotic, fastest non-transient
speeds observed at 1 AU. Additional energy must be de-
posited into the solar wind for it to reach these speeds
(Leer & Holzer 1980; Hansteen & Velli 2012; Holzer &
Leer 1981, 1980; Johnstone et al. 2015). Alfvén waves,
including switchbacks, are thought to be one key source
of such energy (Kasper et al. 2019; Bale et al. 2019;
Balogh et al. 1999; Larosa et al. 2021; Jagarlamudi et al.
2023; Huang et al. 2023; Rivera et al. 2024).

Broadly, there are two types of solar wind sources at
the Sun: magnetically open and magnetically closed
(Poletto 2013; Gosling 1997).  Sources like coronal
holes (CH) are magnetically open to the heliosphere
such that the magnetic fields are radial (Phillips et al.
1994; Geiss et al. 1995b). Sources like helmet stream-
ers, pseudostreamers, and the boundaries between pseu-
dostreamers and CHs have magnetic field topologies that
are more complex and, though intermittently open to
the heliosphere, are often referred to as magnetically
closed (Fisk et al. 1999; Subramanian et al. 2010; Anti-
ochos et al. 2011; Crooker et al. 2012; Abbo et al. 2016;

Antonucci et al. 2005). We will primarily use “closed”
terminology. During solar minima, magnetically open
sources are confined to the Sun’s polar regions and solar
wind sources in the Sun’s equatorial regions are consid-
ered closed.

The latitudinal stratification of magnetically open and
closed sources during solar minima leads to a bimodal
solar wind distribution observed at 1 AU during these
time periods (Bavassano & Bruno 1991). The bimodal
structure is mostly absent during solar maxima and is
largely obscured when all the data is plotted (Bavassano
& Bruno 1991). Figure 1 illustrates this. It contains
three probability distributions of the solar wind speed
(vsw) observed by the Wind Faraday cups when the
spacecraft was outside of Earth’s magnetosphere, one
each for all the data observed, data from solar minima
23 and 24, and data from solar maxima 23 and 24. We
define these intervals following D’Amicis et al. (2021a).
The bimodal nature of wvgy’s distribution during solar
minima has motivated a two-state fast/slow solar wind
paradigm with the transition occurring somewhere be-
tween 400 kms~! and 600 kms~! (Schwenn 2006; Fu
et al. 2018), though the exact value is typically chosen
in an ad hoc fashion. Alterman (2024) report that the
peaks of the slow and fast wind during solar minima are
Vslow = 355 £ 44 kms~! and vge = 622 + 58 kms~ 1.
Sources with magnetically open topologies accelerate
fast wind and sources with magnetically closed topolo-
gies accelerate slow wind (Baker et al. 2023; Arge 2003;
Arge et al. 2013; Wang & Sheeley 1990; Arge & Pizzo
2000), which is confined to the heliospheric current sheet
during solar minima (Schwenn 2006).

Under the two-state solar wind paradigm, there are
many differences observed between the fast and slow so-
lar wind. For example, the fast and slow wind have dif-
ferent kinetic properties (Kasper et al. 2008, 2017; Tracy
et al. 2016; Kasper et al. 2006; Stakhiv et al. 2016; Al-
terman et al. 2018; Berger et al. 2011; Klein et al. 2021;
Verniero et al. 2020, 2022; Durovcova et al. 2019). They
also display different chemical abundances and charge-
state ratios (von Steiger et al. 2000; Geiss et al. 1995b,a;
Zhao et al. 2017, 2022; Xu & Borovsky 2015; Fu et al.
2017, 2015; Ervin et al. 2023; Brooks et al. 2015). How-
ever, classifying the solar source region of a given in situ
solar wind observation by its speed along is known to
be inaccurate. For example, observations indicate that
there is a subset of solar wind with speeds character-
istic of slow wind but other properties regularly asso-
ciated with fast wind from magnetically open sources
(D’Amicis et al. 2021b,a; D’Amicis et al. 2018, 2016;
D’Amicis & Bruno 2015; Yardley et al. 2024). Such
wind was first identified in a case study by Marsch et al.
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(1981) and then on a statistical basis by D’Amicis et al.
(2011). Tt is typically referred to as the “Alfvénic slow
wind”.

The source of the Alfvénic slow wind is yet-to-be-
determined. Key theories and observations suggest that
the Alfvénic slow wind is from the low speed exten-
sion of sources typically associated with fast wind (e.g.
D’Amicis & Bruno 2015). For example, Alfvénic slow
wind may be related to small coronal holes at low solar
latitudes that replace polar coronal holes during solar
maximum and are predominant during this phase of the
solar cycle (Wang 1994; Wang & Ko 2019). Panasenco
et al. (2019, 2020) have also identified source regions
with strong non-monotonic expansion in the low corona
below 1.6 Rg. Such regions are usually found in the
neighborhood of large-scale pseudostreamers. Indeed,
the topology of pseudostreamers allows for the forma-
tion and development of twin filament channels, a mag-
netic configuration that creates conditions for a strong
divergence of the pseudostreamer open magnetic field
(Panasenco & Velli 2013; Panasenco et al. 2019). The
strong divergence of the magnetic field as well as the
non-monotonic expansion in the low corona would de-
celerate fast solar wind, setting the conditions for the
development of the Alfvénic slow wind (Panasenco et al.
2020).

The helium abundance in the Alfvénic slow wind is
more similar to the typical fast wind than the tradi-
tional slow wind (). Solar wind ions are composed of
~95% protons or ionized hydrogen (H) and > 4% al-
pha particles or fully ionized helium (He), with the re-
mainder made of heavier elements. Solar wind helium
was first observed by Mariner 2 (Snyder & Neugebauer
1965; Neugebauer & Snyder 1966). The solar wind he-
lium abundance (Ape) is given by the alpha-to-proton
density ratio in units of percent

Ape = 100 x e, (1)
nu

The helium abundance monotonically increases from
vanishingly small values to Age &~ 4% in the slow wind
from ~ 250 kms~! to ~ 400 kms~! and remains ap-
proximately constant at Ay, ~ 4% for faster speeds
(Kasper et al. 2007; Alterman & Kasper 2019; Aellig
et al. 2001; Ogilvie & Hirshberg 1974; Yogesh et al.
2021; Fu et al. 2018). The change of Age’s gradient
as a function of vy, at ~ 400 kms~! is one justifica-
tion for the two-state paradigm, in which slow wind
has speeds vg, < 400 kms™! and fast wind has speeds
Vsw = 400 kms~!. Section 3.1 and Figure 3 quantify this
statement. The helium abundance is likely driven by
the coronal heat flux into the chromosphere/transition
region, which the local magnetic topology impacts (Lie-

Svendsen et al. 2001; Lie-Svendsen et al. 2002; Endeve
et al. 2005; Lie-Svendsen et al. 2003; Hansteen et al.
1997). Because the sonic critical point is above the
chromosphere and transition region, Ay likely reflects
source region properties below r..

The first solar wind observations by Mariner 5 showed
that fluctuations in the solar wind’s magnetic field (B)
components and velocity (v) components are highly
correlated while the density fluctuations were minimal
(6n/n =~ 0) (Belcher et al. 1969; Belcher & Davis 1971).
Under magnetohydrodynamic (MHD) theory, pure such
correlations are indicate of Alfvén waves (Alfvén 1942,
1943). This condition is also referred as “weak compress-
ibility” and involves fluctuations in the magnitude of the
total magnetic field that are found to be much smaller
than the magnetic field fluctuations (Bruno et al. 2001;
Matteini et al. 2015). Later solar wind observations col-
lected by the Helios spacecraft in the inner heliosphere
showed that Alfvénic correlations are markedly stronger
within the main portion of fast streams, while they are
weak in intervals of slow wind (Tu & Marsch 1995; Bruno
& Carbone 2013).

The Alfvénicity, or level of such B-v correlations, is
typically measured by the normalized cross helicity (Tu
& Marsch 1995; Bruno & Carbone 2013; Woodham et al.
2018). The normalized cross helicity is given by

+ —
et —e
C et 4em 2)
+ 1 412 . . .
Here, e* = 5((2¢™)") are the energies associated with
the Elséisser variables, which are 2+ = v+ —2=b for ve-
VHop

locity v, magnetic field b, and solar wind mass density p
(Elsasser 1950; Tu et al. 1989; Grappin et al. 1991). The
Elséisser variables are defined in such a way that zT al-
ways corresponds to modes propagating away from the
Sun while 2z~ corresponds to modes towards it. The
closer o, is to =1, the more the predominant mode re-
flects pure Alfvénic fluctuations. As shown in Figure 4,
slow wind observations do not display a preferred |o.|,
while fast wind |o,.| tends towards 1 for vsy, 2 vs. Helios
observations show that, although |o.| decays with dis-
tance from the sun (Tu & Marsch 1992), the decay most
strongly impacts low cross helicity wind (Marsch & Tu
1990).

Observations from Parker Solar Probe (Probe) during
solar minimum 25 show that the near-Sun solar wind was
highly Alfvénic, irrespective of its speed (Raouafi et al.
2023). This high Alfvénicity often manifests as switch-
backs (Kasper et al. 2019; Bale et al. 2019; Bourouaine
et al. 2020; McManus et al. 2020), which are gener-
ated near the Sun by interchange reconnection (Fisk &
Schwadron 2001; Fisk 2005; Fisk & Kasper 2020; Wyper
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Figure 2. A cartoon illustrating the relationship between the helium abundance (Agne), cross helicity (|oc|), and magnetic

field topology at the solar wind’s source regions. Closed magnetic loops are plotted in orange. Open magnetic field lines are
plotted in red. The helium abundance is set below the sonic surface (r.) in the chromosphere and transition region. Between
the sonic surface and the Alfvén surface (r4), the cross helicity is set. Above the Alfvén surface, the solar wind is magnetically
disconnected from the Sun and |o¢| can only decay. The solar wind speed (blue arrows) increases during propagation through
interplanetary space due to the decay of Alfvénic structures like switchbacks (Bale et al. 2023; Raouafi et al. 2023; Rivera et al.

2024).

et al. 2022) and regularly observed in the near-Sun en-
vironment (Akhavan-Tafti & Soni 2024). The deposi-
tion of energy from such structures during the solar
wind’s propagation through interplanetary space (Du-
dok De Wit et al. 2020; Tenerani et al. 2021; Rasca
et al. 2021) accelerates the solar wind to its fastest,
non-transient speeds observed below the orbit of Venus
(Rivera et al. 2024) and near-Earth (Alterman 2024).
The Alfvén radius (r4) is the distance from the Sun
above the solar wind is magnetically disconnected from
the Sun and motion on the Sun’s surface (e.g. from in-
terchange reconnection) can no longer modify the solar
wind. The Alfvén radius is above the sonic point at
a nominal height of r4 ~ 20 Rg (Kasper et al. 2021).
Akhavan-Tafti & Soni (2024) show that switchbacks are
not observed below the Alfvén radius. This means that
the solar wind’s Alfvénicity is likely set at heights near
the Alfvén radius, which is above the sonic critical point
and above the heights where Ay, is set. How switch-
backs evolve during propagation through interplanetary
space likely depends on the magnetic topology of the
solar wind’s source region and lead to the differences
in |o.| observed near-Earth. At 1 AU, these differences
manifest in differences in |o.| as a function of vgy. As

with Ape, |o.| is typically > 0.6 for vg, = 400 kms™!,
while slow wind does not display a preferred |o.| (Tu
et al. 1992; D’Amicis et al. 2021a). In other words, a
larger |o.| implies that it is more likely a given parcel of
solar wind originated from a solar source region with a
magnetically open topology.

Figure 2 is a cartoon illustrating this relationship be-
tween |o.|, Ane, and magnetic field topology in the so-
lar wind’s source regions on the sun. The orange and
red lines indicate closed and open magnetic field lines,
respectively. The helium abundance is set below the
sonic surface (r.) in the chromosphere and transition re-
gion. The cross helicity is set between the sonic surface
and the Alfvén surface (r4), leading to the formation of
switchbacks at or above r4. Above the Alfvén surface
at heights r > r4, the solar wind is magnetically dis-
connected from the Sun and |o.| can only decay. The
decay of Alfvénic structures like switchbacks accelerates
the solar wind to the fastest, non-transient speeds ob-
served near 1 AU (Bale et al. 2023; Raouafi et al. 2023;
Rivera et al. 2024). The increase in v, during propaga-
tion through interplanetary space is indicated by the in-
crease in size of the blue arrows with increasing distance
from the Sun. As this figure illustrates, the combination
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of |o.| and Age help identify solar wind source regions
based on physical processes that occur above and below
the sonic critical point.

We utilize 28 years of Wind Faraday cup (Ogilvie et al.
1995) and magnetic field observations (Lepping et al.
1995; Koval & Szabo 2013) to investigate the relation-
ship between Ape, |o.|, and vgy. The time period covers
1994 to 2022. Figure 7 shows that the speed (vs) ob-
served near 1 AU at which the dominant source of the
solar wind in the changes from magnetically closed to
magnetically open decreases as the Alfvénicity increases
while the Ag. characteristic of this transition increases
with Alfvénicity. This more nuanced characterization of
the solar wind’s origin helps explain the source of the
Alfvénic slow wind, i.e. why some slow solar wind be-
haves more similarly to what is normally characterized
as fast wind. From these observations, we then infer
that He in open field source regions is accelerated in
a manner similar to H, while there is insufficient en-
ergy to continuously accelerate He into the solar wind
in closed field regions. In such closed regions, He ei-
ther serves as a free energy source that is drained so
that H can be accelerated in closed field regions or it is
not energized in the first place. We then show that this
careful determination of solar sources leads to a natu-
ral categorization of solar wind speed as a function of
Age and |o.|. Such a classification scheme is signifi-
cant because it maps in situ solar wind observations to
their source regions and the associated magnetic topolo-
gies without elemental and charge state composition ob-
servations, which require mass spectrometers to collect.
Combining this classifications scheme with the different
speeds derived in this paper, we characterize different
regions of the bimodal distribution of solar wind speeds
observed during solar minima near Earth.

2. OBSERVATIONS

Solar wind measurements are derived from Wind Fara-
day cup observations by fitting the measured solar wind
charge flux with a model velocity distribution func-
tion (VDF). Multiple datasets, each using a different
model VDF have been produced (Kasper et al. 2006;
Maruca & Kasper 2013; Alterman et al. 2018). We use
the Wind/FC observations derived by fitting them to
a model distribution function that accounts for a bi-
Maxwellian He population and a single population of
bi-Maxwellian H (Kasper et al. 2006). We select our
data based on the following requirements.

1. Wind is outside of Earth’s magnetosphere.

2. The magnetic field co-latitude is within 65°of the

ecliptic.
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Figure 3. The helium abundance a function of solar

wind speed. Ape has been normalized to its maximum value
in each column. The helium abundance monotonically in-
creases from 0% to 4.19% in slow wind and saturates to this
Atne = 4.19% in fast solar wind for which vew > 433 kms™?.

3. The magnetic field fluctuations were not extreme
over the ~92s during which a given FC spectrum
is collected.

4. The fitting routines return physically meaningful
solar wind speeds along with both H and He den-
sities.

The data are hosted by NASA on CDAWeb. The Wind
magnetic field observations are provided by the Mag-
netic Field Investigation (MFI). We use the version
downsampled to the Wind/FC measurement time and
provided in the Wind/SWE data files.

3. ANALYSIS
3.1. Helium Abundance

Figure 3 is a 2D histogram of the helium abun-
dance Ape as a function of vgy, over the range 200 to
800 kms~!. Because Wind observes slow solar wind
more often than fast wind, we have normalized the oc-
currence rate in each column to its maximum value so
that the trend of Ay, with vg, is not obscured by the
sampling frequency apparent in Figure 1. By inspection,
it is clear that Ap, increases from ~ 0 to 2 4% from the
slowest observed solar wind up to ~ 400 kms~!. Above
these speeds, Ap, saturates at 4% to 5%. Such behav-
ior has been previously reported (e.g. Kasper et al. 2007;
Alterman et al. 2024).
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Next, we aim to quantify trend of Ay, as a function of
Vsw and to determine the speed at which Ay, indicates a
transition from slow to fast wind. As we are concerned
with the central behavior of Ay as a function of vgy,
we reduce the impact of the large, asymmetric Ay, tails
by fitting Ape in each vgy column with a Gaussian dis-
tribution and limiting the fits to values within 90% of
each column’s maximum. Here, we only consider speeds
in the range 300 to 800 kms~! because Figure 3 indi-
cates that Ay, is vanishingly small at lower speeds and
likely correspond to the very slow solar wind, which may
uniquely originate from the heliospheric plasma sheet
(HPS, Sanchez-Diaz et al. 2016). In Figure 3, the mean
of the 1D distributions is plotted as a green dashed
line; their 1o uncertainties are given as solid green lines.
As would be expected from normally distributed values,
these solid green lines are roughly within the 60% to 70%
of maximum level in each column. A similar technique
to reduce the impact of distribution tails has been used
to characterize the decay of alpha particle and proton
beam differential flow with increasing Coulomb collision
(Alterman et al. 2018).

We then fit the mean and standard deviation from
these 1D Gaussians with the minimum of two lines

A(v) = min [m (v — v1), ma(v — v3)] (3)

using the standard deviations as the weights. A(v) is
the helium abundance; m; is a given line’s slope; and v;
is its x-intercept. Kasper et al. (2007) refer to v; of the
slower speed interval with the steeper gradient as the
vanishing speed (v,). The intersection of these two lines
gives the speed at which Ag. saturates to its fast wind

value
mivy — Mav2

(4)

We parameterize this function to determine vy, Ag, vy,
and my,s;. These are the speed (vs) and abundance (Ay)
where the gradient of Ay, changes along with the x-
intercept of the line at speeds v < v (v,) and the slope
at speeds v > vy (Myast). We refer to vg and Ay as the
saturation speed and saturation abundance. Fitting the
minimum of two lines in such a fashion has been used
to identify quiet times in suprathermal observations by
ACE/ULEIS (Alterman et al. 2023). In Figure 3, the fit
is plotted as a pink dash-dotted line that is roughly co-
located with the green dashed line indicating the mean
values from the 1D fits. Table 1 summarizes the fit pa-
rameters for this and later fits. The blue vertical line is
the saturation speed vy = 433+4.0 kms~!, above which
Age = 4.19 £ 0.05%.

Alterman (2024) have fit the fast and slow wind distri-
butions of vg, observed during solar minima each with

Vg =

my —ma
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Figure 4. The cross helicity as a function of vsy, normal-
ized to its maximum value in each column. The blue line
indicates values at 60% of the maximum in each column.
The green line indicates the saturation speed (vs) as derived
in Figure 3.

a Gaussian and determined their intersections. Because
they represent the extreme cases of ranges typically cho-
sen to differentiate between fast and slow solar wind,
they consider slow wind to have vg, < 400 kms™' and
fast wind to have vg, > 600 kms~!. These speeds are
Vslow = 355 & 44 kms™! and vgs, = 622 £ 58 kms™1.
These Gaussians intersect at v; = 484434 kms™—!, which
is 13 to 89 kms~! faster than v, in Figure 3. Table 2
SumMmarizes Vslow, Vfast, Vi, and other significant speeds
derived in this work.

3.2. Normalized Cross Helicity

The normalized cross helicity is a tool to measure the
solar wind’s Alfvénicity, i.e. how correlated fluctuations
in the solar wind velocity and magnetic field are. It is
given by Equation (2). The sign of o, indicates propaga-
tion towards or away from the Sun. Observations show
that the fluctuations are predominantly outward from
the Sun (Bruno & Carbone 2013). We have calculated
it on a 1-hr time scale, a typical scale of Alfvénic fluctua-
tions (e.g. Marsch & Tu 1990; D’Amicis & Bruno 2015),
and only consider the absolute value because we are con-
cerned with the Alfvénic content of the solar wind and
not the directionality of the fluctuations.

Figure 4 is a 2D histogram of |o,| as a function of vgy
normalized as in Figure 3 to account for the same obser-
vation frequency concerns as Figure 3. D’Amicis et al.
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Figure 5. Fits to Ane (vsw) in 15 |oc| quantiles, which are
given by the color bar. The green points are the fit values and
uncertainties for the saturation points (vs, As). The insert
zooms in on the points.

(2021a) have produced similar plots for different phases
of solar activity that include the sign of |o.| that show
distinct fast and slow wind behavior. Their distribution
of data during solar minima is dominated by low o, in
slow wind and their fast wind peak is predominantly
|o.| approaching 1. During solar maxima, they show
two distinct slow wind peaks at low and high o.. The
distribution of data in Figure 4 superimposes these var-
ious peaks because it mixes all phases of solar activity.
The range of observed |o.| decreases as vgy, increases, as
highlighted by the blue line, which indicates bins at 60%
of the maximum in each column. This contour intersects
the x-axis at vsw = 380 kms™!. In the slow wind with
Vsw < 380 kms~!, the observations cover all possible
|oc|. The vertical green line indicates v, including the
+4 kms~! uncertainty derived from Figure 3. This line
intersects the 60% contour at |o.] = 0.7. In fast wind
with vew > vs, bins within 60% of the maximum in each
column are limited to |o.| > 0.7.

3.3. Combining An. and |o.|

To characterize the relationship between Ape, |o./,
and vgy, we repeated the analysis in Figure 3 for 15
quantiles in |o.|. We use quantiles instead of uniform
length intervals so that there is an equal number of ob-
servations in each |o.| interval. As in Figure 3, we only
consider speeds vgy, > 300 kms~!. We also require that
the 1o fit uncertainty for Age in each vgy, column be less
than 3 percentage points, thereby excluding vgy, bins for
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Figure 6. Fits to Ane (vsw) in 15 |o¢| quantiles, which

are given by the color bar, rescaled to the saturation point
(vs, As). The green point indicates (1, 1), the scaled satura-
tion point.

which the data is too sparse. This primarily excludes
bins in the fastest wind where the data is limited due to
the sample frequency of the fastest solar wind. Table 1
provides the fit parameters, their uncertainties, and av-
erages over intervals defined below.

Figure 5 plots the resulting fits. The line colors indi-
cated |o.| which is given by the color bar. The satura-
tion points (vs, As) are plotted in green and highlighted
in the insert axis. This insert axis has the same as-
pect ratio as the larger, parent axis. Two broad groups
of observations stand out, one about the gradients at
speeds above and below v, and the other about how the
saturation point (vs, As) itself varies with |o,|.

First, the gradients of A, as a function of vg,, are larger
at speeds below the saturation point vy than above it.
These gradients are similar across all |o.| for speeds
Vsw < s and the speed at which this component of
the fit reaches Ay, = 0 is approximately constant at
302 =4 kms~'. For speeds vgy > vs, the gradients de-
crease as |o.| increases. In other words, the change in
gradients across v, increases with |o.|. Quantitatively,
V.o Ale for vgy > v5 monotonically decrease from ap-
proximately 4.2 x 1073 % km s t0 0.8 x 1073 % km s,
and 82% change. Figure 6 highlights these observations
of the gradients by scaling the fits to their saturation
points (vs, As), which is indicated by a green dot. It
shows that V,_, Amne for vsy > vs has two groups such
that for |o.| > 0.68, V,_ Ane drops by a factor of ~ 0.27
from its low |o.| value.
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Figure 7. The (a) saturation speed (vs) and (b) sat-
uration abundance (As) as a function of normalized cross
helicity (|oc|). Marker color indicates |o¢| for visual com-
parison with Figures 5 and 6. The pink lines and shaded
regions surrounding them are the values derived for all data
in Figure 3. The blue lines and shaded regions indicate the
weighted mean and standard error of the mean for the indi-
cated ranges of normalized cross helicity. Markers and error
bars are colored by |o¢| for visual comparison with later fig-
ures.

Second, as highlighted by the insert axis, A; and vs are
anti-correlated: A increases with increasing |o.| while
vs decreases with increasing |o.|. Moreover, the typical
Age as a function of vy, in non-Alfvénic wind with small
|oc| is larger than the typical Aye in Alfvénic solar wind
at speeds vg, = 525 kms~!. This difference in Age
between low and high cross helicity solar wind increases
with increasing vgy = 525 kms™1.

Figure 7 analyzes the saturation values vs and A as a
function of |o.|. Marker color indicates |o.| and matches
Figures 5 and 6. The pink dashed lines and shaded re-
gions surrounding them are the saturation values de-

rived using all the data in Figure 3. Although the rel-
evant ranges of |o.| for vs and A are not equivalent,
vs and Ag show distinct groupings across |o,|, which we
indicate in blue. The lines denote the weighted mean
across the interval and shaded regions are the standard
errors of the mean.

Figure 7 (a) plots the saturation speed v, as a function
of |o.|. It shows that, over all |o.| quantiles, vs drops
from 433 £+ 6 to 410 =3 kms™ !, a 23 kms™' or 5%
change. However, there is a clear change in behavior
at |o.] = 0.7. From |o.] = 0 to o] < 0.77, v
drops by 5 kms~! from 433 to 428 kms~'. This entire
change is within the lo fit uncertainties for vg in each
of these |o.|] < 0.77 quantiles. As such, we consider
vs constant in this range of |o.|] < 0.77 and take it
to be vy = 430 £ 1 kms™!, the weighted average of
the derived saturation speeds over this range. For cross
helicities |o.| > 0.77, vy decreases from 421 kms~! to
410 kms~!, a 11 kms~! change. Within this range,
there are two groups of |o.| that are within their mutual
uncertainties For 0.77 < |o.| < 0.91 and 0.91 < |o,|, we
consider vy = 420+ 2 kms~! and v, = 410 £ 2 kms™!,
respectively.

Figure 7 (b) plots the saturation abundance A, i.e.
the abundances corresponding to v, as a function of
loe|. As increases with |o.| and low cross helicity A
is less than high cross helicity As;. In the intermedi-
ate range, the A,’s uncertainties overlap with the low
and high cross helicity values. Table 1 provides the
fit parameters and their uncertainties, we summarize
the behavior in the low and high |o.| ranges by their
weighted means and include the intermediate range as
a third group because it is not clearly a part of the
other two. We consider the low |o.| range of A; to be
loe] < 0.51 and the weighted mean of A in this range
is Ay = 3.87 4 0.04%. The saturation abundance in-
creases by 0.14 percentage points to A; = 4.01 £+ 0.06%
for 0.51 < |o.| < 0.65. In the high |o.| regime with
0.65 < |o.|, As =4.13+0.01%, a 0.12 percentage point
increase over the intermediate regime and a 0.28 per-
centage point increase over A; in the low |o.| range.

3.4. The Distribution of vy Observed near 1 AU
During Solar Minima

To contextualize v, in relationship to the peak of the
slow wind (vgow) during solar minima in Figure 1, Fig-
ure 8 plots the hydrogen (solid green) and helium (dash-
dotted orange) number densities as a function of vgy.
Here, we have created 2D column normalized histograms
as in Figures 3 and 4, selected data within 60% of each
column’s maximum, and calculated the mean and stan-
dard deviation of these observations. Figure 8 plots
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As Vs Vo Miast

loe] (%] [kms™'] [kms™'] [% km ™" s]
0.05 3.87+0.11 433+£6 304+4  0.0039 £+ 0.0007
0.14 3.82+0.09 430+4 305+3 0.0042 £+ 0.0004
0.22 3.85+0.09 431+£5 303+£3 0.0038 £ 0.0005
0.31 3.89+0.07 432+4 302+4  0.0037 + 0.0004
0.39 3.88+0.09 432+£5 298 =4 0.0035 + 0.0005
047 3.90+£0.09 429+5 303+4  0.0033 £+ 0.0004
0.55 4.01+0.08 431+4 302+4  0.0026 + 0.0004
0.62 4.01+0.08 430+£5 297 +£5  0.0026 £+ 0.0004
0.68 4.10+£0.07 429+£5 302+4 0.0019 £ 0.0003
0.74 4.15+0.05 428+4 299 +£4  0.0017 £ 0.0002
0.80 4.08+0.04 421+£3 302+3 0.0018 £ 0.0002
0.85 4.12+0.04 419+4 297 +4  0.0016 £ 0.0002
0.89 4.18+0.03 420+3 287 +4 0.0011 £ 0.0001
093 4.14+0.03 409+3 296 £3 0.0011 £ 0.0001
0.98 4.13+0.03 410+3 287+4 0.0008 + 0.0001
All  419+0.05 433+4 3024+4 0.0010 £ 0.0002
Low 3.87+0.04 430+£1 — —

Mid 4.01£0.06 420+2 — —
High 4.13+0.01 410+2 — —

Table 1. Derived fit paramters as a function of normalized
cross helicity |o¢|. The fit parameters are the saturation
abundance (A;), the saturation speed (vs), the speed v, at
which the slow wind portion of the fit (v < vs) intersects the
x-axis, and the slope mg.st of the fast wind portion of the
fit (v > vs). All values are derived in Figure 3 for all data.
High, Mid, and Low are derived for the ranges indicated in
Figure 7 for vs and As. As such, Low, Mid, and High refer
to different ranges in |o.| for these two quantities.

the means with semi-transparent bands indicating each
species’ standard deviations. The nye plot highlights
four key speed ranges, which are given in Table 2, in
contrasting colors. Purple indicates the values of npye
falling within the widths of the Gaussians fit to the slow
and fast solar wind peaks characteristic of solar min-
ima in Figure 1. Blue indicates the range of ny, falling
within the range of v, as derived in Figure 5 across |o.|
and accounting for uncertainties. The dark orange re-
gion labeled v,, indicates standard deviation of the peak
of nge when the orange line is recalculated for all 15
|oe| quantiles. The gray region indicates v;, the inter-
section of the Gaussians fit to the slow and fast wind
peak during solar minima.

We observe that ny decreases with increasing vgy, as
expected (Le Chat et al. 2012, Figure 3), from ny =
9.9 £ 2.6 cm™2 to an asymptotic value of nyg = 2.6 +
0.3 cm~3. In contrast, ny. reaches a local maximum
of nie = 0.2+ 0.08 cm™3 at v, = 415 kms~! for all
the data, which is faster than the minimum v, across
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Figure 8. Mean alpha particle and proton number densi-
ties as a function of solar wind speed. The semi-transparent
regions are the standard deviations. The highlighted regions
on the nye trend indicate speeds within 1o of the slow wind
peak (vsiow) in Figure 1, the fast wind peak (vfast) in Fig-
ure 1, and the saturation speed (vs) derived in Figure 3 for
all data along with v,,, the peak of npe in this figure when
the nqo trend is recalculated across the |o.| quantiles.

Speed Typical Value [kms™']

Ufast 622 £ 58
Vi 484 £ 34
Vs 407 to 439
Un 409+ 15

Uslow 355 =44

Table 2. Key speeds highlighted in Figure 8. These are
the speeds of the slow wind peak (vsiow) in Figure 1 for so-
lar minima, the fast wind peak (vfast) in Figure 1 for solar
minima, the intersection of the Gaussians fit to these peaks
(vi), the saturation speed (vs) derived in Figure 3 for all data
along with v,, and the speed corresponding to the peak of
nue in Figure 8 when the npe trend is recalculated for each
|oc| quantile. vs is the range of values (including uncertain-
ties) in Table 1.

|oc|. Repeating this calculation for the 15 |o.| quantiles
yields v,, = 409 & 15 kms~!. For speeds vgw < ¥y, NHe
increases monotonically from nge = 0.12 4 0.07 cm™3
to its maximum. For speeds vgy > vy, nNpe decreases
monotonically like ny to an asymptotic value of ny, =
0.124+0.02 cm™3. As v, = 409 &+ 15 kms~! and v, =
415 km s~ ! are statistically indistinguishable, we will use
the v, = 409+15 kms~! value to account for variability
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Figure 9. The same PDF of vy in Figure 1. The high-
lighted purple, orange, blue, and green intervals are the same
as in Figure 8: the fast and slow wind peaks derived from
Gaussian fits (vsiow and veast in purple), the range of satu-
ration speeds derived across |oc| (vs in blue), the peaks of
ne derived in Figure 8 across |o¢| (v, in orange), and the
speed at which the Gaussians used to derive vsiow and veast
intersect (v; in green).

across |o.|. The typical mean of the observed hydrogen
densities across this range of speeds weighted by their
standard deviations is ng = 5.3 +0.43 cm ™3, where this
uncertainty is the standard error of the mean.

Figure 9 plots the solar wind speed distribution during
solar minima from Figure 1 and highlights the regions
corresponding to each speed in Table 2: vgow, Un, Vs, Vs,
and vgagt- The colors match Figure 8. The slow and fast
wind peaks vgow and ve,gy are in purple. The orange
region is v,. The blue region corresponds to vs. The
intersection between Gaussians fit to the slow and fast
wind peak is v; and indicated in green. The v, peak
is at the expected high speeds. vgow marks the peak of
the slow wind. v, is just faster than vgey and v, spans
the fast range of vgow and slow range of vs. The slow-
est portion of v; is just faster than the fastest portion of
vs. The visual discrepancy between the speeds indicated
here and the speeds indicated in Figure 8 is related to
the bin resolution in each. That vg., and v, are ad-
jacent and v, spans these two speeds suggests that an
unaccounted for variable may be relevant.

3.5. Defining the (|o¢|, Ane)-Plane

Figure 10 is three contour plots of vy (|oc|, Ane) -
The panels show (a) mean vgy, (b) the 10% vsy quantile,

and (c) the 90% vsy quantile. Panels (b) and (c) use the
same color scale, while Panel (a) uses a narrower speed
range for the color scale. Labeled contours are relevant
speeds from Figure 9 and Table 2 derived in Panel (a)
for mean vey; units are in kms~!'. The color for each
contour depends on the panel and is chosen for contrast.
In Panel (a), pink lines with a dash and three dots are
the mean and upper bound of vgow; black lines with a
dash and five dots are v; and its lower bound; and solid
blue lines are the upper and lower bound of v5. Contours
are smoothed with a 1o Gaussian filter for visual clarity.

In Panel (a), we observe two distinct regions of the
mean v, plane with a third between them. Solar wind
with vgy < vs (blue to green regions) has contours that
range from constant Ape, irrespective of |o.|, or decreas-
ing with Aye as |o.| increases. Excluding Ay, > 8.5%
with |o.| < 0.6 (which is likely transients), speeds with
Vsw > 460 kms~! (orange to red) is linked to |o.| = 0.74
and for which the range of Ay decreases with increasing
loc|. Between 440 and 460 kms~! (light to medium or-
ange) lies a region of the plane where the contours follow
neither trend. This range includes v; = 450 kms~!, the
lower bound of the speed at which fast and slow wind
solar wind peaks intersect. Panels (b) and (c) display
similar trends, but for different ranges of speeds.

Panel (b) plots the 10% quantile of vsy. As stated
above, the labeled speed contours correspond are derived
from mean vg,, in Panel (a). The entire range of speeds
plotted is < 390 kms~!. In fact, the region of the mean
v; = 484 kms~! in highly Alfvénic wind shows that
the 10% quantile covers the speed range v, = 360 to
390 kms~!.

Panel (c) plots the 90% quantile of vgy. Again, the
labeled contours are derived from mean vg, in Panel
(a). Here, the majority of the plane has speeds vgy, >
400 kms™!, covering the range of values typical of the
ad hoc speeds used to separate out or select for slow or
fast wind. In fact, the region of the plane where mean
Vgw corresponds to the slow wind peak has speeds that
range between vy, = 420 and 510 kms™!.

4. DISCUSSION
4.1. Summary of Observations

We have analyzed solar wind observations from the
Wind/SWE Faraday cups covering solar cycles 23, 24,
and the ascending phase of solar cycle 25. From these
observations, we have derived the solar wind speed (vsy, ),
helium abundance (Age), and normalized cross helicity
(loc]) on a 1-hour time scale. We exclude speeds vgy <
300 kms~! because solar wind with those speeds has
a vanishingly small Ay that likely correspond to the
very slow solar wind, which may uniquely originate from
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Figure 10. Contour plots of the solar wind speed (vsw) as a function of normalized cross helicity (Jo¢|) and helium abundance
(Age). Panel (a) uses the mean vsw. Panels (b) and (c) use the 10% and 90% quantile of vsw, respectively. The color scale in
Panels (b) and (c) is larger than the range in Panel (a). Contours for mean vsy = 355, 399, 407, 439, 450 and 484 kms™! are
drawn on all three panels. The color of the contours depend on the panels and are chosen for contrast. The first two are vsiow
and the upper bound on it. The middle two are the slowest and fastest vs. The latter two are the speed at which Gaussians fit
to the slow and fast wind peaks during solar minima intersect and the lower bound on this intersection value. The area between
the vsiow, vs, and v; contour pairs are labeled with the corresponding vx text. All contours are smoothed with a 1o filter for

visual clarity.

the heliospheric plasma sheet (HPS, Sanchez-Diaz et al.
2016).

The core of our analysis quantifies the change in the
gradient of Ay, as a function of vg, and how these
changes in gradient vary with |o.]. We identify the
speed at which this gradient changes as the saturation
speed (vg), the corresponding abundance as the satura-
tion abundance (A;), and the corresponding coordinate
in the (Vsw, Ane)-plane as the saturation point (vs, As).

For speeds vgyw < v5, we made observations about the
minimum solar wind speed observed for He and the gra-
dients of Ay, as a function of vgy,. First, Figure 6 shows
that the gradients of Ay, for vsy, < vs are identical. This
suggests that the process responsible for Ape’s strong
gradient with vy, in this regime is independent of |o.|
and therefore independent of wave-particle interactions
associated with Alfvén waves. Second, Figure 3 shows
that the minimum vy, for which there is a non-vanishing
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Ape is v, = 30244 kms™!. Figure 5 further shows that
this value may decrease with increasing |o.| by 10 to
25 kms~!, which is at most the same uncertainty found
by Kasper et al. (2007) when only considering vy < vs.
As Figure 6 shows that the gradients of Ay, for vgy < v
are identical, further investigation is required to deter-
mine if this variation of v, with |o,| is meaningful.

For speeds vgy > vs, we similarly made observations
about the gradients of Ag. as a function of vg, and the
extreme values of Ay, in the fastest wind. Figures 5
and 6 show that the gradients of Ay, as a function of
Vsw Increase with decreasing |o.|. We also observe that
Ape with low |o,| for these speeds exceeds Ap, with high
loe| at vsw ~ 525 kms™!. Qualitatively, Age with low
|o.| < 0.5 becomes larger than Ay with high |o.| >
0.75. A detailed study of what drives this change in
gradient at speeds vy, > vs kms™! across |o.| is the
subject of future work.

Figure 7 (a) plots this saturation speed v, in 15 |o|
quantiles. The horizontal pink dotted line and the sur-
rounding pink region is v, calculated in Figure 3 and its
1o fit uncertainty. The blue bars indicate vs characteris-
tic of low |o.| < 0.77, intermediate 0.77 < |o.] < 0.91,
and high 0.91 < |o.] < 1 normalized cross helicity.
Across these range, vgy, drops with increasing |o,| from
43041 kms~! to 42042 kms~! and then 41042 kms™!.

Figure 7 (b) relates the observed decrease in v, with
increasing |o.| to changes in Aye at vsw = vs. As with
vs, we have identified three intervals in |o.| with dif-
ferent A;. They are low |o.] < 0.51, intermediate
0.51 < |o.] <0.65, and high 0.65 < |o.| < 1 normalized
cross helicities. The corresponding A, are 3.87 £ 0.04%,
4.01+0.06%, and 4.134+0.01%. Although the change in
percentage points is small, the percentage change in Ag
across these intervals in comparison to Ay = 4.19% cal-
culated in Figure 3 is larger than the percentage change
in v, across its |o.| intervals when referenced to the Fig-
ure 3 value. A detailed study of helium and hydrogen
temperatures is necessary to determine if such an inter-
pretation is supported by models suggesting that energy
is taken from helium in the low solar atmosphere to ac-
celerate hydrogen (e.g. Hansteen et al. 1997).

The discrepancies between the Low, Mid, and High
|o.| ranges determined from vy and A are not unex-
pected. We have crudely characterized the saturation
point (vs, As) with the intersection of two lines. There
is no reason to assume that a smoother functional form
would not smooth out the trend of saturation points
highlighted in Figure 5’s insert and lead to smoother
curves in Figure 7. However, smoother curves would be
unlikely to remove the overall trends.

We also cannot rule out a solar activity component to
these trends. D’Amicis et al. (2021a, Figure 3) shows
that low values of |o.| are more common during solar
minima than solar maxima. Ay is known to be strongly
correlated with solar activity (Kasper et al. 2006; Alter-
man & Kasper 2019; Alterman et al. 2021; Lepri et al.
2013; Yogesh et al. 2021). The relative occurrence rate
of various solar sources along with their latitudinal strat-
ification vary with solar activity (McIntosh et al. 2015;
Hewins et al. 2020; Wang & Sheeley 2002; Tlatov et al.
2014; Hathaway 2015). As such, an underlying vari-
ability with solar activity does not rule out the overall
trends we observe nor does it change our interpretation.
It simply implies a time dependence of the source region
occurrence rates and the impact of this time dependence
on the saturation point (vs, As) should be investigated
in future work. Section 4.2 discusses the implications
of these observations for the origin of the Alfvénic slow
wind.

To contextualize the reported speeds, Figure 8 breaks
Apge down into its component parts—ny and nye—and
plots both as a function of vgy. ny monotonically de-
creases from 9.9 + 2.6 cm™3 to 2.6 = 0.3 cm™? over
the range of speeds 300 to 800 kms~!. In contrast,
nye monotonically increases from 0.12 4= 0.07 cm™3
at 300 kms™! to a maximum of 0.2 & 0.08 cm™> at
v, = 409£15 kms~!. Repeating this plot of ny. for each
lo.| quantile yields an average v, = 409 4 15 kms™1,
which spans the slow range of vs and fast range of vgjow-
At speeds vgy > Uy, nge monotonically decreases to an
asymptotic value of 0.12 & 0.02 cm™3. Section 4.3 dis-
cusses how this inflection in nye as a function of vy, may
point to the importance of He in solar wind acceleration.

The ordering of vgow, Un, vs, and v; is unexpected
and it would be unsurprising if one or more additional
hidden variables are relevant to understanding the so-
lar wind for vg, < vs, especially the traditional tran-
sition between slow and fast wind as identified by the
distinct peaks in a vgy histogram for observations from
solar minima. Figure 10 plots vsw (|oc|, Ane) using (a)
mean Vsw, (b) the 10% vsy quantile, and (c) the 90%
Vsw quantile with key contours of mean vy, highlighted.
We observe that vgiow, vs, and v; define different do-
mains of vy in the (|oc|, Ame)-plane. In general, for
mean vy, < max (vs) = 439 kms~!, the Ay, to which a
given speed contour corresponds decreases with increas-
ing |o¢|. The strength of this gradient increases with
increasing vsyw. While the vgy indicated in color changes
with the different averaging schemes in each panel, the
overall trends are the same. For mean vgy, > 460 kms™!
in Panel (a) we observe that contours of constant vsy
are limited to |o.| 2 0.7 and the range of Ay, for these
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contours of constant v, decreases with increasing |o.|.
A similar trend of maximum plotted vgy, being limited
to a high range of |o.| and Ap. = 3% is also observed
in Panels (b) and (c¢). Building on Sections 4.2 and 4.3,
Section 4.4 argues that the (|o.|, Ane)-plane can sta-
tistically categorize the solar wind speed as originating
from magnetically closed or magnetically open regions.

Table 2 summarizes the speeds reported in this paper:
Uslow, Un, Us, Vi, and vg.s. Figure 9 plots the solar wind
speed distribution during solar minima from Figure 1
and highlights the regions corresponding to each speed.
Building on prior Discussion sections, Section 4.5 sug-
gest that different portions of the bimodal distribution
of solar wind observations observed during solar minima
are dominated by different physical mechanisms.

4.2. The Origin of the Alfvénic Slow Wind

The two state solar wind emerging from differ-
ent source regions with distinct magnetic topologies
is a well-supported interpretation of the solar wind
(Schwenn 2006; Cranmer 2009). However, classifying
the solar wind as fast or slow based on its speed is
known to be inaccurate. For example, the Alfvénic
slow wind is an emerging 3" class of solar wind with
speeds that are most similar to the slow wind but with
other kinetic, chemical, charge-state, and Alfvénic prop-
erties that are typical of fast solar wind (D’Amicis et al.
2021b,a; D’Amicis et al. 2018, 2016; D’Amicis & Bruno
2015). Although recent theories and observations would
attribute a key role in it generation to the strong di-
vergence of open magnetic field lines (e.g. Panasenco &
Velli 2013; Panasenco et al. 2019, 2020), the source of
the Alfvénic slow wind is yet-to-be-determined.

Under the two-state fast/slow paradigm, the transi-
tion between fast and slow wind happens between 400
and 600 kms~!. Defining arbitrary time intervals that
correspond to solar minima and ad hoc thresholds below
and above which to consider slow and fast wind, Alter-
man (2024) fit the peaks of fast and slow solar wind dur-
ing solar minima in Figure 1 with Gaussians and iden-
tify a fast/slow transition under the two-state paradigm
at v; = 484 + 34 kms~! based on the intersection of
these Gaussians. Figure 3 identifies a saturation speed
vs = 433 £ 4 kms~! based on the change in gradient of
Age (Vo Ane) across this speed. This v; is 51 kms™?
faster than v, = 430 £ 1 kms™! in non-Alfvénic (low
lo¢|) wind and 74 kms™! faster than vy = 41042 kms™!
in Alfvénic (high |o.|) wind. This means that there is
a 51 kms~! to 74 kms~! interval of vg, for which the
two state paradigm’s slow wind has Ay, characteristic of
fast solar wind and the size of this interval increases with
|oe|, indicating an increasing probability that an obser-

vation classified as slow under the two-state paradigm
based on vg,, may have properties more similar to typical
fast wind. This reasoning leads to a contradiction.

To address this contradiction, we have quantified the
saturation point (vs, A5) as a function of |o.| by dividing
|o.| into 15 quintiles and applying the method presented
in Figure 3 in each quantile. Figures 5 and 6 show that
the gradient of Ay as a function of v, does not vary
with |o.| for speeds vsw < vs. Above v, the gradient
drops and the magnitude of this change in V,,_ Agne in-
creases with increasing |o.|. The insert in Figure 5 shows
an anti-correlation between vy and A,. Figure 7 demon-
strates that this anti-correlation is a function of |o.|: A
is smaller and v; is larger in low |o.|; A is larger and
v is smallerin high |o.|.

We infer that solar wind from below the saturation
point with vey < vs and Apge < A, is accelerated in
magnetically closed source regions based on the follow-
ing observations:

1. Ape is highly variable for speeds vgy < vs, as typi-
cal for solar wind from closed loops and other (typ-
ically) equatorial sources.

2. The gradient of Ay, with vsy is independent of |o|
for speeds vsw < vs, indicating that V,_ Ape for
Vsw < Vg 18 independent of wave-particle processes
related to the presence of Alfvén waves that are
progressively more common as |o.| increases.

Based on the following observations, we infer that solar
wind from above the saturation point is accelerated in
magnetically open source regions.

1. The gradient of Ay, increases with decreasing |o.|
for vgw > vs.

2. The discrepancy between Ay,’s gradient with vy,
for speeds vgw < vs and vgy, > vs increases with
increasing |o.|. In other words, the upper limit on
Apge becomes progressively tighter or more strin-
gent as |o.| increases.

Together, these observations suggests that V,_, Amne for
Vsw > Vs depends on Alfvénic content of the solar wind
and the related wave-particle processes that are increas-
ingly more common as |o.| increases. Combining these
inferences about the relationship between the satura-
tion point and the magnetic topology of source regions,
the maximum speed of solar wind from magnetically
closed sources (vs < 430 kms™!) is larger than the
minimum speed of solar wind from magnetically open
sources (vs > 410 kms~1!). The natural conclusion from
these inferences is that Alfvénic slow wind is likely solar
wind accelerated at magnetically open sources, which
results in kinetic, chemical, and charge-state properties
typically associated with fast wind and typical of CHs.
The speed of such Alfvénic slow wind, which can have
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Vsw < non-Alfvénic v, = 430 kms—! from magnetically
closed sources, is simply a result of the possible ranges
of speeds compatible with a magnetically open topology.
Such an interpretation is consistent with Figure 10.

4.3. Solar Wind Acceleration

An increase in momentum below the solar wind’s sonic
point increases the mass flux and leads to a decreased
asymptotic solar wind speed at 1 AU (vg) because it
decrease the energy per particle (Leer & Holzer 1980;
Holzer & Leer 1981, 1980, 1981). This effect is larger
than the increase in vg due to energy addition in the
subsonic region. A natural consequence of this mass
flux effect on vgy is that the solar wind’s mass density
decreases with increasing speed.

Lie-Svendsen et al. (2001); Lie-Svendsen et al. (2002)
show that the solar wind mass flux and speed are
driven by the coronal heat flux into the chromo-
sphere/transition region, which is a function of the coro-
nal magnetic topology. In open field regions, Alfvén
waves provide sufficient energy to lift the solar plasma
and accelerate it into the solar wind (Leer et al. 1980).
As such, He is a minor species that simply provides
an additional mass term in the solar wind mass flux,
any excess non-thermal energy in He (e.g. super-mass-
proportional temperatures) remains with it, and He be-
haves similarly to protons (Endeve et al. 2005; Lie-
Svendsen et al. 2003; Hansteen et al. 1997). In such
regions, neither the H nor He flux in the solar wind is
highly sensitive to the heat flux mediated coupling be-
tween the corona and deeper layers of the Sun. In closed
field regions, which dominate observations with speeds
Usw < Us, there is insufficient energy to simply lift the
solar plasma and accelerate it into the solar wind (En-
deve et al. 2005). As such, collisional coupling between
He and H transfer any excess non-thermal energy from
He to H so that H can escape, forming the solar wind
(Hansteen et al. 1997; Endeve et al. 2005). Only after
H has escaped the Sun and its density has dropped does
the collisional coupling between H and He become suf-
ficiently inefficient that He retains sufficient energy to
be accelerated into the solar wind (Endeve et al. 2005).
Because these closed regions only open intermittently
and for variable lengths of time, the Ay, from them is
highly variable (Endeve et al. 2005). In these regions,
the heat flux drives the amount of mass that enters the
corona and therefore settles in these loops, making the
helium abundance highly sensitive to both the closed
field topology and the heat flux from the corona into
the transition region (Endeve et al. 2005).

Figure 8 plots the hydrogen (ny) and helium (nge)
number densities as a function of vgy. npg decreases

monotonically with vsy npe reaches a local maximum of
nie = 0.2 em™3 at v, = 415 kms™!, which varies as
v, = 409 kms™! across |o.|. At the extreme speeds,
npe = 0.12 cm™2 with the standard deviations of
0.07 cm ™3 at 300 kms~! and 0.02 cm ™2 at 800 kms—!.
Like ny, nge = 0.12 cm ™2 is an asymptotic value at the
fastest speeds.

Figure 8 and Table 1 shows that the slowest v, in the
least Alfvénic wind (lowest |o.|), which is most charac-
teristic of solar wind accelerated in magnetically closed
sources, is 8 km s~ faster than the fastest vgow account-
ing for the slow wind peak’s width. This difference is 2x
to 3x smaller than the difference between v, in the low
|oc| and high |o.| ranges. In contrast, the range of v,
across |o.| overlaps vgoy for 13 kms™! and the majority
of vy’s range. From this, we infer that the signature of
magnetically open sources becomes significant at speeds
just faster than those characteristic of the slow wind and
slower than ve,s. Across this transition between mag-
netically closed and open sources, the gradient of nye
with vgy changes. The hydrogen number density typical
of these speeds at which nyg. has an inflection point is
ny > 5.34+0.43 cm~3. Table 2 summarize these speeds.

Together, (1) the change in gradient of npe with
Usw When ny has dropped to approximately 5.3 cm™3;
(2) that this change in gradient is intensive to changes
in |o|; (3) the increased significance of solar wind from
magnetically open sources at speeds vUsy > Usiow; (4) the
range of speeds over which this change in ng.’s gradient
with vy occurs; and (5) that A, is set below the sonic
point at r < r. may suggest there is insufficient energy
in the subsonic region for helium to be continuously ac-
celerated into the solar wind with hydrogen at close field
sources. That (1) nye decreases with increasing vey, for
speeds Vs > Uslow; (2) that vy is a signature of the solar
wind’s transitions from magnetically closed to magnet-
ically open sources at these speeds; and (3) that these
speeds are faster than those characteristic of the slow
wind peak may suggest that there is sufficient energy in
the subsonic region below open magnetic topologies that
helium is collisionally decoupled from hydrogen and it
retains sufficient energy to be accelerated into the so-
lar wind (Lie-Svendsen et al. 2003; Endeve et al. 2005),
simply providing, “an [additional] effective momentum
term” (Leer & Holzer 1979). A detailed analysis of he-
lium and hydrogen temperatures is necessary to deter-
mine if such an interpretation is supported by models
suggesting that energy is taken from helium in the low
solar atmosphere to accelerate hydrogen (e.g. Hansteen
et al. 1997).

This interpretation is consistent with Alterman &
Kasper’s (2019) work. They argue that the long term
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delay in slow wind Age’s response to changes in sunspot
number (SSN) is due to a physical process characteristic
of slow wind source regions that depletes Ay, from its
fast wind values. One possibility they propose is gravi-
tational settling in long-lived magnetic loops, which are
characteristic of such close field regions (Lenz et al. 1998;
Uzzo et al. 2003, 2004; Rivera et al. 2022). Such loops
are also related to the coupling of the heat flux into the
chromosphere and transition region (De Pontieu et al.
2009; Hou et al. 2024; Hansteen et al. 1997). Under
such an interpretation, the decrease ny. with decreasing
Vsw for speeds vy < v, is due to gravitational settling
depleting nye from the value implied by its fast wind
trends when He is not accelerated into the solar wind.
If this is the case, then the typical Ay, at heights below
those where open and closed magnetic topologies be-
come significant would have an average maximum value
of Age = 4.1940.05%, which is 49 +2% of photospheric
Ape = 8.2%, inferred from helioseismology (Asplund
et al. 2021, and references therein).

Although we cannot explain why this would be the
case, the unexpected minimum ne = 0.12 cm™2 at 300
and 800 km s~! may indicate a minimum helium particle
density is necessary for helium particles to be acceler-
ated into the solar wind. However, this seems unlikely.
The minimum ng, at 300 kms~! is not an asymptoti-
cally small value and we cannot rule out instrument lim-
itations that lead to us excluding smaller ny, at speeds
Vsw < 300 kms~!, but have been excluded from this
study.

4.4. Categorizing Solar Wind Observations in the
(loe|, Ane)-Plane

Viall & Borovsky (2020) define 9 open questions in so-
lar wind physics that represent major outstanding prob-
lems. The first three focus on solar wind formation:

1. “From where on the Sun does the solar wind orig-
inate?”
2. “How is the solar wind released?”
3. “How is the solar wind accelerated?”
Answering these questions relates in situ observations to
(1) source regions (2) with distinct release mechanisms
that (3) lead to distinct asymptotic solar wind speeds.

We have characterized a signature of the transition
between magnetically closed and magnetically open
sources observed in Wind observations. This signature
combines helium abundances and cross helicity obser-
vations. The helium abundance (Ap.) is a signature of
physics set below the sonic critical point (r < r.), likely
in the chromosphere and/or transition region (Laming
2015; Schwadron et al. 1999; Laming 2004; Rakowski &
Laming 2012; Endeve et al. 2005; Lie-Svendsen et al.

2003). The normalized cross helicity (Jo.|) measures the
Alfvénicity of a given in situ observation on a relevant
timescale. We chose 1hr, a typical Alfvénic scale in the
MHD domain. The cross helicity is necessarily set above
the sonic critical point (r > r.), only decays above the
Alfvén point (r > r4), and quantifies the significance of
Alfvén waves as indicated by high b-v correlations in a
given in situ solar wind observation.

Figure 10 (a) plots contours of constant mean vsy
as a function of |o.| and Age. The labeled contours
identify key speeds from Table 2. The plane is sepa-
rated into three regions. The region corresponding to
Vgw < Max (Vgloy) covers all possible |o.| and a reduced
range of Aye as |o.| increases. The region correspond-
ing to vy > 460 kms~! covers Ay, that are larger than
the vgyw = max (vgow) region and limited to |o.| 2 0.73.
Panel (b) follow the same format as Panel (a), plot-
ting the 10% vsy, quantile with an increased range of
vsw indicated in by the color. Panel (c) does the same
for the 90% vy quantile. Comparing these panels, we
notice that the 10% level in the highly Alfvénic region
(loec] 2 0.7) is smaller than the 90% level in the low
Agge region (Ape < 3%) of the plane. Due to a combi-
nation of several processes that are set below the sonic
point, solar wind originating in closed or intermittently
open field regions typically has Ay, that is smaller than
Ape in solar wind from open field regions. At the same
time, the dynamical processes that lead to the intermit-
tent opening of the magnetic field in these regions likely
leads to a wide range of wave modes while continuously
open fields in regions with predominantly radial mag-
netic fields are more likely to preferentially carry Alfvén
waves. This suggests that solar wind from close field
regions has Ape of at most 5% and this upper bound
on Aye in close field regions decreases as the process
through which the source region field becomes intermit-
tently open leads to higher Alfvénicity (|o.|). In con-
trast, solar wind from open field regions, has |o.| 2 0.73,
carries Age 2 2.6%, and the minimum Ag, of such solar
wind increases as |o.| decreases. Based on Figure 10, the
statistical upper bound of solar wind that may be con-
sidered from closed source regions is vg, = 439 kms™!.
In other words, the variation of min Ay, in solar wind
born in open magnetic field regions and max Ay, born
in closed magnetic filed regions reflects the energy par-
tition between H and He governed by the details of the
solar wind’s acceleration in these regions.

Interpreting the range of speeds 439 kms~! < mean
Vgw < 460 kms™! is less straightforward. Comparing
Panels (b) and (c) shows that the 10% and 90% speed
quintiles cover speeds from 360 to 600 kms~!. As dis-

cussed in Section 4, we suspect that this 21 kms~! wide
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mean Vg, interval likely corresponds to the region of the
(loe] s Ane) plane where open field solar wind is domi-
nant, but that close field wind is non-negligible. Fur-
ther investigation of the detailed behavior of the solar
wind abundances and temperature ratios is necessary to
confirm such a suspicion.

4.5. The Distribution of Solar Wind Speeds at 1 AU
During Solar Minima

The solar wind’s bimodal distribution is most promi-
nent during solar minima. Our categorization scheme in
the (|oc|, Ane)-plane and the key speeds derived in Ta-
ble 2 enable us to attribute different regions of the distri-
bution to different physical processes. In the following
list, vey refers to mean vy, as presented in Figures 9
and 10 panel (a) unless otherwise specified.

1. Observations with vgow < 399 kms™! is likely
dominated by solar wind originating in closed field
regions.

2. Speeds vgiow = 399 kms™! to v, = 407 kms™! is
the range of speeds where solar wind originating in
closed and open field source regions are observed
to mix when observed at 1 AU.

3. In the speed range v, = 407 kms™! to vy =
439 kms~!, the helium abundance from open field
regions begins to become the dominant helium
abundance signature at 1 AU.

4. In the range of speeds vy = 439 kms~! to v; =
484 kms~!, 1 AU observations of solar wind are
dominantly from open field regions, but solar wind
from closed field regions still compose a non-trivial
fraction of the solar wind observations.

5. This slow wind “contamination” of the fast wind
signatures decreases over the speed range v; =
484 km s~ to vgar = 564 kms™L.

6. For speeds vt > 622 kms™!, the solar wind can
be considered to originate exclusively in open field
source regions.

These speed ranges clarify why the threshold between
fast and slow solar wind typically set between vg,, ~ 400
to ~ 600 kms~!'. We emphasize that the above are
statistical trends and that either (a) the vgy, threshold
between solar wind from magnetically closed and open
regions must be chosen ad hoc for individual events be-
cause the mixing of open and closed field solar wind
happens over the large range of speeds or (b) the iden-
tification of solar wind originating with closed or open
magnetic topologies at the Sun’s surface should be iden-
tified in the (|o.|, Ane)-plane.

5. CONCLUSION

Long-standing in situ observations confirmed by many
spacecraft show that the solar wind can be considered

as a two-state system and that the two states can be di-
vided according to their speed into fast and slow wind.
The fast/slow distinction is typically treated as a conse-
quence of the solar source region in which the solar wind
was accelerated: fast wind is considered to have orig-
inated in regions like coronal holes with magnetically
open topologies while slow wind is considered to have
originated in regions with magnetically closed topolo-
gies like the pseudostreamer and spearatrix web, which
have magnetic fields that are only intermittently open
to the heliosphere. As a consequence of the different
magnetic topologies in these regions, slow and fast wind
carry distinct helium abundances (Ap.), Alfvénicities
(0.), chemical makeup, and charge-state ratios. The
Alfvénic slow wind is an emerging 3" class of solar wind
that violates this two state paradigm: the majority of its
properties are typical of solar wind accelerated in regions
with magnetically open source regions, but its speed is
typical of solar wind accelerated in regions with mag-
netically closed topologies. In other words, vg, is alone
insufficient for mapping the solar wind to its source re-
gions. This work directly and statistically addresses the
origin of the Alfvénic slow wind.

The solar wind’s helium abundance (Ag.) is set be-
low the sonic critical point (r.) and reflects processes
in the Sun’s chromosphere and transition region. The
solar wind’s Alfvénicity is set near the Alfvén critical
surface (ra), which is above r., and reflects the mag-
netic topology of the source region. Using 28 years of
Wind observations at 1 AU, we have performed a long-
duration statistical analysis of the relationship between
Afte, |0c| and vsy. We make the following observations.

1. We define the saturation point (vs, As) as the solar
wind speed and abundance for which the gradient
of Age as a function of vgy, changes. This speed is
vs =433+ 4 kms L.

(a) For speeds vy < vs, Ape is highly variable.
(b) For speeds vgy > vs, Apge = 4.19+0.05% and
remains constant.

2. Repeating the analysis of the saturation point
across 15 quantiles in |o.| we show that the satu-
ration speed v, and saturation abundance A, are
anti-correlated and this anti-correlation is a func-
tion of |o|.

3. The slowest saturation speed wvs, which corre-
sponds to the most Alfvénic solar wind (highest
loc|), is 8 kms~! faster than the fastest speed typ-
ical of the slow solar wind peak g4y during solar
minima.

4. To contextualize the saturation point with respect
to the slow wind, we show that npe (vsyw) has a
local maximum at v,, = 409 £ 15 kms~! averaged
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across 15 |o¢| quantiles. The range of v, covers
the fastest vgow Speeds and the slowest observed
Vs.

5. Alterman (2024) quantify the peaks of the bi-
modal solar wind distribution at 1 AU during so-
lar minima as vsiow = 355 +44 kms™! and veg =
622 £ 58 kms~!. These distributions intersect at
484 + 34 kms™!, well within the ad hoc range of
values at which the slow and fast wind are often
separated. Summarizing these speeds and those
identified in this paper, we show that there is a
52 to 75 kms~! wide interval from approximately
406 to 484 kms~! for which solar wind is often
identified as slow when it may be accelerated in
magnetically open source regions.

6. Plotting vsy as a function of |o.| and Ape in Fig-
ure 10, we observe two distinct populations.

(a) At high |o.| 2 0.73, solar wind speeds with
mean vg, > 440 kms™! have Ap. > 2.6%
and speeds in the range vy, > 330 kms™!.

(b) For low Ape < 3%, Ape decreases with |o|
without a predominately preferred |o.| and
Usw can take on the range of speeds vgy <
510 kms~!.

From the observations of the anti-correlation between
vs and Ay that depends on |o.| we infer that the maxi-
mum speed of non-Alfvénic solar wind from closed field
regions is faster than the minimum speed observed for
Alfvénic solar wind from open field regions. The natural
consequence is that the Alfvénic slow wind is solar wind
from magnetically open sources with speeds that fall into
this overlapping speed interval. We also show that, be-
cause A is set below the sonic critical point (r.) and
|oc| is set near the Alfvén surface (r4), categorizing the
solar wind as a function of |o.| and Ay, statistically dif-
ferentiates between solar wind from magnetically open
and magnetically closed source regions. However, unlike
observations of elemental and charge-state composition,
such a categorization scheme does not require data from
an ion composition mass spectrometer.

Combining the speed ranges summarized in Table 2,
the categorization scheme presented in Figure 10, and
our understanding of the relationship between the sat-
uration point (vs, As) and |o.| allows us to characterize
the distribution of solar wind speeds observed during so-
lar minima at 1 AU. Figure 9 identifies the speeds rele-
vant for different regions of this distribution. Section 4.5
provides an itemized list that explains the different por-
tions of this distribution and explains why the threshold
between fast and slow solar wind typically set between
Vgw ~ 400 to ~ 600 kms™! in an ad hoc fashion.

Drawing on coupled models of the chromosphere, tran-
sition region, corona, and solar wind (Lie-Svendsen et al.
2001; Lie-Svendsen et al. 2002, 2003; Endeve et al. 2005),
we then draw the following conclusions.

1. In close field regions, there is insufficient energy
below the sonic point to continuously accelerate
the solar wind. Rather excess energy in the he-
lium (e.g. super-mass-proportional temperatures)
is collisionally transferred to hydrogen, which in-
creases the energy of the latter sufficiently for it
to leave the sun and become the solar wind when
a closed field region temporarily opens. Once
ny has decreased sufficiently in these regions, the
collisional coupling between helium and hydrogen
drops, and helium retains the energy necessary to
enter the solar wind.

2. In open field regions, there is sufficient energy to
accelerate the solar wind and it leaves the corona
with a Parker-like acceleration. In these open field
regions, He provides an effective momentum term
in the relevant equations and is accelerated in a
similar manner as H (Leer & Holzer 1979).

If these coupled models are correct, this suggests that
the coupling between the transition region and corona,
which is mediated by the downward coronal heat flux, is
essential for setting the helium abundance in the solar
wind (Endeve et al. 2005; Lie-Svendsen et al. 2003).

Unexpectedly, we observe that ny. = 0.12 cm™ at
both 300 and 800 kms~!. One possible interpretation
is that there is a minimum nyge for helium to be accel-
erated into the solar wind. This may be consistent with
the work showing that there is also a minimum speed at
which helium is accelerated into the solar wind (Kasper
et al. 2007; Alterman & Kasper 2019). However, we
have difficulty believing that the minimum helium den-
sity corresponds to the value observed at 300 kms~—! be-
cause we have selected data for which vgy, > 300 kms™1.
Rather, a detailed examination of solar wind with speeds
Vsw < 300 kms~!, which may originate in the helio-
spheric plasma sheet (HPS, Sanchez-Diaz et al. 2016),
is necessary to characterize such a minimum nye.

Finally, we note that this work highlights the essen-
tial role played by utilizing multiple in situ parameters
to relate solar wind observations to their source regions
and the limitations of simply categorizing the solar wind
based on its speed. As such, it is particularly important
in the content of the Solar Orbiter mission (Miiller et al.
2013, 2020), launched in 2020, aimed at exploring the
inner heliosphere where fundamental plasma processing
such as solar wind heating and acceleration take place.
One of the aims of the mission is to answer significant
questions regarding the solar sources of the slow solar
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wind, both Alfvénic and non-Alfvénic, and its evolu-
tion, which requires detailed characterization of the in
situ plasma. The Solar Wind Analyzer suite on board
Solar Orbiter (Owen et al. 2020) provides such observa-
tions. This suite includes the Heavy Ion Sensor (HIS),
which provides the first heavy ion observations in the in-
ner heliosphere within the orbit of Mercury (Livi et al.
2023).
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