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New Dynamics in the White-Light Solar Corona at the 2006 Eclipse
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Abstract. Observations of the total solar eclipse of 29 March 2006, as it crossed Africa from southwest to northeast into a Greek island and beyond, allowed correlations with near-simultaneous coronal observations from several spacecraft, including SOHO and TRACE.

New methods of compositing images allow the recovery of higher-resolution on coronal features than had normally been available in the past, reaching substantially higher resolutions than is available from space.  We discuss a variety of the new methods and observations, and use them to provide the most detailed portrait possible of the sun on, at least, 29 March 2009.

Extending our senses into a new range of scale brings qualitatively new insights.  Just as the spherically-symmetric view of the corona used for calculations gave way to calculations in three-dimensions and to separate consideration of coronal structure (coronal holes, active regions), the recent extension of coronal imaging at eclipse into sub-arcsecond resolution through digital image processing (spatial resolution of the sun below 500 km, an improvement over seeing-limited results by a factor of 4) is revealing new aspects of the dynamics of the corona.  By matching and exceeding the resolution from existing space telescopes, it allows improved comparisons with high-resolution observations in the ultraviolet and visible light from NASA's Transition Region and Coronal Explorer (TRACE) and, with its 23 September 2006 launch, of the Japanese/American Hinode (Sunrise). It provides improved links of coronal structure at different levels in the solar atmosphere at substantially higher resolution than has been available from the NASA/ESA Solar and Heliospheric Observatory (SOHO).

1. Introduction

The white-light corona, the outermost part of the atmosphere of the Sun, has been observed photographically during total eclipses of the Sun since 1860. Every observational advance has led to a revision in our understanding of the Sun.  Even those very first observations of the white-light corona showed that the corona is neither the atmosphere of the Moon nor an optical illusion, as had both been alleged.  

With the progress of observing techniques, especially spaceborne ones, the white-light corona was gradually found to be a highly and intricately structured object.  Its physical explanation, therefore, is associated with the sun's external magnetic field.  In the past, however, optical resolution, including especially the effect of atmospheric daytime seeing during solar eclipses, prevented scientists from obtaining spatial resolution exceeding approximately 3 arcsec or 2000 km at the solar distance from Earth. 

The corona's enigmatic structure is perhaps most pronouncedly seen on the images taken during the total solar eclipse observed on March 29, 2006. A new sophisticated method of digital processing of the data enabled us to recognize features not previously seen, such as systems/aggregates of intertwined tiny loops, inhomogeneities in coronal streamers, both radial and non-radial rays exhibiting short-term periodic motion, and  oscillating polar rays. Comparison of our pictures with those taken in the EUV and X-ray part of the solar spectrum shows how these newly observed coronal structures are related to those in other parts of the Sun’s atmosphere. 

The newly detailed images show very small-scale (fine) structures in the white-light corona.   We demonstrate how these small-scale structures are connected (as continuations) with SOHO EUV images and SOHO LASCO visible-light coronagraphic images.  The new measurements of inhomogeneities in coronal streamers have the potential to change our understanding of the hydrostatic distributions of their density and temperature. The images demonstrate structures related to the goals of the 4-m Advanced Technology Solar Telescope prospectively to be built in the 2009-2014 time frame.

2. Observations and sites

The 29 March 2006 began in Brazil, traversed Africa, reached its central point over the Libyan desert (Figure 1: space view), continued over the westernmost island of Greece and over central Turkey, and continued over Kazakstan, Georgia, and Russia, up to the Mongolian border.  (http://sunearth.gsfc.nasa.gov/eclipse/SEmono/TSE2006/TSE2006.html) The authors observed from Niger, Libya, Greece, and Turkey, respectively.  The path was shown by Espenak and Anderson (2005), and its position in the SAROS is shown by Espenak and Meeus (2006).

Figure 1: Space view totality path

a) Niger

In Niger, several expeditions observed the eclipse from desert sites around the Bilma oasis under very difficult surface conditions.  One of us (VR) carried observations from a site at longitude 12º 42.205’ E and latitude 18º 34.56’ N.  Figure 2 shows a composite image of the corona taken from the site at 09:53:23 – 09:57:27 UT; in fact, this is the very first observation of the corona during this eclipse.  Weather conditions were quite good: clear sky with slightly dusty (water) particles and mild fog for the rest of the morning (till to 9:00 UT). A slow wind was a bit dangerous for our 10 cm, F= 100 cm Zeiss telescope, equipped with a CANON EOS 7 and Fujicolor Superia Reala 100 ASA film. Totally 26 frames with exposure times ranging from 1 s to 1/250 s have been obtained. 
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Figure 2: An image processed white-light corona as obtained at Niger. Even though the picture has a low resolution, some discontinuities in helmet streamers are clearly visible.
b) Libya – Milos promised to prepare this part during this week
Many professional and amateur astronomers observed the eclipse near its peak in Libya.  An eclipse camp was set up at ________________, from which coauthor MD observed.  He obtained  xx images with a xx camera.  Figure 3 shows a composite image taken from the site at longitude xx and latitude xx at xx:xx UT.  Sky conditions were clear, enabling the corona to be seen to an extent of 10 solar radii (Figure 3), rivaling the coverage of the SOHO C2 coronagraph.
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Figure 3. A picture of the white-light corona from Lybia as obtained with several telescopes and processed by Druckmuller and Aniol. The traces of the white-line corrona can be well seen up to 10 solar radii.
[Suggestion: prepare a side-by-side comparison of the SOHO C2 image and the Druckmuller image of exactly the same part of the corona. Perhaps even prepare a subtraction.]

Our suggestion: This is not necessary as we give both step by step both SOHO’s and ground-based observations.
c) Kastellorizo, Greece

On this island, only 2 km off the south coast of Turkey, a team from Williams College observed on this only part of Europe to be in the zone of totality.  A comparison of eclipse images taken with a purpose-built telescope meant to match the field of view of the defunct SOHO C1 coronagraph were used to provide NASA for compositing an eclipse and a SOHO coronagraph image on eclipse day to make an image that was released publicly (hotshots...) and soon also on Astronomy Picture of the Day, later improved with a different composite and cosmic-ray removal (Figure 4).  The images were taken at longitude 29°35.6'E and latitude 36°08.9'N during 10:51:57.9 to 10:54:56.8 UT (as calculated by Espenak).
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Figure 4. C2 and Jay composite picture eclipse_06redo_c2comp.tif
Compound image: eclipse composite + SOHO EIT + SOHO LASCO

Jay M. Pasachoff, Steele Hill, Steven Souza, Bryce Babcock, Miloslav Druckmüller
From this site, expedition member Jonathan Kern took images using a radially graded filter.  Several of those images color-corrected and composited provide a unitary view of the eclipse corona, though within the limitations of film photometry (Figure 5).

[image: image1.jpg]



Figure 5. A picture of the white-light corona as obtained  by J. Kern and processed by W. Carlos.

e) Turkey

The band of totality proceeded over Side and then further over central Turkey.  At Side, an eclipse symposium received a prediction of the coronal form based on magnetic-field maps.  The publication, using a Williams College image from Greece for comparison, reported an excellent correlation of prediction and result (Mikic, et al., 2006). 

The last station located within the eclipse track was in the eastern part of Turkey, where H. Druckmullerova obtained very high quality pictures of the white-light corona (see Figure 6).
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Figure 6. A picture of the white-light corona taken by Druckmullerova from her observing site in Turkey.
Milos: please supply coordinates, time of the eclipse and equipments.
3. High-contrast processing

The rising air currents typical of the terrestrial atmospheres during the rapidly changing situation at the onset of totality are well known for their distortion of ground-based images.  By observing at the 4200-m altitude of Mauna Kea with one of the world's then largest telescopes, the 3.6-m Caqnada-France-Hawaii Telescope, November and Koutchmy improved the resolution resulting from seeing to what they estimate as 1 arcsec (November and Koutchmy 1996).  Their high-contrast processing of films (it seems to me it was a CCD camera), with its limit on the accuracy of the photometry, revealed a set of coronal "threads" and other fine structure, especially in the region <1.02 solar radii.  Their unsharp masking revealed not only high-contrast coronal loops but also plumes crossing them.  They conclude that the threads are three-dimensional cylindrical structures that lie "preferentially on the periphery of large-scale coronal structures."  They report on time-resolved observations of a "plasmoid," and that their finest processed scale is 0.4 arcsec.

Several methods have been suggested of how to improve the quality of total solar images over a wide range of brightness with enhancing their fine structure: (a) rotating sector wanes near the focus of the camera, e g. Laffineuer, Bloch and Bretz (1961) – some older historical methods also reviewed by Duillermier and Koutchmy  (1999); (b) use of a filter with radial density grading proposed by Newkirk, e.g. Malville and McKim (1967);  (c) dark room methods based on a positive-negative combination, unsharp masking, or the Sabbatier effect; and (d) digital methods based on a combination of a series eclipse or non-eclipse photographs with different exposure times into a single composite image, e.g. Koutchmy et al (1988), Koutchmy (1999), Espenak (2000), Morgan and Habbal (2006). Series of such radial-filter images appear in Golub and Pasachoff (1997). 

The newer processing methods of Druckmüller (Druckműller et al., 2006) on film and/or digital images supersede in technique and quality many earlier attempts.  Pasachoff, Reardon and MacKenty (1993) pioneered using computer techniques to merge scanned film images taken at different exposure times to provide a wide-range of coronal radii, given the decline of the coronal intensity by a factor of over 100 in the first solar radius above the limb (Golub and Pasachoff, 1997).

a. Details of the processing

[for Druckmüller to write; his CD-ROM for Poitevin is not really an official publication so this might be the first full and citable publication of his method.]

4. Corresponding space observations

A variety of spacecraft provided near-simultaneous imaging at the time of the eclipse.  SOHO provided its four filter observations from the Extreme-ultraviolet Imaging Spectrograph, EIT (Figure 7) and from its two Large-Angle and Spectroscopic Coronagraph, LASCO (Figure 9, right).  The Transition Region and Explorer spacecraft (TRACE), though a series of observations were planned at eclipse time in Greece, provided only a handful of images (Figure 8).  The Williams College expedition on the ground was observing the same region that TRACE observed at the highest spatial resolution (0.5 arcsec pixels giving 1 arcsec resolution) but with higher time resolution of5 Hz (Pasachoff et al., 2006) and higher spectral resolution at 530.3 nm using a Fabry-Perot spectrometer (Rust et al., 2006).

5. Results and Discussion

The 29 March eclipse 2006 occurred shortly before the minimum between cycles 23 and 24, envisaged for mid-2007, so that the white light corona should have a minimum shape. The solar activity was on this day relatively low and, as we can see in Figure 7, some small sunspot groups were present very close to the eastern solar limb. Space born pictures in different spectral lines, mainly in EUV show increased brightness above the eastern limb adjacent to the spots. The upper part of this bright eastern regions ends with thin loops. Above the southern hemisphere a relatively big coronal hole is observed. Details of the eastern active regions are depicted in Figure 8, taken with the TRACE satellite. 
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Figure 7. Visible (left), He II (middle) and FeIX, X (171 A, right) images of the Sun.  SOHO?NASA/ESA
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Figure 8. Hot loops from TRACE. NASA.
[image: image13.png]2006/03/29 09:11



[image: image5.jpg]Total Solar Eclipse 2006 © 2006 Miloslav Druckmdiller, Peter Aniol




Figure 9. The white-light corona as seen during eclipse from the Earth (left) and SOHO (right).
A large-scale structure of the corona is very far from the minimum type corona.  The fine structure and details of the inner corona as acquired by Druckmuller’s method are shown in Figures 10 and 11.
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Figure 10: An image-processed white-light corona (left) from the observations made by a 1600 mm telescope and its match with a HeII picture from the SOHO. Box 1 and numbered arrows indicate regions which are discussed further bellow.
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Figure 11. A white eclipse 29 March 2007 corona and SOHO EIT FeIX/X 17.1 nm.
As can we see from Figures 10 and 11, a link between the white-light corona with the EUV corona is very good and it confirms our former fromer findings based on the 2005 eclipse (Pasachoff et al. 2006). 

The most crucial findings of our analysis can be summarized as follows:

1. From Figs. 2, 10 and 11 one discerns that the “small-resolution” corona basically consists of polar rays and helmet streamers, which are endowed with coronal cavities surrounded by loops in the regions above prominences.

2. A classical helmet streamer in the north-west helmet streamer (Figure 10; No. 3) is, however, not compact, comprising instead a number of concentric loops of a circular shape and a different height above the solar limb, which are interwoven with thin curved coronal threads.

3. The shape of the loops adjacent to the north-east helmet streamer (Figure 10; No. 1)  are suggestive of that of a propagating wave. 

4. A large number of polar rays above the north solar pole, especially those in the north-east part, are overlaid by the “background” luminosity/shine of the corona (Figure 10; No. 2); this patter is, however, absent in the regions above the south pole.

5. South-west and south-east parts of the corona exhibit very thin dark stringy straight lines (Figure 10; Nos. 4 and 5) whose typical width is of about 20,000 km or less. These ‘lines’ do not follow the shape of the associated helmet streamers.

6. Near the top of a very pronounced prominence in the helmet streamer 1 (Figure 10), is a small knot, which we surmise was detached from the prominence and quickly dissolved.

7. By far the most interesting part of the corona is that situated above or in the vicinity of the east limb (BOX 1 in Figure 10). It is characterized by the presence of highly intricate systems of loops of different sizes, heights and curvature, both deformed and symmetrical, with or without a radial basis. Thin loops very close to the solar surface are a continuation of the loops observed in EUV corona (Figure 7) and TRACE (Figure 8). 

8. Inverse letter ‘S’ dark area is seen in the narrow streamer marked by number 6 in Figure 6 and observed also from the sites in Niger and Turkey.

9. The southern border of ‘helmet streamers’ above the southern hemisphere are located near a large coronal hole seen in the EUV corona (cf. Figure 11).

10. There are seen on the west limb ‘connection’ between prominences or macrospicules with faint white-light coronal loops (see Figure 10, right-hand side).

6. Conclusions

The fine structure of the corona, both white-light and emission, is shaped by the presence of magnetic fields of either local (active regions) and global (driven by solar dynamo) origin. Unfortunately, the strength of magnetic field in the corona is still impossible to measure directly. Yet, the above-listed findings clearly indicate that a simple picture of the corona as being in a hydrostatic equilibrium and characterized by smooth distributions of both temperature and density is by far inadequate for explaining the shapes and relation between its various large-scale parts, let alone for all the intricacies of its small-scale appearance.  We need new conceptual approaches/paradigms to properly tackle not only the overall behaviour of the corona, but also the dynamics and physical properties (temperature, density, etc.) of individual structures. Thus, for example, a highly involved structure of helmet streamers indicates that equation relating the decrease of the brightness of the corona with increasing height above the solar limb (e.g., November and Koutchmy (1996)) is obsolete even as a first approximation.  All in all, our observations thus firmly resonate with the visionary statement of Livingston and Koutchmy who foresaw “eclipse science continuing, however, with … the use of the new CCD detectors to perform high resolution images …” (Livingston and Koutchmy, 2000).
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