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Abstract. This work studies plasma interactions in the far solar corona. We obtained several
experimental evidences that the far coronal streamers (observed directly only from the space
or stratosphere) do not emit or re ect white light, but emit only in in  the visible light spectral
regions. We consider those possible interactions of the solar plasma, wheh could produce such
emission to explain observed phenomenon.

Here we develop a new technique for registration of the far solar corona from ground observa-
tions. It allows research and estimation of the nest di erences int he color and structure of the
images. This method makes possible visualization of ne details of studied objects invisible for
naked eye (due to the visually undetectably low di erences of the ir brightness from the neighbor
parts of the image). We used this new technique to study otherwise invisible details in the solar
corona and to register the far solar corona far beyond previous ground observations. Obtained
images of the eclipsed solar corona are compared with the images from the LargeAngle Space
Coronagraph (LASCO)-C3 registered simultaneously from space. Ground i mages of the total
solar eclipse on 29 March 2006 lItered by this technique exhibit the sam e main structures of
the far solar corona as that recorded from the space up to 20 solar radii far from t he Sun.

We demonstrate that giant coronal streamers observed only from the orbital ¢ oronagraph
LASCO and from stratospheric ights during total eclipses do not belon g to the white corona.
They emit only in certain regions of the visible spectra as a resonance uorescence of molecules
and radicals due to their interaction with the solar wind and sunlight. Such molecules and
radicals can be produced by evaporation of the dust corona. Large coronal streamers can be
considered as a separate new component of the solar corona which may be calld Fluorescent or
Fl-corona.

Dust corona supplies CO; producing the uorescent corona and CaO producing the sublima-
tion corona by thermal decomposition of CaCO 3 by its heating by hot plasma of the streamers
of the electron corona. Probably it also supplies silicon producing th e IR- uorescence corona
from the SiO» in the dust by the same mechanism.

Keywords: Plasmas, Eclipses, Sun: corona, infrared, techniques: image procesing.

1. Introduction

Solar eclipses occur when the Moon is aligned between the Sun and the Earth. Trace
of the lunar shadow (where solar eclipse is visible) is less than 270 km wide. Ovewnéder
region is visible partial eclipse. Not all eclipses are total. When the Moonsg farther from
the Earth lunar disc have smaller visible diameter than the solar, so a narra ring of
the Sun remains uncovered even when the 3 bodies are aligned, producing annular solar
eclipse. The ratio between the visible lunar and solar diameters is called \magnitde"
of the eclipse. In the beginning of the eclipse Moon progressively covers the solars#i
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lllumination of earth's surface rapidly falls down. Air temperature falls with few degrees.
Few tens of seconds before the totality appear Shadow bands which are irregular bands
of shadow a few centimeters wide and up to a meter apart moving over the ground. The
Diamond ring phase of the eclipse shines for few seconds and latter Baily's beads appea
on the solar limb. They are a string of bright beads produced by the uneven shape of the
lunar limb. In the rst 2{3 seconds of the total phase of the eclipse (totality) i s visible the
chromosphere as a pink halo around half of the limb. Maximal duration of the totlity
varies from eclipse to eclipse up to 7.5 min. The brightest stars and planets arebservable
in the sky during the totality. Prominences are the brightest objects visible catinuously
during the totality. They are clouds of relatively cold (10 000 K) and dense matter with
properties same as that of the chromosphere matter. They emit in lines of H, Herad Ca
producing pink color of prominences and chromosphere. They can be always observed in
monochromatic light.

2. Coronal components

Corona is divided arbitrary to Internal corona (up to 1.3 radii) which can be observed
at any time by coronagraph, Medium (1.3{2.3 radii) and External over 2.3 radii where
F-corona dominates. Edges of the corona gradually disappear in the background of the
sky. So the size of the corona greatly depends on the spectral region of observat®and
clearness of the sky.

2.1. White corona

White corona can be observed from the Earth only during total solar eclipses, because
its intensity is much lower than the brightness of the sky. It has several compnents
emitting in the entire visible region of spectra:

K-(Electron or Continuum) corona due to scattering of sunlight on free high-
energy electrons, which are at a temperature of 1 million degrees, having continws
spectra and linear polarization of the light. It dominates in the corona closer than 2.3
solar radii and has variable structures depending on the level of solar activity ad having
distinct 11 year cycle. During the solar maximum it is circular (Fig. 1). During the solar
minimum it is symmetrical and elongated in the equatorial region (Fig. 2), while in the
polar regions it has bunches of short rays or plumes. During intermediate phases it l&a
asymmetric structure with many streamers with di erent length.

Figure 1. K-corona during the solar maximum in 1999 (Photo by D. Kokotanekov).

F-(Fraunhofer or Dust) corona due to scattering of sunlight on dust particles. It
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Figure 2. K-corona during the solar minimum (2006) (Photo by Kr. Dachev).

Figure 3. F-corona during the solar eclipse in 1999 (Photo by L.T. Tsankov & Y. Shop ov).

Figure 4. Color map of the density of F-corona in near Infrared (690{950 nm) from Fig. 3
during the solar eclipse on 11 August 1999.

has Fraunhofer spectra with absorption lines. Due to heating of the dust particles clee

to the Sun they evaporate producing a large cavity in the dust distribution. F-corona has

oval shape (Figs. 3, 4). Its intensity falls down very slowly with distance from the Sun
and it predominates over the K-corona at long distances (Fig. 5). It reaches near-Earth
space producingZodiacal light (a faint conical glow extended along the ecliptic, visible
after sunset or before sunrise on dark clear sky).
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Figure 5. Decreasing of the intensity of the components of solar corona with distance from
the Sun.

Thermal (T) corona is produced by thermal emission of dust particles heated by
the Sun. Spectra of the emission of the T-corona is equal to the spectrum of heated black
body. Its maximum (Fig. 6) is in the near infrared (NIR) region of the spectra.

2.2. Components emitting linear spectrum

Solar corona has also several components emitting linear spectrum:

E-(Emission) corona  is due to emission lines of highly ionized atoms of Fe, Ni and
Ca (Golub & Passacho, 1997), (Figs. 7, 8). Its intensity falls down very rapidly with
the distance from the Sun (Fig. 5) and it is visible up to 2 solar radii in monochromatic
light.

S-(Sublimation) corona was found in the last years by Gulyaev (2002). It consists
of emission of low ionized atoms (like Ca-ll) produced by sublimation of dustparticles
in relatively cold parts of the corona (Fig. 9).

Dust corona has oval shape (Figs. 3, 4). Its internal surface is punched by conal
streamers of the K-corona (Fig. 10) because they evaporate dust (Fig. 9). Thisiteraction
between the dust and the heated plasma of the electron corona produces material for
formation of other coronal components. It produces Call ions, which build the S-coona.
About 50% of the coronal dust consists of CaCQ. Its thermal decomposition by hot
plasma of the K-corona streamers is:

CaCO; ! CaO+COjy: 2.1)

Further heating produces evaporation or sublimation of CaO and supplies Call. Its
emission in 393.4 nm have Doppler shift (Gulyaev, 2002) suggesting moving @ns with
speed equal to this of the solar wind and acceleration from 5 to 10 solar rad{iR). These
facts suggest that Call ions are moved by solar wind rather than by the ligh pressure.

All these components are visible together in the corona from the ground during toal
eclipses (Shopov, 2003).
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Figure 6. F- and T-corona (orange) during the solar eclipse on 11 August 1999. Color infrared
image (from 660{950 nm) on Kodak Ektachrome Infrared Im EIR 200. This Im repres ents
the near infrared (NIR) light light with red color, while red light wi  th green color. Photo by D.
Stoykova & Y. Shopov (Shopov & Stoykova, 1999).

Figure 7. NIR emission of Fe Xl during the solar eclipse in 1999 represented in red by Color
Kodak Ektachrome Infrared Im EIR 200 (image registered from 390{950 nm), after ~Shopov et
al. (1999a) (Photos by A. Tanev & Y. Shopov).

The last and the most mysterious component of the corona is thegiant coronal
streamers observed only from the orbital coronagraph LASCO and from stratospheric
ights during total eclipses (Martinez, 1978, Keller et al., 1981, Mulkin, 1981, Shopov et
al., 1999b, 2003). Its shape and properties are di erent than these of anytber component
of the corona. In the last years arose many evidences demonstrating that its nateris the
same as that of plasma tails of the comets. Fluorescence of ionized gas moleculeslie
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Figure 8. E-corona during the solar eclipse on 11 August 1999. Color Infrared image processed
by Slide RGB-Photometry. Green color is due to the red emission in H represented with green
color by the Kodak Ektachrome Infrared Im.

Figure 9. Call emission of the S-corona, 11.08.1999; after Shopov et al. (2002b) (Photo by
A. Tanev & Y. Shopov).

to their interaction with the sunlight and solar wind. So this component of the corona
can be calledFluorescent (FI-) corona

During the totality intensity of the far solar corona becomes lower than the intensity
of the sky glow at large distances far from the Sun (Fig. 5). Therefore far glar corona
disappears gradually in the dark sky [Fig. 11(left)]. Even during the totality the sky is
blue. Depending on sky transparency solar corona can be seen by eye up to 4{5 solar
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Figure 10. F- and T-corona (orange) at the solar eclipse in 2006 (Photo by D. Stoykova &
Y. Shopov).

Figure 11. (Left panel) Total Solar Eclipse on 29 March 2006 registered on Agfachrome Precisa
200 ISO slide Im using Sonnar 2.8/180 mm lenses and 1 second exposure. Photdby Katerina
Stoichkova & Yavor Shopov. (Right panel) Image obtained from the red emu Ision layer of the
slide Im of the left image using \Color Slide RGB-Photometry" techni que (Shopov et al.,
2002b). Blue color of the image is arti cially introduced.

radii and even less on Im because it is less sensitive in the red end of the spectrah&
total solar eclipse on 29 March 2006 did not made exception. Simultaneous obseti@ns
from the space on LASCO-C3 coronagraph registered the solar corona up to 30 sola
radii. The reasons why it can not be observed directly from the Earth's surface ee:

(a) Sky glow during the totality.

(b) Atmospheric halo.

(c) Optical halo of the telescopel/tele-lenses produced by much brighter internal corona.

The last two interferences can be removed by using of the new technique of \Color Slide
RGB-Photometry" recently developed by the author (Shopov et al., 2002b). It conssts of
separation of images from the 3 color layers of the slide Im and their separat Itration by
unsharp mask technique. Obtained 3 images visualize much more details [Fig. 11ght)]
invisible in the initial photograph [Fig. 11(left)]. They can be summed to produce a new
color image [Fig. 12(left)].

The new technique \Color Slide RGB-Photometry" allows research and estimatia
of the di erences of the color and the structure of elements of the images in di erent
spectral regions of light. Also visualization of ne details invisible for naked eye (due to
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Figure 12. (Left panel) Sum of the images from the 3 color layers of the slide Im fr om the image
on Fig. 11(left) developed by Color Slide RGB-Photometry (Shopov et al., 2002b), compared
to the image from the Large Angle Space Coronagraph (LASCO)-C3 registered simultaneously
from the space at 10.51 UT on 29 March 2006 (Right panel). Both images represent the same
portion of the sky and solar corona. LASCO image has been rotated to have the same orientation
as the ground image.

Figure 13. Spectral sensitivity of the color layers of Agfachrome Precisa 200 1SO dide Im.

undetectably low di erences of their brightness from the neighbor parts) of the studied
objects.

The giant coronal streamers visible on Fig. 11(right) are registered nly in the red and
green sensitive emulsion layers but are not registered in the blue light sensiteszemulsion
layer of the slide Im (Fig. 13). This fact suggests that the giant coronal streamers were
not emitting in the blue region during this eclipse. This fact is rather surprising, because
during the eclipse on 11 August 1999 they were emitting only in the blue and green
sensitive emulsion layers but are not registered in the red-light sensitive emuisn layer
of the same type of slide Im (Shopov et al., 2002). It suggests that the gant coronal
streamers emit only in certain spectral regions of the visible light and theseegions change
with time. This phenomena can not be detected by the SOHO satellite, because it do



Plasma Interactions in the far solar corona 137

Figure 14. Giant coronal streamers registered during the solar eclipse in 1999 from a sky
ghter Mig-21 on Kodak Ektachrome Infrared Im EIR 200 (Photo by Dimitar Pe  trov & Yavor
Shopov).

not have any visible light spectrograph, but LASCO coronagraph registers onlyintegral
light images in the spectral region of 500{1000 nm.

Additional evidences that giant coronal streamers emited only blue and green light
during the eclipse on 11 August 1999 (Fig. 14) were obtained directly from a hypesonic
ghter ying on 13000 m altitude with speed of 1600{1700 km/h (Shopov et al., 1999b).
The photo of the solar corona presented on Fig. 14 and other similar images [se%s-
tronomy 28 (2000) 134] were recorded (at distance over 25 solar radii far from the Sun)
on infrared specto-zonal Im Kodak EIR 200, with a yellow lter (Kodak No. 12). This
emulsion represent the green and blue light with such deep blue color, so it means that
original light emission of the far parts of the coronal streamers was msily green and
blue. Otherwise white light should be represented with white color in the presence oftte
used yellow Iter Kodak No. 12 (standard for this type of Im). These streamers emitted
only light shorter than 630 nm, because they were not registered by the second camera
on the airplane (which was working in the region of 630{930 nm). These twcequivalent
optical systems were mounted parallel on the same mount in the airplane. One ofhem
was working in the regions of 500{890 nm and 400{890 nm, while the other intie region
of 630{930 nm.

The pilots of the airplane stated that \During the totality solar corona wa s exception-
ally colorful. It shined in blue and green colors".

There were very few similar observations from stratospheric ights during total eclipses
(Martinez, 1978, Keller et al., 1981, Mulkin, 1981). They registered the giah coronal
streamers on black and white Ims only, so they did not obtained any instrumental record
of the color of the streamers. Therefore they did not mention observed phenomenon.

Another process of uorescence emission in the solar corona has been observed by
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Habbal et al. (2003). They observedIR- uorescence  of silicon nanoparticles at 1070{
1080 nm in coronal holes at distances> 1R. This silicon must be also produced by
thermal decomposition of the SiG particles of the dust corona.

3. Origin of the far coronal streamers

Obtained data suggest that far coronal streamers do not belong to the white corona.
They probably emit only in broad-band lines of resonance uorescence of molecules and
particles of the dust corona by hot plasma of coronal streamers of the K-corona [procss
(2.1)]. These molecules are carried far from the Sun by the solar wind or corohanass
ejections like the ions of the S-corona. Our observations of the total solar eclipsen 29
March 2006 suggest that following processes may occur in the far solar corona

CO,+4p* | 2H,0+C*: (3.1)
Further interaction with electrons of the corona can produce free radicals:
C* +4e | C& (3.2)
Recombination of the free radicals can produce carbon molecules:
C+C'l Cy (3.3)
or
cC+C +C' ! Cs (3.4)

The process (3.1) can be produced by protons of the solar wind. Solar wind transpty
CO, molecules far from the Sun. Resonance uorescence of,@nd Cz; molecules under
the action of sunlight frequently (but not always) is the main source of emisgon in
plasma tails and comas of the comets. Most of resonance uorescence lines of @re in
the green (Fig. 15), while these of G molecules in the blue region of spectra (Fig. 16).
Evidently these molecules should generate even greater emission close to the Sun, due to
the higher intensity of the sunlight. Our observations suggest same origin oftie emission
of the far coronal streamers. It was not detected before, because far coronal stiears
can not be observed directly from the Earth. Their brightness is lower that this of the
sky during the totality. At the same time there are no any spectral equipment on the
LASCO coronagraph.

Resonance uorescence of £and C3 molecules should visualize the leakage of the
solar wind out of the Sun, because solar wind carries the sources of these molecules.
In fact animations of the development of the giant coronal streamers with time looks
like visualization of gusts of solar wind. NASA found strong correlation between the
intensity of coronal mass ejections (like CME on 26 December 2001) and the dengibf
the high-energy particles of the solar wind. Intensity of the coronal mass ejectionsGME)
is represented by the density and the strength of the giant coronal streamers (obseed
from the space by the large angle orbital coronagraph LASCO-C3), while solawind
particles are detected as nuclear treks on the CCD-matrix of the same coronagraph.

Based on these considerations we suggest a working name for this part of the coi®
{\ uorescent corona" or \FI-corona".

4. Comparison of the properties of the coronal components

Comparison of the properties and behavior of the coronal components is givemi
Table 1.
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Figure 15. Comet C2001Q4 (NEAT) on 23 May 2004. Green color of the coma is due to
uorescence of C, (Photo by M. Tomov, A. Tanev & Y. Shopov).

Figure 16. Spectra of the comet Hale{Bopp on 3rd September 1996.

5. Conclusions

Far coronal streamers observed from the orbital coronagraph LASCO and fromtsato-
spheric ights during total eclipses do not belong to the white corona. They emit only in
certain regions of the visible spectra as a resonance uorescence of molecules and radical
due to their interaction with the solar wind and sunlight. Such molecules and radicds
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Coronal Origin Region Emission Shape Cycle |Interactions
components of spectra
existence
K-(electron) scattering |in mag- | continuous | depends strong |evaporates dust
corona of sunlight | netic loops|white sun-|on the | solar of the F-corona
on free| of the inner | light spectra | magnetic activity |to produce S-,
electrons |and outer eld cycle FIl- and IRF-
corona corona
F-(dust) re ecting | outer Fraunhofer | hollow No sublimates  or
corona of sunlight | corona white  sun- | sphere evaporates by
on dust|> 2:5R | light spectra | punched streamers of the
particles |up to the by stream- K-corona
Earth. ers of the
Best visible K-corona
in IR
T-(thermal) thermal outer continuous | Variable K-corona evap-
corona emission | corona thermal from eclipse orates dust of
of dust|> 2:5R emission, to eclipse. the T-corona
heated mainly  in | Best visible
by the NIR in NIR
sunlight
E-(emission) emission |inner linear emis-|depends
corona of highly- | corona sion of|on the dis-
ionized highly- tribution
ions ionized of  highly-
ions ionized
ions
S- sublimation > 0:1{ | linear emis-| negative Follow |K-corona evap-
(sublimation) | of dust | 0:2R, up to | sion of low- | stream- cycles |orates dust of
corona of the | 10R ionized ions|ers of the|of K- [the F-corona
F-corona at 170{870 | K-corona corona?|to produce
km/h S-corona
Fl-corona Resonanced giant broad emis-|giant coro- |follows |It is produced
(uorescence) uores- coronal sion lines of| nal stream- |streams|by interactions
corona cence offstreamers |[resonance |ers up to|of the|of the K- and
molecules | following uorescence | 30R. Highly |solar F-corona, solar
and free|solar wind and rapidly |wind wind and sun-
radicals or CME variable light
IRF- Infrared coronal narrow IR- | follows coro- It is produced
(infrared uores- holes at| uorescence | nal holes by interaction of
uorescence) cence offdistances |lines the K- and F-
corona silicon > 1R corona and sun-
nanoparti- light
cles
Table 1. Comparison of the properties and behavior of the coronal components

can be originated by evaporation of the dust corona. It can be considered as a sapde
new component of the solar corona, which can be called Fluorescent or Fl-corona.

Dust corona supplies CQ producing the uorescent corona and CaO producing the
sublimation corona by thermal decomposition of CaCQ by its heating by the hot plasma
of the streamers of the electron corona. Probably it also supplies silicon fronthe SiO,
in the dust by the same mechanism producing the IR- uorescence corona.
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