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Abstract

We utilize observations from the Parker Solar Probe (PSP) to study the radial evolution of the solar wind in the
inner heliosphere. We analyze electron velocity distribution functions observed by the Solar Wind Electrons,
Alphas, and Protons suite to estimate the coronal electron temperature and the local electric potential in the solar
wind. From the latter value and the local flow speed, we compute the asymptotic solar wind speed. We group the
PSP observations by asymptotic speed, and characterize the radial evolution of the wind speed, electron
temperature, and electric potential within each group. In agreement with previous work, we find that the electron
temperature (both local and coronal) and the electric potential are anticorrelated with wind speed. This implies that
the electron thermal pressure and the associated electric field can provide more net acceleration in the slow wind
than in the fast wind. We then utilize the inferred coronal temperature and the extrapolated electric + gravitational
potential to show that both electric field driven exospheric models and the equivalent thermally driven
hydrodynamic models can explain the entire observed speed of the slowest solar wind streams. On the other hand,
neither class of model can explain the observed speed of the faster solar wind streams, which thus require
additional acceleration mechanisms.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Slow solar wind (1873); Fast solar wind (1872)

1. Introduction

Despite decades of observational and theoretical study, the
details of the mechanisms that accelerate the solar wind remain
uncertain. The prediction of the existence of a supersonic solar
wind by Parker (Parker 1958) shortly before its discovery
(Gringauz et al. 1960; Neugebauer & Snyder 1962) remains a
triumph of theoretical physics. However, though Parker-type
thermally driven wind scenarios can provide the needed
acceleration to explain the slow solar wind, they have difficulty
explaining the observed speeds of the fast solar wind, at least
for realistic coronal temperatures (Parker 1965; Leer et al.
1982; Hansteen & Velli 2012). Furthermore, observations of
minor ion ratios indicate a strong anticorrelation between the
speed of the solar wind and the coronal electron temperature
(Geiss et al. 1995; Gloeckler et al. 2003), contrary to
expectations from purely thermally driven hydrodynamic
models. This puzzle has stimulated the development of a
variety of alternative wind acceleration models, many of which
involve waves and/or magnetic reconnection (Hollweg &
Isenberg 2002; Fisk 2003; Marsch 2006; McComas et al. 2007;
Cranmer 2012). Determining the relative importance of the
various proposed acceleration mechanisms, and their roles in
winds with different characteristics, represents a major focus

for the currently operating Parker Solar Probe (PSP) (Fox et al.
2016) and Solar Orbiter (Müller et al. 2020) missions.
So-called “exospheric” models (Jockers 1970; Lemaire &

Scherer 1971, 1973) provide an alternative framework for
considering solar wind acceleration. These models, rather than
utilizing a hydrodynamic (or magnetohydrodynamic) frame-
work, leverage the requirement for global quasi-neutrality to
find a self-consistent electric potential structure that results in a
balance of both charge and current between the electrons and
ions, given prescribed velocity distribution functions at the
boundaries of the system. Given the much greater mobility of
the electrons, the quasi-neutrality requirement naturally leads to
the formation of an outward electric field in the solar wind that
slows the escaping electrons and accelerates the ions. In the
hydrodynamic limit, this electric field can be identified as an
ambipolar electric field−∇Pe/(ene). In fact, for Maxwellian
electron distributions, and in the limit me→ 0, exospheric
models become essentially equivalent to hydrodynamic
models, as shown by Parker (2010). Given this correspon-
dence, exospheric models have the same basic difficulty in
matching the observed speeds in the fast wind for realistic
coronal temperatures.
However, though exospheric models cannot easily account

for collisional effects, they can straightforwardly incorporate
the effects of non-Maxwellian velocity distributions (Scud-
der 1992; Pierrard & Lemaire 1996). Exospheric models
utilizing coronal electron velocity distribution functions
(EVDFs) with a substantial nonthermal component can better
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reproduce the observed fast wind speeds (Maksimovic et al.
1997; Zouganelis et al. 2004), as one would expect since an
initial distribution with a greater suprathermal electron fraction
requires a larger electric field to maintain quasi-neutrality.
Unfortunately, it remains uncertain whether the required
nonthermal EVDFs actually exist in the corona (Maksimovic
et al. 2021). Indeed, recent PSP measurements do not reveal
substantial non-Maxwellian populations in the near-Sun
EVDFs, and in fact actually suggest a decrease in the fractional
abundance of suprathermal electrons close to the Sun (Bercic
et al. 2020; Halekas et al. 2020; Abraham et al. 2022).

While the interplanetary electric field in the solar wind may
not provide all of its acceleration, basic physical considerations
indicate that it must provide some component of the
acceleration. The only question is: How much? In this work,
we utilize PSP observations to attempt to bound the answer to
this question.

2. EVDFs and Parameters

We utilize data from the Solar Wind Electrons, Alphas, and
Protons (SWEAP) instrument suite (Kasper et al. 2016) on
PSP, specifically the Solar Probe ANalyzer-Ion (SPAN-Ion)
sensor and the two Solar Probe ANalyzer-Electron (SPAN-
Electron) (Whittlesey et al. 2020) sensors, to determine the
local proton bulk speed and to characterize the EVDFs. We
also utilize magnetometer data from the FIELDS suite (Bale
et al. 2016) to organize the charged particle measurements.

To characterize each measured EVDF, we leverage analysis
tools developed in a series of previous studies utilizing SPAN-
Electron data (Bercic et al. 2020; Halekas et al. 2020, 2021). In
Figures 1 and 2, we show representative EVDFs observed in
slow and fast solar wind streams at heliocentric distances of
18–18.5 RS, which serve to outline our methodology. We
utilize proton bulk velocity moments from SPAN-Ion and
magnetic field measurements from FIELDS to transform each
measured EVDF to the proton frame and rotate it into field
aligned coordinates. In the remainder of this work we perform
our analysis on each individual measured EVDF (obtained at
cadences of 7–14 s). However, for these two illustrative
examples we show data binned by pitch angle (in the plasma
frame) and accumulated over longer time periods, in order to
illustrate better the presence or absence of trace populations,
and to show the instrumental background count level.

We first note the substantial similarity of the EVDFs
observed in the slow and fast winds. Both have the same
general structure, well known from observations at greater
heliospheric distances, of a quasi-Maxwellian core at lower
energies, and a suprathermal population at higher energies
(Feldman et al. 1975; Rosenbauer et al. 1977; Pilipp et al.
1987; Salem et al. 2021). However, in contrast to measure-
ments at greater heliocentric distances, the more collimated
anti-sunward strahl component dominates the suprathermal
population, with little to no halo present, as also shown by
previous studies utilizing PSP observations (Halekas et al.
2020; Abraham et al. 2022). Note that one recent study
suggests that the halo may originate in the outer solar system
(Horaites & Boldyrev 2022), which could explain this trend. In
addition, near the Sun, the sunward portion of the EVDF
actually falls below a Maxwellian function, revealing a
“sunward deficit” (Halekas et al. 2020; Bercic et al. 2021b;
Halekas et al. 2021).

To retrieve the parameters of the electron core population,
including the core parallel temperature TC||, we fit the core
portion of the EVDFs to drifting bi-Maxwellian functions,
using the same methodology as Halekas et al. (2020). As
typically observed near the Sun (Halekas et al. 2020;
Maksimovic et al. 2020), we find a higher core temperature
(51 eV) in the slower wind, and a lower core temperature (34
eV) in the faster wind. This difference in core temperature may
result from the different initial conditions at the corona,
consistent with the known wind speed–coronal temperature
anticorrelation (Geiss et al. 1995; Gloeckler et al. 2003).
We next analyze the suprathermal portion of the EVDFs to

determine two critical parameters for our study. Utilizing the
anti-sunward portion of the distribution, we employ a similar
technique to Bercic et al. (2020) to find the effective parallel
temperature of the strahl TS||. To accomplish this, we fit the
suprathermal portion of the EVDF in the most anti-field aligned
bin (which contains the strahl) to the sum of a Maxwellian
function representing the strahl and a second function
representing the instrumental background (flat in units of count
rate, and thus scaling with energy as E−2 in units of distribution
function), both of which we allow to vary in amplitude. Bercic
et al. (2020) has shown observationally that the strahl parallel
temperature does not vary appreciably with distance. Given that
the strahl seemingly represents an escaping population from the
corona, focused along the magnetic field line due to the
conservation of magnetic moment, this suggests that it can
provide a remote measurement of the coronal electron
temperature, as also supported by simulations (Bercic et al.
2021a). In agreement with Bercic et al. (2020), we find a higher
strahl parallel temperature (91 eV) in the slow wind, and a
lower strahl parallel temperature (67 eV) in the fast wind, with
reasonable corresponding coronal temperatures of
0.75–1.1 MK.
Finally, we analyze the sunward portion of the EVDF to

determine the electron cutoff velocity. We employ the same
technique as Halekas et al. (2021) to determine the cutoff
velocity, dividing the measured EVDF by the core fit, and
fitting to a hyperbolic tangent function to find the velocity
where the EVDF drops to 50% of the core fit. The cutoff
velocity and the associated sunward electron deficit (Halekas
et al. 2020; Bercic et al. 2021b, 2021c; Halekas et al. 2021)
arise as a natural consequence of the interplanetary electric
field. This electric field, which accelerates the ions, forms a
potential well for the electrons. Electrons with a kinetic energy
smaller than the local potential fc (referenced to the value at
infinity) remain trapped within the potential structure near the
Sun, while those with larger kinetic energies escape to infinity.
This forms a natural demarcation in the sunward suprathermal
portion of the EVDF, which provides us with a clear marker of
the local electric potential. In agreement with Halekas et al.
(2021), we find a larger potential (254 V) in the slow solar
wind, and a smaller potential (199 V) in the fast solar wind,
with values scaling approximately with the core temperature as
fc∼ 5TC||.

3. Asymptotic Solar Wind Speed

Any study of the radial evolution of the solar wind
encounters the issue of aligning observations obtained at
multiple heliocentric distances. Ideally speaking, one would
wish to observe the same solar wind stream at a range of
distances. However, practical realities make this nearly
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impossible, other than in special cases. Given a sufficiently
large statistical sampling of data, one can define “wind
families” at multiple radial distances, associate them to each
other, and thereby attempt to trace the radial evolution of the
wind (Maksimovic et al. 2020). However, the PSP mission has
arguably not yet achieved an adequate sampling of winds of
various types (particularly fast winds) to attempt such a
procedure.

In this work, we instead attempt to classify the wind streams
by their asymptotic speeds. To estimate the asymptotic speed,
we make the ansatz that the only significant remaining
acceleration and deceleration acting on the solar wind after
its observation by PSP results from the gradients in the electric
and gravitational potentials. We then can compute the
asymptotic speed vASY in terms of the local bulk speed vp,
electric potential fc, and gravitational potential at heliocentric
distance r as

v
m

m v e
GM m

r

2 1

2
. 1

p
p p c

S p
ASY

2 f= + - ( )⎛
⎝

⎞
⎠

We note that this expression is an approximation of the
exospheric solution, which becomes exact for a cold beam.
This calculation of the asymptotic speed necessarily neglects
any nonelectric field wind acceleration mechanisms that act
outside of the PSP orbit, as well as stream–stream interactions
that can decelerate faster solar wind streams in the outer
heliosphere. Therefore, we regard our calculation of the
asymptotic speed only as an approximation; however, as long
as the error terms remain comparatively small, it can still
provide a meaningful first-order result.
The solar wind near the Sun commonly contains a large

number of brief, short-lived increases in the local solar wind
speed, associated with magnetic field rotations as expected for
quasi-Alfvénic fluctuations, and thus are often termed “switch-
backs” (Bale et al. 2019; Kasper et al. 2019). We wish to
classify our measurements by the background speed rather than
by the speed of these brief increases, and so we replace each
local determination of the asymptotic speed by the median in a
20 minute interval. We perform the same procedure on the
strahl parallel temperature values and the electric potentials
derived from the sunward cutoff velocities in the work that

Figure 1. Representative EVDF observed in the near-Sun fast solar wind (r ∼ 18.5 RS, vp ∼ 525 km s−1). The top panel shows SPAN-Electron measurements binned
by energy and pitch angle in the solar wind frame, accumulated over a 20 minute interval (colored diamonds). Positive velocity values represent pitch angles from 0°
to 90° (sunward-going electrons, given the sunward magnetic field at this time), and negative values represent pitch angles from 90° to 180° (anti-sunward), as
indicated. Colored curves in the top panel show the corresponding values for a drifting bi-Maxwellian fit to the core of the distribution and a Maxwellian fit to the
suprathermal portion of the most anti-field aligned bin (which contains the strahl), with the corresponding parallel core and strahl temperatures (TC|| and TS||) indicated.
The bottom panel shows the observed EVDF normalized by the core fit values. Vertical dashed lines in both panels delineate the low-energy portion of the EVDF
contaminated by secondary electrons, and dashed curves in the top panel show the approximate instrumental background level. The vertical dotted line in both panels
indicates the sunward cutoff in the EVDF, with the corresponding electric potential (fc) indicated.
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Figure 2. Representative EVDF observed in the near-Sun slow solar wind (r ∼ 18 RS, vp ∼ 210 km s−1), in the same format as Figure 1.

Figure 3. Joint occurrence of the asymptotic solar wind speed (vASY) and strahl parallel temperature (TS||), determined as described in the text from PSP measurements
from encounters 3 to 11 over heliocentric distances of 13.3–50 RS. The orange line shows the average value of the strahl parallel temperature for each speed bin.

4

The Astrophysical Journal, 936:53 (10pp), 2022 September 1 Halekas et al.



follows. All other parameters employed in this study simply
utilize the instantaneous local measurements.

To assess the results of our calculation of the asymptotic
velocity and strahl parallel temperature, we show the
occurrence of (vASY, TS||) pairs in our data set in Figure 3. In
agreement with Bercic et al. (2020), we find a clear
anticorrelation between the strahl parallel temperature and
wind speed, with very comparable numerical values (given the
coverage in radius of Bercic et al. (2020), we consider their
local speed values nearly equivalent to our asymptotic speed
values). The majority of the observations follow the same
trend, with a range of extrapolated coronal temperatures
of∼95 eV= 1.1 MK for asymptotic speeds of∼250 km s−1

to∼65 eV= 0.75MK for asymptotic speeds of∼600 km s−1.
A small fraction of the data points, particularly at low

estimated asymptotic speeds, have strahl parallel temperatures
that lie below the prevailing trend. These could represent data
points where the fitting methodology failed; however, targeted
spot checks did not reveal any pervasive issues with the fitting
procedure. Therefore, we postulate that these off-trend values
may represent solar wind streams that still have significant
acceleration remaining outside of the PSP location (i.e.,
observations for which our computation of the asymptotic
speed would represent a significant underestimate). Most of
these data points occur at low heliocentric distances, lending
credence to this hypothesis. These solar wind streams may
represent an appealing target for future analysis. However, in
the remainder of this work we afford these points no special
treatment.

4. Radial Evolution of the Solar Wind

Given values of the asymptotic speed (and strahl parallel
temperature) computed as above for each data point, we can
proceed to group our observations into bins and investigate the

radial evolution of the solar wind within each bin. In the
following analysis, we adopt a consistent binning strategy
wherein we group the observations into nine bins of asymptotic
speed ranging from 200 to 650 km s−1, each covering a 50 km
s−1 range.
In Figure 4, we show the local proton speed binned in this

manner, for the same data set as in Figure 3. We find that the
lower speed bins display a much larger acceleration than the
upper speed bins, similar to previous results from Maksimovic
et al. (2020). Our observations show that this trend results from
two reinforcing factors. First, to achieve a given increase in
speed, one requires a greater addition of energy (and thus a
greater potential drop) for larger initial speeds, as a simple
consequence of the quadratic dependence of the kinetic energy
on speed. Second, the observations reveal larger electric
potential magnitudes in the slow solar wind, and thus the
slower wind in the near-Sun environment will experience
greater remaining acceleration. Given these two factors (and
assuming our assumptions remain valid), most of the accelera-
tion of the fast wind must occur below even the nearest PSP
perihelion (to date) of 13.3 RS. On the other hand, a substantial
fraction of the acceleration of the slow wind demonstrably
occurs above this radius.
Binning by asymptotic speed provides a natural way to

organize a number of other parameters of the solar wind. We
choose just a few solar wind parameters to show in this work,
using the same data set as in Figure 3 throughout. In Figure 5
we show the core parallel electron temperature. As expected
from previous work (Halekas et al. 2020; Maksimovic et al.
2020), we find a clear anticorrelation between the core parallel
electron temperature and asymptotic speed, present at all
heliocentric distances considered in this study.
As an illustrative exercise, in Figure 5 we also show two

power law curves that approximately represent the upper (low

Figure 4. Radial evolution of the local bulk solar wind proton speed (vp) measured by SPAN-Ion, binned by asymptotic solar wind speed (vASY) in nine ranges, as
indicated. Colored lines represent median values for each radius–speed bin, and error bars represent upper and lower quartiles.
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speed) and lower (high speed) envelopes of the observed core
parallel temperatures. The values of T0 for the two curves are
160 and 240 eV, respectively, (though these curves are not
expected to continue to r= 1). We do not derive the radial
exponent α=−0.5 from a rigorous fit or claim that exactly the
same exponent holds for all asymptotic wind speeds, but
merely choose this as an approximately representative value.
This exponent provides curves that correspond reasonably well
with the data for all asymptotic speed bins. This radial
exponent also appears roughly consistent with those derived in
previous studies from observations at greater heliocentric
distances (Marsch et al. 1989; Maksimovic et al. 2005), and
also with recent theoretical predictions (Boldyrev et al. 2020).
On the other hand, radial exponents consistent with purely
adiabatic expansion (α=−4/3) or with a constant conductive
luminosity (α=−2/7) appear clearly incompatible with the
observations.

We also note the intersections of the power law extrapola-
tions for the core parallel temperature with the corresponding
values of the strahl parallel temperature. For both high and low
asymptotic speeds, this occurs at ∼6 RS. If the power law
extrapolations remain valid inside the closest PSP perihelion,
and the strahl parallel temperature accurately records the
coronal electron temperature, this would seemingly suggest that
this radius approximately represents the source altitude of the
solar wind (i.e., the exobase). However, our subsequent results
in no way depend on this conclusion.

We next consider the radial evolution of the electric
potential. In Figure 6, we show the electric potential derived
from the sunward cutoff in the EVDF as described above, again
organized by asymptotic solar wind speed. Similar to the core
parallel electron temperature, and again in accordance with
previous work (Halekas et al. 2021), we find a clear

anticorrelation between the magnitude of the electric potential
and the asymptotic wind speed, present at all heliocentric
distances considered in this study. This again indicates that the
slower wind observed near the Sun has a larger remaining
acceleration due to the electric potential than the faster wind.
We repeat the exercise of showing two power law curves

that approximately represent the upper (low speed) and lower
(high speed) envelopes of the observed electric potentials. The
values of f0 for the two curves are 1400 V and 2000 V,
respectively, (though these curves are not expected to continue
to r= 1). We find that a slightly larger radial exponent,
α=−0.66, better represents the electric potential observations.
Bercic et al. (2021b) found the same radial exponent for the
electric potential from PSP observations, and a slightly smaller
exponent of α=−0.55 from simulations. Strictly speaking, for
a power law electron density and temperature, the corresp-
onding ambipolar electric potential should have the same radial
exponent as the temperature. The slight difference in exponents
may indicate small deviations from power law behavior, not
particularly surprising given that significant wind acceleration
occurs in this radial range.
For electrons, the gravitational potential remains largely

inconsequential even at the smallest heliocentric distances.
However, for ions, the gravitational potential becomes
comparable to and even exceeds the electric potential at small
heliocentric distances, since it varies as r−1. Therefore, from
the standpoint of solar wind acceleration, the sum of the two
potentials represents a key quantity. We show this sum for the
ions in Figure 7.
Given the relative magnitudes of the two potentials and the

anticorrelation between the electric potential and wind speed,
the gravitational potential has a comparatively greater effect on
winds with faster asymptotic speeds. For these faster speed

Figure 5. Radial evolution of the local core parallel electron temperature (TC||) measured by SPAN-Electron, binned by asymptotic solar wind speed (vASY) in nine
ranges, as indicated. Colored lines represent median values for each radius–speed bin, and error bars represent upper and lower quartiles. The two dashed curves show
approximate power law extrapolations for low and high asymptotic speeds, with diamonds indicating the intersections of these curves with the corresponding strahl
parallel temperature (TS||) values.
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ranges, it almost cancels out the electric potential even at larger
distances, and overtakes the extrapolated electric potential in
magnitude at a comparatively large heliocentric radius of

∼9RS. For the slower speed ranges, on the other hand, the
gravitational potential does not overtake the extrapolated
electric potential in magnitude until a heliocentric radius of

Figure 6. Radial evolution of the local electric potential with respect to infinity (fc), as determined from SPAN-Electron measurements of the sunward cutoff in the
EVDF, binned by asymptotic solar wind speed (vASY) in nine ranges, as indicated. Colored lines represent median values for each radius–speed bin, and error bars
represent upper and lower quartiles. The two dashed curves show approximate power law extrapolations for low and high asymptotic speeds.

Figure 7. Radial evolution of the sum of the electric potential (same as Figure 6) and the gravitational potential per charge for protons, with respect to infinity, binned
by asymptotic solar wind speed (vASY, same ranges as Figure 6). Colored lines represent median values for each radius–speed bin, and error bars represent upper and
lower quartiles. The two dashed curves show the same power law extrapolations as Figure 6, with the addition of the gravitational potential, with diamonds indicating
the maxima in the total potential.
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∼4RS. This implies that the net potential acceleration of the
slow wind can begin at a much closer distance, and that it has a
much greater magnitude, in comparison to the fast wind.

Meanwhile, ions inside of these critical radii experience a net
inward rather than outward force due to the combined
potentials. Of course, other sources of acceleration may (or
must) exist close to the Sun, and their influence would add to
the potential acceleration or deceleration, possibly affecting the
direction of the net force at some distances.

5. Acceleration of the Solar Wind

As a final exercise, we consider the implications of our
observations for the acceleration of the solar wind. Given the
potential curves shown in Figure 7, and an estimate for the
initial wind speed, we can derive the expected radial profiles of
wind speed, given only potential acceleration. For the initial
wind speed values, we choose the ion sound speeds corresp-
onding to the coronal temperatures inferred from the relevant
strahl parallel temperatures (i.e., v u kT m2s p0 = = ). Thus,
unlike Bercic et al. (2021b), we assume slightly different initial
speeds for the slow and fast wind; however, the resulting
speeds of 135 km s−1 and 112 km s−1 in the slow and fast
wind, respectively, both correspond fairly closely with the
initial speed of 121 km s−1 utilized in that previous work. Only
the existence of proton temperatures very different from the
electron temperatures would significantly change these initial
speeds. More sophisticated models exist that take into account
the possibility of a range of initial speeds and altitudes (i.e.,
multi-base models; Martinović et al. 2022, in preparation), but
we do not consider such effects in this simple exercise.

Given initial speed estimates, we can simply utilize the
conservation of energy to derive the expected radial speed
profiles corresponding to the total potential profiles for slow

and fast winds. We show the results in Figure 8. We find that
the predicted potential acceleration curve for the slow wind
matches the observations for the lower asymptotic speed bins
rather well. On the other hand, the predicted acceleration curve
for the fast wind does not correspond well with the
observations.
One should not make too much of the fact that the slopes of

the predicted speed curves match those of the observations.
Since we organized the observations into asymptotic speed
ranges utilizing the local values of the electric and gravitational
potentials (and the conservation of energy), the radial
dependence of the total potential for each asymptotic speed
range is already in essence built into our analysis. A significant
difference in the slopes would represent an inconsistency that
would require revisiting our assumptions. So, the agreement in
the slopes merely verifies the self-consistency of our assump-
tions. However, our analysis does clearly show that, for any
reasonable initial conditions, the net potential acceleration
cannot explain the observed fast wind speeds, or even a
significant fraction thereof. On the other hand, for very
reasonable initial conditions, the net potential acceleration
can explain the entire observed acceleration of the slowest
ranges of the solar wind.
We compare our results to two recent previous studies.

Bercic et al. (2021b) analyzed a set of PSP data representing a
mix of wind speeds, and found that electrostatic acceleration
could explain 77% of the observed speed of the solar wind
(related simulations suggest an even higher percentage; Bercic
et al. 2021a). The results in Figure 7 of Bercic et al. (2021b)
show that the observed speed values one standard deviation
below the mean nearly follow the predicted acceleration curve.
This appears entirely consistent with our result that potential
acceleration can fully explain the lowest range of asymptotic
wind speeds.

Figure 8. Radial evolution of the local solar wind proton speed (vp) measured by SPAN-Ion (same as Figure 4), with curves showing the predicted speed profiles
corresponding to the total potential curves from Figure 7, with initial values estimated from the strahl parallel temperatures using v kT m2 S p0 = ∣∣ .
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Meanwhile, Horaites & Boldyrev (2022) analyzed PSP data
using a Liouville method, and found that the potential thereby
inferred could explain nearly 100% of the solar wind
acceleration over a radial range of 0.18–0.79 au. Though this
radial range barely overlaps that considered in this study, the
results agree with those from this work. Furthermore, these
previous results also support the validity of our initial
assumption that only potential acceleration occurs outside of
the location of the PSP observations used in this study.

As an additional point of comparison, we repeat our exercise
for a thermally driven hydrodynamic model. We utilize a basic
Parker model (Parker 1960), derived for an empirically chosen
polytropic index of γ= 5/4. For an r−2 density radial
dependence (not precisely accurate given that the wind
experiences a net acceleration in the radial range of interest,
but still a reasonable first approximation), this polytropic index
leads to a temperature radial exponent of α=−0.5, approxi-
mately consistent with the PSP observations (see Figure 5). For
the initial coronal temperature estimates, we again utilize the
strahl parallel temperatures corresponding to the slow and fast
asymptotic speed ranges, as above. The existence of proton
temperatures very different from the electron temperatures, or
of very different electron and proton polytropic indices, would
alter the initial speeds and acceleration profiles (see Dakeyo
et al. 2022, in preparation, for a recent model that incorporates
both such effects).

We show the resulting predicted wind speed curves in
Figure 9. As expected, the results appear very comparable to
those for the potential model shown in Figure 8. We note that
the initial speeds at the critical point are once again the ion
sound speeds (as for all Parker models), but now given by
v u kT m2s p0 g= = , so slightly greater (10%) than the
assumed initial speeds for the potential model. The net

predicted acceleration for the Parker model agrees rather
closely with that from the potential model for the slow wind
case, while the Parker model provides a slightly larger
acceleration for the fast wind case.
Though a few small differences exist, we can draw the same

basic conclusions for both classes of models. Either a potential
model or a Parker model can explain the entire acceleration of
the slowest solar wind, given very reasonable initial conditions.
On the other hand, for any reasonable initial conditions, neither
the potential model nor the Parker model can explain the net
acceleration of the faster solar wind streams.

6. Conclusions and Implications

None of the conclusions of this study should come as a
surprise. The basic difficulties in achieving the speed of the fast
wind through either a thermally driven hydrodynamic scenario
or an exospheric model have been well understood for decades.
However, this work provides new observationally based
constraints on how much of the acceleration other mechanisms
must provide, and in what radial ranges. Our results indicate
that, for the slow solar wind, we require no acceleration
mechanisms other than the electric potential to explain the PSP
observations. On the other hand, for the faster wind streams,
some additional mechanism(s) must provide many hundreds of
km s−1 of acceleration, rather close to the Sun, in order to
explain the observations.
One obvious way to rescue the exospheric solar wind models

in the fast wind case would be to postulate the presence of a
significant suprathermal electron population in the corona at the
source of the fast solar wind. We note that the presence of such
a population becomes less and less likely the closer that we
come to the Sun without measuring it directly. The observa-
tions shown in Figures 1 and 2 suggest that, if such a

Figure 9. Radial evolution of the local solar wind proton speed (vp) measured by SPAN-Ion (same as Figures 4 and 8), with curves showing the predicted speed
profiles from Parker solar wind models for a polytropic index of γ = 5/4 (Parker 1960), with coronal temperatures set to the corresponding strahl parallel temperatures
(TS||). The diamonds show the critical points for the two solutions.
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population exists, it must have very low values of distribution
function in comparison to the core and strahl to escape our
observational capability. Even with a fairly long integration, no
significant suprathermal component appears clearly above
background in either the slow or fast wind EVDFs. A more
detailed analysis could potentially address the question of
whether a suprathermal component both capable of providing
the required additional acceleration and compatible with the
in situ near-Sun observations could still exist.

From a more “glass half full” point of view, one can regard
the current results as at least a partial triumph for both the
exospheric models and the appropriate corresponding hydro-
dynamic models. Our results indicate that the electron pressure
gradient and the associated electric potential can provide the
entire acceleration required to explain the slowest solar wind
streams. This implies that no additional acceleration mechan-
isms need operate in the slow wind. Of course, this does not
rule out the operation of additional mechanisms, but it implies
that they must not result in a net acceleration significant in
comparison to the electric field, in the slow wind.

This work was supported by the PSP mission and the
SWEAP team through contract NNN06AA01C. PSP was
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Applied Physics Laboratory as part of NASAs Living with a
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A. Tenerani at the International Space Science Institute (ISSI).
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