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Abstract Some 8000 images obtained with the Solar Eclipse Coronal Imaging System
(SECIS) fast-frame CCD camera instrument located at Lusaka, Zambia, during the total
eclipse of 21 June 2001 have been analysed to search for short-period oscillations in in-
tensity that could be a signature of solar coronal heating mechanisms by MHD wave dis-
sipation. Images were taken in white-light and Fe X1v green-line (5303 A) channels over
205 seconds (frame rate 39 s~!), approximately the length of eclipse totality at this loca-
tion, with a pixel size of four arcseconds square. The data are of considerably better quality
than those that we obtained during the 11 August 1999 total eclipse (Rudawy et al.: Astron.
Astrophys. 416, 1179, 2004), in that the images are much better exposed and enhancements
in the drive system of the heliostat used gave a much improved image stability. Classical
Fourier and wavelet techniques have been used to analyse the emission at 29 518 locations,
of which 10714 had emission at reasonably high levels, searching for periodic fluctuations
with periods in the range 0.1 —17 seconds (frequencies 0.06 — 10 Hz). While a number of
possible periodicities were apparent in the wavelet analysis, none of the spatially and time-
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limited periodicities in the local brightness curves was found to be physically important.
This implies that the pervasive Alfvén wave-like phenomena (Tomczyk et al.: Science 317,
1192, 2007) using polarimetric observations with the Coronal Multi-Channel Polarimeter
(CoMP) instrument do not give rise to significant oscillatory intensity fluctuations.

Keywords Sun: corona - Sun: eclipses - Sun: MHD - Sun: waves

1. Introduction

Searches for the specific agent involved in the heating of the solar corona have so far failed
to decide definitively between the two chief candidate mechanisms. The first is a “DC”
model in which the heating occurs by myriads of small reconnection events (“nanoflares”)
in flux tubes as a result of footpoint shuffling by photospheric motions (Levine, 1974;
Parker, 1988). Alternatively, in the “AC” model the heating is a result of dissipation
of Alfvén or magnetohydrodynamic (MHD) waves in loop structures (Hollweg, 1982;
Kudoh and Shibata, 1999; Porter, Klimchuk, and Sturrock, 1994) or more likely sub-
resolution strands making up what are currently identified as loops (in, e.g., TRACE im-
ages) (Cargill and Klimchuk, 1997; Klimchuk, 2006). Some important developments have
been made in recent years that perhaps suggest that wave heating is at least important if not
dominant. First, there is some evidence that the amount of energy available from integrat-
ing frequency distributions of observed small-scale phenomena such as tiny X-ray or EUV
flares (Krucker and Benz, 1998; Parnell and Jupp, 2000; Aschwanden, 2004) falls short by
a factor ~ three of the required energy flux of the quiet solar corona (3 x 10° ergecm™2s71).
Secondly, direct observations of Alfvén waves have been made in the solar chromosphere
using the Hinode/Solar Optical Telescope (De Pontieu et al., 2007) and corona using a high-
resolution ground-based coronagraph (Tomczyk et al., 2007). The waves observed by De
Pontieu et al. (2007) in particular have sufficient energy to drive the solar wind and account
for a large proportion of the solar corona’s observed energy.

Observations during total solar eclipses have an important bearing on the coronal-heating
problem, since fast-cadence imaging is possible so that heating by short-period (% one sec-
ond) MHD waves, suggested to be important by Porter, Klimchuk, and Sturrock (1994),
can be investigated. Imaging cadences from spacecraft, even from the Atmospheric Imaging
Assembly (AIA) on the recently launched Solar Dynamics Observatory, are still insufficient
to search for such periods. Thus, weak periodic modulations of the intensity of the coro-
nal Fe X1V green line (5303 A) during eclipses in the 1980s by Pasachoff and Ladd (1987)
have been reported, with better evidence in the period range 1-1.3 seconds (frequencies
0.75-1.0 Hz) from a more sophisticated CCD camera instrument during the 1999 eclipse
(Russell, 2000; Pasachoff et al., 2002). Singh et al. (2009) analysed their 2009 eclipse data
and report on significant oscillatory power with periods of between 20 and 27 seconds in
loop structures observed in the Fe X1V green line and the lower-temperature Fe X red line at
the boundary of an active region.

In a previous paper (Rudawy et al., 2004), a search for rapid modulations in the coronal
emission measured with a CCD camera instrument during the total solar eclipse of 11 Au-
gust 1999 was reported. The instrument, the Solar Eclipse Coronal Imaging System (SECIS:
Phillips et al., 2000), consisted of a 300 mm heliostat, a horizontally mounted 200 mm re-
flecting telescope and heliostat, and a pair of fast-frame CCD cameras. During eclipse to-
tality, these cameras each captured some 6364 images of the corona at a rate of 44 s~! in
white light and in the green line. Some 6390 individual pixels and small areas were analysed
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within the coronal features visible using classical Fourier techniques: some 17 cases of peaks
in the power spectra were observed having maxima > 4o above the background in the period
range 0.1 -1 seconds (1 - 10 Hz). However, application of rigorous statistical tests showed
that none of these was significant. An earlier wavelet analysis (Williams et al., 2001) of the
same data shows evidence of a travelling wave moving down the leg of a small loop, with
periodicities of six seconds (0.16 Hz).

Here we report on a search made with an enhanced version of the SECIS instrumenta-
tion during the total eclipse of 21 June 2001 with a longer totality duration (194 seconds)
observed under near-ideal conditions (cloudless skies with high atmospheric transparency)
from the campus of the State University of Zambia at Lusaka, Zambia. As will be shown,
the quality of images was much improved over those from our instrument during the 1999
eclipse.

In making a detailed analysis of the 2001 eclipse results, we took into account the striking
results from the Coronal Multi-Channel Polarimeter (CoMP) instrument at the National So-
lar Observatory, New Mexico, reported by Tomczyk and co-workers (Tomczyk et al., 2007;
Tomczyk and Mclntosh, 2009). With a tunable filter centred on the near-infrared line of
Fe X111 at 10747 A, they find the line’s central wavelength, line-of-sight velocity, and Stokes
parameters, from which the degree of linear polarisation and direction of the magnetic field
can be derived. Movies of the velocity images, in particular, reveal large numbers of quasi-
periodic fluctuations, especially along the loops of an active-region system moving out from
the solar limb with phase speeds of about 2000 kms~! and velocity amplitudes of about
0.5 kms~'. These fluctuations are interpreted by Tomczyk et al. (2007) as Alfvén waves. No
intensity fluctuations were observed above a limit of 0.3%. Van Doorsselaere, Nakariakov,
and Verwichte (2008) have interpreted these velocity fluctuations as fast magneto-acoustic
kink waves, which oscillate with the kink frequency corresponding to a phase speed of
~22000 kms~!, although Tomczyk and McIntosh (2009) have defended their original inter-
pretation as involving fewer assumptions.

With such a high-quality data set as the 2001 SECIS observations, we are in a position
to state much more definitely than from our 1999 eclipse data whether there are any pe-
riodic intensity fluctuations in the green-line images that could be signatures for coronal
heating processes. This article describes the instrument set-up used during the 2001 eclipse
(Section 2), the coalignment of images and corrections for motions (Section 3), photometric
analysis of the image data (Section 4), and results and conclusions (Section 5).

2. SECIS Instrument during the 2001 Eclipse
2.1. Instrument and Alignment

The SECIS instrument set-up was refined from the one used for the 1999 eclipse, described
by Phillips et al. (2000). Figure 1 shows the instrument layout during the 2001 eclipse. The
optical elements in this layout were a 200 mm, f/10 Meade Schmidt — Cassegrain reflecting
telescope to provide an image of the eclipsed Sun, a collimating lens, and a pellicle beam
splitter to give two optical paths: a straight-through path (90% transmission) and a reflected
path (10% transmission). Rays along the straight-through path were incident on a narrow-
band filter centred on the 5303 A green line and a lens giving a focused image on one of the
CCD cameras (CCD2). Rays reflected by the beam splitter were incident on a lens giving
a focused image on the other CCD camera (CCD1). A neutral-density filter (transmission
6.3%) was inserted in the second path. All optical components were mounted horizontally
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Figure 1 The layout of the

SECIS instrument and heliostat Q Sun
during the 21 June 2001 eclipse.
The principal optical elements
include the heliostat, telescope,
the three collimator lenses (L1,
L2, L3), the beam splitter (BS),
the green-line filter (F), and
neutral-density filter (ND). The
CCD cameras are CCD1
(white-light channel) and CCD2
(green-line channel), and PC is
the computer and camera
interfaces.

F

|4 ccp2

L2 PC

Heliostat Telescope

CcCcD1

on a rigid aluminium optical bench resting on four feet, and enclosed in a light-tight alu-
minium box. Micrometers were used to adjust the focusing of each of the lenses in front
of the cameras. Sunlight was reflected into a horizontal beam using the heliostat, also used
during the 1999 eclipse, but now with the drive motors enclosed in dust-proof metal boxes to
exclude foreign particles that are now thought to have contributed to irregular tracking dur-
ing the 1999 eclipse (these were compensated for during the analysis of the results obtained
then: see Rudawy et al., 2004).

The SECIS cameras, manufactured for our earlier expeditions to the 1998 and 1999
eclipses (Phillips et al., 2000) by EEV (Chelmsford, UK: renamed E2V), each have
a monochrome 512 x 512 pixel frame-transfer CCD with square pixels of dimension
15 um x 15 um. At a common trigger pulse from the control electronics, both cameras cap-
ture images with precise synchronisation. The images are digitised to 12 bits, although with
the two least significant bits judged to be noise this is effectively ten bits. There is therefore
a dynamic range of 1 to 1023. This is not particularly large, so we chose the transmission
of the filters in the system with some care in order that images were neither over-exposed
nor under-exposed. There was a very slight degrading of the cameras’ performance since the
1999 eclipse, mainly near the edges of the sensitive area, but using flat-field and dark-current
exposures taken after the eclipse these effects were largely removed.

The computer system operating the cameras is an adapted personal computer, provided
by the Carr Crouch Computer Company (Maidenhead, UK), with specially written software.
The system takes the synchronised video streams from each camera and reconstitutes video
images. It has dual Pentium II processors and 128 MB of memory. The video data are packed
and stored on two circular buffer sets in main memory; when the memory is full, the data
from each camera are transferred to one of four 9-GB hard drives. Before a sequence of
data is acquired, the user must select a total number of images which are pre-allocated in
memory, a frame rate, exposure time, and a short delay time to enable one image to be
correctly captured before another is taken.

2.2. Green-Line Filter

We had available three green-line interference filters (serial numbers 2799, 2899A, 2899B)
manufactured by Barr Associates, Inc. (Westford, MA, USA) for our 1998 and 1999 eclipse
expeditions. Comparison of the manufacturer’s transmission curves led us to use filter num-
ber 2799 for the 1999 eclipse. However, subsequent measurements of the transmissions of all
three filters with a spectrophotometer at University College London in January 2001 (largely
made to check that the filters were still on-band) gave significantly different results from the
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Figure 2 The measured transmission of green-line filters used in eclipses. Upper panel: Filter 2899B, used
in the 2001 eclipse discussed in this paper. Lower panel: Filter 2799, used in the 1999 eclipse. The Fe X1v
green line theoretical profile, with thermal Doppler broadening (FWHM = 0.71 A) and central wavelength in
air equal to 5302.7 A (see text), is also shown.

original data; it is possible that these were due to changes in the nearly three years since their
manufacture. As a result of this, we chose to use filter number 2899B for the 2001 eclipse.
UCL measurements of the two filters are shown in Figure 2, where the peak transmission of
filter number 2899B is nearly a factor of two higher than that of filter number 2799 used in
1999, although the wavelengths of the peaks are 2 A apart. The width (FWHM) of the band-
pass of filter number 2899B is 6.0 A, while that of filter number 2799 is 4.5 A. Subsequent
measurements at Tatranska Lomnica Observatory in Slovakia of these same filters (which
are being used on the coronagraph there) broadly confirm the UCL measurements.

The exact wavelength of the Fe X1V green line (transition 3523 p 2 Py, —3s23p 2 P3)5) is of
considerable importance in this respect since the peak transmission wavelength of the filter
used must lie near it. This will be the subject of a discussion in a future work; meanwhile
it can be said that a mean of values published by Rybansky et al. (1986), Kelly (1987) and
an analysis by R.J. Thomas (private communication, 2001) of EUV-line wavelengths from
the high-precision Solar Extreme-ultraviolet Rocket Telescope and Spectrograph (SERTS:
Thomas and Neupert, 1994) gives the in-vacuo wavelength as 5304.2 A. With refractive
index [n] for air at a temperature and pressure approximately equal to those at the 2001
eclipse site given by (n — 1) x 107% =278 (Allen, 1973), the green-line wavelength in air
is 5302.7 A. The thermal Doppler width (FWHM) of the line is given by Ax = 1.665 x
(A/c) x (2kgT /mg.)'/?, where kg = Boltzmann’s constant, ¢ = the velocity of light, and
mge = the mass of the Fe*!3 ion. For the temperature of maximum contribution function
of the 5303 A line (7' =2 MK), Ax = 0.71 A. The line profile is over-plotted on each
of the filter transmissions shown in Figure 2. It may be seen that the transmission for the
wavelength of the green line for filter 2799, used in the 1999 eclipse, is 20%, but it is
much larger, 55%, for filter 2899B, used in the 2001 eclipse. A factor of 2.8 better signal
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is thus expected on this basis alone. We note from Figure 2 (upper panel) that a shift in
the wavelength of the green line by as much as 41 A, corresponding to a velocity shift of
57 kms~!, would result in only a very small change of filter transmission; such velocities
greatly exceed those seen by the CoMP instrument (Tomczyk et al., 2007), so any changes
of intensity seen in our data are much more likely to result from density changes in the
emitting material (the intensity of green-line-emitting material depends on the square of the
density).

The manufacturer’s specifications for the green-line filters used in the 1999 and 2001
eclipses show a blocking of incident radiation to a very low level, &~ 107>, over the range
2000 A to 12000 A, so there is likely to be negligible response to radiation at, for exam-
ple, the wavelength of the Hot line (6563 A). There is no trace of emission from a large
prominence, a conspicuous feature during this eclipse, in the green-line images, so there is
evidently no response to the continuous emission from the prominence.

2.3. The Observations

The instrument, including the components of SECIS and its optical bench and the heliostat,
was transported to the campus of the State University of Zambia some ten days before the
eclipse. The roof of the Physics Department of the University of Zambia (latitude 15.4°S,
longitude 28.3°E, altitude 1300 m above sea level) was chosen for the observing site. The
orientation of the heliostat and optical bench was first established from calculations using
the data of Espenak and Anderson (1999) for the eclipse at our location, then refined using
standard techniques by which star images were tracked with guiding telescopes attached to
the heliostat the previous night. Alignment of all optical elements including the heliostat and
the exact perpendicularity of the green-line filter was achieved using a small laser mounted
at various positions along the optical bench.

The skies were cloudless for the duration of the eclipse totality and for several hours
either side of the totality. At the time of mid-eclipse (13:10:56 UT) the Sun’s altitude was 31°
over the northwest horizon. This altitude is less than that for our 1999 eclipse measurements
(59°), but with highly transparent skies this was not a particular problem.

For about an hour before eclipse second contact, the collimator lenses and the lenses in
front of each camera were focused with micrometers, the optimum position being obtained
by imaging several large sunspots visible on the partially eclipsed Sun images observed
through a sheet of thin Mylar covering the telescope aperture. Pre-eclipse observations of
the full Moon (which has a similar surface brightness as the solar corona) indicated that
a neutral density filter with transmission 6.3% in the path of camera CCD1 would ensure
that the white-light images would be correctly exposed. We took precautions to minimise
changes in the optics, in particular the focus of the images, to account for the expected drop
in temperature during totality, by covering the telescope with aluminium foil and using a
high-reflectivity aluminium box containing the cameras. The computer and other electronics
were shaded by a wooden box. However, we did not expect the temperature change to be
so significant in such a short time that there would be measurable effects on the instrument
electronics. Our intention in any case was not to measure absolute flux levels during the
eclipse but only the small relative changes possibly arising from coronal-heating agents.

Each CCD camera chip has 512 x 512 pixels, but the proprietary software operating
the cameras limits the chip usable area to 492 x 504 pixels. The pixel size corresponds to
4 arcsecs x 4 arcsecs on the sky, so a region of about 33 arcmins square can be imaged,
or approximately one solar diameter. Therefore, a portion of the visible corona had to be
selected. This was undertaken before the eclipse using images from the EIT and MDI in-
struments on the SOHO spacecraft. These showed that there was a complex of active regions
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north of Sun centre on 20 June with only minor activity on either the west or east limbs. We
decided to point our instrument in the region of the northeast limb near to which was a weak
active region (NOAA 9511). A new and more prominent active region (NOAA 9513) ap-
peared on the northeast limb on 21 June with the bright prominence mentioned above, so
our choice of pointing was fortunate.

Our aim was to collect image data over a period a little longer than the predicted totality
duration for Lusaka, 194 seconds (Espenak and Anderson, 1999). This could be accom-
plished by capturing 8000 images for each channel at a frame rate of 39 framess~!; an
odd number of frames s~ was chosen to avoid the possibility of beating with the frequency
of the local electricity supply. With an exposure time of 22.541 ms for each image and a
delay time of 3.1 ms, the duration of the image stream was 205 seconds, or 11 seconds
longer than the predicted totality duration. The observations were commenced when the fi-
nal Baily’s bead just South of the Sun’s east limb was disappearing. Live images of the Sun
during the eclipse totality on the computer screen showed that the pointing of the heliostat
remained constant since the last visible image of the partially eclipsed Sun several minutes
before eclipse second contact. These images also showed that the cameras performed well
and were correctly exposed and in focus. In fact, the images had a much improved quality
over those taken during the 1999 eclipse; the green-line images had a much stronger signal,
and there were none of the tracking irregularities that occurred during the 1999 eclipse.

Figure 3 shows green-line and white-light image number 1000, i.e. taken At = 25.64 sec-
onds after the start of the image sequence (hereafter we denote times from the image se-
quence start by At), in the white-light and green-line cameras. These images showed fea-
tures on the eastern limb more clearly than in images taken later when this part of the corona
was partly occulted by the Moon. They are compared with SOHO/EIT images in the 304 A
filter (He 11 304 A Ly oo chromospheric emission with some Si XI emission from off-limb
coronal structures) and the 195 A filter (Fe X11 195 A quiet-coronal emission) taken nearly
12 hours before the eclipse images. The orientation of each image is solar northwest (po-
sition angle ~300°) uppermost. The prominence on the northeast limb associated with the
new active region NOAA 9513 is clearly visible in the white-light images but not in the
green-line images (Section 2.2). The EIT images have been rotated to agree with the SECIS
image orientation. A number of bright loop structures in the SECIS green-line channel can
be identified with active regions evident in the EIT images, marked by their NOAA num-
bers. The spatial resolution of both white-light and green-line images matches the expected
four arcsecs-per-pixel resolution (see Section 3), as is indicated by comparing images at
various stages throughout totality. In particular, comparison of the fine coronal structures in
images near second and third contacts shows that there was no perceptible change in the im-
age quality, indicating that the focusing of the lenses did not change appreciably as a result
of the temperature drop during totality. The imaged coronal structures are sufficiently fine to
show the intensity increases at the numerous places where the loops cross each other, as ex-
pected from the optically thin character of the features. The large prominence visible in the
SECIS white-light images is only faintly visible in the earlier EIT 304 image: it developed
into a brighter structure in the intervening few hours.

Observations by teams along the eclipse path were supported by special operations of
the SOHO spacecraft; in particular, a study was devised in which images in 14 wavelength
intervals by the Coronal Diagnostic Spectrometer (CDS) were made over the entire solar
limb, taking over 19 hours starting on 21 June 2001 at 20:03 UT. Figure 4 shows SECIS
white-light image 1000 showing the loop structures and bright prominence and the cor-
responding CDS HeT 584 A (peak emitting temperature &~ 10* K) image. Figure 5 shows
SECIS green-line image 1000 and the corresponding CDS Mg X 624 A (peak emitting tem-
perature ~ 1 x 10° K) image.
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SECIS White—light EIT 304 image

SECIS Green—line EIT 195 imaoge

Figure 3 Left two panels: Images 1000 from the SECIS white-light channel (upper) and green-line channel
(lower), taken At = 25.64 seconds after the start of the observation sequence. The orientation is indicated by
the arrow, pointing to solar North. Right two panels: SOHO/EIT 304 (upper) and 195 (lower) images, made
on 21 June at 01:19:41 UT and 01:13:46 UT, respectively. The images have been rotated to the orientation of
the SECIS images. NOAA active-region numbers are indicated near the corresponding active regions in the
EIT image. In the SECIS white-light image, the NOAA active-region numbers shown indicate the loops or
prominences on the limb that appear to be associated with those active regions.

3. Stability and Coalignment of SECIS Images

Visual inspection of the SECIS images in both the white-light and green-line channels
showed that the heliostat pointing remained very nearly constant over the period of the ob-
servations. To examine the pointing in more detail, computer algorithms were developed that
determined the centre of the Moon for each image in the two channels. This was performed
with an automated least-squares fitting of a section of a circle to the Moon’s limb; to check
this, the Markwardt curve-fitting routines available in Interactive Data Language (IDL) soft-
ware were also used. The two approaches led to negligible differences in the results. To
refine the alignment still further, to 0.1-pixel accuracy, we performed a two-dimensional
cross-correlation analysis of well-defined structures in the corona (the large prominence on
the north-west limb was unfortunately too diffuse for this purpose). This resulted in a set
of 8000 images in each channel shifted to a common reference system and available for
photometric analysis. We were forced to discard the first 1000 images owing to many large
vibrations caused by eclipse spectators who were located some distance from our instrument
celebrating the start of the totality. We also discarded the last 500 images (because of the
bright background formed by the Baily’s bead on the solar west limb), leaving a total of
6500 usable images in each channel.
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SOHO/CDS He | 584

/

Figure 4 Image 1000 from the SECIS white-light channel (left) and a montage of images around the Sun’s
west limb made by the SOHO/CDS He 1 584 A window channel taken between 20:03:49 UT on 21 June 2001
and 15:07:53 UT on 22 June 2001 (right). In this figure and the next, solar North is upwards.

SECIS White—light

SOHO/CDS Mg X 624
SECIS Green—line

Figure S Image 1000 from the SECIS green-line channel (left) and a montage of images around the Sun’s
west limb made by the SOHO/CDS Mg X 624 A channel taken between 20:03:49 UT on 21 June 2001 and
15:07:53 UT on 22 June 2001 (right).
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Figure 6 Proper motion of the Moon’s across the white-light (WL, CCD1) and green-line (GL, CCD2)
cameras. Top two panels: Motion in x. Bottom two panels: Motion in y. The x- and y-directions are indicated
in Figure 3.

Figure 6 shows the temporal variations of the Moon’s centre coordinates (xy, yo) for both
white-light (WL, CCD1) and green-line (GL, CCD2) cameras, images 500 to 7500. The (x,
y) coordinate system is that given in Figure 3. There is a fairly steady but slightly non-
linear drift across the field of view due primarily to the Moon’s motion in the sky (there
is also a much smaller motion due to the Sun’s motion). Taking the white-light images
2000 to 5000 (a time period of 76.92 seconds), the mean drift is Axy = +0.029 pxs~' and
Ayo = —0.053 pxs~!. The steady drift of the Moon’s centre is a marked improvement over
the irregular motions present in our 1999 eclipse data, evidently as a result of the metal
box containing the heliostat drive motor and electronics. Our analysis indicates that the
Moon’s radius is r = 241.9 & 0.3 px. Using the data of Espenak and Anderson (1999), the
angular radius of the Moon at mid-eclipse from Lusaka was 987 arcseconds, so the scale
of our images is 4.07 arcseconds per pixel, in almost exact agreement with the estimates
(4.09 £ 0.02 arcseconds per pixel) from our earlier work (Rudawy et al., 2004). In addition
to the Moon’s proper motion, there are small (about + 0.3 px), short-term (up to ten data
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Figure 7 Wavelet analysis of the Moon’s proper motion, shown in Figure 6, in the x- (left) and y-directions.
Top two panels: Black curves show motion about the mean x- and y-positions; green curves show motion
with main linear trend removed. Bottom two panels: Wavelet power spectra corresponding to the upper panels
showing no apparent power except at very low frequencies (light areas outside the cone of influence, shown
as the cross-hatched areas). Global power spectra (power summed over the entire span as a function of period)
are shown to the right, with 95% significance level.

points or 0.25 second) excursions in each direction which are probably due to the small
errors in the heliostat tracking.

An analysis of the changes in the Moon’s centre x- and y-coordinates was undertaken
to search for periodic or erratic image motions that could affect the photometric analysis.
Such periodicities might, for example, have been caused by constant-frequency vibrations
in the building structure on top of which the equipment was mounted, or by some insta-
bilities of the heliostat’s stepper-motor driver or gear. In this analysis and the analyses of
the photometric data (Section 4), we made use of wavelet transforms to search for oscilla-
tions in the data varying over time as well as standard Fourier transforms. This technique
has become standard in many fields including solar physics: see e.g. Torrence and Compo
(1998), Bocchialini and Baudin (1995), and Starck, Siebenmorgen, and Gredel (1997) for
further details. The data in our case consist of measured quantities S, at times #, separated
by a constant time interval 25.64 ms. With wavelet transforms, information can be obtained
about temporal variations of the observed signal with a time or frequency analysis by com-
puting the correlation of the signal and a chosen wavelet function i that is localised in time
and frequency. The wavelet transform is then defined by a convolution of the data with a
scaled version of the wavelet function {[(t — #y)/s]; by varying the wavelet scale s (related
to period or the inverse of frequency), a wavelet power spectrum can be constructed show-
ing the power of any features present as a function of s and of time 7. In the code we wrote,
IDL routines were used with a Morlet wavelet (see Torrence and Compo, 1998), following
extensive use in solar problems, together with confidence limits assigned to features in the
wavelet power spectra that appeared to be significant. Also, cones of influence were defined
outside of which edge effects are important.
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The results of the analysis for the measured positions of the Moon’s centre are shown
in Figure 7, where the x- and y-motions are plotted with time in the upper panels and the
wavelet analysis in the bottom panels. There is no indication of any periodicity in the wavelet
power spectra in the frequency range 0.1 — 14 Hz.

We neglected the extremely small rotation of the images caused by the heliostat over the
totality period.

4. Photometric Data Analysis
4.1. Green-Line Image Photometry and Noise Assessment

To search for periodicities in the intensity of the green-line images, we must assess the
likely level of instrumental or intrinsic noise. There are three likely sources: i) camera dark-
current noise; i) camera read-out noise; iii) “shot” noise, i.e. the inherent noise of the source
arising from the statistical nature of the arrival of photons from the Sun. The output of each
of the cameras is nominally a 12-bit digital number (DN) for each pixel, but the two least
significant bits are due to noise; the data are therefore effectively digitised to ten bits, or 1024
levels of signal. The standard deviation of the signal was measured for each pixel having a
signal strength of > ten DN, well above the dark-current level (= two DN: Section 4.2), thus
likely mostly solar in origin. This was performed for two time periods, images 1001 —2000
(At =25.6-51.3 seconds) and images 2001 — 6000 (Ar = 51.3 - 153.8 seconds), removing
pixels that were occulted by the Moon during each period. During the first period, the bright
active region complex NOAA 9511/9513 was visible, with pixels having > 80 DN. During
the second period, this bright region was occulted by the Moon so that pixels only up to
~ 50 DN were visible. The standard deviation [o ] for each pixel is plotted against the signal
strength [DN] in Figure 8 for the two time intervals.

The increase of o with signal strength in both time intervals (see Figure 8) is due to a
combination of shot noise, which increases as the square root of the intrinsic signal, and
instrumental noise made up of dark-current and read-out noise which may be considered
approximately constant. With the relation shown in Figure 8 assumed to be linear, we find
that the instrumental noise is 1.4 DN. Defining the signal-to-noise ratio [SNR] in the usual
way to be the ratio of the mean pixel DN to the standard deviation [o] in a given inter-
val, we found that the SNR is 29 for pixels in the active regions NOAA 9511/9513, but
correspondingly lower for pixels near the Moon’s limb.

Some points in the plots, particularly the upper plot for the earlier time interval, are well
above the linear relation. We identified these pixels and investigated any periodic trend in
their signal (see Section 4.4).

4.2. Image Flat-Fielding and Dark-Current Subtraction

Dark-current and flat-field data were collected by taking several series of 500 dark-current
and 100 flat-field exposures, each exposure time being 22.5 ms. Through some confusion in
the storing of the eclipse data after totality, the dark-current exposures were performed later
than was expected, near the time of local sunset, when the cameras were cooler than at the
time of the eclipse. There was insufficient time to take flat-field exposures until the following
morning; these were accomplished by offsetting the heliostat to featureless blue sky well
away from the Sun. A repeat of dark-current exposures was performed at a temperature
similar to that during the previous day’s eclipse.

As mentioned in Section 2.3, the total area of each camera chip nominally available for
analysis is 492 x 504 pixels. However, parts of the image area of each camera are affected
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Figure 8 Standard deviation in the signal for all pixels having strength >ten DN. Top panel: Images
1001 —2000. Bottom panel: Images 2001 —6000.

by a non-uniform response of the camera chip. For camera CCD1 (white-light channel),
the ten left-most columns are strongly non-uniform, while for camera CCD2 (green-line),
the 15 left-most columns and a wide band consisting of the uppermost 112 rows are non-
uniform and are affected by an imprinted fixed pattern. As in previous runs of the cameras
(including the 1999 eclipse), these regions were excluded from the analysis, leaving a usable
area measuring 476 x 376 pixels. To minimise the effect of this reduced area of the camera
chips, we used previous experience from the 1999 eclipse to orient both cameras such that
the Moon’s disk at mid-eclipse would cover the unusable area while the corona would cover
the usable areas of the CCDs.

Analysis of these exposures revealed some gain instabilities originating in the electron-
ics. The mean dark-current and flat-field signals within the usable areas of each camera
were calculated for each image, and a wavelet analysis of the time series was undertaken.
This analysis showed some periodic tendencies. Figure 9 shows an example of a wavelet
power spectrum of this analysis for the dark-current images. There is a suggestion of peri-
ods between one and two seconds for the green-line channel, significant at the 95% level.
There is also a longer-period oscillation with period of about eight seconds (0.13 Hz) in
both channels, but which is outside the wavelet “cone of influence”, i.e. where periodicities
do not have statistical significance because they are substantial fractions of the time span of
the exposures (12.8 seconds). The one-to-two second periodicity is clearly of importance in
analysing green-line data for regions of low signal strength. The average photon count rate
in the dark-current exposures is about two DN, so the investigation of periodicities in the
eclipse data is only possible for regions with count rates of much more than two DN.
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Figure 9 Wavelet power spectra of dark-current exposures taken in the green-line channel (left lower panel)
and white-light channel (right lower panel). The analysis is based on 500 exposures with combined exposure
and delay times of 25.64 ms, or a total time span of 12.8 seconds. Enhanced power is shown by light areas,
with time (in seconds) during the exposures in the abscissa direction and period (in seconds, i.e. the inverse
of frequency in Hz) in the ordinate direction. The upper plots are the signal light curve with mean level
subtracted and a bell-shaped function applied to suppress jumps at the start and end of each time span. Global
spectra are indicated to the right of the lower plots.

We averaged each flat-field and dark-current sequence to form a single flat-field and a
dark-current image; these were then applied in a standard way to the photometric data.

4.3. Selection and Analysis of Data

The final data set used to search for periodicities in the coronal brightness thus consisted
of images 1000 to 7500 (At = 25.64 — 192.31 seconds), all spatially shifted to a com-
mon reference system and corrected for flat fielding and dark current. Green-line data were
analysed in two stages, one involving a selection of the available data, the other a more com-
prehensive analysis of all pixels having significant signal level within a broad area above the
Moon’s limb. The white-light data were also analysed as a check on results obtained from
the green-line analysis.

4.4. Analysis of Selected Locations

As a starting point in the analysis of SECIS data, we took the results from the CoMP instru-
ment of Tomczyk et al. (2007), in which wave-like motions were observed proceeding along
magnetic flux lines near active region loops. These had much lower frequencies than those
for which we were searching in our data, but nevertheless provided a guide as to where we
should focus our attention.

We selected single pixels for analysis as follows: i) pixels at specific locations in and
around the loops making up the active region complex on the northwest limb (NOAA
9511/9513); ii) pixels within loop structures on the southwest limb with no strong asso-
ciation with active regions; iii) signal strength greater than or equal to nine DN. A total
of 1385 pixels was selected. Figure 10 shows the locations of these pixels in green-line
image 1000. Wavelet power spectra and plots of Fourier power for image set 1001 —2000
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Figure 10 Locations of the
1385 pixels selected for the first
analysis. These are indicated in
the green-line image 1000 as
white dots, and lie in and around
loop-like structures off the limb.

Figure 11 Locations of pixels in
SECIS green-line images

1001 -2000 that show enhanced
Fourier power: symbols are small
open circles (for initial selection
of 54 pixels with enhanced power
in wavelet power spectra,
selected by eye) and large full
circles for pixels marked A, B,
and C (see main text for further
details).

(At =25.64 — 51.28 seconds), generated by the automated routine, were then scanned by
eye for any obvious examples of periodicities, particularly in the wavelet power spectra,
where such periodicities are manifested by horizontal bands of enhanced power at specific
frequencies persisting for a significant fraction of the time interval examined.

Some 54 pixels with possible periodicity were evident from this first examination, the
locations of which are shown in Figure 11. The wavelet power spectra of two particularly
striking examples are illustrated in Figure 12 (the plots are arranged as in Figure 9). These
two pixels are shown as large filled circles marked A and B in Figure 11, and are in contrast-
ing locations. There is a strong suggestion of periodicity for these two pixels; the calculated
standard Fourier transform (SFT) shows power exceeding three standard deviations (30, i.e.
having > 95% significance for a normal distribution). For pixel A, the SFT peaks at a period
equal to 2.78 seconds (0.36 Hz), with mean signal strength 42 DN, considerably above the
dark-current level of two DN. Pixel A is located on the north side of NOAA 9511/9513,
within what SECIS images show to be a complex loop structure. The SOHO/EIT and CDS
images (Figures 3, 5), although not simultaneous with the SECIS images, confirm that there
are many loops within this active region complex. For pixel B, the SFT peaks at a period
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Figure 12 Wavelet power spectra for pixels A (left panels) and B (right panels), images 1001 —2000, show-
ing enhanced power at 0.36 Hz and 0.17 Hz respectively (see Figure 11 for locations of these pixels). The
panels of the wavelet power spectra are arranged as in Figure 9. The SFT power spectrum has peaks of > 3¢
significance for each of the enhanced frequencies.

equal to 5.9 seconds (0.17 Hz), with mean signal strength 24 DN. This pixel is located in a
more isolated region, far from the nearest active region loops. The frequency in this case is
rather near the boundary of the cone of influence. In addition, the signal is weaker than that
for pixel A, but it is sufficiently strong that we are confident that the observed periodicity
is not attributable to any observed in the dark-current exposures with period 8.3 seconds
(0.12 Hz) (see Figure 9).

Any persistence in the periodicities shown in the 54 pixels taken from this first analysis
was investigated using longer time spans. It was found that cases showing marked evidence
for periodicities in images 1001 —2000 showed much less evidence over longer time spans.
As an example, we consider the two pixels in Figure 12. The wavelet power spectra for im-
ages 1001 -5000 (Ar = 25.64 —128.21 seconds) for pixel A, together with standard and fast
Fourier transforms (SFT, FFT), are shown in Figure 13, and for pixel B in Figure 14 (later
time spans were not possible because the Moon had occulted this region). The six-second
period that was so strong in Figure 12 is now much less significant, with the corresponding
SFT peak at 0.17 Hz having < 3o significance. Likewise, the strong three-second period
in the pixel A in Figure 12 is no longer evident in later time spans; there is no significant
peak in the SFT periodogram at the corresponding frequency 0.3 Hz. Neighbouring pixels
were also examined over various time spans, but they also do not show any strong periods,
in particular those with periods indicated in Figure 12.

Another example of a pixel with possible periodicity is the one marked C in Figure 11.
The wavelet spectrum and Fourier analysis for images 1001 —2000 are shown in Figure 15.
The value of ¢ is well above the linear relation suggested in Figure 8, and the wavelet
analysis suggests a periodicity of & ten seconds. As this period is a large proportion of the
total time span of the observations (25.6 seconds), the periodicity is outside the cone of
influence in the wavelet power spectrum. Up to five neighbouring pixels also show similar
periodicity. However, as all of these pixels are occulted by the Moon soon after this interval,
we cannot confirm the reality of this periodicity, and we are forced to suspend judgement on
their possible solar origin.
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Figure 13 Wavelet power spectrum for the pixel A for images 1001 — 5000 (left) and standard Fourier trans-
form (right). The strong three-second periodicity in Figure 12 is not evident in later time spans (2001 —3000,
3001 -4000, and 4001 —5000), and has no significance over the 1001 —5000 range. The SFT peak at the
corresponding 0.33 Hz frequency has < 3o significance.
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Figure 14 Wavelet power spectrum for pixel B for images 1001 —5000 (left) and standard Fourier transform
over frequency ranges 0—20 Hz and 0—1 Hz (right panels). The strong periodicity indicated in Figure 12
is much less evident in the wavelet power spectrum, and the corresponding SFT peak at 0.17 Hz (period
5.9 seconds) has slightly less than 3¢ significance.

The conclusion from this first analysis is that periodicities identified by eye in the 1385
pixels located at likely positions in and around active regions and more isolated loops are
chance occurrences, with none of them persisting for longer than about 20 to 30 seconds.
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Figure 15 Wavelet power spectrum for pixel C for images 1001 —2000 (left) and standard Fourier transform
over frequency ranges 0—20 Hz and 0— 1 Hz (right panels). This pixel was occulted soon after image 2000,
so the strong periodicity indicated here for a period of ~ nine seconds cannot be corroborated in later data.

4.5. Comprehensive Analysis

For three image time spans of various lengths (images 1001 — 6000, time span of 128.2 sec-
onds; 1001 —4000, time span of 76.9 seconds; 1001 —2000, time span of 25.6 seconds), we
selected crescent-shaped areas around the Moon’s limb out to a radial distance of 30 pixels
(approximately 120 arcsecs) and with the inner boundary defined such that no pixels were
occulted by the Moon over the time series. We then analysed the wavelet power spectra for
all pixels within this area having signal strength > ten DN. Most of the analysed pixels have
signal strengths between about 16 DN and 30 DN, and many of the signal strengths are as
large as ~60 DN. The total number of pixels within the crescent-shaped area for images
1001 -2000 is 29 518, with 10714 having a significant (> ten DN) signal.

A more comprehensive analysis of all pixels having a signal of > ten DN (dark-current
level is ~ two DN) similarly does not show up any significant periodic tendency that is
sustained for more than a few seconds. There are, however, many pixels having periodic
tendencies over time intervals of &~ one second in both the original data set and one cre-
ated by averaging over ten frames. Between two and four such pixels typically appear in
each time interval, but their locations changed, as did their periods. The pixels are generally
located at the edges of loop-like structures, where the field line geometry is likely to be
simpler, but the periodicity is never sustained for longer than a few seconds. This is rather
similar to the result of the investigation of Singh er al. (2009), who found most oscillatory
power at the edges of active-region loops. However, we are doubtful, on the basis of statis-
tical tests and the fact that the oscillations are never long-lasting, whether these points have
much significance.

An automated program was written in IDL and run in batch mode to analyse the emission
in each of these pixels for every green-line image in the three time spans using wavelet
routines (these are referred to as “original” data). The temporal resolution for each sequence
is thus 0.0256 second. Our program also analysed the emission by taking averages of ten
consecutive images, again using wavelet routines. For the time span covered by images
1001 — 6000, this gave a series of 500 images with time resolution 0.256 second and with an
SNR improved by a factor /10 = 3.162 (“averaged” data).
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Figure 16 Locations of pixels (white dots, enlarged for clarity) showing significant periodicity (> 99.9%)
for specific oscillation periods (2.24 seconds, 1.28 seconds, 0.97 second) and specific time spans assuming
white noise (panels A, C, E) and global wavelet spectrum (panels B, D, F) as background spectrum. The
original data set used has the full number (5000) of images.

Choosing particular oscillation periods [ P], ranging from 0.05 second to 13.6 seconds
(frequencies 19 Hz to 0.074 Hz), the program searched through the images in the original
and averaged data sets for pixels showing enhanced wavelet power with > 99.9% signifi-
cance, counting the number of pixels and identifying them by their coordinates. The number
of pixels with enhanced power at the 99.9% significance level varied with period and time
span, ranging from zero to only about four. Only a small fraction of these pixels in the
original data was also evident in the averaged data. Those appearing in both the original
and averaged data sets were considered candidates for locations of possible real coronal
oscillations. Although there is no obvious consistent pattern to their locations, there is a
slight tendency for the pixels to cluster at any given moment around the edges of certain
loop-like structures, but not all. This could be of significance since such locations are where
the magnetic-field structure is simplest—nearer the photosphere there are likely to be more
complex magnetic field patterns with overlapping wave motions if these are present. Fig-
ure 16 shows the positions of these pixels for periods P = 0.97 second, 1.28 seconds, and
2.24 seconds. These pixels were selected through their enhanced power by comparison with
some reference noise background. This background was assumed to be white noise, i.e.
equal power at all frequencies (shown in the three left panels) or a global wavelet spectrum
(three right panels). As can be seen, the number of pixels with significant power drops con-
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siderably for the more restrictive global wavelet spectrum. The inconsistent nature of these
points, changing with position and time, leads us to suspect that none indicates a solar origin.

5. Conclusions and Future Directions

Our analysis of such a huge data set (476 x 376 pixels per frame, and 6500 frames in the
green-line camera) from the SECIS experiment during the 21 June 2001 total solar eclipse
cannot be considered absolutely complete or the results final, but it does make clear that
persistent periodicities in locations with significant signal in the green-line channel are not
obviously present with any statistical significance. A first analysis (Section 4.4) revealed
evidence of a few locations showing enhanced Fourier power, but they are isolated (i.e.
neighbouring pixels do not show obvious periodicity) and the periodicities are not sustained
for more than a few seconds for peaks having > 4o significance. A few pixels around the
NOAA 9511/9513 complex show a strong periodic behaviour, with periods of about nine or
ten seconds, for about three cycles before being occulted by the Moon. The significance of
the apparent periodicity cannot be properly assessed, as it is sustained for such a short time.

A more comprehensive analysis (Section 4.5) of all pixels having a signal of > ten DN
(dark-current level is about two DN) —a total of 10714 locations — similarly does not show
any significant periodic tendency that is sustained for more than one second. There are,
however, many pixels having periodic tendencies over time intervals of &~ one second in
both the original data set and one created by averaging over ten frames. Between two and
four such pixels typically appear in each time interval, but their locations changed as did
their periods. The pixels are generally located at the edges of loop-like structures, where the
field line geometry is likely to be simpler, but the periodicity is never sustained for longer
than a few seconds. This is rather similar to the result of the investigation of Singh er al.
(2009) who found most oscillatory power at the edges of active region loops. However,
we are doubtful, on the basis of statistical tests and the fact that the oscillations are never
long-lasting, whether these points have much significance.

As has been pointed out by Pasachoff (2009) and others, ground-based observations,
particularly during eclipses, have the advantage over space observations of the corona in
that very high cadence observations are possible, whereas telemetry considerations limit
image rates from spacecraft instruments. The extreme-ultraviolet instruments such as EIT
on SOHO, TRACE, and STEREO form images with a cadence that is generally one per
several tens of seconds or minutes. The Solar Dynamics Observatory/ AIA instrument is able
to form images in ten wavelengths in about ten seconds or better, but even this cadence is
much less than the frequencies of fast-mode and slow-mode MHD waves that are considered
theoretically possible for coronal heating, viz. =~ one Hz (Porter, Klimchuk, and Sturrock,
1994).

Our cameras have ten-bit effective capacity, and the optical set-up in the 1999 and 2001
eclipses resulted in a spatial resolution of four arcsecs pixel~!. Although considered state
of the art when manufactured in 1997, better-quality cameras are now available. The latest
results from Pasachoff et al. (2002) and Russell (2000) for the 1999 eclipse was with 16-
bit cameras and a larger telescope giving a theoretical two arcsecs pixel ! resolution. Using
Monte Carlo techniques, they found some positive evidence for 0.7 — 1 Hz oscillations. The
Singh et al. (2009) results for observations during the 2006 eclipse also used a larger tele-
scope giving a theoretical resolution of 0.8 arcsec pixel !, but they were forced to bin their
datain 2 x 2 or 4 x 4 pixel areas. They obtained short-exposure (100 ms or 300 ms) images
with a cadence of 0.3 Hz and 0.5 Hz. The filters appear to be comparable in wavelength
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discrimination with the one we used in this work. Against this, our data had better tempo-
ral cadence (39 Hz) and also, with excellent seeing in nearly all our frames, fine loops are
clearly visible if not completely resolved. The limitation imposed by the ten-bit capacity
of the cameras was also largely overcome by our choice of exposure times, with no pixels
being over-exposed and nearly 40% of available pixels having DN values of ten or more,
and so available for analysis.

It is possible that the spatial resolution of all eclipse instruments, even the most recent,
may prove to be inadequate to resolve any oscillations that may be present. The theoretical
results of Porter, Klimchuk, and Sturrock (1994) imply that heating by MHD waves oc-
curs in single loop structures, and it is still unclear whether such structures have ever been
completely resolved. Moreover, any region showing a complex of loops such as the active
regions observed in our data might show numerous oscillations in each line of sight, as all
the loops in the green line are almost certainly optically thin. Active regions are therefore
likely to be too complex to show recognisable intensity oscillations, and only simple struc-
tures such as loops in the outer parts of active regions or isolated structures are likely to
show simple oscillations.

Pasachoff et al. (2002) make this point concerning the alleged oscillations observed by
Cowsik et al. (1999) as their resolution was 18 arcsecs, several times the width of the loops
observed by TRACE, which despite its one arcsecond resolution still does not appear to be
resolving some structures. Images taken during the 1990 eclipse with the Canada— France —
Hawaii 3.6-m telescope, the largest ever used during a total eclipse (Koutchmy ez al., 1993),
similarly show structures with dimensions ~ one arcsecond. The widths of the finest coronal
loop structures in the 2001 and other eclipses appear to be less than one arcsec, as revealed
by the image processing algorithms applied by Druckmiiller and colleagues (Druckmiiller,
Rusin, and Minarovjech, 2006; Pasachoff et al., 2009) to high-quality images. Any spatial
movement of loop structures arising from oscillations appear to be beyond the capability of
any instrument to resolve, as has been shown by Tomczyk and Mclntosh (2009). For the
velocity waves observed with their COMP instrument, having amplitudes of 0.5 kms~! and
periods of around five minutes, the spatial amplitude corresponds to only about 50 km, far
smaller than is possible for any instrument to resolve. If shorter-period waves do exist and
have similar velocity amplitudes, the spatial amplitudes will be correspondingly lower.

There will be no total solar eclipses for a few years that are convenient for observations
like those discussed here. The next few will be visible largely over sea or remote, and this
has dictated the future directions for our research. Plans are underway to use the mountain-
top coronagraph at Lomnicky Stit, consisting of a pair of 200 mm f/15 telescopes (Ambroz
et al., 2010). One of the telescopes has already been used for tests in 2009 with the SECIS
cameras described here. Only weak signals were apparent as the corona was so faint during
the extended solar minimum over this period, but we are optimistic for future work when
solar activity increases. Improved cameras are being considered, with one Mpixel image
formats, as is a set-up with a pair of narrow-band filters having central wavelengths to the
red and blue of the green-line wavelength, allowing the possibility of a “dopplerometer” to
look for velocity shifts, as with the CoMP instrument. Tests are planned for the coming year
or so.
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