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Preface 
It takes many people to have a successful conference, starting with the Conference Committee. This year the 
regular committee members are: 

 
Lee Snyder  Robert Stephens 
Robert Gill  Jerry Foote 
Cindy Foote  Margaret Miller  
Brian D. Warner   Robert Buchheim 
Dale Mais 
 
There are many others involved in a successful conference. The editors take time to note the many volunteers 
who put in considerable time and resources. We also thank the staff and management of the Northwoods Resort 
in Big Bear Lake, CA, for their efforts at accommodating the Society and our activities. 
  
Membership dues alone do not fully cover the costs of the Society and annual conference. We owe a great debt 
of gratitude to our corporate sponsors: Sky and Telescope, Software Bisque, Santa Barbara Instruments Group, 
PlaneWave Instruments, and Apogee Instruments, Inc. 

 
Finally, there would be no conference without our speakers and poster presenters. We thank them for making 
the time to prepare and present the results of their research. 
 
 
Brian D. Warner 
Jerry Foote 
Robert Buccheim 
Dale Mais 
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Epsilon Aurigae in Total Eclipse, 2010 – A progress report 
Robert E. Stencel 

Meyer-Womble Observatory 
© University of Denver Observatories, Denver CO 80208 USA 

rstencel@du.edu  

Abstract 

The enigmatic eclipsing binary, epsilon Aurigae, has once more entered a rare eclipse phase, for the first time 
since 1983. A wonderful array of photometric and spectroscopic observations is underway, thanks to the eclipse 
observing campaign and its participants. In addition, breakthrough results have emerged from infrared and ultra-
violet observations, and especially with interferometric imaging that revealed the long suspected dark disk in 
transit, plus new optical spectra that are revealing substructure inside the disk itself. Implications of many of 
these observations are discussed, but as the eclipse data are still being collected, I anticipate additional discov-
eries still to come, throughout 2010, and beyond. 

1. Introduction 

Epsilon Aurigae (ep-si-lon Awe-rye-gee) is an 
Algol-like, very long period eclipsing binary. The 27 
year eclipse interval includes a nearly 2 year eclipse 
duration, wherein visual magnitude drops from 3.0 to 
3.8. As of this year’s SAS symposium, we’ve seen 
the start of the first eclipse of the millennium, during 
2009 August, with totality reached during 2010 
Janunary, predicted to last 15 months, through 2011 
March. The end of eclipse is expected during 2011 
May. For up-to-date details, see the online newslet-
ters (Hopkins, 2010). This will be only the seventh 
documented eclipse in history (2010, 1983, 1956, 
1930, 1902, 1874 and 1847). For additional detail 
about epsilon Aurigae, see Stencel and Hopkins 
(2009, SAS), along with the book about the star by 
Hopkins and Stencel (2009), and feature articles in 
the 2009 May issue of Sky & Telescope, 2009 Octo-
ber in Astronomy, and the 2010 February issue of 
Astronomy Now and elsewhere. 

The bright eclipsing binary star, epsilon Aurigae, 
has long fascinated astronomers who could determine 
the nature of one companion star in the system, but 
not the other (Guinan and Dewarf, 2002). The crux of 
the problem was that the apparent early F supergiant 
star in this single lined spectroscopic binary, should 
have a comparably massive secondary. However, the 
secondary is vastly under-luminous for the presumed 
mass. Various models have been proposed, but the 
preferred model involves a disk of material obscuring 
a fairly normal companion star (Huang, 1965, 1974). 

I am happy to report that an unprecedented series 
of observations are underway in photometric, spec-
troscopic, polarimetric and interferometric modes. 
Theory is advancing as well, as discussed below. 

Photometry and spectroscopy campaign efforts, light 
curves and eclipse timing results to date are discussed 
in a companion paper by Jeff Hopkins, at this meet-
ing (recommended reading). 
 
2. Development #1: The Complete 

Spectral Energy Distribution (SED). 

As reported by Hoard, Howell, and Stencel 
(2010, hereafter “HHS”), data have become available 
that span a wide spectral range, from the far-
ultraviolet, through the visible range and out into the 
far-infrared. Because of calibration efforts, it has 
proven possible to combine these well calibrated data 
into a complete and self-consistent picture of the 
sources of light in epsilon Aurigae. Key to under-
standing this result is that interlocking requirements 
of distance and other constraints on F star diameter, 
drive us to these self-consistent conclusions. 

Clearly the F star dominates much of the visible 
portion of the spectrum (Figure 1), and for the Hip-
parcos distance of 625pc, given the interferometri-
cally determined diameter, 2.27 ± 0.11 milli-arcsec, 
then the F star radius is 135 ± 5 solar radii. The en-
ergy distribution is well described by a 7750K sur-
face temperature and log gravity = 1.0 atmospheric 
model. Subtracting this well-defined F star leaves 
two residual signals: In the far-ultraviolet, extra flux 
beyond the well-fit optical region can be fitted by a 
B5V star, with a nominal mass equal to 5.9 solar 
masses and radius of only 4 solar radii.  

In the infrared, clearly an excess signal is present 
above the F star, and this is the cold disk previously 
measured to have a 550K temperature. The total flux 
from the disk defines a luminosity and hence a total 
surface area. Using eclipse length as a width con-
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straint (radius 3.8 AU), the implied thickness is 0.9 
AU, consistent with the depth of eclipse – that is, the 
disk does not fully cover the F star. 

 
Figure 1: The ultraviolet-optical-infrared spectral energy 
distribution of epsilon Aurigae. 

3. Development #2 - Interferometric 
Imaging 

A list of the major technology advances since the 
1983 eclipse has to include computers and computer-
aided positioning control with lasers (metrology). 
Both play a key role in inteferometry – the ability to 
combine the light from separate telescopes and 
thereby achieve the diffraction-limited resolution of 
their effective apertures. For example, a single one-
meter aperture telescope tends to be seeing-limited to 
about one arcsec, although its theoretical diffraction 
limit is 1.22 (wavelength/aperture) = 7 x 10-7 radians 
or 0.1 arcsec at V band. Two one-meter telescopes 
separated by 100 meters, interferometrically linked, 
can achieve 100 times that resolution, or 0.001 
arcsec, which is called 1 milli-arcsec. The Sun at the 
distance of alpha Centauri would subtend 7 milli-
arcsec. Interference fringes indicate the angular size 
of a resolved object in a line perpendicular to the 
separation of the two telescopes. With this two tele-
scope technique, we have measured the pre-eclipse 
diameter of the F star in epsilon Aurigae to be 2.27 ± 
0.11 milli-arcsec (Stencel et al., 2008), which at the 
estimated 625 pc distance, means the star spans 135 
solar diameters!  A super-giant among stars! 

With multiple telescopes interferometrically 
combined, it is also possible to achieve phase clo-
sure, which means being able to create images in the 
computer, using certain assumptions. This technique 
has been used at the Mt. Wilson CHARA array and 
its MIRC imager to see the start of eclipse last au-
tumn, as shown in Figure 2. 

 
Figure 2: Ingress images of epsilon Aurigae, on the sub-
milli arcsecond spatial scale, during ingress 2009 No-
vember and December.  

This pair of images, and hopefully more to fol-
low, already demonstrate that the basic disk model 
(Huang, 1965) is correct, with modifications to ac-
count for disk shape. As reported by Kloppenborg 
and Stencel, et al. (2010), the direct measured motion 
of the disk when combined with the well-known F 
star orbital motion allows us to determine the mass 
ratio. Surprisingly, the F star mass is only 2/3 of the 
disk plus its contents. Adopting results of HHS 
(2010), the 5.9 solar mass central star in the disk im-
plies an F star of 4 solar masses, or less – hardly a 
massive supergiant, but more likely in an unusual 
post-AGB state of evolution. Given the opacity and 
volume constraints on the disk, we estimate the disk 
mass to be of order Earth mass – similar to other de-
bris disks – like those known to surround beta Pic-
toris and Vega.  

Some of the questions resulting from direct de-
tection of this disk are being considered as part of a 
doctoral dissertation by my thesis student, Brian 
Kloppenborg at the University of Denver. These in-
clude determining the state of evolution of the binary 
and its components; finding the cause of the out-of-
eclipse light variations (hot spots on the F star?  
circum-binary clouds?); making sense of the chang-
ing lengths of eclipse ingress, totality and egress rela-
tive to the size of the F star and the disk; exploring 
the implications of disk structure and sub-structure 
(next section), and other questions. Does a disk that 
forms after a mass transfer event always surround the 
more massive star in the resulting system?  Does the 
resulting lightweight star, if convective, end up with 
tidally-raised spots? 
 
4. Development #3 - Spectroscopic 

“Imaging” and Disk Sub-structure. 

As mentioned, among the campaign observers 
are those pursuing spectroscopic monitoring. One 
important result has already emerged thanks to Robin 
Leadbeater and his Three Hills Observatory in Cum-
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bria, north of England. His steady recording of spec-
tra, including the neutral potassium line at 7699A, 
resulted in a startling find: even prior to optical 
eclipse, the line strength was increasing, and increas-
ing in a step-wise fashion. This trend continued into 
totality, thus far – see Figure 3. During last eclipse, 
Lambert and Sawyer (1986) had monitored this same 
line but their coverage was less frequent and did not 
reveal the wonderful details seen by Leadbeater. 

 
Figure 3: Variation of the excess equivalent width of 
neutral potassium in epsilon Aurigae during ingress. 

Robin had been asking everyone in the campaign 
how to make sense of this, and finally, during 2010 
February, it occurred to me that the slopes repre-
sented regions in the disk of enhanced density – 
“rings” separated by relative “gaps” – these I named 
A, B, C, D, E and F in their order of appearance dur-
ing ingress. These density structures are being seen 
indirectly, by their effect on the atmosphere of the 
disk – wherein the neutral potassium line strength can 
be measured in the background F star light, assuming 
the disk itself to be dark and opaque, per the interfer-
ometric results. The word ring implies a circular 
symmetry, but we could easily be dealing with arcs 
or even spiral structure in the disk. Details of this 
interpretation are available in an online paper by 
Leadbeater and Stencel (2010).  

The appearance of the C ring coincides with the 
start of optical eclipse (RJD 55,060), and the gap 
between C and D coincides approximately with the 
ring gap discovered by Steno Ferluga (1990) and the 
brightening seen during ingress around RJD 55,150. 
Indeed, two of the steeper declines in light during 
ingress coincide with rings C and D, and the soften-
ing of light decline slope after each corresponds to 
neutral potassium line strength plateaus (gap CD and 
gap DE). The C and D ring interior edges appear to 
coincide with local minima in the B and U filter light 
curves as well – coincidence?  If anything, the C ring 
then CD gap correlate well with a redder then bluer 
U-B color, circa RJD 55150 (see photometry report 
by Jeff Hopkins, this meeting). 

Disentangling the effect of rings and gaps from 
the light curve is an area of active investigation, 
given the overall complication of the “out of eclipse” 
(OOE) light variations arising from an uncertain but 
bright source in the system. It would be tempting to 
think that a series of semi-opaque clouds associated 
with disk structure could account for the OOE, but F 
star pulsation, or the production of photospheric hot 
spots could be responsible. The long term photomet-
ric record assembled by Lou Boyd and Jeff Hopkins 
does suggest that the amplitude of OOE variations 
are larger near times of eclipse and less at other times 
farthest from eclipse. Further study will be needed to 
determine the role of periastron passage, secondary 
minimum and/or circumbinary material in contribut-
ing to the OOE variations. 

Another potential test of this ring structure hy-
pothesis would be matching the polarization varia-
tions reported by Kemp et al. (1986). F star light 
“glinting” off of each ring-like cylinder could give 
rise to extra polarization through eclipse and out. 
Kemp's data started circa RJD 45200, which 9,890 
days later, translates to RJD 55090, slightly after first 
contact. Kemp reported polarization in Q = [I(0o) – 
I(90o)] and U = [I(45o) – I(135o)], where I is the 
measured brightness at the given polarizer angle. 
Roughly speaking, as Q declined, U increased during 
several in-eclipse fluctuations. Kemp reported polari-
zation minima in Q near RJD 45300 and 45390, and 
polarization maxima near 45350 and 45440. These 
ingress minima translate to RJD 55190 [DE ring gap] 
and 55280 [local V band brightening 2010 March], 
current epoch. The maxima translate to 55240 [F 
ring] and 55330 [not yet observed]. Thus, we have 
preliminary support for these correlations, but will 
need to continue the monitoring to be certain. After 
mid-eclipse, Kemp shows a relative Q maximum near 
45700, which is 55590, late Jan.2011. Also, comput-
ing spectro-polarization in H-alpha profiles from 
such geometry is feasible these days, and could pro-
vide additional confirmation. 

One benefit of the neutral potassium work is the 
ability to make specific predictions for substructure 
transit times during egress, as follows: 

 
2010 Aug 4: Adopted mid-eclipse RJD 55413. 
2010 Dec 19: Disc east inner rim 55550. 
2011 Jan 14-30: F ring crossing 55576 – 55592. 
2011 Feb 9-18: E ring crossing 55602 – 55611. 
2011 Mar 19: 3rd contact, predicted 55640. 
2011 Mar 28-Apr 15: D ring crossing 55649 – 55667. 
2011 May 13: 4th contact, predicted 55695. 
2011 May 23-Jul 24: C ring crossing 55705 – 55767. 
2011 Aug 19-Sep 13: B ring crossing 55793 – 55818. 
2011 Oct 15-28: A ring crossing 55850 – 55863. 
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During the last eclipse, egress was very rapid, 
only 65 days, compared with 146 days recent ingress, 
per Jeff Hopkins. Should this difference recur, then 
either a symmetric C ring is not equally responsible 
for the first and fourth contacts, or the C ring is far 
from symmetric, relative to the disk center. The latter 
is feasible because as the disk rotates, the egress half 
of the disk is exposed to the heat of the F star, raising 
the disk temperature and sublimating materials. This 
effect has been seen in anomalous CO absorption 
appearing after mid-eclipse last cycle (Hinkle and 
Simon, 1987). This changes the optical and infrared 
opacity and will affect the light curves. Efforts are 
underway to repeat that series of near infrared spectra 
as well, and the photometry is equally well important. 
 
5. Development # 4: Theory  

Two key questions still need to be addressed: the 
evolutionary status of the F star, and the dark disk’s 
origin and fate. Together, the answers will form the 
basis for understanding the evolutionary status of this 
unique binary. 

First, the F star: Given the SED and mass ratio, 
we face an Algol paradox – the less massive F star 
appears to be the more evolved one, with the lumi-
nosity of a supergiant, sustained by core fusion or in 
some very transient ballooned state, like a post-AGB 
star. However, the implication is that several solar 
masses of material were shed by the F star that per-
haps was 6+ solar masses to begin with. But where is 
that missing mass?  Neither IRAS nor AKARI far-
infrared imaging detects any trail of dust left behind 
from a big mass loss episode.  

When I suggest that a post-AGB star is present 
in the system, it doesn’t necessarily imply that the 
star ever cooled down to an effective temperature like 
that of an M star (~3500K). If it stayed hotter than G 
(~6000K), the UV output could have remained high  
enough to sublimate any dust, leaving only gas in the 
wake of the system, which would still be ionized and 
an easy GALEX detection, in principle. One hy-
pothesis is that little dust survived the UV radiation 
environment during mass loss in this system, except 
for that collected into the dusty disk itself. Here’s a 
speculative, extreme view: because it is a binary, the 
now F star attempted to get rid of 3+ solar masses but 
much of it remained trapped as gas filling both Roche 
lobes while some collapsed into the disk around the B 
star and still more of it raining back down onto the 
now F star. Webbink (1985) discussed options like 
this in binary star evolution theory, but new calcula-
tions are needed. Because the orbital separation is so 
large, perhaps this special case occurs. As always, we 
need to find clever ways to test these ideas. 

If the F star is in some hyper-extended post-AGB 
configuration, one could look for asteroseismic signa-
tures to be present. These are large convective cells 
or global oscillations that contribute to the well-
known but not understood out-of-eclipse light varia-
tions. There is a hint of hot spots in the initial inter-
ferometric images, and tidal effects from the massive 
neighbor in an eccentric orbit might be important in 
sustaining F star envelope instabilities. This sort of 
study can be pursued even post-eclipse. 

Second, the disk and its contents: As early as 
1924, Ludendorff remarked that the eclipse could be 
caused by a “swarm of meteorites”. Kopal (1954) 
introduced the notion of a large dark disk as the 
eclipse cause, and Huang (1964, 1974) elaborated 
this disk model to account for eclipse details. In a 
prescient paper, Takeuti (1986) describes the implica-
tions of the low mass model proposed by Saito, and 
describes the nature of a low mass disk heated by 
radiation from both stars in the binary. The balance 
of this eclipse will provide tests for Takeuti’s ideas.  

For perspective, given the binary star parameters, 
the outer portions of the dark disk has a Keplerian 
rotation period of nearly 3 years (Lissauer et al. 
1996), implying that material in the disk faces the F 
star frequently  (possibly resonantly) during the 27.1 
year orbital period. Saito et al. (1987) wondered 
whether or not a UV drive shock exists in the dawn 
quadrant of the disk. Their model addresses the gas 
component, most sensitive to ionizing radiation. One 
would need to compute a model for this, but, intui-
tively, the ionization would cause expansion of the 
gas, which would probably drag along some of the 
dust or further segregate dust in the plane from a 
gaseous envelope of the disk. The shell line spectrum 
that resembles the F star is undoubtedly from a 
source like this. If potassium and sodium are driven 
off dust particles by UV radiation, as is the case for 
Mercury and Io (Schaefer and Fegley, 2009), they 
might still trace the underlying ring/spiral structure in 
the dusty disk. I’m hoping our next set of interfer-
ometric images can see more so into this portion of 
the disk/central clearing and map the second half of 
the disk in detail, thus perhaps help disentangle the 
role of some of these processes at work. 

Does the disk in epsilon Aurigae resemble other 
so-called debris disks, like beta Pictoris and others?  I 
think it makes a useful hypothesis for these reasons:  
First, there is a strong infrared excess relative to the F 
star photosphere, fitted by a 550K source (Hoard et 
al., 2010; Backman and Gillett, 1985). The IR lumi-
nosity of the disk implies a large surface area, which 
can be fit by an HHS disk, 0.95 AU thick and 7.8 AU 
long, as constrained by eclipse depth and duration. 
Thus, it is now established that the disk exists, as 
confirmed by interferometric imaging. Second, epsi-
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lon Aurigae presents a featureless IR spectrum, 
which is often interpreted as caused by a large dust 
grains in excess of 1-micron size. This has been re-
cently confirmed via a series of spectra obtained with 
IRTF Spex (JHK, Stencel), BASS (10 micron, thanks 
to Michael Sitko), MIRAC4 (10 micron thanks to Joe 
Hora), plus my own Spitzer IRS spectra in 2005/06 
used in the SED study. All of these show a smooth 
continuum and weak H recombination lines in emis-
sion – no sign of ices or molecules in either pre-
eclipse spectra, or thus far among in-eclipse ones 
(thru 2010 mid-March). I have asked for time to look 
for the CO lines at 2.3 microns expected to re-appear 
after mid-eclipse, and will re-propose to get MIRAC 
10 micron spectra at the MMT/Whipple 8 meter to 
contrast the featureless spectra obtained there in 2010 
January in collaboration with Joseph Hora (CfA). 

To a first approximation, YSO disks are still ac-
creting ISM materials from their associated collaps-
ing protostellar cores and thus still show strong near-
IR and mid-IR spectral features of ices, water and 
silicates. In contrast, debris disks have “aged” enough 
for everything to condense into icy sub-planetessimal 
bodies (mm-km) and give rise to their featureless IR 
spectra. If so, then epsilon Aurigae more nearly re-
sembles a debris disk case than a YSO type. Is there 
another class of disk that results from the mass trans-
fer case? Perhaps. What are those distinguishing fea-
tures of such a disk relative to YSO and debris cases?  
Obviously the UV irradiation has been “toasting” the 
epsilon Aurigae disk for some time. In any event, all 
these questions point to a key parameter – the AGE 
of the system, relative to a mass transfer event. I sus-
pect and hope to prove that this disk is dynamically 
young and there may be “a lot of junk” still moving 
about in the Roche lobes of both components. If we 
are fortunate to complete this eclipse with the con-
tinuation of as much fine data as has been seen to 
date, these questions will be better addressed. 
 
6. Mid-eclipse and Egress 

The eclipse is forecast to continue throughout 
2010 and well into spring 2011. Previous eclipses 
have shown persistence past optical egress in some 
indicators, like K I 7699A and the near IR CO bands. 
In addition to encouraging optical and spectroscopic 
monitoring to continue, here’s hoping that telescope 
Time Allocation Committees will recognize the value 
of this singular observing opportunity, as epsilon 
Aurigae begins to conclude its first eclipse of the new 
millennium. Beyond the eclipse itself, additional per-
haps robotic monitoring of the optical brightness of 
the system has merit to establish the persistence of 
previously noted post-eclipse variations. Insofar as 

possible, look for updates to appear at 
www.twitter.com/epsilon_Aurigae . 
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ABSTRACT 

The mysterious star system epsilon Aurigae undergoes an eclipse every 27.1 years that lasts nearly two years. 
The most recent eclipse started during the late summer of 2009. An international campaign for observing this 
eclipse was created in 2006, with a web site for information and, to-date, 17 periodic newsletters for details, as 
well as a Yahoo forum List for immediate announcements and comments. Photometric data in the UBVRIJH 
bands have been submitted. Ingress occurred with first contact in the V band estimated at the second week of 
2009 August and second contact estimated at 2010 mid-January. Spectroscopic data were also obtained during 
ingress. Spectroscopic data have been provided in the potassium I region, hydrogen alpha and beta regions and 
sodium D line region of the star system's spectrum. In this paper we describe details of observations and prelimi-
nary analysis during ingress and second contact. We introduce the observers and discuss plans for observing 
throughout totality and the end of the eclipse in 2011. 

1. Introduction 

During the 1982-1984 eclipse of epsilon Auri-
gae, an international Campaign was started. The 
Hopkins Phoenix Observatory was the focal point for 
that campaign. Thirteen Newsletters were published 
and distributed around the world. At the conclusion 
of the campaign, a NASA-sponsored workshop was 
held in Tucson, Arizona, in conjunction with the June 
1985 American Astronomical Society meeting, re-
sulting in published proceedings (Stencel, 1985). 

Now 27 years later, epsilon Aurigae is back in 
eclipse between 2009 August and 2011 May. A new 
international campaign was started in 2006. The 
campaign consists of professional and advanced ama-
teur observers from around the world who have con-
tributed high-quality and valuable spectroscopic and 
photometric data on the epsilon Aurigae star system. 
This paper discusses the ingress and second contact 
portion of the current eclipse as well as providing 
information on the observers who have contributed 
data for this period. For reference we include Figure 
1 which shows a system schematic using the “High 
Mass” model which was the prevailing model for 
most of the 20th century. 

 
Figure 1. Epsilon Aurigae system schematic. 

2. Campaign Communication 

During the previous eclipses and campaigns, 
communication was limited to in-person meetings, 

telephone calls and postal mail. With observers lo-
cated around the world, meetings were extremely 
difficult and expensive. Telephone calls were also 
expensive and not efficient for getting news to many 
people. The use of postal communication was much 
more efficient, but very slow. A month or more went 
by between newsletters. With the advent of the Inter-
net, we now have near instantaneous communication 
around the world. In addition, newsletters are created 
more easily and published on the Internet in high 
quality PDF format that includes data lists, diagrams, 
and photographic images. These newsletters can be 
downloaded by anyone. A very popular and powerful 
feature of the Internet is the use of on-line forums. 
People can post a message and receive comments 
near instantaneously as well as sharing images and 
data. 

In 2006 May, the Hopkins Phoenix Observatory 
created a web site devoted to epsilon Aurigae and the 
current campaign. We have published 17 newsletters 
for this campaign. They are available free as PDF-
format files. There is also a vast amount of reference 
material on the site. In the fall of 2009, a Yahoo fo-
rum was created to allow near instantaneous commu-
nication with all those interested in the campaign and 
epsilon Aurigae. The web site URL is 

 
http://www.hposoft.com/Campaign09.html 
  

One can sign up for the forum at 
  

http://tech.groups.yahoo.com/EpsilonAurigae/ 
 

3. Campaign Equipment 

During the 1982-1984 eclipse, personal com-
puters were just becoming available. The Internet, 
affordable CCD and DSLR cameras did not yet exist, 
and spectroscopy by a small observatory was unheard 
of. This eclipse is benefiting from many technologi-
cal advances. Many smaller observatories are con-
tributing spectroscopic data. In addition to the single 
channel photometers, e.g., PMT-based photon count-
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ers, and PIN diode-based SSP-3 and SSP-4, CCD 
photometers are also making valuable contributions. 
What is even more astounding are the contributions 
from observers using Digital Single Lens Reflex 
(DSLR) cameras, without a telescope and just 
mounted on a tripod. Excellent V band data are being 
provided by those using the DSLR cameras. For 
spectrometry, the Lhires III spectrograph has proven 
affordable and an excellent tool for the small obser-
vatory. 

 
4. Photometric Data  

Full resolution images of the following plots can 
be seen on-line at the following links: 

 
http://www.hposoft.com/Plots09/VFall09.jpg 
http://www.hposoft.com/Plots09/UBFall09.jpg 
http://www.hposoft.com/Plots09/RIFall09.jpg 
 
Figure 2 shows a plot of composite V band 

photometric data contributed by 18 observers. The 
plot covers slightly before first contact to just after 
second contact. 

 
Figure 2. V Band composite photometric data. 

Figure 3 shows a plot of composite U and B 
band photometric data contributed by 6 observers. 
The previous season’s data showing the out-of-
eclipse (OOE) variations are included. A significant 
step or knee can be seen in the data during ingress 
with it being more pronounced in the U band. 

 
Figure 3. U and B band composite photometric data. 

Figure 4 shows a plot of composite Rj, Rc, Ij and 
Ic band photometric data contributed by 5 observers.  

 
Figure 4 R and I band composite photometric data. 

5. Photometric Analysis 

The goal of our eclipse photometry is to be able 
to better define times of contact, that is, the start of 
partial and total eclipse. Clearly the light curve has 
additional light variation superimposed on it that 
complicates the analysis. The OOE variations were 
described in a poster paper presented at the American 
Astronomical Society meeting in 2010 January by 
Brian Kloppenborg, Robert Stencel, and Jeffrey 
Hopkins:  
http://adsabs.harvard.edu/abs/2010AAS...21541938K 
 
All tables are presented at the end of this paper. 

 
Examining the photometric record created by 

Lou Boyd and Jeff Hopkins spanning the interval 
between eclipses, it appears that the OOE are more 
pronounced in the years nearer eclipses and less 
marked in-between. As seen in Figure 5, the OOE 
max in V band near RJD 5150 appears to correlate 
with a smallest (bluest) U-B color. Further study will 
be needed to determine the role of periastron passage, 
secondary minimum and/or circumbinary material in 
contributing to the OOE variations. 
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The OOE variations are present during the in-
gress and throughout the eclipse and will cause prob-
lems whenever a precise magnitude is needed. Be-
cause these variations appear to be random in timing 
and amplitudes, it is not possible to predict their ef-
fect with any degree of accuracy. For the average 
UBV magnitudes OOE, the several years of pre-
eclipse UBV data obtained at the Hopkins Phoenix 
Observatory were used (Table 1). For the average 
during totality, the average UBV values from totality 
during the 1982 -1984 eclipse were used (Table 2). 

 
Figure 5. OOE-like variations during ingress. 

There are insufficient data for the R and I bands 
to determine contact times. There was essentially 
very little pre-eclipse data in these bands and data 
from the 1982-1984 eclipse have very little coverage 
in these bands. Table 3 lists the first contact times 
from the 1982-1984 eclipse. Table 4 lists a summary 
of the first and second contact times, ingress slopes, 
ingress times and periods along with the differences 
between the current eclipse and the 1982-1984 
eclipse. These data were calculated using Hopkins 
Phoenix Observatory UBV data. 

Table 5 lists a summary of the first and second 
contact times, ingress slopes, ingress times and peri-
ods along with the differences between the current 
eclipse and the 1982-1984 eclipse. These data were 
calculated using current campaign's composite data. 

 

5.1 Determination of  Average Contact Points 

To determine the contact points, ingress times 
and periods, the two sets of data, HPO and compos-
ite, were averaged. Table 6 shows the results. After 
having determined the timings for first and second 
contact, then the orbital velocities are critical values 
for determining sizes in the star system. Since the F 
star and eclipsing body orbit a common center of 
gravity, they have their own orbits. The F star orbital 
or translational velocity during ingress 2009 was 
15.42 ± 0.42 km/sec (Kloppenborg et al., 2010). The 
velocity measured with interferometry was 25.10 ± 
4.65 km/s. This means the eclipsing body’s orbital 
velocity is the difference between that sum value and 
the F star's 15.42 km/s velocity, or 9.68 km/s (see 
Figure 7). Similarly, when the mid-eclipse brighten-
ing occurs, using the eclipsing body’s velocity allows 
a rough estimate of the size of the opening. 

 
Figure 6. Ingress linear regression data ranges. 
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Figure 7. Interferometry measurement. 

Table 7 shows the system size for both veloci-
ties. These calculations assume a circular orbit with 
approximate constant velocities (neither of which is 
true) and are just first approximations. 

Others have determined the combined size of the 
orbits to be 19 AU. Using this instantaneous orbital 
speed results in a system size of 22.8 AU (14.0 + 8.8 
AU), but this is presented simply for comparison. 

For a simple eclipsing binary involving two 
spheres, duration of ingress would yield information 
on the size of the star being eclipsed, assuming the 
eclipser is the larger object. Other measurements 
have shown the F star to have a diameter of 1.4 AU. 
Table 8 shows the F star size in different bands. Sizes 
are calculated using the eclipsing body’s ingress time 
and calculated translational velocity during ingress. 
The non-agreement implies that either the F star di-
ameter is different or that the eclipser is not a simple 
spherical object. While we cannot exclude the possi-
bility of an extended atmosphere of the F star as de-
scribed by Cha et al. (1994) and Kemp et al. (1986), 
the interferometric image of the disk makes it clear 
that more careful study of the light curve production 
with non-spherical shapes is needed. 

Table 9 shows the original pre-eclipse predicted 
first contact times with the difference between the 
average and predicted dates. 

To estimate the time of the start and end of the 
mid-eclipse brightening for the current eclipse, the 
times between second contact and those points during 
the 1982-1984 eclipse were calculated and added to 
the second contact dates for the UBV bands of the 
current eclipse. Table 10 shows the result of those 
calculations and the predicted times for the start and 
end of the mid-eclipse brightening in the UBV bands. 

To estimate 3rd and 4th contact points for the 
current eclipse, times between the second contact 
point and these points during the 1982-1984 eclipse 
were calculated and added to the second contact point 
for each UBV band, Table 11 show the results of 
those calculations and the resulting predicted 3rd and 
4th contact points for the current eclipse. 

 
6. Spectroscopic Data 

A directory of epsilon Aurigae spectra has been 
set up. Robin Leadbeater is coordinating the submis-
sions and maintaining the directory. Information on 
how to submit and view spectra can be found on the 
Campaign Web site at 

 
http://www.hposoft.com/EAur09/Robin.html 
 
The past few years has seen an increasing num-

ber of amateurs equipped for sub-Angstrom resolu-
tion spectroscopy, capable of resolving line profiles 
and allowing radial velocities to be measured with 
high precision. This has led to a number of profes-
sional-amateur collaborations on bright objects of 
which the epsilon Aurigae campaign is a typical ex-
ample. Other examples are the ongoing Be star moni-
toring project ARAS BeAm and the periastron of 
colliding wind binary WR140 project in 2008/9 . 

 
Figure 8.  Spectroscopic coverage of epsilon Aurigae 
obtained by amateur observers during ingress. 

Figure 8 shows the spectroscopic coverage 
achieved by amateur observers during this campaign 
from 2009 January to 2010 March including ingress. 
A full list of spectra contributed to the campaign to 
date can be accessed on-line. There were over 250 as 
of 2010 March. 

Most participants are limited to either a wide 
wavelength range at low resolution or a narrow range 
at high resolution for any given measurement. Note, 
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however, that two observers are now equipped with 
Echelle spectrographs capable of simultaneous high 
resolution coverage over a wide range of wave-
lengths. 

As the eclipse progresses, absorption lines from 
the eclipsing object are superimposed on the F star 
and interstellar spectrum. Changes were first seen in 
the neutral potassium line at 7699A in the IR by one 
observer (Leadbeater) as early as the end of 2009 
May, several months before any drop in brightness. 
In 2009 July, CBET 1885 was issued based on these 
data.  The development of this line and others (H- 
alpha, sodium D) during this eclipse is shown in Fig-
ures 9, 10, 11 and has generally followed the trends 
seen in previous eclipses with the eclipsing object 
component appearing red shifted during ingress. 

 
Figure 9. Potassium 7699A line evolution during ingress. 

 
Figure 10. Sodium D line evolution during ingress. 

 
Figure 11. Hydrogen-alpha line evolution during ingress. 

The increase in strength of other metallic lines in 
the H-gamma region (designated the “shell spectrum” 
by Ferluga) is shown in Figure 12. 

 
Figure 12.  Spectra in the Hydrogen-gamma region taken 
during ingress divided by the mean pre eclipse spec-
trum to reveal narrow shell lines from the eclipsing ob-
ject. 

The increased coverage during this eclipse has 
revealed variations within the overall trend not previ-
ously detected. Buil has used his Echelle spectro-
graph to detect subtle variations in both intensity and 
radial velocity in various lines not previously studied. 
(Figure 13). It is possible that these may hold clues to 
the origin of the additional variations in brightness of 
the system seen both inside and outside eclipse. 
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Figure 13.  False color image showing variations in in-
tensity and radial velocity with time in lines adjacent to 
Hydrogen  

7. Spectroscopic Analysis 

A detailed study of variations in the development 
of the potassium 7699A line by Leadbeater has re-
vealed variations during ingress consistent with ring 
like structures within the eclipsing object. (Lead-
beater and Stencel, 2010). Figure 14 shows a time 
dependence of the excess equivalent width of the 
potassium I 7699A profile, minus the interstellar con-
tribution, versus RJD, showing step functions during 
eclipse ingress and the start of totality. 

 
Figure 14. Time dependence of the excess equivalent 
width of the potassium I 7699A profile 

8. Observers 

The following are brief biographies of people 
who contributed data for this paper. 

 
Jeffrey L. Hopkins, Hopkins Phoenix Observatory, 
Phoenix, Arizona USA 

I have a BS in Physics from Syracuse University 
with graduate work at the University of Wyoming, 
University of Arizona, and Arizona State University. 
I was involved with the 1982/1984 epsilon Aurigae 
campaign where I coordinated the photometry section 
and produced the campaign newsletters.  I have been 

doing UBV photon counting photometry since the 
early 1980’s using a home made 1P21 photomulti-
plier tube based photometer on a Celestron C-8 tele-
scope in a slide-off roof backyard  observatory. I 
have also done BVRI CCD photometry using a 
Meade DSI Pro CCD camera with filters and a 50-
mm camera lens. I used a SSP-4 to obtain pre-eclipse 
JH band infrared photometry data using my 0.30-m 
LX200 GPS telescope in a second backyard observa-
tory with a roll-off roof. Later I used a Lhires III on 
the 0.3-m telescope to do high resolution spectros-
copy of the hydrogen alpha and sodium D line re-
gions of epsilon Aurigae. Email: 
phxjeff@hposoft.com 

 
Robert E. Stencel, University of Denver, Denver, 
Colorado, USA 

I am privileged to be the William Herschel 
Womble Professor of Astronomy at Denver Univer-
sity.  Following graduate study in astronomy at the 
University of Michigan, I worked at NASA Head-
quarters in Washington DC where I teamed up with 
Jeff Hopkins to co-chair the 1982-85 eclipse cam-
paign. I joined Denver University in 1993, where I 
teach astronomy and astrophysics, and am Director of 
the DU Observatories: Chamberlin and Mt. Evans. 
Our most productive telescopes for epsilon Aurigae 
have been the CHARA Array at Mt.Wilson and the 
Spitzer Space Telescope. My campaign support web 
page is http://www.du.edu/~rstencel/epsaur.htm 
along with the 
site:www.twitter.com/epsilon_Aurigae. Email: 
rstencel at du.edu. 

 
Robin Leadbeater, Three Hills Observatory, 
Cumbria, England 

I am a British physicist with more than 30 years 
industrial research and development experience. Now 
retired, I am enjoying contributing to astronomical 
research projects through pro-am collaborations. My 
main interest lies in astronomical spectroscopy and I 
am the contact point for amateurs contributing spec-
tra to the epsilon Aurigae campaign. I use a Celestron 
C11 telescope with  Star Analyser and Lhires III 
Spectrographs and an ATIK 16ICS camera. 

 
Paul J. Beckmann, Jim Beckmann Observatory, 
Mendota Heights, Minnesota, USA 

I have a BA in Physics from St. Mary College in 
Winona, MN. I earned my MS in Biophysics from 
the University of Minnesota, Minneapolis, under Otto 
H. Schmitt of Schmitt Trigger fame. My PhD is in 
Cognitive and Biological Psychology from UMN-TC 
where I worked under Gordon E. Legge measuring 
and modeling the optical and photoreceptor differ-
ences between central and peripheral vision. I now 
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work as an adjunct professor in Biological Psychol-
ogy and a Research Associated with Legge on pro-
jects related to low-vision access to building interi-
ors. After my father’s unexpected death in 1984, I 
used a modest inheritance to purchase a Meade 0.20-
m SCT (2080 LX3) to peer into the heavens. I was 
advised to craft a “program of observation” and ex-
panded JBO's capability with the purchase of an Op-
tec SSP-3 and BVRI filters. I joined the AAVSO 
soon after but knew how scientific publication 
worked and wanted to be more intimately involved 
with the analysis and publication of my data, some-
thing not typically championed by that organization. I 
discovered IAPPP and worked diligently to wrap my 
mind around reduction of SSP-3 photometric data 
with no success. With the help of Jeffrey Hopkins in 
2009, I was able to move forward and finally make 
BVRI observations with an Optec SSP-3a with near-
millimagnitude standard errors. While I continue to 
observe with the 2080 optics, I have upgraded to an 
LXD55 GOTO mount that I Hypertuned. I have 2 
positions for observations but no observatory, a real 
hardship in -30F wind chill conditions! 

 
Christian Buil, Castanet-Tolosan, France 

I use a 0.28-m telescope (Celestron 11) + eShel 
spectrograph (R = 11000) + QSI532 CCD camera 
(CCD KAF3200ME). Processing is done with stan-
dard  échelle pipeline (Reshel software V1.11). H2O 
telluric lines are removed (division by a synthetic 
H2O spectrum). 

 
Donald Collins, Warren Wilson College,  
Ashville, North Carolina USA 

I teach physics at Warren Wilson College in the 
Blue Ridge Mountains of North Carolina. I have been 
here 40 years since receiving my PhD in physics. Our 
astronomy facilities include an 0.20-m SCT with an 
SBIG-7 CCD on a portable mount with R, V, B, and 
H-Alpha filters. We carry it out each night of observ-
ing, align it, and get deep sky objects. I have done 
time-series of variable stars, especially cataclysmic 
variables for Joe Patterson and the Center for Back-
yard Astrophysics. I use DSLR techniques and I can 
make an observation of a bright star such as epsilon 
Aurigae or beta Lyrae in 5 minutes. The processing 
and analysis require much more effort. I’ve been 
working all last fall on developing ways to measure 
atmospheric extinction, and I am beginning to beat 
that. 

 
Tiziano Colombo, S. Giovanni Gatano al 
Observatory, Pisa, Italy 

I’m 57 years old with a degree in physics, spe-
cialized in atmospheric physics. I am the head of cli-
mate division of Italian Meteorological Service. I 

observe epsilon Aurigae both in my observatory in 
the town of Pisa, central northern Italy, and near 
Rome where I work.  I use a Meade DSI Pro CCD 
camera fitted to a Pentax K 28-mm lens through a 
Mogg's adapter mounted on a Purus Astromechanik 
clock allowing a 30 sec. to 1 minute equatorial track-
ing. I use Astrodon photometric filters in three bands: 
Red (Cousin), Visual and Blue. The software used to 
elaborate the images is Autostar from Meade. My 
photometric measurements are transformed using 
calibrations with M67 and Hyades.  

 
Thierry Garrel, Observatoire de Foncaude, Juvignac, 
France 

I was born in the French Alps in 1968, growing 
on the snow, before my parents left the mountains to 
go to the Mediterranean Sea. I got in the University 
of Montpellier, the oldest of Europe, with a beautiful 
botanic garden and an amazing anatomy museum. 
Now I’m general dentist in Montpellier, married, 
with two kids. My interest in astronomy began with 
an observation of the Moon with my grandfather’s 
binoculars when I was 10. I was very surprised to see 
craters, valleys, and mountains on this white, seemly 
flat body. A long course to discover the Universe 
began, with a lot of different telescopes, observing 
with my keen eyes and various CCD. I realized soon 
that nothing can be done in astronomy alone. Search-
ing for companions was difficult in these early times 
as there was no Internet or cellular phones or even 
micro-computer; the scientific society didn’t easily 
accept a very enthusiastic young man. Now I’m not 
so young but still enthusiastic to participate in the 
epsilon Aurigae campaign. I’m involved in different 
pro-am programs and also in the local astronomy 
society. For the next year I would like to complete 
my observatory instrumentation with some photomet-
ric abilities which fits very well and compliments my 
spectroscopic observations. I use a  CN212 Tak-
shashi, 212 mm, 12,4/3,99 Cassegrain/Newtonian 
telescope with a  Lhires III 2400 l/mm, and Star  
Analyser100 with a Atik 314L+, cooled camera 
based on sony285 CCD  

 
Stanley Gorodenski, Blue Hills Observatory, Dewey, 
Arizona USA 

I obtained my B.S. and M.S. at Arizona State 
University, not in the physical sciences but instead in 
Zoology, and my Ph.D. at North Carolina State Uni-
versity at Raleigh was in Genetics and Statistics. 
However, I have always had an interest in doing re-
search in astronomy.  My goal had been to do pho-
tometry with a Starlight-1 photometer I own, but for 
many years my resources, time, and work was de-
voted toward building a dome and observatory near 
Prescott, Arizona. For a number of years it housed a 
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0.31-m Dall-Kirkham telescope built by a machinist 
friend until it was replaced in 2007 by a Meade 0.40-
m LX200R. I have always been interested in doing 
spectroscopy and by the time I finished the observa-
tory and equipped it with a telescope that can do sci-
entific work, CCD technology made it possible and 
the LHIRES III had came out.  

Email: stanlep@commspeed.net 
 

Snaevarr Gudmundsson, Lindarberg Observatory, 
Hafnarfjordur, Iceland 

I was born 1963 and am director of Stjornuverid 
(Planetarium), which uses mobile Digital Starlab for 
presentations of the night sky and the cosmos. I’m 
also finishing a BSc in Geography and Geology from 
the University of Iceland. I have written two books 
and many articles about mountaineering, climbing, 
and astronomy. I qualified as mountain guide in 1985 
and have also worked occasionally as a nature pho-
tographer. I have been an amateur astronomer since 
1988, with special interest in our home galaxy, rang-
ing from binaries and variables to star clusters and 
nebulas. My observing site is located at outskirts of 
Hafnarfjordur in Iceland. The observatory is elevated 
at 60 m (above sea-level) on a hill with reasonable 
light pollution towards north and west (from Reykja-
vik), but very little light pollution towards east and 
south. Weather is usually unpredictable in the long 
term, but when it clears up the sky is usually without 
mist or much pollution. Auroras are frequent sights 
from Iceland, but has been unusually quiet during this 
winter. These conditions have been helpful for this 
project. I built my observatory in 2000. It has two 
telescopes: Meade LX 200 0.30-m Schmidt-
Cassegrain telescope f/10 and Williams Optic FLT-
110 refractor which is mostly used for astrophotogra-
phy. Since 2005, I have used SBIG’s STL-
11000M CCD camera and Astrodon’s narrowband 
filters for astrophotography. I also had invested in an 
Optec SSP-3, used for single channel V photometry 
(since 2003) of variable stars and eclipsing binaries.  

 
Thomas Karlsson, Varberg Observatory, Varberg, 
Sweden 

I’ve been an active variable observer for two 
years but have been interested in astronomy since I 
was a kid. Now I’m 45 years old and work with IT as 
a network technician. For epsilon Aurigae, I do V 
measurements. I use a Canon 450D DSLR camera 
with an EF 35-80 mm objective on a camera tripod. I 
usually shoot 4 or 5 series of 10 photos with 5 second 
exposure time at ISO800, slightly defocused. I proc-
ess the raw pictures with dark and flat frames, align 
and stack each series of 10 pictures before measuring 
them. For the photometric measurement, I have 20 
non-variable stars around epsilon I use for calibrating 

each stacked picture. For each session I also compute 
each star’s air mass. I then use regression analysis to 
get the two coefficients in the formula. Finally, I 
compute the average and standard deviation from the 
4-5 series to get a final V value for epsilon. For im-
age processing I use Iris, for photometry TeleAuto, 
and for analys, Excel.  

 
Dr.  Mukund Kurtadikar, Jalna Education Society 
Observatory, Maharashtra, India 

The JESO was established in 2001 January with 
the installation of a 0.30-m Meade LX200 Telescope 
with SSP-3A Optec photometer as the backend in-
strument. The instrument was funded by Department 
of Science and Technology , Govt. of India. 

 
JESO Staff 
M.L. Kurtadikar: Associate Professor in the Post-
graduate Department of Physics, J.E.S.College Jalna   
431 203 , Maharashtra State, India. He is Principal 
Investigator of the Epsilon Aurigae campaign and is 
in-Charge of the JESO, Jalna. He has developed the 
observatory with the funding from government of 
India and started work on photoelectric photometry 
of several variable stars. 

A.N. Ardad: Teaching Faculty Member in the De-
partment of Physics, Shiv Chatrapati College, Auran-
gabad 431 003, Maharashtra State, India. He is a 
member of JESO for Eps Aur campaign. 

P.M. Kokne: Teaching Faculty Member in the De-
partment of Physics, B.R. Barwale College, Jalna 431 
203, Maharashtra State, India. He is a member of 
JESO for Eps Aur campaign. 

S.K. Pandit: Teaching Faculty Member in the De-
partment of Physics, B.R. Barwale College, Jalna 431 
203, Maharashtra State, India. He is a member of 
JESO for Eps Aur campaign. 

A.D. Dashrath: Teaching Faculty Member in the De-
partment of Physics, High-Tech Polytechnic and En-
gineering College, Waluj, Aurangabad, Maharashtra 
State, India. He is a member of JESO for Eps Aur 
campaign. 

R.S. Yannawar: Teaching Faculty Member in the 
Department of Physics, Milind Science College, Au-
rangabad 431 005, Maharashtra State, India. He is a 
member of JESO for Eps Aur Campaign. 
 

Hans-Goran Lindberg, Kaerrbo Observatory, 
Skultuna, Sweden 

I live in Sweden 60 deg north, 16d 24 m east and 
have an observatory with 254-mm Schmidt-
Newtonian f/4, 254-mm Newtonian f/5.1, and 180- 
mm f/10 Intes-Micro Maksutov-Cassegrain tele-
scopes. Starlight EXpres CCD camera HX-516 mono 
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as I use on epsilon Aurigae with a 50-mm fl camera 
lens from Meyer optik. I am section leader for The 
Swedish Amateur Astronomer Association (Svensk 
Amator Astronomisk Forening, SAAF) section for 
variable stars. I started with astronomy as a young 
boy 7 years old in 1948 and have observed variable 
stars since 1993. For the past 5 years during the 
summer time, I images Venus in UV-light. I have 
helped develop a database with Swedish observations 
of variable stars starting in 1720: 
http://var.astronet.se/ 

 
Des Loughney, Edinburgh, Scotland 

     I observe from suburban Edinburgh, Scotland. 
I use a 450D Canon DSLR with an 85-mm lens 
mounted on a tripod. The settings are exposure 5 sec-
onds, f/4.5 and ISO 200. Each estimate is arrived at 
after analyzing 5 sets of ten images using AIP4WIN 
(v 2.1.10). For each image a green channel image is 
isolated and used to compare epsilon with eta Auri-
gae. A transformation coefficient has been worked 
out for the 450D DSLR. This is used to determine V 
magnitude from the green channel estimate. In good 
conditions, V estimates have a standard deviation of 
less than 0.01 mag. I have a BSc MA and am an ama-
teur astronomer with scientific training. I am the 
Eclipsing Binary Secretary of the British Astronomi-
cal Association Variable Star Section and also a 
member of the Astronomical Society of Edinburgh. 

 
Benji Mauclaire, Observatoire du Val de I'Arc, 
Bouches du Rhone, France 

     I have been observing the sky for more than 
20 years. I am a professor of physics near Aix-en-
Provence, South of France. I started with visual ob-
servation of deep sky objects with a 0.43-m Dobson 
telescope, especially planetary nebulae challenges. 
Stellar evolution is one of my favourite astrophysics 
subjects. From my own remote observatory, my main 
purpose is the spectral analysis of targets from Be 
stars to planetary nebulae. I use a 0.30-m SCT with a 
LHIRES III spectrograph under a country sky which 
provides a good environment for long time survey 
projects such as epsilon Aurigae. I created a software 
program for a high-rate production of spectra’s re-
duction and analysis with powerful pipelines called 
SpcAudace 

 
http://bmauclaire.free.fr/spcaudace/  
 

that gives time for astrophysics reading and analysis, 
and public conferencing. Today, my main research 
program is Be stars study in collaboration with pro-
fessional astronomers that leads to burst detection 
and publications in international revues. 

 

Brian E. McCandless, Grand View Observatory, 
Elkton, Maryland USA 

I have been an astronomer since the 1960’s. I 
earned my degree in astronomy from the University 
of Maryland at College Park in 1980. I am an associ-
ate scientist with the Institute of Energy Conversion 
at the University of Delaware, where I research thin 
film photovoltaic devices.  My wife Julie and I oper-
ate their Grand View Observatory from sites in 
Tidewater, Maryland and the Blue Ridge Mountains 
in Virginia. The observational focus is single channel 
photometry and spectroscopy of long-period vari-
ables and novae. Photometric observations are carried 
out in Johnson BVRI, wing narrow band-pass, and 
infrared JH systems using Optec solid state photome-
ters. Spectrographic measurements are made using an 
SBIG SGS spectrograph with ST7-XME CCD cam-
era. The primary telescope is a Celestron 0.36-m SCT 
on a CGE mount. 

 
Frank J. Melillo, Holtsville, New York USA 

I have a Celestron 0.20-m and a Meade 0.25-m 
telescope. I became interest in photoelectric pho-
tometry in 1983 when I purchased the SSP-3 OPTEC 
photometer, which I still have today. I caught the last 
partial eclipse of epsilon Aurigae in the spring of 
1984. Afterward, I concentrated more on minor plan-
ets photometry to monitor their brightness as they 
rotate. I did photometry on Uranus and Neptune to 
take measurements in the near-infrared where meth-
ane absorbs the most. I use the 0.20-m telescope to 
monitor epsilon Aurigae photoelectrically with a 
SSP-3 OPTEC photometer.  

Email: Frankj12@aol.com 
 

Richard Miles, Golden Hill Observatory, Dorset,  
England 

I am a 58 year old retired research scientist 
working in physics and chemistry.  I have been an 
amateur astronomer since I was a kid. My special 
interests are in photometry, occultations, asteroids 
and comets. I began by building my own photometers 
using PMTs in 1981. I have been a member of the 
British Astronomical Association since 1966 and am 
Past President 2005-2007. I am keen on participating 
in pro-am collaboration and have been a member of 
IAPPP since 1982 I have recently begun making in-
creased use of robotic telescopes to gather observa-
tions with a view to publishing new insights into the 
nature of some comet nuclei. I use a 0.06-m Takaha-
shi F860C refractor telescope with a Starlight Xpress 
SXV-H9 CCD camera with V and Ic band filters. 
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Robert T. (Tom) Pearson, Virginia Beach, Virginia 
USA 

Although I’ve enjoyed amateur astronomy for 
many years, I’m a relative newcomer to variable star 
observing. I became intrigued when I heard that 
DSLR cameras could be used to do accurate pho-
tometry. When I first read about the “mystery star” 
last summer, I thought the coming eclipse would be a 
perfect opportunity to do real research by combing 
two hobbies, photography and astronomy.  I am cur-
rently imaging epsilon Aurigae from my backyard in 
Virginia Beach, VA, using a Canon 20D DSLR with 
a 70-mm lens. During each observing session I take 
30 star images, 10 dark frames, 10 flats and 10 flat 
darks.  Exposures are 5 seconds at f/4 and ISO 800.   

 
Gerard Samolyk, Greenfield, Wisconsin USA 

I have been a variable star observer for more 
than 35 years (both visual and CCD). I worked with 
the AAVSO Eclipsing Binary committee and RR Lyr 
committee for 30 years, publishing an annual ephem-
eris and times of minimum. Currently I’m co-chair of 
the AAVSO Eclipsing Binary Section and the Short 
Period Pulsator Section.  I have been the Observatory 
Directory for the Milwaukee Astronomical Society 
since 1980. I use an ST9XE CCD camera with 50-
mm lens for BVR photometry. 

 
Lothar Schanne, Hohlstrasse 19, D-66333, 
Völklingen, Germany  

My astronomical equipment consists of a: C14 + 
autoguided Lhires III spectrograph + self-build 
echelle spectrograph + sigma 1603ME (CCD) in a 
Sirius 2.3 m dome. My interest is spectroscopy of hot 
stars. I have 5 years experience with spectroscopy. I 
have web sites at www.astrospectroscopy.eu and 
www.spectrosphere.de 

 
Iakovos Marios Strikis, Elizabeth Observatory of 
Athens, Haldrf (Athens), Greece 

I was born on 1985 May 15. My profession is a 
photo-journalist. I am the current President of the 
Hellenic Amateur Astronomy Association. Until 
1998 I had many different hobbies (coin collections, 
mineral collections, microscopy imaging, etc.). All of 
them had a terminal point because of the expenses to 
find some rare parts of my collections. When I found 
about astronomy I was stunned, soon I realized that 
with not huge budget I could do some serious job in 
contributing in the knowledge of astronomy. That is 
the time when I got my first telescope. From 1999 
until 2004 I did more than 980 sunspot drawings and 
more than 300 planetary observations by drawing 
Jupiter, Saturn, Venus and Mars. In 2004 I started to 
get involved with the digital imaging with the new 
cheap web-camera from Philips. This had opened a 

brand new world to my eyes. I always wanted to get 
involved in CCD photometry and imaging. This came 
to life at 2008 when I got my CCD camera (one of 
the cheapest models) from a friend who got a new 
one and wanted some money. I started to observe and 
recorded many stars such as RR-Lyrae and i Boo 
because they had quick light curves. Then I started to 
observe globular clusters with Rodney Howe and 
others. When a friend told me about the epsilon 
Aurigae project, I started to observe almost every 
clear night but, as it has always been, the Sun is my 
first priority doing almost every day observations of 
the Sun in H-alpha line and also doing spectroscopy 
during total solar eclipses. I use a ATIC CCD camera 
with 55-mm lens at f/6.3. You can find my astronomy 
work and observations at: www.hellas-astro.gr,  
www.elizabethobservatory.webs.com and  
www.dailysolar.weebly.com 

 
François Teyssier, Yogurt Pot Observatory, Rouen, 
France 

I use a Lhires III spectrograph with a low resolu-
tion, 150 line/mm, grating and Starlight SXV-H9 
CCD camera. 

 
Olivier Thizy, Shelyak Instruments, Revel, France 

     I started astronomy more than 30 years ago 
with a 0.12-m telescope. I have always been an active 
observer, watching stars being one of the most excit-
ing experiences! I am now observing from my home 
in the Alps or with one of the two 0.60-m public tele-
scopes in France. I participated to the development of 
Lhires III high resolution spectrograph within AUDE 
association and worked on some professional spec-
trographs (MuSiCoS, NARVAL). In 2006, I co-
founded Shelyak Instruments, a company specialized 
in spectroscopy for astronomy proposing the first 
commercial optical fiber echelle spectrograph. I am 
also actively involved in promoting scientific projects 
for amateur astronomers such as participation in 
pro/am collaboration on Be stars. 

 
9. Conclusion 

The system's mid-eclipse is predicted to be 2010 
August 4, with third contact predicted for 2011 
March, and fourth contact for 2011 May 13. During 
the late spring and summer observing season (North-
ern Hemisphere) the star system can be seen from 
higher latitudes early evening and just before sunrise. 
While the system is observable, the air mass through 
which the observations must be made is very high. 
Some of the most interesting and important data 
could be obtained during these times so it is worth-
while to put the extra effort into the observing. High 
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air mass photometry requires careful correction of 
extinction. Ideally, nightly extinction coefficients 
should be determined. 

The campaign is archiving photometric and spec-
troscopic data. The photometric data will be archived 
as text files and available for download from the 
campaign web site. The web site will also continue to 
host the spectroscopic data. A paper including the 
campaign’s photometric data is planned for the 
IBVS. 
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Tables 1-5 

 
Table 1 Out-of-Eclipse Data from the Hopkins Phoenix Observatory, 2003 December through 2009 April. 

 
Table 2 Average Totality Magnitudes during 1982-1984 Eclipse 

 
Table 3 First Contact Times for the 1982-1984 Eclipse 

 
Table 4 Ingress data from the Hopkins Phoenix Observatory Data. Contact Dates are Reduced Julian Date 
(RJD), RJD = JD -  2,400,000. First and Second Contact Point Estimates using selected HPO UBV Data (27 
sets of observations, JD 2,455,069 - 2,455,199). To try to stay on the linear portion of the ingress, data used 
for the linear regression were after the estimated first contact (JD ~2,455,054) and before estimated second 
contact (~JD 2,455,199). Data during the assumed OOE variation during mid-ingress (~JD 2,455,122 - 
2,455,171) was not used. See Figure 6. Linear regression was performed on the Ingress data. 

 
Table 5 Ingress Data from the Composite Data, Contact Dates are Reduced Julian Date (RJD), RJD = JD - 
2,400,000. First and Second Contact Point Estimates using selected Composite UBV Data (307 observa-
tions, JD 2,455,069 - 2,455,199). To try to stay on the linear portion of the ingress, data used for the linear 
regression were the same dates as used for the HPO data Obvious flyer data that departed significantly 
from the average data were not included in the analysis. Linear regression was performed on the Ingress 
data. 
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Tables 6-9 

 
Table 6 Averaged Periods, Contact and Ingress Times 

 
Table 7 Orbital Velocity versus Star System Size 

 
Table 8 Translational Velocity versus F Star Size 

 
Table 9 Original Pre-eclipse Predicted First Contacts Dates 
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Tables 10-11 

 
Table 10 2010 Mid-Eclipse Brightening Prediction Dates 

 
Table 11 2010 Eclipse 3rd and 4th Contact Points Prediction Dates 
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Rapid Cadence Monitoring of  Aurigae 
Gary Billings 

PO Box 263, Rockyford, AB, Canada, T0J 2R0 
obs681@gmail.com 

Abstract 

Rapid-cadence photometric observations of  Aurigae from 2009 August to 2010 April show only scintillation 
noise with no detectable brightness variations of the star at time scales of minutes to hours. Observations were 
made using two 50-mm focal length lenses (B and V filtered) on ST-7 cameras co-mounted on one equatorial 
mount. Observations were made for as many hours as possible each night when weather and equipment permit-
ted. Both cameras operated simultaneously, but asynchronously. Exposure times were 15 to 45 seconds with 25 
or 33 seconds dead time. The dominant noise source was scintillation due to the 18-mm apertures and short 
exposures. These wide-field differential observations require much better skies than narrow-field differential CCD 
observations using more conventional meter-plus focal lengths, and the difference in air mass between the target 
and comparison star ( Aur) must be taken in to account. At this short focal length, the PSF of an in-focus image 
would be much smaller than one pixel, so images must be defocused and attention paid to intra-pixel sensitivity 
variations. 

1. Introduction 

As the enigmatic binary star  Aurigae undergoes 
its once every 27 years eclipse in 2009 - 2011, it is 
the subject of intense observation. These observations 
span many wavelength bands, a variety of instru-
ments, and will have different combinations of preci-
sion and observational frequency. I have chosen to 
observe with simple equipment and technique (CCD 
differential photometry) that does not obtain the pre-
cision of e.g., photoelectric photometry, but makes an 
observation approximately once per minute and runs 
all night unattended. 

 
2. Equipment and Observation Methods 

 Aurigae presents challenges to an observer 
making CCD differential measurements:  it is bright, 
so inevitably the nearest comparison stars of similar 
brightness are several degrees away. The comparison 
(comp) star used in this study is  Aur (~2.75 degrees 
away), and the check star is  Aur, at a similar dis-
tance. To obtain images of such a wide field using an 
inexpensive camera (hence, a small CCD chip), re-
quires a very short focal length.  

A 50-mm focal length camera lens made for a 
35-mm film camera (a Canon FD mount lens) and an 
SBIG ST-7 camera were chosen. Two such setups 
were used:  one for B and one for the V pass band. 
Both the lenses and the cameras are of good quality, 
but dated and hence available at low cost. ST-7 cam-
eras are still in production, but the older models em-

ployed (an ST-7E NAGB, and an ST-7EI) have a 
relatively slow PC parallel port interface. The 50-mm 
lens and the KAF-0401E detector chips (765x510 
pixels of 9x9 microns) in the cameras give a plate 
scale of about 36 arcseconds/pixel, or approximately 
10 times the size of the seeing disk at my location. 
The image field of view is approximately 5 x 7.5 
degrees.  

The actual lens back-flange to camera focal-
plane distance is not what the lenses were designed 
for. As a result, best focus on the sky does not occur 
at the “infinity setting” of the lens. The two camera 
and lens pairs have slight mechanical design differ-
ences, so the actual “distance” settings of the lenses 
for focus on the sky are different. Furthermore, Bes-
sell-prescription 5 mm thick Johnson B and V filters 
(Bessell, 1990), designed for CCDs and manufac-
tured by Omega Optical, are placed between the 
lenses and the cameras. (A simpler mounting option 
for photometric filters would be to use 50 mm diame-
ter filters in front of the objective, but the larger fil-
ters are more expensive.) 

Data were acquired in B and V most nights (in 
late 2010 March, the B filter was replaced with R), 
but only V data are shown in this paper. None of the 
data shown have been transformed to standard colors, 
i.e., all data are “instrumental V”. 

At the plate scale of 36 arcseconds/pixel, if the 
images were sharply focused, the PSF of each star 
would be much smaller than a pixel. Thus any flat-
fielding error, i.e. any error in the correction for the 
illumination and sensitivity of each pixel, would di-
rectly impact the observed brightness of a star. To 
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avoid this, it is advisable to defocus, enlarging the 
PSF to cover many pixels, so that such errors would 
“average out”. 

This reason for defocusing applies to idealized 
CCD chips with no dead or insensitive space between 
or within the area of each pixel, and with uniform 
sensitivity within each pixel. “Back illuminated” 
chips closely approximate this ideal; the more eco-
nomical front-illuminated KAF-0401E chips do not!  
These chips have a significant amount of dead area, 
and their sensitivity, especially at B filter wave-
lengths, systematically varies within the pixel. This is 
not just a theoretical concern.  Appendix A shows 
how the data can be affected by these sub-pixel varia-
tions. 

Defocusing is also advantageous because of the 
limited “well-depth” of each pixel in a CCD camera. 
A pixel responds linearly only to a limited number of 
photons. This number, determined by linearity tests 
(Berry and Burnell, 2005) on these cameras, is 
~35,000 ADU (80,000 e

-) for the ST-7E (used for V), 
and ~20,000 ADU (64,000 e-; note the different gain 
in this camera) for the ST-7EI (B filtered). The expo-
sure length was chosen so that the max ADU count 
did not exceed this threshold. Exposure lengths var-
ied from 15 seconds (near the zenith, very clear skies, 
tighter focus) to 45 seconds (poorer transparency, 
more defocused). Dead time, which is mostly 
download time, using an IBM Celeron laptop, Win-
dows ME, and Software Bisque’s CCDSOFT is about 
33 seconds. Using an ancient P133 desktop computer, 
running Linux and homebrew camera control soft-
ware using SBIG’s driver library, downloads are 24 
seconds. Both computers write each image across a 
network to a file server. 

Most images were acquired with a FWHM of ~3 
pixels (1.8 arc-minutes!). However, the PSF is not 
Gaussian; it is more like a flat-topped pillar. It is ra-
dially symmetric only near the optical axis (note that 
in these cameras, the center of the chip is not the in 
center of the camera mounting tube; the imaging chip 
is offset to keep the guiding chip close to the axis). 
This is surprising because the chip used is much 
smaller than the 35-mm film frame for which these 
lenses were designed, so one would expect the PSFs 
to be very good over the entire chip. The degradation 
is probably due to the 5-mm glass filter, plus a cam-
era port glass, and a chip cover glass in the f/2.8 light 
cone between the lens and the “film” plane. None of 
this extra glass was contemplated by the lens de-
signer. If this is indeed the cause of the poor PSFs 
(yet to be confirmed), it is another reason to place the 
filter in front of the objective. 

Initially the cameras were carried on an equato-
rially mounted Meade LX200 fork mount. A fork is 

an attractive choice because it can track through the 
meridian with no intervention. It was relatively easy 
to attain a polar alignment good enough so that it 
could run all night, unguided, and the target stars not 
move very far in the image frames. Unfortunately, 
the mount suffered a sudden spontaneous electronics 
failure, so the cameras have been remounted piggy-
back on another telescope.  

 
Figure 1. The two ST-7 cameras and their 50 mm lenses 
mounted on a plywood carrier in the arms of a Meade 
LX200 fork. In front of each lens is a 4” diameter PVC 
lens hood. 

3. Data Reduction 

Processing of the images is conventional:  dark 
subtraction and flat fielding. Once again, the wide 
field presents a challenge. Twilight flats are problem-
atic because the twilight sky is not uniform over the 
7+ degree field of view. Instead, flat field frames are 
shot using a 20 x 20 x 20 cm light box placed on the 
end of the shield in front of each lens. The light box 
has lights in the 4 corners closest to the lens, pointing 
away from the lens. These lights illuminate a screen 
at the far end of the box, the (hopefully) Lambertian 
reflections from which illuminate the lens aperture. 

  To test the efficacy of flat fielding, a number of 
runs have been made shooting a moderately bright 
star dithered to a number of positions around the 
edges and in the middle of the frame. After process-
ing, the brightness of this star is measured on all the 
images. To date, these dither runs show the flat-
fielding is not flat at the level of 0.09 mag peak-to-
peak (Figure 2). Although the residual error of the 
flat field is only coarsely sampled (9 positions), be-
cause the flat field frame itself is smooth, it is likely 
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the residual is as well. At this time, a correction for 
this residual has not been applied to images before 
photometry. The gradual walk of the target and comp 
stars across part of the frame through an unguided 
run may be affect the photometry in the form of a 
slight slope in the differential light curve, as the re-
sidual flat-fielding errors for the target and comp 
gradually change.  

Testing the flat is problematic because it requires 
there be no variation in the atmospheric extinction for 
the test star during the course of the dithering run, 
which, using a V = 4.5 star takes about 90 minutes (5 
frames of 60 seconds at about 10 positions). Thus, it 
uses precious observing time when sky conditions are 
best. For this reason, an artificial star on the ground 
with stable illumination might be a better alternative.  

Figure 2. Posted numbers are the measured instrumen-
tal magnitudes of 26 UMa, as it was dithered around the 
image frame, to test flat-fielding. Each data point is the 
average of 5 measurements, each from a 1 minute expo-
sure. The values have been corrected for extinction, as 
air mass increased from 1.18 to 1.39 during the run. The 
extinction coefficient was derived from an earlier run on 
 Aur the same night, and was a rather high 0.47. There 
is a constant zero point error of about 0.4 magnitudes, 
not removed from the data. The dashed line traces the 
sequence of observations, counterclockwise from top 
right. The final point shows a 0.04 mag discrepancy 
from the second point, taken near the same position 
(top center). 

Once images have been flat-fielded, a WCS 
(World Coordinate System, i.e. RA and Dec) fit is 
performed on each frame so that photometry can be 
automated based on star positions. 

I use SExtractor to identify all sources (stars) in 
each image. A measurement aperture large enough to 
capture most of the photons from each source was 
chosen. As mentioned in Section 2, the PSFs are 
asymmetric in some parts of the frame, so the aper-
ture radius is chosen large enough so that most pho-
tons are captured even when the aperture is centered 
on the peak of the asymmetric PSF. I find that a ra-

dius of about 1.5-2 times the FWHM of the symmet-
ric PSFs usually gives the best SNR.  

The coordinates, in pixels, of about 5-30 of the 
brightest stars in each image are then matched (using 
IRAF operation ccxymatch) with a list of about the 
20-40 stars in the same area selected from the Guide 
Star Catalogue using WCSTools operation scat. The 
coordinates of the matched stars are used to compute 
WCS coefficients for each image, and then the pixel 
coordinates of all sources in each image are trans-
lated to sky coordinates (using IRAF’s cctran). At 
this point, the SExtractor magnitudes of the target 
and comp stars are identified based on their sky coor-
dinates, and optionally the magnitudes of those stars 
are re-measured using another photometry program 
(Starlink’s autophotom). Data are passed and refor-
matted between these various programs using csh and 
perl scripts. The output is a list of star names or cata-
logue ids, date and time, and instrumental magni-
tudes.  

 
Figure 3. The top panel shows measured instrumental 
magnitudes for  Aur and the two comparison stars, with 
no extinction correction applied. During the course of 
this observing run, atmospheric extinction decreased by 
about 0.7 magnitudes, as the stars climbed from low in 
the northeastern sky. Note that at the beginning of the 
run,  was fainter than , but they were interchanged by 
the end, purely due to differences in the air mass for 
each star. The center panel plots the air mass for each 
star, through the run. The bottom panel shows the light 
curves from , , and  after correction for atmospheric 
extinction using a constant coefficient for the night. 
Zero points are arbitrary for each star. 
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When the measured magnitudes are plotted, the 
effects of varying air mass are readily seen (Figure 
3). Low in the sky, air mass is a strong function of 
zenith angle, so the difference in the air mass seen by 
light from the target and comp differs dramatically. 
Thus to get meaningful differential magnitudes (tar-
get minus comp), correction for air mass must be 
made before the subtraction. 

On nights when measured magnitudes varied 
smoothly and in a similar manner to theoretical air 
mass curves (i.e. for the data shown in this paper), an 
extinction coefficient was derived by regressing 
measured magnitude against air mass (usually for a 
range of air mass between 1 and 3; the fit is more 
likely to breakdown for air masses greater than 3) and 
solving for k’, the principal extinction coefficient 
(Figure 4). The measured magnitudes were then cor-
rected for atmospheric extinction using equation 
(1.13) of Henden and Kaitchuck (1982), with the 
second-order extinction coefficient assumed to be 
zero. 

 
Figure 4. Graphs used to derive the extinction coeffi-
cient on 3 different nights. The linearity within each 
graph shows these were nights of uniform transparency 
(no variable clouds). The different slopes show the large 
differences in the principal extinction coefficient for 
different nights. The coefficients (the slopes of these 
graphs) are (L-R) 0.212, 0.191, 0.487. 

Finally, the extinction-corrected magnitudes are 
subtracted to form differential magnitudes, which 
removes small residual transparency variations so 
long as they are common to both stars. Results from 
three nights are presented in Figure 5.  

A critical assumption of the differential pho-
tometry method is that the target and comparison 
stars suffer the same atmospheric extinction. Usually 
one works with comparison stars that are only a few, 
or tens, of arcminutes away from the target. In such 
cases, extinction due to air mass and variable condi-
tions (e.g., clouds) are similar enough for all the stars 
that the method is quite robust even with clouds caus-
ing several magnitudes of extinction. 

At an offset of several degrees, even after cor-
recting for different air mass, the extinction due to 
clouds can be quite different and of course, quite un-
predictable.  

To address this problem, I have tested ensemble 
photometry, computing a differential magnitude be-
tween  and the averaged magnitude of a number of 
stars nearer than . This reduced problems due to 
differential extinction (including extinction due to 
clouds), as expected, but at the cost of greatly in-
creased random noise (photon noise). Using aperture 
photometry, there are not enough stars present, 
within, say, a one degree circle of  Aur to overcome 
the fact that the brightest is ~4 magnitudes fainter 
than the target and hence the standard error in their 
photometry is much greater. PSF-fitting photometry 
might help by using the myriad of overlapping defo-
cused fainter stars, but the varying asymmetric PSF 
may be a limitation. Another approach to combating 
the noise in the photometry of the faint stars is to 
apply a moving average smoother to the measured 
ensemble fluxes before forming the differential with 
the target. However, a very long smoother must be 
applied to overcome the 40x difference in flux be-
tween stars that differ by 4 magnitudes. The data 
shown here are from nights when the effects of 
clouds did not significantly affect differential pho-
tometry using  Aur as the comp star. 

 
4. Results and Conclusions 

The key result is readily seen in the differential 
magnitude curves of Figure 5:  in the time span of my 
observing runs (up to 11 hours), the variability in - 
is very similar to the variability in -, i.e. scintilla-
tion noise at a level of about 0.01 V magnitudes on 
the best night. Thus no short period variation of  Aur 
is seen exceeding this level. The “bulk shifts” in - 
between the different dates show the overall eclipse 
of the  Aur system. There are also smaller shifts in 
- between nights because  is also an eclipsing 
binary and was undergoing its shallow secondary 
eclipse during the December 01/02 run. 

This observing program was speculative. Short 
period variations were not predicted by the dominant 
model of the  Aurigae system, but would have been 
“big news” if found! The assembled equipment and 
the experience gained in this observing project will 
be used for other bright star photometry. 
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Figure 5. The results from 3 widely separated nights. The heavy dots are differential photometry for  Aurigae (-) 
and the lighter dots are the check star minus the comparison star (-), with a 0.2 mag shift for clarity. Measured 
magnitudes were corrected for atmospheric extinction before forming the differentials. On each night, though the 
noise levels vary, - shows similar scatter to -. For the best night, 2009.12.01/02, the extinction-corrected mag-
nitudes for  and  show standard deviations of 0.006 and 0.007 magnitudes for the central time interval 0.80 – 
0.88. As expected, the standard deviation of the differential is 2 greater, at 0.009 mag. The standard deviation for 
- on the same time interval also 0.009. Poisson noise levels based on photon statistics and reported by the aper-
ture photometry program are less than half as great, and do not increase so much at higher air mass (beginning of 
the top, and end of the bottom runs). However, the degree of scatter and its scaling with air mass is consistent 
with scintillation noise (Dravins, et al., 1998, equation 10), caused by the extremely small lens aperture (1.8 cm) 
and short exposure times. 
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7. Appendix – Sub-pixel Variations 

In 2010 January, the fork mount on which the 
cameras were mounted failed, so they were re-
mounted piggyback on another telescope. The fork 
was unguided, but the observing runs on the piggy-
back setup were made guided. The resulting pho-
tometry showed “waves” of up to 0.02 magnitudes P-
P – not just in the variable, but also in the comparison 
and check stars (Figure 6). At first clouds were sus-
pected since some stripy wave-like cloud density 
patterns were seen in the sky. Being a different sea-
son than much of the earlier observing, different 
weather patterns were possible. However, the prob-
lem persisted even through nights with different 
weather. Looking at data from the B camera (not 
shown), waves were as great as 0.07 mag P-P   (for  
Aur, which is a bluer star), but not in sync with the 
waves on the V camera. The latter ruled out sky ef-
fects. This indicated that the problem must somehow 
be due to the new equipment setup. Tests were made 
with different power supplies and cable routing in 
case the longer DC supply cables, routed through the 
mount, were causing problems, but results were nega-
tive. 

Finally, the pixel positions of the centroided 
stars, obtained from the aperture photometry output, 
were examined. On the piggybacked runs, the cen-
troids slowly wandered across the pixels in a time 
interval similar to the period of the waves (bottom 
panels of Figure 6). Comparison to a night of un-
guided observations from the fork mount shows the 
fractional pixel positions vary so much that they ap-
pear almost random, and no waves are visible (Figure 
7, especially the y pixel coordinates). 

The variations in the data are caused by the intra-
pixel, or sub-pixel variations in the sensitivity of the 
chip. These are deterministic variations, caused by 
the structure of the chip itself. In these Kodak E se-
ries chips, approximately one half of each pixel is 
comparatively insensitive to wavelengths less than 
about 500 nm.  

 
Figure 6. Photometry of , , and  Aurigae with the 
wide-field camera carried piggyback on a guided tele-
scope. The uncorrected measured magnitudes (upper 
panel) show peak-to-peak “waves” of about 0.02 magni-
tudes. (Note that the zero points on this plot, and the 
plot of the differentials, center, have been freely shifted 
for plotting clarity.)  The bottom two panels show the 
fractional parts of the x and y pixel positions of the cen-
troid for , output by the aperture photometry program. 
The time it takes for the centroid to wander the distance 
of one pixel is similar to the period of the waves. This 
slow motion on an autoguided platform is due to field 
rotation, caused by imperfect polar alignment. 

At 500 nm, the effect is slight, but at 400 nm the ef-
fect is quite strong. Hence the larger variations in B 
(see Des Jardin and Kosman, 1999). 

The problem has been ameliorated by further de-
focusing the camera, to about 6 pixels FWHM, and 
the B filter used on the second camera will be re-
placed by an R filter because the CCD has less sub-
pixel sensitivity variations in R. 
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Figure 7. Similar to Figure 6, but with the camera carried 
on an unguided platform. The fractional x and y pixel 
positions change very rapidly – y looks nearly random 
and varies rapidly, thereby smoothing out the effects of 
subpixel sensitivity variations on the CCD chip. Zero 
points of the photometry curves have been shifted for 
clarity of the display. 
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Abstract 

This paper discusses the design, construction, and programming of a simplified, automated, dual-beam imaging 
polarimeter to support the ongoing epsilon Aurigae campaign. This project was initiated at the suggestion of Dr. 
Robert Stencil at the 2009 May Society for Astronomical Sciences annual Symposium to extend measurements 
done in the 1986 eclipse by Dr. Gary Henson. The instrument uses a rotating achromatic waveplate, a Savart 
calcite analyzer, and CCD camera. Calibration using polarimetric standard stars shows that the system detects 
at least 97% of the polarized flux with less than 0.1% instrumental contamination. The custom software operates 
the instrument and reduces the data in real time. Observations began in 2009 November. The first 90 days of 
operation yielded 200 measurements across 20 stars, including 20 nights of multi-band data on epsilon Aurigae. 
This will be the first of two papers; the second is planned after the eclipse when the full data series is available. 

1. Introduction 

Polarimetry is a relatively unexplored area of 
amateur astronomy although well established as an 
adjunct to other astronomical methods. 

During the previous eclipse of epsilon Aurigae, 
Dr. Gary Henson conducted an extensive program of 
polarimetry using the 0.61-m telescope at Pine 
Mountain Observatory. His research showed po-
larimetric features that had not previously been ob-
served. The most interesting of these occurred near 
the end of the event. It therefore seemed useful to 
repeat these observations in the current eclipse to see 
what similarities, if any, might be observed. Fortu-
nately, during the intervening decades advances in 
CCD technology have made it possible to conduct 
high precision measurements with smaller scale 
equipment.  

Starlight can be polarized in three locales (1) 
near the source of the illumination, generally via 
some form of scattering, (2) in the interstellar me-
dium due to the magnetic alignment of dust grains, 
and (3) within the telescope due to asymmetric re-
flections. 

Generally the degree to which the starlight is po-
larized is quite small, typically less than 4%. Time- 
based changes in polarization are typically even 
smaller. This defines the technical challenge of po-
larimetry, i.e., the measurement of a weak polariza-
tion signal mixed in much brighter starlight to good 
precision. 

The measurement of photons is limited by statis-
tical uncertainty defined by a Poisson distribution. To 
achieve a 0.1% error level that is generally accepted 
in the literature requires a minimum of 1,000,000 
photons. In practice an even larger signal is required 
to compensate for errors introduced in data reduction. 

A 0.20-m telescope can be expected to achieve 
0.1% precision for objects as faint as 9th magnitude 
with reasonable exposures. This limit is similar to 
that encountered for medium resolution spectro-
graphs on these instruments. As a general rule, po-
larimetry requires about 5 magnitudes more starlight 
than 1% photometry. 

 
2. Measurement Technique 

While there are several techniques used for 
measuring polarization, the most commonly adopted 
method using a CCD camera is called the “dual 
beam” imaging method. An excellent description of 
this method can be found in Ramaprakash (1996) and 
Masiero (2008).  

In this method, polarization is revealed by meas-
uring the difference in brightness of two images of 
the same star created by a calcite prism. This reduces 
the problem to a form of differential photometry. Due 
to the optical properties of calcite, any incoming light 
ray is split into two rays, one containing all of the 
light polarized in one direction and the other contain-
ing the light polarized at right angles. Unpolarized 
light is divided equally. This phenomenon is easily 
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observed by looking through a piece of calcite and 
noting the “double image” that is formed. 

A single calcite crystal will split light into two 
orthogonally polarized beams. The problem with this 
is that one beam goes out the crystal at an angle so 
that the two images have different optical path 
lengths. By mounting two equal sized crystals back-
to-back at a 90-degree angle, the two beams will 
emerge parallel to each other with identical optical 
path lengths. This configuration is called a Savart, or 
“double calcite” plate.  

The separation of the beams depends only on the 
thickness of the calcite. My plate is 13 mm thick and 
10 mm across. It gives a beam separation of 1 mm. It 
was made by Habro Optics. 

Starlight can be polarized in any direction. To 
determine the magnitude and direction of the polari-
zation, samples must be taken at two angles that are 
45 degrees apart. This creates four measurements of 
brightness, 0-90 degrees and 45-135 degrees. From 
these four measurements, the shape of the polariza-
tion ellipse can be uniquely determined.  

Making such a pair of measurements can be 
achieved by rotating the telescope system as a whole, 
by rotating the calcite plate, or by rotating the polari-
zation of the incoming light. Of these three methods, 
the last one is the easiest to implement.  

 By rotating the plane of polarization of the in-
coming light by 90 and 135 degrees (in addition to 
the required 0 and 45 degree positions), it is possible 
to eliminate the variations in brightness caused by 
differences in CCD pixel response. While this re-
quires four images rather than only two, it largely 
eliminates the effect of flat field variations. 

A special optical element, called a “halfwave” 
plate or “retarder” has the effect of rotating the plate 
of polarization by twice the degree to which the plate 
itself is rotated. Hence turning such a plate 22.5 de-
grees will rotate the plane of polarization by 45 de-
grees. A simple retarder is effective only at a single 
wavelength, but an achromatic material can be con-
structed using multiple layers, which compensate for 
each other. 

The material I am using is from a firm called 
Bolder Vision Optik in Colorado. It is an optically 
transparent multiple layer polymer that provides half 
wave retardance between 400 to 700 nanometers 
within 0.05% of the ideal. This is the same material 
used in the new polarimeter on the Hawaii 88-inch 
telescope on Mauna Kea (Masiero, 2008.)   

 
3. Instrumentation 

As Figure 1 shows, my instrument is a relatively 
simple device. Light from the C-8 passes through one 

of three photometric filters (B, V and R). It then 
passes though the rotatable retarder and a 400-700 
nm bandpass filter. The beam then passes though the 
Savart plate and into the ST-6 camera sensor.  

The converging beam is approximately 3 mm in 
diameter when it enters the 10-mm wide Savart plate, 
so most of the 6.6 by 8.8 mm CCD area is fully illu-
minated.  

 
Figure 1. The 20cm dual beam imaging polarimeter. 

The retarder, which is a very thin polymer film, 
is mounted in a homemade rotation device (Figure 2). 

 
Figure 2. The polymer half-wave plate is mounted on a 
retaining ring. A USB servomotor and gear assembly is 
connected by a very small post to the retaining ring 
through a slot in the housing.  

Although a near perfect polarizer, the Savart 
configuration creates a form of astigmatism that 
causes the star images to be tiny ellipses rather than 
circular disks. This defocusing turns out to be helpful 
in our application. 

In an ideal world, the bandpass filters (BVR) 
shown in the diagram would be located behind the 
waveplate (and, if possible, behind the Savart plate) 
so that they could not contribute to the measured po-
larization. In practice the author has been unable to 
detect any polarization created by these filters. 
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Note also that the B and R bandpasses are 
slightly compromised by the luminance filter. This is 
done to ensure that the retarder remains within its 
published achromatic range and so that a clear filter 
can be used in place of the photometric ones. 

The entire 7-kg assembly is mounted under the 
front of the authors’ C-14 system and mechanically 
aligned with the larger optical system. 

 
4.  Imaging Considerations 

At the nominal focal length of the C-8 optics, a 5 
arcsecond FWHM star image spans 48 microns, or 
approximately 2 of the 23x27 micron pixels of the 
ST-6 camera. At best, a few hundred thousand pho-
tons could be collected in this area before saturation.  

In order to get a larger signal in a single expo-
sure, the image is defocused until the core of the sig-
nal is spread over about a 6x6 pixel area. Using this 
technique, a total signal of 400K to 600K counts, 
corresponding to from 2.4 to 3.6 million photons, can 
be obtained for each star image. This reduces the 
photon statistical error to the 0.05% level. Naturally 
as the image size is increased, the effective read 
noise, sky background noise, and flat field quality 
limit the gain in precision.  

 
5. Automation – Organization 

Polarimetry involves the reduction of data from a 
large number of separate exposures, not all of which 
are necessarily taken in the same session. The inter-
pretation of the results may also require information 
about the sky conditions, temperature and equipment 
factors. Since the system would be running automati-
cally, it was realized that the equivalent of a “note-
book page” was needed to consolidate the informa-
tion produced in each observation. 

The format chosen for this purpose is that of a 
text file wherein each line is preceded by a “key-
word=” expression. This is very similar in form and 
purpose to a FITS header. These new files are called 
“Observation Index”, or just “Index” files. An Index 
file is created by a function in the main observing 
script after the target is acquired, just before the ac-
tual observations begin. It is initialized with time, 
target, air mass, altitude, azimuth, and current 
weather details in keyword format. 

The name of this Index file is passed to the vari-
ous scripts that execute the observation so that each 
can append their results. During the data acquisition 
process, each file name is recorded using a prede-
fined keyword to indicate their logical function. For 
example, the keyword “WP45DS2B=”  indicates that 
the file name that follows is a dark subtracted image 

from observing cycle 2 in B filter using waveplate 
position 45 degrees. 

Note that, if a frame or frame sequence needs to 
be repeated because of saturation or some other fault, 
the keyword can simply be repeated. By convention, 
only the last appearing instance of a particular key-
word is considered to be valid. 

The input to the analysis function is simply the 
name of the “Index” file. The analysis code uses the 
keywords to find the filenames of the images to be 
processed. In the same manner, the various analysis 
stages report their results (which may include names 
of generated files) into the index. When the observa-
tion is complete, the observation index file provides a 
detailed record of everything that transpired during 
the observation and data reduction.  

While created in response to the polarimetry file 
management problem, this organization mechanism 
is now being used for all five of the instruments in 
the observatory’s system.  

 
6. Automation – Acquisition 

The design of the automated target selection and 
observing system are described in considerable detail 
in Cole (2008) and will only be summarized here.  

The software environment consists of two Win-
dows XP virtual machines running inside a Mac OSX 
operating system. All of the control information, tar-
get definitions, images and reports are maintained in 
the OSX file system in standard formats. Data acqui-
sition, instrument control, and most of the algo-
rithmic analysis are done within the XP environ-
ments. 

The mount and cameras are supported by script-
ing of standard Software Bisque, SBIG, and Astro-
metric software. The primary control loop is run by 
Orchestrate in each virtual machine. A task is initi-
ated by putting a text file into a predestinated “inbox” 
directory. The Orchestrate program monitors this 
directory periodically. When it finds a file, it loads it 
as a “script” and begins execution. 

For this purpose, each line contains an instruc-
tion to run a prewritten VBScript with one or more 
target specific parameters supplied on the command 
line. These VBScripts, in turn, call upon objects and 
methods exposed by the Bisque CCDSoft and TheSky 
applications, or methods written by the author in Vis-
ual Basic to access the SBIG API, serial ports, and 
Internet device drivers. 

For polarimetry the targeting process is as fol-
lows. 

1. The target name is translated into Epoch 
2000 coordinates using TheSky database. 
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2. The telescope is slewed to the target loca-
tion. 

3. The ST-9 camera is used to acquire an 
image. The exposure time is determined 
based upon the catalog brightness. 

4. The target is identified either as a very 
bright object or via plate solving.  

5. Once located, it is moved to a preset posi-
tion on the image using the guide relays. 

6. The location is set into CCDSoft as the 
“guide position” and the ST9 is put into 
autoguiding mode. It will remain in this 
mode until the polarimetry observation is 
completed. 

7. Once the autoguider has locked onto the 
target, the script running on VM1 puts a 
script into the inbox of VM2.  

The VM2 Script proceeds as follows: 

1. The filter (BVR) is selected by a direct 
call to the SBIG API.  

2. The ST-6 camera is brought online and al-
lowed to cool to a preset temperature. 

3. A full-frame light image is taken by the 
ST-6 and dark subtracted using a previ-
ously recorded library dark. The file 
names are recorded in the index. Like all 
images from this camera, every star shows 
as a “double” due to the action of the 
Savart plate. The two components are ap-
proximately a millimeter apart.  

4. The image file is passed to a method writ-
ten in Visual Basic. The software makes 
two important assumptions. The first is 
that the target object is in the image. The 
second is that the brightest object pair in 
the image is the desired target. The soft-
ware locates the object pair by first sum-
ming all columns. Next it finds the col-
umn with the highest total. Next it scans 
for a secondary peak located left or right 
at the correct separation.  

5. Each column is scanned for the brightest 
pixel. This provides an approximate X-Y 
coordinate for each of the elements of the 
star pair. Using these coordinates as start-
ing points, the centroid of each star image 
is located. 

6. Using these positions, a set of subframe 
coordinates is calculated. These will be 
used for all future exposures during the 
observation. 

7. Using the magnitude of the brightest pixel 
in the star images and the exposure time 
of this image, an optimal exposure time is 
calculated such that the CCD wells will be 
a bit more than half-filled.  

8. The subframe coordinates and computed 
exposure times are passed back to the con-
trolling script. 

The following procedure is repeated up to 5 
times to collect data for analysis: 

1. The waveplate is rotated to the “0” posi-
tion. 

2. A dark subframe is taken. 

For each of the 4 positions: 0, 45, 22.5 and 67.5 

1. The waveplate position is set. 

2. A light subframe is taken and the image 
stored and recorded in the index. 

3. The dark is subtracted and the image 
stored and recorded in the index. 

4. For each frame, the maximum pixel value 
is checked to ensure that is remains below 
the saturation level. If not, the exposure 
time is decreased by 25% and the se-
quence restarted at waveplate position 
zero. 

Each frame takes from 15 to 140 seconds. The 
entire procedure ranges from 5 minutes to nearly an 
hour depending upon how many data sets are col-
lected, how many filters are used, and the brightness 
of the object. Typically about 30 images are taken in 
each filter. 

 
7. Automation - Analysis 

The reduction of polarimetry images is done by 
determining the flux values for each star image and 
then by combining these values using standard equa-
tions found in the literature to yield percent polariza-
tion and direction. The reduction process is run im-
mediately upon completion of the set of observations 
for a particular filter. The advantage of being able to 
see the results quickly outweighs the small loss in 
observing time. Note that all of the input to this proc-
ess comes from the Index file, so it can be re-run off-
line to test software changes. 

The author chose to implement the entire process 
with new software for two reasons. First, having 
bright objects in known positions in un-crowded 
fields eliminates the need for complex extraction 
techniques. Second, the odd elliptical shape of the 
defocused images did not lend itself to circular aper-
ture photometry software. 
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The signal extraction for each frame proceeds as 
follows:  

1. The approximate centers of each of the 
two stars are found.  

2. A square grid is defined and a proper cen-
troid is calculated for each star image.  

3. A rectangular grid is aligned to the cen-
troid and its size is adjusted based upon 
the image data. Here we take advantage of 
the fact that the image eclipses are ori-
ented left-right on the image plane.  

4. To do this the software scans columns 
leftward from the image center until the 
“peak” in the column is reduced to a pre-
set value above the background. This de-
fines the size of the inner box from which 
the signal will be extracted.  

5. An outer box of three columns (and rows) 
is used to define the average background 
value. 

Since it is possible that this adaptive windowing 
technique could be led astray by noise, the system 
also runs a “fixed box size” analysis for comparison. 

Using the eight signal values, the polarization is 
calculated using the formulae adapted from Timber-
gen (1996). 

 
R(q)2 = (Left@0/Right@0)/(Left@45/Right@45) 

R(u)2 = (Left@22/Right@22)/(Left@67/Right@67) 

P(q) = (R(q)-1)/(R(q)+1) 

P(u) = (R(u)-1)/(R(u)+1) 

Polarization = sqrt(P(q)2 + P(u)2) 

Angle = 0.5 arctan (P(u)/P(q)) 

 
This is process is repeated for all of the observa-

tions in each set. The average values and set vari-
ances are recorded along with the average signal 
level and the variation in position. 

This record is posted to the observation index 
file as well as to a summary file for that object. From 
the summary file a graph can be created showing the 
measurements over time. 

 
8. Instrument Validation 

Specialized instruments such as this one need to 
be shown as capable of producing meaningful obser-
vations. 

Three specific tests were made as part of the 
commissioning process. The first test is to prove that 
the waveplate + Savart plate combination resolved 
highly polarized light correctly. For this purpose a 
linear polarizing filter was placed in the light path. 
These filters are rated at 99+% polarization of light in 

the visible passband. A bright star was used as a tar-
get. The waveplate was then rotated in small incre-
ments as a series of images were taken. What one 
would expect in an ideal system is for the relative 
brightness of the two star images (which are called 
the “left” and “right” for this purpose) should vary 
over a complete cycle as the waveplate is rotated. In 
the ideal case, the ratio of brightness would vary 
from 100/0 to 50/50 to 0/100 to 50/50.  

The extreme values were measured as reaching a 
brightness ratio of more than 1000:1. The actual per-
formance is probably even better, but the software 
was simply unable to find the “dim star” when the 
extreme was reached. What this proves is that the 
“waveplate + Savart + software” combination can 
resolve the two polarized states to 99.9% or better. 

The next test was to observe the polarization of 
several “polarization standard stars” (Gehrels, 1974.)  
Here the objective was to see how much of the 
known polarization was actually detected by hard-
ware + software pipeline. The primary star used was 
HD 21291, whose published polarization is 3.5%. 
The system recorded from 97 to 100 percent of the 
known value. This represents an actual error of 0.1% 
or less. From this, I can state that the total system 
depolarization is less than 3%.  

Finally the system was used to “measure” the po-
larization of stars that are known to have “0” polari-
zation. Because of the way that polarization is calcu-
lated, all values are positive so that noise creates the 
appearance of polarization. From these measure-
ments, the instrument appears to have no more than 
0.1% instrumental polarization. No consistent angle 
of instrumental polarization has been observed, so the 
entire effect may be noise. 

In summary, the instrument shows no obvious 
instrumental polarization, minimal depolarization, 
and no measurable “crosstalk” between the polariza-
tion states. The frequent re-observation of standard 
stars is part of the observatory process. This also en-
sures that software, mechanical, and optical changes 
do not go unnoticed. 

   
9. System Experience 

After several months of experimentation and 
software development, the polarimeter was brought 
online in fully-automated operation in early 2009 
November. It ran as often as weather permitted 
through early 2010 February collecting some 200 
measurements of 20 targets. Observations are 
planned to restart in 2010 May and continue through-
out the remainder of the epsilon Aurigae eclipse. 
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10. Epsilon Aurigae 

The set of measurements taken from 2009 No-
vember 2009 to 2010 February shows no obvious 
changes in the degree or angle of polarization. The 
star appears to have a constant polarization of ap-
proximately 2.3% with an uncertainty of approxi-
mately 0.1%. An outlying point is seen in the data is 
thought to be due to mechanical problems with the 
waveplate rotator. 

 
Figure 3. Epsilon Aurigae polarization as measured from 
2009 November to 2010 February.  

11. Conclusions 

It is entirely possible to accurately measure po-
larization in bright stellar objects with small tele-
scopes. As relatively few time-series studies have 
been done with this technique, the possibility exists 
for interesting discoveries.  

The next step is to develop a proper calibration 
procedure for the alignment of the Q and U planes of 
the instrument to correspond to the existing profes-
sional conventions. This will allow both the existing 
and future data from this instrument to be combined 
with that from other observers. 
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Abstract 

As the line continues to blur between professional and amateur astronomy, it becomes important to examine the 
role that collaboration between the two can play in the coming decade. Towards this end, the AAVSO is coordi-
nating the First Decadal Survey of Amateur Astronomy and Astrophysics. Similar to the professional survey, the 
goal is to carry out an assessment of professional-amateur collaboration in astronomy and astrophysics, both 
previously recognized and new, and to prepare a concise report, recommending specific projects and areas of 
scientifically useful collaborations and studies, addressed to professional and amateur astronomical organiza-
tions, agencies supporting the field, the governmental committees with jurisdiction over those agencies, the gen-
eral scientific community, and the public at large. Public participation at all levels is not only invited but required 
for this to result in a report of value to the community. 

1. Summary Report 

Every ten years, professional astronomers and 
scientists engage in a two year process to determine 
our current state of knowledge of the Universe, the 
pressing science questions for the coming decade, 
and how we should invest billions of tax-payer dol-
lars on satellites, telescopes, and other experiments in 
order to learn the answers to these questions. At the 
end of the process, a summary report, published by 
the National Academy of Sciences, is issued that pri-
oritizes which programs and major initiatives the 
astronomical community believes show the most 
promise. This report, the Decadal Survey of Astron-
omy and Astrophysics, sets the groundwork for gov-
ernment, institutional, and private funding for major 
astrophysical projects over the next decade. Among 
the results of previous surveys are the Very Large 
Array, Hubble Space Telescope, and the Keck obser-
vatories. 

The First International Decadal Survey of Ama-
teur Astronomy and Astrophysics will be a comple-
mentary effort to answer the same questions, but as 
applied to professional-amateur (“pro-am”) collabo-
ration. The goal will be to publish a comprehensive 
document that surveys the current status of pro-am 
collaboration and make suggestions as to which pri-
orities the field should set for the coming decade.  

The survey will be a multi-year effort coordi-
nated through the American Association of Variable 
Star Observers (AAVSO). Overseeing the effort will 
be an Executive Committee chaired by Dr. Arne 
Henden, the Director of the AAVSO and originator 
of the project. The committee will consist of highly 
esteemed astronomers from various fields in the as-
tronomical community. Supporting the executive 
committee will be five Science Panels. Composed of 
leading professional and amateur astronomers in their 
field, they will examine the most pressing science 
questions, the current state of professional research, 
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the state of amateur capabilities, and recommend 
specific pro-am research initiatives in each of these 
main categories: Solar Studies, Solar System Science, 
Extra-Solar Planetary Systems, Stars and Stellar Evo-
lution, and Galaxies and Cosmology.  

The public will be solicited to submit white pa-
pers to these panels. White papers can be on any 
topic important to professional-amateur astronomy. 
In addition to science, they may include such varied 
topics as education, public outreach, equipment de-
sign, software development, ethics, etc. White papers 
will be distributed to the appropriate panels for dis-
cussion and review. The panels will make recom-
mendations of white papers to officially endorse and 
the executive committee will make the final deci-
sions. A final publication will be assembled with two 
sections: a concise report outlining the most impor-
tant endorsements and a longer discussion of the en-
dorsements with inclusion of secondary endorse-
ments. An on-line appendix of all white papers will 
be published as well. Public participation is not only 
encouraged but it will be required in order for this 
process to be a success. Public talks, meetings, on-
line public discussion forums, and other forms of 
interaction are planned. 

A successful survey will have significant effect 
on the future of pro-am astronomical collaboration. 
However, it will also be resource intensive in a time 
when funding for infrastructure projects like this is 
not easy to find. As a result, the full scope of the pro-
ject and the detailed implementation of it will be di-
rectly affected by the amount of financial support it 
receives from both public and private sources. Also, 
the project is still in the planning stage. This paper 
reports on current plans, but they are subject to 
change. We hope that this is just the first of a long 
line of decadal surveys of international amateur as-
tronomy and astrophysics. 
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Abstract 

The Dark Ridge Observatory was selected as the location to host the northern hemisphere portion of the AAVSO 
Photometric All-Sky Survey (APASS). In this paper we describe the physical implementation of the hardware and 
software that controls the survey along with a discussion of difficulties encountered, the expected results, and 
sample images. 

1. Introduction 

In this paper we describe and show the way that 
the APASS hardware was installed along with the 
software that is used to run the survey. We include 
the following discussion areas: 
 
Big hardware pieces 

 OTAs 
 CCD Cameras and filter wheels 
 Filters (B,V, g', r', i') clear 
 Paramount (loaned to us by Tom Bisque) 
 Computer and OS 
 External hard drives and the "sneaker net" 

 
Connecting the “dots” 

 All those wires 
 Paramount is NEW to me 
 Co-aligning the OTAs, shims and turnbuckle 
 Handling the added electronic hardware and 

wiring 
 What's in a focuser 
 Collimating a very wide-field reflector  
 Just how wide is the field of view 

 
Overcoming technology issues 

 USB both Ethernet server and local hard-
ware, why? 

 Data sizes and managing storage 
 

Modifying an existing observatory for the project 
 Removing a working telescope 
 Adapting the physical observatory 
 Pier extension 
 Roof rail extension 
 Roof operation automation 
 Modifying software to accommodate a new 

telescope and mount. A software interlock 
for APASS PARK 

 Integration into the DRO observatory Net-
work infrastructure and WeatherMon 

 
Issues related to TWO of everything, almost 
 
Running Linux and two virtual machines in sync 

 
The APASS Survey 

 
Seeing results 
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2. Big Hardware Pieces 

The astrographs that were selected for the 
APASS system are two matching Astro Systeme 
Austria (ASA) N-8 20cm Newtonian reflector. 
 

 
Figure 1 – ASA N8 Astrograph OTA 

The CCD cameras are twin Apogee U16m with 
the KAF 16803 4kX4k AGB CCD. Mounted to each 
is an Apogee AFW50-70S USB filter wheel.  

The filter sets contain Astrodon 50mm square 
filters in the Johnson-Cousins B and V, the Sloan u’, 
g’, z’, r’, i’ along with one clear par focal filter in 
each wheel. The OTA/filter combinations are as fol-
low: 
 East OTA (C1) contains the B, u’, g’, z’, clear 

set 
 West OTA (C2) contains the V, r’, i’, clear set 

 
Survey filters include only the B, V, g’, r’, i’ 
 
The mount is a Software Bisque Paramount ME 

(generously loaned to the project by Tom Bisque). 
 

 
Figure 2 – Paramount ME 

The system computer is a Dell Optiplex 760 PC 
with an Intel processor running Fedora Core 10 
Linux as the primary operating system. The computer 
is on a UPS along with the Ethernet switch, camera 
and filter wheel power. 

In order to manage all the expected image data 
from the two CCD cameras it was necessary to utilize 
external hard drives (sneaker-net) to collect the data, 
including all calibration images, and then send them 
via ground transport to the AAVSO headquarters in 
Cambridge Mass. Early initial images were trans-
ferred using FTP across a broadband DSL line in the 
control room but this quickly overloaded the system 
and would have required an estimated 28 hours each 
day in order to FTP all the real image data for proc-
essing. 
 

 
Figure 3 - “Sneaker net” 

3. Connecting the Dots 

Putting the entire system together in a compact 
configuration capable of performing as intended yet 
fitting into the space needed was a bit challenging.  
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One of the first items to concern me (TS) was 
just how to get all the necessary wires to the instru-
ments and network control hardware needed on the 
telescope assemblies without impeding the automatic 
motions from the Paramount. Here is a listing of the 
necessary wired connections needed to “ride” the 
assembly: 
 
 2 Ethernet Cat-6e for AnywhereUSB 
 1 +12 VDC for focuser power 
 1 12 VDC ground for focuser power 
 2 USB for cameras 
 4 twin-lead power cables for cameras and filter 

wheels 
 2 power cords for AnywhereUSB 

All these cables needed to route through the RA 
and DEC axis inside the Paramount. 
 

 
Figure 4 - Cable routing through Versa-Plate 

The Paramount was new to me (TS) so the learn-
ing curve on this was steep. Thanks to lots of email 
help from Tom Bisque we got things finally pulled 
together and running. 

Co-aligning the two astrographs on the common 
Paramount Versa-Plate was an interesting process. 
With such a large field of view through each 8” f/3.5 
astrograph (nearly 3 degrees X 3 degrees square) 
getting the optical centers to be matched required 
fixing one of the OTAs with respect to the Versa-
Plate and then making adjustments to the second 
OTA in two orthogonal directions. Various shim 
stock was used to adjust the vertical height of the 
OTA with respect to the Versa-Plate plane and a 
turnbuckle system was devised to adjust the back 
ends of the OTAs for horizontal adjustment with re-
spect to the Versa-Plate plane. 
 

 

 
Figure 5 - Horizontal OTA adjustment turnbuckle. Top 
(left) bracket is fixed and lower (right) bracket is adjust-
able 

Adjustments were very coarse and even with the 
CCD camera image centers available to determine 
orientation offset needed to co-align the OTA the 
best that could be done was to allow about 2-3 arc-
minute misalignment but this was satisfactory for the 
survey images. 

With all the above mentioned cables needed for 
operations of the two systems the components re-
quired to do the actual connections needed to go 
somewhere on the movable platform. Most items 
were sandwiched between the two OTAs so that net 
balance would be preserved and the cabling would 
not get hung up on any points of motion. 
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Figure 6 - Electronics and cabling sandwiched between 
OTAs 

The ASA focusers presented issues on several 
fronts. First the electrical connections to the focusers 
required a 12 VDC power supply feeding the control 
electronics and transformer unit for operations and 
the outputs of the control electronics was supplied 
from the AnywhereUSB server using a USB connec-
tor and to the actual focusers using a proprietary 
threading BNC-type connector. An external 3.5 amp 
continuous-duty power supply was used to provide 
the necessary 12 VDC to the control units. Secondly 
the focusers came with no good instructions or soft-
ware to allow them to be operated through MaxIm 
DL or scripting. Searching the ASA Yahoo group 
turned up some links to the eventual drivers that 
could be used through FocusMax and MaxIm DL but 
it seems that only one of the OTA focusers would 
operate on just one virtual machine so a compromise 
was made. Since the OTAs are very well made car-
bon fiber tubes the focus did not change significantly 
over a large range of temperatures (approximately 70 
degrees F) so one OTA would be focused at a time 
and then they were left alone for the rest of the sur-
vey that to this point amounts to about 6 months. 

Next was the OTA optical collimation. From the 
beginning one of the OTA collimations was off by a 
significant amount and caused very serious coma and 
“seagulls” not too far off the optical axis. As men-
tioned before these astrographs are f/3.5, very fast, 
and what should be a normal collimation procedure 
to obtain the desired results just would not work. 
Checking the ASA Yahoo group discussions again 
regarding collimating the fast optics did not really 
yield and satisfactory results. It was decided (TS) to 
attempt to visually identify the orientation and loca-
tion of the classic laser spot on the primary and sec-
ondary mirrors and the reflected location on the bot-
tom of the laser collimator using the “good” colli-
mated OTA and attempt to reproduce, although op-
posite in orientation, the results on the out of colli-

mation OTA. This met with acceptable results after 
many attempts to “tweak” the system ever so slightly 
followed by image visual analysis. 
 

 

 
Figure 7 - Top “good” C1 OTA collimation view and bot-
tom “bad” C2 OTA collimation view after getting a satis-
factory adjustment 

As was previously mentioned the image field of 
view from both systems stretches out to just less than 
3 full degrees on a side. This image size very nicely 
fit the physical dimensions of the Apogee U16M 4k 
X 4k CCD chip and in raw, un reduced and unproc-
essed test images created a nice wide-field view as 
evident in the images below. 

Each image is a single 15 minute unguided im-
age taken through the CLEAR filter from the C1 sys-
tem. Larger (8 to 10 megabyte) images are available 
at: 
http://www.darkridgeobservatory.org/ 
SASImages.htm. 
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Figure 8 - The “Horsehead” complex in Orion 

 
Figure 9 - The Andromeda Galaxy M-31 

 

 
Figure 10 – The Great Orion Nebula M-42 

 
Figure 11 – The Pleiades M-45 
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4. Overcoming Technology Issues 

Along the way to assembling the survey systems 
and installing the software to control and image came 
several interesting and unanticipated “tests” of our 
ingenuity and persistence. 

At the Dark Ridge Observatory multiple CCD 
cameras are used for main image cameras and guider 
cameras. Each camera is USB 2.0 format and as so 
the physical length limitations on the use of a USB 
cable preclude using that technology alone. Ethernet-
to-USB servers are used (AnywhereUSB) to provide 
USB component connectivity back to the control 
room server room. It was initially thought that this 
infrastructure might be sufficient to control the 
APASS system’s six USB devices (2 CCD cameras, 
2 filter wheels and 2 focusers). After initial testing of 
the CCD cameras using this method it was found that 
the large image size (32 Mbytes per image) took an 
exceedingly long time (70 seconds) to download to 
the computer that was originally located inside the 
control room. At this point it was decided that the 
AnywhereUSB server was transferring data at the 
USB 1.1 rate of 12 Mbytes / second but that this 
bandwidth was actually being shared for its 5 USB 
connections. Testing the camera while being directly 
connected to the computer allowed for a full frame 
image to be transferred in approximately 20 seconds 
and this was deemed acceptable. This also required 
that the computer be located in the actual roll-off 
observatory approximately 60 feet from the control 
room. Although the CCD cameras would not operate 
at a reasonable rate using the AnywhereUSB servers 
the remaining filter wheels and focusers would oper-
ate fine using this technology. Then in order to elimi-
nate the need to run 4 additional USB cables through 
the Paramount it was decided to run two CAT-6e 
Ethernet cables along with the two USB 2.0 cables 
through the mount and then position the two inde-
pendent AnywhereUSB servers, one for each system, 
on the movable portion of the assemblies. Although 
there was no anticipation of using the Ethernet cables 
for anything other than the servers, doing this did 
provide eight additional data lines that could be used 
for other needs should a situation arise. It was better 
to run the additional data lines during initial assembly 
than to need to run them after the survey was in pro-
gress as that would have required OTA removal and 
complete system disassembly. 

The next issue that needed to be dealt with was 
the large volume of image data that was to be col-
lected each clear night. It was initially estimated that 
nearly 20 gigabytes of data would be collected each 
night by the two CCD cameras and early testing 
showed that the DSL line that was available for trans-

ferring the data to the AAVSO headquarters in Cam-
bridge Massachusetts was not adequate for that task 
along with managing control of the observatory over 
the same Internet connection. It was therefore de-
cided to utilize the twin 1.5 terabyte external hard 
drives for periodically transferring the image data to 
headquarters for archive and to locally process the 
images and send just the metadata and photometry 
from each image over the Internet. 
 

5. Modifying an Existing Observatory 

In order to install the APASS astrographs and 
Paramount into the roll-off observatory it was first 
necessary to remove one of the working Meade 14” 
LX200 telescopes and mount from the existing pier. 
This instrument was stored for reinstallation follow-
ing the survey. 

Once the pier was cleared the loaned Paramount 
was placed upon it and one of the OTAs was 
mounted to get a real idea of the movement of the 
system inside the observatory and to evaluate the 
limitations of pointing to north and also the horizon 
limits. 

With just a simple swing of the mount it was 
immediately obvious that the pole could not be 
reached and the roof needed to be moved further 
north to get an unobstructed polar view. Also noted 
was the limited south horizon visible due to the 
physical orientation of the two OTAs when viewing 
south. In this orientation the OTAs are stacked one 
on top of the other and the lower OTA sight visibility 
is the limiting one for the system.  

In order to provide the required view the roof 
rails needed to be extended an addition 4-5 feet to the 
north and the associated support structures built to 
allow this. 
 

 
Figure 12 – Extended roll-off roof 
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Also to get the south view needed the entire 
Paramount needed to be raised approximately 12 
inches and the point of mount centerline moved to the 
north about the same 12 inches. In order to accom-
plish this a special adapter system was designed and 
constructed as shown below. 
 

 

 
Figure 13/14 – Pier adapter plate 

Once the mount modifications were tested and 
deemed acceptable to reach the “whole sky” the 
mount was finished and coated for weather protec-
tion. 

With the new hardware and software needs of 
the APASS system DRO network Infrastructure 
modifications were required. Below is a diagram of 
the Dark Ridge Observatory basic networking infra-
structure. Large image is available at 
http://www.darkridgeobservatory.org/ 
SASImages.htm  

 

 
Figure 15 – Paramount, one OTA and angle indicator 

 
Figure 16 – DRO network infrastructure 

With the APASS system sitting on the modified 
adapter plate and positioned one foot higher in the 
observatory special care was needed to ensure that 
the system was in a special PARK configuration to 
prevent interference with the roof operations. To ac-
complish this special startup and shutdown scripts 
were created that prevented the roof automation 
software from opening or closing the roof unless the 
true PARK condition existed. When the imaging ses-
sion ends the shutdown script commands the mount 
to park and once parked reconnects to the mount and 
writes out the current altitude and azimuth values into 
a trigger file that is used to verify PARK before open 
or close operations can take place. When the system 
is started up the trigger file is deleted again prevent-
ing open or close operations. There is an additional 
infrared sensor that indicates clear conditions across 
the top of the assembly to prevent opening the roof 
with an obstruction present. All of the roof automa-
tion software is contained in a Visual Basic program 
written by one of us (TS) called “WeatherMon” that 
incorporates weather conditions from a Davis 
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weather station and various control parameter values 
to manage four observatories concurrently. This 
software had to be modified to allow the more restric-
tive PARK conditions to be taken into account for the 
modified APASS roll-off observatory building. A 
motorized south wall operates to provide lower ac-
cess to the southern exposure but is normally left 
raised to act as a wind barrier and allow APASS op-
erations in wind conditions of 25 MPH or less. This 
function is being integrated into the automation con-
trol software as well. 
 

6. Issues Related to Two of Everything, 
Almost 

Certain idiosyncrasies exist when trying to run 
two independent CCD cameras, filter wheels, focus-
ers and just one telescope mount.  

When starting up each virtual machine (VM) in-
stance of Windows XP the first one to start grabs 
hold of the CCD cameras and filter wheel USB ports 
but neither one attaches the Paramount hardware. It is 
required that manual assignment to each respective 
VM be done in order to make all the hardware talk to 
the correct software.  

Additionally the AnywhereUSB servers have to 
be assigned to the proper VM as well but this is done 
through the Dark Ridge Observatory network infra-
structure and is a separate but vital process to make 
everything talk correctly. 

 

7. Running Linux and Two Virtual 
Machines in Sync 

The design of the APASS control system draws 
heavily on the experience of two of the authors (AH 
and DT) with the Sonoita Research Observatory 
(SRO). SRO uses a PC running Windows XP to con-
trol the telescope and camera with ACP Observatory 
Control Software, ACP Scheduler and Maxim DL. A 
second PC running Linux handles data archiving and 
transfer to the SwRI data server which is then mir-
rored by a server at AAVSO headquarters. Given the 
very successful performance of the SRO setup, we 
chose to follow a similar approach with APASS. 

Although the same control system setup as SRO 
was desired, it quickly became clear that we had 
some major hurdles to overcome. The biggest issue 
was the inability to control two cameras simultane-
ously with ACP and Maxim DL. Neither ACP nor 
Maxim DL were designed with our kind of setup in 
mind but both were designed with enough flexibility 
to allow us to achieve our goals. 

One of us (DT) had been using virtualization 
software to solve various IT infrastructure issues and 

thought that it might solve the issues with the APASS 
control system. We decided to try a solution that in-
volved a single PC running Linux as the primary op-
erating system hosting two virtual machines (VMs) 
running Windows XP. The virtualization software we 
use is the freely available VirtualBox software from 
Sun Microsystems. It turned out that with a little 
scripting, this approach was a viable solution. 

The primary Windows VM runs ACP and ACP 
Scheduler to control the telescope and make deci-
sions about what fields to observe. ACP then uses 
Maxim DL to control the primary camera (C1) and 
filter wheel. When ACP starts an imaging sequence, 
one of our scripts is called that writes information to 
a file to signal the start of imaging on C1. This file is 
monitored by a script running on the secondary VM. 
When an imaging sequence is detected on C1, the 
secondary camera (C2) is commanded to start its se-
quence. The imaging sequences for C1 and C2 are 
chosen such that the total exposure time for C2 is less 
than that of C1, so that it should finish before C1, 
although that is not a strict requirement since C1 will 
wait for C2 if it detects that C2 is still imaging for 
some reason. 

Once C1 and C2 have finished imaging, the files 
from C2 have the field center’s right ascension and 
declination written to them (since C2 has no direct 
way of getting that information). The files from C2 
are then renamed to follow the same pattern as the 
ACP-assigned names for the C1 images and then 
copied to the directory where ACP wrote the C1 files. 
The ACP Scheduler then chooses the next target and 
the process repeats. 

One difference between the setup at SRO and the 
APASS setup is that the Linux machine at SRO com-
presses the images and then transfers them to the data 
server at SwRI. The limited bandwidth at DRO 
makes this approach unfeasible for APASS. The ap-
proach taken with APASS is to run the images 
through the IRAF pipeline on the Linux side to gen-
erate the final photometry for each object. These 
much smaller files are then transmitted to AAVSO 
headquarters. The raw images are saved to an exter-
nal USB disk which is periodically shipped to 
AAVSO headquarters for archiving and further 
analysis should it be needed. 

 

8. The APASS Survey 

D. Welch (McMaster University) created a list of 
field centers, spaced 2.8 degrees in the sky. A corre-
sponding list with the field centers offset by 1.4 de-
grees, to give a center-to-corner offset, was also cre-
ated. These lists are the heart of the survey. During 
each night, approximately 70 fields are covered, 
along with periodic visits to the celestial equator to 
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image Landolt and SDSS calibration fields at varying 
airmass. At each field location, images are taken in 
BVg’r’i’ passbands, with the blue wavelengths hav-
ing 180second exposures and the red wavelengths 
having 90 second exposures. The next morning, im-
ages are dark-subtracted and flat-fielded using IRAF. 
FORTRAN routines then find all stars and extract 
aperture photometry for each object, creating a set of 
star-list files. These are then uploaded to the AAVSO 
headquarters. The original images are stored on ex-
ternal hard drives that are shipped to the AAVSO on 
a periodic basis. 

The star-lists are transferred via Internet to the 
AAVSO on a daily basis. At HQ, another program 
automatically matches the star lists vs. the UCAC3 
reference catalog and performs astrometry using lin-
ear plate coefficients. Another program takes that 
output and applies a polynomial correction to the 
plate solution, resulting in sub-pixel astrometric accu-
racy across the entire field. The star-lists are matched 
against Landolt and SDSS calibration standards on a 
nightly basis to determine transformation coeffi-
cients, extinction and zeropoints. These are applied to 
the star-lists and the fully transformed data is used for 
determining mean photometry for each star. 

The survey covers each sky location four times: 
twice with one set of field centers, and twice with the 
1.4 degree offset field centers. The four measures are 
used for the mean magnitudes of the master catalog. 

 

9. Seeing Results 

At the current time, approximately 3000 square 
degrees of sky have been covered. The photometry 
saturates at 10th magnitude, and has a limiting mag-
nitude of about V=16.5; a very nice match to the 
UCAC3 catalog. The photometric accuracy is about 
0.02mag for well sampled stars; the astrometric accu-
racy is about 0.2arcsec. We are expecting rapid im-
provement in the sky coverage as the good photomet-
ric weather season begins in New Mexico. The sur-
vey has started near the North Celestial Pole and is 
working south, hopefully completing the +20 declina-
tion zone by mid-summer. We will then move the 
system to Chile to complete the rest of the sky. 
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Abstract 

Existing and new observations of RRc Lyr type variables, first discovered by the ROTSE 1 project, are examined 
and analyzed. This study performed both period and Fourier decomposition analyses on existing observations of 
a subset of RRc Lyr stars from the ROTSE project catalog. Existing observations were supplemented with ob-
servations using a 0.25-m Schmidt-Cassegrain Telescope (SCT) instrument to make V-band and I-band obser-
vations on a number of these RRc stars. Analysis of these observations allowed verification of these variables 
either as RRc Lyr types, provided another value for the primary period, discovered multiple periods were present, 
or suggested that the data fit better with another variable star classification. 

1. Introduction 

The initial demonstration phase of the Robotic 
Optical Transient Search Experiment (ROTSE 1), 
while designed to detect optical transients following 
Gamma Ray Bursts (GRBs), identified approximately 
18,000 variable stars in 1998, including a subset of 
more than 800 RR Lyr type stars. (Ackerlof et al. 
2000). Additional inspection of this RR Lyr subset 
yielded 104 newly discovered variable stars of the 
RRc Lyr sub-type. 

RR Lyr variables are radial pulsators and can be 
divided into two main classes. RRab variables have 
relatively high amplitudes (~1.0 V mag), asymmetri-
cal light curves, and in general have periods between 
0.4 and 1.0 days. RRc variables have lower ampli-
tudes (~0.5 Vmag), nearly sinusoidal light curves, 
and periods between 0.2 and 0.5 days. RRc Lyr vari-
ables are thought to pulsating in the first overtone, 
Sterken and Jaschek (1996). 

Ackerlof et al. (2000), indicate that the ROTSE 1 
RRc Lyr variable classification was accomplished by 
noting the sinusoidal shape of RRc variables, match-
ing the observed light curve with a third order poly-
nomial, and limiting the classification set to empirical 
norms for RRab/RRc ratios and period values from 
the literature.  

While automated surveys such as ROTSE 1 are 
very valuable in their own right, independent verifi-
cation of stellar classification and period is useful in 
helping to corroborate the published ROTSE 1 re-
sults. 

 

2. The Data Set 

A set of twenty RRc Lyr variables were selected 
from the 104 RRc stars found in the ROTSE 1 sur-
vey, representing approximately 18% of the total 
RRc Lyr set. Stars were selected from 17h to 19h RA 
in order to facilitate separate observations by the au-
thor in the summer (northern latitudes) of 2009. 

The 1998 ROTSE1 data for RRc Lyr variables 
was obtained from the Northern Sky Variability Sur-
vey site. The available observational coverage for the 
selected stars in that period of time, is shown in Fig-
ure 1. 

 
Figure 1: The 1998 observational coverage of the se-
lected ROTSE 1 RRc stars from the Northern Sky Vari-
ability Survey. 

Similarly, the additional observational coverage 
for observations provided by the author in 2009 is 
indicated in Figure 2. 
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Figure 2: 2009 observational coverage of the selected 
ROTSE 1 RRc stars. From observations by the author 

3. Observations 

All observations by the author were made using 
a Meade LX-200 0.25-m (10-inch) telescope and 
Starlight Xpress MX 716 CCD camera, which has a 
550 x 720 pixel array. One-minute exposures with 
standard V and I band photometric filters were taken 
at an f-ratio of 6.3, which provided an effective field 
of view of approximately 12 x 16 arc minutes. Five 
contiguous one-minute exposures were averaged to 
produce a single data point during the time-series 
observations. Typical seeing conditions for this low-
altitude site were between 3.5 and 4.5 arc seconds 
FWHM for each image. The air mass for observa-
tions ranged from 1.05 through 1.55. All exposures 
were dark current and bias subtracted and also flat-
fielded using twilight sky flats according to estab-
lished procedures. The software tool AIP4Win (Berry 
and Burnell, 2000) was used to make photometric 
measurements.  

The V and I photometric data were calibrated 
with measurements taken from Tycho observations of 
noted comparison and field stars (Tycho-2 Catalog, 
1997), corrected to the Johnson- Cousins system. 
Zero points were then determined from the compari-
son star photometry and applied to photometry of the 
RRc Lyr stars using AIP4Win to produce standard-
ized V-band measurements. The calculated photo-
metric error of observations of the variable star was 
at or below 0.05 mag for all observations 

It should be noted that the photometric data from 
the ROTSE 1 observations are not strictly V-band 
data. The raw ROTSE 1 observations were unfiltered, 
but the measured stellar magnitudes were correlated 
to V-band magnitudes during image processing and 
calibration (Ackerlof et al., 2000).  

 

4. Light Curve Analysis Techniques 

 Poretti (2001) suggests using the method of 
Fourier decomposition to quantify the light curve to 
identify and distinguish among short period variable 
stars. Fourier decomposition involves fitting the 
photometric measurements to a cosine series of the 
form (after Poretti, 2001; or Antonello et al., 1986): 

 

V = A0 + Ai cos[i(t -T0) +i] 
 
Where  = 2period, Ai are amplitude coeffi-

cients, and iis the ith phase parameter. The Fourier 
parameters can be subdivided into two groups Rij = 
Ai/Aj and  ijiiij - ji. Of particular signifi-
cance are the parameters R21 and 31, which have 
been used by Poretti (2001) and others to distinguish 
among RRab Lyr, RRc Lyr, and delta Scuti stars by 
plotting these parameters against the period, as in 
Figures 3 and 4. 

Light curves for 19 of the RRc stars in the 
ROTSE1 subset were constructed by implementing 
the Fourier decomposition method in a Microsoft 
Excel spreadsheet using the ROTSE 1 data. Since 
light curves for RRc stars are basically sinusoidal 
(Sterken and Jaschek, 1996), light curve construction 
is easily within the formula and graphing capabilities 
of Excel.  

  

 
Figure 3: The 31 Fourier Parameter plotted against the 
period for reference delta Scotia (dots), RRab (crosses), 
and RRc (open triangles) stars. From Poretti (2001). 
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Figure 4: The R21 Fourier Parameter, plotted against the 
period for reference delta Scuti (dots), RRab (crosses), 
and RRc (open triangles) stars (from Poretti, 2001). 

To check the accuracy of the curve-fit, residuals 
were calculated and graphed for each light curve. 
Additionally, the R2 statistical parameter was also 
calculated as a check of goodness-of-fit. One exam-
ple of such a constructed light curve and its associ-
ated residuals is seen in Figures 5 and 6.  

 
Figure 5: ROTSE 1 data for RRc Star 
J160456.64+292623.6 (black dots), together with the 
fitted light curve (white squares). From the Northern Sky 
Variability Survey. 

 

 
Figure 6: Calculated residuals between the fitted light 
curve and the observational data for the ROTSE 1 RRc 
Star J160456.64+292623.6 (black dots).  

Light curves were also similarly constructed for 
those RRc stars were additional observations were 
obtained by the author. The Fourier decomposition 
parameters R21, 21, and31 for all observations in 
the RRc subset are shown in Table1 and mapped 
against the period in Figures 7 and 8. These figures 
also indicate the general areas of RRab and delta 
Scuti stars whose Fourier decomposition parameters 
were calculated by Cacciari et al. (2004) and Jin et al. 
(2004) from V-band observations 

 

Figure 7:  Fourier Decomposition Parameter 31 (trian-
gles) for RRc Lyr stars from ROTSE1 V-band observa-
tions in 1998. General positions of delta Scuti and RRab 
Lyr Stars are from Cacciari et al. (2004) and Jin et al. 
(2004) V-band observations. 
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Figure 8: Fourier Decomposition Parameter R21 (trian-
gles) for RRc Lyr stars from ROTSE1 V-band observa-
tions in 1998. General positions of delta Scuti and RRab 
Lyr Stars are from Cacciari et al. (2004) and Jin et al. 
(2004) V-band observations. 

It can be seen in Figure 7 that the selected subset 
of ROTSE 1 RRc stars falls into the general area 
bounded by 0.2 to 0.4 days and by 2 to 4 units for the 
31 parameter. This is clearly separate from the RRab 
Lyr and delta Scuti groups and indicative of other RR 
Lyr studies (e.g., Cacciari et al., 2004). In Figure 8, a 
similar graphical separation between stellar types 
also exists for the R21 parameter 

 
5. Period Analysis Techniques 

Because of 1) scatter in the data, and the rela-
tively low R2 parameter value for some selected stars, 
2) the light curve for at least one star is asymmetric, 
3), many RR Lyr stars exhibit multi-periodic behav-
ior, and, 4) the possibility that the classification of a 
star as a RRc Lyr variable through Fourier decompo-
sition analysis might still be incorrect, a period analy-
sis was performed on each selected RRc Lyr vari-
able’s data set. The ANOVA period determination 
tool (Schwarzenberg-Czerny, 1996) within Peranso 
(Vanmunster, 2007), was used for this analysis. 

The results of this additional period analysis in-
dicates the primary period for a number of stars could 
different than that determined in the ROTSE 1 analy-
sis from Ackerlof et al. (2001). This analysis also 
shows that in four instances, classification of the sys-
tem as an RRc Lyr variable is in question. The results 
of this additional period analysis are shown in Table 
2.  

Fourier decomposition analysis was repeated for 
those stars where a significantly different period was 
found from the ANOVA analyses. It was noted that 

for five RRc stars in Table 2, the recalculated R2 pa-
rameter was not significantly different (e.g. 0.64 vs. 
0.65) for a constructed light curve using the alternate 
period value. Additionally, the calculated Fourier 
parameters were within 10% of the previously calcu-
lated values for these same five stars. Such a small 
change would not significantly move the parameter 
positions in the R21, or 31 graphs of Figures 7 or 8.  

From these results using an alternate period 
value, one can still reasonably conclude that these 
five stars are still RRc Lyr variables (from the shape, 
and characteristics of the light curve). However, the 
correct period remains uncertain. It could be that the 
ROTSE 1 period or the one obtained through the 
ANOVA analysis is correct, or that the true period is 
something different from either one.  

For one variable, J164835.51 +145837.2, the 
ANOVA period is considerably shorter, 0.149321 
days vs. the ROTSE 1 period of 0.213029 days. Al-
though the shorter period could lead one to the con-
clusion that this star could be a High Amplitude Delta 
Scuti star (HADS), the sparseness of the data, about 
40 points over five months, cautions against drawing 
any definitive conclusions without further study. 

For three RRc variables, (J164835.51 
+145837.2,  J184547.01 +251959.8,  and J193249.17 
+440451.6), a secondary period is present. For one 
star, J193249.17+440451.6, a tertiary period is also 
present. 

When the light curve for J175248.98 +244513.7, 
is plotted from the ANOVA analysis (Figure 9), the 
curve shows a rapid rise to maximum, and a slower 
decline to minimum. This is much more characteris-
tic of an RRab Lyr type variable. 

 
Figure 9: Light Curve for J175248.98 +244513.7 (from 
ROTSE1 V-band observations in 1998). 

Similarly, when J185746.86+240444.0 is plotted 
using the ANOVA derived period of 0.0908047 days 
(Figure 10), the light curve amplitude is quite small, 
about 0.3 V magnitude. This is much more character-
istic of a Low-Amplitude Delta Scuti (LADS) star. 
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Figure 10: Light Curve for J185746.86 +240444.0 (from 
ROTSE1 V-band observations in 1998). 

The most obvious difference between the 
ROTSE 1 light curve and one produced from the 
ANOVA analysis is for J182911.97 +280808.3. The 
light curve using the ROTSE 1 period is seen in Fig-
ure 11 and the light curve from the ANOVA derived 
period is shown in Figure 12.  

 
Figure 11: Light Curve for J182911.97 +280808.3 using a 
period of 0.274743 days (from ROTSE1 V-band observa-
tions in 1998). 

 
Figure 12: Light curve for J182911.97 +280808.3 using a 
period of 1.032662 days (from ROTSE1 V-band observa-
tions in 1998). 

It is evident that for this star, the ROTSE 1 pe-
riod is either significantly incorrect or there has been 
a data or designation error in labeling this star as an 
RRc Lyr variable. The ANOVA period is 1.032662 
days, quite different from the 0.27472 day period in 
the ROTSE1 database. The amplitude the light curve 
in Figure 12 is quite large, approximately 2.0 V mag-
nitudes. While the exact designation of the variable is 
uncertain, it could be a W Uma variable at the upper 
end of the period range or a Cepheid at the lower end 
of the period range. 

 
6. Conclusions 

New and existing observations of ROTSE 1 RRc 
Lyr designated variables were analyzed using Fourier 
decomposition and period analysis techniques. 

Using Fourier decomposition analysis alone, the 
variable type for 19 of 20 selected stars as RRc Lyr 
variables appears consistent with the ROTSE 1 pub-
lished designations.  

When additional period analyses are applied, a 
number of differences between the ROTSE 1 pub-
lished data or designation became apparent. For five 
of these RRc Lyr variables, the correct period re-
mains uncertain. For three ROTSE 1 stars, the RRc 
Lyr designation is definitely questionable. Period 
analysis also shows that for three RRc variables a 
secondary period is present and, in one case, a terti-
ary period is also present. 
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Table 2:  Differences in primary period determination (days) from the ROTSE 1 observations in 1998. 
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Abstract 

The concern over the insufficient number of students choosing to enter the science and engineering fields has 
been discussed and documented for years. While historically addressed at the national level, many states are 
now recognizing that the lack of a highly-skilled technical workforce within their states’ borders has a significant 
effect on their economic health. Astronomy, as a science field, is no exception. Articles appear periodically in the 
most popular astronomy magazines asking the question, “Where are the young astronomers?” Astronomy 
courses at the community college level are normally restricted to introductory astronomy I and II level classes 
that introduce the student to the basics of the night sky and astronomy. The vast majority of these courses is 
geared toward the non-science major and is considered by many students to be easy and watered down courses 
in comparison to typical physics and related science courses. A majority of students who enroll in these classes 
are not considering majors in science or astronomy since they believe that science is “boring and won’t produce 
any type of career for them.” Is there any way to attract students? This paper discusses an approach being un-
dertaken at the Estrella Mountain Community College to introduce students in selected mathematics courses to 
aspects of astronomy related research to demonstrate that science is anything but boring. Basic statistical tech-
niques and understanding of geometry are applied to a large virgin data set containing the magnitudes and 
phase characteristics of sets of variable stars. The students’ work consisted of developing and presenting a pro-
ject that explored analyzing selected aspects of the variable star data set. The description of the data set, the 
approach the students took for research projects, and results from a survey conducted at semester’s end to de-
termine if student’s interest and appreciation of astronomy was affected are presented. Using the data set pro-
vided, the students were provided the opportunity for original research and discoveries. 

1. Introduction  

In today’s modern world, the health and eco-
nomic growth of a country is directly dependent on 
the ability of its citizens to produce goods and ser-
vices that are not only needed by its own population, 
but can be exported to neighboring and foreign coun-
tries. In the last century, the United States has 
evolved from a largely agricultural and manufactur-
ing society to one that is largely composed of innova-
tion and services. However, it now seems that the US 
may be losing its position as the world leader in in-
novation and research. 

In the last few years, it has become well- docu-
mented that the US is beginning to lose its lead in 
research and technology, something that has been 
taken for granted. The most serious threat comes 
from the emerging country economies such as India, 
China, South Korea, and Taiwan. Indian companies 
are quickly becoming the second largest producers of 
application services in the world. They are develop-
ing, supplying, and managing database and other 
types of software for clients around the world. South 
Korea has “rapidly eaten away” the US advantage in 

the manufacture of computer chips and telecommuni-
cations software, and “even China” has made impres-
sive gains in advanced technologies such as lasers, 
biotechnology and advanced materials used in semi-
conductors, aerospace and many other types of manu-
facturing. Although the US technical dominance re-
mains solid, the globalization of research and devel-
opment is exerting considerable pressure on the 
American system. It won't be easy for the US to keep 
its privileged position in the world. 

We are still on top for now; the U.S continues to 
lead the world in economic performance, business 
and government efficiency and in the strength of its 
infrastructure. As recently as 2001, the U.S., with just 
6% of the world's population, churned out 41% of its 
Ph.D.s. Its labs regularly achieve technological feats, 
as the rollout of a new, super powerful Macintosh 
computer and the launch of a space probe to Pluto 
make clear. However, the number of Americans pur-
suing advanced degrees in the sciences and engineer-
ing is declining, and university science and engineer-
ing programs are growing more dependent on for-
eign-born talent. Thirty-eight percent of the nation's 
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scientists and engineers with doctorates are born 
abroad. 

Unless things change, other countries will over-
take us, and the breathtaking burst of discovery that 
has been driving our economy for the past half-
century will be over. In his 2005 best seller, The 
World Is Flat, Thomas Friedman argues that global-
ization has collapsed the old hierarchy of economic 
engine-nations into a world where the ambitious eve-
rywhere can compete across borders against one an-
other, and he identifies the science problem as a big 
part of that development. Borrowing a phrase from 
Shirley Ann Jackson, president of Rensselaer Poly-
technic Institute, he calls it America's “quiet crisis.”  

Is the picture any different in the field of astron-
omy? While the US currently leads the world in as-
tronomical research and discovery, there still is the 
concern about from where the next generation of as-
tronomers and space researchers will come. This 
concern is expressed not only at the professional 
level but also in the arena of amateur astronomy. In 
the last six months, the editor in chief of Sky and 
Telescope magazine has dedicated no less than 3 arti-
cles to addressing these issues. So, what can be done? 

One approach is to spark an innate curiosity of 
science and exploration in the hearts and minds of 
elementary and middle school age students. The 
baby-boom generation that grew up in the 60’s and 
70’s had the Apollo moon program to inspire them. 
Today, the US Space program is in a state of disarray 
with respect to manned flight and exploration. Is 
there another avenue? 

An innovative approach is being undertaken at 
Estrella Mountain Community College in Phoenix, 
Arizona, to try to address these problems. This ap-
proach consists of introducing students in traditional 
mathematics courses to real world astronomical re-
search and making available the opportunity to con-
duct original research with the options to publish 
results in referred journals. This is targeted mainly at 
students in non-science and liberal arts fields who 
have previously written off science and engineering 
as college majors and career fields.  

 
2. Background 

 Estrella Mountain Community College (EMCC) 
is part of the Maricopa County Community College 
system. This system consist of 10 colleges, 2 skill 
centers, and numerous education centers, all dedi-
cated to educational excellence and to meeting the 
needs of businesses and the citizens of Maricopa 
County. Each college is individually accredited, yet 
part of a larger system, the Maricopa County Com-

munity College District, which is one of the largest 
providers of higher education in the United States. 

Student enrollment has recently exceeded 
250,000 students and includes students taking credit 
and non-credit courses. The fall 2007 credit student 
demographics consisted of: 

 56% women  
 42% non-Anglo  
 41% age 25 or older  
 75% part-time  
 39% evening  
 35% intend to transfer to a college or univer-

sity  
 30% intend to gain or improve workforce 

skills  
 12% attend for personal interest 

The ten colleges offer thousands of new learning 
experiences each semester for people who are seek-
ing work skills, professional continuing education, 
personal enrichment, and fitness programs.  

 Due to recent growth in the student population, 
the EMCC Science and Mathematics Division has 
recently been reorganized into two divisions; the sci-
ence division containing biology, chemistry, geology; 
and the mathematics/physics division containing all 
mathematics courses and basic physics and astron-
omy courses. Mathematics courses that are offered 
each semester include: 

 Basic arithmetic 
 Introductory, immediate, and college algebra 
 Trigonometry 
 Calculus 
 Business mathematics 
 College mathematics 

  
Offered physics courses consists of: 

 Introductory and general physics 
 Mechanics 
 Electricity and magnetism 
 Thermodynamics and optics 

 
Astronomy courses are: 
 Astronomy I and II 

 
The Astronomy I course is the first course in as-

tronomy. It provides the basic introduction to the 
solar system and covers the topic areas of 

 Early History of Astronomical Thought  
 Birth of Modern Astronomy  
 Radiation  
 Telescopes  
 Earth  
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 Earth’s Moon  
 Overview of the Solar System  
 Comparative Planetology: Terrestrial Planets  
 Comparative Planetology: Jovian Planets  
 Pluto and Solar System Debris  
 Formation of the Solar System  
 Sun  
 Nearby Stars  

 
Astronomy II is the second semester course and 

covers the introduction to stars, galaxies, and cos-
mology. Its contents are 

 Tools of Astronomy  
 Sun as a Nearby Star  
 Measuring the Stars  
 Binary Stars and Star Clusters  
 Interstellar medium  
 Star Formation  
 Stellar Evolution  
 Stellar Remnants  
 Milky Way Galaxy  
 Normal Galaxies  
 Active Galaxies  
 Cosmology 
 Life in the Universe 

  
While a considerable amount of material is cov-

ered, most of it is at the introductory level and makes 
little use of mathematics or physics. The vast major-
ity of these courses is geared toward the non-science 
major and is considered by many students to be easy 
and watered-down courses in comparison to typical 
physics and related science courses. A majority of 
students that enroll in these classes are not consider-
ing majors in science or astronomy since they believe 
that science is “boring and won’t produce any type of 
career for them.” Is there any way to show students 
that real science is anything but boring? 

 
3. Introducing Astronomy Related 

Research into Math 142 

Math 142 is titled College Mathematics and is 
designed to give the non-science major an introduc-
tion to several areas of applied mathematics. These 
areas include: 

 Set Theory  
o Venn diagrams  
o Set operations  

 Probability  
o Experimental vs. theoretical probability  
o Conditional  

o Odds  
o Permutations and  combinations  

 Statistics  
o Descriptive  
o Normal distribution  
o Percentiles and quartiles  

 Finance  
o Annuities  
o Simple vs. compound interest  
o Exponential growth  
o Loans  
o Rates vs. Yield  

 Geometry  
o Perimeter/area/volume  
o Unit conversions  

 Additional Topics-Departments may include 
one or more of the following topics in the 
course:  

o Logic  
o Numeration systems  
o Inferential statistics  
o Voting theory  
o Math of music  
o Index numbers  
o Graph theory  
o Geometry topics  

 
After a review of courses offered and areas cov-

ered in each course, it was decided that the Math 142 
course would be the one chosen as the pilot program 
for introducing aspects of astronomy-related research 
into the classroom setting. Various aspects of geome-
try, statistics, set theory, and probability could be 
applied to the analysis and interpretation of astro-
nomical data. 

 
4. Math 142 Projects 

4.1 Project Definitions 

The research oriented project was constructed as 
part of the course load for Math 142. For grading 
purposes, the project was weighted as a significant 
portion of the final grade and the submittal was in 
substitution of the final examination. During the last 
4 to 5 weeks of the semester, emphasis was on under-
standing and conducting research on the project. As-
pects were covered in the classroom and students 
could work on the projects in teams if they so de-
sired. The final submittal consisted of a professional-
level report. 
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4.2 Data Set Background 

The primary object of the class project is to in-
troduce the student to performing statistical analysis 
on sets of real world data to extract meaningful in-
formation. These same approaches can be applied to 
data from the economic, medical, aerospace, or any 
field that produces data sets representing results from 
defined activities. 

The set of real world data for the projects con-
sisted of a copy of an astronomical data set supplied 
by the Global Network of Astronomical Telescopes, 
Inc. (GNAT). GNAT is a privately- supported, mem-
bership-based organization that is formally consti-
tuted as a not-for-profit 501(c)(3) corporation. GNAT 
operations are administrated through a series of 
working groups, each managed by a Working Group 
Chairman. The working groups manage imagery and 
associated observational data and have had a series of 
observational projects underway for the past several 
years. 

Data for the project set was collected from the 
Moving Object and Transient Event Search System 
(MOTESS)-GNAT survey designated as MG1. 
MOTESS is operated by the Goodricke-Pigott Ob-
servatory and supported by GNAT. MG1 is the first 
in a set of sky survey programs that uses unfiltered 
CCD imagers operating on a triplet of scan-mode, 35-
cm aperture Newtonian telescopes. The result of 
MG1 is a variable star survey, a deep, wide-field 
variability survey conducted over 2 years with a total 
sky coverage of 300 square degrees. The survey iden-
tified 26,042 variable star candidates with magni-
tudes covering the range from R = 13 to 19. The re-
sults of this survey were to demonstrate that a small 
survey system is ideal for an inexpensive, longitudi-
nally-distributed telescope network that can be used 
to study faint or rare transient phenomena.  

 
4.3 Project Source Data Set 

The specific data set available for the students 
consists of a variable star catalog consisting of 
26,042 variable source candidates which is approxi-
mately 1.6% of the total number of objects observed 
via the MG-1 survey. Figure 1 is a histogram show-
ing the variable star frequency as a function of R.A. 
for the MG-1 survey. Galactic coordinates are shown 
for the points where the survey strip intersects the 
Galactic plane. 

 
Figure 1. Histogram showing the variable star frequency 
as a function of R.A. for the MG1 survey. Reference 
source: “The First MOTESS-GNAT Variable Star Sur-
vey”, Astronomical Journal, 2007 October. 

The data set provided for analysis consisted of an 
Excel data file containing two spreadsheets. The first 
spreadsheet provided a representative table of the 
statistics associated with each light curve: an MG-1 
catalog identifier, the RA and DEC of the star, the 
mean of the magnitude, the amplitude, standard de-
viation, and skew of the brightness distribution, the 
assigned photometric error, and the total number of 
detections. The best-fit period and its false alarm 
probability as determined via the Lomb-Scargle algo-
rithm were also given. This is shown in Figure 2. 

 
Figure 2. MG1 Variable-Star Catalog Statistics table. 

The second spreadsheet provided a similar repre-
sentative table of cross-referenced photometry from 
several sources: instrumental magnitudes from the 
MG-1 survey, blue and red photographic magnitudes 
from the USNO-A2.0 catalog, and JHK near-infrared 
magnitudes from the Two Macron All Sky Survey 
(2MASS; Skrutskie et al., 2006). This is shown in 
Figure 3. 
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Figure 3. MG1 Variable –Star Catalog table of cross-
referenced photometry from several sources. 

These two spreadsheets were the primary data 
sources provided to the students. An additional 
source of information was a handout consisting of a 
copy of selected pages from Allen’s Astrophysical 
Quantities, Fourth Edition. Tables that described the 
intrinsic colors and effective temperatures for the 
main sequence, giant, and supergiant stars were pro-
vided. This allowed the student to use the photometry 
data to perform J–H and H–K calculations to classify 
the spectral type. Once the student became engaged 
in the analysis process, he was encouraged to sup-
plement these data with other sources. 

 
4.4 Suggested Areas of Analysis 

Once the students became familiar with the data-
set, they were to identify a selected area of analysis to 
be performed. Some had difficultly with coming up 
with a specific topic. A list of suggestions was pro-
vided that included topics such as 

 Determine the density of variable stars per 
volume of galactic space. 

 Determine the mean, standard deviation, and 
error for stars as a function of R.A. 

 Using the JHK infrared bands and the Allen’s 
Astrophysical Quantities handout, identify 
stars in the photometry spreadsheet that can be 
classified into spectral type of main sequence 
stars of B0-B9 and giant stars of K0-K1. 

 Using the JHK infrared bands and the Allen’s 
Astrophysical Quantities handout, classify 
stars into the three major classes: main se-
quence, giant, and supergiant. 

 Using the bins for RA hrs 15-23, classify stars 
into spectral types of 12 supergiant stars  

 
While the topics of interest were not limited to 

the above list, most students chose a topic from the 
recommended list. 

5. Project Results 

5.1 Fall 2009 

The fall 2009 semester was the pilot program for 
this approach. Class size at EMCC is capped at 30 
students unless special permission is given. Class size 
began with the maximum of 30 students but only 22 
completed the course; 27 grades were assigned. 

 
Figure 4. Example of students work showing plot of star 
magnitude as a function of R.A. 

 
Figure 5. Example of student’s conclusion of analysis. 

The requirements for project completion were to 
present team results to the rest of the class in a pro-
fessional presentation setting and hand in individual 
project reports. Seven teams presented presentations 
that were well received by class members. Most pro-
jects focused on providing basic statistics on star 
magnitudes and reference densities and trying to 
draw some conclusions based on their results. An 
example of one student’s approach for showing star 
magnitudes as a function of RA is shown in Figure 4 
with corresponding conclusions reached in Figure 5. 
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5.1.1. Survey Questions 

The real test of whether or not the students 
gained any knowledge and appreciation for astron-
omy was gathered from a survey question that was 
attached to the final examination. The ranges of re-
sponses were from 1 to 5 with 5 being positive and 1 
negative. These questions consisted of the following 
list: 

1. The intent of the project was to give you insight 
in working with real world problems. How well 
was this accomplished? 5-extremely well, 1-not 
at all.  

2. Did the approach to the project make sense, i.e., 
using statistical techniques to describe proper-
ties of the data set? 5-very logical, 1- made no 
sense at all.  

3. Was the selection of the specific data set and 
problem approach interesting to you? 5- very 
interesting, 1-not interesting in the least sense. 

4. By working on this specific problem set, did 
you gain an appreciation for working on real-
world problems related to astronomical re-
search? 5-large gain, 1- no gain at all.  

5. Has your personal appreciation for astronomy 
been increased as a result of this course? 5- 
greatly increased, 1- no change whatsoever.  

6. Would you recommend this course containing 
this type of astronomical project to someone? 5- 
highly recommend, 1- wouldn’t recommend at 
all. 

The results are shown in Table 1. 

 

Student Q1 Q2 Q3 Q4 Q5 Q6 

1 5 5 5 4 5 5 

2 2 2 3 2 1 2 

3 3 3 2 3 1 3 

4 4 4 5 5 5 5 

5 3 3 4 4 4 5 

6 5 4 4 5 5 4 

7 5 5 5 5 5 5 

8 3 4 4 4 4 5 

9 3 3 3 3 4 2 

10 5 3 1 5 5 4 

11 5 3 4 5 5 3 

12 2 4 5 5 5 5 

13 2 2 1 3 4 3 

14 5 3 5 5 5 5 

15 4 5 3 4 5 3 

16 5 3 5 5 5 5 

17 4 5 5 5 5 5 

18 5 3 2 4 3 5 

19 5 5 5 5 5 5 

20 3 2 1 3 1 3 

21 5 5 5 5 5 5 

22 4 5 5 4 3 4 

Table 1. Fall 2009 student project survey results. 

5.1.2. Student Responses 

An average of the responses was taken as a 
measure of the experience with an average response 
greater than 3 as an overall positive experience while 
a response of 3 or less indicating an overall negative 
experience. As shown in Figure 6, out of the 22 stu-
dents who completed the course, 17 responded that 
the overall experience of working on the astronomi-
cal project was positive and provided a greater appre-
ciation for astronomy. A class photo is shown in Fig-
ure 7. 
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Figure 6. Plot showing fall 2009 students overall experi-
ence with project. 

 
Figure 7. Photo of Fall 2009 class 

5.2 Spring 2010 

The spring 2010 semester used the same ap-
proach as in the piloted fall 2009 course with the fol-
lowing exceptions: 

 The sequence of course material was altered such 
that the last chapters being integrated with the 
project were sections III and V, statistics and ge-
ometry respectively. This was done in order to 
supplement the textbook material with additional 
topics related to the projects such as geometry of 
global clusters, stellar distances, etc. 

 A short survey was handed out at the beginning 
of the semester to provide a gauge of what im-
pact the project approach and content material 
would have on the student. 
 

5.2.1. Pre-Project Survey Questions 

The course survey consisted of the following 
four questions with the rating for each question rang-
ing from 1 to 5 with 1 generally being very familiar 

with the subject area of astronomy to 5 with no ex-
perience at all. Questions listed were: 

1. Do you have any experience working with 
data sets for real world problems; large data 
sets of information?  1- a lot of experience, 5-
not at all. 

2. If you have experience analyzing data sets, did 
you use any type of statistical technique to de-
scribe properties of the data set? 1-use many 
different statistical indicators, 5-don’t know 
anything about this. 

3. What is your interest level in science? 1-very 
interested, 5-have no interest at all 

4. Do you have any experience in astronomy? 
Looking though telescopes? Attending star 
parties? 1-am familiar with astronomy related 
activities, 5- have no experience at all. 

 
5.2.2. Pre-project Survey Results 

Pre-project survey results are shown in Table 2 
 

Student Q1 Q2 Q3 Q4 
1 2 1 3 5 
2 5 5 3 3 
3 5 5 3 5 
4 2 2 1 1 
5 4 4 1 3 
6 2 3 3 4 
7 2 3 5 5 
8 4 4 3 4 
9 5 5 3 5 

10 5 5 1 5 
11 3 5 1 3 
12 5 5 5 5 
13 5 5 1 5 
14 3 3 3 5 
15 5 5 3 5 
16 5 5 3 5 
17 5 5 5 5 
18 5 5 1 5 
19 5 5 2 3 
20 5 5 5 1 

Table 2. Spring 2010 pre-project student survey on ex-
perience with astronomy. 

5.2.3. Project and Students Responses 

At the time of publication, the spring 2010 re-
sults are not available. Final results will be presented 
at the 29th Symposium on Telescope Science confer-
ence. 
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6. Response from Estrella Mountain 
Community College Management 

During the mid point of the fall 2009 semester, 
discussions were initiated with the Department Chair 
of Mathematics to determine the possibility of ex-
panding this approach into a special projects course 
emphasizing the tie-in of mathematics with astron-
omy research. This led to meetings with the Vice 
President of Academic Affairs and the Dean of Aca-
demic Affairs. Enthusiastic support resulted in the 
generation of a special projects course scheduled for 
the fall 2010. This course is focused on taking meas-
urements of visual binary star systems and submitting 
the results to the AAVSO. Posters announcing the 
course were placed around campus, one of which is 
shown in Figure 8. 

 

 
Figure 8. Poster showing Fall 2010 special projects 
course for visual binary stars. 

7. Conclusion 

Feedback from the student surveys and other 
comments initially suggest that introducing astro-
nomical educational material and research oriented 
projects into main-line mathematics curriculum has 
positive impact on widening the student’s knowledge 
and appreciation for astronomy. While it remains to 
be seen whether or not longer term applications of 
these approaches will eventually “recruit” additional 
students into science and engineering, a greater ap-
preciation of the beauty and wonders of astronomy i 
benefit by itself.  
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Abstract 

The normally 18th mag eclipsing binary star, U Scorpii, is one of a handful of recurrent nova with a history of out-
bursts approximately every 20-30 years. In 2005, Brad Schaefer, a professional astronomer, evaluated the mass 
transfer processes and predicted an outburst on 2009.3 ± 1 yr and contacted the AAVSO for amateur assistance 
in monitoring the star. On the morning of 2010 Jan 28, Barbara Harris in Florida made the first observation of the 
outburst at V ~ 8, with U Sco already fading. Professionals and amateurs went into action, observing the object 
in every way possible, with Brad Schaefer serving as a clearing house for much of the work. With two observato-
ries, I was able to follow the fading star using both photometric and spectroscopic methods. This paper describes 
the observing techniques I used and modifications to the spectrometer and associated software that allowed me 
to follow the fading star even as the spectrum dropped 20x below the local light pollution!  I also describe my 
experience in working with Brad Schaefer, and ultimately, in providing finished data for his analysts to use in 
evaluating the U Sco outburst along with the satisfaction of being told "..your data are as good as the profession-
als.." 

1. Introduction 

U Scorpii is an eclipsing binary that is usually  
V ~ 18 mag. It is one of a handful of recurrent nova 
with a history of outbursts approximately every 20-30 
years. It is a white dwarf in association with a red 
giant where the large red star fills its Roche limit, 
spilling mass into an accretion disc that dumps hy-
drogen onto the white dwarf. Eventually the hydro-
gen builds up to a sufficient depth on the surface of 
the white dwarf and ignites in a thermonuclear reac-
tion. The brightness increase is approximately 10,000 
fold in less than 6 hours, and the subsequent fading is 
very fast, on the order of one month. In 2005, Brad 
Schaefer a professional astronomer at Louisiana State 
University, evaluated the mass transfer processes and 
predicted an outburst at 2009.3 ± 1 yr (Schaeffer, 
2005). He contacted the AAVSO for amateur assis-
tance in monitoring the star. Lured in by the AAVSO, 
I began following U Sco late in the (Northern) sum-
mer of 2009 until the star disappeared behind the sun 
in late September. I resumed observations in the 
mornings of early 2010 January. 

The morning of 2010 January 27 showed U Sco 
at V ~ 18, but on the 28th it was cloudy in Maryland. 
However, Barbara Harris, at my longitude but with 
clear Florida  skies, discovered the outburst at about 
V = 8, a 10 magnitude increase in a few hours!  Dr. 
Harris’ work is described in a feature article in the 
2010 May Sky & Telescope. Professionals and ama-
teurs went into action, observing the object in every 

way possible, with Brad Schaefer serving as a clear-
ing house for much of the work. 

I pursued two types of measurements: 

 BVRI photometry using a C11 with ST7e 
camera 

 Spectral studies using an SBIG DSS7/ST402 
camera on an 0.46-m f/3.5 Newtonian with a 
2x Barlow  

Most of my effort was on spectroscopy because 
many people were doing photometry (though surpris-
ingly few with multiple bands). As U Sco faded to V 
~ 14.5 during the next month, my challenge was to 
find ways to squeeze spectral data out of the light 
polluted skies near Washington DC. This effort was 
successful, even as the spectrum intensity reached 
levels 20x lower than the light pollution! 

After the outburst began, I monitored the event 
on every available morning. In the month following 
the outburst, there were 9 mornings with usable skies 
on which I obtained data (spread out over time be-
cause of 80 and 25 cm snowfalls and a major power 
outage).  

 
2. U Sco Photometry  

Before the outburst, monitoring the star to detect 
whether an outburst had occurred would be easy, but 
obtaining reasonably accurate measurements of its 
18th mag brightness was substantially more difficult. 
Measurement, instead of just outburst detection, was 
very desirable in the hunt for possible precursors to 
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outburst. A nearby star of V ~ 20 complicated USco 
brightness measurement (Menke, 2009). Therefore, 
before the outburst, I used my 0.46-m Newtonian, 
although after the outburst, I used the C11/ST7 sys-
tem for photometry. A review of AAVSO files 
showed that there were relatively few people measur-
ing the star on a frequent basis and, interestingly, 
many of the measurements were many times farther 
apart than the quoted errors. While some of that may 
be “flickering” in the system, it appeared that some 
of the error estimates were likely themselves in error.  

As noted, photometry after the outburst used the 
C11/ST7E setup. Fully automated using CCD Com-
mander (Thomas, 2010), the system started itself 
when U Sco had risen, took the programmed filtered 
images, and shut down before sunrise. I later 
downloaded the images, calibrated them, and com-
bined them for a single good image giving the bright-
ness averaged over the 2-4 hour session. I did a sim-
ple measure for each filter image of U Sco compared 
to a field reference star. Later, if warranted, I can 
perform time series or other analysis on the original 
images to improve the brightness measurements. 

Once the outburst occurred, because of the inten-
sive photometry being done by others, I performed 
only the basic measures for each filter band, produc-
ing measurements averaged during the session. The 
results are shown in Figure 2. The various features 
are obvious, and are currently under study by the 
modelers. It should be noted that the field reference 
star used (Star#128 in AAVSO terminology) has only 
V and B standard values, which I used for those data. 
The Clear filter images were also referenced to the V-
value. For the remaining filter results (R and IR), I 
arbitrarily set Star#128 = 10.0 mag so that the trends 
can be followed easily. When/if photometric values 
become available, it will be simple to put the R and 
IR measurements onto the standard system. 

 
Figure 1. U Sco Photometry 

It is clear from the data that there were a variety 
of events affecting the outburst brightness of U Sco, 
including both brightening and dimming effects on 
various time scales. There are also events that caused 

the color balance to shift. In general, the data shown 
are accurate to substantially better than 0.05 mag, so 
the structure seen in the graph is “real”. There were 
further changes in the behavior of this system over 
the next month or so as the nova returned to its faint 
quiescent level of V ~ 18. One of the areas of active 
interest was to detect the beginning of the eclipses as 
the outburst faded, which can give insights into the 
outburst structure. However, I chose to try for multi-
band measurements rather than the faster cadence 
that those measurements required. 

 
Figure 2. U Sco AAVSO Photometry. 

After decreasing for a month, the intensity 
reached a plateau for several weeks. As the V mag 
dropped below about 14.5, I stopped most data taking 
as the star became too faint for adequate spectros-
copy. Figure 2 shows the continuing photometry of U 
Sco as taken from AAVSO data files, with an inset 
showing some of the individual data sets. 

 
3. U Sco Spectroscopy 

For spectroscopy, I employed my f/3.5 0.46-m 
Newtonian on an AP1200 mount in a ProDome ob-
servatory as described in Menke (2010). The spec-
trometer is an SBIG DSS7 coupled to an SBIG 
ST402 camera as shown in Figure 3. I can and do 
operate the entire system remotely from my home 
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400 ft. away. Once started on a target, I can run the 
spectrometer observation unattended using custom 
software.  

 
Figure 3. DSS7 Spectrometer. 

Because the DSS7 is designed for f/10 optics, us-
ing it on the f/3.5 system would waste about 90% of 
the light as the large light cone is lost inside the 
DSS7. When imaging, I operate the telescope with a 
Parracor to eliminate coma (f/3.9); however, for this 
work I used an Orion 2x Barlow (f/7) to match to the 
DSS7 better. Later work (described below) showed 
that I still lost about 25% of the available light. 

The DSS7 is a low dispersion spectrograph of R 
= 100. Using the ST402, it will display the entire 
visual spectrum over about 700 pixels at a best reso-
lution of about 35A. Other spectrometers, of course, 
have far better resolution; however, as always, there 
are tradeoffs. Higher resolution means either de-
creased S/N ratios or the need for longer exposures 
and/or bigger telescopes. In addition, higher resolu-
tion, depending on the equipment, often implies a 
more limited wavelength range. The user of the data, 
of course, usually wants the best possible resolution 
over the widest wavelength range with the best S/N 
ratio. Because almost no one can provide that, there 
is “room in the inn” for a wide range of instruments 
and methods that will, at least to some degree, con-
tribute to a reasonably complete set of data. It turns 
out that the lowly DSS7 held its own with data taken 
at professional observatories from space, the US 
West, and Cerro Tololo! 

 The DSS7 is an excellent device, but as supplied 
it does have features that limit its use or make it very 
awkward to use. These include 

 A limited ability to operate with faster opti-
cal systems 

 Difficulty changing among the Slit, Direc-
tion, and Spectrum operational modes.  

 Difficulty in placing the target object on the 
slit. 

 Lack of tracking capabilities for keeping the 
target on slit. 

 Very limited software for data acquisition 
and analysis. 

Although I had made significant improvements 
to the DSS7 system in past years, the rapidly fading 
U Sco drove me to make major changes quickly so 
that I could follow the outburst as it became fainter. 
In the sections below, I describe in more detail how I 
handled these issues. For more information, see my 
website (Menke, 2010). 

 
3.1 Optical Matching 

The DSS7 is advertised as being designed to 
match an f/10 optical system. It can be used with a 
faster system but the outer portions of the larger light 
cone will be lost (scattered or absorbed within the 
DSS7). SBIG does not state how much design “cush-
ion” there is on this specification. 

Using simple geometry, one can estimate the in-
tensity loss as the f/ number gets lower (and the light 
cone larger), and the calculation can easily include an 
estimate of the effect of a central obstruction (as the 
light cone enlarges, and the periphery is lost, the fac-
tion of the remaining light cone that is the shadow of 
the central obstruction increases). 

 
Figure 4. DSS7 Light Acceptance. 

Figure 4 shows the result of such a calculation. 
The x-axis is the fraction of the supposed design f/ 
number. The y-axis shows the fraction of light 
through the DSS7. Thus, for a design of f/10, using 
f/7 (the speed of my telescope plus Barlow), the for-
mula (smooth curve) predicts I would lose approxi-
mately half of the light due to the mismatch (assum-
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ing no cushion in the design). This would be unac-
ceptable.  

I also ran several different real world tests: 

 Measure the intensity of the star image (in 
direction mode) under different f/ numbers. 

 Measure out of focus star images showing 
the central obstruction under different f/ 
numbers.  

 A series of spectra of the same star through 
different slits and with different f/ number 
setup (run at f/3.5, 7, 10.5). 

The results were not as internally consistent as 
one would like, in part because of the difficulty of 
doing the tests, but also for reasons that were not 
clear to me. The tests showed that, in reality, star 
intensity reduced by about 23% as the system 
changed from f/10.5 to f/7.0. By assuming differing 
design f/ numbers, I ran three scenarios to see which 
design f/ number best matched the observed change 
in intensity. The results indicated that the DSS7 is 
designed for about an f/8 light source. Thus, there is 
some cushion in the design and a relatively minor 
mismatch is not too bad. 

Before one modifies the telescope to match the 
DSS7 exactly, one needs to consider the tradeoffs. A 
large fast telescope (as with the 0.46-m f/3.5 modi-
fied with a Barlow to be an f/10) will have a large 
focal length at the slower f/ number. In general, this 
makes life more difficult in spectroscopy because: 

 The image size is larger, which may cause 
light loss on the slit and a larger lateral im-
age in the spectrogram, thus decreasing sig-
nal to noise ratio with background spectral 
noise. 

 The image scale at the slit is larger so track-
ing must be better. 

 Finding the object in a smaller field will be 
more difficult and requires longer exposures 
for faint targets. 

 A longer optical train (DSS7 and camera 
hanging off a Barlow) may introduce flexure 
that complicates guiding. 

It appears, at least for these kinds of measure-
ments (faint stars), that one certainly wants an f/ ratio 
of at least f/7 to avoid excessive light loss, whereas 
f/8-f/9 would be substantially better. I plan to do fu-
ture work with a 2.5x Barlow to yield f/8.75. 

 
3.2 Mode Changing and Target Alignment 

The modifications to the DSS7 operation that I 
describe here take advantage of the wide variety of 

user accessible functions in the imaging software 
MaximDL. There are other methods for accomplish-
ing many of the features I am about to describe; how-
ever, Maxim plus Visual Basic is the method I have 
chosen. For those not familiar with MaximDL, the 
program not only controls the imaging camera, but 
can also operate a separate tracking/guiding camera 
and send guiding correction signals to the telescope 
(via the imaging camera, the tracking camera, or di-
rectly to the telescope mount using serial commands). 
While used heavily by imagers, MaximDL also con-
tains photometric and analytic features that function 
well, and also includes scripting hooks for almost any 
desired action. 

The DSS7 spectrometer is a slit spectrometer 
with a resolution of approximately 7A per pixel when 
used with an ST402 9 CCD imager. The DSS7 can 
be operated in three modes: 

 Slit. Provides an image of the slit so that one 
knows where it is on the image field (i.e., is 
the target object on the slit?) 

 Direction. Provides a fair quality sky image 
through the system and shows one the posi-
tion in the field of the various objects (stars, 
comet). The problem is to place the object 
on the slit by moving the telescope. 

 Spectrum. Provides a spectrum of whatever 
is on the slit. 

 
Figure 5. Slit Mode. 

Figure 5 shows an image of the slit. Actually, 
one can see that there are actually five slits of in-
creasing width. The smallest (50) central slit gives 
the highest resolution, while the others can give more 
sensitivity on extended objects. 
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Figure 6. Direction Mode. 

Figure 6 shows the “direction” image, i.e., the 
field image where the telescope is pointed. In this 
case, this is a 10-s image of Comet Swan with the slit 
outline superimposed as described below. I have al-
ready moved the scope to center the comet nucleus. 
The width of the slit is about 15 arcseconds for my 
system. One can see other stars in the field.  

 
Figure 7. Spectrum Mode. 

Finally, Figure 7 shows a 120-s Comet Swan 
spectrum (after dark subtraction). It is easy also to 
see the sky background lines from light pollution and 
from atmospheric glow. 

The normal operation of the DSS7 has the user 
take an image of the slit and make note of where the 
target image should be placed (usually to be within 
one of the smaller slits and reasonably close to the 
vertical center of the slit). The user then changes to 
direction mode and takes a field image and notes the 
location of the target. The user then moves the tele-
scope as necessary to place the target on the desired 
slit location. Finally, the user changes to the spectrum 
mode for the science image. 

One of the key design features of the DSS7 is the 
method of selecting from among the three DSS7 
modes. SBIG has taken advantage of the presence of 
the SBIG camera attached to the DSS7. SBIG cam-
eras include a port that may be connected to the guide 

port of the telescope. If the imaging software has the 
ability to produce guide signals for the telescope, 
these signals can be sent to the camera, which sends 
them to the guide port connected to the telescope. 
Thus the telescope may be sent in the ±X or ±Y di-
rections using the guide relays. 

SBIG has appropriated these four control signals 
for use in changing the mode of the DSS7, i.e., the 
camera guide port is connected to the DSS7 with a 
short cable. Internally, the DSS7 has two small mo-
tors: one to move the slit into and out of position, and 
the second to move the grating into the reflective 
position (for direction mode) or diffracting position 
(for spectrum). The three DSS7 modes come from 
different combinations of the motor positions. Thus, 
SBIG uses the four “guide” signals to control the 
in/out position of each of the two control motors, and 
thus the mode of the DSS7. One result of this is that 
the camera guide ports are no longer available for 
guiding the telescope.  

Four integrated software and hardware changes 
were needed to improve operations. The first modifi-
cation was to improve the software for mode switch-
ing. The simplest approach was to write a DSS7 Con-
trol Program (DSS7CP). This simple Visual Basic 
program provides three buttons for choosing the 
mode. The program communicates with the imaging 
program (MaximDL), which allows the DSS7CP to 
send control signals through Maxim to the camera, 
and thence to the DSS7, to change to the desired 
mode.  

The second software provision in DSS7CP is the 
ability to convert the solid slit image to an outline 
and then superimpose that outline on the direction 
image (Figure 6). Thus, the user immediately sees the 
error in pointing, and can direct the telescope (via 
other programs) to correct the error. A new direction 
image can be made and the aiming further corrected. 
Usually it takes only a few minutes to center the tar-
get on the desired spot. 

The third step was a hardware change to remove 
the DSS7 mode control from the camera guide port. 
This required developing a simple (PIC based) con-
troller that would accept serial commands (RS232) 
from the DSS7CP to control the DSS7 mode directly.  

Finally, the fourth change was a simple hardware 
change. The DSS7 mode changing motors are pow-
ered by an internal 9v battery, which has a habit of 
being dead when you need it (it has a manual on/off 
switch), especially if one tends to use the system re-
motely!  I removed the battery and installed a power 
receptacle, and provided a 9v supply from the serial 
controller.  
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3.3 Tracking 

Once a target object is on the slit, the questions 
become how long it will stay there as the telescope 
tracks, how does the operator know when it has 
drifted off the slit, and how does one put it back? 
Over the years, spectroscopists have developed sev-
eral different methods to deal with these universal 
operational problems. Each method, of course, has 
advantages and disadvantages. Note that one is look-
ing for guiding precision in the range of 1-2 
arcseconds, at least in my setup. 

 
Reflection from Slit. An obvious method is to use 
target light reflected from the edges of the slit as the 
basis for guiding the telescope. This is feasible, but 

 Requires that the spectroscope and optical 
train in the telescope be designed for the 
purpose 

 Requires an extra imaging system 

 May not work if the target object is faint 

 May not work if the target image is small 
enough to pass through the slit 

This method is not feasible with the DSS7. 
 

Pickoff Incoming Target Light. A second method is 
to use a prism or partially silvered mirror (or other 
means) to pick off some fraction of the telescope 
light cone before it enters the DSS7 and, instead, 
send it to an imager. A version of this is described in 
Cole (2008). Once the spectrometer slit has been 
mapped onto the imager, this system allows the user 
to guide on the target or other field star. The disad-
vantages of this system include the loss of perhaps 
25-35% of the light and the need for an additional 
imager. Especially in a fast telescope, there may not 
be room for the pick-off device, thus requiring a relay 
lens setup that loses light and adds to the optical 
train. On the other hand, this system gives real-time 
monitoring and correction for the telescope guiding, 
as well as monitoring of the target (or at least field 
image) intensity (to monitor sky conditions). Note 
that it may also be feasible to use an external guider 
telescope to reduce drift of the target off the slit; 
however, most software does not easily support this, 
and one still needs to correct for system flexure over 
a long session. 

 
Intermittent Guiding Corrections. A third method 
is to take the spectrum image open loop , i.e., without 
active guiding, then take an exposure in the direction 
mode to determine the accumulated guiding error, 
make the needed pointing correction, and then begin 
new spectral imaging. This method will not work 

well if the telescope tracking is erratic; however, it 
has the great advantage of the lack of need for addi-
tional optical or imaging equipment. There is some 
time needed for the tracking imaging and correction 
so this will reduce the light efficiency of the system. 
This is the system I chose to develop for use with the 
DSS7 on my system. 

How does this work? The concept is to take the 
science spectrum image, then take a direction image 
to measure and correct the error in pointing. The con-
trol window of the software I developed is shown in 
Figure 8. 

The user begins as before by using the direction 
mode in the DSS7 to image and aim the telescope to 
put the target on the desired slit. At this point, the 
user enters the x,y of the target into the software. Or 
with the target on the slit, the user may choose the x,y 
of any brighter reference star in the field, which when 
placed on a specific spot assures that the target is on 
the slit (useful for faint target objects). The user then 
specifies the duration of the science (spectrum) im-
ages and the duration of the images that will be taken 
to determine tracking (guiding) errors. 

The user now starts the AutoTrak function. The 
DSS7CP takes the science image (perhaps 120 s), and 
saves it. It then changes the DSS7 mode to “direc-
tion” and takes and saves a tracking image (perhaps 
10 s) and measures the location of the reference tar-
get object. It computes the pointing error, and sends 
error correction (i.e., telescope direction change) to 
the imaging software (MaximDL) which relays it to 
the camera guide port and then to the telescope. 
DSS7CP then begins the next science image. All ac-
tions are saved to a log file. 

Thus, once started, the user should be able sim-
ply to monitor the process. This has several advan-
tages 

 It is easier, faster, and more precise 

 It reduces the opportunity for operator error 
in these repeated cycles. 

 It automatically adjusts for telescope mount 
misalignment, refraction in the atmosphere, 
etc. 

 Pointing errors are measured and corrected 
immediately after each science image 

 Time spent on pointing correction is reduced 
both by automation, and by the potential of 
using brighter target stars with their shorter 
exposures. 

 It allows use of additional continuous 
autoguiding in one or both axis  (because the 
guide port is available) 

 



Menke – U Sco Observations 

 77

 
Figure 8. DSS7 CP Control Window. 

Using this method, I have repeatedly taken faint 
spectra unattended (e.g., when I am asleep) for more 
than two hours. 

There are variations to consider that are beyond 
the scope of this article: 

 Star  or star-like targets vs. extended objects. 

 Objects that move relative to stars vs. fixed 
objects. 

 Telescope characteristics that make E-W vs. 
N-S slit orientation desirable (if the slit is E-
W, periodic errors merely smear the spec-

trum slightly along the slit, but do not de-
crease the intensity). 

 Amount of sky background. 

 Brightness of the object. 

 Precision of energy calibration required. 
 

3.4 Data Reduction and Calibrations  

I use TheSky5 for telescope control, and 
MaximDL (and ASCOM) for camera control and 
making the measurements from the images. I then use 
Excel to tabulate and analyze the spectral data. 

I have chosen this method of analysis because I 
have it all under my control and can easily customize 
the analysis to deal with specific goals. I have used 
Vspec. While I like certain aspects of it, I have often 
found it non-intuitive, balky, prone to crashing, and 
not as flexible as my MaximDL/Excel process. 

After taking the spectrum, I perform a dark and 
bias (and perhaps flat) calibration on the image. In 
general, the image will likely be slightly rotated with 
respect to horizontal, so I use the MaximDL 
Edit/Rotate function to align the spectrum parallel to 
the edge of the image. These steps are all automated 
using the MaximDL CommandSequence function.  

There are, as always, complications! For exam-
ple, with a faint object, one might have 20-100 spec-
tra images, each of which shows a very faint spec-
trum. Using the automated tracking, these are usually 
very well aligned vertically. If not, using Maxim’s 
Overlay one can quickly align them to the same posi-
tion without affecting the wavelength calibration. I 
can then do a simple average combine to yield the 
final spectrum to be measured. 

To convert the spectral image to a line graph, I 
use the MaximDL View/LineProfile function by 
drawing a narrow box around the desired part of the 
spectrum. The result can be observed as a graph and 
saved as a simple comma separated variable (CSV) 
text file for later pasting into Excel or another pro-
gram. Using the same narrow box, I move it above 
and below the target spectrum to obtain measures of 
the background for later subtraction from the target 
spectrum. With a hundred spectral images, this proc-
ess takes about 5 minutes. 

Often light pollution will generate both general 
background light and particular emission lines that 
must be removed from the target spectrum. Although 
MaximDL supports various forms of pixel math that 
allows one to modify (e.g., divide) spectra images 
with one another, I find it better to do that arithmeti-
cally in Excel using data taken from combined im-
ages. The process described is for point targets. If, on 
the other hand, the object is quite extended, then one 
needs to take a spectrum of the sky background away 
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from the target. This requires planning and can entail 
a substantial amount of observing time to achieve 
good statistics on the background measurement. 

 
3.5 Calibration and Fluxing  

Energy (wavelength) calibration can be per-
formed using a small, battery powered fluorescent 
lamp. It can also be checked by observing the inevi-
table atmospheric absorption (Telluric) lines in the 
red end of the spectrum of the target and reference 
star spectra. 

It is crucial that at every session one observes a 
nearby (within a degree or so) reference star. This 
should be the same star each night. It should be cho-
sen to give a bright spectrum with a reasonable expo-
sure (e.g., V ~ 6, 30 s) and of a spectral class that 
shows a good variety of known lines. In the U Sco 
campaign, I used a nearby F0 star. Using the lines in 
the star (including the Telluric lines), I can establish 
several energy calibration points across the spectrum, 
thus checking or even refining the calibrated wave-
lengths. 

Even after all the calibrations and background 
removal, one still has target and reference star spectra 
that are not  "true" spectra because they include all 
the instrumental and atmospheric wavelength de-
pendent effects. Some of these vary slowly across the 
wavelength, while others (like the Telluric lines) vary 
much faster with wavelength.  

I have learned that determining this calibration 
curve for one’s setup and measurements is called 
“Fluxing.”, as in “Let's go flux!”  So, to convert his 
DSS7 spectrum to what one would see in outer space 
with a perfect spectrometer, i.e., the actual target 
source spectrum, one must obtain the calibration 
curve. One way to do this is to divide the DSS7 ref-
erence star spectrum by a standard spectrum for that 
star (or one of the same spectral class), then apply the 
resulting calibration curve to the target science spec-
trum. Another method is to use photometrically de-
termined brightnesses for the different wavelength 
bands and compare those to your target spectral data. 

If using Vspec, fluxing is fairly easy since Vspec 
includes a library of standard spectra and has a func-
tion that allows division of spectra. However, if using 
Excel, the problem is more difficult because the 
wavelength values for which intensity is known may 
be different among the spectrum, i.e., the spectra 
don't quite match up, thus complicating the division.  

I chose to “borrow” the desired library spectrum 
from Vspec but used Excel to convert the spectra, 
both DSS7 and library and whatever their wavelength 
scales and intervals, to spectra at 1A integer intervals. 
The intensity at each 1A interval I obtained by a lin-
ear interpolation between the adjoining observed data 

points. The whole process is reasonably easy to 
automate using the Match and Index functions in 
Excel. 

 
Figure 9. Raw Spectra. 

Figure 9 shows the reference star spectrum and 
the library spectrum for that subclass of star. Both 
have already been converted to 1A wavelength inter-
vals. The library spectrum started with even 5A in-
tervals, which the reference star spectrum had 
roughly 5, but at varying non-integer values. 

 
Figure 10. “Fluxed” U Sco Spectrum. 

The Telluric lines can be seen in the reference 
star spectrum, as well as stellar lines common to both 
the reference star and library spectrum. These two 
spectra were then divided to give the calibration ratio 
at each 1A wavelength. Figure 10 shows the original 
U Sco science spectrum from 2010 February 7 and 
the resulting calibrated spectrum. Not that the relative 
heights of the spectral lines have changed (important 
data for the theorists). The structure in the higher 
resolution library spectrum has also introduced noise 
into the calibrated spectrum, especially at the two 
ends of the spectral band. This could be reduced by 
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filtering, either by smoothing the library spectrum or 
by using a smoothed calibration curve. 

 
4. U Sco Spectroscopic Results  

4.1 U Sco Spectra 

So, what did the U Sco spectrum show? The first 
spectrum on Day 2 was spectacular (at least I thought 
so!)  It was totally dominated by the H line at 6563 
A, but what a line! Instead of being 35-50A wide 
corresponding to the resolution of the DSS7, it was 
2.3% wide (FWHM). This width was clearly due to 
Doppler shifts in the expanding gas cloud corre-
sponding to ±1.1% of the velocity of light, or veloci-
ties in the glowing hydrogen of about 3300 km/s. The 
feature is symmetric around the 6563 H line. How-
ever, the peak of the feature is clearly asymmetric, 
with the higher peak to the long wavelength pre-
sumably implying that the portion of the cloud re-
treating from us is brighter than that portion advanc-
ing toward us. Later in the outburst, this feature not 
only became smaller but much narrower. In addition, 
the H line clearly had shoulders, i.e., structure. An-
other half dozen lines were obvious in the spectrum, 
and using even the limited references available to me, 
I could tentatively identify at least some of them. 

 
Figure 11. U Sco Sample Spectra. 

Just one day later, the spectrum had noticeably 
changed, and these changes continued. The Hz line 
narrowed, and became smaller (relative to the base 
spectrum). Other lines decreased, and new ones 
formed and then disappeared. Meanwhile, the overall 
brightness was decreasing by 4-5 mag so that I had to 
work harder and harder to get usable results. Interest-
ingly, the base spectrum changed relatively little in 
shape throughout this period. 

 
4.2 Time Variation of U Sco Spectral Lines  

The U Sco spectra showed a dozen clear emis-
sion lines that came and went on differing timetables 

and with differing amplitudes. Even without clear 
identification of these lines I could still analyze the 
data to bring out some of its characteristics. 

It is easy to extract the amplitudes of the lines 
and plot them vs. time. However, surely a measure 
that makes better use of the data is the area under 
each line. I made a spreadsheet that carried out the 
necessary calculations. 

 The first task was to standardize the spectra. 
To do this, I generated a set of points on the 
spectrum that were not significantly within 
any of the emission lines, i.e., the base spec-
trum of the system. I fitted a curve to this 
using the corresponding points from all the 
data sets and then adjusted the intensity mul-
tiplier for each day's spectrum roughly to 
minimize the RMS error. These were my 
reference base spectra. 

 I then identified the band pass of each of the 
apparent emission lines, i.e., a lower and 
upper wavelength.  

 For each day, I computed the area under the 
curve below the upper wavelength, and sub-
tracted the area below the lower wavelength. 

 I then subtracted the area under the refer-
ence curve for the same wavelength span. 
This yielded the net area under the emission 
line but above the reference spectrum. 

 Finally, I normalized each emission line by 
its own maximum intensity value so that the 
time when each line peaked would be easy 
to compare. 

The result in Fig. 12 shows two very distinct 
time domains during the outburst. First is a whole 
series of lines that track well together in relative am-
plitude, rising to a maximum at JD = 29. This group 
includes the red line which is the H line, by far the 
strongest line (and broadest due to the Doppler 
broadening) in the spectrum. The second group peaks 
at JD = 32, and again tracks well together. 

 
Figure 12. Spectral Time Variations. 
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However, there are at least two clear anomalies. 
The first is the line at 7000-7200 A, which peaks at 
or near JD = 29 but stays high until JD = 32, at which 
time it drops with the second group. A second line at 
4335-4435 A line behaves similarly, rising to near 
peak at JD = 28, rising further to JD = 32, and then 
also dropping with the second group of lines. The 
second anomaly is emission line 4670-4730 A that 
rises to a maximum at JD = 32 but then tails off more 
slowly than any other line to JD = 43. Presumably, 
any modeling of what is happening will be con-
strained by the behavior of these lines. 

Of course, one must remember that as a result of 
weather interference these data do not cover every 
day. For example, the data in the first two days of 
observation (JD = 28, 29) show that members of the 
first group of lines were rising at very different rates, 
so their shapes would have differed before JD = 29. 
Nevertheless, the data establish constraints that may 
help identify mechanisms in the outburst. 

 
4.3 V407: A Different Nova 

The AAVSO has identified another nova cur-
rently in outburst that is a virtual twin of U Sco. 
V407 Cyg is not as spectacular as U Sco, but it is 
brighter and changes more slowly. As an example of 
the variation one might encounter, the results may be 
of interest. 

Figure 13 compares a typical early spectrum 
from U Sco with one from V407. One can see the 
greater complexity of V407. And while both have a 
very prominent H line, the U Sco line, at least early 
in the outburst, shows a much wider Doppler range, 
as well as apparent structure as compared to the V407 
line. 

 
Figure 13. U Sco and V407 Spectra. 

5. Conclusion 

5.1 System Faintness Limit 

As noted before, I took spectral data of U Sco on 
every available day after the outburst. As the outburst 
faded, the data became harder to obtain, and began to 
contain large amounts of noise, thus requiring addi-
tional work. The last useful data came on 2010 Feb-
ruary 21 when U Sco was V = 14.4. Then came a 
long cloudy period that ended on the morning of 
March 6, some 14 days later. However, at this point, 
U Sco was V ~ 16.3 and was simply too faint to re-
cord. 

However, I was able to center what I thought 
was U Sco on the 50 slit and accumulate approxi-
mately 80 minutes of data by controlling on another 
much brighter field star, V = 12.8. It turns out that the 
star on which I had the slit was in fact a field star of 
V = 16.5, i.e., it was not U Sco, and by chance, an-
other field star of 13.1 was in the lower 400 slit, and 
a third field star of 15.8 was on the 100 slit (the X-
coordinates of these stars lined up to within ±1 pixel). 
Thus, I ended up with a direct comparison of spectra 
from the three stars accumulated over 80 minutes of 
tracked time. 

 
Figure 14. Sample Field.  

 
Figure 15. Combined Spectra. 
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The field image as shown in 3x60s of images in 
the DSS7 Direction mode is shown in the Figure 14. 
U Sco is incorrectly marked 16.8 (not in the slit!), 
while the star marked 16.5 is the one I mistakenly put 
on the 50 slit. 

 
Figure 16. Mag 15.8 spectrum. 

The resulting spectrum of the 15.8 star after 
combining the 40 spectra is shown in Figure 15. Note 
that the overexposed areas have an average level of 
about 300 counts or so (not 65000!).  One can see 
that the spectrum for the 13.1 mag star is not bad, that 
the 15.8 is barely visible, and the 16.5 is not visible at 
all. Figure 16 shows the graphed results for the two 
spectra along with one for an F0, V = 7 reference 
star. The noise level is sufficiently high to make this 
an almost unusable spectrum. 

It appears that this system is capable of recording 
useful star spectra down to V ~ 15 under my Mary-
land sky conditions. Under better sky conditions the 
system would presumably deliver fainter object spec-
tra and/or improve signal/noise ratios. 

 
5.2 DSS7 in Pro-Am Observations 

Although I had worked with professional as-
tronomers in the past, this was the first time I had 
worked on a fast-moving large-scale campaign. Brad 
Schafer and the AAVSO did an excellent job in set-
ting up the program and in providing enough techni-
cal information to satisfy both my information needs 
and technical curiosity. I corresponded several times 
with the AAVSO and Matt Templeton always re-
sponded in both a timely and substantive fashion.  

Once U Sco went into outburst, the focus shifted 
from the AAVSO to Brad Schaefer and so the burden 
was on him to help guide the observational work. His 
time was clearly taken by arranging for observations 
and analysis by a large variety of professional as-
tronomers and observatories; however, he was able to 
keep the needs of the amateur in view. On my part, I 
chose to send him roughly weekly updates of both 
my photometry and my spectroscopy. He acknowl-
edged these informational submissions and always 

provided encouragement. On his part, every few 
weeks he put out a fairly detailed email stating what 
had been seen with USco and what he anticipated 
happening. In those emails, he specifically talked 
about the need for further or different observations 
and cited many of the contributors. 

One of the questions I always had is “Of how 
much use are my observations?”  The usual response 
is “all observations are useful.” While this may be 
true in a technical sense, when observers – especially 
amateurs – are being asked to commit a significant 
amount of time, effort, and money, such a simple 
comment does little to encourage the observer. How-
ever, when I specifically asked Schaefer this question 
(re my spectroscopy") he gave a much more specific 
answer. Paraphrasing his words, he said, “Your spec-
tra are very good, and both fill in time changes and 
also provide answers that others, even professionals, 
are not providing.” Asked for an estimate of how 
much of his body of spectral data I was providing, 
and he responded “10-20%”. That is a lot, and it be-
came a very strong motivator to do the best possible 
job 

Interestingly, the gap that showed up most 
clearly was that, outside a particular observing cam-
paign such as U Sco, there is no system in place for 
storing spectral data from amateurs nor even any 
place to store a general record of what has been done. 
For example, my work on V407 has “no place to go.” 
While such leaders as Dale Mais and Olivier Thizzy 
can perform and interpret spectroscopy  at a profes-
sional level (and then get it published), the rest of us 
cannot. We need the equivalent of the Minor Planet 
Bulletin in which to make observational reports, or 
perhaps an AAVSO database of descriptions of spec-
tral studies done, with references back to the ob-
server. 

At this time, Schafer is the lead in preparing as 
series of papers about U Sco, with many amateurs to 
be listed as contributors. I for one am looking for-
ward to reading the analytic results describing what 
we have found out about this outburst.  
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Abstract 

This paper presents the results of the photometric study of TT Arietis during its decline phase of 2009 October, 
when the star exhibited very unexpected behavior. CBA observers and others provided time-series photometry to 
study the star and to complement the observations of the Swift and GALEX satellites.  

1. Background 

TT Ari was discovered to be variable in the mid- 
1950’s, and was later discovered to be a binary sys-
tem (Crowley, 1975). Later it was identified as a 
cataclysmic variable (CV) (Udalski, 1988). However, 
efforts to categorize it have proved difficult. It origi-
nally was thought to be an R Coronae Borealis type 
star. When it was determined to be a CV, the cate-
gory was still unclear since it exhibited characteris-
tics of three different types: SU Uma, Z Cam, and 
DQ Her. 

 
 Figure 1: TT Ari, AAVSO 34-Year Lightcurve  

The latest conclusion is that TT Ari is a VY 
Sculptoris novalike CV. This small family of about 
12 stars shares the characteristics of intrinsic bright-
ness, hot white dwarfs, orbital periods in the 3-4 hour 

range, and a pattern of remaining at their high state 
with large and infrequent fading events. These fad-
ings are apparently due to the dissipation of the ac-
cretion disks. TT Ari is indeed one of the brightest 
CV’s, with a magnitude range from V = 10.5 to 15.5. 
The white dwarf temperature and orbital period are 
within the defined range for a VY Scl. It has only one 
observed fading, from about 1980 to 1984 (Figure 1). 

 
2.  The Observing Campaign 

 When TT Ari was reported to be dimming, it 
became an object of great interest. Joe Patterson noti-
fied the CBA observers on 2009 October 11. The 
AAVSO also issued an alert on October 13. By Oc-
tober 15, initial CBA lightcurves showed bright out-
bursts, with potentially periodic behavior. On Octo-
ber 16, the astronomers were granted target-of-
opportunity time on the Swift X-ray satellite to ob-
serve TT Ari, and a major effort was begun by CBA 
observers to provide lightcurves during the Swift 
observing windows. The effort was successful, al-
though deepening the mystery when the X-ray and 
optical lightcurves showed no correlation. 

The AAVSO issued a Special Notice on October 
20 and called for a campaign on the star. The CBA 
campaign accelerated, with 29 CBA observers report-
ing observations. 

In mid-late November, the GALEX satellite was 
employed to observe TT Ari in UV, both imaging 
and spectroscopy. In late November, the Swift satel-
lite returned for additional observations of the star. In 
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both cases, CBA observers were alerted and at-
tempted to perform concurrent observations. 

In late November, with the star relatively stable 
at its minimum magnitude, the formal CBA cam-
paign ended. Individual observers, however, contin-
ued to track the star's behavior.  

 
3. The Observations 

Figure 2 shows one of the first lightcurves ob-
tained, that of 2009 October 15 by Koff. The magni-
tude had dropped from the normal V = 10.5 to a 
maximum of V = 13.7. The nightly curve initially 
showed a sharp decline. However, after the decline, 
the magnitude suddenly began increasing by 1.4 
magnitudes in a series of pulsations. The nightly 
curve shows almost exactly one cycle of what turned 
out to be a repeating pattern at an apparent period of 
about 0.37 d.  

 
Figure 2:  TT Ari, Lightcurve for 2009 October 15. 

Observations on subsequent nights showed that 
the overall behavior repeated itself at a seemingly 
regular period, and at a fairly steady magnitude. See 
Figure 3. 

 
Figure 3:  TT Ari, Lightcurves, 2009 Oct. 15–20. 

Figure 4 shows the AAVSO lightcurve from 
2009 October 13 to November 25, the period of the 
most intensive study. Note that the period of relative 
stability shown in Figure 3 comes to an end and that 
the star drops to a point one would normally call the 
quiescent level. 

 
Figure 4:  TT Ari, AAVSO Lightcurve, 2009 Oct 13–Nov 
25. 

Figure 5 shows CBA observations from 2009 
November 10-22, 2009, during the quiescent phase. 
Note that several nights show relatively little activity, 
whereas other nights show marked flaring. The epi-
sodes of flaring occurred every 10-20 hours during 
the time interval shown. 
 

 
Figure 5:  TT Ari Lightcurve, 11/10 – 11/22, 2009 

4. The Heating Curve 

When TT Ari reached its low state at V ~ 16.3,  
it began to exhibit a sinusoidal lightcurve at a period 
of about 3.3 hours, interrupted every 10-20 hours by 
the outbursts shown in Figure 5. The outbursts flick-
ered wildly for several hours and then died down. 
Figure 6 shows a single observing session with flar-
ing from the baseline magnitude. 

Patterson removed the outbursts from the overall 
50-day lightcurve. What remained was a perfect sinu-
soidal wave of period 0.13754 ± 0.00050 d and an 
amplitude of 0.09 mag. No other periods were de-
tected. See Figure 7. 
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Figure 6:  TT Ari Lightcurve, 2009 November 24. 

 
Figure 7:  TT Ari, “Heating” Lightcurve 

Within errors, the periodic signal occurred at the 
well-measured orbital period of the system. 

The signal can be explained by the heating of the 
secondary star's atmosphere by the hot white dwarf. 
The maximum occurs at the superior conjunction of 
the secondary star. With the accretion disk no longer 
present, the two stars are detectable separately, and 
this phenomenon becomes visible. 

 
5. Analysis 

In a more common CV, the observed light is 
mostly from the accretion disk, with the white dwarf 
and secondary star drowned out in the glare. How-
ever, in the case of a VY Sculptoris type at low state, 
the accretion disk is nearly gone and the stellar com-
ponents become visible spectroscopically. GALEX 
satellite observations showed a strong UV source, the 
white dwarf. Temperatures are indicated to be in the 
range of 40,000 – 50,000 K. The heating curve will 
help constrain the temperature. IR spectroscopy indi-
cates that the secondary is a middle M dwarf. 

 
Emission lines and a blue continuum dramati-

cally increase during the flaring episodes. The X-rays 

detected by the Swift satellite come in discrete flares, 
one of which was serendipitously accompanied by an 
flare observed in visible light. It appears that the X-
rays and visible flares occur when clumps of gas fall 
onto the surface of the white dwarf. This is born out 
by X-ray temperatures that are only practical at the 
surface of the white drwarf. Another finding was that 
the X-ray flux remained nearly constant as the accre-
tion fell toward its minimum. 

The observations may shed light on the behavior 
of an accretion disk at a very low activity level. They 
may also help determine the cause of these cessations 
of accretion, although at this writing no progress on 
this question has been made. 

 
6. Summary 

TT Arietis entered only its second observed de-
cline phase in late 2009. The decline was marked by 
intervals of flaring and, when the star reached quies-
cence, the flaring behavior continued. At quiescence, 
an unusual heating lightcurve was detected, and its 
period confirmed to be equal to the orbital period. X-
ray, UV and IR spectroscopy helped separate and 
characterize the white dwarf and its secondary. 
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Abstract 

The Cataclysmic Variable Section of the American Association of Variable Star Observers (AAVSO) has initiated 
an observing campaign to study a subset of dwarf novae (DNe) known as Z Cam type (UGZ). We call this pro-
gram the Z CamPaign. UGZs are defined in the General Catalog of Variable Stars as dwarf novae that “show 
cyclic outbursts, differing from UGSS variables by the fact that sometimes after an outburst they do not return to 
the original brightness, but during several cycles retain a magnitude between maximum and minimum. The val-
ues of cycles are from 10 to 40 days, while light amplitudes are from 2 to 5 magnitudes in V.” Since there is no 
strong agreement between the various published catalogs as to which few dozen DNe are actually Z Cam type 
systems, our primary goal is to accumulate enough data to construct detailed light curves, covering the entire 
range of variability, to determine unequivocally the 30 Z CamPaign subjects’ membership in the UGZ class of 
DNe. The organization, science goals and some early results of the Z CamPaign are discussed in detail.  

1. Defining Z Cams 

U Geminorum-type (UG) variables, also called 
dwarf novae, are close binary systems consisting of a 
dwarf or subgiant K-M star that fills the volume of its 
inner Roche lobe. This donor star is losing mass to a 
white dwarf surrounded by an accretion disk. From 
time to time the system goes into outburst, brighten-
ing rapidly by several magnitudes. After several days 
to a month, or more, it returns to its original state. 
These dwarf nova outbursts are believed to be caused 
by thermal instabilities in the disk. Gas accumulates 
in the disk until it heats up and becomes viscous. This 
increased viscosity causes it to migrate in toward the 
white dwarf, heating up even more, eventually caus-
ing an outburst.  

Intervals between two consecutive outbursts for 
a given star may vary, but every star is characterized 
by a characteristic mean value of these intervals. This 
mean cycle corresponds to the mean amplitude of the 
outbursts. Generally speaking, the longer the cycle, 
the greater the amplitude of the outbursts. According 
to the characteristics of their light curves, UGs are 
further subdivided into three types: SS Cyg, SU 
UMa, and Z Cam. SU UMa type UGs are not rele-
vant to this discussion. 

SS Cygni-type variables (UGSS) increase in 
brightness by 2-6 magnitudes in V in 1-2 days and, 
after several subsequent days, return to their original 
brightness. The cycle times vary considerably, from 
10 to several thousand days. 

Z Camelopardalis-type stars (UGZ) also show 
cyclic outbursts, but differ from UGSS variables by 

the fact that sometimes after an outburst they do not 
return to their quiescent magnitude. Instead they ap-
pear to get stuck for months, or even years, at a 
brightness of about one magnitude fainter than out-
burst maximum. These episodes are known as stand-
stills. Z Cam cycle times characteristically range 
from 10 to 40 days, and their outburst amplitudes are 
from 2 to 5 magnitudes in V, but standstills are the 
defining characteristic of the Z Cam stars.  

 
2. Standstills 

 If a dwarf nova has a high-enough mass-transfer 
rate, it can resemble a dwarf nova continuously stuck 
in outburst. This is what nova-like variables are 
thought to be. One theory explaining Z Cam stand-
stills is that the rate of mass transfer is approximately 
equal to the critical rate that separates dwarf novae 
from the nova-like variables.  

Models can now explain why standstills are 
about a magnitude fainter than outburst maximum. 
The gas stream from the mass-losing star heats the 
disk, and because of this extra source of heat, the 
critical mass transfer rate at which a standstill occurs 
is about 40% less than the mass transfer rate during 
outburst (Stehle et al., 2001).  

Even with the observations and analyses of re-
cent years, we still know relatively little about stand-
stills. Even the fundamental observational properties 
of how often they occur or how long they last are not 
well known. Standstills of Z Cam, the prototypical 
star of this class, can last between 9 and 1020 days 
(Oppenheimer et al., 1998). Z Cam was in standstill 
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almost continuously between 1977 and 1981 
(AAVSO data). AH Her has been in standstill since 
2009 June, nine months and counting as of this writ-
ing. In contrast, HX Peg has much shorter standstills, 
from 30 to 90 days long, which can recur yearly 
(AAVSO data).  

Standstills are not static affairs. Szkody and Mat-
tei (1984), showed erratic flare-ups with amplitudes 
of several tenths of a magnitude in their compilation 
of the statistics of dwarf nova outbursts.  

Anther well-quoted characteristic of Z Cams is 
that “standstills are always initiated by an outburst,” 
and “standstills always end with a decline to quies-
cence” (Hellier, 2001). However, there are at least 
five Z Cam stars that appear to go into outburst from 
standstill: V513 Cas, IW And, HX Peg, AH Her, and 
AT Cnc. If this turns out to be an inconvenient truth, 
it provides another challenge in explaining the 
mechanisms that initiate and end standstills. 

 
3. Science Goals  

The science goals of the Z CamPaign are:  

1. To determine convincingly which CVs are in-
deed UGZ and which are imposters. The plan 
is to analyze the light curves of all the candi-
dates looking for standstill episodes in their 
light curves. If there are standstills, we will 
accept them as UGZ. If there are no standstills, 
we will remove them from the list of known Z 
Cams and assign another type to them, if pos-
sible. If the data are inconclusive, we will con-
centrate on obtaining adequate long-term data 
throughout the range of the variable to make a 
determination. 

2. To improve the overall data available on each 
of these stars and fill the gaps in the light 
curves. Since so little is known, even about the 
well observed Z Cam candidates, we will try 
to obtain as complete coverage as possible, 
concentrating on V magnitude observations 
first, then extending to other bandpasses. 

3. To determine if some UGZ actually do go into 
outburst from standstill, or if perhaps we have 
just missed the sudden drop to quiescence be-
fore the next outburst, leading to the appear-
ance of outburst from standstill behavior. 

4. To study and report any other serendipitous 
discoveries about “UGZ-ness” that come to 
light as a result of improved coverage. 

5. To publish the results in a peer-reviewed jour-
nal such as the Journal of the AAVSO. 

4. Coordinating the Campaign 

The campaign is coordinated through the Cata-
clysmic Variable Section of the AAVSO. There is a 
special campaign page online explaining the details 
to those interested in observing these stars 

 
https://sites.google.com/site/aavsocvsection/z-campaign 

 
The list of campaign stars can be downloaded in 

several formats from this web page. The star list is 
divided into four sub-categories, based on the type 
and magnitude range. 

 The first group of stars is confirmed UGZ suit-
able for continued observation by visual observers 
throughout their cycles. These are generally the 
brightest dwarf novae in the campaign and have well 
sampled light curves, some going back as far as the 
1940’s. We strongly urge visual observers to con-
tinue monitoring these stars for their expected out-
bursts and standstills as well as unexpected behavior. 

The second group is unconfirmed UGZ stars that 
visual observers should continue to monitor for out-
bursts and standstills if or when they may occur. 

The third group of stars is unconfirmed UGZs 
that both visual and CCD observers are encouraged 
to monitor for outbursts, but the standstills are likely 
to be visible only to CCD observers due to their rela-
tive faintness (15th or 16th magnitude). We encour-
age CCD observers to concentrate on these stars 
when they are known to be in outburst in particular 
so that they can monitor the fade from maximum 
looking for a standstill. 

The last group is stars best suited to CCD ob-
servers for monitoring for outbursts and standstill 
behavior. These stars are too faint, even at maximum, 
for most visual observers to waste valuable time and 
resources.  

We also take special note of those UGZ that ap-
pear to go into outburst from standstill. When one of 
these stars enters a standstill we will be asking for 
intensive coverage until the star either goes into qui-
escence or outburst.  

Activity is tracked in near real-time as observa-
tions come in from AAVSO MyNewsFlash, 
BAAVSS-Alert, CVnet-Outburst, VSObs-share and 
VSNET-outburst email notifications on the Activity 
at a Glance portion of the section home page 

 
https://sites.google.com/site/aavsocvsection/Home 
 

5. Early Results 

The Z CamPaign was launched on 2009 Septem-
ber 25. From increased coverage of some stars, and a 
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thorough analysis of the AAVSO light curves, we 
have positively confirmed twelve UGZ systems: 
V513 Cas, IW And, RX And, TZ Per, Z Cam, AT 
Cnc, SY Cnc, AH Her, UZ Ser, EM Cyg, VW Vul, 
and HX Peg. Most of these were known or suspected 
UGZ.  

We have also been able to identify several Z 
Cam imposters. There is absolutely no evidence of 
standstills in their light curves. Included in this group 
are TW Tri, KT Per, BI Ori, CN Ori, SV CMi, and 
AB Dra. Some of these stars have been erroneously 
classified as UGZ for decades in major variable star 
catalogs.  

V344 Ori and V391 Lyr have uncharacteristic 
long outburst cycles of hundreds of days, and V1363 
Cyg is an unusual star, but its light variations are not 
typical of a UGZ. None of these is a Z Cam. 

FY Vul has an outburst cycle between 30 and 50 
days, but it also shows some quasi-periodic variation 
on shorter time scales, perhaps 15-20 days. The am-
plitude of variation is rather small for a UGZ type 
dwarf nova. It has been suggested that this star and 
V1101 Aql may represent a previously unrecognized 
group of low-amplitude dwarf novae (Kato et al., 
1999a). 

As a result of nearly continuous coverage by 
CCD observers, we have uncovered a previously un-
known behavior in IW And of repeated outbursts to 
standstills followed by another outburst and then a 
rapid fade to quiescence. This whole process then 
repeats (Figure 1). Even more interesting is that we 
have found the same unusual behavior in V513 Cas 
(Figure 2). 

 
Figure 1. IW And light curve. 

 
Figure 2. V513 Cas light curve. 

 

6. Conclusion 

Depending on which catalog you reference, there 
are only 30 to 40 Z Cam dwarf novae. If a significant 
percentage of suspected Z Cams eventually proves 
not to be Z Cam, the remaining few represent a fairly 
rare class of stars worthy of further investigation. Z 
Cam stars are rather ignored for the most part by 
amateur and professional alike. This leaves the door 
to discovery open for those patient and persistent 
enough to devote time and energy to long-term moni-
toring of this unique class of cataclysmic variable. 
Whatever the reason we hope you will join us in this 
endeavor. 
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Abstract 

Approximately every six years the orbital plane of the Jovian moons turns edge-on the Earth’s line of sight, giving 
us the opportunity to time the eclipses and occultations arising from this geometry known as Jupiter Mutual 
Events (JME). These timings help to refine the residuals in the orbital elements of Jovian moons. While taking 
several tens of minutes of wing data surrounding an occultation by Io in 2009 during that JME cycle, an anomaly 
was detected in the lightcurve prior to and following the actual occultation. Analysis of this anomaly led to the 
hypothesis that it was the result of atmospheric extinction of the light from the occulted moon by the atmosphere 
of Io. The same anomaly was then found when Europa was the occulting body. Occultations by Ganymede 
showed no dimming anomaly. Eleven observers from four countries contributed 53 data sets for 28 individual 
events in an observing program to study this phenomenon. This paper details the results including camera re-
sponse, observing method, reduction method, and atmospheric extinction detection. The atmospheric extinction 
hypothesis is supported by several independent methods that are also be detailed. Derived atmospheric models 
are presented, including a noted asymmetry. 

1. Introduction 

On 2009 August 7, during the 2009 JME cycle, 
S. Degenhardt recorded the shadow from Io eclipsing 
Europa and then 23 minutes later the body of Io oc-
culting Europa. Data was recorded for 46 minutes 
continually centered on this double JME in an at-
tempt to create one continuous lightcurve (LC) con-
necting the eclipse, occultation, and 5 minutes of 
wing data on each end. Figure 1 is the resulting LC 
for the events. An anomalous dimming was found in 
the LC starting about 14 minutes prior to the occulta-
tion and after the occultation an anomalous brighten-
ing occurred. The source of this anomaly was inves-
tigated and several experiments were set up to try to 
determine its origins. 

Camera response, recording method, reduction 
method, and possible extinction of the occulted 

moon’s light by the atmosphere of the occulting 
moon were all explored in detail. Predictions based 
on an atmospheric extinction model were created by 
using the start of the anomaly and the asymmetry 
present in the LC of August 7. These extinction pre-
dictions were applied to the next Io occultation of 
Europa on 2009 September 1. Degenhardt recorded 
this follow-up event in its entirety and found that the 
dimming based on the atmospheric extinction model 
occurred as predicted (Figure 2a). 

A set of predictions for the remaining Io occulta-
tions to the end of that current JME cycle were cre-
ated and a global call for observers was made in an 
effort to validate or refute the atmospheric extinction 
model. The request entailed recording several tens of 
minutes of data before and after the scheduled occul-
tation. It is in this data outside the occultation event 
(wing data) where the presumed extinction events are 
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detected. Eleven observers from four countries con-
tributed 53 data sets for 28 individual events using a 
wide variety of video cameras, telescopes, recording 
methods, and reduction techniques in this observing 
program called the Io Atmospheric Extinction Project 
(IAEP) (Degenhardt, 2009) for the study of this phe-
nomenon.  

 
Figure 1. Double JME of 20090807 with anomalous dim-
ming. 

2. LC Results 

Figure 2 summarizes the typical results of occul-
tations by Io, Europa, and Ganymede when several 
tens of minutes of wing data are taken. In each plot 
the predicted occultation times are highlighted by 
vertical dashed lines. For both Io and Europa a noted 
dimming trend began many minutes before the actual 
occultation. After the occultation a brightening trend 
began until nominal intensity was eventually re-
gained.  

When Ganymede was the occulting body no 
such dimming was detected in the available data of 
our study. A brightening trend, or raised shoulders, 
occurred when Ganymede was the occulter (Figure 
2c). 

 
 

 
Figure 2. Typical derived LCs submitted to this study. 

3. Discussion 

3.1 Simulated LC of Merging Intensities 

In order to assess the LCs of this study, it is im-
portant to understand what the expected response 
should be for two merging moons or light sources. A 
simulation of an occultation was performed in a lab 
setting by creating two artificial moons, one fixed 
and the other mobile. One point source was created 
by taking a silver plated tip of a pin mounted to a 
sheet of black card stock. A second tip of a pin was 
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mounted to a wooden dowel attached to a rail that 
could be slowly moved by turning a threaded rod. A 
single white LED powered by a DC source illumi-
nated the two pins and the rail was moved slowly to 
create an occultation of the pin fixed to the black card 
stock. “Humps” in the wings were found in the re-
sulting LC of the simulation representing a nonlinear 
increase in detected light occurring pre and post oc-
cultation. We have named this trend “raised shoul-
ders”, and is what we see when Ganymede occults 
another Jovian moon. The simulation LC superim-
posed on the actual measurement of two merging 
intensities of an occultation by Ganymede is shown 
in Figure 3. These raised shoulders confirm that the 
dipped or lowered shoulders of the Io and Europa 
occultations are indicating a loss of intensity some-
where within the measurement aperture of the pho-
tometry reduction software surrounding the event 
moons. 

 
Fig 3: Simulation (red dots) data is compared to a 
Ganymede occultation (blue line). 

3.2 Source of Dimming Trend 

The LC reductions of Figure 2 were created by 
placing one large measurement aperture around both 
the occulting and occulted moons. Since the moon’s 
Airy disks are merging, the light from one moon that 
spills into the disk of the other moon is common for 
each. This gives one the opportunity to normalize the 
light of one of the merging moons to the other. If we 
then measure the individual intensities of each moon, 
we soon discover that the moon that is being occulted 
by Io or Europa is the source of the dimming inten-
sity trend. This is demonstrated as seen in Figures 4, 
5b, and 5c by normalizing the light of the occulted 
moon by the light of the occulter. 

For the 2009 September 23 Io occultation of Eu-
ropa, shown in Figure 4, Redding imaged the JME 
with a 9-m effective focal length instrument provid-
ing a very wide separation of Io and Europa in order 

to do individual photometry on each moon. The re-
sults of this observation demonstrate that when the 
limb of Europa was about 5 Io radii distance from the 
center of Io, Europa began dimming and continued 
dimming as it approached Io. 

 
Figure 4. LC photometry of Europa relative to Io prior to 
Europa being occulted by Io. 

In Figure 5 we see three independent methods 
demonstrating the source of the dimming trend. Fig-
ure 5a shows a 3D intensity profile of a raw video 
frame of the Io occultation of Europa on 2009 No-
vember 1 at two different moments in time. Europa 
becomes shorter relative to Io as Europa gets closer 
to Io, i.e. Europa loses intensity relative to Io.  

Figure 5b shows two different photometric 
methods compared to each other yielding identical 
results. Degenhardt’s Io plus Europa combined inten-
sity LC (when intensity measurements for both 
moons were taken inside one large measurement ap-
erture) shows a dimming trend that correlates exactly 
to a loss of light by Europa in the individual LC pho-
tometry of Redding’s data (when each moon is meas-
ured individually and the occulted moon’s intensity is 
normalized by the intensity of the occulting moon).  

Figure 5c demonstrates that a loss of light is not 
found when Ganymede is the occulter. The curves in 
Figure 5c show that the light of Europa (red dots) 
does not dim as it is occulted by Ganymede, but 
when Europa is occulted by Io (blue line), Europa 
experiences an extinction trend. 
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Figure 5. (a) 3D view of the intensity profiles of the 
20091101. (b) Independent photometry methods yield 
the same result. (c) Ganymede does not present the 
same extinction trends. 

3.3 Photon Doubling Effect (PDE) 

We have linked the dimming trend in the com-
bined LC to the moon that is passing behind Io or 
Europa. Investigation of the raised wing data in both 
a Ganymede occultation and a simulation of two 
merging moons revealed a nonlinear increase in 
brightness in their wing data (Figure 3). We refer to 
this nonlinear brightening phenomenon as a photon 
doubling effect (PDE).  

When a point source is focused on a CCD cam-
era, an Airy disk is formed where a somewhat Gaus-
sian distribution of intensity exists. The center of the 
focused spot, or Airy disk, has the peak intensity. The 
intensity decreases with increasing distance from the 
center of the disk. At some point, the intensity drops 
below the threshold of the CCD’s ability to detect the 
photon flux rate. As two Airy disks begin to merge, 
outer rings where photons are striking the detector 
just below detection start to overlap (Figure 6). In the 
region between the two merging spots, an overlap-
ping of photons increases the photon rate above the 
detectable limiting threshold, thus producing a signal 
for these previously undetected photons (Figure 7).  

The larger a telescope’s central obstruction, the 
more photons that are pulled from the central part of 
the Airy disk and redistributed in the outer rings. 
Therefore, PDE is likely to be more or less dominant 
in an LC depending on the optical characteristics of 
the observing system. 

 
Figure 6. Two merging Airy disks 

 
Figure 7. False color enhancement of a video frame 
showing a “light bridge”, the potential source of PDE. 
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3.4 Atmospheric modeling 

The dimming trend in the combined intensity 
LCs potentially offers insight into structural informa-
tion of the tenuous material surrounding Io and Eu-
ropa. The start of ingress and end of egress of dim-
ming could mark the outer boundaries of the atmos-
pheres. The amount of extinction magnitude loss 
might eventually be used to quantify the amount of 
material involved in the extinction. An asymmetry 
was also noted in the slope of ingress of extinction 
compared to egress in all Io and Europa LCs.  

 
3.4.1. Io atmospheric model 

For Io, the noted asymmetry has been tentatively 
linked to Io’s limb orientation relative to Jupiter dur-
ing the occultation. If the ingress motion of the moon 
being occulted by Io was on Io’s western limb when 
Io was west of Jupiter, then the ingress/egress slope 
asymmetry ratio was always greater than 1 Figure 
8a). If Io was east of Jupiter and the ingress motion 
of the moon being occulted was on Io’s western limb, 
then the ingress/egress slope asymmetry ration was 
always less than 1 (Figure 8b and 8c). The geometry 
of this asymmetry represents a longer duration of 
extinction on the Jupiter facing limb of Io. This may 
indicate that some of the material leaving Io is 
streaming back towards Jupiter either by gravitational 
pull or magnetic flux line attraction.  

Slope ratios for Io have been documented from 
0.28:1 to 0.86 when Io was east of Jupiter and oc-
culting with its western limb, while ratios of 1.48 to 
1.62:1 have been derived when Io was west of Jupiter 
and occulting with its western limb. The typical in-
tensity loss from atmospheric extinction was around 
0.12 mag.  

In events not recorded long enough for the LC to 
return to the nominal level, extrapolation of the be-
ginning of ingress or the end of egress for estimations 
of the extent of the atmospheric extinction can be 
accomplished using the slope ratio. Using the slope 
ratio of 1.48 in the occultation of Figure 8a, extrapo-
lation to the end of egress gives an estimated extinc-
tion zone out to 12.1 Io radii.  

Side-on occultations, where Io is predominantly 
moving towards or away from Earth, present very 
complex LCs (Figure 8b). It is known that Io orbits 
Jupiter in a structure of material called the Torus of 
Io (Schneider et al., 1991). Figure 9 is an image of 
the Io Torus taken by Catalina Observatory (Schnei-
der, 1991). In Figure 8b, two “notches” could poten-
tially represent extinction by the thicker material of 
the Torus due to the proximity of Io and Europa at 
the eastern edge of its Jovian orbit. Side-on occulta-

tions experience about twice the extinction magni-
tude loss compared to occultations away from the 
Torus tips, possibly due to the increased amount of 
material in our line of sight at the eastern and western 
tip of the Torus. 

 
Figure 8. Various asymmetries of the Io LC. 
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Figure 9. Io’s sulfur torus (Schneider et al., 1990) 

3.4.2. Europa Atmospheric Model 

The modeled size of the Europa atmosphere was 
noticeably larger than the Io atmosphere. Figure 2b 
highlights this, with ingress starting at about 22 Eu-
ropa radii and ending at about 31 Europa radii. An 
asymmetry of 1.63:1 was derived. The amount of 
magnitude loss due to extinction preliminarily seems 
to be about 0.2 mag, twice that of Io’s. However, 
nominal intensity was never documented on ingress 
due to Io emerging from Jupiter’s shadow, or on 
egress due to insufficient wing data. So the slope 
ratio and magnitude loss estimates have some un-
known certainty for this particular LC. There was a 
limited number of Europa LCs in this study; much 
more data need to be collected to refine these same 
parameters for Europa. 

 
3.4.3. Ganymede Atmospheric Model 

There is currently no modeling information 
gleaned from our LCs for Ganymede since no dim-
ming was noted in any of them. The most notable 
anomaly in the Ganymede LC is the PDE. 

 
3.4.4. Jovian Transits of Io 

Donald Parker contributed two photographs of Io 
transiting Jupiter to this study. Through an advanced 
processing technique, the intensity surrounding Io 
and Io’s shadow showed an extinction trend as it 
neared the limb of Io (Figure 10). The same extinc-
tion trend was measured in the intensity surrounding 
Io’s shadow projected on Jupiter. 

 

 
Figure 10. Intensity trend of the Jovian surface behind 
Io. 

Probably the most interesting Io transit result 
was found by taking a processed background image 
of Jupiter and subtracting it from an Io transit photo. 
Figure 11a shows Io’s shadow as the white disk in 
the middle of the photo. A concentric disturbance is 
visible beyond the white disc out to almost 2 Io radii. 
Figure 11b has a circle drawn highlighting the outer 
boundary of the disturbance likely caused by extinc-
tion from Io’s atmosphere. 

The disturbance of objects behind Io has been 
found in several other Io transit photos. One in par-
ticular was taken by Voyager on 1979 February 13 
(NASA et al., 1979) where Io is partly in front of the 
Great Red Spot. Io’s atmosphere seems to cause the 
Red Spot to be paler or less red. This may be one clue 
that the red end of the spectrum is being most ab-
sorbed by the material that makes up Io’s atmos-
phere. Our video cameras are generally more sensi-
tive to red light, so extinction of red light would be 
more detectable than blue light. 

 
3.4.5. Jovian Extinction Events (JEE) 

On 2010 January 6, T. Redding observed part of 
an event where Ganymede passed behind Europa’s 
atmosphere from our line of sight. This was a con-
junction of Europa and Ganymede with no actual 
occultation taking place. Weather prevented imaging 
the entire conjunction from beginning to end, but of 
the minutes that Redding recorded, the combined LC 
showed that Ganymede was suffering increasing ex-
tinction out to 16 Europa radii as it approached Eu-
ropa. 

The hypothesis that the notches in Figure 8b rep-
resent extinction by the Torus material at the tips of 
the Torus potentially means that whenever any object 
passes behind these tips, extinction may occur. JEEs 
can be observed independent of the JME cycle. Pre-
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dictions for JEEs for 2010 can be found in the Refer-
ences (Degenhardt, 2010). 

 
Figure 11. Io shadow transit image provided by Donald 
Parker and processed by Scott Degenhardt. Outer edge 
of disturbance is circled in 11b. 

4. Previous Studies 

4.1 Previously Proposed Atmospheric Models 

Burger et al. (2001) showed that Io’s atmosphere 
is detectable at least out to 6 Io radii. They also noted 
detecting a possible asymmetry of the shape of Io’s 
atmosphere of about 1.7:1. These numbers fall within 
the various sizes and asymmetries we have docu-
mented with our limited database of LCs. 

Brown et al. (1996) estimated the Europa atmos-
phere being at least 25 Europa radii and Burger et al. 
(2004) discuss detecting a trailing cloud longer than 
the leading cloud around Europa.  

 
4.1.1. Natural Satellites Data Center Archives 

 The Natural Satellites Data Center (NSDC) of 
IMCCE maintains the database of archived JME LCs 
(NSDC, 2010). A modeling of one of the occultations 
by Io in the 2003 LC database is seen in Figure 12 
(Arlot et al., 2003). Note the similar ingress/egress 
asymmetry of our LCs of 1.62:1 when Io was west of 
Jupiter while occulting with its western limb.  

 
Figure 12. March 28, 2003 Io occultation of Europa re-
trieved from the IMCCE data base (Arlot et al., 2009). 

Searching the LCs in the NSDC database shows 
that none have the extended wing data necessary for 
us to do a comparative study to our extended wing 
data trends. In most cases we collected a minimum of 
30 minutes of data on either side of the predicted 
center time of the JME. The LC in Figure 13b was 
two full hours of video and it still failed to capture 
the end of egress and include some reasonable 
amount of nominal flat baseline intensity for statis-
tics. Figure 13 highlights the need for several tens of 
minutes of wing data in order to capture the extinc-
tion events in their entirety. Figure 13a shows just six 
minutes of wing data, while Figure 13b is the same 
event displaying the entire two hour LC. 

A reference for the standard observing and re-
duction method for JMEs has been published for 
IOTA by B. Timerson (2009) and the web address for 
that can be found in the References. The standard 
procedure established by IOTA is to acquire only one 
or two minutes outside the predicted start and end 
time of an event for wing data. Our research shows 
that this is not enough to capture the entire extinction 
LC. Short wing data is a likely reason previous JME 
observations have missed this method of extinction 
detection. 
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Figure 13. Comparison of same event, one LC with six 
minute wings (common in the IMCCE archives) and the 
same event with 1 hour wings. 

5. Dominant PDE in Combined LC 

 
Figure 14. Two different combined LCs for the same 
observed event. 

 
Figure 14 demonstrates two different combined 

photometry LCs for the same observed event. De-
genhardt and Redding independently observed the 
2009 November 1 Io occultation of Europa. Degen-

hardt’s combined LC showed the dimming trend in 
the wing data. Redding’s showed raised wing data.  

In combined LC photometry, a large target aper-
ture measures all intensities within the measurement 
area. There are a number of intensity sources in the 
measurement area that contribute to the final result-
ing LC. The target measurement aperture is the sum 
of the following intensities: 

 
moon1 + PDE between moon1 and moon2 + 
moon2 + sky glow + Jovian glare + inherent noise 

 
Correct use of background apertures should can-

cel out some of the unwanted intensities. What 
should be left in the final LC measurement is: 

 
moon1 + PDE between moon1 and moon2 + 
moon2 

 
If during merging the rate of PDE growth ex-

ceeds the loss of intensity in one moon, then the final 
combined photometry LC will show raised wings like 
Redding’s. Further investigation of Redding’s video 
revealed that even though his combined LC showed 
raised wings, both the 3-D intensity plot and individ-
ual photometry of Europa document the extinction of 
the occulted moon’s light (Figure 5). It is therefore 
possible to have captured the extinction and not see 
dipped wings in the final combined LC. About 10% 
of the LCs in our study did not have dipped wings for 
Io and Europa occultations but did capture the extinc-
tion, as was determined through the alternate meth-
ods of detection such as the 3-D intensity profile and 
individual photometry. More studies are needed to 
characterize PDE effects on JME LCs.  

 
6. Conclusion 

An anomalous dimming trend in the extended 
wing data of JMEs was discovered. The source of the 
dimming was found to be likely due to atmospheric 
extinction of the light of any moon being occulted by 
Io or Europa. Occultations of moons by Ganymede 
displayed no such dimming at the same scaled dis-
tances compared to Io and Europa. Numerous inde-
pendent methods show this dimming is real and not 
an artifact of camera response or processing. These 
results were obtained by a diverse set of observers, 
video cameras, recording methods, reduction tech-
niques, and analyses. 

Asymmetry has been noted in the slope of the 
ingress of extinction compared to egress that has 
been linked to the geometry of the occultation. Slope 
ratios for Io have been documented from 0.28:1 to 
0.86:1 when Io was east of Jupiter and occulting with 
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its western limb, while ratios of 1.48:1 to 1.62:1 have 
so far been derived when Io was west of Jupiter and 
occulting with its western limb. This asymmetry may 
indicate that some of the material leaving Io is 
streaming back towards Jupiter either by gravitational 
pull or magnetic flux line attraction. The typical in-
tensity loss from extinction was around 0.12 mag for 
occultations away from the eastern or western tip of 
Io’s Torus, while side-on occultations at the tip of the 
Torus were about twice that extinction.  

An ingress/egress asymmetry of about 1.6:1 was 
noted in one Europa LC. An insufficient number of 
Europa LCs were acquired to connect the asymmetry 
to a specific occultation geometry. Intensity loss due 
to extinction by Europa’s atmosphere has not been 
fully determined due to insufficient statistics, but 
preliminary estimates are around a loss of 0.2 mag. 

The beginning and end of the extinction phe-
nomenon places some boundaries on the material 
causing the extinction. For Io, occultation by the limb 
facing away from Jupiter begins to cause extinction 
between about 5 to 9 Io radii (as measured from the 
center of Io to the limb of the moon being occulted). 
The extinction effect at the Jupiter facing limb ex-
tends form 10 to 30 Io radii. This fits with the find-
ings of Burger et al. (2001) that showed Io’s atmos-
phere was detectable out to 6 Io radii. They also 
noted a possible asymmetry of the shape of Io’s at-
mosphere of about 1.7:1.  

The Torus of Io can potentially be measured 
through JEEs. Notches in the LC of side-on Io occul-
tations have been linked to the tip of the Torus of Io 
where the line of sight material is thickest. It is esti-
mated that Io itself should undergo a dimming of 0.1 
to 0.2 mag every time it passes through the eastern 
and western tips of the Torus due to this alignment of 
Torus material. During 2010 Io and Europa will pass 
behind the Io Torus tips several times a week present-
ing more JEE measurement opportunities. 

There is only one nearly complete Europa LC in 
our database, and it shows that the ingress extinction 
started as far out as 22 Europa radii (as measured 
from the center of Europa to the limb of the moon 
being occulted) and the egress extinction ended as far 
out as 31 Europa radii. Far more data need to be col-
lected for Europa to derive better statistics, but this 
falls within the bounds of the Brown et al. (1996) 
estimates of Europa’s atmosphere being at least 25 
Europa radii. 

Data mining of the IMCCE NSDC LC database 
may provide more study data. The short wing data 
typically found with these will limit the amount of 
derived information.  

Techniques could be developed to invert these 
types of extinction lightcurves to create a 3-D model 
of the Io and Europa atmosphere. 

Atmospheric imaging through transit photogra-
phy could be improved by imaging a transit of Io or 
Europa and then imaging Jupiter exactly 1 rotation 
before or after the transit to obtain an optimal back-
ground image for processing. 

One final lightcurve highlights the ease with 
which these extinction events can be recorded. The 
LC in Figure 15 is a recording Redding made of the 
2009 September 23 Io occultation of Europa through 
his 80mm Vixen finder scope. The extinction trends 
were captured with this very modest setup.  

Every amateur and professional astronomer 
should begin planning for the next JME cycle, which 
starts again in 2014. In the meantime, they could also 
be observing Jovian Extinction Events. JEEs are ob-
servable independent of the JME cycle and can be 
observed through 2010 several times a week. Extinc-
tion-only events offer the same opportunity to map 
the outer regions of the Io and Europa atmospheres 
and the tips of the Torus of Io. Current predictions 
can be found in the References (Degenhardt, 2010). 

 
Figure 15. Demonstrates an 80mm finder scope detect-
ing the atmosphere of Io. 
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Abstract 

The phase curve of an asteroid shows how its brightness changes as a function of solar phase angle. The pro-
ject of determining an asteroid’s phase curve is challenging because it combines four photometric objectives:  
determination of the asteroid’s rotational lightcurve, monitoring the asteroid over a wide range of solar phase 
angles, high photometric accuracy, and FOV bridging or “all-sky” photometry to link the asteroid’s brightness 
from night to night. All of these are important because the different shapes of phase curves (caused by different 
surface characteristics) have a subtle effect. The typical phase curve project requires photometric accuracy of 
about ±0.03 mag or better; commits the observatory to a dozen nights, spread over about 2 months; and com-
mits the astronomer to a set of data analyses that is significantly more extensive than is required for a typical 
“differential photometry rotational lightcurve” project. In this paper I will describe how I have gathered the neces-
sary data, the procedures for data reduction, and some challenges in determining the slope parameter G. 

1. Introduction 

An asteroid’s phase curve contains valuable in-
formation related to the surface characteristics of the 
asteroid. Amateur efforts to determine asteroid phase 
curves are a much-needed addition to our knowledge, 
because not many asteroids have well-determined 
phase curves, and few professional astronomers are 
doing such studies. 

The purpose of this paper is to explore a few 
practical aspects of the asteroid phase curve project: 

 What does a “good” phase curve look like? 
 What range of solar phase angles must be cov-

ered, and how long is this likely to take? 
 What photometric accuracy is required? 
 Should magnitudes be transformed to the stan-

dard V-band, or left in instrumental v-band? 
 Should the phase curve plot mean magnitude or 

peak magnitude of the lightcurve vs. solar phase 
angle? 

 Does the lightcurve change as the solar phase 
angle changes? 

 What procedure do the pro’s use to determine 
phase curves from photometric data? 

 For what level of accuracy should you strive 
when determining H and G? 

I’ll describe these topics in the context of two 
phase curve projects that I did in the past year. One 
of these, 1130 Skuld, was immediately successful 
(Buchheim, 2010). The other, 535 Montague, was 

more troublesome, but was a useful learning experi-
ence. The result for it will be submitted to the Minor 
Planet Bulletin shortly. 

 
2. Phase Curve Background 

The geometry of the observation of an asteroid is 
illustrated in Figure 1. The solar phase angle (α) is 
analogous to the moon’s phase; when α = 0°, the as-
teroid is “full” (i.e. fully illuminated). When α ≈ 90°, 
the asteroid is in quadrature and is illuminated in the 
same way that a first- or third-quarter Moon is in that 
half of it its visible surface is in light and half is in 
darkness. Because of where they orbit, outside 
Earth’s orbit, main belt asteroids don’t reach solar 
phase angles much greater than about 20-30°. For 
example, think of Mars. It shows a “phase defect” but 
you never see a crescent Mars. The farther an object 
orbits from the Sun, the smaller the maximum ob-
servable solar phase angle. More distant objects (e.g. 
Jupiter Trojan asteroids) display a smaller range of 
solar phase angles and Kuiper-belt objects are so far 
away that Earth-bound observatories can observe 
them at solar phase angles of only α ≈ 0° ± 2°. 

On the other hand, near-Earth asteroids during 
their close approaches to Earth can be observed at 
quite large phase angles and, of course, spacecraft 
can arrange to observe their targets at large phase 
angles (Newburn et al., 2003). 

The motion of Earth and the asteroid in their re-
spective orbits around the Sun gradually alters the 
solar phase angle. For a typical main-belt asteroid, 
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the solar phase angle will go from about -20° to 
nearly 0° (at opposition) over an interval of 2 to 3 
months and then increase to about 20° over another 2 
to 3 months. 
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Figure 1:  Geometry of orbits:  Earth distance, Sun dis-
tance, and solar phase angle 

2.1 Characteristics of Bi-directional 
Reflectivity 

Imagine a narrow beam of collimated light aimed 
at a flat surface. Perhaps the surface is covered with 
snow, or with dirt, or with rocks. The surface isn’t 
smooth, so it won’t reflect the light like a mirror. In 
most real surfaces, there is a “forward gloss” (a no-
ticeable amount of the incident light comes off in the 
direction that a mirror would have sent it), a “back-
scatter” (a fair amount may be reflected back toward 
the light source), and a general diffuse reflection that 
goes off in all directions. The smoother the surface, 
the more light is likely to be directed into the forward 
gloss. In a perfectly smooth (glassy ice) surface, quite 
a bit of the reflected light is directed into the forward 
gloss, giving a nearly specular reflection from the 
mirror-like surface. If the incoming beam is directed 
exactly perpendicular to the surface, then the “for-
ward gloss” is directed back toward the source. This 
is the geometric situation that you have at solar phase 
angle = 0°. The forward and reverse glosses are both 
directed toward the observer. There can be a pro-
nounced increase in brightness near zero solar phase 
angle as a result of this phenomenon, which is the so-
called “opposition effect”. 

There are at least three physical effects that give 
rise to the opposition effect:  “shadow hiding”, “mul-
tiple scattering”, and “coherent backscatter” (see 
Lumme & Bowell, 1981). 

 

2.2 Reduced Magnitude 

Throughout an apparition, the solar phase angle 
isn’t the only thing that changes. The Earth-asteroid 
and Sun-asteroid distance also change continuously. 
These changing distances naturally affect the aster-
oid’s observed brightness and work in combination, 
not independently. This leads to the concept of “re-
duced magnitude” to account for the changing dis-
tances, which is defined by  

 
VR = V - 5log(RD)   Eq. 1 
 
Where 
V observed V magnitude 
R distance Sun to Asteroid (in AU) 
D distance Earth to Asteroid (in AU) 
 
VR is the brightness that the asteroid would have 

had if it were placed at 1AU from the Sun, and ob-
served from a distance of 1AU from the observer. By 
placing it at a standard distance, VR “backs out” the 
effect of changing distance. Reduced magnitude is 
also sometimes written “VR(α)” to show that it is a 
function of solar phase angle (α). Another standard 
nomenclature, used in the standard phase curve 
model, is that reduced magnitude is called “H(α)”, 
and the special value H(0) when solar phase angle is 
zero is called simply “H” (the absolute magnitude of 
the asteroid). 

For main belt asteroids, these distances change 
slowly, so that they can be treated as if they are in-
variant over a few nights. However, over the couple-
month time duration of a phase curve project, they 
probably change noticeably. Plotting VR vs. α shows 
how the brightness is changing solely due to the 
phase effect. That is the essence of the phase-curve 
project. 

Add to above the fact that the asteroid is also ro-
tating, meaning that its brightness changes on a time 
scale of a few hours as it spins. If the asteroid’s 
brightness is measured many times as the apparition 
progresses, its brightness changes due to all three 
effects. 

 
2.3 Standard Phase Curve Model   

As described in Bowell et al. (1989), the two-
parameter “H-G” model uses the following equation 
to describe the brightness (in reduced magnitude) of 
an asteroid as the solar phase angle changes: 

 
)]()()1log[(5.2)( 21   GGHH    Eq. 2 
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Where: 
H The “reduced magnitude” at zero phase 

angle. It is sometimes written H0 to ex-
plicitly denote that it is  = 0°, or H(1,1,0) 
to denote that it is based on sun earth dis-
tances being 1 AU and  = 0°. These all 
mean the same thing. 

1 , 
2   These are functions that describe the sin-

gle and multiple scattering of the aster-
oid’s surface. These functions are given in 
Appendix A, but if you are studying a 
main-belt asteroid and using MPO 
Canopus, you don’t need to deal with 
these equations because MPO Canopus’ 
H/G Calculator handles them.  

G  The “slope parameter” that describes the 
shape of the phase curve. The fundamen-
tal goal of the phase curve project is to de-
termine G by plotting the data points (H 
vs. α) and finding the value of G that is 
the best fit to the data. 

 
2.4 What Does a “Good” Phase Curve Look 

Like? 

I searched the NASA ADS abstract service for 
“asteroid phase curves” and spent a few days at the 
local university library skimming through Icarus and 
the Astronomical Journal to find several papers de-
scribing asteroid phase curves that were developed by 
professional astronomers. Figure 2 is an example 
from Harris et al. (1989) of a “good” phase curve. 
Note several features: 

 The phase coverage is broad, from very low 
(near-zero) phase to phases greater than 20°.  

 The phase coverage is dense, giving confidence 
that the data have captured the essential shape of 
the curve. 

 The photometric accuracy is excellent. In this 
particular case, the error bars are barely larger 
than the plotted symbols. 

That is a challenging quality level for which to 
strive, but one that seems to be important. There are 
strong indications that the phase curve, specifically 
the slope parameter (G), is telling us something about 
the albedo and surface texture of the asteroid. How-
ever, G only changes by a few tenths, so the pho-
tometry and data analysis need to be quite accurate if 
the phase curve is to be reliable at this level. A few 
years ago, in my first attempt at a phase curve, the 
curve looked nice, but a combination of insufficient 
photometric accuracy (“only” about ±0.05 mag) and 

insufficient phase coverage (α ≈ 2- 12°) left me un-
able to distinguish between two competing values (G 
= 0.15 vs. G = 0.25) that had been previously pub-
lished. 

It is also worthwhile noting that the data in Fig-
ure 21 deviates somewhat from the H-G model curve, 
particularly in that the data show a larger and sharper 
opposition effect than does the H-G model. This is 
not a unique example. Belskaya and Schevchenko 
(2000) show several phase curves where the data 
deviates from the H-G model. Getting more and bet-
ter data provides a better understanding of the oppo-
sition effect and of asteroid surface properties. 

 

44 Nysa phase curve
(replotted from data in Harris et al (1989)
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Figure 2:  Example of a “professional” phase curve. 
Replotted from data in Harris et al. (1989). 

2.5 What is the “Typical” Expected Range of 
G for Different Asteroid Types? 

Both Harris (1989) and Lagerkvist and Magnus-
son (1990) determined slope parameters G for a 
goodly number of asteroids and correlated G to the 
asteroid taxonomic type. They found values ranging 
from G ≈ 0.04 ±0.06 for low albedo (e.g. C-type) 
asteroids to G ≈ 0.45 ± 0.04 for high-albedo (e.g. E-
type) asteroids. They showed a definite correlation 
that low-albedo objects had low G values and high-
albedo objects had high G values. 

These results mean that we don’t expect to see a 
very wide range of G values. In order to provide a 
meaningful G value that can distinguish between 
different asteroid types or other asteroid properties, 
the accuracy of our determination must be pretty 
good, say within a formal error of ± 0.05 or better. 

Before going on, it’s important to say that find-
ing a value for G is not sufficient on its own to de-
termine taxonomic class. Without other supporting 
evidence, the best being spectral data, the most one 
can say is that value of G that is found is consistent 
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with a particular taxonomic class or, more generally, 
objects of low or high albedo. 

  
2.6 Can My Phase Curve Distinguish 

Between Different Values of G? 

The nature of the need for quite good accuracy 
can be illustrated by Figure 3. Here, two phase curves 
are plotted, one with G = 0.1 and the other with G = 
0.3. How difficult is it to distinguish between these 
curves? If we have noise-free data ranging from α ≈ 
0° to α ≈ 30°, it’s easy to tell the two curves apart. 
For example, the brightness difference between the 
curves at α ≈ 25° is about 0.25 mag. If we only had 
data going to, say, α ≈ 10°, it would be harder to tell 
the two curves apart, since at α ≈ 10° the two curves 
differ by only about 0.15 mag. So you can see that 
it’s important to follow the asteroid out to fairly large 
solar phase angles. 
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Figure 3:  Theoretical phase curves, illustrating shape 
effect of “G” value and importance of reaching large 
solar phase angle. 

Now suppose that we missed the nights near 
minimum solar phase angle and started observing the 
asteroid at α ≈ 3°. We don’t know what its brightness 
was at α ≈ 0°, so can we tell the difference between 
the G = 0.1 curve and the G = 0.3 curve just by their 
shapes and slopes? That is the situation shown in 
Figure 4. The curves are virtually identical, differing 
by only 0.05 mag over the range α = 3-12°. Without 
those critical “near-zero solar phase” data points, it is 
very difficult to distinguish between different values 
of G. The H/G calculator utility in MPO Canopus 
will give you an answer, but the uncertainty will be 

large enough that the result can’t be used to reliably 
distinguish between different taxonomic classes. 

It is important to get those critical “minimum 
phase angle” data points, because the G calculated 
from observations only at α > 5° can be misleading. 
Hasegawa et al. (2009) noted this problem in their 
study of 4 Vesta. Using data from α ≈ 1.5° to 24°, the 
inferred value was G = 0.32 ± 0.04, but when the 
additional data points down to α = 0.12° were in-
cluded, they determined the (presumably “correct”) 
significantly smaller value G = 0.23 ± 0.02.  
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Figure 4:  Reaching very low solar phase angle (α≈ 1o) is 
important, to distinguish G values and observe the “op-
position effect”. 

2.7 Minimum, Maximum, or Average 
Magnitude? 

Asteroids change brightness as the rotate, so the 
long-term change in brightness caused by the chang-
ing solar phase angle is superimposed on a (usually) 
much more rapid cyclic variation in brightness due to 
the rotational lightcurve. 

Should the phase curve use the average, maxi-
mum, or minimum magnitude of the asteroid’s rota-
tional lightcurve?  There seems to be no single an-
swer to that question in the literature. The initial for-
mal recommendation of the H-G system, reported in 
Marsden (1985), is silent on the subject. The seminal 
description of the H-G system (Bowell et al., 1989), 
explicitly relates it to the mean (average) V-band 
magnitude. Yet, some other examples of phase curves 
reported in the literature are based on maximum light, 
such as Harris (1989). 

There are theoretical and mathematical reasons 
to expect that the slope parameter of the phase curve 
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may be slightly different depending on which points 
of the lightcurve are used. For example, Helfenstein 
and Veverka (1989) report calculations for the ideal-
ized cases of spheres and ellipsoids whose surfaces 
follow a standard reflectivity law. The phase curves 
for maximum, mean, and minimum magnitude have 
slightly different slope parameters. The difference 
isn’t great, but it neither is it trivial. The difference 
between their “max light” vs. “min light” phase 
curves amounts to about 0.3 mag at a solar phase 
angle of 30° (after the rotational lightcurve effects are 
removed). 

I also note that there is a subtle risk in the termi-
nology regarding “mean” or “average” magnitude. 
First, the average magnitude is not the same as aver-
age brightness (or average light) – that logarithmic 
function in the definition of magnitude is important!  
Most published phase curves that use the mean mag-
nitude state explicitly that it is ‘mean magnitude’, not 
‘mean light’ that is being calculated. If the rotational 
lightcurve is complex, then the determination of the 
mean (average) magnitude may not be obvious. The 
formal definition of “mean magnitude” is that the 
rotational lightcurve encloses an equal area above 
and below the mean-magnitude line (Gehrels, 1956). 
That is, the mean magnitude is not necessarily the 
midpoint between the brightest peak and the faintest 
valley of the rotational lightcurve. 

Considering that defining and identifying the 
“maximum” and “minimum” brightness of a real as-
teroid lightcurve is pretty unambiguous, and figuring 
that the possible difference between the phase func-
tions based on “max” versus “min” brightness might 
be interesting, I’ve chosen to determine both the 
“max” and “min” brightness phase curves for my 
targets. As it worked out, in the case of 1130 Skuld 
there was almost no difference in G as determined by 
max vs. min brightness. For 535 Montague, the “max 
brightness” phase curve appears to have a signifi-
cantly different slope than does the “min brightness” 
phase curve. 

 
3. Phase Curve Error Analysis 

If you are mathematically inclined, you can un-
derstand the importance of these features by refer-
ence to the linear error analysis given in Asteroids II.  

Suppose that we have measurements of H(α) at 
many different solar phase angles. Call the phase 
angles where we have measurements αi, with i = 1, 2, 
3, ..., N. 

The phase curve is just the graph of H(α) vs. α 
and so the graph will have N data points. We will fit 
the data points to the curve of Eq.2 to get the best-fit 
value of G. The H/G Calculator utility in MPO 

Canopus is a particularly convenient to do this curve 
fitting. 

If we make a simplifying assumption that the 
photometric accuracy is the same for all data points, 
then the expected error in the estimated (best-fit) 
value of G is: 

 22
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 Eq. 3 

In this equation 
σ is the RMS photometric error in magnitudes 

(approximately 1/SNR). Obviously, smaller σ is bet-
ter, achieved by higher SNR in the photometry. 

N is the number of solar phase angles at which 
we have data points. The square root term with “N-2” 
in the denominator demands that we make N (the 
number of data points) greater than 2. If N = 2, then 
we have no knowledge about the uncertainty in the 
slope parameter, G. This isn’t so mysterious if you 
remember that the phase curve has 2 parameters (H 
and G), hence with any two data points we can find a 
curve that is a perfect fit to the data, but there is no 
information about the probable error in the fit that 
might be caused by noise in the data. As long as N ≥ 
5, the square-root term is not much larger than 1. 

αi are the solar phase angles at which we have 
data (with i= 1, 2, 3, ..., N), and 

α0 is the average phase angle,  
 

 
i

iN  10  

The term involving the sum of the squares of the 
phase angles at which data points are given ( 2

i ), 

and the average phase angle 0  is a very important 

contributor to the error in G. A couple of observa-
tions about this term help to understand its signifi-
cance. First, if we have data at only a single phase 
angle, then 

0 
i

, and, therefore, the denominator 

of this term equals 0. In this case, the uncertainty in 
G becomes indeterminate. That is, if we have only a 
single data point, then we know nothing about the 
shape of the curve and, hence, nothing about G. Sec-
ond, the greater the range of solar phase angles cov-
ered by the data set, then the larger this denominator 
becomes and so the more accurately we’ll know G. 

For example, suppose that we have data at phase 
angles 0, 2, 4, and 6 degrees. The number of data 
points is N = 4, the sum-square is 5612  i , and 

the mean phase is 30  . The resulting value of this 

term is  and 1/[ ... ] = 0.22. Now, suppose we get two 
more data points, at α =8 and 10 degrees phase angle. 
Then we have N = 6 data points, the sum-square 
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phase is 2202  i , the average phase angle is 

now 50  , and 1/[ ... ] = 0.12. So, getting those 

two more data points at larger phase angles provided 
a nearly two-fold improvement in the accuracy of our 
determination of G. 

There is a tricky point here: it isn’t just the fact 
that we had additional data points, but also that they 
were spread over a wider range of phase angles. The 

dispersion is described by the term   2/12
0

2  Ni  , 

and it is the dispersion that is  important. Having data 
points spread over a wide range of solar phase angles 
makes this term larger and so improves our estimate 
of G. This is reasonable, since in order to determine 
G we are looking at the shape of the magnitude vs. 
phase graph, but at the curvature in the graph, and 
this requires both many data points (to get the benefit 
of averaging) and a wide spread in the phase angle 
(to better display the curvature). 

Now, let’s look at “typical” values of these 
terms. 

σ is the photometric accuracy. If we have SNR = 
100 on both target and comp star, then we expect to 
be able to get σ ≈ 0.014 magnitude (assuming no sys-
tematic errors...) 

The term 
2N

N  ranges between about ≈ 1.73 to 

1.12 (for N= 3 to 10 data points). 
 
The term 

  2
0

2

1

 Ni

 ranged from 0.22 to 

0.12 in the example above. If we had equally-spaced 
data points at 0, 2, 4 ... 20 degrees, then this term 
would be 0.048, and it would get as small as 0.030 if 
we could go all the way to phase angle 28 degrees. 
The term involving G, 

 
 20615.1132.0673.

1

GG 
  

varies between 14.9 (for G = 0) to 42.3 (for G = 
0.55), over the reasonable range of expected values. 
Of course, you can’t do anything to affect this factor. 

Only σ, N, and the range of α values are under 
the observer’s control, so by far the most significant 
things you can do to improve the accuracy of your 
estimate of G are: 
 Get high signal-to-noise ratio, and properly cali-

brate your fields, to achieve good photometric 
accuracy. Shoot for σ ≤ 0.02 mag or better. 

 Get data at as many phase angles as possible, 
over as wide a range as possible. Take advantage 
of opportunities when an asteroid is at very low 
phase angle (α < 1°), and follow the asteroid as 

long as practical to get up to high solar phase an-
gle (α > 15°). 
 
If our goal is to get ΔG ≈ 0.05 or better, then we 

need SNR > 100 and the dispersion term < 0.14. A 
little playing around with the numbers demonstrates 
that this implies a requirement for at least 5 data 
points, spread out between α ≈ 0° to at least α ≈ 15°, 
and photometric accuracy better than ± 0.03 mag. 

 
4. Determining the Phase Curve 

The procedure I use for measuring the phase 
curve has the following steps. 

 
Observations 

Planning and scheduling 

CCD photometry of the asteroid lightcurve 

Calibration of each night’s comp stars at my ob-
servatory, or at a remote internet observatory 

Data reduction 
CCD image reductions 

Differential photometry: Lightcurve reduction 
and Fourier curve model 

Data Analysis 
Put differential lightcurves onto a single baseline 
and determine asteroid color index 

Download Asteroid dynamical parameters:  solar 
phase angle, Earth distance, and Sun distance 

Translate lightcurves from V-mag to reduced 
magnitude VR 

Determining brightness at selected rotational 
phase points (max and min brightness) by using 
“actual” data points or “extrapolation” to 
min/max brightness using Fourier fit curve 

Plot the phase curve (VR vs. α) 

This is a project for which you need to enjoy the 
time at your desk and computer as much as you enjoy 
your time in the observatory under the stars. Con-
vince yourself that the data reduction and data analy-
sis is really interesting!  Constructing a phase curve 
will stretch your CCD photometry skill compared to 
differential photometry for rotational lightcurves. The 
project of determining an asteroid’s phase curve is 
challenging, because it combines four photometric 
objectives: determination of the asteroid’s rotational 
lightcurve, following the asteroid over a wide range 
of solar phase angles, doing either FOV bridging or 
“all-sky” photometry to link the asteroid’s brightness 
from night to night, and achieving quite high photo-
metric accuracy. 
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4.1 Observations 

4.1.1. Planning and scheduling 

There are two big differences between planning a 
“phase curve” project and planning a “lightcurve pro-
ject”. The first difference is the number of nights 
involved. Whereas you can often make a fine light-
curve determination with a few nights’ data, the 
phase curve project requires that you follow the as-
teroid over a wide range of solar phase angles,  which 
usually means devoting about a dozen nights over a 
couple of months. The second difference is the im-
portance of getting lightcurve data on the nights of 
minimum phase angle. For a “lightcurve” project, it 
isn’t particularly important which night(s) you ob-
serve, but if you are going to create a good phase 
curve that captures the “opposition effect”, it is criti-
cal to get data on the nights near α ≈ 0° ± 2°.  

The most attractive targets are those few aster-
oids that reach a very low solar phase angle (α ≤ 1°) 
each year, since they offer the opportunity to measure 
the “opposition effect” that is a distinguishing feature 
of the phase curve. Each issue of the Minor Planet 
Bulletin contains a list of “low phase angle” candi-
dates. You’ll need to sort through that list to identify 
targets that are appropriate for your location and 
equipment. I look for objects whose maximum 
brightness is at least 14 mag (for good SNR) and 
whose declination is higher than about 10 degrees 
(because from my 33 degree latitude and not-so-good 
southern horizon I don’t have many hours per night 
available for targets at low declinations). Because of 
the orientation of the ecliptic (where most of the 
main-belt asteroids are concentrated), this declination 
filter means that autumn and winter are the phase-
curve season at my observatory. 

I begin following my target a few nights before 
minimum phase angle. There is value in getting good 
data both “pre-opposition” and “post-opposition”, but 
there is a risk that the “pre-opposition” data may be 
orphaned if it’s cloudy on the few nights of minimum 
phase angle. From my backyard observatory on the 
coastal plain of southern California, it’s not unusual 
to lose a string of nights to clouds. I haven’t done a 
statistical analysis, but there does seem to be a sur-
prising correlation between an asteroid reaching low 
phase angle and clouds settling over my neighbor-
hood.  

 
4.1.2. CCD photometry of the Asteroid 

Lightcurve 

The project begins with fairly routine imaging 
for asteroid lightcurve observations. I usually use a 

two-color (photometric filters) imaging sequence (R-
R-V-V-... etc) near opposition, when the asteroid is 
brightest and I can get a good SNR with modest ex-
posure duration. Far from opposition I turn to “clear” 
(unfiltered) images to maintain high SNR as the as-
teroid fades. If I’m imaging in the “clear” filter, I still 
scatter a few V- and R-band images into the sequence 
to help link to nights where the images are primarily 
V- or R-band. 

Making several nights with two-color image sets 
enables me to determine the asteroid’s color (V-R). 
Color index is useful for two reasons. First, it is nec-
essary to know the color index during data analysis in 
order to transform the C-band images to V-
magnitudes. Second, it confirms that the asteroid’s 
color does not change as it rotates. (Yes, I know that 
the conventional wisdom, and all published data says 
that the full-disk color is essentially invariant at the 
±0.05 mag level, but who knows?  There might be a 
surprise waiting to be discovered!) 

I noted in the error analysis above that getting a 
good phase curve demands quite good photometric 
accuracy. Harris and Young (1989) is a strong exam-
ple of this. They strove for photometric accuracy of 
“a few thousandths of a magnitude”. They also ad-
vised staying on the instrumental (b, v, r) system to 
maintain this level of differential photometric accu-
racy because once transformations are done (to get 
onto the standard B, V, R system), it is very difficult 
to achieve much better than 0.02 mag accuracy. Un-
fortunately, I wasn’t able to follow this advice fully 
(see the next section), and their guesstimate of 0.02-
mag accuracy is about what I got overall. 

 
4.1.3. Calibration of Each Night’s Comp Stars 

Because the essence of the phase curve project is 
the determination of how the asteroid’s brightness 
changes, it is necessary to know the comp star 
brightness. There are two approaches that can be 
used:  “linking” of comp stars from night to night (on 
the instrumental system), or “all sky photometry” to 
determine the B-V-R magnitudes of comp stars from 
all nights. 

From a good observing site, the easiest way to do 
this is to link each nights comp stars to the preceding 
night. The idea is to take a short break near culmina-
tion, move the scope to the FOV of a “reference 
night”, take a few images (in all colors, if you’re do-
ing two- or three-color series), and then return to the 
current night’s asteroid lightcurve series. Having im-
ages of “tonight’s comp stars” and the “reference 
night’s” comp stars, both at the same (low) air mass 
enables you to link the comp star brightness for all 
nights, relative to the reference night. It’s usually 
most convenient to make the first night of the project 
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the “reference night”, but it doesn’t really matter 
which night is chosen as the reference night. 

For example, suppose that on night 1 we used 
star X as the comp star and on night 2 star Y was the 
comp star (and that the asteroid has moved fast 
enough that we can’t fit both into a single FOV). On 
night 2, near culmination, we took a few images of 
the FOV from night 1 (that contains star X). Make a 
table such as shown in Table 1. 

Assume that we have a reasonable (catalog) 
value of the V-mag of star X = 12.65. This doesn’t 
have to be particularly precise value because we’re 
going to use it as an “anchor point” – all nights and 
all comp stars will refer back to it. If its assigned 
magnitude is off a bit, it will only affect the resulting 
calculation of H; it won’t affect the value of G, which 
is a function of the shape of the phase curve. Further, 
we’ll stay on the instrumental system and not try to 
bring each comp star into the standard BVR photo-
metric system. 

Now on night 2, we measured the instrumental 
magnitude (IM) of both star X and star Y at essen-
tially the same air mass, and at nearly the same time, 
so that we can (hopefully) assume that the atmos-
pheric conditions are the same on all images. 

Since we are assuming that our sensor is linear, 
we can write: 

 
[mag of star Y] - [mag of star X] = [Y2-X2] 
 

The V-mag of star Y is then calculated by: 
 
[mag of star Y] = [mag of star X] + [Y2-X2] 
where 
Y2 the instrumental magnitude of star Y, as 

measured on night 2 

X2  the instrumental magnitude of star X, as 
measured on night 2 

MagX  the “assigned V-mag” that we are using 
to anchor the calculations 

By doing this for each night, and staying on our 
instrumental system, our determination of the phase 
curve won’t be infected by any problems doing trans-
forms. 

Any error in the assignment of a V-mag to the 
anchor star (star X) will result in a comparable error 
in the calculated asteroid absolute magnitude (H). In 

this example, if the “true” magnitude of star X were 
12.50 instead of 12.65, then our calculated value of H 
would be high (faint) by 0.15 mag. However, our 
determination of the phase curve parameter (G) 
would not be affected at all. Remember that G de-
scribes the shape of the curve and not its absolute 
brightness. 

The good news about this is that you can stay on 
your instrumental system and that modest error in 
determining (or estimating) the V-mag of your refer-
ence night’s comp stars won’t upset the shape of the 
phase curve. The drawbacks are:  (1) this method 
requires that each night that you do “linking” must be 
clear and stable so that changing sky conditions dur-
ing the interval when you’re doing the linking don’t 
confuse the results, and (2) near opposition, the low-
est-air-mass will occur at around midnight. The thing 
about that is that I have to be at work early the next 
morning. My preferred operating mode is to set the 
observatory to take a series of images of the target 
field all night – while I’m asleep – which means that 
doing the “linking” isn’t convenient. 

Unfortunately, really clear and stable (“sort of 
photometric”) nights are infrequent at my backyard 
observatory, so I can’t be confident that this “linking” 
procedure will be satisfactory. It isn’t unusual to see 
atmospheric transparency change by a tenth of a 
magnitude or so over less than an hour on a “typical” 
night. So, I have used two different approaches to 
linking the comp stars by “all sky” photometry. 
When a nice clear and stable (“sort of photometric”) 
night arrives, I devote that night to calibrating all 
comp stars from all of the nights used for asteroid 
monitoring. This entails imaging of: 

 a Landolt field near the horizon (air mass ≈ 2) 
 a Landolt field near culmination 
 each FOV used for asteroid photometry 
 one or more additional Landolt fields 

The first two Landolt fields enable me to deter-
mine the atmospheric extinction coefficient (using 
the “Hardie method”). Capturing one or two addi-
tional Landolt fields after the FOV imaging provides 
confirmation that the atmosphere was stable while the 
imaging sessions were being linked. The set of Lan-
dolt fields also enables determination of the system’s 
transforms. The imaging of the asteroid fields should 
be timed to put the FOV images as high in the sky as 

Table 1:  “Linking” comp stars from different nights and FOVs 
 
Night 

 
Star 

IM (near culmination, 
at air mass = 1+ε) 

Assigned 
V- mag 

 
Calculation of “Linked” V-magnitude 

1 X -10.50 12.65  
Y -10.650 2 
X -10.40 

 Y2= X1 + [Y2-X2] 
Y2= 12.65 + [(-10.65)- (-10.40)] 
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practical (i.e. at low air mass), to minimize the effect 
of any errors arising from the atmospheric extinction. 

This can entail a fairly long night of imaging. 
For example, I usually do a R-V-V-R image sequence 
of each field of view, using 2 minute exposure in R 
and 3 minute exposure in V. Getting two Landolt 
fields to start, then 8 target FOVs, and wrapping up 
with two more Landolt fields adds up to 2 hours of 
“shutter open” time. Adding in the time required for 
centering on the target field, focus checks, image 
downloading, and occasional autoguiding errors that 
necessitate repeat of a field, this can add up to 3 to 4 
hours of telescope time. (Those of you with fully-
automated systems with high-quality mounts will 
have better efficiency; my system isn’t so fully auto-
mated). 

This is a nice way to spend time under the stars, 
but I’ve found that even on nights that appear to be 
stable at my backyard observatory, there is a risk that 
the data ultimately shows that atmosphere conditions 
changed in the course of the observing session. That 
adds error and uncertainty to the resulting comp star 
calibrations, and sometimes it is painfully obvious 
that the data is wholly unreliable. 

A modern alternative to this is use of a remote 
internet-accessible observatory. There are increasing 
numbers of these facilities located in high-altitude 
sites where very good conditions are routine. Most of 
them have telescopes that are outfitted with photo-
metric filters, and hence are perfect solutions to the 
calibration of comp stars. I have used the Tzec Maun 
Foundation’s “Big Mak” telescope for this purpose, 
and it has been a delight!  From high in the New 
Mexico mountains, the sky is frequently clear, dark, 
and stable (far better and more reliable than my home 
location). The field of the “Big Mak” (a 14-inch f/3.8 
Maksutov-Newtonian with an ST-10 XME and 
photometric BVRI filters) is a good match to my 
home setup of 1 arc-sec pixels and 26 X 38 arc-min 
FOV. Its fast optics give good SNR with 1 to 2 min-
ute exposures. The Tzec Maun observatory provides 
master flats, dark, and bias frames so the observer 
need not use telescope time to gather those. 

This has turned out to be a fine solution to the 
challenge of calibrating comp stars. 

The only drawback that I’ve found is that the 
overall efficiency (“shutter open” time vs. total clock 
time) is worse than at my home observatory. In a two 
hour session I typically get 1 hour of shutter-open 
time. Some of that efficiency loss is due to my own 
weak (but slowly-improving) skill at manipulating 
the remote telescope interface software. 

 

4.2 Data Reduction 

4.2.1. CCD image reductions 

Regardless of where and how the images were 
gathered, they must be reduced in the normal way – 
bias, dark, and flat-field correction. Since we’re striv-
ing for the best possible photometry, don’t skimp on 
this step! 

 
4.2.2. Differential Photometry for Lightcurve 

reduction and Fourier Curve model 

The asteroid’s lightcurve is determined by dif-
ferential photometry in the usual way using MPO 
Canopus. Canopus’ v.10’s “comp star selector” is a 
real aid because it helps record the catalog photome-
try of the comp stars (which is good, but not perfect) 
in the database 

Merge all nights and determine a good lightcurve 
and rotation period for the asteroid in the usual way. 
Then, do two or three things: 

1) Examine the lightcurve carefully to see if there 
are any systematic changes in the shape of the 
lightcurve as the solar phase curve changes. If 
there are, then divide the sessions into two 
groups (or more, if necessary) – one for “low 
phase angle” and another for “high phase angle” 
sessions. Asteroid 535 Montague is an example 
of an object whose lightcurve changes noticeably 
as the solar phase angle grows. Presumably this 
is a manifestation of shadowing effects from to-
pography on the asteroid.  

2) Run a Fourier fit of the lightcurve, at the deter-
mined lightcurve period, and record the Fourier 
coefficients (do this separately for the “low 
phase angle” and “high phase angle” groups if 
you have a case like 535 Montague, where the 
lightcurve changes noticeably). 

3) Export the entire MPO Canopus database to a 
text file, from which it can be imported to Excel 
for further analysis. 
 

4.2.3. Export MPO Canopus Observations File to 
Excel 

With the lightcurve analysis done, I export all of 
the MPO Canopus observations to a text file, which 
can be opened in Excel for further analysis. The 
analysis includes: 

 Replacing MPO Canopus’ estimates of comp-star 
magnitudes with “calibrated” magnitudes of the 
comp stars. The MPO Canopus star catalog is 
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pretty good, and the estimated comp star magni-
tudes are pretty good, but using “calibrated” mag-
nitudes as described above improves the overall 
accuracy of V and R (and C) to about ±0.02 mag 
(full range) 

 Determination of the asteroid’s observed V-
magnitude (at each data point for which a v-band 
image was taken), and R-magnitude (for each 
point at which an r-band image was taken). In the 
case of C-band images, they are converted to V- 
band using the procedure described above. 

 Determination of the asteroid’s color index. For 
the projects reported here I used (V-R), although 
the same methods will work with any other color 
index. 

 Conversion of C and R magnitudes to “V”, to cre-
ate a master table of JD vs. Vobserved. 

The net result of this is a table of JD, Vobserved 
that includes all data observed points. 

The information on the asteroid’s orbital parame-
ters from JPL Horizons is interpolated into this table, 
so that I can calculate the Sun distance (R), Earth 
distance (D), solar phase angle (α) at each observa-
tion time.  

 
5. Getting the Asteroid’s Orbital 

Parameters 

The data reduction demands that we translate the 
lightcurves into VR using Eq.1. In order to do that we 
need to know the asteroid’s Sun distance (R) and 
Earth distance (D). Most planetarium programs will 
give you this information, but it is often more accu-
rate and more convenient to download the data from 
the “Horizons” system of the NASA Jet Propulsion 
Laboratory (available on the internet at 
http://ssd.jpl.nasa.gov/?horizons). There, you can set 
your location, your target, a time interval, and receive 
a table of all the parameters you request for all the 
time ticks that you request. This table is easily im-
ported into Excel to support your lightcurve analysis. 

I downloaded the orbital information at 4 hour 
increments, selecting a time near the beginning of the 
night as a “reference time”. I then used a linear inter-
polation (dα/dt and d[5log(RD)]/dt) to determine the 
parameters at the time of each observation. 

 
6. Example:  1130 Skuld 

This asteroid turned out to be a nice project. Its 
lightcurve is shown in Figure 5. Skuld’s lightcurve 
didn’t change noticeably during the time that I ob-
served it (from α = 0.3° to α = 17.6°), and its color 

was also quite stable over the entire observed appari-
tion. The period (P = 4.807 hr) is short, so that I 
could get at least one maximum and one minimum 
each night, and for many all-night runs my lightcurve 
captured both the primary and secondary maxima and 
primary and secondary minima. The primary and 
secondary minima are virtually identical magnitude; 
the primary and secondary minima differ by only a 
small amount. This meant that I could get at least 
one, and sometimes two, “maxima” data points, and 
one or two “minima” data points each night that I 
observed the object. 

 

 
Figure 5:  Lightcurve of 1130 Skuld. 

The data analysis procedure was relatively 
straightforward. Each night’s lightcurve data was 
analyzed in MPO Canopus using several comp stars 
in the usual way. Then I used one particularly clear 
and stable night to do “all sky” photometry to deter-
mine the standard V and R band magnitudes of the 
comp stars for each lightcurve night. That enabled me 
to put each lightcurve on a common V-mag baseline. 
Overall, the photometric accuracy was about 0.04 
mag, considering the inherent SNR of asteroid and 
star images, and the consistency across comp stars 
and nights. 

For each night’s lightcurve, I could select the 
lightcurve “max brightness” data point, note the time, 
determined the V-mag, translate that into reduced 
magnitude VR, and look up the solar phase angle at 
the time of “max brightness”. An example of all this 
is shown in Figure 6. 
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Figure 6:  Translating observed V-mag to reduced mag-
nitude. 

I wanted to try to “average out” the inevitable 
photometric noise (which was about ±0.02 mag), so I 
made a little quadratic fit to the half-dozen or so data 
points nearest the max/min of the lightcurve in order 
to get an “averaged” estimate of the lightcurve max 
and min. This worked nicely. In almost all cases the 
“averaged” estimate didn’t differ from the single 
brightest (or faintest) data point by more than a few 
hundredths of a magnitude, so the “averaging” pro-
cedure may not have been necessary at all since with 
or without it gave virtually identical phase curves. 

 
Figure 7:  Phase curve of 1130 Skuld, showing “max” 
and “min” brightness curves. 

By repeating that process for each “max” and 
“min” on each night of lightcurve data, I plotted the 
phase curve, shown in Figure 7 (from Buchheim, 
2010). 

Note that the slope parameter G derived from the 
“max” light is essentially the same as that derived 
from the “min” light. This G = 0.25 is reasonable for 
Skuld’s reported classification as an S-class asteroid 
(NASA, 2008). 

 
7. Example:  535 Montague 

This project proved to be a bit trickier, but it 
forced me to learn about some considerations that 
weren’t needed in the case of 1130 Skuld. The period 
was long, so any single night might not have captured 
a lightcurve max or min, yet I still wanted to take 
advantage of the data gathered on every night. The 
shape of the lightcurve changed as the solar phase 
angle increased, so I had to account for that. The 
southern California weather didn’t provide any good 
(clear and stable) nights for linking the comp stars 
from the lightcurve nights, so I relied on all-sky pho-
tometry done at a remote observatory (the Tzec Maun 
Foundation) to calibrate the comp stars. 

 
7.1 Using the Fourier fit to Interpolate and 

Extrapolate the Rotational Lightcurve 

535 Montague has a rotational lightcurve period 
of P ≈ 10.248 h, and its primary and secondary 
maxima are significantly different in brightness, as 
are its primary and secondary minima. This means 
that on many nights, an all-night lightcurve might be 
missing either the maximum brightness or the mini-
mum brightness, or both. How can we take good ad-
vantage of a night that gives only a “partial” light-
curve so that it contributes useful data points to the 
phase curve? 

Harris et al. (1989) dealt with this problem, and I 
followed their procedure. The idea is to use the Fou-
rier fit model of the lightcurve as a way of extrapolat-
ing to data points that weren’t actually measured on a 
given night. The concept goes like this:  using several 
nights’ differential photometry data, construct a com-
plete rotational lightcurve, with full coverage of the 
rotation. This is the standard “lightcurve” project and 
MPO Canopus makes it relatively easy. Once the full 
lightcurve and period are determined, create a Fourier 
fit to the lightcurve. MPO Canopus does this also, 
providing the Fourier coefficients for the model 
lightcurve. This Fourier model should use sufficient 
“orders” to capture all of the essential features of the 
lightcurve. For the fairly complicated shape of the 
lightcurve of 535 Montague, I found that 6 orders 
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were barely sufficient while using 8 orders gave a 
nice fit to the measured lightcurve. 

I exported the Fourier coefficients into an Excel 
file (“fourier.xls”). The Fourier model is a nice 
“smoothed and averaged” mathematical representa-
tion of the lightcurve, given by: 
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Where 
VR(t) V-mag reduced magnitude of the aster-

oid at time t and phase angle . 

t Time (hours or days)  

P Period (same units as t) 

an, bn Fourier coefficients from Canopus 

H(α) Average V-mag of the asteroid at phase 
angle . 

This may look a bit complicated but it isn’t too 
hard to program an Excel spreadsheet that will calcu-
late V(t) and plot a graph (see Figure 8). 

 
 

Figure 8:  Excel spreadsheet can calculate Fourier-
model curves. 

How do you find H(α), which is, after all, the 
value being sought?  In the same Excel spreadsheet I 
make two columns containing the table of measure-
ments for the night:  JD and measured data (in V re-
duced magnitudes). The spreadsheet calculates the 
“Fourier fit” at each data point. This allows me to do 
two things. I plot the data (D) on the same graph as 
the Fourier curve [VR(t)], and manually iterate the 

value of H() until I find the value of H(α) that gives 
the best fit. “Best fit” is judged by minimizing the 
squared error between the Fourier fit and the actual 
data, summed over all of the data points on a single 
night. The equation is: 
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is the squared error between data (D) and model 

(V). The summation extends over all data points 
(where the jth data point was taken at time tj). 

This Fourier fit has two uses. First, in a case like 
1130 Skuld (where each night offers a max and min 
brightness), the Fourier fit is a convenient way to 
“average” the lightcurve shape, to smooth out 
photometric errors. 

Second, the Fourier fit is used to deal with nights 
(such as 535 Montague) where neither the max nor 
the min brightness is available. The Fourier fit, 
matched to the night’s data, can be extrapolated to 
the next convenient lightcurve max or min. The con-
cept is illustrated in Figure 9. 
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Figure 9:  Using the Fourier model to extrapolate to un-
observable lightcurve maximum or minimum. 

The lightcurve extrapolated to the nearest maxi-
mum/minimum provides extremum magnitudes to 
use as data points on the phase curve. That way, each 
night for which you have data makes a contribution 
to the phase curve. Even if the asteroid would have 
set, or the Sun would have risen by the time of light-
curve maximum, the Fourier extrapolation tells you 
what the asteroid’s magnitude would have been if 
you could have observed its maximum. Look up the 
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solar phase angle at this time of maximum, and add 
the data point to your phase curve plot. 

There is one important caveat to the extrapola-
tion: it is based on the assumption that the average 
magnitude, H(), doesn’t change over the course of 
the night up to the “extrapolated” data point. 

 
7.2 What if H(α) isn’t Constant During a 

Night’s Session? 

For main-belt asteroids (and more distant ob-
jects), it is usually safe to assume that H() ≈ con-
stant over any night’s observations because the solar 
phase angle changes only very little over a single 
night. For example, in the case of 535 Montague, 
solar phase angle never changed by more than 0.02 
deg/hr, which is less than 0.2 degrees over a night’s 
observation period. If you assume a typical G = 0.15, 
the fastest that you expect VR to change in this case is 
about |dVR/dt| ≤ 0.002 mag/hr. That is, the changing 
phase during a single night won’t alter the VR by 
more than a few of hundredths of a magnitude, or 
roughly equal to my photometric accuracy. So, it is 
reasonable (barely) to assume that H(α) is constant 
over any night, and the procedure described in Sec-
tion 7.1 will work fine. 

However, we know that in actuality α is not con-
stant;  if it were, then there wouldn’t be any phase 
curve to measure!  Since α changes from night to 
night, then it must also be a little different at dawn 
than it was at dusk. For the case of 535 Montague the 
effect wasn’t clearly detectible compared with 
photometric noise. However, if you’re chasing a 
near-Earth asteroid (NEA), whose solar phase angle 
might change very rapidly even over the course of a 
single night, then that fact needs to be accommodated 
in your analysis. 

This is done by making an iterative calculation 
that Harris et al. (1989) described, and which is a 
little tricky. The equation given for the Fourier fit of 
the lightcurve (Eq. 4) can accommodate a non-
constant H(α)t with no trouble. We just need to know 
how to calculate H(α), but we only know that after 
we’ve determined the phase curve parameter G! 

So what Harris et al. (1989) did was to select a 
“provisional” value of the slope parameter (say, 
Gprov= 0.15), and use that provisional value to calcu-
late H(α) over the range of α’s on each night (indi-
vidually), for use in the Fourier fit of Eq. 4. This was 
a simple calculation to add to my Excel spreadsheet. 
The Fourier fit is matched to the night’s lightcurve 
data points in the same way as described in Section 
7.1, with the only difference being that the Fourier fit 
now includes the H(α) that is appropriate to the phase 
angle of each data point. 

The plot of the overall phase curve is then used 
to determine a “revised/improved” value of G. That 
revised/improved estimate is plugged in place of the 
provisional value and the whole set of calculations 
are run again. The procedure is iterated until things 
converge on a stable value for G, which usually 
doesn’t require more than a couple of iterations. 

What I found – not surprisingly – was that this 
iteration wasn’t really needed for my main-belt ob-
jects. The effect of α varying in the course of a night 
and the resulting non-constant H(α) amounted to less 
than a hundredth of a magnitude. 

However, in the case of a near-Earth asteroid 
whose solar phase angle and distances may change 
significantly in the course of each night, this iterative 
adjustment is likely to be necessary to achieve the 
maximum possible accuracy. 

 
7.3 Does the Rotational Lightcurve Change 

as Solar Phase Angle Increases? 

Most of us select nights that are near an aster-
oid’s opposition when measuring the rotational light-
curve to determine its synodic period. This makes 
sense because that is when the asteroid is brightest 
and you get the maximum rotational coverage (be-
cause the asteroid is visible most of the night). 

However, does the lightcurve change its shape as 
the solar phase angle changes? One might expect that 
shadow effects from topography (hills or craters) on 
the asteroid would alter the lightcurve since their 
shadows become longer and cover greater areas on 
the surface of the asteroid at increasing phase angles. 
After all, you don’t see shadows on the full Moon, 
when α ≈ 0°, but at other phases the shadows of lunar 
mountains are distinct.  Indeed this effect is reported 
in the professional literature. For example Gehrels 
(1956) noted that the rotational lightcurve of 20 Mas-
salia at α ≈ 3° was measurably different from that at α 
≈ 0.5°, and that it had changed character again by α ≈ 
20°. The differences manifested themselves as 
changes in the peak and valley brightness of about 
0.03 mag and also changed the “sharpness” of the 
peak and valley – not huge differences but definitely 
measurable. Similarly, Groeneveld and Kuiper (1954) 
found a similar effect for 7 Iris and 39 Lutetia. 

The photometric accuracy for which we’re striv-
ing in order to determine the phase curve is quite 
sufficient to identify changes in lightcurve shape as 
the solar phase angle increases; therefore, the data 
analysis routine for determining the phase curve 
should be able to accommodate these changes. 

I have followed the approach suggested by Har-
ris and Young (1979). I determine a Fourier fit to the 
lightcurve using a few nights of data near opposition 
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(α ≈ 0°) and use this to represent the lightcurve at low 
solar phase angle. Then I look for obvious visual 
changes in the lightcurve from nights at increasing 
solar phase angle. If a definite change is visually ap-
parent, I create a second Fourier fit to use at high 
solar phase angles. 

As it worked out, this was needed in the case of 
535 Montague, where the shape and peak-to-peak 
amplitude of the lightcurve changed noticeably at α > 
9° (Figure 10). 

 
7.4 Does the Asteroid’s Color Change as 

Solar Phase Angle Increases? 

There have been occasional hints in the literature 
that the color of some asteroids might change a bit as 
the solar phase angle changes. All of these purported 
color changes are very subtle and uncertain. For ex-
ample, Belskaya et al. (2010) report that the (B-V) 
and (V-R) color of 21 Lutetia may increase very 
slightly (≈0.001 mag/deg) with solar phase angle, and 
Tupieva (2003) reports that the (U-B) color of 44 
Nysa decreases (≈ –0.011 mag/deg) with increasing 
solar phase angle. I plotted my inferred color of 535 
Montague versus solar phase angle (Figure 11). Fit-
ting a simple linear trend line to the data does show a 
slight increase in (V-R) color with α, but all the data 
points are consistent with (V-R) = 0.37 ± 0.02, which 
is the indicated accuracy of my photometry. Hence, I 
conclude that I haven’t seen evidence of a change in 
color during the course of this apparition. 

 

α ≈ zero to 7 
deg

α ≈ 18 to 20 
deg

α ≈ zero to 7 
deg

α ≈ 18 to 20 
deg

 
Figure 10:  535 Montague’s Lightcurve shape changes 
as solar phase angle increases. 

No evidence for (V-R) color change vs. solar phase angle
within accuracy of my photometry (+/- 0.02 mag)

formal linear fit:
y = 0.0018x + 0.3641

R2 = 0.8448
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Figure 11:  A hint, but no compelling evidence, for (V-R) 
color change with solar phase angle. 

8. Appendix A:  Equations for Φ1 and 
Φ2 

For the record, I give here the equations to calcu-
late Eq 2, taken from Bowell et al (1989). All angles 
are to be interpreted as radians in these equations: 
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A2 = 1.862 
B2 = 1.218 
C2 = 0.238 
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Abstract 

Light bucket astronomy uses low optical quality, low-cost telescopes advantageously in those situations where 
the noise contributed by the sky background is a small or nearly negligible source of noise. This situation can 
occur with bright objects, short integration times, narrow bandwidths, or high detector noise. Science programs 
well suited to light bucket astronomy include lunar and asteroid occultations, fast cadence/high precision pho-
tometry, near infrared diaphragm-limiting photometry, low to medium-resolution spectroscopy, and polarimetry. 
With an array of a half-dozen light bucket telescopes equipped with very high speed photometers,  images of the 
surfaces of nearby stars could be obtained via intensity interferometry, a quantum-mechanical effect that occurs 
at sub-nanosecond timescales. 

1. Introduction 

Light bucket astronomy is one of several types of 
observational astronomy that use dedicated, mission-
specialized telescopes, instruments, and operational 
approaches that foster unusually low initial and op-
erational costs. Such low “life cycle” costs can have a 
number of benefits, including greater productivity 
(more science for the dollar), increased participation 
by more institutions being able to afford a research 
instrument (or timeshare in one), and making long-
term synoptic research programs economically feasi-
ble. 

 An example of low life cycle cost is automatic 
photoelectric telescopes (APTs) such as the 0.8 meter 
APTs at the Fairborn Observatory. These are essen-
tially identical, specially-designed telescopes with 
thin meniscus mirrors and permanently installed pho-
tometers. Operational costs are kept low through total 
automation and grouping telescopes together at one 
observatory. The 14 telescopes at Fairborn Observa-
tory are kept in operation by one person, Louis Boyd. 
An example of an economical single APT is the 
AAVSO’s 0.35 meter system at the Sonoita Research 
Observatory. Off-the-shelf hardware and software 

were assembled in a single day into a working, totally 
automatic system.  

 Could the low initial and operational costs 
achieved by APTs be extended to larger apertures (1-
2 meters) and to other areas of research beyond con-
ventional photometry? Achieving low operational 
costs with dedicated-mission, fully automatic opera-
tion has already been adequately demonstrated, and 
that these costs should not be very dependent on tele-
scope size as long as the telescopes remain compact 
and lightweight. However, achieving low initial tele-
scope cost for 1-2 meter telescopes is an issue.  

Low-cost, lightweight mirrors can lead to low-
cost, lightweight telescope structures that don’t re-
quire 18-wheelers to transport or cranes to install. 
Members of the Alt-Az Initiative are developing 
various lightweight mirror technologies including 
foam glass composite, replica, and spin-cast epoxy 
mirrors (Genet et al., 2009). There are already some 
lightweight, low-cost mirrors such as the thin menis-
cus spherical plate glass mirrors used in flight train-
ing simulators that allow one to trade off optical per-
formance for low cost and light weight. Telescopes 
that use these and other low optical quality mirrors 
are often referred to as “light bucket telescopes”, and 
the research areas where they excel is what we term 
“light bucket astronomy.” 
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Light buckets, with their unusually low areal 
costs (cost per photon), can outperform smaller but 
higher optical quality conventional telescopes when 
the sky background is a small or nearly negligible 
source of noise. This situation can occur when: (1) 
the object being observed is very bright, (2) the inte-
gration times are very short and hence photon arrival 
noise becomes important, (3) scintillation noise be-
comes a dominant noise source, (4) the bandwidth is 
very narrow or the light is spread out as in spectros-
copy, resulting in significant photon arrival noise, or 
(5) noise from the detector is dominant, as it can be 
in the near infrared.  

A number of science programs are particularly 
well-suited to light bucket astronomy. These include 
lunar and asteroid occultations, fast cadence/high 
precision photometry, near infrared diaphragm-
limiting photometry, low to medium-resolution spec-
troscopy, and polarimetry. An array of a half-dozen 
light bucket telescopes equipped with very high 
speed photometers could, with their many two-
telescope combinations, provide images of the sur-
faces of nearby stars via intensity interferometry, 
which is a quantum-mechanical effect that occurs at 
sub-nanosecond timescales.  

 
2. Light Bucket Astronomy Region of 

Excellence 

The major factors that influence the overall sig-
nal-to-noise ratio (SNR) of program object measures 
include the amount of program object and sky flux 
collected, scintillation, air mass, filter bandpass, and 
detector and readout noises. There is no substitute for 
estimating the SNR for the actual set of program ob-
jects, settings, and equipment expected. In order to 
understand some of the tradeoffs visually, Figure 1 
displays figures of merit for the relative SNR for light 
bucket telescopes of 1.0-m and 1.5-m apertures rela-
tive to a 50-cm diffraction-limited Schmidt-
Cassegrain telescope (SCT) as a function of program 
object brightness. A 50-cm SCT was chosen because 
we thought that its cost might be comparable to, or 
even more than, that of a 1- to 1.5-m light bucket 
telescope. Equation 20 of Holenstein et al. (2010) 
was used for the calculations. 

The sky background is 21-mag/arcsec2. The 50-
cm telescope uses a 20-μm (1 arcsec) focal plane 
diaphragm. The illustrated cases are for 100-μm (7 
arcsec) and 400-μm (28 arcsec) diaphragms for each 
of the 1.0-m and 1.5-m telescopes. A relative SNR of 
1.0 means that the two telescopes have the same 
photometric performance. Scintillation is calculated 
according to Young (1967) at a 1000-m elevation 
with an air-mass of 1.5. Amplifier and detector noise 

are modeled by an Optec SSP-5a with a Hamamatsu 
R6358 multi-alkali photomultiplier tube, B-filter. 

 
Figure 1. SNR of 1.0-m f/3 and 1.5-m f/2 light bucket tele-
scopes divided by the SNR of a 50-cm f/8 diffraction-
limited SCT as a function of the luminosity of the pro-
gram object.  

For very bright program objects, scintillation 
takes over and limits the relative performance to a 
value that approaches the expected value based on 
the relative sizes of the telescope apertures. The rela-
tive SNR for mid-brightness objects peaks at a value 
that approaches the ratio of the example telescope 
apertures. For faint program objects, the traditional 
telescope outperforms the light buckets depending on 
the size of the focal plane diaphragms. However, note 
that no allowance is made in the figure for program 
objects for which the diaphragm is unable to isolate 
the detector from nearby field stars or for errors 
caused by program object tracking problems (Holen-
stein et al., 2010). 

The crossover point of 1.0 depends on the rela-
tive size of the focal plane diaphragms and the aper-
tures of the light bucket telescopes. For mid-
brightness objects the light bucket telescopes excel. 
For example, a relative SNR of 2 means that a 2-hour 
run with the SCT scope can be accomplished with the 
light bucket in one half squared, or one fourth, the 
time, i.e. 30-minutes.  

Another way of looking at the situation in this 
example is that the productivity of the light bucket is 
four times higher than the SCT. Four times the num-
ber of program objects can be observed at the same 
SNR level as the SCT is able to obtain per unit of 
observing session. However, it is not just a question 
of the economics of observing time. In many scenar-
ios, the more important factor is the SNR achievable 
in a set short integration time for fast changing ob-
jects. For example, if one wants to observe a flare 
star or cataclysmic variable with 10-ms time resolu-
tion, a factor of two or three improvement in the SNR 
achieved may make all of the difference in the inter-
pretation of the observation results. Note that the 
relative SNR performance is insensitive to detector 
integration time because the noise increases for all 
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telescope combinations at the same rate as the inte-
gration time is reduced (i.e., all of the noise terms 
that add in quadrature are proportionate to the inte-
gration time). 

Figure 1 is relatively easy to adjust for observing 
sites where the sky is brighter than 21-mag/arcsec2. 
For example, in a suburban city location, the sky 
brightness might be 17-mag/arcsec2. Since this set-
ting is four magnitudes brighter, just subtract four 
from each value of the ordinate. So, 21 becomes 17-
mag/arcsec2, 20 becomes 16-mag/arcsec2, and so on. 
However, this adjustment is only approximate for 
fainter objects due to the scaling relationship of the 
detector/amplifier noise. 

 
3. Light Bucket Astronomy Research 

Areas 

The Hipparcos catalog contains 118,000 stars 
brighter than visual apparent magnitude 7.3. The 
Tyco-2 catalog contains 2.5 million stars to about  
V ~ 11. For every magnitude fainter, the number in-
creases by about 300%. As a result, there is rarely a 
shortage of interesting light bucket astronomy pro-
gram objects at accessible apparent magnitudes com-
pared to the sky brightness. 

 
3.1 Lunar and asteroid occultations 

High speed photometry covers, roughly, sub-
second integration times. If objects are fairly bright, 
then photon arrival and scintillation noise are likely 
to be the dominant noise sources, not the fore-
ground/background sky nor detector and amplifier 
noises. We discuss here just one of several high 
speed photometry programs that should be suitable 
for light bucket telescopes. Brian Warner (1988) 
wrote the classic book on high-speed photometry, an 
area where light bucket telescopes excel, while two 
more modern books are those edited by Don Phelan, 
Oliver Ryan, and Andrew Shearer (both 2008). 

One of the most interesting areas for high-speed 
photometry is the interference (fringe) light curves 
produced when the Moon (or other solar system 
body) occults stars and data are obtained at millisec-
ond intervals. Analysis of these fringe patterns can 
yield stellar diameters for nearby stars and discover 
new close binary stars with separations of just a few 
milliarcseconds (Nather et al., 1970; Beavers et al., 
1980; Ridgeway et al., 1980; Feckel et al., 1980; 
Schmidtke et al., 1984; Peterson et al., 1989; 
Richichi, 1984; van Belle et al., 2002; Richichi et al., 
2008; Richichi et al., 2009). Obtaining a decent num-
ber of photons for each millisecond interval requires 
a large photon gathering area, although only on-axis 

light concentration is required if a high speed photo-
diode or photomultiplier is used as the detector.  

Deployed throughout the world today are mem-
bers of the International Occultation Timing Associa-
tion (IOTA) who use arrays of small telescopes (typi-
cally 0.1-m to 0.4-m aperture) to time lunar and as-
teroid occultations. A primary goal of the IOTA is to 
gain insight into the body occulting the background 
star rather than the star itself, although many new 
binary systems are discovered by IOTA members 
when the light curve exhibits a step function. Most 
regularly, the lunar limb profile and size, shape, and 
rotation rates of asteroids are routinely determined. 
Light bucket telescopes would enable occultation 
researchers the ability to study in greater detail the 
background objects that are occulted, as well as ob-
serving currently marginal occultation events. 

Lunar occultations can be used to determine stel-
lar diameters as well as the existence and orbital pa-
rameters for binary systems. The photometry needs to 
be high-speed (millisecond integrations) in order to 
see diffraction patterns from the lunar limb. To pre-
serve the diffraction pattern, the maximum usable 
diameter for a single telescope is around 2-m, though 
results from numerous telescopes can be combined if 
appropriate corrections are made for relative tele-
scope positions and timing offsets. Figure 2 provides 
an example of the theoretical light curve that would 
be produced by the lunar occultation of a binary sys-
tem with various configurations. 

 
Figure 2. Theoretical diffraction pattern light curves 
(320-720-nm bandpass) for the lunar occultation of three 
stars, small with a 0.1-milliarcsecond (mas) diameter, 
medium 2-mas, and large 10-mas, each with a compan-
ion having 50% of the luminosity of the primary. Limb 
darkening is set to 1.0, and the location of the compan-
ions from the primary trails by 10, 15 and 20-mas re-
spectively. The diffraction pattern sweeps over the 
ground in milliseconds. 

It is apparent from Figure 2 that a great deal of 
information can be determined from the light curve, 
however many photons must be collected every milli-
second in order to produce sufficient signal-to-noise 
ratio for positive detection and this requires a large 
photon gathering area, although only on-axis light 
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concentration is required if a high-speed photodiode 
or photomultiplier is used as the detector. In addition, 
the diffraction patterns appear similar to scintillation. 
Some occultations are grazes where the star is oc-
culted several times by mountains near a lunar pole. 
In this case, it’s possible to co-add light curves to 
reduce the noise from scintillation. Most occultations, 
however, are not so favorably oriented. Several large 
scopes working along the occultation path may be 
needed to help rule out the scintillation contribution 
which may otherwise mask out interesting features in 
the program object signal. 

The detection of new Kuiper Belt Objects 
(KBO/asteroids) requires high speed detectors, and 
big apertures to obtain a high signal-to-noise ratio. 
These devices will naturally be less portable than the 
devices used presently by the IOTA. 

 
3.2 High-speed (fast-cadence) and High-

precision Photometry 

Fast cadence photometry is photometry of events 
where the changes in light level are fast enough to 
require shorter integrations than might otherwise be 
used, but not so fast as to require special high speed 
detectors and procedures, i.e., in the range of 1 sec-
ond to 1 minute integrations. A fast cadence is re-
quired when the object being studied changes its 
brightness fairly rapidly and longer integrations 
would time-smear the details of interest.  

An example is an eclipsing cataclysmic variable 
where the eclipsing star acts as a knife edge scanner 
cutting across the white dwarf or neutron star’s accre-
tion disk, thus revealing details of the disk’s struc-
ture. Another example is an exoplanet transit where 
fast-cadence, high-precision photometric observa-
tions can yield high quality light curves from which 
very precise transit times can be deduced. Small, me-
thodical variations in the transit times can reveal the 
presence of another planet in the system that ad-
vances or retards the transit timing due to the light 
travel time effect. 

Some light buckets can produce slightly fuzzy 
images over a somewhat restricted field of view. This 
can be sufficient for fast cadence, high precision pho-
tometry of somewhat brighter stars. Here CCD cam-
era integration times are a generous (compared to 
high speed photometry), 1 to 10 seconds, and the 
field of view is large enough to include nearby com-
parison and check stars.  

Compared to the observatory site where the typi-
cal atmospheric seeing may be one to three 
arcseconds, a light bucket telescope will be optics-
limited. If the best imaging of a fast 1.5-m light 
bucket telescope is 10 arcseconds, this would pro-

duce point spread functions with perhaps 12 pixels 
full width half maximum (FWHM). Photometry with 
a CCD detector on such a telescope will give the 
same results as a diffraction-limited telescope of the 
same size if the field is not crowded and poor seeing 
does not hurt. This type of photometry benefits from 
using broad-band filters where sky brightness domi-
nates. A fast cadence requires a large light-collecting 
aperture. The large aperture of the light bucket helps 
high precision (e.g. for eclipsing binaries and 
exoplanet research) because scintillation scales as D-

2/3 according to the atmospheric model of Young 
(1967). 

 
3.3 Near IR Photometry 

Near infrared (NIR) aperture photometry is an-
other area where on-axis light bucket telescopes 
should shine (pardon the pun). NIR cameras are ex-
pensive, and are likely to remain so for quite some 
time. Their complex electronics and liquid nitrogen 
cooling also makes them difficult to support. On the 
other hand, “one pixel” aperture NIR photometers 
use low cost InGaAs photodiodes and thermoelectric 
cooling. The Optec J/H band SSP-4 photodiode pho-
tometer costs only $3,000. As part of the Alt-Az Ini-
tiative, Greg Jones and August Johnson are develop-
ing very low noise J/H/K band photodiode photome-
ters. 

Near IR photometry may be an attractive candi-
date for light bucket astronomy for several reasons. 
Some of the stars that might be observed are very 
bright, although backgrounds are also bright and may 
vary considerably. Detector noise can be significant, 
especially for thermoelectrically cooled detectors. If a 
fast cadence or high speed is required, then the same 
logic as mentioned earlier for optical wavelengths 
also applies. 

Lunar occultations used to determine stellar di-
ameters are an interesting case of high speed NIR 
photometry where the targets, large diameter late 
type stars, are very bright in the near IR, while the 
background (scattered light from the Moon) is rela-
tively faint in the NIR in comparison to visual wave-
lengths. 

 
3.4 Spectroscopy/Very Narrowband 

Photometry 

With light spread out in a spectrum, spectros-
copy benefits from numerous low-cost photons. At 
typical “small” telescope locations, seeing is usually 
several arcseconds. An on-axis spot size of 50 to 100 
microns can fiber-feed a medium- resolution spectro-
graph to obtain time series spectra. Spectroscopy (or 
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spectrophotometry) of relatively bright objects, espe-
cially of objects changing the relative brightness of 
specific lines fairly rapidly, could be appropriate for 
light bucket telescopes. Very narrow band photome-
try of variable stars might be of interest.  

 
3.5 Polarimetry 

Polarimetry can be a high-sensitivity probe to 
identify asymmetries in the systemic environments of 
program objects (Clarke, 2010). Asymmetries can 
originate from binarity, limb darkening, stellar dark 
and bright spots, Rayleigh/Thompson scattering in 
stellar atmospheres, Mie scattering from multiple 
particles types in dust shells, and interstellar birefrin-
gence and other sources.  

 
3.6 Stellar Intensity Interferometry 

Perhaps the ultimate in high-speed photometry is 
stellar intensity interferometry. The pioneer in this 
field was R. Hanbury Brown, an Australian astrono-
mer who used two large aperture moveable light 
bucket telescopes on a 188-m circular track to meas-
ure stellar diameters for 32 nearby stars (Hanbury 
Brown, 1974). 

In the decades since Hanbury Brown’s pioneer-
ing work, not only has the quantum efficiency and 
speed of detectors greatly improved, but very high-
speed digital correlators are now possible. A revival 
of stellar intensity interferometry by use of Cher-
enkov telescope arrays has been contemplated (Le-
Bohec and Holder, 2006; LeBohec et al., 2008) and a 
workshop on modern stellar intensity interferometry 
was held in Utah (LeBohec, 2009). Also, note that 
modern equipment might also be used to look for 
natural lasers in, for example, hot systems such as Eta 
Carinae through photon-correlation spectroscopy 
(Dravins and Germanà, 2008).  

 
4. Conclusion 

Light bucket astronomy is in its infancy. How 
rapidly this field progresses will critically depend on 
the development of unusually lightweight, low-cost, 
low optical quality mirrors and the matching tele-
scopes and attendant instruments. Efforts by the Alt-
Az Initiative are spurring development of the ena-
bling technologies and techniques, including new 
mirror types, instruments, mounts, transportability 
options, automation methods, and identifying attain-
able scientific goals. 
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Abstract 

This paper develops approaches for turning asynchronous video CCD observations of the passage of meteors 
into useful data. The bulk of data from synoptic meteor observations can play an important role to refine shower 
statistics. They may lead to the discovery of new showers and refining existing shower characteristics. Here, 
mathematical techniques are presented to allow synoptic data to refine shower characteristics. The same ap-
proach can be used to predict the location of a debris field to assist possible recovery of meteorites. While the 
vast majority of meteors are stream related and not recoverable, reducing synoptic observations to analyze 
shower characteristics is a worthwhile task well within the grasp of the amateur. 

1. Introduction 

Asynchronous observations of meteors by one or 
multiple stations provide data points along a meteor's 
trail that are independent of the time/location of any 
data point chosen from another station's perspective. 
This is different from triangulation where by defini-
tion a common point of reference is required.  

It is nearly impossible to identify unique features 
for most meteors. The technique developed here uses 
all meteor data and produces results that help over-
come errors introduced by low resolution CCD video 
equipment. These same techniques can be used with 
higher resolution images. 

There are two main goals: 1) meteor stream re-
finement and 2) meteorite recovery. In the first case it 
is important to remember that the vast majority of 
observed meteor trails originate from cometary debris 
streams and do not result in a meteorite recovery. In 
the second case, very bright meteors that are of aster-
oidal origin may produce a recoverable meteorite and 
narrowing the search area is very important. 

A network of stations using CCD video cameras 
with a fisheye or other wide angle lens is capable of 
capturing a wealth of data. Computers perform the 
heavy lifting associated with reduction of these data 
and formatting them to feed into synoptic programs 

 
2. The Basic Approach and 

Considerations 

The MSIS-E-90 Atmosphere Model (Hedin, 
2000) indicates 99.997 percent of the atmosphere is 

below an altitude of 75 km. Many papers report me-
teor observations in the 75 km to 120 km range. Ioni-
zation has been shown to occur where the cross sec-
tion of the meteor is larger than the mean free path of 
molecules (Close, 2000). Meteors of 2 m to 2 mm in 
diameter in the 80-140 km altitude range were the 
subjects of Close’s study. 

Using 75 km as the height of the atmosphere and 
approximately 6370 km as a working radius for the 
Earth, the maximum line of sight distance to a meteor 
at 75 km seen along the horizon is 980 km. The line 
of sight is at a right angle to the normal vector (point-
ing through zenith). Increased distortion from wide 
angle lenses and obstructions along the horizon sug-
gests reducing the viewing cone to an elevation of 5 
to 15 degrees above the horizon.  

Using plane trigonometry, the sight distance 
drops to 510 km for an elevation of 10 degrees and to 
144 km for an elevation of 30 degrees. Atmospheric 
refraction at an elevation of 10 degrees is on the or-
der of 5 arcminutes and can be ignored. 

Figure 1 uses the following relationships: for the 
maximum sight distance, the Pythagorean Theorem 
and the rules of interior angles of triangles. In the 
case of an elevation (E) the first angle is 
90+elevation, the angle opposite the station's radius 
(alpha) comes from the use of the “law of sines” and 
the third small angle (theta) is calculated using the 
fact that interior angles sum to 180 degrees. 
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Figure 1. Line of sight distances by elevation 

   

   

  

  
 

2.1 The CCD 

Errors mount quickly as inexpensive CCD chips 
with comparatively low pixel counts combined with 
fisheye or wide angle lenses are deployed. Inexpen-
sive CCDs have a usable area of 720 by 480 pixels. 
Note that there is usually a very small band of “dark” 
pixels that can be used for “black” (dark subtraction) 
calibration. This will vary with vendor.  

A transfer function mapping the image pixel co-
ordinates (px,py) to (azimuth,elevation) can be devel-
oped by taking many deep calibration images of the 
sky with the camera in its final deployed configura-
tion. This process has to be repeated each time the 
camera system changes in any way.  

A precise timestamp is not a factor. Using 480 
pixels (px) across 180 degrees of sky at the equator 
means 12 hours (43,200 time seconds) equates to 90 
time seconds per pixel. The meteor will essentially 
timestamp itself against the sky. A computer syn-
chronized to a network time protocol daemon is more 
than sufficient.  

The brief flight time of a meteor, on the order of 
1 second for around 100 pixels, will dictate exposure 
times. Consideration of the noise mechanism of the 
camera should be balanced against readout noise 
(higher in cheaper cameras) and against thermal and 
dark noise. For video frame rates the readout noise 
will dominate. For long exposures, the high thermal 
and dark noise of cheaper detectors will dominate. 
Exposures shorter than 0.01 s may limit the meteor to 
one pixel per frame, making it hard to distinguish 
from spurious noise sources. Therefore a single frame 
of longer duration (even up to 90 seconds for 8 mi-
cron pixels) will not sacrifice resolution but accumu-
lated dark current will mask low flux from smaller 
meteors. 

Do not stack images. The quick passage of a me-
teor with respect to each pixel is barely above noise 
levels, which means stacking will remove the meteor 
data as noise. Use stacking only when establishing 
the transfer function to acquire fainter reference stars. 

The quick passing of the meteor and Nyquist 
sampling criteria means that you can use a video 
frame rate that exposes two (or more) pixels during 
one frame. This high rate captures all the available 
flux, permits distinguishing meteor flux from spuri-
ous single pixel noise, and allows you to study decel-
eration at the end of meteor paths. Using the video 
frame rate in this way replaces the “chopping shut-
ters'” of previous acceleration studies (Hawkins, 
1958). 

Using an image compression codex will blur 
(loss of angular resolution) or will lose dim or single 
pixel information. The goal is to produce very small 
files where all pixel values are preserved. The Flexi-
ble Image Transport System (FITS) image standard 
meets these criteria. It is well understood and plat-
form agnostic software development kits are avail-
able. 

 
2.2 Camera Calibration 

The program SAOImage (ds9) is available for 
the main operating systems platforms. With ds9, the 
FITS image pixel (x,y) positions of stars are easily 
captured. The right ascension and declination of these 
stars together with the time of day (sidereal time) 
provides a basic (azimuth, elevation) map in polar 
coordinates. The optical axis of the lens with respect 
to the chip and the deviation of the optical axis from 
zenith are easily derived from the images in a way 
more accurate than trying to model the transfer func-
tion from equipment documentation. Calibration is 
essential to accurate data. 

Some video frame-grabbers provide a FITS data-
cube with separate red, blue and green planes for 
each frame. In one case, the red frame was flipped 
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w.r.t. the x-axis. The data-cube was corrected with a 
Python/PyFITS/numpy program of about 30 lines of 
code. Examine the video frames carefully and correct 
any variations (systematic error) due to how the cam-
era and frame grabber negotiate even/odd frame in-
terlace. Jitter may occur from frame to frame. 

The transfer function is created by examining 
many fields and converting the right ascension and 
declination of the stars into azimuth and elevation 
values. The main goal is to convert the (x,y) values 
into offsets and to determine both the center point 
and the distance from the center (radius or rho) to 
star. This distance is the zenith distance (Z). This 
function is required to deliver good azimuth and ele-
vation values by correcting alignment and distortion 
variations in the optics, especially with an inexpen-
sive optical dome. 

 

 
Figure 2. Pixel (x,y) to polar angle and radius from cen-
ter. 

Figure 2 demonstrates the non-linear curvature 
of wide angle images, the distortion of the star fields, 
and shows a basic polar coordinate system over the 
(x,y) CCD pixel grid. 

In reducing data the goal is to develop a series of 
rho (radius) coordinate values, the actual value of 
(x0,y0) for the camera configuration, and to develop 
the steps to convert pixel (x,y) into (azimuth, eleva-
tion) values. In other words -- develop a transfer 
function. 

 
2.3 The Transfer Function 

The transfer function translates the pixel values 
into vectors needed for analysis. In celestial naviga-
tion, the azimuth and elevation to an object can be 

translated to a distant longitude and latitude known as 
the “sub point”. The rules of vector algebra mean the 
vector from the center of the Earth to that point can 
be translated to the station and preserve the mathe-
matical sense of the observation. It is worth mention-
ing the trick with this part of the transform is to use 
spherical math (sky) to determine the longitude and 
latitude of the sub point and then use the same refer-
ence geoid for the station with the same height above 
sea level to generate the vector. This adequately ac-
counts for the approximately 20 km difference be-
tween the Earth's equatorial and polar radius.  

Review of terms: Right ascension is converted 
into longitude by multiplying by 15 degrees per hour 
and subtracting the local sidereal time (essentially 
aligning station longitude and time of observation). 
Declination is measured away from the equator, 
where the corresponding spherical angle is measured 
down from the pole and requires the correction 90.0– 
declination. Latitude behaves like declination requir-
ing 90.0–latitude. The elevation is 90.0–Z, where Z is 
the zenith angle. The traditional Greek letters for 
these terms include: lambda () for Longitude (L), 
phi () for Latitude (P), alpha () for Right Ascen-
sion (RA), and delta () for Declination (D). The 
azimuth is backwards from the direction of a positive 
angle in mathematics being measured from north 
through east.  

Take a series of stars’ (x,y) pixel values (i.e. ds9) 
and associate the right ascension and declination to 
these stars. Compute the true (azimuth, elevation) for 
each star with traditional means.  

 
Figure3. Spherical equations for rho and theta. 
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The raw azimuth and elevation are converted to a 
sub point (L,P) by: 

 
    

    

 
 

where LS is the longitude of the station, L* is the lon-
gitude for the sub point of the star, HA is the angle 
between the station and the star-sub point, a and b are 
the corrected latitude values, and d is the zenith dis-
tance. 

These values are correct and now need to be cor-
rected for distortion. Start by assuming the center 
pixel of the camera is correct and no misalignment of 
the camera lens. The distortion should be zero at the 
center. Convert the pixels (x,y) to a non-distorted 
polar coordinate (rho, theta) by assuming the center 
pixel is the optical axis, theta is the azimuth value 
and rho is the zenith distance.  

 

 

 

For any two values of rho, solving the simultaneous 
equations for (x0,y0): 

 

 

 

where: rho1 and rho2 are the non-distorted polar co-
ordinate distances computed above. A mathematical 
solver was used to produce ~170 lines Fortran/python 
code. These are two 2nd degree equations with two 
unknowns that result in two roots. The average of 
these solutions provides corrected point (x0,y0) for the 
zenith point of the system. Remember that the roots 
may be complex and could result in a computer error.  

However, wide angle and fisheye lenses tends to 
compress near the horizon. An equation for the com-
pression can be computed as a function of the radius 
from (x0,y0) once the rho values have been computed 
across the image. A 2nd order compression function 
is a good choice as there is essentially one inflection 
point. Convert the pixel: 

 

 

 

 

 

where theta is the complement of the azimuth, eleva-
tion is the complement of the scaled rho to compen-
sate for lens distortion. This is basic Cartesian-to-
polar coordinate conversion. 

 
3. Data Collection and Analysis 

Overview 

The positions of the stations are expressed in 
longitude, latitude, height above sea-level and the 
name of the reference geoid. The set of pixels of a 
meteor image provide points in terms of azimuth and 
elevation as seen from the station. These data are 
changed into “sub points” on the Earth's surface us-
ing a technique borrowed from celestial navigation. 

For each station a vector from the Earth center to 
the station is defined. A set of planes are developed 
using the station's vector and a selection of two me-
teor vectors as the three points to define the plane. 
Adjacent points should be avoided and wider separa-
tions produce smaller errors. 

These sets of planes lend themselves to two dif-
ferent analysis goals: a scenario leading to a meteor-
ite recovery and a scenario for discovering or refining 
shower parameters. 

 

 
Figure 4. Defining meteor trajectory plane.  

The recovery scenario involves the intersections 
of the planes from one or multiple stations observing 
the same meteor. Multiple sets of planes of the same 
meteor from appropriately separated stations can be 
combined to describe the trajectory of the meteor. 
Once the trajectory plane is fixed, the positions of the 
points describe the curve of the meteor. 
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The shower parameter scenario involves the in-
tersection of the planes from two or more separate 
meteors from the same station. The intersection 
points to any common radiant for the pair. If the me-
teors are from the same stream a reasonable answer is 
obtained. Related meteors strongly suggest a stream. 
The odd-ball answers point to sporadic non-stream 
related meteors. Sporadic meteors may define their 
own hitherto undiscovered stream. 

Only one possible case of a meteorite of non-
asteroidal origin is known. Only one known stream 
(the Geminids) is suspected to be asteroidal in origin 
(Reynolds, 2010). The majorities of bright meteors 
become non-ballistic and reach terminal velocity 
about 20 km above the Earth's surface. Camera data 
essentially allows prediction of that point with decent 
accuracy. After that local weather conditions enter 
into consideration. 

 
4. Analysis Steps 

The first step is to apply the transfer function 
mapping (px,py) into usable vectors. Then each col-
lection of meteor data points can be turned into the 
projection planes for the station. 

Multiples of two points from this dataset are 
converted into planes. A separation of a few points is 
necessary to avoid amplifying errors resulting from 
pixel resolution. Simplistically, a collection of 100 
points taken 2 at a time, by the combinatorics equa-
tion are: 

 

 

 

 

 

 

 

This collection of 2,280 planes far outnumbers 
the solutions using commonly identified points. 

 
4.1 Station Planes 

The pixels (x,y) are converted into azimuth and 
elevation with the transfer function. These values are 
converted into spherical vectors (the meteor is pro-

jected onto the spherical sky coordinates), using a bit 
more spherical trigonometry. 

 

 

 

where P’ is the complement of the latitude of the me-
teor sub point (form we want), and L is the difference 
in longitude. 

Using spherical conversions, convert the (L,P’) 
into Cartesian coordinates using the station’s geocen-
tric distance as the sphere's radius. This keeps every-
thing pointing in the right direction. 

The Cartesian points are vectors from the center 
of the Earth to the meteor sub point and the geodetic 
conversion of the station's position. You now have 
two of the three non-collinear points needed to define 
a plane. The other point consists of the same process 
with every point of the meteor's path. 

Once the set of planes for the stations have been 
generated, it is necessary to determine their intersec-
tion. The intersections will be line segments connect-
ing the asynchronous points of the meteor's path 
(within error constraints). This process can generate 
thousands of line segments.  

The final step is to construct the meteor's trajec-
tory plane. This is accomplished by identifying non-
collinear line segments and fitting an equation of a 
plane between these points. This process generates a 
Cartesian plane equation of the form: 

 

All of these lines (within reason) are within the 
trajectory plane of the meteor. The plane will be 
straight at the beginning of the meteor where air re-
sistance and layers do not cause a significant deflec-
tion. Towards the terminal end of the flight, the me-
teor may twist and bend considerably. This is the 
same issue with skipping a rock on a pond. With high 
velocity, the rock maintains inertia and direction. As 
velocity decreases, deflections creep in.  

The plane is formed by simply averaging all co-
efficients to produce the final Cartesian plane equa-
tion. 

  
4.2 Error Considerations 

There are essentially 480/2 = 240 pixels for 90 
degrees. This means with a perfect lens, 1 pixel is 
worth 240/90 = 2.6 degrees. Compression makes this 
worse at the horizon. With a sight-radius on the order 
of 1000km the error is greater than sin(2.6)times 
1000 km = 45 km. At a 100 km range, the order is 
approximately 4.5 km. This is significant when pair-
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ing line segment points since the errors will drive 
them to appear collinear. Careful testing of each pair-
ing and accumulating an error expression is impor-
tant. 

 
5. Refining Meteor Stream Parameters 

Most meteors burn up before they get close to 
the ground. There are several main factors: 1) the 
initial size, composition and mass, 2) the contact ve-
locity with the Earth's atmosphere, anywhere from 11 
km/s to 72 km/s (Close, 2000), 3) an uneven shape 
that will cause a deviation in the flight path or 4) 
cause the meteor to spin violently and fragment. 
When combined with low resolution optics finding a 
pebble sized meteorite in the Rocky Mountains is at 
least as hilarious as it is ridiculous. Answer: use the 
data to refine meteor stream statistics. 

 
Figure 5.Finding common meteor stream radiant. 

When several meteors seen by a single station 
are analyzed together it is possible to work all mete-
ors back to a single radiant. The principle is the same: 
1) transform the pixel (X,Y) coordinates into (azi-
muth, elevation), 2) generate a set of vectors from the 
station to each transformed point, 3) take the vectors 
in pairs and generate a series of planes for each me-
teor and 4) regression fit a plane to that set of obser-
vations. The next step is to take the plane solutions in 
pairs and create a set of points where the intersection 
line of the planes meets the sphere of the sky. The 
weighted average of these points will be a good radi-
ant estimate for your dataset. It is important to realize 
when a meteor may be a sporadic non-shower me-
teor. Comparing the normalized unit vector for each 
meteor plane will be a good test; they should be the 
same. 

6. Conclusion 

Meteor data collection and analysis is essentially 
a mathematical problem that can be solved with any 
combinations of hardware. The techniques here have 
been implemented in Python -- a platform agnostic 
programming language. The data is needed by the 
community to refine shower statistics and to aid in 
recovery of more meteorites. The approach is well 
within the reach of the amateur community and is an 
activity well suited to individual or group projects. 
The evolution of systems, analysis techniques and 
sharing of data provide engaging work for many 
years to come.  
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Abstract 

The objective of this study is to explore new photometric methods for amateur telescope observations of cluster 
variables and globular clusters using CCD photometry. Amateur telescope photometric observations of cluster 
variables in globular clusters are limited because of dense, crowded star fields. However, with improvements in 
CCD photometric methods, there are opportunities to observe cluster variables, such as RR Lyrae and SX 
Phoenicis type stars, through time series analysis of multiple exposures of whole cluster images. Traditional 
methods for determining light curves in field RR Lyrae and SX Phoenicis type stars require selection of compari-
son and perhaps check stars to perform differential photometry (i.e., subtraction of flux density measures be-
tween a non-variable comparison star and the target star as it changes in brightness over time). We explore the 
possibility of measuring the variable star's periodicity in areas, or sections, of a globular cluster to sort different 
stellar type cluster variables within each section of the cluster. There are areas or regions of a globular cluster 
that pulsate at a variable rate which is representative of cluster variables that make up that region. For example: 
we have detected different variability periods within the core of a cluster compared to the outer circumference 
areas of the cluster. 

1. Introduction 

Amateur astronomers cannot always discriminate 
individual star luminosities within the dense star 
fields of globular clusters like M3 or M15. In this 
paper we’d like to propose methods and techniques 
for the analysis of aggregating different cluster re-
gion’s flux densities (luminosity). Then, by compar-
ing the regional average flux densities, we can esti-
mate the luminosity differences between core and 
outer regions of the globular clusters.  

We use a Visual Basic interface to Maxim DL 
software libraries to extract the statistics of the flux 
densities of the core areas and the outer regions of the 
Globular Clusters. Then using time series analysis of 
the different regions surrounding the clusters, we 
determine the aggregate periodicity within those re-

gions. At this time, selection of the core area is based 
on visual inspection (Fig. 1). 

 
Figure 1: Creating a flux density map of the Globular 
Cluster M 15. 
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In a comparison of 4 globular clusters, Pritzl and 
Smith (2000) discuss the individual photometry 
methods for determining RR Lyrae stars and their 
metallicity using period luminosity ratios. Corwin 
and Carney (2001) also discuss the metallicity ratios 
of the RR Lyrae stars of M3 and determined that the 
period luminosity of the core is, on average, less than 
the period luminosity of the stars in the outer regions 
of the cluster. However, they do this by discriminat-
ing almost every RR Lyrae light curve within the 
cluster. Amateur telescopes (under 40 cm apertures) 
will have a difficult time doing this in these distant 
dense star fields. 

 
Figure 2: Selecting different regions for analysis. 

Sandage (2006) utilizes color transformations of 
many observations using the B–V colors to calibrate 
the metallicity and temperature of the RR Lyrae stars 
when determining their metallicity ratios.  

 
2. Instrumentation and Data 

For the M15 observations, there were 3 different 
instruments from 3 observatories. Galileo Observa-
tory and Stouraitis Dimitrios used a C-14 on a Para-
mount equatorial mount with DMK 21AU04AS cam-
era to guide an 80-mm Semi-Apo refractor with 
SXV-H9 camera. At the Elizabeth Observatory, we 
used also an 80mm Semi-Apo refractor, but with 
ATIK-IC mono camera. Both cameras were cooled at 
-20°C below ambient temperature. All data were cor-
rected by with dark, flat, and bias frames obtained 
before, in the middle, and after the end of every ob-
serving session. We also kept a record of atmospheric 
data (wind, temperature, humidity, etc.). 

The Bareket Observatory used an ST-8XE CCD 
camera, C14 OTA (working at f/8.7 with special cus-
tom corrector-reducer lenses), Paramount ME. The 
system was controlled remotely over the Internet us-
ing ACP to image M3. The Observatory also has 
temperature sensor auto-focus capabilities, a cloud 
sensor, and fish-eye camera so students are able to 
observe the system during use. A variety of filters 
were available: LRGB, BV (Schuller photometric), 
HA, SII, OIII and spectra grating for spectroscopy 
measurements. All filters are research grade. 

 
3. Methods 

Our images of M3 from Ido Bareket and M15 
from Iakovos Strikis were taken with a luminescence 
and clear filter, respectively. At this time we do not 
use color differences to determine the periods of RR 
Lyrae stars within these clusters. However, it may 
still be possible to estimate different periods of the 
RR Lyrae stars should they be synchronized in some 
fashion for different regions of the clusters.  

 
Figure 3: A look at the phase similarities of 20 randomly 
selected RR Lyrae variables in the outer regions of M3. 
This was done using 32 images over 3 consecutive 
nights. 

The only individual stellar differential photome-
try that we could do on the M3 RR Lyrae stars was in 
the outer region of the cluster (Fig. 3). 

Once it was determined there might be some 
phase relationship in these outer region RR Lyrae 
stars, the question was what phenomena might be 
responsible and could we use aggregate average flux 
density differences between the inner core regions 
and the outer RR Lyrae stars to understand the appar-
ent synchronized periods.  

A Visual Basic program that interfaced with the 
Maxim DL libraries was developed to calculate the 
average and standard deviations along with the 
minimum and maximum flux densities with a given 
area within each stacked image exposure (see refer-
ence section).  
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A table of values for each area average and stan-
dard deviation of flux densities was created with the 
Visual Basic program and the output was analyzed 
with a set of R statistical routines designed to cross 
correlate the time series of the selected areas (Riggs, 
2008). For example, stacked time-series comparisons 
of inner core, core, outer region of the cluster, and the 
entire image are calculated showing both positive and 
negative periods correlations. 

 

Julian Date / Time 2454997.29229167 

Avg. Flux Density 
of selected area 

9496.799 

Pixels selected X0, Y0, X1, Y1 

Image Name M3-N1-C001-Luminance(1) 

Table 1. Shows an example of each image in the series, 
which has the following data elements. 

Using the R statistical package’s Auto-
Regressive Integrated Moving Average (ARIMA) 
library, we looked at the average flux density for 
each image to get a rough estimate of the selected 
area’s periodicity (Riggs, 2008). Then we did pair-
wise comparisons of these periods by cross-
correlations and Loess smoothing (Figs 4 and 6). 
These show how the core area may have less variabil-
ity than the outer regions of the M3 globular cluster, 
and a negative slope for M15.  

 
Figure 4: Pair-wise comparisons of average flux densi-
ties between the image outer region, core, and inner 
core. For M3 the inner core shows less periodicity than 
the outer regions of the cluster.  

 
Figure 5: Shows each of the selected areas of M3 for 3 
nights of 32, 8-minute exposures and the period variabil-
ity of the stacked images. Note how the M3_core and 
M3_inner core areas show considerable differences in 
periods between themselves and the whole cluster, 
(which includes the 20 random RR Lyrae stars in Figure 
3). 

4. Results 

What we noticed for both M3 and M15 globular 
clusters is that the core region has very different pe-
riod fluctuations than any other part of the globular 
cluster. Given the limitations of looking at only two 
dense clusters, it is not reasonable hypothesize why 
this should be so. However, we do note that there 
may be longer (several days) periodicity within the 
inner core regions, perhaps not related to RR Lyrae 
periodicities.  

There is a very good possibility that we are see-
ing systematic issues with these data. However, the 
data were taken by different observatories at different 
times, and under different conditions. Yet both sets of 
data show a distinct damping of the variability in the 
core and a different period within the core region 
when compared with the outer regions of the cluster.  
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Figure 6. The variability in the M15 pair-wise compari-
sons is much less than in M3 (Figure 4). The average 
flux density change shown here is for 46 images of M15 
core.  

 
Figure 7. The variability for all average flux densities 
increases over time, which is probably due to atmos-
pheric effects over the observation period. However, 
that does not address the question of why the core flux 
densities should be decreasing while the rest of the 
cluster shows an increase in average flux density over 
the same set of stacked images.  

5. Discussion  

Why cross-correlation analysis of these images 
may show temperature or mass-luminosity differ-
ences between aggregated dense stars in the core vs. 
less dense stellar interactions in the outer regions is a 

hypothesis to be tested with future work. There is 
also the question of whether the outer RR Lyrae stars 
are some how phase-locked with similar periodicities 
when compared to the different periods of core re-
gion stars. We’ll be able to test these hypotheses only 
by analyzing more data of more globular cluster ob-
servations and with different photometric color fil-
ters.  
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7. Appendix: Visual Basic Routines 

Special acknowledgement goes to John Menke, 
Menke Scientific, Ltd., for his assistance with the 
Visual Basic routines. www.menkescientific.com. 

O24RRLyrae is a VB script that calculates the 
average, standard deviation, minimum and maximum 
intensity values for a defined rectangle in Maxim DL 
FITS images. The purpose for doing this is to deter-



Howe et al. – Imaging Dense Globular Clusters 

 133

mine the differences of brightness of large areas be-
tween images of clusters, like M3 and M15, which 
may have intensity fluctuations over time. 
O24RRLyrae runs with MaxImDL and uses Maxim 
DL functions to manipulate portions of the various 
images in the sequence. Note: O24RRLyrae re-
quires MaximDL V4.11 or later--it will NOT run on 
earlier versions. 

 
Contact the lead author via email to obtain a 

copy of the script. 
 

7.1 Quick steps 

1. When first starting click Load Image Set to bring 
up the Maxim DL application, then manually 
load your first image. 

2. The Open Coordinate Form allows you mouse 
click on a location in the image for X0, Y0 and 
X1, Y1. 

3. X0, Y0 for upper left coordinate, X1, Y1 for 
lower right coordinate. 

4. Open the output file O24RRLryae.txt, which will 
overwrite the existing data file! 

5. The Run Calculate Area button is a toggle switch 
which is clicked for every image brought into 
Maxim DL. 

6. Bring in the next image (Manually, File Open 
Menu) into Maxim DL, click the Run Calculate 
Area and it will use the same coordinates found 
in the Coordinate Form for the new image. When 
you Run Calculate Area button, it writes out data 
to the open file. 

7. Click DONE and close out when finished. 
 

7.2 Step 1 Load first image in Maxim 
(Manual) 

Load each image into Maxim (easiest is to 
drag/drop them from Explorer). (The O24RRLyrae 
program does not modify the images in Maxim DL).  

 
7.3 Step 2 Open the Coordinate Form 

This form requires you to click on the upper left 
X0, Y0 coordinate for the area you want to calculate 
brightness statistics. Then click in the X0, Y0 box. 
Go back to the Maxim DL image and find the lower 
right X1, Y1, coordinate for the area, click there, then 
go back to the X1,Y1 box on the coordinate form and 
click there. Once this is done it does not have to be 
done again for all the images. (This assumes the im-
ages have already been aligned, as in a movie). 

7.4 Step 3 Save to text file O24RRLyrae.txt 

Data for the average, standard deviation, mini-
mum, and maximum values of the chosen area will 
be written for each image when you click on the Run 
Calculate Area Button. All previous data will be 
overwritten, so back up this file.  

7.5 Step 4 Run Calculate Area (Toggle) 
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Abstract 

We review the results from two transient event observation projects undertaken by members of the Riverside 
Astronomical Society that were conducted in part from the Goat Mountain Astronomical Research Station near 
Landers, California. In the first instance, a meteor camera monitored the 2009 Geminid meteor shower and trian-
gulated a bright bolide over the Los Angeles basin. In 2010 April, members participated in a campaign to observe 
the occultation of Zeta Ophiuchi by the asteroid 824 Anastasia.  

1. Introduction 

The Goat Mountain Astronomical Research Sta-
tion (GMARS) was established by the Riverside As-
tronomical Society Inc. (RAS) in 2002 near Landers, 
California. Now spread over 10 acres, GMARS in-
cludes two houses used for social activities by mem-
bers and their guests, as well as a large garage from 
which maintenance and construction activities are 
staged. The observational facilities include a large 
observing field carved from the desert, 17 telescope 
pads and eight privately operated observatories. Four 
additional observatories are currently under construc-
tion. 

 
Figure 1. GMARS complex in 2009. 

GMARS plays host to monthly star parties that 
are open to both members and the general public. 
Major star parties such as the Messier Marathon often 
attract up to 100 people who not only enjoy the dark 
skies but also the hospitality of the Saturday BBQ 
dinners and the creature comforts of the stationhouse. 

Consistent with trends throughout amateur as-
tronomy, an increasing number of GMARS users are 
doing astro-imaging. Their work is made easier by 
the presence of an extensive underground power grid 
and a WiFi network accessible anywhere on the site. 
On many afternoons the stationhouse is filled with 
members processing their images and comparing the 
results. 

Another focus of GMARS is its research activi-
ties. Stephens has done lightcurve studies of asteroids 
from GMARS since 2005 concentrating on binary 
and shape model studies, long-period asteroids, and 
Trojan asteroids using two observatory telescopes. 
Megna has collaborated with Stephens on spectro-
scopic imaging of asteroids from his own observa-
tory, as well as supporting “red shift labs” for local 
university students. They have also worked together 
on a meteor camera project. 

 
2. Meteor Observations at GMARS 

2.1 All-Sky Camera Installed 

 Several years ago, Stephens received an all-sky 
meteor camera from Sandia National Labs in New 
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Mexico, which built and distributed several dozen of 
them to be part of a network aimed at gathering data 
on fireballs. Unfortunately, when it arrived, there 
were several major development projects at GMARS, 
and it was more than a year before attention was 
turned to deploying the new observing tool. 

Inspired by a spirited noontime discussion of the 
Sandia cameras at the Society for Astronomical Sci-
ences (SAS) meeting in 2009 May, Stephens and 
Megna decided it was time to get theirs operational. 
Within a month, and with the assistance of fellow 
RAS member Charlie Knapke, they erected a stand-
alone pier for Sandia Labs camera at GMARS. Lo-
cated roughly 50 feet east of the stationhouse, away 
from any trees and above the nearest roofline, the 
pier gives the camera a nearly unimpeded 360-degree 
view of the sky. 

 
Figure 2. Sentinel Camera at GMARS. 

The engineering for this pier was a bit unortho-
dox. It started with ten-foot length of six-inch plastic 
(PVC) drain pipe. This was chosen because the bot-
tom of the meteor camera had a standard plastic pipe 
flange as its mounting element and it was easy to 
purchase the complementary flange and adapter for 
the pier pipe. The pipe itself was put several feet into 
the ground and set in concrete. 

However, the pipe itself was somewhat flexible, 
so to stiffen it, concrete was poured in from the top 
and filled its length. Additionally, the vertical assem-
bly was stabilized with three steel anchor cables. The 
resulting pier presents a thin profile to the desert 

winds and provides a very stable platform for the 
meteor camera. 

 
2.2 The Sandia Camera & Control 

The meteor camera itself consists of a highly-
sensitive video camera equipped with a fisheye lens 
and automatic iris. The plastic housing also contains 
a fan and dew heater, and is topped with a clear 
dome. Power and a video cable travel down the 
length of the pier where, at the bottom, a utility box 
provides an interface that digitizes the video signal 
and transmits it over Ethernet. A control computer, 
running Python-based Sentinel software from Sandia 
Labs completes the system. 

Prior to activating the camera, it was necessary 
to adjust the system to optimize its capacity to “see” 
meteors and capture their trails in video. Thanks are 
in order to Robert Crawford of the Arizona Desert 
Fireball Network, who provided us with a detailed 
how-to adjustment and calibration guide for the cam-
era. As it is currently set, the Sentinel is capable of 
recognizing meteors that are brighter than roughly -
1.2 magnitude and captures their travel at an imaging 
rate of 30 frames a second. The sky is covered in a 
frame that is approximately 520 pixels across from 
horizon to horizon. 

After testing the Sandia camera with a laptop, a 
computer dedicated to its operation was purchased. 
Fortunately, there are many inexpensive desktop sys-
tems on the market these days and the authors were 
able to purchase a capable Windows XP machine 
based on Intel’s Atom processor, complete with a 
large LCD screen, for less than $350 

 
Figure 3. Stephens at control computer 

Initially, the control computer on a wooden roll-
around cart and ran the camera from a patio outside 
the stationhouse. While this arrangement was fine 
during the balmy evenings of summer and the early 
fall months, the advent of cold weather underscored 
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its limitations and the system was permanently lo-
cated indoors. Permanent lines for power and 
Ethernet will be put into underground conduit from 
the house to the camera in the very near future. 

 
2.3 Sentinel Camera Goes Operational 

The weekend of 2009 June 27 was the Sentinel 
camera’s first real operation, and the system was 
watching the sky Friday and Saturday night. Between 
the two nights, it captured several fireballs. It was a 
good start. 

 
Figure 4. Typical fireball recorded by Sentinel Camera 

However, these “real” meteors were buried in 
numerous false events triggered by nearby car lights 
or electronic noise in the video system. It took sev-
eral weekends of experimenting with different set-
tings and configurations for the digital mask in the 
Sentinel software to significantly reduce the “false 
positives.” Interestingly, the software does a very 
good job of discriminating between meteors and 
other sky phenomenon such as the flashing naviga-
tional lights on passing planes, although it still occa-
sionally logs an event triggered by a bright planet 
such as Venus or Jupiter.  

Observations are currently limited to weekends 
and other nights when the authors are at GMARS, but 
there are plans to configure the system to run con-
tinually in the future, perhaps with remote accessibil-
ity to the data. Eventually, the authors hope to coor-
dinate observations from GMARS with other sites 
within 150 miles or so. By creating a network of sta-
tions – a sort of virtual meteor observatory – it would 
be possible to do entry vector and even orbit determi-
nation based on triangulated observations. Such data 
would be of great value to professional meteor re-
searchers. 

 

3. Tale of a Geminid Bolide 

3.1 A Very Active Meteor Shower 

One of the weekends that the Sentinel camera 
was operating was 2009 13-14 December, during the 
annual Geminid meteor shower. NASA researchers 
have noted that the Geminids have been slowly grow-
ing more intense in recent decades and were predict-
ing a good show. At GMARS, the event exceeded all 
expectations; casual counts by several observers indi-
cated a zenith hourly rate (ZHR) of between 120 and 
200 meteors per hour between 9 PM and midnight 
local time, roughly coincident with the predicted 
maximum for the Geminids.  

Although the human observers at GMARS called 
it a night after three hours outdoors in near freezing 
conditions, the Sentinel meteor camera kept running 
until dawn. During that time it captured the trails of 
66 meteors that were brighter than the all-evening 
presence of Sirius – easily a single night record for 
the system at GMARS. Several of these were fire-
balls that displayed multiple bursts as they traveled 
through the sky. 

 
3.2 Connecting Two Images 

A composite image of the dozens of meteors 
captured that evening was circulated among active 
members of the RAS immediately after the shower. A 
fireball that appeared to be as bright as the full moon, 
recorded as it neared the western horizon, caught the 
eye of RAS member Alex McConahay.  

 
Figure 5. Traces from Gemind fireballs 

McConahay had been corresponding with well-
known astronomical landscape photographer Wally 
Pacholka and was in receipt of an early copy of a 
stunning image of a Geminid bolide shot by Pacholka 
at a site approximately 32 miles to the northwest of 
GMARS. The picture would quickly receive world-
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wide attention as it was first published on National 
Geographic’s website and, a few days later, was the 
Astronomy Picture of the Day (APOD). 

McConahay contacted one of the authors about 
the time stamp on the meteor event from the Sentinel 
camera and did the same with Pacholka; the two im-
ages were taken within seconds of each other on 
Monday morning at 03:29 AM. The differences in the 
exact time were easily within the range of drift for 
two independent, non-coordinated devices.  

 
Figure 7. Triangulation diagram for Geminid bolide 

3.3 Triangulating a Position 

The discovery of a second image led, in turn, to 
an effort to triangulate the location of the meteor at 
the time of its greatest brightness. Since Pacholka’s 
camera was not calibrated to map the position of the 
meteor, TheSkyX was used to recreate the scene to 
determine the general direction of the meteor’s fall. 

That cardinal information, combined with the align-
ment from the GMARS Sentinel camera, provided a 
rough triangulation of the location for the meteor 
both at the start of its incandescent trace and at its 
end. 

Based on the vectors derived from the two im-
ages, it appears that the meteor fell about 100 miles 
west of GMARS, over the greater Los Angeles area. 
The trace likely began southwest of LAX and headed 
easterly over the city of Norwalk. A visual observer 
in Norco – roughly 2/3rds of the way from GMARS 
to Los Angeles – provided independent confirmation 
of this direction and location and reported that the 
fireball appeared to be several times brighter than the 
full moon as seen from his home. 

This unexpected exercise in fireball forensics has 
stimulated new interest in refining the alignment and 
calibration of the GMARS Sentinel camera so it 
could contribute more accurate timing and positional 
data to triangulation projects. Perhaps future efforts 
will determine not just the location but also the path 
of incoming meteors, providing guidance for possible 
recovery efforts for materials that might have made 
their way all the way to earth. 

 
4. The Case of the Occulting Asteroid 

4.1 RAS Occultations History 

The long history of RAS contributions to science 
begins not long after its founding in the late 1950s. 
For example, in 1962 David Dunham formed Inter-
national Occultation Timing Association (IOTA) and 

Figure 6. Geminid bolide imaged by Wally Pocholka 
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proposed observing grazes of stars along the limb of 
the Moon to help refine its shape and orbit for the 
Apollo program. The RAS was active in the program. 

 
Figure 8. RAS members at a grazing occultation, circa 
1967. David Dunham is in the white jacket. 

 
Figure 9. RAS members laying out a mile of cable for a 
grazing occultation, circa 1967 

To support its occultation observers, the RAS 
created a series of tone generators mounted on a mile 
long cable of telephone wire that was laid out per-
pendicular to the path of the graze. The tones gener-
ated by each observer were recorded on a tape re-
corder along with the WWV time signal shortwave 
radio. The result was a series of different toned beeps 
defining the altitudes of lunar mountains along the 
limb. The RAS bulletins of the era reported 18 of 
these events between 1966 and 1976. 

  
4.2 April 6 Occultation 

The occultation of a second magnitude star, Zeta 
Ophiuchi, on 2010 April 6 by 824 Anastasia on a 
path over Southern California led to the organization 
an RAS observing group. 

Anastasia is estimated to be 34 km diameter 
based upon observations from the IRAS satellite in 
the 1980’s. The initial prediction was for the shadow 
to pass over the western side of Los Angeles. Later, 
the predicted path was updated to pass over the east-
ern portion of Los Angeles County and the western 
portion of San Bernardino County. 

IOTA has been observing asteroid occultations 
for most of its history and has developed observing 

techniques using camcorders with a WWV signal or 
GPS time to record an accurate time signal. 

The methodology is ingeniously simple: string a 
number of observers perpendicular to the path where 
the shadow of an object will pass. Have each accu-
rately time when a star blinks off and then back on. 
Each of those observations creates a chord crossing 
the silhouette of the object blocking the star’s light. 
Since the distance to the asteroid is known with great 
accuracy, the size of that silhouette can be calculated 
and important information can be derived about its 
shape.  

 
4.3 Fun with Equipment 

For many years, IOTA members have been 
plugging low-light security video cameras into cam-
corders to record occultations. The PC164 (lux 
0.0001) from supercircuits.com is a common choice 
and can be purchased for $140. 

Until recently, any camcorder would have an 
analog composite video input so you could record the 
PC164 feed directly onto the tape. However, this fea-
ture has ceased to exist on recently manufactured 
camcorders.  

Supercircuits.com sells a miniature single cam-
era digital video recorder (DVR) for $120. It has the 
added advantage of recording on SD cards and will 
accept input from a shortwave radio tuned to the 
WWV time signal. Supercircuits.com also sells a 
portable LCD monitor for $140. 

     
Figure 10. Stephens’ PC164 low-light security camera. 

There are other options to creating an occultation 
kit. Any composite video camera can run through a 
composite to USB converter where you can capture 
the images directly to a computer hard drive. Some of 
these converters can also capture an audio signal 
from WWV that would allow you to calibrate your 
observations with the others. However, any USB 2.0 
feed to a computer hard drive will likely drop frames.  
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Figure 11. Bob Stephens’ occultation kit including a 
Alexander Meier Elektronik TIM-10/GPS Video Time In-
serter (middle), a portable DVR recorder (left) and a 
video monitor. 

Alternately, many people already own video 
cameras from various manufacturers for lunar and 
planetary work. If the camera is USB or Firewire, it 
can capture the images directly to a computer using 
commonly available video capture software. For ex-
ample, Debut Video Software will embed the com-
puter time to the nearest second directly into each 
frame. For subframe accuracy, frames would have to 
be counted from the nearest second turnover. Now 
the only trick is to have accurate time on the com-
puter. The freeware Dimension 4 V5.0 will update 
your computer clock as often as desired and even 
track the drift of the clock. 

Macintosh users looking for an occultation tim-
ing solution can use several off-the-shelf products to 
time events to approximately a 30th of a second. 
First, a Firewire (aka 1394) camera is needed. Sev-
eral manufacturers make very high quality scientific 
and industrial cameras, among them Imaging Source 
and Point Gray.  

Next, you need software that can record the 
video stream that comes from the camera and time 
stamp the frames. By far the best capture program on 
the Mac for Firewire cameras is AstroIIDC by ASC 
Software. The software costs $110, but it is well- 
supported. The key feature you need is the ability to 
encode a time stamp on each frame, which is ex-
pressed as HH:MM:SS:FF (where FF is the frame 
count from 1 to 30). 

To achieve time accuracy, the Mac supports NTP 
network time services. While all computer clocks 
drift over time, the accuracy of the Mac is generally 
better than most PCs, and a forced time sync before 
you leave the house or office will generally suffice.  

 
Figure 12. Megna’s Unibrain Fire-I camera is connected 
by Firewire to a MacBookPro running AstroIIDC.  

4.4 A Night At The Opera 

Coordination of the large number of observers in 
Southern California was greatly facilitated by the use 
of OccultWatcher (IOTA 2010), a Windows applica-
tion maintained by IOTA members. This software 
provides extensive event data and mapping, and al-
lows each participant to identify his or her observing 
location and the associated chord along the path. 

 
Figure 13. Preplanned occultation observing stations 
throughout Southern California. 

 The authors selected observing sites about five 
miles apart in public parks near the predicted center-
line. Other RAS members mostly chose to occupy the 
center of the predicted path or observe from their 
homes located near the eastern limit. Additional ob-
servers included board members from the Riverside 
Telescope Makers Conference who were set up in the 
foothills to the west of the centerline. One was well 
to the west of the 1-sigma western prediction.  

The concentration of many first-time observers 
near the centerline allowed experienced IOTA mem-
bers to drop remote stations east and west well past 
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the 1-sigma error line, an arrangement that later 
proved fortuitous. 

A storm moving through Southern California the 
day before the occultation lead to some trepidation, 
hand wringing, and numerous Plan B’s. However, the 
clouds blew through, leaving clear skies in the eve-
ning. All that was left was to set the alarm clock for 
2:00 AM to wake in time to meet the shadow. 

 
Figure 14. One of the observing stations in the foothills 
of the San Gabriel Mountains. 

4.5 Learning the Value of a Negative Result 

For most of the participants, the event passed 
without anything happening. Even though more than 
50 observers attempted to view the occultation, only 
four locations, including unattended stations, actually 
recorded it. 

Many of the participants used their cell phones 
for a conference call during the event, but nobody 
sang out across a 20-mile stretch. It was only later 
that it was learned that the western most member of 
the observing group – the one well outside of the 1-
sigma line – recorded the event.  

 
Figure 14. Results of the April 6 occultation from IOTA 
Asteroid Results webpage (2010). 

It appears that although the path of the asteroid is 
fairly well known, the proper motion of the 2.5 mag-

nitude star Zeta Ophiuchi is not. This is in part due to 
the fact that the star is so bright that an accurate cen-
teroid on the old photographic plates – key to estab-
lishing proper motion – could not be determined. 

Even though the observing group did not get the 
results it anticipated, several timing measurements 
were still obtained giving an overall impression of 
the shape and size of the asteroid. That size is consis-
tent with the previous estimate of 34 km from the 
IRAS satellite. 

  
4.6 Combining Data from a Photometric 

Study 

By itself, however, an occultation profile has 
limited scientific value since it’s not known if the line 
of site is looking at the pole, the equator, or down the 
long axis of an elongated body. Combining the in-
formation with a concurrent lightcurve will provide 
more information, but it can still leave you in a state 
of conjecture. Ideally, it would be best to have a pre-
viously-generated shape model created by lightcurve 
inversion techniques or radar observations. Measur-
ing occultations of asteroids can also help calibrate 
the thermal findings from the IRAS satellite of the 
1980's or the Spitzer or WISE satellites that are ob-
serving asteroids in infrared. 

 
Figure 15. Preliminary lightcurve for Anastasia 

Starting in 2010 April, Stephens undertook a 
project to determine a lightcurve for 824 Anastasia to 
provide further information about this object. While 
that campaign is still underway, preliminary results 
suggest it is a long-period asteroid with a rotational 
period well in excess of 100 hours. It also appears 
that Anastasia may be significantly elongated since 
the emerging lightcurve shows a large amplitude, 
perhaps as much as a magnitude. 

Unfortunately, due to its size and long period, it 
is unlikely that a shape model will ever be derived 
from lightcurve inversion techniques.  
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5. Conclusion 

This tale of two space rocks – one that made a 
spectacular appearance over Southern California, and 
one that did not – offers several lessons learned. 

First, amateur contributions to astronomical sci-
ence often depend group participation to yield useful 
results. In both cases, observations from multiple 
locations were key to the story. Second, combining 
data from several collection techniques can paint a 
clearer picture of the event or object being observed. 
Third, even a negative result can have value and lead 
to improved detection methods in the future. 
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Abstract 

This project has its origins in a summer program I attended in astrophysics (COSMOS) last year at the Uni-
versity of California, Irvine. The Intel Corporation offered a small number of $500 grants to students that sub-
mitted proposals for an independent research project that had to span the length of the next academic year. I 
received an initial exposure to astronomical data analysis in the COSMOS summer program, and was inter-
ested in expanding my experience with astronomy because I plan to major in astronomy or astrophysics in 
college. I had heard about the upcoming epsilon Aurigae eclipse, and decided that the eclipse was the perfect 
option for a research project. I ended up submitting a proposal, and was awarded the $500 grant. The original 
question I was attempting to answer was: Is it possible for an amateur astronomer to build a spatial model of 
the object that periodically eclipses the star epsilon Aurigae? One of the requirements of the grant was that 
the project be presented in the spring of 2010. This paper describes my efforts thus far. 

1. Introduction 
 

The general plan for the project was to try to 
purchase equipment within my $500 budget with 
which to gather data that would be meaningful in 
proposing a spatial model of the eps Aur system, 
possibly using a binary star modeling program 
such as Nightfall. I was advised that a good qual-
ity digital camera would be sufficient to gather 
photographic data of eps Aur, since even a small 
aperture telescope would gather too much light 
from a bright star like eps Aur. I was able to pur-
chase a used Nikon DSLR camera and a lens of 
the appropriate focal length to capture eps Aur as 
well as the reference star lambda Aurigae. My 
father let me use his Celestron 8 telescope, which 
has a sturdy equatorial mount, and I purchased a 
camera mount to piggyback the Nikon on the 
scope in order to get some stable photographs. I 
found that 1 to 2 second exposures at approxi-
mately 140mm seemed to capture the needed 
info without saturating the camera’s CMOS im-
age sensor. I began taking photographs in August 
2009 and did so as often as possible, weather 
permitting, through April 2010. Being new to 
astrophotography, I struggled quite a bit and 
ended up with some good results as well as some 
poor ones.  

 
Figure 1. Equipment 

2.    Gathering Data 
 

My mentor on this project has been John E. 
Hoot. Mr. Hoot is a professional software devel-
oper, a long time amateur astronomer, and the 
author of the image processing software that I 
used to process my photometry data. The goal 
was to use his software to split the raw Nikon 
.NEF files into their V and R components, in 
order to track the V magnitude of eps Aur, as 
well as gathering some V – R data to try to track 
color variations if possible. The best photo from 
each night was selected and converted to .FTS 
format. A combined dark frame was applied, and 
then the image was split into BVR color .FTS 
files. The V file was examined to determine the 
magnitude of eps Aur, using lam Aur as a refer-
ence with known V magnitude of 4.71. The R 
file was examined to determine the magnitude of 
eps Aur, again using lam Aur as a reference with 
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known R magnitude of 4.3. In the end, my strug-
gles with weather, the moon, airmass and focus 
issues left me with many bad data points, but 
enough good ones to show that the process was 
meaningful and that it was possible for me to 
gather good data. See figure 1 for my data points 
alongside the current V data available from the 
AAVSO website for eps Aur 2009-2010. Many 
of my data points correlate well with those of 
other observers in 2009-2010 using the same 
reference star lam Aur. 

Combined AAVSO / Gemma Eps Aur 2009-2010
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Figure 2. eps Aur V data 2009-2010 

 
3. Building a model 
 

Though the beginning of the eclipse and the 
beginning of this project coincided nicely, the 
requirement to present in spring 2010 meant that 
the eclipse wouldn’t even be to the good part yet 
(namely the mid-eclipse brightening). So, as I 
mentioned to Intel in my original proposal, I 
knew I would need to utilize historical data to 
formulate the model. Jeffrey Hopkins of the 
Hopkins Phoenix Observatory (via Mr. Hoot) 
was kind enough to let me reference his data 
from the 1982-1984 eclipse for this purpose (fig-
ure 3).  
 

Figure 3. Hopkins et al data 1982-1984 

With this data, I had the light curve of a com-
plete eclipse cycle. It was my hope to produce 

something like this graph on my own for the 
current eclipse, but given the lack of time I was 
unable to do so. I was able to gather a couple of 
helpful assumptions from my own data. Based 
on the relative consistency of the V–R values 
(figure 4), there did not seem to be a significant 
change in color of the light from eps Aur during 
the first part of the eclipse. Therefore, I assumed 
that the eclipsing object was not ‘filtering’ the 
light from eps Aur. 
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Figure 4. Trendline for V-R data 2009-2010 

In other words, I had at least some justification 
for assuming the object was completely opaque. 
Secondly, the fact that a significant amount of 
‘unfiltered’ light from eps Aur was still getting 
through (eclipsed magnitude ‘only’ drops from 
2.9 to 3.8) indicated that the diameter of Eps Aur 
was larger than the ‘apparent’ height of the 
eclipsing object, as seen from Earth.  

At this point, I had to rethink my plan. 
Originally, I was going to try to fit the data into 
an available variable star modeling program. 
Based on the light curve of the 1982-1984 data, 
it seemed clear that the companion object was 
not a typical star. And it turns out that variable 
star modeling programs do not deal with non-
spherical secondary objects very well. I needed 
to find another approach. I had read about the 
idea that the secondary object might be a disk-
shaped object, with a hole or at least a less 
opaque area in the middle that accounted for the 
mid-eclipse brightening. So, my mentor Mr. 
Hoot proposed that we assume the secondary 
object was the mathematical equivalent of a 
donut, or a torus. This is something that could be 
described mathematically, and because we are 
assuming that the object is 100% opaque, its 
affect on the magnitude of eps Aur could be cal-
culated in a somewhat straightforward manner. 
Mr. Hoot wrote a simplified computer model that 
takes as input the following parameters: angle of 
the disk relative to our line of sight (), major 
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axis of the disk (a), the major axis of the central 
hole in the disk (a’), and the thickness of the disk 
(t). All parameters are expressed in terms of the 

radius of eps Aur, sR . The program then calcu-

lates the effect on the magnitude of eps Aur as 
the disk passes in front of it. Since we are assum-
ing the disk is 100% opaque, the program basi-
cally calculates whether or not the surface of eps 
Aur is or is not being blocked by the disk at each 
point in time, and outputs the effective magni-
tude of eps Aur at each data point. See appendix 
A for a definition of the logic used. This was an 
interesting introduction to calculus for me—a 
class that I will not be taking until next year as a 
senior in high school. 
 

We ran the program over a series of ap-
proximately 664 data points to correspond 
roughly to the duration in days of the eclipse, 
making it easier to combine the observed light 
curve (Hopkins 1982-1984) with the model data. 
The best fit I was able to get, after dozens of trial 
runs, is shown in figure 5. 

Combined data - observed light curve (Hopkins 1984) vs model generated light curve
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Figure 5. Model-generated light curve 

Without a much more complicated model that 
would take into account additional parameters, 
we were not able to get an exact fit, but it was 
pretty close. In a perfect world, our model would 
have taken into account the following: 
 

- the possibility that the transit latitude 
of the disk is not constant during the 
eclipse.  

- the central hole in the disk might be 
somewhat opaque 

- abrupt shoulders on our model data at 
the beginning and ending of the 
eclipse do not match the gradual 
change in magnitude seen in the 
1982-1984 data. This phenomenon 
could be due to limb darkening, an ef-

fect that our model is not able to take 
into account.  

- We are not taking into account eps 
Aur’s known out-of-eclipse variation 
in magnitude of ~0.15 

  
For all of these reasons, we cannot expect our 
model light curve to exactly match the real world 
data. Our model cannot help but be perfectly 
symmetrical due to its simplified nature, whereas 
the observed data is not symmetrical. However, a 
quick metric for goodness of fit shows that the 
overall fit to the 1982-1984 data is within a 3% 
margin of error.  
 

It is evident that the parameters we used 
gave a light curve that is a reasonable approxi-
mation of real world data. So what does this 
mean? Based on the input parameters we used, 
we can at least estimate the relative sizes of the 
major axes of the disk (a) and its inner hole (a’). 
Also, the inclination angle of the disk () and its 
thickness (t) give us an idea of the disk’s minor 
axis, or the apparent height as it appears to us.  
 

Now, what would really help in proposing a 
model that is somewhat to scale based on our 
line of sight is to know what the relative sizes of 
eps Aur and the orbiting disk actually are. Once 
again, Mr. Hoot came to the rescue and worked 
out the math to calculate the possible relative 
sizes, based on current assumptions in the litera-
ture that eps Aur’s mass is roughly 15 solar 
masses. We further assume, for simplicity, that 
the secondary object is following a circular orbit, 
and we know that it takes 27 years to complete 
that orbit. So, Newtonian mathematics shows: 
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Where orbR  is the radius of the secondary ob-

ject’s orbit around eps Aur, sm  is the mass of 

eps Aur, diskm is the mass of the disk, and a is 

the major axis of the disk.  
 
From the literature, we are assuming 150 so-

lar diameters as the diameter of epsilon Aurigae, 
which gives us a radius for eps Aur of 0.697a.u., 
as follows: 

 
Therefore our data indicates that the disk 

(radius 5.165a.u.) is ~7.41 times wider than eps 
Aur (radius 0.697a.u.). Also, based on the model 
parameters used to generate the best fit, our es-
timate of the ratio of the size of the entire disk 
(a=332) to its inner hole (a’=105) is ~ 3 to 1. 
Using our calculated size of Rs of 0.697a.u., we 
can calculate the real world units of our other 
model parameters  (0.073) and t (0.082). The 
inclination angle  works out to be 3.27º, and the 
thickness t becomes 0.057a.u., as follows: 
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Based on this data, the spatial relationship of eps 
Aur and its companion might look something 
like figure 6: 
 

 
Figure 6. Spatial model of eps Aur system 

 
This representation is based on the assumptions 
of approximately 15 solar masses for the mass of 
eps Aur (mass of companion cancels), a diameter 
of 150 solar diameters for eps Aur, and a disk 
that is 100% opaque. As more detail is learned 
about the exact size, mass, and characteristics of 
eps Aur and its companion we can scale our 
model accordingly based on the above formulae.  

 
4. Conclusions 
 

I feel that I was at least able to make some 
legitimate observations, analyze them, and utilize 
Mr. Hoot’s light curve modeling program to 
come up with a reasonable, amateur model of the 
eps Aur system. In the process I learned a great 
deal about astrophotography, BVR photometry, 
and was introduced to calculus, which will be 
helpful for my next school year. As time permits, 
I would like to continue to improve the model, 
adding additional parameters that would take 
into account phenomenon such as limb darken-
ing in order to get a more accurate light curve. 
Or I guess I could just wait to watch it on video 
at  

http://www.youtube.com/watch?v= 
84wJYwsEx0s&feature=player_embedded  

 
thanks to the incredible advances being made at 
the Center for High Angular Resolution Astron-
omy (CHARA) at Mt. Wilson in Los Angeles. 
See figure 7.  
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Figure 7. CHARA images of current eps Aur eclipse 
published April 7, 2010 in Nature. 
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Appendix A - Projection Model of epsilon Aurigae 
 

Terms: 
 

DiameterAur  Eps =sR  

Duration Ecllipse =DE  

Disk The Of Period Orbital DP  

DiameterInterior Disk  DID   

DiameterOuter Disk  DOD   

   tat timedisk  of coordinate X ProjectedCx t  

   tat timedisk  of coordinate X ProjectedCY t  

nInclinatioDisk Sight  Of Line =  

Aur. Eps. .Disk w.r.t of Latitdue Celestial   

sR of fractionsin  expressed nessDisk thick thick  

axismajor Disk  Projected =a  

axismajor -semiDisk  Projected =b  

axismajor  projectedInterior  = a'  

axismajor -semi projectedInterior  = b'  

DarkeningMax 1 M  

ecllipse midat  gBrighteninMax 2 M  
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