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Abstract

Broadly, solar wind source regions can be classified by their magnetic topology as intermittently and continuously
open to the heliosphere. Early models of solar wind acceleration do not account for the fastest, nontransient solar
wind speeds observed near-Earth, and energy must be deposited into the solar wind after it leaves the Sun. Alfvén
wave energy deposition and thermal pressure gradients are likely candidates, and the relative contribution of each
acceleration mechanism likely depends on the source region. Although solar wind speed is a rough proxy for solar
wind source region, it cannot unambiguously identify source region topology. Using near-Sun observations of the
solar wind’s kinetic energy flux, we predict the expected kinetic energy flux near Earth. This predicted kinetic
energy flux corresponds to the range of solar wind speeds observed in the fast solar wind and we infer that the solar
wind’s near-Sun kinetic energy flux is sufficient to predict the distribution of the fastest, nontransient speeds
observed near Earth. Applying a recently developed model of solar wind evolution in the inner heliosphere, we
suggest that the acceleration required to generate this distribution of the fastest, nontransient speeds is likely due to
the continuous deposition of energy by Alfvén wave forcing during the solar wind’s propagation through
interplanetary space. We infer that the solar wind’s Alfvénicity can statistically map near-Earth observations to
their source regions because the Alfvén wave forcing that the solar wind experiences in transit is a consequence of
the source region topology.

Unified Astronomy Thesaurus concepts: Fast solar wind (1872); Alfvén waves (23); Interplanetary particle

acceleration (826)

1. Introduction

The solar wind is a stream of charged particles that continuously
leaves the Sun. In 1957, L. Biermann (1957) first observed it from
observations of comet tails. The following year, E. N. Parker
(1958) showed that the solar wind is necessarily supersonic and
that its speed transitions from subsonic to supersonic by converting
thermal energy to kinetic energy at distances of ~5 Rg, where Rg is
the Sun’s radius. This distance is often referred to as the “sonic
point.” This supersonic transition is necessary for the solar wind
to obtain the minimum speed required to escape the Sun’s
gravitational pull (E. N. Parker 1958; N. Meyer-Vernet 2007).
However, the mechanism that converts the solar plasma’s thermal
energy into kinetic energy does not provide sufficient energy for
the solar wind to reach the asymptotic, fastest, nontransient speeds
observed near Earth. Additional energy must be deposited into
the solar wind above the sonic point for it to reach the
asymptotically fastest, nontransient speeds observed near Earth
(E. Leer & T. E. Holzer 1980; T. E. Holzer & E. Leer 1980, 1981;
V. H. Hansteen & M. Velli 2012; C. P. Johnstone et al. 2015).

Detailed analysis of the solar wind in the inner heliosphere and
near Earth show that slow and fast speed winds have distinct
properties. For example, the wave modes carried by the plasma
also differ in fast and slow winds (E. Marsch & C.-Y. Y. Tu 1990).
In fast wind, fluctuations in the components of the solar wind
velocity and magnetic field are highly correlated, while fluctuations
in the plasma density and magnetic field magnitude are minimal
(J. W. Belcher et al. 1969; J. W. Belcher & L. Davis 1971), as is
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typical of Alfvénic fluctuations (H. Alfvén 1942, 1943). In slow
wind, compressive fluctuations are also often observed. Non-
thermal features like helium and heavy ion temperatures in excess
of mass proportionality with hydrogen (T/Ty > my/my) and
speeds along the magnetic field in excess of hydrogen are often
observed in fast wind but are absent in slow wind (J. C. Kasper
et al. 2008, 2017; L. Berger et al. 2011; P. J. Tracy et al.
2015, 2016; M. O. Stakhiv et al. 2016; B. L. Alterman et al. 2018;
T. Durovcovd et al. 2019; J. L. Verniero et al. 2020, 2022;
K. G. Klein et al. 2021). Fast and slow winds also have
different chemical and compositional signatures (J. Geiss et al.
1995a, 1995b; R. von Steiger et al. 2000; F. Xu & J. Borovsky
2015; H. Fu et al. 2015, 2017; L. Zhao et al. 2017, 2022; T. Ervin
et al. 2024). Remote observations show that changes in these
chemical and compositional signatures reflect the magnetic
topology of the solar wind’s source regions on the Sun
(D. H. Brooks et al. 2015; D. Baker et al. 2023). Solar wind
with fast speeds is typically associated with source regions that
have magnetic fields that are radial and continuously open to the
heliosphere (Y.-M. Wang & N. R. J. Sheeley 1990; J. L. Phillips
et al. 1994; J. Geiss et al. 1995b; C. N. Arge et al. 2013). In
contrast, sources of slow wind have more complex magnetic
field topologies and are only intermittently open to interplanetary
space (E. Antonucci et al. 2005; S. K. Antiochos et al. 2011;
N. U. Crooker et al. 2012; L. Abbo et al. 2016; D. Baker et al.
2023).

These differences in solar wind properties and their association
with solar wind speed have led to a general identification of near-
Earth slow wind with vy, < 400kms ' with intermittently open
source regions and v, > 600kms~' with continuously open
source regions (B. Bavassano & R. Bruno 1991; R. Schwenn
2006; H. Fu et al. 2018; B. L. Alterman & R. D’Amicis 2025).
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However, this classification by speed is known to be imprecise
(R. D’ Amicis et al. 2021b; S. L. Yardley et al. 2024), especially in
the intermediate speed range vy, = 400-600kms~'. This
imprecision is likely because the maximum speed attainable by
solar wind from intermittently open regions is greater than
the minimum speed of solar wind born in continuously open
regions (B. L. Alterman & R. D’Amicis 2025), which is a
proposed source of the Alfvénic slow wind (e.g., R. D’ Amicis &
R. Bruno 2015). The Alfvénic slow wind is a subset of solar wind
with slow speeds most similar to solar wind from intermittently
open source regions, but other properties that are more similar to
fast wind from continuously open source regions (R. D’ Amicis &
R. Bruno 2015; R. D’Amicis et al. 2021a, 2021b, 2019, 2016;
S. L. Yardley et al. 2024).

The minimum solar wind speed observed in the near-Sun
environment follows a Parker-like trend (N. E. Raouafi et al.
2023). These observations also display high levels of Alfvénic
fluctuations, irrespective of solar wind speed (N. E. Raouafi et al.
2023). The processes accelerating the solar wind during transit
through interplanetary space to speeds in excess of Parker’s
prediction differ based on the solar wind’s source region. Solar
winds originating in continuously open source regions are
accelerated by the deposition of energy carried by Alfvén waves
(J. C. Perez et al. 2021; J. S. Halekas et al. 2023; Y. J. Rivera et al.
2024), while solar winds born in intermittently open source
regions are accelerated by thermal and electric pressure gradients
(J. S. Halekas et al. 2022, 2023; Y. J. Rivera et al. 2025). This
in situ acceleration can be described by the isopoly solar wind
model (J.-B. Dakeyo et al. 2022) that includes Alfvén wave
forcing (C. Shi et al. 2022) in which the solar wind follows a
Parker-like isotropic expansion in the corona out to some distance
1o, and, at heights r > r, the acceleration decreases and the solar
wind follows a polytropic expansion. Depending on the source
region and therefore relevant in situ acceleration mechanism
(Y. J. Rivera et al. 2024, 2025), this critical distance r, varies
between 6.5Rs and 11.5Rs, and the polytropic index varies
between v = 1.3 and 1.41.

The solar wind’s total energy flux (W) is independent of
solar wind speed (vy,) and solar activity (G. Le Chat et al.
2012). It consists of the flux of kinetic (Wx), thermal (W), and
gravitational potential energy (Wgs) along with the electric
coupling between ionized hydrogen and electrons (W,), the
flow of energy associated with waves in the plasma (W,), and
the heat flux (Q) (B. D. G. Chandran et al. 2011; D. Telloni
et al. 2023), the latter of which is negligible far above the sonic
point (D. Telloni et al. 2023). As shown by Parker Solar Probe
(hereafter Probe; N. J. Fox et al. 2015) and Solar Orbiter
(hereafter Orbiter; D. Miiller et al. 2013, 2020), Wx must
become an increasing fraction of W with increasing distance
from the Sun due to the solar wind’s in transit acceleration
(M. Liu et al. 2021; D. Telloni et al. 2023; Y. J. Rivera et al.
2024, 2025). We show that the radial scaling of the kinetic
energy flux derived from early Probe results (M. Liu et al.
2021) is sufficient to account for the fast wind peak in the
distribution of solar wind speeds observed near Earth.
Comparing this with the results of the isopoly model as
applied to the conjunction between Probe and Orbiter in 2022
February (Y. J. Rivera et al. 2024), we infer that the solar wind
acceleration due to Alfvén wave forcing observed below the
orbit of Venus continues out to Earth. Comparing these
observations to the range of speeds over which solar wind
observations from continuously open source regions become
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the dominant source of near-Earth solar wind (B. L. Alterman
& R. D’Amicis 2025, B. L. Alterman & R. D’ Amicis 2025, in
preparation), the range of speeds solar wind from continuously
open source regions would reach near Earth in the absence of
Alfvén wave forcing, and the impacts of magnetic field
topology on solar wind acceleration in the middle corona, we
infer that solar wind Alfvénicity is a better predictor of solar
wind source region than speed because it is driven by the
magnetic field topology of the source region.

2. Observations

We use observations of ionized hydrogen (protons) and fully
ionized helium (alpha particles) from the Wind spacecraft
Faraday cups (K. W. Ogilvie et al. 1995) collected near-Earth
and outside of Earth’s magnetosphere for which the fitting
algorithms return physically meaningful velocities, densities,
and temperatures of hydrogen and helium (J. C. Kasper et al.
2006). We select data from the declining phase 23 or 24
(R. D’Amicis et al. 2021a) when continuously open source
regions are confined to the Sun’s polar region and intermit-
tently open source regions are confined to the Sun’s equatorial
region (R. von Steiger et al. 2000; R. Schwenn 2006;
D. J. McComas et al. 2008), leading to distinct slow and fast
wind peaks in the solar wind speed distribution (B. Bavassano
& R. Bruno 1991). This results in more than 0.75 million
distinct solar wind observations of both hydrogen and helium
collected over 1828 days.

3. Analysis

Figure 1 plots the distribution of the solar wind speed (vgy,)
from the time period selected in 5.38 kms ' wide bins. For
visual clarity, this histogram has been smoothed (A. Savitzky
& M. J. E. Golay 1964; P. Virtanen et al. 2020), and values
below 10~ are not plotted. This has no impact on our results or
interpretation.

To estimate the location of the fast and slow wind
components of the near-Earth v, distribution, we select
data with speeds vy, < 400km s 'andvg, > 600kms™'
and fit each peak with a Gaussian distribution g(x) =

x—u\2 . .
A - exp [—%(T‘) ] with amplitude A, mean 1, and standard

deviation o. This data selection yields approximately 400,000
distinct slow wind and just over 73,000 fast wind observations.
A figure with the histogram and fits is included in the
supplemental material. Table 1 summarizes the derived
fit parameters. The speeds of the peaks are vgo, = 355 £
44kms ! and vpy = 622 + 58kms~!, where we quote the
standard deviation of the distribution instead of the fit
parameter uncertainty. These ranges are highlighted with
turquoise and labeled. As slow and fast wind are broadly
considered to originate in different types of source region, there
must be a speed below which intermittently open source
regions are the dominant source of solar wind in the
distribution and above which continuously open source regions
are the dominant source. We estimate this speed v; = 484 £
34kms ' as the range of speeds over which the Gaussians fit
to both the fast and slow subsets intersect, when the
uncertainties on all fit parameters are propagated. Figure 1
indicates v; in pink. Table 2 summarizes all speeds derived and
quoted in this work.

M. Liu et al. (2021) show that near-Sun observations of the
solar wind’s total and kinetic energy flux obey power laws of
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Figure 1. Probability density function (PDF) of the solar wind speed during the declining phase of solar activity. The turquoise regions are the slow and fast wind

peaks, labeled vgjoy and ve,g. The pink regions indicate v, and v;. v, is the range of speeds over which Vj,

Ape decreases as the Alfvénicity increases. v; is the range

sw

of speeds over which Gaussians fit to the slow and fast wind distributions intersect. The range of speeds near Earth predicted from observations of the near-Sun kinetic
energy flux is highlighted in orange and labeled vg. Green regions indicate the speeds derived using the isopoly model without (vip) and with (vipw) Alfvén wave

forcing. Table 2 summarizes these values.

Table 1
Parameters Characterizing the Gaussians Fit to the Slow and Fast Wind Peaks
in Figure 1

Gaussian Fit Parameters for Solar Wind Speed Distributions

Parameter Units Slow Peak Fast Peak
Center (1) [kms~1] 355 £ 1 622 + 2
Width (o) [km s~1] 44 + 2 58 + 2
Amplitude (A) [1073] 5.9 + 0.1 1.05 + 0.01
the form
b
R
JFR) = C(—) - (H
Rs

Table 3 summarizes the coefficient ¢ and exponent b derived by
M. Liu et al. (2021). Combining both power laws yields a near-
Earth kinetic energy flux estimate Wy = 0.64 + 0.02 mW m 2.

The kinetic energy flux is given by Equation (2), where p; is

the mass density for a given species and vy is its speed:

13
Wk.s = —p,V5- 2
K,s 2R 2

We calculate the total Wy from near-Earth observations
considering helium and hydrogen. If we assume the electrons,
hydrogen, and helium move at the same speed, quasi-neutrality

implies that the electron contribution to the kinetic energy flux
is on the order of 0.05% and therefore negligible.

Figure 2 plots the frequency of near-Earth solar wind
observations as a function of solar wind speed and kinetic
energy flux. Because the slow solar wind is observed markedly
more frequently near Earth than fast wind, each column has
been normalized to its maximum value so that this sampling
artifact is removed. To extract the trend of Wx as a function of
Vsws We bin the data in 10 km s7! wide speed intervals and fit
each column with a log-normal distribution. Figure 3 is an
example of one such fit. We use a log-normal distribution
because the distribution tails are asymmetric and enhanced on
the side of the distribution corresponding to higher W. The
resulting fit parameters are plotted in black. The central trend
(dashed—dotted line) is the peak from these 1D fits. The thick
black line on top of the dash-dotted line is the range of speeds
corresponding to vy, observed near Earth. The shaded region
bounded by thin black lines corresponds to their widths. Only
distributions up to 740kms~' are well described by a log-
normal distribution. This is unsurprising because we select data
from solar minima and these speeds correspond to the region of
Figure 1 where the probability density function (PDF) of v,
decreases markedly. The horizontal orange region is the range
of near-Earth values predicted above using near-Sun observa-
tions (M. Liu et al. 2021). As the orange region intersects the
solid black lines below 740 km sfl, this has no impact on our
conclusions.
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Table 2
Ranges of Speeds Derived and Referenced in this Letter

Summary of Speed Ranges

Symbol  Speed Range  Description

Vipw 620-671 Near-Earth speed predicted from the isopoly model with Alfvén wave forcing.

Veast 622 + 58 Peak of the fast wind distribution observed near Earth.

Vi 557-700 Near-Earth speed predicted from near-Sun kinetic energy flux observed by Probe.

Vip 434-554 Near-Earth speed predicted from the isopoly model without Alfvén wave forcing for the source region conditions consistent with the fast
wind peak observed near Earth.

v; 484 + 34 Speeds at which Gaussians fit to the fast and slow wind distributions overlap.

Vo 399436 Speed range identified by B. L. Alterman & R. D’ Amicis (2025, in preparation) as the transition between fast and slow wind, accounting
for the helium abundance, normalized cross helicity, and solar wind compressibility.

Vslow 355 + 44 Peak of the slow wind distribution observed near Earth.

Note. All units are in km s~ '.

Table 3
Parameters from the Radial Scalings in Equation (1) for the Total Energy Flux
and Kinetic Energy Flux Fraction from M. Liu et al. (2021, Their Figure 6)

Radial Scaling Parameters for the Solar Wind Energy Flux

Energy Flux Symbol Coefficient ¢ Exponent b
Total w 521+ 14 —1.92 £+ 0.007
KE Fraction Wg/W 0.04 £+ 0.001 0.41 & 0.007

To calculate the speeds at which the near-Sun estimate of the
near-Earth kinetic energy flux (W) and the observed near-
Earth kinetic energy flux (W) intersect, we have constructed
a spline representation of W,,,s (dashed—dotted line in Figure 2)
and calculated the speeds at which it intersects Wy,
vk = 642kms . Figure 2 shows that the minimum speed at
which these two values for Wy intersect corresponds to the
upper bound on the Wy, trend and the minimum of W,. The
maximum corresponds to the intersection of the maximum
value W,y and the lower bound on W, Applying the same
spline method to these intersections as above, we determine
that this range of speeds corresponds to vg, = 557-700 kms ™'
Figure 1 plots vk as a vertical orange bar and highlights the full
range of values in orange.

The difference between ve, = 622 kms ™! and the center of
the vx range of values is 20 km s~ !. The maximum value for V;
is 518 km sfl, which is 39 km s~ slower than the minimum of
vk and almost twice as large as the difference between the
central vg, and vg values. In other words, the near-Earth fast
solar wind speeds predicted from near-Sun observations of Wy
correspond well with v, observed near Earth. Although this
range of predicted near-Earth speeds is wider than the v,
peak, it is well separated from the range of speeds v; for which
slow and fast solar winds are both observed to have a nontrivial
contribution in the near-Earth environment.

Assuming the conjunction between Probe and Orbiter that
was described by the isopoly model with Alfvén wave forcing
(Y. J. Rivera et al. 2024) is representative of the evolution in
the transit of solar wind from magnetically open sources, we
use the range of values that account for the fit uncertainties on
the Alfvén-wave-forcing profile along with the uncertainties on
v to calculate that the corresponding range of expected speeds
near Earth (212 Rg) for this event is vipw = 620671 kms ™!
with a central value of 645kms~'. The slowest vipw
corresponds to the largest v and weakest Alfvén-wave-forcing
profile, while the fastest vipw corresponds to the smallest v and

the strongest forcing profile. This range of vipy falls within the
range of speeds given by vy, and vg. Figure 1 labels this range
of speeds vipy and highlights it in green.

The temperature in the isothermal layer consistent with
Y. J. Rivera et al.’s (2024) observations, and the isopoly that
includes Alfvén wave forcing is T, = 1.7 MK. To determine
the range of temperatures in the isothermal layer corresponding
to Ve, We minimize the absolute value of the difference
between the near-Earth speed predicted from the isopoly model
and the fast wind peak |vg(T,, fy, 7) — Vrast| Over the ranges

v = 1.41 4+ 0.02 and f = 0.012 £ 0.002 in units of GM@/R(%
from Y. J. Rivera et al. (2024), where f sets the strength of the
Alfvén-wave-forcing profile. Using v, = 622 + 58 km s
the range of isothermal layer temperatures is 7, =
1.34-1.85 MK with a central value of 7T, = 1.6 MK, which
are consistent with UVCS observations (S. R. Cranmer
2020) and exceed the estimates of 7,, from exospheric theory
using near-Sun electron observations (J. S. Halekas et al.
2022). The corresponding Alfvén-wave-forcing strengths are
fo=12x10"21.22 x 102, and 1.18 x 10~2 The polytropic
index is v = 1.41 in all cases. Under the isopoly model, the
near-Earth speeds corresponding to these 7, in the absence of
Alfvén wave forcing is vip = 434-554 km s~ ! with a central
value of 497 kms™ . Figure 1 labels this range of speeds vip
and highlights it in green.

The helium abundance is given by the helium-to-hydrogen
number density ratio in units of percent Ag. = 100 X nye/ny.
In the slow wind, Ay is highly variable below 4.19%, and
Viw Ape >0 (B. L. Alterman & R. D’Amicis 2025;
B. L. Alterman et al. 2025). In fast wind, the helium abundance
is fixed at Ay, =4.19%, which is 49% of the photospheric
abundance, and the gradient is flat (B. L. Alterman &
R. D’Amicis 2025; B. L. Alterman et al. 2025). This change
in V,, Ape is one composition signature suggesting that slow
solar wind originates in intermittently open source regions,
while fast wind originates in continuously open source regions
(B. L. Alterman & R. D’Amicis 2025, Section 4.3 and
references therein). Fitting a bilinear function of Ape(Vsw),
B. L. Alterman & R. D’Amicis (2025) define the speed and
abundance at which this change of gradient occurs as the
saturation point with saturation speed v, and saturation
abundance A;. They show that v, decreases as the Alfvénicity
increases, while A, increases with increasing Alfvénicity.
Considering the solar wind Alfvénicity as a proxy for the
magnetic field topology above the sonic point, B. L. Alterman
& R. D’Amicis (2025) argue that the dependence of vy and A
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Figure 2. A 2D heat map showing the frequency of observations as a function of solar wind speed and kinetic energy flux observed near Earth. Because slow solar
wind is observed more frequently than fast solar wind (Figure 1), each column in the heat map is normalized to its maximum value to remove this sampling artifact.
The black dashed-dotted line is the central value in each column; the black solid lines are the spread of values. The region highlighted with a thick black line
corresponds to Ve, The orange horizontal band is the range of kinetic energy fluxes predicted near Earth from Probe observations of the radial scaling of the total and

kinetic energy fluxes during Encounters 1, 2, 4, and 5.

on Alfvénicity is consistent with solar wind observed at 1 au
and originating in continuously open source regions having a
minimum vg,less than the maximum vy, for solar wind
observed at lau and born in intermittently open source
regions. B. L. Alterman & R. D’ Amicis (2025, in preparation)
show that the unexpected presence of compressive fluctuations
in fast wind modifies vy and A,. Accounting for these effects,
the range of speeds over which solar wind from continuously
open sources becomes a significant component of the near-
Earth solar wind speed distribution is v, = 399-436kms ',
which is just faster than the fastest vy, and overlaps with vip
by 2km s7' (B. L. Alterman & R. D’Amicis 2025, in
preparation). Figure 1 plots this range of speeds in pink and
labels it v,, as o is a common symbol for the Alfvénicity.

4. Discussion

Recent observations suggest that differences in the speed of
solar wind form intermittently and continuously open source
regions begin to develop in the middle corona at heights above
the Sun’s surface 2-3.5 Rg (N. Ngampoopun et al. 2025). In
continuously open field regions, the speed is highly correlated
with magnetic field geometry, while it is not in intermittently
open field regions (Y.-M. Wang & N. R. J. Sheeley 1990;
N. Ngampoopun et al. 2025). Above the middle corona, the
minimum speed of near-Sun solar wind is consistent with
Parker’s isothermal solar wind model (E. N. Parker 1958;
N. E. Raouafi et al. 2023). During propagation through

interplanetary space, solar wind from intermittently open
source regions is accelerated by thermal pressure gradients
(Y. J. Rivera et al. 2025). In contrast, solar wind from
continuously open source regions is accelerated by both
thermal pressure gradients and Alfvén wave forcing
(Y. J. Rivera et al. 2024, 2025). Theory and observations
suggest that the physical mechanisms generating Alfvén waves
and producing the energy necessary to accelerate the solar wind
during interplanetary propagation are common to intermittently
and continuously open source regions and they are sufficient to
accelerate the solar wind to the speeds vy, observed near Earth
(L. A. Fisk & N. A. Schwadron 2001; L. A. Fisk 2005;
L. A. Fisk & J. C. Kasper 2020; G. P. Zank et al. 2020;
P. F. Wyper et al. 2022; S. D. Bale et al. 2023; N. E. Raouafi
et al. 2023).

The solar wind’s Alfvénicity is a more reliable predictor of
solar wind source region than speed (C. Tu et al. 1992;
R. D’Amicis et al. 2021a). The Alfvénicity quantifies whether
the dominant wave modes in the plasma correspond to high
correlations between the velocity and magnetic field compo-
nents in the absence of density compressions and fluctuations
in the magnetic field magnitude (J. W. Belcher et al. 1969;
J. W. Belcher & L. Davis 1971; R. Bruno & V. Carbone
2013; R. D’Amicis et al. 2021a, 2021b). Such signatures are
considered to be indicative of the presence of Alfvén
waves (H. Alfvén 1942, 1943). Fast solar wind from
magnetically open sources has a high Alfvénicity. Solar
wind from magnetically closed sources does not display a
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Figure 3. An example of the log-normal distribution fit to observations of solar wind speeds observed near Earth in the range of speeds 620-630 km s~ '. The binned

observations are in black. The fit is plotted in a dashed—dotted orange line.

preferred Alfvénicity, which means that it can carry a wide
range of fluctuations and waves (R. D’Amicis et al. 2021b;
B. L. Alterman & R. D’Amicis 2025). The Alfvénicity of
fluctuations carried by solar wind from intermittently open
sources decays during solar wind propagation through inter-
planetary space, while the Alfvénicity of solar wind from
continuously open source regions does not (E. Marsch &
C.-Y. Y. Tu 1990). Large-scale motion of the Sun’s corona is
likely a key source of solar wind Alfvén waves (L. A. Fisk &
N. A. Schwadron 2001; L. A. Fisk 2005; J. C. Kasper et al.
2019) and can drive the solar wind’s Alfvénicity. When the
solar wind speed is larger than the Alfvén speed, this is no
longer the case. This height is the Alfvén radius, nominally
~20Rs (J. C. Kasper et al. 2021), well above the middle
corona where differences in solar wind speed based on the
magnetic topology of source regions begin to develop.

We have estimated the range of near-Earth fast wind speeds
Vst = 022 4+ 58 km s7! and slow wind speeds Vgow =
355 + 44kms ! using the distribution of v, observed by the
Wind spacecraft during the declining phase of solar activity
when continuously and intermittently open source regions are
heliographically stratified. B. L. Alterman & R. D’Amicis
(2025, in preparation) and B. L. Alterman & R. D’Amicis
(2025) suggest that the minimum speed at which solar wind
from continuously open source regions becomes a nontrivial
component of the distribution of vy, observed near Earth is
vy = 399-436kms '. To naively estimate the range of the

slowest speeds over which solar wind from continuously open
source regions becomes the primary component of near-Earth
observations, we have calculated the speed v; = 484 +
34kms ', the range of speeds over which Gaussians fit to the
slow and fast wind distributions intersect.

Empirically derived radial scalings of the solar wind’s
kinetic energy flux (M. Liu et al. 2021) lead to a predicted near-
Earth speed vg = 557-700km s~ '. v spans the range of fast
wind speed v, and exceeds v;. This suggests that the radial
evolution of the solar wind’s kinetic energy flux is sufficient to
account for the statistical range of fast solar wind speeds
observed near Earth.

The range of near-Earth solar wind speeds predicted by a
solar wind model that includes both thermal pressure gradients
and Alfvén wave forcing (Y. J. Rivera et al. 2024) is
vipw = 0620-671 km s~ !, which overlaps with the central
values of both vg, and vg but is significantly narrower than
both. Under this same model, near-Earth solar wind with
speeds v, would only reach speeds vip = 434-554 km s~ lifit
was not accelerated by Alfvén wave forcing during transit
through interplanetary space. The range of isothermal tem-
peratures used to derive v;p varies by 38%, while the strength
of Alfvén-wave-forcing profiles varies by 3% and the
polytropic index remains fixed at v = 1.41. This suggests that
the range of near-Earth fast wind speeds is sensitive to the
temperature boundary conditions, while it is insensitive to the
overall strength of the forcing profile and the in situ heating.
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The speed range vip is at least 35kms™ ' faster than the
maximum Vg, Spans v;, is 10 km s~ ! slower than the slowest
Vrass and overlaps v, by at most 2 km s~!, which is less than
50% the width of a single bin in the PDF of v, in Figure 1.
This suggests that Alfvén wave forcing of the solar wind
continues out beyond the orbit of Venus, consistent with
observations of the decay of Alfvénic structures (e.g., switch-
backs) as the solar wind propagates through interplanetary
space (A. P. Rasca et al. 2021; A. Tenerani et al. 2021).

In this work, we have de facto declared that speed
differences or overlaps on the order of <10kms™' near Earth
are insignificant. The size of the histogram bins used to
generate Figure 1 is 5.38 km s~ '. The full range of nontransient
Vsw Observed at 212 Rg is vg, = 200-800kms~'. A speed
range of 10kms ™' is approximately 1.7% of this 600 kms ™'
range. The maximum range of speeds covered by v,y t0 Vg is
Vew = 311-700kms'. A speed range of 10kms™ ' is
approximately 2.6% of this 389 km s~ ' span. The observations
from Wind near Earth consist of two 913 day intervals
collected during the declining phase of solar activity, separated
by at least 8.5 years and ending in 2018. The speed estimate vy
is derived from near-Sun observations collected over four
different 12 day intervals spanning 2018-2022 (M. Liu et al.
2021), which spans the end of the declining phase of solar
cycle 24 and minimum 25. The model proposed by Y. J. Rivera
et al. (2024) is developed using 1 hr and 40 minutes of Probe
observations that correspond to 10 hrs of Orbiter observations
collected over the course of 2 days in 2022, during the rising
phase of solar cycle 25. Given that this work compares four
different sets of observations, collected over four different
ranges of time, at different phases of solar activity and at
different radial distances, we have performed our analysis using
the widest possible ranges of values that account for the
uncertainties on all derived speeds and model parameters. Only
using the central or mean values would only reduce the ranges
of speeds and improve our results. As such, a speed difference
or overlap on the order of two histogram bin widths seems
negligible. We infer that Alfvénicity is a reliable predictor of
source region because solar wind from continuously open
source regions is accelerated in transit by Alfvén wave forcing,
while solar wind from intermittently open source regions is not,
and the presence or absence of Alfvén wave forcing during
interplanetary propagation is a consequence of the magnetic
field topology at the source region.

Acknowledgments

The author thanks the referee for helpful suggestions. The
author thanks M. M. Martinvoié, M. Liedel, C. M. G. Kevorkian,
and A. Szabo for helpful comments on the manuscript and S. A.
Livi and R. D’ Amicis for useful discussions. B.L.A. is funded by
NASA grants 8ONSSC22K0645 (LWS/TM), 80NSSC22K1011
(LWS), and 80ONSSC20K1844. B.L.A. also acknowledges
NASA'’s support of the Parker Solar Probe and Solar Orbiter
missions at NASA /GSFC.

ORCID iDs

B. L. Alterman @ hittps: //orcid.org /0000-0001-6673-3432

References

Abbo, L., Ofman, L., Antiochos, S. K., et al. 2016, SSRv, 201, 55
Alfvén, H. 1942, Natur, 150, 405

Alterman

Alfvén, H. 1943, ArMAF, 29B, 1

Alterman, B. L., & D’Amicis, R. 2025, ApJL, 982, L40

Alterman, B. L., Kasper, J. C., Stevens, M., & Koval, A. 2018, ApJ, 864, 112

Alterman, B. L., Rivera, Y. J,, Lepri, S. T., & Raines, J. M. 2025, A&A,
694, A265

Antiochos, S. K., Mikic, Z., Titov, V. S., Lionello, R., & Linker, J. A. 2011,
Apl, 731, 112

Antonucci, E., Abbo, L., & Dodero, M. A. 2005, A&A, 435, 699

Arge, C. N., Henney, C. J., Hernandez, 1. G., et al. 2013, in AIP Conf. Proc.
1539, SOLAR WIND 13 (Melville, NY: AIP), 11

Baker, D., Démoulin, P., Yardley, S. L., et al. 2023, ApJ, 950, 65

Bale, S. D., Drake, J. F., McManus, M. D., et al. 2023, Natur, 618, 252

Bavassano, B., & Bruno, R. 1991, JGR, 96, 1737

Belcher, J. W., & Davis, L. 1971, JGR, 76, 3534

Belcher, J. W., Davis, L., & Smith, E. J. 1969, JGR, 74, 2302

Berger, L., Wimmer-Schweingruber, R. F., & Gloeckler, G. 2011, PhRvL, 106,
151103

Biermann, L. 1957, Obs, 77, 109

Brooks, D. H., Ugarte-Urra, 1., & Warren, H. P. 2015, NatCo, 6, 5947

Bruno, R., & Carbone, V. 2013, LRSP, 10, 1

Chandran, B. D. G., Dennis, T. J., Quataert, E., & Bale, S. 2011, ApJ, 743, 197

Cranmer, S. R. 2020, ApJ, 900, 105

Crooker, N. U., Antiochos, S. K., Zhao, X., & Neugebauer, M. 2012, JGRA,
117, A04104

Dakeyo, J.-B., Maksimovic, M., Démoulin, P., Halekas, J., & Stevens, M. L.
2022, Apl, 940, 130

D’Amicis, R., Alielden, K., Perrone, D., et al. 2021a, A&A, 654, Al111

D’Amicis, R., & Bruno, R. 2015, ApJ, 805, 84

D’Amicis, R., Bruno, R., & Matteini, L. 2016, in AIP Conf. Proc. 1720,
SOLAR WIND 14 (Melville, NY: AIP),

D’ Amicis, R., Matteini, L., & Bruno, R. 2019, MNRAS, 483, 4665

D’Amicis, R., Perrone, D., Bruno, R., & Velli, M. 2021b, JGRA, 126, ¢28996

ﬁurovcové, T., §afrénkoé, J., & Némecek, Z. 2019, SoPh, 294, 97

Ervin, T., Bale, S. D., Badman, S. T., et al. 2024, ApJ, 969, 83

Fisk, L. A. 2005, ApJ, 626, 563

Fisk, L. A., & Kasper, J. C. 2020, ApJL, 894, L4

Fisk, L. A., & Schwadron, N. A. 2001, ApJ, 560, 425

Fox, N. J., Velli, M. C,, Bale, S., et al. 2015, SSRv, 204, 7

Fu, H., Li, B., Li, X,, et al. 2015, SoPh, 290, 1399

Fu, H., Madjarska, M. S., Li, B., Xia, L., & Huang, Z. 2018, MNRAS,
478, 1884

Fu, H., Madjarska, M. S., Xia, L., et al. 2017, ApJ, 836, 169

Geiss, J., Gloeckler, G., & von Steiger, R. 1995a, SSRv, 72, 49

Geiss, J., Gloeckler, G., Von Steiger, R., et al. 1995b, Sci, 268, 1033

Halekas, J. S., Bale, S. D., Berthomier, M., et al. 2023, ApJ, 952, 26

Halekas, J. S., Whittlesey, P., Larson, D. E., et al. 2022, ApJ, 936, 53

Hansteen, V. H., & Velli, M. 2012, SSRv, 172, 89

Holzer, T. E., & Leer, E. 1980, JGR, 85, 4665

Holzer, T. E., & Leer, E. 1981, in Solar Wind 4, ed. H. Rosenbauer (Garching:
Max-Planck-Institute fiir Aeronomie), 28

Johnstone, C. P., Giidel, M., Liiftinger, T., Toth, G., & Brott, I. 2015, A&A,
577, A27

Kasper, J. C., Bale, S., Belcher, J. W., et al. 2019, Natur, 576, 228

Kasper, J. C., Klein, K. G., Lichko, E., et al. 2021, PhRvL, 127, 255101

Kasper, J. C., Klein, K. G., Weber, T., et al. 2017, ApJ, 849, 126

Kasper, J. C., Lazarus, A. J., & Gary, S. P. 2008, PhRvL, 101, 261103

Kasper, J. C., Lazarus, A. J., Steinberg, J. T., Ogilvie, K. W., & Szabo, A.
2006, JGRA, 111, A03105

Klein, K. G., Verniero, J. L., Alterman, B. L., et al. 2021, ApJ, 909, 7

Le Chat, G., Issautier, K., & Meyer-Vernet, N. 2012, SoPh, 279, 197

Leer, E., & Holzer, T. E. 1980, JGR, 85, 4681

Liu, M., Issautier, K., Meyer-Vernet, N., et al. 2021, A&A, 650, A14

Marsch, E., & Tu, C.-Y. Y. 1990, JGR, 95, 8211

McComas, D. J., Ebert, R. W., Elliott, H. A., et al. 2008, GeoRL, 35, L18103

Meyer-Vernet, N. 2007, Basics of the Solar Wind (Ist ed.; Cambridge:
Cambridge Univ. Press),

Miiller, D., Marsden, R. G., St. Cyr, O. C., & Gilbert, H. R. 2013, SoPh,
285, 25

Miiller, D., St. Cyr, O. C., Zouganelis, L., et al. 2020, A&A, 642, Al

Ngampoopun, N., Susino, R., Brooks, D. H., et al. 2025, SoPh, 300, 45

Ogilvie, K. W., Chornay, D. J., Fritzenreiter, R. J., et al. 1995, SSRv, 71, 55

Parker, E. N. 1958, AplJ, 128, 664

Perez, J. C., Chandran, B. D. G., Klein, K. G., & Martinovic, M. M. 2021,
JPIPh, 87, 905870218

Phillips, J. L., Balogh, A., Bame, S. J., et al. 1994, GeoRL, 21, 1105

Raouafi, N. E., Stenborg, G., Seaton, D. B., et al. 2023, ApJ, 945, 28


https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://orcid.org/0000-0001-6673-3432
https://doi.org/10.1007/s11214-016-0264-1
https://ui.adsabs.harvard.edu/abs/2016SSRv..201...55A/abstract
https://doi.org/10.1038/150405d0
https://ui.adsabs.harvard.edu/abs/1942Natur.150..405A/abstract
https://ui.adsabs.harvard.edu/abs/1943ArMAF..29B...1A/abstract
https://doi.org/10.3847/2041-8213/adb48e
https://ui.adsabs.harvard.edu/abs/2025ApJ...982L..40A/abstract
https://doi.org/10.3847/1538-4357/aad23f
https://ui.adsabs.harvard.edu/abs/2018ApJ...864..112A/abstract
https://doi.org/10.1051/0004-6361/202451550
https://ui.adsabs.harvard.edu/abs/2025A&A...694A.265A/abstract
https://ui.adsabs.harvard.edu/abs/2025A&A...694A.265A/abstract
https://doi.org/10.1088/0004-637X/731/2/112
https://ui.adsabs.harvard.edu/abs/2011ApJ...731..112A/abstract
https://doi.org/10.1051/0004-6361:20047126
https://ui.adsabs.harvard.edu/abs/2005A&A...435..699A/abstract
https://ui.adsabs.harvard.edu/abs/2013AIPC.1539...11A/abstract
https://doi.org/10.3847/1538-4357/acc653
https://ui.adsabs.harvard.edu/abs/2023ApJ...950...65B/abstract
https://doi.org/10.1038/s41586-023-05955-3
https://ui.adsabs.harvard.edu/abs/2023Natur.618..252B/abstract
https://doi.org/10.1029/90JA01959
https://ui.adsabs.harvard.edu/abs/1991JGR....96.1737B/abstract
https://doi.org/10.1029/JA076i016p03534
https://ui.adsabs.harvard.edu/abs/1971JGR....76.3534B/abstract
https://doi.org/10.1029/JA074i009p02302
https://ui.adsabs.harvard.edu/abs/1969JGR....74.2302B/abstract
https://doi.org/10.1103/PhysRevLett.106.151103
https://ui.adsabs.harvard.edu/abs/2011PhRvL.106o1103B/abstract
https://ui.adsabs.harvard.edu/abs/2011PhRvL.106o1103B/abstract
https://ui.adsabs.harvard.edu/abs/1957Obs....77..109B/abstract
https://doi.org/10.1038/ncomms6947
https://ui.adsabs.harvard.edu/abs/2015NatCo...6.5947B/abstract
https://doi.org/10.12942/lrsp-2013-2
https://ui.adsabs.harvard.edu/abs/2013LRSP...10....2B/abstract
https://doi.org/10.1088/0004-637X/743/2/197
https://ui.adsabs.harvard.edu/abs/2011ApJ...743..197C/abstract
https://doi.org/10.3847/1538-4357/abab04
https://ui.adsabs.harvard.edu/abs/2020ApJ...900..105C/abstract
https://doi.org/10.1029/2011JA017236
https://ui.adsabs.harvard.edu/abs/2012JGRA..117.4104C/abstract
https://ui.adsabs.harvard.edu/abs/2012JGRA..117.4104C/abstract
https://doi.org/10.3847/1538-4357/ac9b14
https://ui.adsabs.harvard.edu/abs/2022ApJ...940..130D/abstract
https://doi.org/10.1051/0004-6361/202140600
https://ui.adsabs.harvard.edu/abs/2021A&A...654A.111D/abstract
https://doi.org/10.1088/0004-637X/805/1/84
https://ui.adsabs.harvard.edu/abs/2015ApJ...805...84D/abstract
https://doi.org/10.1093/mnras/sty3329
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.4665D/abstract
https://doi.org/10.1029/2020JA028996
https://ui.adsabs.harvard.edu/abs/2021JGRA..12628996D/abstract
https://doi.org/10.1007/s11207-019-1490-y
https://ui.adsabs.harvard.edu/abs/2019SoPh..294...97D/abstract
https://doi.org/10.3847/1538-4357/ad4604
https://ui.adsabs.harvard.edu/abs/2024ApJ...969...83E/abstract
https://doi.org/10.1086/429957
https://ui.adsabs.harvard.edu/abs/2005ApJ...626..563F/abstract
https://doi.org/10.3847/2041-8213/ab8acd
https://ui.adsabs.harvard.edu/abs/2020ApJ...894L...4F/abstract
https://doi.org/10.1086/322503
https://ui.adsabs.harvard.edu/abs/2001ApJ...560..425F/abstract
https://doi.org/10.1007/s11214-015-0211-6
https://ui.adsabs.harvard.edu/abs/2016SSRv..204....7F/abstract
https://doi.org/10.1007/s11207-015-0689-9
https://ui.adsabs.harvard.edu/abs/2015SoPh..290.1399F/abstract
https://doi.org/10.1093/mnras/sty1211
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.1884F/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.1884F/abstract
https://doi.org/10.3847/1538-4357/aa5cba
https://ui.adsabs.harvard.edu/abs/2017ApJ...836..169F/abstract
https://doi.org/10.1007/BF00768753
https://ui.adsabs.harvard.edu/abs/1995SSRv...72...49G/abstract
https://doi.org/10.1126/science.7754380
https://ui.adsabs.harvard.edu/abs/1995Sci...268.1033G/abstract
https://doi.org/10.3847/1538-4357/acd769
https://ui.adsabs.harvard.edu/abs/2023ApJ...952...26H/abstract
https://doi.org/10.3847/1538-4357/ac85b8
https://ui.adsabs.harvard.edu/abs/2022ApJ...936...53H/abstract
https://doi.org/10.1007/s11214-012-9887-z
https://ui.adsabs.harvard.edu/abs/2012SSRv..172...89H/abstract
https://doi.org/10.1029/JA085iA09p04665
https://ui.adsabs.harvard.edu/abs/1980JGR....85.4665H/abstract
https://ui.adsabs.harvard.edu/abs/1981sowi.conf...28H/abstract
https://doi.org/10.1051/0004-6361/201425300
https://ui.adsabs.harvard.edu/abs/2015A&A...577A..27J/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...577A..27J/abstract
https://doi.org/10.1038/s41586-019-1813-z
https://ui.adsabs.harvard.edu/abs/2019Natur.576..228K/abstract
https://doi.org/10.1103/PhysRevLett.127.255101
https://ui.adsabs.harvard.edu/abs/2021PhRvL.127y5101K/abstract
https://doi.org/10.3847/1538-4357/aa84b1
https://ui.adsabs.harvard.edu/abs/2017ApJ...849..126K/abstract
https://doi.org/10.1103/PhysRevLett.101.261103
https://ui.adsabs.harvard.edu/abs/2008PhRvL.101z1103K/abstract
https://doi.org/10.1029/2005JA011442
https://ui.adsabs.harvard.edu/abs/2006JGRA..111.3105K/abstract
https://doi.org/10.3847/1538-4357/abd7a0
https://ui.adsabs.harvard.edu/abs/2021ApJ...909....7K/abstract
https://doi.org/10.1007/s11207-012-9967-y
https://ui.adsabs.harvard.edu/abs/2012SoPh..279..197L/abstract
https://doi.org/10.1029/JA085iA09p04681
https://ui.adsabs.harvard.edu/abs/1980JGR....85.4681L/abstract
https://doi.org/10.1051/0004-6361/202039615
https://ui.adsabs.harvard.edu/abs/2021A&A...650A..14L/abstract
https://doi.org/10.1029/JA095iA06p08211
https://ui.adsabs.harvard.edu/abs/1990JGR....95.8211M/abstract
https://doi.org/10.1029/2008GL034896
https://ui.adsabs.harvard.edu/abs/2008GeoRL..3518103M/abstract
https://doi.org/10.1007/s11207-012-0085-7
https://ui.adsabs.harvard.edu/abs/2013SoPh..285...25M/abstract
https://ui.adsabs.harvard.edu/abs/2013SoPh..285...25M/abstract
https://doi.org/10.1051/0004-6361/202038467
https://ui.adsabs.harvard.edu/abs/2020A&A...642A...1M/abstract
https://doi.org/10.1007/s11207-025-02438-8
https://ui.adsabs.harvard.edu/abs/2025SoPh..300...45N/abstract
https://doi.org/10.1007/BF00751326
https://ui.adsabs.harvard.edu/abs/1995SSRv...71...55O/abstract
https://doi.org/10.1086/146579
https://ui.adsabs.harvard.edu/abs/1958ApJ...128..664P/abstract
https://doi.org/10.1017/S0022377821000167
https://ui.adsabs.harvard.edu/abs/2021JPlPh..87b9018P/abstract
https://doi.org/10.1029/94GL01065
https://ui.adsabs.harvard.edu/abs/1994GeoRL..21.1105P/abstract
https://doi.org/10.3847/1538-4357/acaf6c
https://ui.adsabs.harvard.edu/abs/2023ApJ...945...28R/abstract

THE ASTROPHYSICAL JOURNAL LETTERS, 984:1.64 (8pp), 2025 May 10

Rasca, A. P., Farrell, W. M., MacDowall, R. J., Bale, S. D., & Kasper, J. C.
2021, Apl, 916, 84

Rivera, Y. J., Badman, S. T., Stevens, M. L., et al. 2024, Sci, 385, 962

Rivera, Y. J., Badman, S. T., Verniero, J. L., et al. 2025, ApJ, 980, 70

Savitzky, A., & Golay, M. J. E. 1964, AnaCh, 36, 1627

Schwenn, R. 2006, SSRv, 124, 51

Shi, C., Velli, M., Bale, S. D., et al. 2022, PhPI, 29, 122901

Stakhiv, M. O., Lepri, S. T., Landi, E., Tracy, P. J., & Zurbuchen, T. H. 2016,
ApJ, 829, 117

Telloni, D., Romoli, M., Velli, M., et al. 2023, ApJ, 954, 108

Tenerani, A., Sioulas, N., Matteini, L., et al. 2021, ApJL, 919, L31

Tracy, P. J., Kasper, J. C., Raines, J. M., et al. 2016, PhRvL, 255101,
255101

Tracy, P. J., Kasper, J. C., Zurbuchen, T. H., et al. 2015, ApJ, 812, 170

Alterman

Tu, C., Marsch, E., & Rosenbauer, H. 1992, Solar Wind Seven (Amsterdam:
Elsevier), 555

Vermiero, J. L., Chandran, B. D. G., Larson, D. E., et al. 2022, ApJ, 924, 112

Verniero, J. L., Larson, D. E., Livi, R., et al. 2020, ApJS, 248, 5

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261

von Steiger, R., Schwadron, N. A., Fisk, L. A., et al. 2000, JGR, 105, 27217

Wang, Y.-M., & Sheeley, N. R. J. 1990, ApJ, 355, 726

Wyper, P. F., DeVore, C. R., Antiochos, S. K., et al. 2022, ApJL, 941, L.29

Xu, F., & Borovsky, J. 2015, JGRA, 120, 70

Yardley, S. L., Brooks, D. H., D’Amicis, R., et al. 2024, NatAs, 8, 953

Zank, G. P., Nakanotani, M., Zhao, L.-L., Adhikari, L., & Kasper, J. 2020,
ApJ, 903, 1

Zhao, L., Landi, E., Lepri, S. T., & Carpenter, D. 2022, Univ, 8, 393

Zhao, L., Landi, E., Lepri, S. T., et al. 2017, ApJ, 846, 135


https://doi.org/10.3847/1538-4357/ac079f
https://ui.adsabs.harvard.edu/abs/2021ApJ...916...84R/abstract
https://doi.org/10.1126/science.adk6953
https://ui.adsabs.harvard.edu/abs/2024Sci...385..962R/abstract
https://doi.org/10.3847/1538-4357/ada699
https://ui.adsabs.harvard.edu/abs/2025ApJ...980...70R/abstract
https://doi.org/10.1021/ac60214a047
https://ui.adsabs.harvard.edu/abs/1964AnaCh..36.1627S/abstract
https://doi.org/10.1007/s11214-006-9099-5
https://ui.adsabs.harvard.edu/abs/2006SSRv..124...51S/abstract
https://doi.org/10.1063/5.0124703
https://ui.adsabs.harvard.edu/abs/2022PhPl...29l2901S/abstract
https://doi.org/10.3847/0004-637X/829/2/117
https://ui.adsabs.harvard.edu/abs/2016ApJ...829..117S/abstract
https://doi.org/10.3847/1538-4357/aceb64
https://ui.adsabs.harvard.edu/abs/2023ApJ...954..108T/abstract
https://doi.org/10.3847/2041-8213/ac2606
https://ui.adsabs.harvard.edu/abs/2021ApJ...919L..31T/abstract
https://doi.org/10.1103/PhysRevLett.116.255101
https://ui.adsabs.harvard.edu/abs/2016PhRvL.116y5101T/abstract
https://ui.adsabs.harvard.edu/abs/2016PhRvL.116y5101T/abstract
https://doi.org/10.1088/0004-637X/812/2/170
https://ui.adsabs.harvard.edu/abs/2015ApJ...812..170T/abstract
https://ui.adsabs.harvard.edu/abs/1992sws..coll..555T/abstract
https://doi.org/10.3847/1538-4357/ac36d5
https://ui.adsabs.harvard.edu/abs/2022ApJ...924..112V/abstract
https://doi.org/10.3847/1538-4365/ab86af
https://ui.adsabs.harvard.edu/abs/2020ApJS..248....5V/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://doi.org/10.1029/1999JA000358
https://ui.adsabs.harvard.edu/abs/2000JGR...10527217V/abstract
https://doi.org/10.1086/168805
https://ui.adsabs.harvard.edu/abs/1990ApJ...355..726W/abstract
https://doi.org/10.3847/2041-8213/aca8ae
https://ui.adsabs.harvard.edu/abs/2022ApJ...941L..29W/abstract
https://doi.org/10.1002/2014JA020412
https://ui.adsabs.harvard.edu/abs/2015JGRA..120...70X/abstract
https://doi.org/10.1038/s41550-024-02278-9
https://ui.adsabs.harvard.edu/abs/2024NatAs...8..953Y/abstract
https://doi.org/10.3847/1538-4357/abb828
https://ui.adsabs.harvard.edu/abs/2020ApJ...903....1Z/abstract
https://doi.org/10.3390/universe8080393
https://ui.adsabs.harvard.edu/abs/2022Univ....8..393Z/abstract
https://doi.org/10.3847/1538-4357/aa850c
https://ui.adsabs.harvard.edu/abs/2017ApJ...846..135Z/abstract

	1. Introduction
	2. Observations
	3. Analysis
	4. Discussion
	References



