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ABSTRACT

The role of interchange reconnection as a drive mechanism for the solar wind is explored by solving the
global magnetic-field-aligned equations describing wind acceleration. Boundary conditions in the low
corona, including a reconnection-driven Alfvénic outflow and associated heating differ from previous
models. Additional heating of the corona associated with Alfvén waves or other MHD turbulence,
which has been the foundation of many earlier models, is neglected. For this simplified model a
sufficient condition for interchange reconnection to overcome gravity to drive the wind is derived. The
combination of Alfvénic ejection and reconnection-driven heating vields a minimum value of the Alfvén
speed of the order of 350-400km /s that is required to drive the wind. Recent evidence based on Parker
Solar Probe (PSP) observations suggests that this threshold is typically exceeded in the coronal holes
that are the source regions of the fast wind. On the other hand, since reconnection in the coronal
environment is predicted to have a bursty character, the magnitude of reconnection outflows can be
highly variable. The consequence is a highly non-uniform wind in which in some regions the velocity
increases sharply to super-Alfvénic values while in adjacent regions the formation of an asymptotic
wind fails. A simple model is constructed to describe the turbulent mixing of these highly-sheared
super-Alfvénic flows that suggests these flows are the free-energy source of the Alfvénic turbulence and
associated switchbacks that have been documented in the PSP data in the near coronal environment.
The global wind profiles are presented and benchmarked with Parker Solar Probe (PSP) observations
at 12 solar radii.

1. INTRODUCTION

Winds of hot plasma and embedded magnetic field are produced by stars and other objects throughout the universe.
The existence of a wind produced by the sun was first proposed by Eugene Parker (Parker 1958, 1965) and was
motivated by the observation that the tails of comets pointed away from the sun. The existence of the wind was
confirmed in observations by the Mariner 2 satellite (Neugebauer & Snyder 1962). The original Parker theory was
based on an isothermal model in which the expansion force of the plasma pressure was sufficient to overcome the
gravitational attraction of the sun. Subsequent models included temperature equations with coronal heating profiles
that were motivated by Alfvén wave turbulence propagating upwards from the solar surface. The ”furnace” model
presumed that these waves were injected into the corona from magnetic reconnection in the chromosphere (Axford &
McKenzie 1992; Axford et al. 1999). Observations from Hinode/SOT of the transverse motion of spicules suggested
that the dynamic convection zone was a source of these waves (De Pontieu et al. 2007). On the other hand, the energy
deposition rate of these waves in the low corona of around 10°ergs/cm?s was somewhat below the 5—10x 10%ergs/cm?s
required to drive the wind (Axford et al. 1999). One of the motivating factors in invoking Alfvén waves as a coronal
heating mechanism were observations from SOHO/UVCS that the perpendicular temperature of various ion species
was significantly greater than the parallel temperature, suggesting a wave heating mechanism (Kohl et al. 1997, 1998).

In a more recent model, the injection of MHD turbulence from magnetic reconnection was invoked to produce
sufficient coronal heating to drive the wind (Zank et al. 2021). A significant caveat, however, to the often-invoked
reconnection-generated turbulent drive mechanism is that in situ measurements of reconnection outflow exhausts do
not reveal that a significant fraction of the energy is carried in the MHD Poynting flux. Indeed, terrestrial magnetotail
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observations suggest that this MHD Poynting flux is an order of magnitude below the energy carried in the ion enthalpy
flux and bulk flow kinetic energy (Fastwood et al. 2013).

Recent observations of the structure of the fast solar wind close to the sun from NASA’s Parker Solar Probe mission
(Fox et al. 2016; Raouafi et al. 2023a) are, for the first time, revealing that the young solar wind is highly structured.
This structure provides clues to the wind drive mechanism. First, the radial wind speed is bursty and produces local
reversals in the radial magnetic field, ”switchbacks” (Bale et al. 2019). Further, this bursty wind is modulated on
spatial scales that are linked to the corresponding spatial structure of the ”supergranulation” network magnetic fields
at the base of coronal holes (Bale et al. 2021, 2023) (see Fig. 1). The observations also reveal that peaks in the radial
flow speed are correlated with increases in the proton energy with tails up to around 85 keV, an enhanced abundance
of alpha particles, and bursty reversals of the radial magnetic field. The modulation of the wind on scales that match
that of the network magnetic fields suggests that it is reconnection between closed loops of magnetic flux and open field
lines (interchange reconnection) that is the source of energy that drives the wind and the associated modulations (Bale
et al. 2021, 2023). This observational data has been used to infer the basic characteristics of interchange reconnection:
magnetic fields of around 4.5 G, plasma densities of around 10°/cm3, Alfvén speeds of between 300 and 400 km/s,
reconnection inflow speeds of around 3km/s (deeply in the collisionless regime), and energy release rates of around
5 x 10°ergs/cm?s. This rate of energy release is sufficient to power the wind (McKenzie et al. 1995; Axford et al.
1999). A major surprise of these observations was the measurement of a significant energetic ion component with the
power-law tails of protons extending above 100keV (Bale et al. 2023). Thus, the solar wind is an ”energetic” wind and
the presence of these energetic particles supports the conclusion that the interchange reconnection process driving the
wind is collisionless.

Recent solar Extreme UltraViolet (EUV) measurements have revealed ubiquitous jetting activity at the base of the
solar corona (Raouafi et al. 2023b). These ”jetlets” are associated with multi-polar regions at the solar surface and
have been interpreted as reconnection outflows that are driving the solar wind. These observations further support
the idea that reconnection might be playing a role in the drive of the solar wind.

The previous exploration of the acceleration of the solar wind was based on the assumption that the wind velocity
started from a very low value (subsonic) in the low corona and increased monotonically to an asymptotic value as
R — o0. In such a model the radial velocity crosses the sonic point at around 2R and the Alfvén point around 8R,.
In this traditional picture, the sonic point plays a critical role since it controls whether the wind is able to reach a
finite asymptotic velocity or asymptotes to zero velocity at large R (Parker 1960). However, in a scenario in which
interchange reconnection in the low corona drives the wind, the initial injection velocity will be of the order of the
Alfvén speed, which in the corona will also be greater than the sound speed. The equations describing how the wind
is accelerated from its injection low in the corona to large distances from the sun therefore needs to be re-evaluated in
the reconnection drive scenario.

The goal of the present manuscript is therefore to address whether an interchange reconnection solar wind drive
scenario is plausible. In exploring such a scenario we include both the Alfvénic injection as well as the expected
thermal heating expected from collisionless reconnection in the low corona. We consider specifically the limit in which
additional heating of the corona due to Alfvén wave or MHD turbulence is neglected. In Sec. 2 we discuss some of
the basics of a reconnection-based drive mechanism that includes a specific estimate for the minimum Alfvén speed
required to produce the necessary injection velocity and pressure to power the wind. In Sec. 3 we review the well-
known equations describing solar wind acceleration and present the profiles of the radial velocities and other key
parameters for a realistic magnetic field profile corresponding to open magnetic flux from a coronal hole. As expected,
the velocity profiles depend on a key parameter: the injection velocity compared with the local sound speed, which was
the critical parameter in Parker’s original wind model (Parker 1958, 1960). A significant conclusion is that interchange
reconnection will produce a highly structured wind with the radial velocity in some regions rapidly exceeding the
local Alfvén speed by a large margin while in other regions the velocity decreases rapidly. In Sec. 4 we develop a
set of equations that describe the mixing of adjacent wind streams through the development of the Kelvin-Helmholtz
instability. We demonstrate that energy and momentum transfer from a high-energy stream (above the wind threshold)
to a low-energy stream (below the wind threshold) can drive the low-energy stream above the wind threshold. The
amplitude of the resultant magnetic turbulence is calculated and becomes of the order of the ambient background
field. Thus, these strong velocity shear instabilities are the likely source of the Alfvénic turbulence and magnetic
"switchbacks” that are ubiquitous in the young solar wind (Bale et al. 2019; Kasper et al. 2019).
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In Sec. 5 we benchmark the profiles of the key plasma parameters with PSP observations and establish that the
strength of the reconnection magnetic field and plasma density in the wind source must be reduced compared with
previous estimates.

2. BASIC CONSIDERATIONS IN AN INTERCHANGE RECONNECTION SOLAR WIND DRIVE SCENARIO

The solar escape speed Ves. = 1/2GMg/Re =~ 615 km/s greatly exceeds the typical Alfvén speed of 300-400 km/s
associated with small-scale interchange reconnection events at the source of the PSP wind observations. Alfvénic
outflows from reconnection will therefore not be able to escape solar gravity to form the wind without additional
pressure forces. However, the possibility that coronal heating from reconnection combined with Alfvénic injection may
be sufficient to drive the wind, even in the absence of additional coronal heating mechanisms, needs to be explored.
In the absence of external heating mechanisms, the energy flux of the fluid is a constant (Roberts & Soward 1972;
McKenzie et al. 1995) and yields a Bernoulli-like expression,

5P GMy
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= const., (1)

with V' the fluid velocity, P the total pressure, p the mass density, and GMy /R the solar gravitational potential.
For simplicity, we neglect thermal conduction of both electrons and ions. In the absence of additional heat sources,
P/p < T goes to zero at infinity along with the gravitational potential, so a necessary condition for V' to remain finite
at infinity is for the energy flux to be positive, or

1 5 P GM, 1
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where the subscripts ”0” denote the values at the base of the corona, which we take to be at the reconnection outflow,
and V,, is the upper limit on the wind velocity at large distance. During magnetic reconnection, the inflowing energy
per particle is given by B2 /4mng. Half of the released energy goes into the Alfvénic outflow and around half into ion
thermal energy (Eastwood et al. 2013; Haggerty et al. 2018). This yields Vo = Vag and Py = B2 /127 and the condition
in Eq. (2) becomes

Vao > \/3/8Vese = 37Tkm/s. (3)
This is comparable to the estimate of 300-400km/s for the Alfvén speed during interchange reconnection in coronal
holes that was obtained from the PSP data (Bale et al. 2023). Specifically, the best estimate for V4 came from the
comparison of the power-law spectra of protons from SPANi and PIC interchange reconnection simulations, which
gave Vs ~ 370 km/s.

3. SOLAR WIND PROFILES IN AN INTERCHANGE RECONNECTION DRIVE SCENARIO

The equations describing the acceleration of the fast wind are well known and become particularly simple in the
steady-state limit where heating from Alfvén waves or MHD turbulence is neglected (McKenzie et al. 1995). Because
magnetic reconnection in the environment of the corona is expected to be bursty, an extension of the present calculation
to include the full time dependence of a bursty driver should be a priority. For simplicity we neglect thermal conduction,
which is reasonable for protons because a wind solution requires that the initial flows exceed the sound speed and
rapidly become super-Alfvénic. Because the enthalpy flux of ions significantly exceeds that of electrons, as documented
in magnetosphere reconnection observations (Eastwood et al. 2013; Phan et al. 2014), the wind drive from electrons
is subdominant so treating their dynamics in the simplest possible manner seems justified. A realistic radial profile of
the magnetic field emanating from a coronal hole, based on PFSS modeling of the magnetic field connecting the solar
surface to PSP during encounter 10 (Bale et al. 2023), is shown in Fig. 2. The osource surface of the PFSS model is
at 2.5R with a radial dependence of 1/R? assumed at larger distances. The expansion rate at low altitude greatly
exceeds that based on a simple 1/R? model (dashed line in Fig. 2). The super-fast expansion has a significant impact
on the rate that pressure drops with radius and therefore the wind acceleration profile.

In a steady state system there are two key invariants, the particle flux, F),, given by

F,=pV/B, (4)
with V' the fluid velocity parallel to the ambient magnetic field, and the energy flux, F,,, given by
F, =F,Fg, (5)
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where F'g is the Bernoulli-like relation given in Eq. (1). This equation gives an expression for the pressure when the
local velocity and radial position are known. The momentum equation along the ambient magnetic field reduces to
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Eliminating the pressure using Eq. (1), we obtain an equation for the wind velocity V,

1 % 0 1 V2 0 3V2
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where r = R/Rg is the normalized radius. The expression within the parentheses on the left hand side (LHS) of the
equation goes to zero at the sonic point. To see this we write

5P 4 1 V2
2_mm_y2_Y2 _ Zy2 o 2 esc
1% C:=V 3, 3V <1 el (Vm + — )> , (8)

where we have substituted the pressure from Eq. (1).

For an initial velocity Vj below the sound speed, the solution for V' always decreases away from the solar surface
so there is no wind solution. This can be seen by noting that for V' < Cg the expression within the parentheses on
the LHS of the equation is negative while the RHS of the equation is positive as long as B falls off at least as fast as
1/R?. Thus, there are no wind solutions that have velocities below the sound speed at the solar surface without an
additional source of coronal heating. If, however, V > Cg at the solar surface, the velocity will increase with radial
distance from the solar surface and reach the terminal wind speed V,,, at large distances from the sun.

In Fig. 3 we show the numerical solutions of V(R) for a range of initial velocities above and below the sound speed
at the solar surface, which was taken to be 350 km/s, with the magnetic field profile as shown in Fig. 2. As discussed
previously, all of the wind profiles with initial velocities above the sound speed increase sharply and approach limiting
velocities at large distances from the solar surface. The peak in the wind velocity, which is relatively close to the
solar surface, results from the rapid pressure drop in the expanding magnetic field emanating from the coronal hole.
The gradual falloff beyond the peak is a consequence of the sun’s gravitational potential well. In Fig. 4 we show
the radial profiles of V' (solid), the sound speed Cs (dot-dashed) and the Alfvén speed V4 (dashed) for the case with
V(R = Rp) = Va(R = Rg) = 400 km/s and C5(R = Rg) = 350 km/s. Both the sound speed and the Alfvén
speed decrease rapidly with distance from the surface, which is a consequence of the rapid expansion of B and the
corresponding drop in plasma pressure. The consequence is that the expanding wind quickly becomes super-Alfvénic
and super-sonic. This will have important consequences for the stability of the wind.

4. A MIXING MODEL OF SOLAR WIND STREAMS

As discussed previously, a wind driven by magnetic reconnection will be highly structured with strong variations
in the local outflow velocity. Regions with high outflow and strong heating will have sufficient energy to form an
asymptotic wind solution while adjacent regions with low velocity and weak heating will either form a weak outflow
or fall back into the chromosphere. Because the Alfvén speed in coronal hole sources falls rapidly with distance above
the surface, the flow shear in adjacent regions can exceed the local Alfvén speed and overcome magnetic tension to
become Kelvin-Helmholtz (KH) unstable. The resulting mixing is likely to smooth a wind that is highly structured
at its source. If sufficient energy is transferred from a high to low energy stream, the low energy stream might gain
enough energy to form a wind solution.

To explore how adjacent streams might interact through mixing, we consider a simple model with two adjacent
streams that are able to mix their number density, momentum flux, pressure and energy flux. The derivation of the
functional form of the mixing term is presented in the Appendix and results in a set of one-dimensional magnetic field
aligned equations that are coupled through simple cross-field mixing terms that include the radial separation of the
streams as the magnetic field expands away from the solar surface. The three coupled equations for the field aligned
velocity v1 and vy, mass density p; and po and pressure P; and P» are for stream 1 as follows: the particle flux, which
is no longer constant,

0

Fp L = Mu(Bp)21, 9)



where for any parameter H, (AH), ; = H; — Hj; the energy flux, which is also not a constant,
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where F;y = F,iv; + Py/B. Similar equations govern stream 2 with the mixing terms on the right hand side of the
equations switched from (AH )1 to (AH); 2. The mixing term M), is given by

I

W= Tap (12)

with
p = fuAvLtanh(Av?/V3,,). (13)

L is the spatial separation between the two streams and is parameterized by L? = LZB2/B?, with Ly the separation
at the wind source, Av = |vg — v1| and Va12 = (Va1 + Vaz)/2. The tanh function in the equation for p describes the
turn-on of the mixing when the velocity separation Av exceeds the local average Alfvén speed of the two streams. The
ad hoc factor f, controls the mixing strength, which is typically taken to be 0.1 (Otto & Fairfield 2000). The results
are relatively insensitive to this value. The mixing velocity that controls the transport between the two streams is
taken to be the velocity difference between the two streams above the KH threshold. These equations do not include
the energy flux associated with KH turbulence and therefore are only a first step in exploring how solar wind streams
might interact. These three equations for F),, I, and F, can be directly integrated and p, v and P for each stream
can be calculated from these fluxes.

In Fig. 5 we show the velocity profiles of two wind streams, the first being well above the energy threshold to
form a wind solution with v;(R = 12.5Rg) ~ 500km/s and the second being close to the wind formation threshold
(v2(R =12.5Rg) ~ 100km/s). The profile of the mean Alfvén speed V412, is shown for comparison. That the velocity
difference Av > V1o at large R indicates that there is an enormous reservoir of free energy that is likely to produce
wind with strong Alfvénic turbulence.

In Fig. 6 we show the velocity profiles of two wind streams in which the mixing between streams is switched on. In this
case the first stream is well above the wind threshold while the second stream is below threshold. The corresponding
profiles of the energy flux F,,; and F,2 are shown in Fig. 7. Note that F,,» < 0, confirming that the second stream is
below the threshold to form a wind solution. In the absence of mixing, the energy fluxes are independent of radius.
The mixing leads to a transfer of energy from the high to the low energy stream so that Fis > 0 for R > 2Rg. The
transfer of energy enables the second stream to form a wind solution at large R as shown in Fig. 6. The mean Alfvén
speed shown in Fig. 6 confirms that the velocity difference between the two streams approaches the mean Alfvén speed
at large R. This is confirmed in Fig. 8 where we plot the profile of (Av/V412)?. In our simple model we take the
mixing velocity v, =~ (BL/B)VAH ~ Aw so the curve in Fig. 8 also reveals the profile of (BL/B)Q, where B, is the
magnetic field fluctuation amplitude. It is because of the rapid decrease in the Alfvén speed due to the expansion of
B that the wind becomes strongly turbulent above 2R, .

The development of velocity shear instabilities only occurs if the total shear velocity exceeds the local Alfvén speed.
The PSP has recently encountered extended sub-Alfvénic intervals in which the radial velocity falls below the local
Alfvén speed (Kasper et al. 2021; Zhao et al. 2022; Bandyopadhyay et al. 2022). These intervals are typically associated
with low plasma density and therefore an increase in the local Alfvén speed rather than a significant change in the
radial plasma velocity. Analysis suggests that these sub-Alfvénic intervals exhibit fewer switchbacks (Kasper et al.
2021; Bandyopadhyay et al. 2022), as would be expected if velocity shear instabilities were a significant driver of
switchbacks.

5. CONSTRAINTS ON THE RECONNECTION WIND DRIVE MECHANISM BASED ON PSP OBSERVATIONS

The requirements for interchange reconnection driven outflow and heating to drive an outgoing wind are given in
Egs. (2) and (3). The resulting wind solutions shown in Figs. 3 and 4 extend out to 12.5Rg, which overlaps with
the distance of closest approach of PSP to the sun. Thus, a comparison of the wind solutions with the local PSP
measurements may be able to further constrain the dynamics of the wind drive mechanism.



The E10 data from PSP and associated reconnection modeling suggested that the Alfvén speed v 4, associated with
the reconnecting magnetic field was around 400km/s (Bale et al. 2023). The profile of the wind velocity in Fig. 4
suggests that the velocity at 12.5R, is of the same order, which is consistent with the typical wind velocity measured
at this distance from the sun (Bale et al. 2023). However, while the velocity profile in Fig. 4 matches the observational
constraints, the Alfvén speed shown in this figure is well below the measured value of around 100km/s (Phan et al.
2022). The magnetic field at 12.5R¢ shown in Fig. 2 of &~ 600nT is consistent with measurements, which implies
that the low Alfvén speed is a consequence of the plasma density being too high. Because the entire density profile is
controlled by the particle flux in the low corona, the implication is that the density ng at the reconnection site, which
was taken to be around 10?/em3 is too high.

However, the ratio of the reconnecting component of the magnetic field B,y to the total field By is less well-
constrained. The expansion ratio from the solar surface to 12.5R for the parameters of Fig. 4 is around 650 and is
independent of the absolute value of the density. Thus, projecting a plasma density of around 1.5 x 10*/cm? from PSP
at 12.5Rg yields ng = 1.0 x 107 /cm? with a required B,.g = 0.57G to produce va,.q = 400km/s. Taking By = 3.5G,
the resulting total Alfvén speed at the surface is v49 = 2400km/s. This value of the surface density is consistent with
coronal hole measurements at modest distances up in the corona (Cranmer 2009). An important point to note is that
the reduction in the strength of the reconnecting component of the magnetic field and associated density reduction do
not impact the energetics of the wind drive since the asymptotic wind speed is controlled solely by the magnetic energy
released per particle, which is given by BZ,/4mpy = 01241«0 and is unchanged by the reduction in B, and pg = m;ng.

In Fig. 9 we show the profiles of the plasma density n (solid) and B (dashed) from 1-12.5R starting from ng =
1.0 x 107 /em?® and By = 3.5G at the solar surface. Shown in Fig. 10 are the profiles of the velocity v, the Alfvén
speed V4 (based on the total magnetic field) and the sound speed Cs for n and B given in Fig. 9 with vy = 400km/s
and vag = 2400km/s. The velocity v exceeds the sound speed C; over the entire profile while the Alfvén point where
v = V4 is just below 3R, well below the value of 8 R, typically found in Alfvén wave heating models (McKenzie et al.
1995). On the other hand, there is some observational data from UVCS suggesting that proton outflow velocities from
coronal holes reaches 200-300km /s low in the corona (Bemporad 2017).

Although the values of v, va, n, and B at 12.5R are consistent with the values in the PSP data-set at this radial
distance, there remains uncertainty in the profile of B and therefore the expansion ratio between the solar surface
and PSP, which, of course, also impacts the density profile. The magnetic field profile in Fig. 2 was based on a
surface-averaged PFSS model between the solar surface and 2.5R and an assumed 1/R? falloff between 2.5R; and
12.5,. However, recent measurements of the radial profile of the radial magnetic field by PSP have revealed that 1/R?
scaling of the radial magnetic field fails below around 0.3AU or around 60Rg (S. D. Bale, private communication).
The magnetic field actually increases more slowly (on the approach toward the sun) than the 1/R? prediction. The
physics basis for this behavior is unknown, but the implication is that the projected magnetic field strength of around
4G near the solar surface is too high and the total expansion ratio of 650 is also too high. Once the physics basis for
the deviation of B from the R~2 behavior is resolved and data from PSP even closer to the sun has been analyzed,
some of these uncertainties will hopefully be reduced.

6. DISCUSSION AND IMPLICATIONS FOR THE DEVELOPMENT OF A HIGHLY STRUCTURED SOLAR
WIND

Historical models of the solar wind have been based on the premise that the wind starts at very low velocity (subsonic)
near the solar surface and is driven solely by the pressure of the coronal plasma. The pressure of the coronal plasma is
calculated with a heating model based on the dissipation of Alfvén waves or MHD turbulence. We present an alternate
scenario in which magnetic reconnection in the low corona heats the ambient plasma and drives it upwards at the local
Alfvén speed. As long as the ejection velocity exceeds the local sound speed (see Fig. 3) and the ejected, heated plasma
has sufficiently high pressure (see Eq. (2)), the wind is generated and no additional coronal heating is required. The
approximate minimum condition for interchange reconnection to provide sufficient heating and outflow to overcome
gravity to produce the wind is that the Alfvén speed based on the reconnecting magnetic field exceed around 350-400
km/s (see Eq. (3)). This threshold, along with the corresponding expression for the asymptotic wind speed V,,, given
in Eq. (2), clarifies why coronal holes with their relative low density and therefore high relative Alfvén speed are the
dominant sources of the fast wind.

The requirement that the interchange reconnection outflow velocity exceed the local sound speed to produce a wind
solution has important implications for the basic structure of the wind. The historical view is of a relatively uniform
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fast wind (McKenzie et al. 1995; Axford et al. 1999) driven by Alfvén wave heating that is broadly distributed over the
corona. However, essentially all models of reconnection as macro-scale systems are bursty as a result of the breakup
of reconnecting current layers into multiple reconnection sites (Biskamp 1986; Bhattacharjee et al. 2009; Cassak et al.
2009; Huang & Bhattacharjee 2010; Karpen et al. 2012). Simulations of interchange reconnection in the low corona
also exhibit this bursty behavior (Drake et al. 2021). This translates into a reconnection exhaust that has significant
spatial structure (Bale et al. 2023). The consequence is that reconnection outflows at different locations will vary in
magnitude — regions with velocities above the sound speed threshold will be accelerated outward and rapidly become
super-Alfvénic while adjacent regions with velocities below the sound speed will decelerate (See Fig. 3). The result is
a highly structured solar wind that is filamented on scales associated with reconnection burst scales and therefore on
smaller scales than the ”super-granulation” network magnetic field.

Such a fragmented wind will develop at a fraction of a solar radius above the surface (see Fig. 5) but will not survive
to large distances. Regions of high Alfvén Mach number flow will be adjacent to regions with nearly zero flow. The
interaction of adjacent wind streams has been explored with a simple set of mixing equations (Egs. (9)-(11)) that are
designed to represent the development of the super-Alfvénic KH instability. A stream with energy above the wind
threshold can transfer sufficient energy to a stream with energy below the wind threshold to drive it above threshold
(see Figs. 6 and 7). The calculated amplitude of the resulting magnetic field turbulence is a significant fraction of
the ambient magnetic field (see Fig. 8). Thus, there is an enormous reservoir of free energy that will drive magnetic
turbulence and strong plasma heating that is associated with sheared flows in the structured solar wind. This source is
the likely drive mechanism for the bursty wind and the associated switchback structure of the magnetic field measured
by PSP close to the sun (Kasper et al. 2019; Bale et al. 2019, 2021, 2023).

Thus, it seems likely that, while in the conventional picture magnetic turbulence is injected from near the solar
surface and heats the corona to drive the wind, in a reconnection drive scenario it is the free energy of the filamented
wind that drives the turbulence. The nature of the resulting turbulence and whether it produces the characteristic
switchbacks measured at PSP remains to be explored. In support of this idea the probability of switchback encounters
in PSP data-sets is reduced in the sub-Alfvénic intervals (Bandyopadhyay et al. 2022), which would be expected if
velocity shear is a significant driver of switchbacks. Sheared-flow instabilities should be stabilized by magnetic tension
in sub-Alfvénic intervals. The basic idea that sheared flows in regions of high Alfvén mach number could be the source
of switchbacks has been proposed (Ruffolo et al. 2020) and should continue to be explored.

The mixing model presented here is, of course, highly simplified and only represents the first step in a full exploration
of how reconnection drives the solar wind. The present model only treats a time-stationary wind solution. A time-
dependent wind drive model needs to be developed with a source that reflects the bursty time-behavior of reconnection.
A more complete exploration of the nature and dynamics of the instabilities that develop in the structured wind need
to be explored. The present model does not include the energy flux of the magnetic turbulence that is invoked to
produce the mixing. Are these shear-flow instabilities capable of producing the characteristic switchbacks seen in
observational data?

The typical profiles of the wind velocity v, the Alfvén speed v4 and sound speed Cy are presented in Figs. 4 and 10
from the solar surface to 12.5R5. The Alfvén speed matches PSP data only if the plasma density ng near the solar
surface is in the range of 107 /cm?, well below the value of 10°/cm? that was previously inferred from the PSP E10
observations. The uncertainty in the value of the density arises from the corresponding uncertainty in the ratio of the
reconnecting magnetic field B, to the total magnetic field By during reconnection in the low corona. The lower value
of ng, which is required to match the measured density at PSP, is a consequence of a reduction in B,q from 4G to
0.5G. This change does not impact the energetics of the wind reconnection drive mechanism as long as the resulting
reconnecting Alfvén speed is unchanged (both B¢ and ng are reduced).

APPENDIX

A. DERIVATION OF A MIXING MODEL FOR SOLAR WIND STREAMS

Here we show how the phenomenological mixing terms in Egs. (9)-(11) are calculated. The time-dependent equations
describing wind acceleration can be written in the generic form

%F+v (Fv) =8, (A1)
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where S is a source and F' can be the mass density p, the momentum density pv, the pressure P or the energy density
pv? in either of the wind streams. The vector velocity in this equation can be written in terms of perpendicular and
parallel components v = v b + v, with b the unit vector along the magnetic field and v the turbulent velocity field
associated with the KH turbulence that drives the transport between adjacent wind streams. We take V - v, = 0.
Equation (A1) can be split between fluctuating and averaged parts using the conventional quasilinear approach. For
wind stream 1 the equation of the average (F}) takes the form:

0 Fi)o ~
(%(F1>+B-V(<1B>1> +V - (Fv) =5 (A2)
with the equation for F} given by
0~ .
—F 4V, -V({F)=0 (A3)

ot

or in integral form:

F=- (/t dT\N’J_(T)> - V(F), (A4)

— o0

where the equations for F} are written in the moving frame of stream 1. Inserting this result into Eq. (A2), we find

§t<F1>+B-V<<FlB>U1> =V -uVi(F)=5 (A5)
with .
b= / dr (@1 (t) - 91(7)) = ()7 (A6)

with 7 the correlation time of ¥, . We take the transverse scales of both streams to be L and integrate over stream 1
in the transverse direction to calculate the flux into stream 1 from stream 2. The integral over (F}) yields (F})L while
the integral over the mixing term yields the gradient of (F') at the interface O(F)/0x ~ ((Fs) — (F1))/L. The final
equation for (F;) takes the form:

0
F1+B-V( (Fy — F1) = 51, (AT)

Fivy 4
ot

B ) 12

where, for simplicity, we have discarded the symbols denoting the average. The mixing term from this generic equation
for F' yields the forms shown in Egs. (9)-(11), where in the expression for p in Eq. (13) we have taken o, ~ Av and
7 ~ Av/L and introduced the onset condition for mixing to occur.
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Figure 1. A PFSS model maps the interplanetary magnetic field from the PSP spacecraft during E10 to footpoints within a coronal holes,
revealing correlations between the magnetic field in the coronal hole and the radial velocity profile at PSP: in the upper panel the minimum
(blue) and maximum (red) radial speed vs longitude; in the second panel the vertical magnetic field at an altitude of 30 Mm above the
magnetogram measurements from a PFSS model; and in the bottom panel a map of the magnetic field polarity just above the photosphere,
again from the PFSS model. These data indicate that the radial magnetic field is organized into mixed radial polarity intervals on the

same scales as the velocity micro-streams observed by PSP (adapted from Bale et al. (2023)).
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Figure 2. Magnetic field profile (solid line) from the coronal hole of Fig. 1, revealing the fast falloff of the magnetic field compared with
the R~2 falloff (dashed line).
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Figure 3. Radial profile of the solar wind velocity from a solution of Eq. (7) for velocities at R = R, of 400km/s, 450km/s and 500km/s
(solid lines) and for 300km/s (dashed line) for a sound speed at the solar surface of 350km/s.
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Figure 4. Profiles of the solar wind speed V (solid), sound speed Cs (dot-dashed) and Alfvén speed V4 (dashed) for an initial velocity
of 400km/s and a sound speed of 350km/s at R = Rg.



13

7OO [T T T H T T T T T T T T T T T T T T T ]

600

500

400 -

300

Velocity (km/s)

200

100 |- E

Figure 5. Radial profile of the solar wind velocity wind streams from a solution of Eq. (7) for velocities at R = R of 500km/s (solid
line) and 325km/s (dashed line), corresponding to sound speeds at the solar surface of 350km/s and 300km/s. The mean Alfvén speed
V12 is plotted for comparison (dashed-dot). The mixing term was set to zero in the solutions.
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Figure 6. Radial profile of the solar wind velocity wind streams from a solution of Egs. (9)-(11) for velocities at R = R of 500km/s
(solid line) and 275km/s (dashed line), corresponding to sound speeds at the solar surface of 325km/s and 200km/s. The mean Alfvén
speed V412 is plotted for comparison (dashed-dot). The mixing reduced the velocity separation v1 — va to around the mean Alf¥en speed.
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Figure 7. Radial profile of the stream energy fluxes F,1 and F,2 for the simulation profiles shown in Fig. 6. In the absence of mixing,
Fy, is a constant. Because Fy2(R = R@) is negative, stream 2 would fail to produce an asymptotic wind. The transfer of energy from
stream 1 to stream 2 as a result of mixing causes F,1 to decrease and Fy,2 to increase with radial distance so that Fy2 becomes positive
at large radius and can develop into a wind solution.
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Figure 9. Profiles of the plasma density (solid) and magnetic field (dashed) with values of 1.0 x 107 /cm3 and 3.5G at the solar surface,
respectively.
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Figure 10. Profiles of the solar wind speed V (solid), sound speed Cs (dot-dashed) and Alfvén speed V4 (dashed) for a velocity of
400km /s and a sound speed of 350km/s at R = R and other parameters as in Fig. 9.
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