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The total solar eclipse of June 2001 presented an opportunity to study the inner solar corona from the ground to complement observations from spacecraft. From a site in Lusaka, Zambia, a Williams College team made observations of the corona through filters centered on 3875, 4050, and 4410 Angstroms, and three polarizing filters oriented at 45( intervals. We made observations of polarization at 2.5 solar radii to compare, by prior arrangement, with observations from the Ultraviolet Coronograph Spectrometer and the Large Aperture Spectroscopic Observatory on the Solar and Heliospheric Observatory. This paper presents initial maps of polarization intensity and angle off the northwest limb of the moon during the eclipse and outlines future directions for research using these data.

Introduction

The diffuse visible light seen surrounding the sun when the solar photosphere is properly occulted is attributable to three main sources. Two of these components are due to plasma in the extended, dynamic solar corona, while the third is due to interplanetary dust. The Kontinuierlich (or K-) corona is visible as a Doppler-broadened photospheric continuum scattered off free electrons in coronal plasma. The Emission (or E-) corona is due to actual emission in spectral lines by highly ionized species of the inner corona. Scattering of the photospheric continuum by small dust particles in the ecliptic plane results in the Fraunhofer (or F-) corona, named for the photospheric Fraunhofer absorption lines it displays (Golub and Pasachoff, 1997, p. 3-6).

Often the first task of a scientist studying coronal light is to separate the contributions from each of these sources. This is made possible by the distinct mechanisms that produce each component. The E-corona emits only in well-defined lines, so an off-band image of the continuum can be subtracted from images taken through line filters to eliminate continuum brightness that falls within the filter’s passband. The K-corona dominates in visible continuum observations out to about 2 solar radii, where it is surpassed in brightness by the F-corona. Thomson scattering, the mechanism that produces the K-corona, produces completely polarized light for a 90( scattering angle. As a first approximation, it is often assumed that the K-corona is 100% polarized, while the F-corona is completely unpolarized, though neither of these assumptions is exactly true. Then a simple measurement of the degree of polarization allows theses sources to be separated (Golub and Pasachoff, 1997, p.135-6).

These considerations are dwarfed by the challenge of detecting the corona at all from within the Earth’s atmosphere. The photosphere is about 6 orders of magnitude brighter than the brightest regions of the corona, which drops in brightness by another 3 orders of magnitude within 2 solar radii of the limb. Under good ground-level conditions, scattered photospheric light makes the sky 3 to 5 orders of magnitude brighter than the corona (Golub and Pasachoff, 1997, p.3-4).

This is why total eclipses, during which the moon casts its shadow on the surface of the Earth, present the best opportunities for observing the corona short of a space mission. During an eclipse, the shadow of the Moon lowers sky brightness enough to allow viewing of the corona out to several solar radii.

Observations

The total solar eclipse of June 21, 2001, allowed our team in Lusaka, Zambia 3 minutes and 14 seconds of totality for observations. Using a Meade 10-inch Schmidt-Cassegrain telescope, dual filter wheels (wavelength filters and polarization filters), and a Roper Scientific VersArray CCD camera, we took 24 exposures of the northwest quadrant of the corona through filters centered on 3875, 4050, and 4410 (, and three polarizing filters oriented at 45( intervals. We used the remaining time of totality to take four exposures of Jupiter through a neutral density filter for photometric calibration purposes. The three 30 ( filters were chosen to allow us to determine coronal temperature, though this determination is beyond the scope of this paper. 

Single 1, 2, and 4 second exposures were taken through each 30 ( filter. Three 1 seconds and two 3 second images were taken through each polarizer. Two 2 second and two 3 second images were taken of Jupiter (Kramer, 2001 lists the full time line). 

As described by Gioiello (2000), two computers were used to run this experiment. One computer controlled the camera and recorded data, while the other monitored the status of the shutter to rotate the filter wheels between exposures. All of the data from the experiment were saved in the file format used by Pricenton Instruments WinView and WinSpec software. See Kramer (2001) for notes on conversion to the FITS format. 

Image Alignment and Combination

For preliminary reduction, all the images were bias-subtracted. Dark exposures up to 5 seconds did not show a significant difference from the mean bias image, and we did not obtain any useful flats. Reduction will be discussed further in the last section.

The production of temperature and polarization maps involves combining many images in several ways. Because telescope tracking is never perfect, all of the images are slightly translated with respect to each other. Thus, the first step in producing any composite image is correctly aligning all the constituent exposures. I used a method of image alignment that takes advantage of coronal structure visible in the images. One image is divided by another and the first image is shifted by fractional pixel amounts until visible structure (and the standard deviation of the pixel values) is minimized, indicating that the images are well aligned (May, 2000; details of my implementation in Kramer, 2001).

The process of image alignment began by aligning each set (3 images through each of the 0(, 45( and 90( polarizers) of 1 second polarizer images with the first image from each set. I am confident that these sets were aligned to within half a pixel. Once the offsets within each set were determined, the mean of the three aligned pictures was used to create a new image. The next step was to determine the offsets between the three mean images. This alignment could only be determined to within about 2 pixels, since the images differed more from each other than did the ones taken through the same polarizer.

Polarization Maps

We took exposures through three different polarizer orientations during the eclipse to allow the determination of a polarization angle and polarization fraction for each pixel position. Billings (1966) (see also Golub and Pasachoff, 1997, p.136-8) gives the equation for polarization angle as, 
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where Iu is the unpolarized intensity and Ip is the polarized intensity. This gives us three equations for the intensity of polarized light. 
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Then the polarization fraction is given by 
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Applying these formulae to the shifted mean images gives us maps of polarization angle and fraction. Figure 1 shows the results for the 1-second polarization images. These exposures were designed to have the most statistical significance in the region near the middle of the image, about 2.5 solar radii from the center of the sun. The innermost corona was overexposed even in the 1-second images, as can be seen from the distorted contours in the lower-left corners. Vignetting and the general fall in brightness of the corona dramatically decrease the signal-to-noise ratio towards the other three corners. 


[image: image10.png]Polarization Fraction

Jar o)

15 20 28 T 0s 10 15 20 25 30
(aslar radi) sclar rad)




Figure 1. Contour and Shading maps of fractional degree of polarization and polarization angle relative to an arbitrary reference angle (degrees). Note the effects of overexposure near the lower left corner, and vignetting in the other corners. Axes are labeled with distance from the center of the sun in the image plane in solar radii. North is up, West is right. The sun’s center is close to the bottom left corner of the maps. See Kramer (2001) larger versions of these maps.

Future directions

Further analysis is required before meaningful conclusions can be drawn from these data. Image alignment should be repeated with attention paid to the uncertainly in this process and to how errors in alignment affect the determination of polarization values. The images should also be analyzed to determine for what regions we have statistically significant determinations of polarization fraction and angle. The images of Jupiter taken at the end of the experiment may also allow some radiometric calibration of brightness measurements.

We are collaborating with John Kohl and Peter Smith of the Ultraviolet Coronagraph Spectrometer (UVCS) team at the Harvard-Smithsonian Center for Astrophysics. The team is interested in performing an end-to-end laboratory calibration of our instrumentation to allow them to compare our observations with polarization measurement at 2.5 solar radii made by the UVCS instrument on the SOHO spacecraft.
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