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Historically, the visual manifestation of the “Black Drop effect,” the appearance of a band linking the solar limb to the disk of a transiting

Abstract

planet near the point of internal tangency, had limited the accuracy of the determination of the Astronomical Unit and the scale,gf the
Solar System in the 18th and 19th centuries. This problem was misunderstood in the case of Venus during its rare transits due the gyesenc
of its atmosphere. We report on observations of the 15 November 1999 transit of Mercury obtained, without the degrading effects, of the
Earth’s atmosphere, with the Transition Region and Coronal Explorer spacecraft. In spite of the telescope’s location beyond thesl,frarth’s
atmosphere, and the absence of a significant mercurian atmosphere, a faint Black Drop effect was detected. After calibration and removal of,
or compensation for, both internal and external systematic effects, the only radially directed brightness anisotropies found resulted ffom the

convolution of the instrumental point-spread function with the solar limb-darkened, back-lit, illumination function. We discuss these ffects
in light of earlier ground-based observations of transits of Mercury and of Venus (also including the effects of atmospheric “seeirf§”) to

explain the historical basis for the Black Drop effect. The methodologies we outline here for improving upon transit imagery are appfigable
to ground-based (adaptive optics augmented) and space-based observations of the 8 June 2004 and 5-6 June 2012 transits of Venuss’providi

a path to achieving high-precision measurements at and near the instants of internal limb tangencies. 88
0 2004 Published by Elsevier Inc. 89
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1. Introduction of Mercury are more common than of Venus, and numerous

reports exist in the historical literature. For examfideyis 95

Transits of the inner planets have historically provided (1742-174% the author of an unpublished star atl&si{ o
the calibrations needed to convert Kepler's relative scale of PUrn et al., 2005 reported on the 31 October 1736 and 257
distances in the Solar System to absolute ones (e, October 1743 t_rans_|ts of Mgrcur&&ews(1737—173$also 98
Helden, 1989-1995; Ferguson, 1999; Hughes, 2001; Pasa_ob_served the historically unique 28 May 1737 (O.S.) occube
choff, 2000, 200p. Most important have been transits of tation of Mercury by Venus, the only such event since 2o
Venus, which occur in pairs separated by 8 years, with an AU9ust 796 with both planets only $rom the Sunde Meis, 101

interval of 105.5 or 121.5 years between the pairs. Only six 1993, and the next not occurring until 3 December 213302
transits of Venus have occurred since the invention of the (AIP€rS. 1,979' 108
telescope. The first of these transits, which was predicted by Fo.IIowmg later work by Halley and gthers, the cythereano+
Kepler, occurred on 7 December 1631, but was unobserved.tranSIts of 6 June 1761 and 3 June 17699$ 1and § 05
This was followed by the second transit of this pair on De- were observed by hundreds of expeditions. Most notablex

. ; haps, was James Cook’s expedition with Charles Green

cember 4, 1639 (November 24 O.S.), predicted by JeremiahP®' . ) .
: : .. to observe the 1769 transit from Othaheite, Tal@ithigk and 108
Horrocks and observed only by him and by a friend. Transits Green, 177). Their expedition led to spinoffs such as theios

“discovery” of New Zealand and the exploration of the eastio
* Corresponding author. coast of Australia and TahitiGhapman, 1998 Tragically, 111
E-mail address: gschneider@as.arizona.edu (G. Schneider). however, Green along with half the crew of the Endeavour?

0019-1035/$ — see front mattél 2004 Published by Elsevier Inc.
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was the most recent transit of Venus visible from Earth. The
forthcoming events on 8 June 2004 and 5-6 June 2012 w4
present the first opportunities for observations with moder
ground and space based instrumentation (yielding both high
angular resolution and rapid temporal cadence). 61
Transit-based measurement accuracies of the Astronorsd-
cal Unit were bedeviled by the appearance of the Black Dro
effect, wherein a dark ligature emerged apparently joined
the disk of a transiting planet to the solar limb. The manss
ifestation of the Black Drop hindered the determination of®
Fig. 1.Bergman(1761-176% rendition of the Black Drop effect duringthe ~ the precise instants of interior contact§dolf, 1959, thus 7
1761 transit of Venus. Reprinted with permission from the Royal Society.  [imiting the accuracy of the AUSchaefer (2001a, 2001b) 8
reviewed the subject and has shown, in the case of Vends,
that common explanations of the Black Drop effect, involv?°
ing light diffraction around the planetary disk or refraction’*
through its atmosphere as well as an “optical illusion,” aré?
incorrect. He discussed the explanation in terms of smedf
ing of the image by atmospheric seeing, an idea first ad!
vanced by.a Lande and Messi€i.769 from the 1769 tran- "
sit. Space-based transit observations are inherently devdfd
of (time variable) atmospheric seeing effects, as were previ-
ously modeled for ground-based observations and discusséd
by Whittmann(1974. S
Mercury, which has no atmosphere of significance, trarf?
sits the Sun 13 or 14 times a century and did so on 18
November 1999. We have taken advantage of the solar opft
cal imaging capabilities of the Transition Region and Coro®
nal Explorer (TRACE) spacecraft, unfettered by the Earth®'
atmosphere, to obtain high-resolution imagery of the limb®
transit ingress. We have used these space-based observations
of the transit of Mercury to unequivocally demonstrate thé&’
definitive cause of the Black Drop effect and elaborate off
the (relatively insignificant) effects of diffraction (as is also”
applicable in the case of Venus). %0
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2. Observationsand datareduction 04

o 95
Fig. 2. The Black Drop effect as depicted Bpok and Greei{1771) from Werptalned TfRﬁCI.E White hnght f(Vr\]/E = 1200- 9
their observations of the 1769 transit of Venus. Reprinted with permission 9600 A) 'mages of the !ngress phase of the 15 Novembe;r
from the Royal Society. 1999 transit of MercuryKig. 5). Mercury’s angular diameter g

at the time of ingress was&6” (4880 km at 0.6768 AU, im- o9

perished from malaria and dysentery in the service of sci- @ged across 20 detector pixels) as seen from TRACE's posie
ence. The travails of Le Gentil on his unsuccessful 12-year tion in its low-Earth orbit. The WL PSF is highly statléut 101
expedition to Asia, for the 1761 and 1769 events, were es- the effective TRACE optical resolution is Nyquist-limited by 102
pecially poignantfernie, 1997-1999; Fernie, 200Halley the Q5" pixels™* sampling of its CCD ifiandy et al., 1999 103
and others worked out methods for determining the absoluterather than diffraction-limited Ag 09 4/2D = 0.5”) by its 104
scale of the Solar System by accurately timing the dura- 30 cm telescope. Hence, the diameter of the disk of Meres
tion of the approximately 6-hour passage of Venus acrosscury was resolved by- 10 band-integrated WL resolution 106

a chord on the solar disc. Photographic methods were in useelements. 107
by the transits of 8—9 December 1874 and 6 December 1882 108
(Fig. 3). The many expeditions to observe these 18th and —7 109

. 1 The TRACE WL instrumental sensitivity extends from 0.12—
19th century eYe”tS were descrled\NVOlf (1959)' Chap- 1.0 um, as shown ifrig. 4in response to an un-limb darkened solar spec-llO
man (1998), Dick et al. (1998), Maunder and Moore (1999), trum. 111

Maor (2000), Sellers (2001he 6 December 1882 event 2 hitp://vestige.Imsal.com/TRACE/Project/Instrument/inssumma.htm 112
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Fig. 3. Photographic images of the 19th century transits of Venus. (Left) Daguerreotypic time-resolved ingress sequence of the 1873atnansif1375
using his “photographic revolverh{tp://web.inter.nl.net/users/anima/chronoph/index)htianssen, 1873, 1876; Anonymous, 1875; Canales, 2(Right)

79

The 1882 transit; one of eleven surviving images taken by the United States Naval Observatory (top, courtesy of USNO); photograph by MariacdMitcll an

her students at Vassar College (bottom, reprinted with permission from Archives and Special Collections, Vassar College Libraries). Southhsi882n b 81

transit images. o
83
0 .
; ] 2.1. Post-processing 84
] 85
40 /“’\/\ ] Frame-dependent pattern noise (diagonal banding), irté

printed on a temporally stable instrumental horizontal signar
gradient (and DC bias), remained in the images after appl§
ing these basic calibration stepsid. 6A). These artifacts 89

30 / ] were removed from each frame in two steps utilizing, ireo

| part, the IDP3 (Schneider and Stobie, 2008@nd PSPECY o1

/‘ ] (Schneider, 2000image analysis software. Pattern noise?
20— i was eliminated by building, and then subtracting, a twoss
dimensional model image of the banding characterized
: ] frequency, amplitude and phase from an apodized Fouries
10 M \ ] transformed power spectrum of the off-disk background ress

Counts/second/pixel/Angstrom

gion. With the frame-dependent pattern noise removed, ail
frames were median-combineli§. 6B) to obtain a high 98
02000 s00 300000 S/N imgge of the solar disk and'the backgrqund “above"'th®
Wavelength (Angstroms) Sun. Time-variable photospheric features (i.e., granulatiomdy
are smoothed over the 1871 seconds spanned in the com-
Fig. 4. TRACE “White Light” instrumental response to an un-limb dark- posite frame. A second, two-component higher frequencye?
ened solar spectrum. frame-independent pattern noise (of too low an amplitudes
to characterize sufficiently by Fourier analysis in individualo4
Fifty contiguous 384x 1024 CCD frames (each 3.2 ms frames) is seen in the median combinati&ig( 6B, inset). 105
exposures separated in time Y38 s) were selected, com-  This high frequency pattern-noise was modeled from offios
pletely spanning the photospheric ingress phase of the tran-disk power spectrum of the median combined image, then?

sit. The raw images were processed withce prep and 108
trace_dark-sub (version 2.00). We followed the method de- ———— _ - 109
= X . ftp:// .as. .edu/pub/NICMOS/software/analysis/idp3.tar.
scribed byAschwanden et al(2000 in reducing TRACE pilinicmos.as.arizona.eduibu sofwarelanalysisiaps-1ar.

. . 9z
data to produce images with dark current removed and = 4 fy:/nicmos.as.arizona.edu/pub/NICMOS/software/testing/pspect.tart:t

pedestal-corrected count rates. gz 112
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Fig. 5. A series of images of the 15 November 1999 near-grazing transit
of Mercury, observed with a temporal cadence~088 s, in the TRACE

“White Light” band. The images, spanning 21 minutes, fully tile the ingress
phase of the transit from 21:18:45 through 21:49:56 UT. Note the emer-

gence and evolution of the Black Drop effect especially beginning at frame 87
35 (21:40:23 UT) and persisting until the end of the series.

84
85
86

Fig. 6. Post-processing of a representative image (frame 50, 21:49:56 Lﬁg)
to remove image artifacts. (A) Before post-processing, frame-dependefft
removed from the individual frames in a manner similar to Pattern noise and horizontal signal gradient degrading the image is read-
the higher amplitude, lower frequency noise. The horizon- ily apparent. (B) Median combination of all 50 frames, after removingy;
tal si | dient ' df | di . frame-dependent pattern noise (inset at &nd horizontal intensity gra- 92
a S|gnq gradient was measured from co u_mn'me 18NS 1N yient removed and intensity re-scaled to illustrate higher frequency nois\?
the off-disk background after both pattern noise components c) Final post-processed individual frame (compare to (A)) after remov2®
were removed, and then was column-wise subtracted froming frame-independent high frequency noise and horizontal signal gradiet
the individual framesKig. 60). (D) Enlargement of the disk of Mercury in silhouette. The Black Drop ef-95
With the removal of these artifacts, the image quality was fect is dar_kened region beMeen the “gpper" part of the mercurian disk ang
_ . . the solar limb, also shown isophotally in panel (E).
sufficiently improved to examine the nature of the Black
Drop effect with a differential photometric accuracy of a few 98
percentFigs. 6D and 6} The Black Drop effect, while less ~ mental point-spread function (PSF) to understand (and te
significant than in most ground-based images, where the typ-reproduce, or remove) its contribution to the Black Drop efzoo
ical time-variable daytime “seeing” disk is a few times larger fect. The TRACE WL PSF has a very nearly Gaussian core:
than the TRACE resolution, is readily apparent in the space- and, in analytic form, its higher order Airy structure is well102
craft images. The isophotal contoursHiy. 6Eclearly show represented by the classical diffractive prescription of a cemes

97

the morphology of the phenomenon. trally obscured circular aperture. In all that follows, we adoptos
this simple, but high fidelity surrogated to a more detailedos
2.2. Solar limb darkening (but unavailable) mapping of the TRACE WL PSF. 106

To remove the heliocentrically radial effects of limb dark-zo7

Because the edge of the solar disk is limb darkened, theening Fig. 8), we built and subtracted a model image of theos
(back-lit) illumination function for the mercurian disk is ra- PSF-broadened azimuthally averaged photospheric brighge
dially asymmetric Fig. 7). The anisotropic surface bright- ness profile from each image. This process collapses tive
ness of the illumination function (that is, of the photosphere) radial dynamic range so that the mean intensities in any re-
must be considered in convolution with the TRACE instru- gions of the photosphere (averaged over spatial scales larger
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Fig. 7. Solar limb darkening as it affects the Black Drop effect. The
observed limb-darkening profile (implicitly convolved with the TRACE
white-light point-spread function) is measured from a heliocentric az-
imuthally medianed radial intensity profile from the median combined im-
age showrt-ig. 6Band is over-plotted to scale with the mercurian disk.
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Fig. 9. The 0.8—1.2nercury ellipse fit solutions (at Osmercury intervals) 73
overlaid on the processed image from 21:49:56 UT.

74

75
brightness gradient and the brightness discontinuity at thg

solar limb boundary. 77
The globally background-flattened silhouetted images of
the mercurian disk (e.gfig. 8Q show no evidence of
the Black Drop effect. While the edge of the mercurian,
disk is blurred by the instrumental PSF, intrinsic backsg;
ground brightness variations from photospheric granulatiop
(e.g.,Fig. 8D) dominate the uncertainties in re-measuring,
the circum-mercurian intensity isophotes. Compare, respeg-
tively, Figs. 6C and 6D(observed, before subtraction) togs
Figs. 8C and 8D(after correcting for PSF-broadened limbgg
darkening). Instrumental “blurring” by the TRACE PSF isg;
repeatable due to the stability of the platform, unlike othgg
erwise analogous atmospheric blurring in (seeing-limitedy),
ground-based observations. %
With the limb-darkened solar photosphere and the off;
disk background flattened as described, the intensity isophg-
tes around the mercurian disk were statistically indisting,
guishable from circularly symmetric as determined from,
least-squares ellipse-fittingiQ. 9). o5
96

2.3. Image deconvolution 97
98

After removing the effects of the PSF-broadened limbgg
darkened background, the observed mercurian disk,
(Fig. 10A) is itself still broadened in convolution with the 4,
TRACE WL PSF. To quantify the magnitude of this effect,,,
we deconvolved our post-processed imagesy. 10B—10F 45
via a modified form of the Richardson—Lucy (RL) metfod ,,,

Fig. 8. The result of subtracting the PSF-broadened azimuthally averaged (Snyder, 199) For the deconvolution kernel we built poly- ;5

photospheric brightness profile from each image (A). The image below (B) chromatic moqel PSF&(g. 10D) as the linear superposition g
is stretched to better show the mercurian disk and photospheric granulation.monochromatic PSFs, spaced by 50 A 1% of the cen- o,

The images of the mercurian disk are enlarged in (C) and (D).

tral wavelength of the band pass), and intensity-weighted hy;
the product of the instrumental response function and thg,

than the photospheric structures, and except where Mercury 110

appgars) and of the b?-Ckground are equal. B_y doing SO, W€ 5 fip://nicmos.as.arizona.edu/pub/NICMOS/software/analysis/lucy.tar. **
eliminated the underlying PSF-broadened heliocentric radial gz 112
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A

These results may be improved further by the application of
a higher fidelity representation of the TRACE WL PSF irfs

the deconvolution process. 59

60
2.4. Residual edge“ softening” and diffraction 61
62

. . . . 63
The edge of the mercurian disk is not geometrically sharg1
even after fifty iterations of the damped RL deconvolution
procedure Fig. 9P, but has a residual photometric hah‘—66
width of ~ 1.13 pixels (056"), ~ 6% of Mercury’s diameter.
Some of this may be attributed to instrumental scatterin
and some due to the imperfect fidelity of the model PSE/
employed in the deconvolutions, though other contributory,
Fig. 10. Image deconvolution by the RL method. (A) Observed image of mechanisms may exist. For example, sunlight is difffaCteH
mercurian disk in silhouette (inverted) after removing the limb-darkened around the edge of the mercurian disk and reaches the ab-
background. (B) After 10 RL iterations. (C) Residuals (A)~(B). (D) The ~server along lines-of-sight which would otherwise be in the,
Gaussian core of the model PSF (|nd|pat|v¢ of the size Qf a resolution ele- geometrical shadow of Mercury. Hence, the disk does n%
ment). (E) and (F) After 20 and 50 RL iterations, respectively. appear to be uniformly dark, in part, because the mercy;
Riiliis (kilbiiisters) rian disk seen in silhouette acts as a diffracting aperturg;
800 1600 2400 3200 4000 480 It was previously suggested that diffraction of sunlight by,
1 =1 Il L the back-lit mercurian disk is inconsequential in considering
— s . ‘ the Black Drop effec{Schaefer, 2001a, 20010 evaluate
£ / this conjecture, we performed a numerically rigorous twog,
i/ ‘ dimensional polychromatic diffraction calculation. We ex,;
// amined the effect of Fresnel diffraction under the broad pags

0.6 band of the TRACE WL instrumental response (indepeng

/ dent of the instrumental PSF), and found that while still of,
very little consequence, the effects of edge diffraction werg

// underestimated by Schaefer. In our diffractive calculationg
we treated the illumination function as a dense rectangulgy

7 grid of polychromatic point sources tiling the mercurian dislgg
0 i (10 mas inter-point spacing; 5 km at the distance of Melg
N cury). We computed the wavelength-dependent intensity ef
T / all points in a grid of circum-mercurian field points as a;

‘ A | | function of their positions with respect to the geometricad,
0 ) 4 6 ) 10 edge of the planet’s disk and their distance from the solas
Radius (arcseconds) limb (Evans, 1970; Nather and McCants, 197 doing o4

so0, before co-addition, we intensity-weighted every point igs
each of the 168 (50 angstrom wide) wavelength intervals hy

0.4

0.2

Normalized Background Intensity

-0.2

Fig. 11. Azimuthally medianed radial profiles of the observed and decon-
volved images of the mercurian disk (corresponding-itgs. 8A and 8(;

the TRACE WL model PSF and the residuals. the product of the TRACE instrumental response (sensitigr
ity) function and a limb-darkened solar spectrum (for severat
radially dependent spectral energy distribution of the limb positions of Mercury near the solar limb). %

darkened solar photosphere. PSF broadening, which blurs We characterize the “sharpness” of the rising radial edgeo
the limb, also darkens the region interior to it, and brightens of the resulting two-dimensional intensity pattern as the dige:
the exterior regionKig. 100. tance between the point of geometrical tangency of the linesz

We compared the azimuthally medianed radial profile of of-sight to the mercurian limb and the point at which theos
Mercury before and after ten damped iterations of the RL intensity has risen (before the first spatially and polychraeos
deconvolution procedure={g. 11) and found the planets matically broadened diffractive maximum) to its unoccultedos
photometric radius- 0.55” (~ 270 km) narrower in the de-  intensity Schneider, 1985 This distance is~ 43 km at 106
convolved image. This result was repeatable for all of the the distance of Mercury (though, in detail, this is somewhat?
WL images during, and after, the photospheric limb tran- dependent upon Mercury’s position on the limb-darkeneds
sit of Mercury. Because the TRACE PSF is both temporally disk). This is only~ 1/6 of a TRACE pixel, or~ 9% the 109
stable and critically sampled by the detector, image decon-width a WL resolution element, and hence is observationallyo
volution (in high S/N images such as these) is a pathway to undetectable, and not a significant contributor to the Black:
improving on the instrumentally limited spatial resolution. Drop effect. 112
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3. Conclusion

The principal cause of the Black Drop effect, which has
historically impeded ground-based planetary transit mea-
surements, is optical broadening resulting from the convo-
lution of the systemic PSF with the planetary and limb-
darkened solar disks. TRACE observations are free from
PSF instabilities caused by “seeing” in the terrestrial at-

NAG 5-3042 is acknowledged. We are indebted to Ted Tap?
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