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Plasma Sheath Electric Fields
and Jets of the Sun and Solar Wind

Show us the Energy, Ulysses !!
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or...

Summary :

(2) The resulting electric potential energy is 6.keV at Rs,
whereas the gravitational "well" for protons is 2.keV at Rs. 

(3)  The 4.keV excess electric energy can accelerate proton
Jets to  880.km/s , when not slowed by ecliptic-plane gas & dust. 

(5)  This  460.C  of charge is quantitatively determined by the "virial"
equality of gravity & electric energies ( 10.keV )  at  r	= 0 .
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(4)  The Ulysses proton data shows a "hard limit" at  4.keV,
over all directions and decades in time,  away from the ecliptic.

(1) The Sun is charged, by +460. Coulombs,
mainly resident in the plasma sheath at Rsun. 
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Levitated or Flowing Prominences

NASA / SDO 2010 "What is a Solar Prominence?"

"Prominences, anchored to the Sun’s surface.
Forms in about a day ; and may persist in the
corona for months. "

Surface Convection Cells,
A ~ (1.Mm)2,   𝛕 ~ 5.min.  # ~ 107

Brandt 1970
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(a)

(b)

(c)

Figure 1. Sample spicule images and automated detection for: (a) quiet-Sun data
from 2007 August 21, 14:03:33 UT; (b) coronal hole data from 2011 January 29,
11:12:12 UT; (c) active region data from 2006 November 21, 23:08:51 UT. Each
panel is approximately 53′′ × 22′′, and the approximate solar (x, y) coordinates
for the lower left corners are (936.′′8, −26.′′4), (256.′′1, −951.′′3), (944.′′4, 62.′′1),
respectively, for (a), (b), and (c). Radial density and emboss filters were applied
to the images, and the intensity scaling (also as a function of height) differs for
each image. Red lines denote spicules detected automatically in these images,
which provided the starting point for our measurements.
(A color version of this figure is available in the online journal.)

seen. The extracted lifetime is the time interval between these
two images.

Maximum length and height. The maximum length of a
spicule was extracted manually. By visual inspection of the
life of the spicule, the image where it reaches its maximum
extent is found, and the maximum length is measured along
the spicule from the top of the spicule until the limb. Here it is
assumed that the spicules always connect to the limb, although
their starting point is not always evident. For the spicules whose
“main body” does not connect to the limb, the length of the
distance to the limb was approximated. The maximum height
is measured similarly, but instead of along the spicule it is the
shortest distance from the spicule’s highest point to the limb.

Inclination. The inclination of a spicule is measured by doing
a linear fit to the detected spicule points and calculating the
angle with the normal to the limb (i.e., the radial direction).
For the inclination statistics we include all the frames in which
the spicule was detected. The inclination is thus an average
inclination over the lifetime of the spicule.

Maximum velocity and deceleration. The maximum velocity
of the spicules is extracted with the help of space–time diagrams.
These diagrams are built by obtaining the image intensity along
the length of the spicule, for each image where the spicule
is detected. For a given image, the position of the spicule is
obtained from the automatic detection, which has an inherent

uncertainty. To minimize the statistical fluctuations, a linear fit
(in space) is done to the spicule coordinates. The image intensity
is then interpolated for the pixel positions derived from the linear
fit, as well as the two neighboring positions obtained by shifting
the points by ±1 pixel in the horizontal direction (to maximize
the signal, the interpolated intensity is averaged for these three
positions).

By using a linear fit one is assuming that spicules are not
curved. This is not always the case, and the method struggles
for curved spicules. Nevertheless, it works robustly for most
spicules. It was found that extending the parameter space to
define the position of the spicules (e.g., by fitting a higher-order
polynomial) brings additional problems such as an ill-defined
distance from the spicule to the limb. Hence, the linear fit was
used, with the caveat that strongly curved spicules could not be
reliably analyzed.

Interpolating the original image yields the intensity values
along the length of the spicule, for each time step. As spicules
also move with a velocity transverse to their own axis, our
method tracks the spicule for each time step, and thus takes the
transverse motion into account. Using the intensity measure-
ments along the spicule a space–time diagram is built, showing
the brightness of the spicule during its life. The trajectory of
a spicule in the x–t space is one of its most basic properties.
Given that in this space most spicules seem to either describe
a parabola (spicules that rise and fall) or a line (spicules that
rise and fade), we will henceforth use the terms “parabola”
or “linear” spicule to distinguish between the two behaviors.
Examples of these x–t diagrams are shown in the right column
of Figure 2, for spicules with parabolic and linear trajectories in
the x–t space. With this diagram, the highest point of the spicule
is manually identified for each time step. A fit is made to these
x–t points, from which the spicule velocity is extracted. For the
spicules with a parabolic trajectory a parabola is fitted (from
which the deceleration is also derived). For the other spicules, a
line is fitted. In some cases (e.g., because of superposition) the
highest point of the spicule is not discernible for several time
steps. In these cases, a point at a different height of the spicule
is tracked instead.

Width. The width or diameter of a spicule is defined as the
FWHM of its intensity profile in a direction perpendicular to
the spicule axis. We measure one value of width per spicule, at
the instant when it reaches its maximum length. The intensity
profile across the spicule is evaluated at a point corresponding to
75% of its height. Measuring the width at this height is a tradeoff:
in the lower part of the spicule the field is more crowded with
spicules (affecting the background intensity), and at the top the
spicule is ill defined; at 75% of the height one has a better chance
to derive the spicule over a darker background. To obtain the
intensity profile we interpolate the image in the direction normal
to the spicule, and average it at three different heights (at 75%
height ±0.5 pixels) to increase the S/N. To extract the FWHM
from the intensity profile we fit a Gaussian function. For each
spicule the fitting range is manually defined, and a good fit is
visually confirmed. With this procedure we make sure to only fit
over the spicule component we are interested in when a spicule
has nearby companions or has split into a few components. Some
spicules (≈10%) had irregular intensity profiles from which a
reliable width could not be extracted.

Transverse speed and displacement. The transverse speed and
displacement are measured from a constant height, typically
in the central part of the spicule. A central height point of a
spicule is found by averaging the detected spicule height points

3

Pereira "Quantifying Spicules" 2012

Filamentary Spicules, 
from energetic Jets,  # ~ 107

___
3.Mm

With eE = -3*mpg,  a 1/3 ionized H atmosphere
would be neutrally buoyant.

Spicules are "lightning" proton Jets,
with energy  𝓔 ∿ 15.eV .



4a [npT ′] + npmp ′Ψ + (+e)np ′Φ = 0

1a ∇2Ψ(r) = G mp np (r)
1b ∇2Φ(r) = − k1 e (np − ne )

Equlibrium Stellar Fluid Eqns:       mass       charge     photons
γ

Gravity

Fusion Energy Flux

Thermal Energy Diffusion

Proton Fluid Momentum

Electron Fluid Momentum

Total Fluid Momentum

Electric Field

Thermo- Photo- Electric

mp me        e- p+

2 ∇ iΓε (r) =
d
dt
ε (r)

3 − (4aT 3) ′T (r) lγ = 4
c
Γε

4b [neT ′] −
Γεγ

c lγ e
+ neme ′Ψ + (− e)ne ′Φ = 0

4a + 4b [(2n)T ′] − Γεγ

c lγ e
+ nmp ′Ψ = 0

4a − 4b
Γεγ

c lγ ene
+ mp ′Ψ + (2e) ′Φ = 0

− 1
2 mpg(r) ≈ eE(r)

@Rs ≈ 1.4 eV / Mm
Gravito-Electric
in high-density
collisional regime

A. Pannekoek
S. Rosseland (1924)
A.E. Eddington

Electric Potential Gmp
2 ~10−36 k1e2 !!

Photo-Electric : g/e- cross-section is large
for correlated e-/p+σγ e ≡

1
lγ e ne

( 1<σγ e <108 ) x10-28 m2

Γεγ

c
σγ e = eE(r)

Γεγ ~ 65.MW /m2 @Rs

mp ′Ψ ≈ 2.8eV /Mm @Rs

charge

~ Target Normal Sheath Acceleration
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Solar Wind

The Core is described as a highly collisional, 
fully ionized fluid of baryons and electrons, with
a central temperature T ~ 1350.eV  = 1.6 x107 Kelvin .

A plasma Recombination Sheath forms where the
temperature drops below 1.eV ;  here, no model exists.

The Corona is a very low density, collisionless plasma,
with empirical energy of about 100.eV per particle.

The proton/electron Solar Wind is an energetic,
pervasive,  persistent, low-density flux  𝚪 of particles.

Fusion energy diffuses out to Rsun as a Photon Flux
of magnitude  64.MW/m2 .

A weakly-ionized  Photosphere ~2.Mm  thick (yellow).
covers the interior plasma.  Here, the description must
change from a collisional fluid to collision-less particles.

Earth

The Sun,  In  & Out

Q : What heats the Corona 
and Energizes the Solar Wind  ?
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Partial Launch

Earth

The Sun,  In  & Out

Q : What heats the Corona 
and Energizes the Solar Wind  ?

A : Charge and Electric Fields,  which accelerate
proton "Lightning Jets" through the Photosphere.  

4x109 Amps
(p+, e-)

The Core is described as a highly collisional, 
fully ionized fluid of baryons and electrons, with
a central temperature T ~ 1350.eV  = 1.6 x107 Kelvin .

A plasma Recombination Sheath forms where the
temperature drops below 1.eV ;  here, no model exists.

The Corona is a very low density, collisionless plasma,
with empirical energy of about 100.eV per particle.

Fusion energy diffuses out to Rsun as a Photon Flux
of magnitude  64.MW/m2 .

A weakly-ionized  Photosphere ~2.Mm  thick (yellow).
covers the interior plasma.  Here, the description must
change from a collisional fluid to collision-less particles.

The Charge increases to 460.C at Rs , giving eE = -3 mpg .
Lightning Proton Jets form in pinched avalance 
breakdown of Photospheric resistivity, and accelerate to
4.keV unless slowed by neutrals, dust, or turbulent fields.

The Jets appear as Spicules; the Corona is diffuse Jets,
inflowing neutrals, and downward runaway electrons.
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Photon
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− mp𝛹G

e𝚽

QG = 77.C

𝚽 - 𝚿 Energetics

gravito-

r-1
r-1⇒

[ keV ]

( Pannekoek / Rosseland /Eddington )   Gravito-Electric Charge                 QG => Qtot = 77.C

The Gravito-Electric field was analyzed 100 years ago by
Pannekoek, Rosseland, and Eddington. 
The charge displacement and electric field is required for
two-fluid  force-balance of heavy protons and
light electrons.

It gives  eE = -½ mpg everywhere in the collisional plasma,
so protons are "½ levitated", and electrons are held in.  This is
unversally accepted, but generally igorned.  
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r /  Rsun
0.50 1 1.5 2

− mp𝛹G

QG = 77.C

e𝚽(1)

e𝚽(2)

2*QG

gravito-

photo- r-1r-1⇒

[ keV ]

𝚽 - 𝚿 Energetics

( Pannekoek / Rosseland /Eddington )   Gravito-Electric Charge                 QG

( Target Normal Sheath Acceleration )   Photo-Electric Charge        Q𝛾 = QG*1  => Qtot = 154.C+

The Gravito-Electric field was analyzed 100 years ago by
Pannekoek, Rosseland, and Eddington. 
The charge displacement and electric field is required for
two-fluid  force-balance of heavy protons and
light electrons.

The Photon Flux  𝚪 produdes a (pondermotive) photo-electric
force on electrons.  It is called Target Normal Sheath
Acceleration when lasers impinge on thin foils, producing
proton beams with  1 –> 100 MeV of energy.

It gives  eE = -½ mpg everywhere in the collisional plasma,
so protons are "½ levitated", and electrons are held in.  This is
unversally accepted, but generally igorned.  

( arbitrary  amount )

Photon
Flux ∿↝∿↝
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r /  Rsun
0.50 1 1.5 2

QG = 77.C

e𝚽(1)

e𝚽(2)

6*QG = 460.Coul

e𝚽(4)

e𝚽(6)

gravito-

photo-

r-1

r-1

⇒

𝚽(0) = −𝛹G(0)⟵
Virial Limit

𝛥𝓔pw=	𝚽−	‒𝚿 =	4.keV
Ulysses limit

[ keV ]

The Total Solar Charge is set by a Virial Limit,  and the Maximum Proton Energy follows as 4.keV

− mp𝛹G

𝚽 - 𝚿 Energetics

( Pannekoek / Rosseland /Eddington )   Gravito-Electric Charge                 QG

( Target Normal Sheath Acceleration )   Photo-Electric Charge        Q𝛾 = QG*5  => Qtot = 460.C
=> Virial Limit Maximum

+

=> Ulysses Minimum Required
The Gravito-Electric field was analyzed 100 years ago by
Pannekoek, Rosseland, and Eddington. 
The charge displacement and electric field is required for
two-fluid  force-balance of heavy protons and
light electrons.

The Photon Flux  𝚪 produdes a (pondermotive) photo-electric
force on electrons.  It is called Target Normal Sheath
Acceleration when lasers impinge on thin foils, producing
proton beams with  1 –> 100 MeV of energy.

It gives  eE = ½ mpg everywhere in the collisional plasma,
so protons are "½ levitated", and electrons are held in.  This is
unversally accepted, but generally igorned.  

𝑒𝐸 = 𝚪 𝜎𝑒𝛾 /c
Theoreticaly, the photo-electric field is given by

, but the cross-sction 𝜎𝑒𝛾 can range over
1 -> 108 times the Thompson cross-section  σ0 .

The charge build-up is limited to 6*QG by the "Virial" energy 
𝚽(0) = −𝛹G(0)relation   , and this determines the electric

energy                                available to accelerate surface protons.                   𝛥𝓔pw =4.keV

This 4.keV is the "hard limit" observed by Ulysses .
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The Ulysses-measured  maximum proton velocities
approach 880.km/s, from an energy of 4.0 keV

The ACE-measured proton velocities in the ecliptic
plane range broadly,  centered around 350 -500 km/s . 

The blue dots are the radial H0 velocities from the
self-consistent empirical model A2 of Cranmer 1999.  

Proton beam  Flux, average density npb,  velocity vpb and energy 𝓔pb versus radius ,
from "virial"  maximum charge 6*QG ,  giving Φ 0 = −Ψ8(0) .
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