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Solar wind basics

• The solar wind components 
• Fast wind at high latitudes from 

coronal holes (regions of open 
magnetic flux)

• Slow wind at low latitude from the 
streamer belt

• Focus today on the fast wind 
from coronal holes
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Solar wind modeling basics
• Eugene Parker first predicted that a hot corona 

(around 200eV) would drive a supersonic outflow 
• Confirmed by Mariner 2 observations (Neugebauer & 

Synder ‘62)

• Alfven wave model of coronal heating and wind drive
• “Furnace model” -- magnetic reconnection in the 

chromosphere drives Alfven wave turbulence that heats the 
corona and drives the wind (Gabriel ’76; Dowdy ’86; Axford
& McKenzie ’92 - ’97)

• The convection zone is also a source of Alfven waves (De 
Pontieu+ ‘07)

34 W. I. AXFORD ET AL.

Figure 7. The development of a dynamic “furnace” model.

fluxes required to drive the fast wind and heat the closed quiet corona are about the
same.
Most of the magnetic flux in coronal holes and the quiet closed corona emerges

from “funnels” in the chromospheric supergranular network. Figure 8 provides a
diagrammatic illustration of the connection between the fast and slow winds and
their origin in these funnels. Characteristically the network is 30,000 km across,
with lifetimes of 40 hours, and takes about 1 hour to reform. The flow speeds
are between 5 and 10 km/sec. If the width of the network in the funnels is
3000 km, then the magnetic field strength is 100 Gauss and the Alfvén speed

2 104 km/sec. We assume that the field is split evenly between unipolar
and loops. The following numbers are appropriate to conditions in the furnace:

108 cm 3 1015 cm2sec 107 ergs cm2sec

100 km sec 50 km sec 3 0 05 sec

(Here is the particle flux, the energy flux, the flow speed, the wave
amplitude.)
The magnetic flux replenishment time is ( 2 4 ) 20 minutes. This

must be supplied as emerging loops ( 10 Gauss) brought in by the supergranular
convection ( 10 km/sec).

Axford+ ‘99
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Solar wind modeling basics
• Reconnection between open and closed magnetic flux 

might directly drive the fast solar wind (Fisk+ ‘99)

• Direct observation of large numbers of bursty outflows 
from the solar surface support the reconnection drive 
picture (Raouafi+ ‘23)

S-shaped switchback (C) that propagates outward into the corona
at the Alfvén speed.

In the original work by Fisk & Schwadron (2001) and Fisk
(2005) the S-shaped switchbacks were not expected to survive in
the corona; rather, the open magnetic field line would simply
relax so as to maintain constant magnetic pressure in the corona.
The remarkable observations from the Parker Solar Probe (PSP),
which we will now discuss, not only show that the S-shaped
switchbacks survive, they validate that open magnetic flux is
transported by interchange reconnection, that systematic inter-
change reconnection is an essential process for understanding the
dynamics of the solar corona and the solar magnetic field, and
that the global circulation of open magnetic flux predicted by
Fisk & Schwadron (2001) and Fisk (2005) exists.

2. New Observations by PSP

Launched in 2018 August, PSP has completed four
encounters with the Sun, three into 35 solar radii and one into
28 solar radii. Initial results from the first two encounters have
been reported (Bale et al. 2019; Kasper et al. 2019). Based on
the in situ observations, numerical simulations (Van der Holst
et al. 2019), and extrapolations of photospheric magnetic field
maps (Badman et al. 2020), the spacecraft is thought to have
spent the entire interval inside 0.25 au (54 solar radii), just
below the heliospheric current sheet (HCS) in the southern
magnetic hemisphere of the Sun (Szabo et al. 2020). Given the
phase of the solar cycle, if PSP was in the southern magnetic
hemisphere, the solar wind magnetic field should always have
had a magnetic polarity oriented inward toward the Sun.
Instead, PSP observed thousands of intervals, ranging in
duration from seconds to tens of minutes where the speed of the
solar wind flow suddenly jumps and the magnetic field
orientation rotates by nearly 180° in the most extreme cases,
before returning just as quickly to the original solar wind
conditions. These events have been termed switchbacks, when
referring to the change in magnetic field direction, or velocity
spikes, when referring to the sharp increase in solar wind speed
(Bale et al. 2019; Kasper et al. 2019).

2.1. S-shaped Structures

A reversal of the field could be due to a traveling fold in the
magnetic field in the solar wind, a small patch of open coronal
magnetic field with the opposite polarity of the southern
magnetic hemisphere overall, a closed magnetic loop, a
disconnected U-shaped loop, or a flapping motion of the
global HCS causing it to move rapidly across the spacecraft.
Measurements of the direction of the electron heat flux and the
cross-helicity conclusively show that these events are of the
first kind, folds in the magnetic field that travel past the
spacecraft (Kasper et al. 2019; McManus et al. 2020). If both
ends of the field line were connected to the Sun, a heat flux
would be seen traveling in opposite directions along the field
simultaneously, and if the events were U-shaped disconnec-
tions of field near the HCS, the heat flux would drop out. If the
HCS were somehow dynamically flapping across the spacecraft
the heat flux would continue to travel away from the Sun as the
field polarity flipped. Instead, PSP always observes the heat
flux to remain constant in intensity and to rotate with the
magnetic field. It is unphysical for an electron heat flux to flow
back toward the Sun, and instead the only remaining
conclusion is that the switchbacks are local folds in the
magnetic field.
The simplest three-dimensional shape of the folds is an S-

shaped structure, the same as is illustrated in Figure 1. This
conclusion is additionally supported by the observation that the
perturbed magnetic field within each event tends to rotate in
one direction in a 2D plane, and then return to the original quiet
orientation afterward (Kasper et al. 2019; Horbury et al. 2020).
The relative amplitudes of the perturbed magnetic field and
velocity within each spike are consistent with them being
stable, nonlinear, and large amplitude Alfvén waves (Kasper
et al. 2019). While there may be some evidence of instability
and dissipation at the boundaries of the spikes, to first order
they are steady, non-evolving S-shaped folds in the magnetic
field produced closer to the Sun and flowing faster than the
solar wind at approximately the local Alfvén speed (Mozer
et al. 2020).

Figure 1. Illustration of global magnetic field circulation enabled by interchange reconnection. In this scenario an open magnetic field line is (A) dragged against a
large coronal loop, by global circulation in the corona, (B) undergoes interchange reconnection, and (C) effectively jumps the approximate width of the originally
closed loop, launching an S-shaped switchback in the magnetic field into the corona.

2

The Astrophysical Journal Letters, 894:L4 (5pp), 2020 May 1 Fisk & Kasper

SDO/AIA
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Emergence of a bursty solar wind close to the sun
• The solar wind becomes increasingly bursty close to the sun

• Bursty radial wind velocity (Kasper+ ’19, Bale+ ‘19)
• Local reversals in the radial magnetic field – “switchbacks” 

• Source of switchbacks continues to be discussed (Squire+ ‘20, Fisk+ ‘20, Drake+ ’21)
Alfvénic switchbacks emerging from funnels 5

(a)

(b)

(c)
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Figure 2. Measurements of the suprathermal (314 eV) electron PAD (panel a), magnetic field magnitude (b), plasma density
(c), radial magnetic field BR (d), and radial proton core velocity VR (e) during the PSP Encounter 06 perihelion. Red horizontal
arrows highlight the magnetic field compressions/depletions, velocity modulations and the accompanying modulations in the
switchback occurrence and amplitude. The red and green bars in panel (d) are the 10-minute minimum and maximum values
of BR. The ballistically-mapped Carrington longitude is shown at the bottom: these modulations occur on angular scales of a
few degrees. The outward electron strahl flux implies that the field geometry is uniform outward.

to be dominated by a mix of He and/or O ions and are field-aligned (anti-sunward). Note that these suprathermal160

ions appear most clearly within the last two modulations (in yellow bars), which also contain higher speed flow (panel161

(e)), suggesting that these ions may be the suprathermal tail of the modulated solar wind distribution. Panel (b) is162

the measured alpha particle abundance AHe = n↵/ntotal showing strong modulations to relatively large values (⇠ 4%)163

associated with the switchback patches and magnetic field amplitude modulations in panel (c). The dashed line in164

Panel (c) indicates the nominal heliospheric field of 2.5 nT AU2 (Badman et al. 2021) and the depressed intervals are165

colored blue. Light yellow vertical panels indicate intervals with enhanced AHe and depressed |B|. Alpha particle166

temperature T↵ (green) and proton core temperature Tp (red) are enhanced within these intervals and electron core167

(lower blue) and strahl (upper blue) temperatures are depressed; note that T↵/Tp ⇡ 4� 15 as will be discussed below.168

Plasma radial velocities (panel e) are enhanced within the structures with the core proton speed (blue) approaching the169

Alfvén speed (black) on the edges and Alfvén Mach MA ⇡ 2 within. The alpha (green) and proton beam (red) speeds170

are a large fraction of an Alfvén speed. The inverse correlation of electron temperature to wind speed Te / 1/vsw is171

well known and observed quite universally during PSP solar encounters (e.g. Maksimovic et al. 2020).172

Bale+ 2021

Extended Data Fig. 5 | During encounter 1, PSP connected magnetically to a 
small negative-polarity equatorial coronal hole. This schematic shows a 
potential field extrapolation of the solar magnetic field at the time of the first 
perihelion pass of PSP. The solar surface is shown, coloured by AIA 211-Å 
extreme-ultraviolet emission (see Extended Data Fig. 4 for other wavelengths). 
Coronal holes appear as a lighter shade. Superposed are various field lines 
initialized at the solar disk. Black lines indicate closed loops, blue and red 
illustrate open field lines with negative and positive polarities, respectively. As 
depicted here and in Fig. 1c, d, at perihelion PSP connected to a negative 
equatorial coronal hole. The ‘switchbacks’ (the jets) observed by PSP (Fig. 1a) 
are illustrated as kinks in the open field lines emerging from the coronal hole 
that connect to PSP. (Note that neither the radial distance to the spacecraft nor 
the scale or amplitude of the jets or switchbacks are to scale.) Spacecraft 
graphic is courtesy of NASA/Johns Hopkins APL.

Bale+ ‘21
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Linkage of patches of flow bursts and switchbacks to the sun’s surface 
magnetic field 

• Phase correlation of switchback bursts with the surface 
mixed polarity magnetic field (Bale+ ‘21, ‘23)
• Height of mixed polarity field of the order of 10Mm
• Magnetic field of around 4G with characteristic periodicity 

lengths of 6x104km ⟹ 10o Bale+ ‘23

Recent measurements from the NASA Parker Solar Probe (PSP) revealed that the solar wind 

emerging from coronal holes, or ‘streams,’ is organized into ‘microstreams’ with an angular scale 
(5-10°) in Carrington longitude8 similar to the underlying supergranulation cells associated with 

horizontal flows in the photosphere9.  Supergranulation flows are thought to drag the 

photospheric magnetic field into the convective downflows where the field intensifies and the 

magnetic field energy density dominates over the plasma pressure2. However, the footpoints of 

the previous PSP encounter  were inferred to be at high latitudes on the far side of the Sun so 

that the detailed magnetic structure of the cells and their connectivity to the spacecraft could 

not be determined, preventing a complete analysis of the source of these wind microstreams.  

 

 

 
Fig 1.  Time series measurements of the solar wind plasma and magnetic field through the November 2021 solar 
encounter.  a. Hot solar wind ions extend in energy to ~85keV as suprathermal tails on the proton particle 

distribution in (b).  c.  Red arcs mark the solar wind radial velocity microstream structure that is organized in 

Carrington longitude at angular scales associated with supergranulation convection and the photospheric network 

magnetic field (see Fig. 2).  These microstreams become shorter in duration as the spacecraft accelerates through 

perihelion near the center of this figure and sweeps more rapidly through Carrington longitude.  The thermal alpha 

particle abundance (blue trace in panel c) is similarly modulated by the microstream structure.  The alpha particle 

abundance is frozen-in at the base of the corona. (d) Reversals of the radial magnetic field, so-called 'switchbacks', 

 
 
Fig 2.  Solar wind during PSP Encounter 10 emerges from two coronal holes.  An extreme ultraviolet (193Å) map of 
the corona shows cooler regions (darker pixels) associated with open magnetic field within two separate, near-
equatorial coronal holes.  A PFSS model maps the interplanetary magnetic field from the PSP spacecraft to footpoints 
(white diamonds) within the coronal holes.  Panel (A) shows the magnetic field and velocity microstream profile 
within the first coronal hole:  the upper panel shows minimum (blue) and maximum (red) radial speed vs longitude, 
while the 2nd panel shows the vertical magnetic field along the footpoints extending from the photosphere to 30 
Mm from magnetogram measurements and a PFSS model that  accounts for the motion of the spacecraft.  The 
bottom panel is a map of the magnetic field polarity just above the photosphere, again from the PFSS model.  The 
panel at right shows the corresponding structure within the 2nd coronal hole.  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.   
 

The linkage of the temporal structure of the switchback and radial velocity bursts with the 
spatial periodicity of the surface magnetic field documented in Figs. 1 and 2 suggests the 
possibility that magnetic reconnection between open and closed magnetic fields in the low 
corona (interchange reconnection) is the driver of these bursts8. Consistent with the 
observations, interchange reconnection in the weakly collisional corona is expected to be bursty 
rather than steady20-23.  The energetic ions and enhanced pressure in these burst intervals are 
also signatures of reconnection24-26 and further support the reconnection hypothesis as the 
source of these bursts. If reconnection is the driver of these bursts, the data suggests that 
interchange reconnection is a continuous process in the source regions of open flux. Figure 3c is 
a schematic (in 2D for simplicity) that shows open flux reconnecting with closed flux regions in 
the low corona (see the caption for a detailed description). In this figure the open flux migrates 
to the left, reconnecting with successive regions of closed flux with the consequence that the 
bursty outflow from interchange reconnection fills all of the open flux as seen in the data.  
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Interchange reconnection as the driver of the bursty wind
• Characteristics of the solar wind modulations

• Bursty flows on top of increased ambient solar wind 
• Reconnection is expected to be bursty in the coronal environment

• Increased plasma density and pressure in the bursts
• Reduced magnetic pressure
• Bursts of energetic ions

• All are signatures of outflows from interchange reconnection 

Recent measurements from the NASA Parker Solar Probe (PSP) revealed that the solar wind 

emerging from coronal holes, or ‘streams,’ is organized into ‘microstreams’ with an angular scale 
(5-10°) in Carrington longitude8 similar to the underlying supergranulation cells associated with 

horizontal flows in the photosphere9.  Supergranulation flows are thought to drag the 

photospheric magnetic field into the convective downflows where the field intensifies and the 

magnetic field energy density dominates over the plasma pressure2. However, the footpoints of 

the previous PSP encounter  were inferred to be at high latitudes on the far side of the Sun so 

that the detailed magnetic structure of the cells and their connectivity to the spacecraft could 

not be determined, preventing a complete analysis of the source of these wind microstreams.  

 

 

 
Fig 1.  Time series measurements of the solar wind plasma and magnetic field through the November 2021 solar 
encounter.  a. Hot solar wind ions extend in energy to ~85keV as suprathermal tails on the proton particle 

distribution in (b).  c.  Red arcs mark the solar wind radial velocity microstream structure that is organized in 

Carrington longitude at angular scales associated with supergranulation convection and the photospheric network 

magnetic field (see Fig. 2).  These microstreams become shorter in duration as the spacecraft accelerates through 

perihelion near the center of this figure and sweeps more rapidly through Carrington longitude.  The thermal alpha 

particle abundance (blue trace in panel c) is similarly modulated by the microstream structure.  The alpha particle 

abundance is frozen-in at the base of the corona. (d) Reversals of the radial magnetic field, so-called 'switchbacks', 
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Continuous interchange reconnection picture

• The data suggests that the open 
magnetic flux from coronal holes 
is undergoing continuous 
reconnection with closed flux 
regions
• The unidirectional picture of coronal 

holes is overly simplistic

• The open magnetic flux is instead 
undergoing continuous 
reconnection with closed flux to 
drive the outflow

• The open magnetic flux sweeps 
across the closed flux regions, 
undergoing continuous 
reconnection
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Linking PSP observations from E10 with the characteristics of 
interchange reconnection

• Strength of the reconnection magnetic field at the solar surface
• Magnetic field of 600nT at 13.4Rs projects to around 4 G at the solar surface

• Consistent with solar surface measurements

• Reconnection inflow velocity
• Observations of continuous bursts at PSP suggest that the reconnection time of a surface 

blob is comparable to the transit time to PSP at 13.4Rs

• Vrec~ 3km/s
• Reconnection electric field exceeds the Dreiser runaway field by many orders 

of magnitude
• Reconnection is collisionless

• Consistent with measurements of energetic ions

• Rate of energy release sufficient to drive the wind

!W ~Vrec
Brec
2

4π
~ 5×105ergs / cm2 sec
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Simulation of interchange reconnection 

• Interchange reconnection 
simulations to explore the 
structure of the exhaust

• The exhaust exhibits the 
bursty behavior and time 
asymmetry seen in the 
PSP data

Cuts of radial 
flux across 
exhaust

Radial 
flux

Alfvénic switchbacks emerging from funnels 5

(a)

(b)

(c)

(d)

(e)

Figure 2. Measurements of the suprathermal (314 eV) electron PAD (panel a), magnetic field magnitude (b), plasma density
(c), radial magnetic field BR (d), and radial proton core velocity VR (e) during the PSP Encounter 06 perihelion. Red horizontal
arrows highlight the magnetic field compressions/depletions, velocity modulations and the accompanying modulations in the
switchback occurrence and amplitude. The red and green bars in panel (d) are the 10-minute minimum and maximum values
of BR. The ballistically-mapped Carrington longitude is shown at the bottom: these modulations occur on angular scales of a
few degrees. The outward electron strahl flux implies that the field geometry is uniform outward.

to be dominated by a mix of He and/or O ions and are field-aligned (anti-sunward). Note that these suprathermal160

ions appear most clearly within the last two modulations (in yellow bars), which also contain higher speed flow (panel161

(e)), suggesting that these ions may be the suprathermal tail of the modulated solar wind distribution. Panel (b) is162

the measured alpha particle abundance AHe = n↵/ntotal showing strong modulations to relatively large values (⇠ 4%)163

associated with the switchback patches and magnetic field amplitude modulations in panel (c). The dashed line in164

Panel (c) indicates the nominal heliospheric field of 2.5 nT AU2 (Badman et al. 2021) and the depressed intervals are165

colored blue. Light yellow vertical panels indicate intervals with enhanced AHe and depressed |B|. Alpha particle166

temperature T↵ (green) and proton core temperature Tp (red) are enhanced within these intervals and electron core167

(lower blue) and strahl (upper blue) temperatures are depressed; note that T↵/Tp ⇡ 4� 15 as will be discussed below.168

Plasma radial velocities (panel e) are enhanced within the structures with the core proton speed (blue) approaching the169

Alfvén speed (black) on the edges and Alfvén Mach MA ⇡ 2 within. The alpha (green) and proton beam (red) speeds170

are a large fraction of an Alfvén speed. The inverse correlation of electron temperature to wind speed Te / 1/vsw is171

well known and observed quite universally during PSP solar encounters (e.g. Maksimovic et al. 2020).172
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Interchange reconnection drives an energetic wind
• A major surprise are the bursts of energetic ions that are a component of the wind

• Their presence further supports the reconnection drive hypothesis
• Powerlaw slopes of protons and alphas from simulation and data match
• Matching the lower edge of the powerlaw in SPANi protons to the simulation yields the characteristic 

Alfven speed associated with the reconnection drive 

miVA
2 = 1.4keV ⇒VA ~ 370km / s
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A reconnection solar wind drive mechanism

• How does reconnection drive the solar wind?
• Bulk Alfvenic outflow that forms the reconnection exhaust
• Direct deposition of magnetic energy into plasma pressure and energetic 

particles
• Ejection of MHD turbulence as Poynting flux as a source of coronal heating 

• Observations of reconnection in the Earth space environment suggest 
that the MHD Poynting flux from reconnection is much smaller than the 
bulk flow kinetic energy and enthalpy flux (Eastwood+ 2013, 2023)
• PIC simulations of interchange reconnection also reveal that the 

Poynting flux is small 
• Explore reconnection driven bulk outflow and ambient plasma heating 

as the dominant solar wind drive – discard Poynting flux
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A reconnection solar wind drive mechanism
• The outflow velocity at the Alfven speed combined with the ambient 

heating from reconnection combine to drive the fast wind

• Reconnection energy per particle: 

• Half into bulk kinetic energy: 

• Half into thermal energy:

• Note that the Alfven speed VA0 exceeds the sound speed Cs0 at the solar surface

• Required to produce a wind solution

WB =
1
n
B2

4π
= miVA

2

1
2
miVA

2

3
2
T = 1

2
miVA

2 ⇒Cs
2 = 5
9
VA
2
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A reconnection solar wind drive mechanism

• In the absence of an additional source of coronal heating the magnetic 
field aligned energy flux Fw is a constant
• Bulk flow and pressure must exceed the gravitational potential

• Require Fw > 0 for a wind solution
• For a reconnection drive this reduces to a condition on the Alfven speed 

of the reconnecting field at the solar surface VA0

• Vesc = 615km/s is the sun’s escape velocity

Fw =
1
2
V 2 + 5

2
P
ρ
−
GM⊙
R

= const.

VA0 > 3/ 8Vesc = 377km / s Drake+ ‘23
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Matching wind profiles with PSP measurements at 12Rs
• The standard wind equations can be directly integrated with solar surface 

values based on inferred interchange reconnection parameters and a 
magnetic field profile from the coronal hole

• Note that the wind velocity peaks close to the solar surface because of the 
rapid expansion of B from the coronal hole
• The Alfven critical point where V = VA is just above 2 Rs
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Development of a spatially structured solar wind 
• Because reconnection is bursty, reconnection driven 

outflows and heating are highly variable
• The wind velocity in nearby spatial locations will differ and will 

result in a highly structured wind

• Because of the rapid drop in the Alfven speed away from a 
coronal hole the velocity variation will greatly exceed local 
Alfven speed

• The resulting highly structured wind has sufficient free 
energy to drive strong magnetic turbulence 
• Expect turbulence from both super-Alfvenic beams and sheared 

flow
• Can turbulence generated in the corona replace the hypothetical 

Alfven wave source at the solar surface?

10/11/23 JSI Winds Conference



Magnetic turbulence in the young solar wind
• PIC simulations reveal that strong turbulence results from a combination of Weibel-like 

and super-Alfvenic sheared flow instabilities

• Reversals in the radial magnetic, generation of a strong out-of-plane magnetic field –
possible source of switchbacks?

• Are sheared flow instabilities the dominant source of solar wind turbulence rather than 
Alfven waves propagating upward from the solar surface? Stay tuned.

Field lines 
with BN

Swisdak+ ‘23

BR

BN

BN
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Conclusions
• Bursty behavior of the wind measured by PSP close to the sun is 

consistent with crossings of interchange reconnection exhausts 
• Reconnection simulations of interchange reconnection reveal 

powerlaw distributions of protons and alphas with powerlaws that 
are consistent with SPANi and ISOIS data
• The solar wind has an energetic component produced by reconnection

• The Alfvenic outflow combined with the ambient heating from 
interchange reconnection near the solar surface is sufficient to drive 
the fast solar wind
• The profiles of the wind velocity differ greatly from the conventional wisdom
• The bursty behavior of reconnection drives a highly structured wind with 

enormous free energy to drive magnetic turbulence
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