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Preface 
 
Welcome to the 32nd annual SAS Symposium on Telescope Science.  

 
Not everyone wants to give a presentation but they still want to contribute to the Symposium by submitting a 
paper for the proceedings and so as before the proceedings include a section not just for poster papers but “pa-
pers without presentation.”  

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

 
Lee Snyder  Robert D. Stephens 
Robert Gill  Jerry L. Foote 
Cindy Foote  Margaret Miller  
Brian D. Warner   Robert K. 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, Woodland Hils Camera and Telescopes, Software 
Bisque, Santa Barbara Instruments Group, PlaneWave Instruments, Apogee Instruments, Inc., and DC-3 
Dreams. Thank you! 
 
Finally, there would be no conference without our speakers and poster presenters and those sitting attentively in 
the audience (you’re not doing your email right now, are you?). We thank them for making this one of the 
premiere pro-am events in the world. 
 
 
Brian D. Warner 
Robert K. Buchheim 
Jerry L. Foote 
Dale Mais 
 
2013 April 27 
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Conference Sponsors 
The conference organizers thank the following companies for their significant contributions and financial sup-
port. Without them, this conference would not be possible. 

 

Apogee Imaging Systems 
Manufacturers of astronomical and scientific imaging cameras  
http://www.ccd.com 

 

Sky Publishing Corporation 
Publishers of Sky and Telescope Magazine 
http://skyandtelescope.com 

 

Woodland Hills Camera & Telescopes 
Telescopes.NET 
Providing the best prices in astronomical products for more than 
50 years 
http://www.telescopes.net 

 

Software Bisque 
Developers of TheSky Astronomy Software and the  
Paramount Telescope Mount 
http://www.bisque.com 

 

Santa Barbara Instruments Group 
Makers of astronomical instrumentation  
http://www.sbig.com 

PlaneWave Instruments 
Makers of the CDK line of telescopes 
http://www.planewaveinstruments.com:80/index.php 

 

DC-3 Dreams Software  
Developers of ACP Observatory Control Software 
http://www.dc3.com/ 
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Symposium Schedule 
The schedule is subject to change without notice. 

 

Meeting Courtesies 
 
Please turn off cell phones, pagers, and alarms during presentations.  
 
Please be kind to the presenters and wait until breaks to check your email and browse the In-
ternet. Yeah, we know. 
 
Please be considerate of those in the meeting room near the wall with the vendor’s room. If 
visiting the vendor’s room during presentations, please keep voices down and do not use the 
direct entrance between the vendor’s and meeting rooms. Enter the meeting room from the 
hallway.  
 
If you do not want your presentation to be recorded (video/audio) and/or not posted on the 
SAS web site, please let us know before your talk begins. 
 
Thanks! 
SAS Program Committee 
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A Call for Observations in Support of the  
2013 LADEE Mission to the Moon 

Brian Cudnik 
Department of Chemistry & Physics 

Prairie View A&M University 
P.O. Box 519, M.S. 2230 

Prairie View, Texas 77446 

Abstract 

At the 2012 Telescope Research Symposium I introduced a program which involves monitoring the moon for 
meteoroid impacts, and I introduced a mission to the moon known as LADEE (Lunar Atmosphere and Dust Envi-
ronment Explorer). This year I plan to review the key points from last year, update on the status and the progress 
of LADEE, and lay out an observing plan designed to support this mission and continue beyond the expected 
lifetime of the mission. Currently the launch window opens August 12 (the date of the Perseid maximum) for 
LADEE and once launched, will take 30 days to get to the moon, 30 days for testing and checkout, then 100 
days for science operations. As a result, from around mid-October 2013 to mid-January 2014 (assuming a mid-
August launch and on-time arrival and check-out), the mission will be active and the need will be great for con-
tinuous ground-based monitoring of the moon for meteoroid impacts.. 

1. Introduction 

For the past seven and one half years, the Moon 
has been regularly monitored for impacts by the Me-
teoroid Environment Office at NASA’s Marshall 
Space Flight Center in Alabama. As of January 2013 
they have logged nearly 300 impact candidates [1], 
showing that meteoroid impacts on the moon that are 
observable from Earth are fairly common. Aside 
from an increase in the probability of witnessing dur-
ing an annual shower, the main challenges remain the 
randomness of occurrence of impact flashes along 
with the extremely short duration of the flash. How-
ever, the advent of low light video and software ca-
pable of picking out meteoroid impact candidates 
from the background noise had quickly overcome 
these challenges. 

Observers have, over the last four hundred years, 
reported seemingly isolated and random changes on 
the moon, which was, until recently, though to be 
otherwise “dead” and unchanging. These events are 
collectively termed Lunar Transient Phenomena 
(LTP) and have puzzled astronomers over the years, 
challenging the above assertion of a “dead moon”. 
LTP has been (and continues to be) observed in many 
different forms, including point flashes, long-duration 
flashes, “lunar lightning”, color changes, and hazes 
and obscurations. There are relatively rare instances 
of small groups of people at the same telescope or the 
same observing site documenting LTP, but no reports 
of two well-separated observers (by at least 50 km), 
to my knowledge, have been recorded—until 1999.  

The moon serves as an excellent laboratory for 
high velocity impact studies, the likes of which are 
not yet possible in the laboratories on Earth which are 
limited to impact speeds of less than 10 km/sec. Ob-
serving projects over the years have attempted to 
make use of this fact with limited success. Apollo 
seismometers left on the lunar surface in the 1970’s 
registered many instances of moonquakes, some of 
which were produced by meteoroid impacts. This is 
especially useful since the location and strength of 
the impact event could be correlated between two or 
more seismometers. Unfortunately all four of the 
seismometers were decommissioned by 1978. 

With the launch of a new mission to the moon in 
the coming months there is a renewed need for 
ground-based observations of the moon in search of 
meteoroid flashes. Ideally the program includes con-
tinuous coverage of the unilluminated part of the 
waxing and waning crescent moon, observed with 
low-light video detectors on telescopes between 8 
and 14-inches aperture, with some form of video time 
insertion. Preparations are underway for such a pro-
gram to add to existing programs to achieve excellent 
video coverage in support of the LADEE mission. 

 
2. The LADEE Mission 

2.1 Overview of the Mission 

NASA’s latest unmanned mission to the moon, 
the Lunar Atmosphere and Dust Environment Ex-
plorer (LADEE, Figure 1) is slated for launch as ear-
ly as August 10. The purpose of this mission is to 
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study the pristine state of the lunar atmosphere (exo-
sphere) and dust environment as they are in their nat-
ural state-undisturbed by human activities. LADEE 
will determine the composition of the lunar exo-
sphere and will investigate the processes that influ-
ence the distribution of dust and variability of the 
constituents of the atmosphere, to include sources, 
sinks, and interactions at the surface. The mission 
will also determine the dust concentration in the at-
mosphere and reveal the processes that contribute 
dust to the lunar atmosphere and control its variabil-
ity. 

LADEE will include a number of firsts: this will 
be the first mission to utilize a special type of archi-
tecture called the “Common Bus architecture”, which 
promises to significantly reduce the cost of spacecraft 
development in the future; this will be the first deep 
space mission to launch aboard a new Minotaur V 
launch vehicle from NASA’s Wallops Flight Facility 
in Virginia. The mission will include a technology 
demonstration consisting of laser communication 
instead of radio waves to achieve broadband speeds 
to communicate with Earth [2]. 

 
Figure 1. Artist’s rendition of the LADEE spacecraft 
(Courtesy, NASA) 

2.2 Instrumentation and Science Ops 

After launch, the LADEE spacecraft will execute 
several phasing loops on the way to the Moon. After 
orbital insertion, LADEE will undergo a 30-day 
checkout and commissioning period in an elliptical 
orbit of approximately 250 x 75 km. After this, the 
spacecraft will descend to its retrograde near-
equatorial science orbit with periapsis between 20 
and 50 km altitude and apoapsis between 60 and 80 
km altitude during the 100 day science mission. 

Instruments onboard the spacecraft (Figure 2) in-
clude a Neutral Mass Spectrometer (NMS) from 
Goddard Space Flight Center, an Ultraviolet/Visible 
Spectrometer (UVS) from Ames Research Center, 
and a dust detection experiment (LDEX) from the 

University of Colorado/LASP. LADEE also carries a 
laser communications system technology demonstra-
tor (LLCD) which was built by the MIT Lincoln 
Labs. The mission will be controlled from the Mis-
sion Operations Center at NASA-Ames Research 
Center in California and the Science Operations Cen-
ter located at Goddard Space Flight Center in Mary-
land. 

It is hoped that the results from this mission will 
help to solve a long-standing mystery of the horizon 
glow observed by Apollo astronauts in lunar orbit. 
This glow was also seen by the NASA Surveyor 
moon landers in the 1960’s (Figure 3), persisting well 
after local sunset [3]. 

 
Figure 2. The instruments and Payload of the LADEE 
satellite (Image credit: NASA) 

 
Figure 3. Horizon glow or “lunar twilight” as observed 
by the Surveyor landers (Image credit: NASA) 

3. Ground-Based Support of LADEE 

3.1 Four Ways to Involve the Public 

The general public will have the opportunity to 
get involved in the mission and contribute real sci-
ence to the cause. More details about three of these 
projects are available online on [4] but this paper 
focuses primarily on the Meteoroid Impact Observa-
tion Program. The first project is the Student Space-
craft Tracking and Monitoring, a partnership between 
Lewis Center for Educational Research and NASA’s 
Jet Propulsion Laboratory in Pasadena, California. 
This program will provide students the chance to 
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track the LADEE spacecraft and monitor its status 
while in flight. Students will do so from their class-
rooms via the Goldstone Apple Valley Radio Tele-
scope, as they remotely control their 34-meter radio 
dishes located in Goldstone, California.  

The second project is the Meteoroid Impact Ob-
servation Program, which is the main subject of this 
paper and is described in more detail in the next sec-
tion.  

The third project is the Meteor Counting project 
which involves counting atmospheric meteors and 
reporting their results. This is beneficial to the project 
because the number of small meteoroids at the moon 
can be determined from meteor counts on Earth. Ob-
viously small meteoroid impacts on the surface of the 
moon are un-observable from ground-based tele-
scopes at Earth, yet these are expected to occur much 
more frequently than observed impact flashes. As 
such, these small impacts are likely to have a signifi-
cant influence on the flux of lunar dust and other el-
ements (and the changes thereof) observed by 
LADEE. Technology in the form of an app entitled 
“Meteor Counter” will improve the scientific quality 
of meteor counts from the general public. The fourth 
project is the International Observe the Moon Night 
(InOMN) which is scheduled for October 12, 2013. 
This is the time that LADEE is expected to begin 
scientific operations (or soon thereafter). InOMN will 
provide an excellent and effective means for the pub-
lic to become aware and appreciate lunar and plane-
tary science and the moon in general. 

 
3.2 The Meteor Impact Observation Program 

3.2.1. Overview  

Scientists agree that a major source of the lunar 
exosphere and dust aloft is the impact of meteoroids 
on the surface. Because of this, a call to observe the 
Moon and document impact flashes has been put out 
to the public in hopes to correlate impact events with 
changes in the dust environment. NASA wants the 
maximum number of observers possible to watch the 
moon for these impacts to best correlate these with 
the dust concentration changes just mentioned. We 
also wish to have the coverage be as thorough and 
uniform as possible (i.e. observers with similar clas-
ses of instruments and detectors, using similar meth-
ods and archiving their results in a prescribed man-
ner). 

ALPO and NASA have coordinated observing 
programs for a number of years now, and these will 
serve as the foundation for the program to support 
LADEE science activities. 

3.2.2. Details of the Observing Program 

There are observers currently monitoring the 
moon in addition to NASA-MSFC’s Meteoroid Envi-
ronment Office, but the monitoring is sporadic and 
generally limited to the time of the annual meteor 
showers. We plan to encourage greater and more 
consistent participation by regular observers and new 
observers alike. Resources such as the author’s book 
Lunar Meteoroid Impacts and How to Observe Them, 
and the websites listed in the appendix offer more 
details on how to start and maintain a viable observ-
ing program.  

 
Figure 4 Camera field of view of the campaign during the 
waxing phases (from Fig. 5 of [5]) 

As far as the weather (and other factors) allow, 
each bi-monthly observing run will consist of contin-
uous observation of the moon starting as soon as it is 
accessible in the evening sky as a waxing crescent 
(usually 3 to 4 days after New, depending on ecliptic 
angle), and continuing until First Quarter, or up to 
two days past First Quarter. Extending the run past 
First Quarter will depend on individual observer’s 
systems and how well each mitigates stray light from 
the sunlit part of the moon, so coverage will likely be 
less than ideal after First Quarter. Figure 4 shows the 
area of concentration for videotaping the waxing 
crescent. The actual size of the box will vary from 
system to system (some large enough to encompass 
most of the Earthlit gibbous portion, others may be 
restricted to less than what is shown in the figure), 
but preferably the same region will be videotaped 
throughout the waxing phases. 

The second part of the monthly run picks up 
when the moon reaches Last Quarter (or a few days 
prior to Last Quarter for those who are able to control 
the stray light from the waxing gibbous Moon) and 
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continues until the moon is too low in the predawn 
sky for useful observations (about 3 to 4 days prior to 
New, depending on ecliptic angle). A similar box on 
the western side (celestial coordinates, mirror image 
of that shown in Figure 5) of the waning moon will 
be the focus of observation. 

Bimonthly observations will continue inside and 
outside of active shower periods (the annual showers 
that are active during the remainder of 2013 are de-
picted in Table 1, this is derived from the “Working 
List of Visual Meteor Showers” found in Table 5 on 
[6]). 

Table 1 Active Showers during the times of favorable 
lunar placement for 2013 activity 

3.2.3. Challenges 

Some of the challenges that this program faces 
can be daunting but we plan to address these in the 
coming months. First is the uniformity of observa-
tions, the challenge of getting the numbers needed to 
maximize the scientific effectiveness of this cam-
paign. We need to encourage many more observers 
than what we currently know of who are regularly 
involved in collecting data both for simultaneity of 
observations (to confirm the impact nature of a can-
didate) and for backups to compensate for the ex-
pected weather interferences. 

A second challenge is the amount of data that 
will be collected, even during a single observing run. 
Video files are huge and will need to be searched and 
archived. Do we have each observer archive the data 
or do we have a central repository (or both)? This is 
an issue that will need to be dealt with as we begin to 
accumulate data. One solution to this is to have each 
observer reduce his/her own data using LunarScan 
and report the individual impact events, along with a 
video clip centered on the event itself. This will re-

duce the data storage need and will provide only the 
actual impact events for further analysis. 

Another challenge is the flux calibration of indi-
vidual impact events. A number of sources have vari-
ous methods for flux calibration but these can be 
quite involved and tedious, but we will look for a 
viable solution and have the observers implement 
these. Most low light video cameras have sensitivity 
curves that extend into the near IR, so unfiltered ob-
servations will be the routine. Also, finding viable 
stellar calibration sources will be needed to ensure 
one is available near the elevation of the Moon at 
observing time (to reduce the need for atmospheric 
extinction corrections). 

The resources listed below, particularly the 
ALPO webpage, will have specific guidelines (in 
addition to those already listed in other references 
given below) on data acquisition, archiving, reduc-
tion, and reporting to lessen uncertainty and promote 
data quality and uniformity. 

 
4. Conclusion (after LADEE) 

I have just described an opportunity for well-
equipped observers to make useful and significant 
contributions to science. In addition to members of 
the general public and astronomy clubs and societies, 
we would like to involve some colleges and universi-
ties in the observational campaign. The author’s de-
partment at his university is receiving a grant through 
the Department of Education / Title III to augment 
the astronomy program within the physics depart-
ment. Part of this involves obtaining equipment to 
enable regular observations of the lunar meteor phe-
nomena to be made by students, who will glean valu-
able experience in this activity 

We are also working with new technology for 
still images of the Moon which could prove useful for 
providing a background to map impact candidates 
against. This is CMOS still imaging of the moon and 
the idea is to obtain long-exposures of the earthlit 
part of the moon to render features easy to see. One 
variation of this is to take a series of exposures long 
enough to obtain these results but short enough to 
prevent saturation, and do this one after the other 
after the other. In so doing we can (1) capture impact 
images that can be correlated/confirmed with video, 
(2) have a convenient way to pinpoint exact location 
on the moon and (3) provide a more exact means of 
flux calibration (integrated over the entire optical 
flash period). This is a work in progress but will be 
used in the coming months to augment the video ob-
servations. 

Assuming the LADEE mission goes as planned; 
it is expected to come to an end by year’s end, bar-
ring any extension (which is a possibility). The rou-

Shower Activity Max ZHR
PAU-Piscis 
Austrinids 

Jul 15–Aug 10 Jul 28 5 

PER-Perseids Jul 17–Aug 24 Aug 12 100 

AUR-Aurigids Aug 28 – Sep 5 Sep 1 6 

SPE-September 
epsilon Perse-
ids 

Sep 5–Sep 21 Sep 9 5 

DRA-Draconids Oct 6–Oct 10 Oct 8 Var.

STA-Southern 
Taurids 

Sep 10–Nov 20 Oct 10 5 

DAU-delta Au-
rigids 

Oct 10–Oct 18 Oct 11 2 

PHO-Phoenicids Nov 28–Dec 9 Dec 6 Var 

PUP-Puppid-
Velids 

Dec 1–Dec 15 (Dec 7) 10 

MON-
Monocerotids 

Nov 27–Dec 17 Dec 9 2 
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tine monitoring of the moon will ideally continue 
long after the mission has ended, to provide continui-
ty in coverage and to support future missions and 
activities related to lunar meteoroid impact flux re-
search. We plan to sustain the effort through the web-
sites listed below and hope to add observers and re-
sources as we continue our efforts into 2014 and be-
yond. 
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6. Resources 

The following is a list of resources that interested 
parties can use in establishing and maintaining a pro-
ductive observing program. These include websites 
that host useful information about the ongoing cam-
paign to monitor the moon for meteoroid impacts, to 
have their questions answered, and to obtain guide-
lines and checklists to enable them to be successful. 

The interested individual or groups of individu-
als are encouraged to contact either myself via the 
ALPO Lunar Meteoritic Impact Search Section or 
Robert Suggs at the NASA – MSFC Meteoroid Envi-
ronment Office. Our contact information is included 
on these web sites. 

 

• ALPO Lunar Meteoritic Impact Search Section 
http://www.alpo-
astronomy.org/lunarupload/lunimpacts.htm  

• George Varros’ lunar impacts resources 
http://www.lunarimpacts.com/lunarimpacts.htm 

Includes equipment lists, and a link to LunarScan 
1.5, the free impact candidate detection program 

• How-to “tutorial” (a guide for starting and sus-
taining observations) 
http://www.lunarimpacts.com/lunarimpacts_how
to.htm 

• Equipment Checklist (a.k.a. Minimum System 
Requirements) 
http://www.nasa.gov/centers/marshall/pdf/16664
3main_MinimumSystemRequirements4.pdf 

• NASA-Lunar Impact Monitoring News, Fre-
quently Asked Questions 
http://www.nasa.gov/centers/marshall/pdf/16665
1main_FAQ2.pdf 
 
NASA-Minimum system requirements 
http://www.nasa.gov/centers/marshall/pdf/16664
3main_MinimumSystemRequirements4.pdf 
 
NASA-Observing Schedule 
http://www.nasa.gov/centers/marshall/news/ 
lunar/Observing_Schedule.html 
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Abstract 

Jovian Extinction Events (JEE) occur when an object experiences a loss of intensity as it passes be-
hind dust or gas in the Jovian system. This loss of light or extinction can be caused by material gravi-
tationally bound around one of Jupiter’s four major moons, material trapped in the magnetosphere or 
torus ring that surrounds Jupiter near Io’s orbit, or possibly material streaming in the flux tubes that 
connect the four major moons to Jupiter’s poles. Discovered in 2009 and observed through 2010, 
anomalous dimming was detected from material surrounding the target moon (in front) prior to and 
after occulting another probing moon (in back) as it passed behind. These measurements were made 
near the equators of the target moon. During 2012 the orbit of Jupiter was tilted open at about 3 de-
grees inclination. JEE2012 geometries probed the area above the pole of the target moon and yield-
ed new anomalous trends. Preliminary results indicate these trends demonstrate asymmetry in the 
material surrounding the target moons, and possibly show structure associated with the flux tube 
connecting the target moon to Jupiter. Photometric deviation patterns found in the Io Torus Tip JEE 
possibly confirm predicted zebra patterns or bunching of the torus material via magnetic flux lines. 
Various reduction methods using JPL Horizons ephemeris are shown and provide initial interpreta-
tions of our derived photometric lightcurves. 

1. Introduction 

Jovian Extinction Events (JEE) occur when an 
object experiences a loss of intensity as it passes be-
hind dust or gas in the Jovian system. This loss of 
light or extinction can be caused by material gravita-
tionally bound around one of Jupiter’s four major 
moons, material trapped in the magnetosphere or 
torus ring that surrounds Jupiter near Io’s orbit, or 
possibly material streaming in the flux tubes that 

connect the four major moons to Jupiter’s poles. One 
can use an object passing behind a target of interest 
to probe the material around the object in front by 
measuring the change in light of the object behind as 
its light passes through the this material. 

The extinction phenomenon was first detected in 
2009 during the end of the Jupiter Mutual Event 
(JME) season when Jupiter’s orbital plane was still 
edge on enough that the major moons were eclipsing 
and occulting each other (Degenhardt et. al, 2010). It 
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was noted then that an anomalous photometric dim-
ming began many minutes prior to Io occulting Euro-
pa or when Europa occulted Io, and an anomalous 
brightening was observed over many minutes post 
occultation. 

 
Figure 1 Note the gradual dimming starting an hour be-
fore and brightening that lasted an hour after the occul-
tation. The dashed lines are a prediction envelope rep-
resenting a simulated Io atmospheric extinction using 
JPL Horizons ephemeris, and the solid line is the fit 
using those ephemeris suggesting an 8 Io radii of ex-
tinctive material. 

2. IAEP2009 and JEE2010 Summary 

After the initial discovery, extinction event pre-
dictions were made to watch for extinction anomalies 
in future events where Io was the target object in 
front. The initial effort was called the Io Atmospheric 
Extinction Project (IAEP). Through early 2010 over 
fifty data sets were acquired that showed consistent 
dimming when Io was in front of a probing object 
that passed behind Io. On average we detected extinc-
tion out to 8 Io radii near its equator and an unfiltered 

magnitude drop of about 0.18. However there were 
exceptions depending on Io’s position relative to Ju-
piter. Asymmetrical dimming to 30 Io radii was also 
noted and may be linked to the extra material that is 
pushed along and ahead of Io in its orbit. 

The material surrounding Io migrates away and 
is captured for a period of time in Io’s Torus ring. S. 
Degenhardt theorized when Io passes through the tips 
of the torus where the extinctive material is collimat-
ed to our line of sight that Io should experience a self 
extinction of its reflected light (Figure 2). November 
1st, 2010 J. Talbot collected five hours of photometric 
data and validated that when Io’s orbit was 0.4 de-
grees inclined Io experienced almost 0.13 unfiltered 
magnitude dimming during its transit through the 
western torus tip (Figure 3). 

 
Figure 2 Schneider, et al. 1990 image of the Torus of Io 
with tips labeled. Io transits a tip about once a day.  

 
Figure 3 J. Talbot’s lightcurve demonstrating self dim-
ming of Io by its own debris as it transits the western tip 
of the Torus. 

Once Io’s material leaves the Torus of Io some 
of it is swept up and captured temporarily by Europa 
(Brown et. al, 1996). It was estimated by Brown et. al 
that Europa’s tenuous atmosphere extends to 25 Eu-
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ropa radii. During IAEP2009 we noted as well an 
even longer dimming and deeper extinction when 
Europa was the target object in front compared to Io 
in front. Of the several Europa JEE data we detected 
extinctive material out to almost 20 Europa radii and 
extinction of about 0.18 to 0.25 unfiltered magnitude 
drop (Figure 4). 

 
Figure 4 One of several JEE lightcurves from IAEP2009 
detecting extinctive material surrounding Europa. 

3. JEE2012 Summary 

The orbital plane of Jupiter’s moons were open 
to over 3 degrees during 2012 and it was initially 
assumed that there were no extinction events to ob-
serve due to the likelihood that no moon would pass 
close enough to suffer extinction behind another 
moon’s theoretical debris radius. Also, a more open 
orbit of the debris in the Torus of Io would contribute 
to less column depth at the tips of the Torus. Howev-
er, when geometrical calculations were performed it 
was found that assumption was incorrect and there 
were several close conjunctions between Io and Eu-
ropa with Europa being the target object in front and 
Io being the probing light source in back. Predictions 
were posted and a call for observers and AAVSO 
Alert Notice 464 went out for JEE events occurring 
between June through August of 2012. Initial obser-
vations turned up new anomalous trends indicating 
continual observations of the Jovian system would be 
prudent. 

Predictions were then posted through the end of 
2014 for all conjunctions and near eclipses of the four 
major moons, all Io Torus Tip transits, as well as any 
moon in conjunction behind the poles of Jupiter.  

2009 JEE events were detected around JME oc-
cultations where the body of the target moon in front 
passed directly in front of the probing moon in back. 
In 2012 there were no JME occultations involved. 
Instead conjunctions occurred where the target moon 
passed in front of the probing moon from our line of 

sight and the probing moon was separated by 10 to 
30 arc seconds. Thus the moon in back was probing 
regions above or below the poles of the target moon. 
New repeatable anomalous photometric trends oc-
curred in these outer regions. Predictions of dimming 
were initially based on a first order assumption of a 
spherical distribution of material around a target us-
ing trends observed in 2009 at the equators. In some 
alignments we expected to see gradual dimming in 
the outer regions based on this spherical distribution 
model, but instead in some cases no dimming extinc-
tion would occur. In other observations instead of 
faint dimming we found repeatable sharp magnitude 
dips exceeding anything expected symmetrically sur-
rounding the target moon. 

 
Figure 5 This geo-photometric plot of lightcurve data 
relative to the position of the moon Io behind Europa 
and shows a symmetrical sharp dip at about plus and 
minus 7.5 Europa radii. 

Figure 5 shows one of several events displaying 
such sharp dips surrounding the target moon Europa. 
Io passed behind the target at about 14 Europa radii 
line of sight above Europa’s northern pole, and the 
minima of these dips occurred at approximately 7.5 
Europa radii east and west of the target. Such sharp 
features seem indicative of a boundary layer of some 
sort. It is understood that flux tubes emerge from a 
pole of Jupiter, goes through all four major moons, 
and reconnects back to the opposite pole of Jupiter 
(Figure 6). A high rate of electrical current flows 
through these flux tubes (Lang, 2010). One working 
theory is that these charged particles may carry ion-
ized dust and gas from Europa’s atmosphere with it 
and the sharp photometric dips in lightcurves such as 
Figure 5 represent the walls of this flux tube that are 
detectable through extinction by this material flowing 
inside that flux tube. Much more data needs to be 
collected to validate this theory. With enough data 
one might eventually be able to trace out the flux 
tube all the way back to Jupiter. 
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Figure 6 The schematic of the Torus of Io and Io’s flux 
tube. All four major Jovian moons have a similar flux 
tube. 

 
Figure 7 A complex JEE lightcurve involving first Io 
passing behind Europa, followed by Io entering its 
western Torus tip. Note the periodic up and down inten-
sity possibly associated with a zebra pattern caused by 
magnetic flux lines bunching up torus material. 

Another unexpected find in lightcurve trends of 
JEE2012 was fast periodic variations in Io’s intensity 
as it began its transit at the western torus tip. Notice 
in Figure 7 that after about 9:30 UT the intensity of 
the probing moon Io enters a periodic variation. It 
becomes especially noticeable after 10:30 UT. Re-
search into the source of this periodic variation found 
a possible explanation called zebra patterns suspected 
in the Torus of Io (Kuznetsov, et. al 2012). The theo-
ry presented in Kuznetsov’s work is that when the 
Cassini space probe was flying past Jupiter it detect-
ed fluctuating radio emissions that were likely caused 
by electron accelerations in the magnetic flux lines 
bunched up in the torus. It remains possible that these 
magnetic flux lines also bunch up the material in the 
torus in a zebra pattern such that Io passes behind a 

clump of debris followed by a void, followed by an-
other clump, thus causing the photometric lightcurve 
to contain the detected periodic ups and downs noted 
in Figure 7. 

 
3.1 JPL Horizons ephemeris 

Free access to the JPL Horizons ephemeris 
brought about both an analysis as well as a predic-
tions revolution for the JEE Project in 2012. The JPL 
Horizons data is the same ephemeris used to guide 
NASA’s spacecraft and is likely the most accurate 
ephemeris available for calculating the exact location 
of objects in the Jovian system at any given moment 
in time. A number of reduction and prediction macros 
were developed by Degenhardt which allowed the 
JEE data to be compared to professional data, thus 
providing potential validation to previously theorized 
geometries of structures depicted in the lightcurves. 

The example in Figure 1 shows one reduction 
method using the JPL ephemeris to predict how a 
lightcurve would actually be affected if a given at-
mospheric radius is simulated to produced a given 
extinction rate. Schneider, et. al 1991 published ini-
tial results that a sodium atmosphere surrounding Io 
might extend to 6 Io radii. The dashed lines in Figure 
1 represent an envelope that data would fall in if an 
extinctive atmosphere between 6 to 15 Io radii exist-
ed. We see that the photometric data of this event 
falls inside this theoretical envelope and additionally 
the JPL data shows an 8 Io radii fit. Other JEE 
lightcurves have been modeled with the JPL Hori-
zons ephemeris and derived consistent results. 

The Io Torus Tip can also be modeled with JPL 
Horizons ephemeris. Figure 10 shows how we can 
plot any photometric data relative to how many 
minutes before and after Io was positioned to its ex-
act western elongation. This allows us to combine 
data from different observing nights. In Figure 10 
two different observing runs from 2012 are plotted 
and then fitted with the green dashed line. The black 
dashed line represents the fit from western Torus Tip 
events modeled in 2010 when the Torus was tipped 
0.4 degrees. The two different dashed fits highlight 
the deeper extinction from 2010 compared to 2012 
when the Torus was tipped 3.1 degrees. Note that 
maximum extinction occurred a little over 20 minutes 
after western elongation, which is to be expected as 
Io travels deeper into the collimated material before 
emerging from the back side of the column of torus 
dust and gas. 

In addition to new graphical plotting methods, 
one can invert the lightcurve data by taking the JPL 
Horizons ephemeris and overlay the photometric data 
that has been scaled to a 0 to 255 ADU intensity to 
form an image representing this data set. Figure 8 is 
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the result of taking the lightcurve of Figure 3 and 
inverting it by scaling photometric intensity variation 
to a pixel intensity value, and using ephemeris to 
place the intensity at an X-Y pixel position. 

An effort is underway to reprocess all JEE 
lightcurve data using the JPL Horizons ephemeris. 

 
Figure 8 Taking the photometric lightcurve data and 
scaling it to a BMP intensity of 0 to 255 ADU, and then 
plotting it against geometric positions of Io  relative to 
Jupiter one can invert an Io Torus Tip transit JEE and 
derive valuable data. 

3.2 Video Data 

Most data acquisitions to date were done with 
streaming video. In the USA the NTSC video rate is 
30 frames per second, and overseas PAL is 25 frames 
per second. The target front moon, the probing back 
moon, and preferably one other moon used for refer-
ence photometry are kept in the field of view at all 
times. We photometrically reduce the video with a 
software tool commonly used in IOTA called LiMov-
ie. A measurement aperture is placed over each moon 
and a background aperture is configured as well so 
that a photometric intensity of each object is correct-
ed for the underlying background noise. By carefully 
configuring the shape and position of the measure-
ment apertures one can minimize noise from the sig-
nal. By placing the background aperture on either 
side of the object being measured at an angle tangent 
to Jupiter one can completely cancel out Jupiter’s 
glare effects on the background (Figure 9). 

LiMovie tracks each object for every frame in 
the video and gives you a CSV file of a number of 
parameters including photometric intensities correct-
ed for background. This column of ADU intensities 
represents one data point for each video frame, so 

there are 30 ADU measurements per second for 
NTSC video and 25 data points per second for PAL. 
Ten seconds of video data is then binned to a single 
data point in an effort to eliminate effects of earth 
atmospheric scintillation, camera noise, and other 
random noise. Since AVI intensities are scaled from 
0 to 255 and we are binning 300 frames for NTSC 
our effective intensity resolution is 256 times 300, or 
76,500 (2x1016 bits). This significantly reduces the 
noise inherent in video and enables us to commonly 
resolve photometrically to 0.015 magnitude. 

 
Figure 9 A screen shot of LiMovie and the configuration 
of the measurement and background apertures. 

3.3 CCD data 

For the first time we are receiving photometric 
data in multicolor. Members of AAVSO have sub-
mitted large amounts of data in red, green, and blue 
wavelengths. As of the writing of this paper this data 
is still being processed in a way to be combined with 
our unfiltered data. One lesson learned from the mul-
ticolor data sets is the cadence rate of image sequenc-
ing has to be sufficiently fast. Video offers superior 
coverage of long term photometric events because it 
provides an image stream of 30 images per second 
for NTSC and 25 images a second for PAL, and one 
can continually image for as long as your method of 
recording the video stream has capacity. Typical col-
or data comes from still CCD imaging cameras. This 
may mean your image rate can be sporadic. Given 
that some of the trends like the potential flux tube 
walls can occur in a matter of a few minutes one 
might completely miss a minima with standard CCD 
imaging rate. However it was found that most CCD 
cameras offer a pseudo video mode where the camera 
can continuously acquire and download images. 
Some of the JEE2012 AAVSO participants were able 
to convert their observing to this streaming image 
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mode increasing their chances of capturing fast tran-
sient photometric events while also observing over 
long periods of time. There are still lessons to be 
gained in imaging methodology as we go into 2013 
and beyond. 

Color data is valuable in potentially helping us 
determine what wavelengths are suffering the most 
extinction and could help identify the materials in-
volved in the extinction process. Spectrometry of a 
JEE event will be most valuable in identifying ab-
sorptive material but has not yet been achieved and 
techniques are still under development. 

 
4. Conclusion 

IAEP2009 and JEE2010 derived first order at-
mospheric models of dust and gas surrounding Io to 
nominally 8 Io radii and Europa to about 20 Europa 
radii. Predictions for JEE2012 were made using these 
numbers and assuming a first order assumption of 
spherical distribution around each moon. Initial 
lightcurves did not confirm this spherical distribution. 
This may indicate the material surrounding Io and 
Europa is more squashed at the poles. It may also be 
that the currents from the flux tubes disturb the mate-
rial at the poles of each major moon of Jupiter. The 
symmetry of the atmospheres can be resolved with 
more data throughout 2013 and 2014 as Jupiter’s 
orbital plane closes allowing us to trace out the ex-
tinction gradually closer to a target body as Jupiter’s 
orbit closes to edge on. Given the implications of 
nonsymmetrical distribution of Jovian dust and gas 
predictions for JEE2013 and JEE2014 were simply 
based on any conjunction or near eclipse where a 
probing object passes behind a target moon within 30 
radii of the front target moon. 

The source of the sharp drops in the JEE2012 
photometry still needs to be resolved. While the flux 
tubes provide one possible explanation, the mecha-
nism by which a flux tube could cause detectable 
extinction is elusive. 

Early on in JEE2012 it was thought that since the 
Torus of Io was open by more than 3 degrees the col-
limated material at the tips may not have a column 
depth thick enough to cause measurable extinction to 
Io. However several tip transits were recorded and 
indeed showed a detectable extinction. Figure 10 
demonstrates that when the torus was 3.1 degrees 
inclined a fainter extinction was detected compared 
to when the torus was 0.4 degrees inclined, the dif-
ference being a smaller column depth line of sight 
compared to when the orbit is open. 

Io Torus Tip transits occur once a day. Periodic 
photometric variations in the torus material need ad-
ditional mapping for confirmation of the zebra pat-
tern hypothesis. 

 
Figure 10 Using JPL Horizons ephemeris one can plot 
JEE photometric intensity data relative to western elon-
gation of Io to achieve this plot. We also see as ex-
pected the extinction amount was less when Io’s orbit 
was at 3.1 degrees compared to 0.4 degrees inclination 
due to less column depth of collimated material to our 
line of sight. 

In 2012 a Yahoo Discussion Group “JEE_Talk” 
was started in an effort to further organize JEE Ob-
serving Campaigns. The end goal of JEE Observing 
Campaigns is to receive enough extinction lightcurve 
data of the Jovian System over varied geometrical 
view angles to be able to create a 3-D map of the dust 
and gas in the Jovian System. Currently observers 
have submitted data from six different countries 
providing continual coverage of Jupiter at times. 
With enough coverage our goal can be accomplished. 
Additionally the NASA Juno Space Probe has also 
expressed interested in collaborating with the JEE 
Community, as Juno is scheduled for insertion in the 
Jovian System in August of 2016. 

For the latest in JEE information including pre-
dictions and results visit  
 

 http://scottysmightymini.com/JEE/. 
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Abstract 

This paper presents a method to transform JPL HORIZONS GR corrected “state-vectors” and “observer data” 
into a framework to support prediction and analysis of solar system events. The data provided by JPL sidesteps 
tedious approaches from first principles. The techniques are generalized and applicable to other solar system 
cases. The example of the upcoming Jupiter Extinction Events (JEE) serves as the case-study to develop the 
method. Photometry of Jupiter Extinction Events (JEE) with inexpensive video of the Galilean moons is showing 
promise as a high cadence tool to measure conditions within the orbits of Jupiter’s moons. Predictions serve to 
encourage and promote observation of the JEE events. The model of the system geometry is essential to qualify 
and quantify instrumental issues for collecting data with small telescopes and inexpensive video cameras. The 
model also supports data reductions. One JEE event of special interest is the approximate 3:5 asymmetry of the 
co-rotating plasma torus proximal to Io. Preliminary results of this event type by Degenhardt (in prep 2013) are 
promising. Other event types and expected results are discussed herein. 

1. Introduction 

While making video timings of Jupiter's mutual 
moon occultations, Degenhardt et al. (2010) pro-
duced a light curve for Io with longer tails than pre-
dicted by the simple geometry of the event. The JEE 
team obtained additional video datasets for Io and 
Europa that suggests material in the vicinity of Jupi-
ter's moons may be responsible for the photometric 
attenuation. This paper discusses a framework to 
model the Jupiter system's physical and geometrical 
parameters drawn mostly from the JPL HORIZONS 
database. The framework makes predictions (thus 
promoting additional observations) and creates mod-
els to support conclusions from those data. 

One JEE observing season encompasses events 
over several months each year. Each event spans an 
approximately 5-hour observation window to catch 
both tails of the photometric curves. The events of 
interest include eastern/western elongation points to 
probe co-rotating plasma torus structures (Burger 
(2003)), occultations, near misses of the moons, and 
shadow events. Transits are of no particular interest. 

Geometric parameters for events include the il-
lumination angles, the orientation of each moon in its 
orbit w.r.t. other moons and the line-of-sight to Earth. 
Physical parameters include tracking IAU carto-
graphic coordinates against sun angles to answer al-
bedo issues. Very small angles (the great distance to 
Jupiter dwarfs the orbital radii of its moons) demand 
attention be paid to computational issues. Jupiter, 
possessing the solar system's second most powerful 

magnetic field inclined about 7.5 degrees to the 
moons' orbital plane, sweeps material along moons' 
orbits. Intense electro-magnetic interaction with the 
moons have been recorded at optical and radio wave-
lengths by the professional and amateur communities. 

During the 2016 JEE observing season, NASA's 
Juno mission will be making magnetic and gravita-
tional measurements in close orbit with Jupiter. The 
JEE observations of Jupiter's moons by amateurs 
during this time frame is being encouraged. 

 
2. JPL Data 

 The JPL HORIZONS database (Giorgini et al. 
1997; Giorgini 2013) is the result of a comprehen-
sive, computationally intensive physical model of 
major and minor solar system bodies. This process 
produces a matching set of Chebyshev polynomials 
for position and for time. The JPL polynomials allow 
fast computation of a myriad of physical attributes, 
corrected for general relativity (GR) and supplied in 
tabular form from Internet queries of their on-line 
database. The polynomials are also published for use 
by any program. The database is maintained to sup-
port daily spacecraft missions and provides a very 
accurate and valuable model for researchers. 

The database supports “vector table”, “observer 
table” and “orbital elements” queries. JEE predictions 
only use “vector table” and “observer table” queries. 
An “object page” containing physical and orbital data 
may be requested for any body. Light-time corrected 
“vector table” data tie the system geometry to Earth-
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based observations. The “apparent” mode with “ob-
server table” data conveys orientation and illumina-
tion data w.r.t. observers. 

For example, the “phase-half-angle” is reported 
at the time of observation (“printing”) based on the 
state of affairs for photons from the actual geometry 
of the system, accounting for the ~45 minutes of 
light-time aberration. The database handles the cor-
rections for light-time and other GR effects. 

 
2.1 Modeling JEE Physics and Geometry 

Jupiter's Galilean moons are tidally locked, 
closely maintaining a 1:2:4:8 mean motion reso-
nance. They are perturbed by each other, other moons 
in the system and the usual cast of suspects from 
throughout the solar system. Bagenal et al. (2007) 
provides a complete account of Jupiter, being both 
massive and possessing the second most intense 
magnetic field in the solar system. Io and Ganymede 
both possess significant albedo features, whose pho-
tometric contributions change over a period of hours 
(volcanoes), random intervals (ejecta deposition) and 
days (i.e. the 360 degree rotation of a tidally locked 
moon over Jupiter's 11.6 year orbital period). 

Jupiter's magnetic pole is located at approximate-
ly 159 degrees longitude and 10 degrees latitude 
(significantly inclined to the moons' orbital planes). 
During Jupiter's roughly 10 hour rotation period, the 
magnetic field sweeps over the moons in complex 
ways. Jupiter floods its moons with Plasma Flux 
Tubes (PFT), a current flow from pole to pole and 
normal to the moon's orbit. The moons carry a 
“plasma torus” of material that is (roughly) coplanar 
and co-rotating with the moon. The intense Plasma 
Flux Tubes entrain electrons to produce rather loud 
deci-metric and deca-metric radio emissions from 
Jupiter (Hess et al. (2008)). High value data from 
these radio events has been collected through efforts 
including the amateur Radio Jove project (Theiman 
2010) using a very basic handmade dipole antenna 
and purposeful receiver as well as professional efforts 
like Hess et al. (2008). 

The system's dynamics provide edge-on views of 
the dance of the moons about every 6 years. During 
this time it is possible observe mutual moon events 
and IMCCE (2013) provides predictions for these 
events, but they are silent during non-mutual event 
years. Recent JEE observations show light curve var-
iations outside of the current IMCCE prediction win-
dows.  

 
The moons are modeled as spheres, possessing 

significant albedo features. The aspect of the albedo 
features change slowly over one orbital period. JPL 
supplies S-T-O (Sun-Target-Observer) angle, the 

phase angle bisector (Harris et al. 1984), pole orien-
tation, range to target and the apparent RA/DEC for 
observations, available as part of their ``observer 
table” query. The GR corrected position vectors and 
their derivatives are included in the ``vector table” 
query. 

The basic astrophysics of the system is important 
to the design of the predictions. The prediction orien-
tations are: 1) the eastern and western elongations of 
all moons; 2) the specific details of the 3:5 aspect 
ratio of Io's co-rotating “banana” plasma torus; 3) the 
orientation of the magnetic pole w.r.t. Jupiter's rota-
tion over each prediction's timeframe; 4) the position 
and shape of all shadows in the system; and 5) carto-
graphic orientation vis-à-vis albedo features. 

 
3. Operational Issues 

With reasonable amateur equipment it is possible 
to resolve albedo features on Jupiter's major moons. 
Kardasis (2012), Go (2009), and Peach (2013) have 
produced images by stacking video frames showing 
shadow features across moon discs and distinct tex-
ture for Io and Ganymede. The Sun-Jupiter-Earth 
illumination angle ranges over ±12 degrees. Tracking 
cartographic parameters account for albedo effects. 

The inclination of Jupiter's magnetic field and 
sweep frequency plays a significant role in Io's PFT 
maser events. The physical radius and orbital shape 
of the co-rotating plasma torus is both a model pa-
rameter and sought-after result. 

 
3.1 Geometric Issues 

The geometry of the system has to account for il-
lumination, shadows, orientation of various moons as 
seen from Earth, surface dimensions and textures. 
The data to support these observations come mainly 
from positional vectors merged with cartographic 
data and illumination angles. The analysis of the ob-
servations requires this aspect of the model to be 
complete. Cartographic orientation is accessible from 
sub-longitude/latitude points for the Sun and the ob-
server contained in JPL data. 

Burger (2003, thesis) reports a 3:5 aspect ratio of 
a “dust banana” co-rotating with Io. This feature is 
best measured at the elongation times. Hand (2013) 
reports a similar feature may exist w.r.t. Ganymede. 
The physical characteristics of Callisto suggest a sim-
ilar (weaker?) torus may be present there. 
3.2 Albedo 

Each moon has albedo characteristics that re-
quire attention. Prokof’eva-Mikhailovskaya et al. 
2010, and references therein) report discrepancies 
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from mutual moon observations that strongly sug-
gests a contribution of albedo features on their pho-
tometric irregularities. With an S-T-O angle on the 
order of 11+ degrees, phase angle of illumination 
must be modeled. Once an event period has been set, 
an “observer table” query can be used to acquire il-
lumination data in one minute intervals across the 
several hours of the event. 

 
4. Predictions 

The predictions start with obtaining one set of 
“vector table” data over 13 years (overlap of one Ju-
piter orbital period), with a time resolution of one day 
intervals, to establish the dates of the Jupiter observ-
ing seasons. 

 
Figure 1 Average angle between the normal of plane of 
two moons and the LOS to Earth. 

 For each season a set of queries (~2.3 million 
lines) at one minute intervals of a number of parame-
ters for Jupiter and the Galilean moons are then ob-
tained to model/predict events. For each event, a que-
ry of observer data for refined positions and illumina-
tion angles is obtained. Large downloads are restrict-
ed to two month blocks. Blocks are concatenated, 
compiled and made ready for prediction routines. 

Once the datasets are obtained, it is possible to 
make predictions for specific observers as they enter 
the program.  

 
4.1 Dataset Preparations 

All queries are a downloaded file of comma-
separated-values. A basic “observer table” query in-
cluding the Sun-Observer-Target (S-O-T) angle is 
made for each day spanning Jupiter's ~12 year orbital 
period, producing ~4400 lines of data. When the an-

gle exceeds an arbitrary value (~50 degrees accom-
modating twilight) the date is considered as being 
well within the season. The edges of this subset of 
dates define the beginning/end for the season. 

 
Start End 

2013-Apr-01 ( 60.4) 2013-Apr-11 ( 52.3) 

2013-Aug-30 ( 53.1) 2014-May-16 ( 52.3) 

2014-Oct-02 ( 52.6) 2015-Jun-19 ( 52.0) 

2015-Nov-03 ( 53.2) 2016-Jul-20 ( 52.3) 

2016-Dec-02 ( 53.3) 2017-Aug-21 ( 51.9) 

2017-Dec-31 ( 52.7) 2018-Sep-21 ( 52.3) 

. . .  

2025-Sep-03 ( 52.5) 2026-May-21 ( 52.1) 

Table 1: Sample output of seasons for current Jupiter 
orbit. 

Python scripts are well suited to handling high-
level text parsing and produce source-code level data 
structures. These data structures are then converted to 
byte-compiled files to expedite loading and predic-
tion processing. This step is used once per set of que-
ries. 

Season prediction: over one Jupiter orbit from 
2013 to 2013 + 16 = 2026 in one day increments, 
“observer table” data for apparent RA and Dec, Sun-
Observer-Target angle and the sub-longitude/latitude 
for the observer and the sun are acquired. Elevation 
cutoff is set to –90 degrees to allow all times from 
one observer position. Seasons occur where the angle 
is greater than 3.5 hr x 15.0 degrees per hr = 52.5 
degrees. 

The query web page provides an e-mail “batch 
file” providing excellent documentation for an audit. 
Each line is time-stamped with both human readable 
and Julian dates. Care is taken to assure each line in 
all datasets is aligned to the same time. This greatly 
reduces book-keeping in the program and leverages 
the power of Python's list and vector operations.  

Special Python “classes” manage information 
like cartographic information taken from publications 
including Seidelmann et al. (2007) of IAU working 
groups. 

 
4.2 2013-Aug-20 to 2014-May-26 Season 

Approximately 2.3 million lines of vector and 
observer information for Jupiter and each Galilean 
moon, in two month blocks for every minute within 
the 9 month season is acquired. The blocks are con-
catenated then split into files, one file for each body 
for each data parameter. The data parameters include: 
human readable date, jd, position vector, velocity 
vectors, observer/sun subpoints and range values. 
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4.3 Observer and Sun Subpoints 

The observer and sun subpoints are critical to 
phase and albedo modeling.  

 
Figure 2. The angle between the solar-subpoint and the 
observer subpoint is a key value for albedo (texture), 
phase angle and shadow geometry. 

The sun subpoint is critical to shading, effects on 
albedo and to shadow direction. The observer's sub-
point matches cartographic orientation to the observ-
er’s line-of-sight. 

The subpoints (θ,φ) are retained from the JPL da-
ta directly and converted to a vector form with the 
transformation:  

 

 
 
The values are computed for the start of each 

day. The orientation for any minute is a function of 
the change in angle from midnight to the prediction 
point. This process alleviates having to download 
around 2.3 million lines of “observer table” data. 

 
4.3.1. Elongations 

The elongation points (Fig. 3) occur where the 
maximum column density of any co-rotating material 
will have the greatest impact on the dimming of a 
moon. 

The elongation occurs where the Jupiter-moon-
Earth angle is 90 degrees but does not represent the 
deepest part of the immersion. The main modeling 
characteristics are based on the width and density of 

this material. This effect drops off dramatically as a 
function of how open the moon's orbital plane is to 
view from Earth. 

  
Date Time 1.0 - sin 

Aug-01 E 03:28:00 0.000 001 
Aug-02 W 00:47:00 0.000000 
 E 21:58:00 0.000001 
 ...  
Aug-08 E 05:28:00 0.000000 
Aug-09 W02:48:00 0.000000 
 E 23:58:00 0.000000 

Table 2. Sample of elongation output. An error of 
0.000001 is on the order of an arcsecond. 

 
Figure 3. Elongation Event w.r.t. plasma torus. The 
moon enters/leaves the torus at an angle based on the 
modeled torus width. This total arc subtends an angle 
on the order of 20 degrees. 

The point of elongation occurs when the angle θ 
of the cross product C  

 

 
 

is 1 = sin(θ) = |C| / |Ê | |Ĵ | where the sign (T) of the 
product provides the “handedness” (eastern/western) 
sense of the elongation. 

 
4.3.2. Mutual Moon Events 

When the moons' orbital planes are parallel to 
the line of sight (LOS) from Earth, mutual moon oc-
cultations and the deepest immersion of a moon in 
any torus material occurs. JEE light curves have 
shown positive results during close apparitions. Jupi-
ter's moons exhibit very small inclinations to their 

orbital planes. Using the cross product of Callisto (Ĉ 
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) and Io (Î ) (outer and inner most moons) defines a 
normal vector to the orbital plane. When the cross 

product of that normal to Earth's (Ê ) line-of-sight 
vector is 90 degrees the plane is essentially flat. The 
operation winds up as a triple cross product: 

 

 
 

4.3.3. Shadows and Mutual Moon Events 

Shadows play an important role in elongation 
and mutual moon event photometry. The Sun's sub-

point vector  Ŝ  is reversed (0-Ŝ ) to point in the di-
rection of the shadow. When the shadow vector (Fig. 
4): 

 

 
 

is within a very small angle ε (order of arcseconds) to 
the mutual event vector (M1  M2), the shadow im-
pacts back-scatter from the torus material and the 
magnitude of M2. 

 
Figure 4. Shadows during mutual moon events 

  
4.3.4. Shadows and Elongation Events 

For an interval of time around when the reversed 

Sun's subpoint vector Ŝ  aligns with the velocity vec-

tor (0~ -Ŝ x P
.
 ), the shadow falls across any co-

orbiting material. The velocity vectors are taken from 
the “vector table” data. Due to differences in the orbit 
inclination of Jupiter vs. Earth, the shadow on the co-
rotating material may occur outside of the mutual-
moon seasons. 

 

4.4 Computation and Mathematical Basis 

Python, together with scipy/numpy packages, 
provide an extremely powerful suite of operators to 
deal with vector math. Python's matplotlib and the 
TeX environment's tikz packages produce publication 
quality graphics. The python environment is a “plat-
form agnostic” zero-cost solution. 

Common mathematical sense has to prevail. 
Very narrow angles between vectors to planets and 
their moons (“needle triangles”; Kahan 1999) are 
good in theory but produce computational errors in 
peculiar ways. Careful consideration of geometry 
allows the cross product and its analogs (Kahan 
2008) to reduce computational overhead and improve 
accuracy. 

The mathematical cross product of vectors pro-
duces angles in the [0..2π)  range.  

 

 

 
 
The algebraic sign of the normal vector provides 

a rotational direction (“handedness”). This is the crit-
ical point: the sign allows one cross product to pro-
duce an angle from 0 to 180 degrees in the positive 
and negative directions. In the case of a negative 
normal vector, it is ‘added to’ (sign flipped and ‘sub-
tracted from’) 360 degrees. This operation preserves 
the sense of eastern or western elongation. 

At opposition, the Galilean moons subtend ap-
proximately 14 – 63 arcseconds (range across Io to 
Callisto) making the Earth-moon-Jupiter triangle a 
“needle triangle” (Kahan 1999). Very small triangles 
(having one small trigonometric angle) require care-
ful management of computational errors to retain any 
precision in the final result. Simplistic trigonometric 
approaches break down computationally with very 
small angles in sometimes spectacular ways. A vector 
approach, well supported by the robust Python numpy 
package (Oliphant et al. 2006) is used for the predic-
tions. Numpy's syntax is odd and requires careful 
attention to detail for those experienced with other 
languages. 
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Figure 5. Elongation events showing the ‘needle’-like 
nature of Earth-centric vectors to a distant planet and its 
moon. The isosceles triangle’s small included angle is 
measured in arc-seconds. The right angle is at each 
moon. 

 The elongation events occur when the Jupiter-
moon-Earth angle is ±90 degrees. Positive angles are 
for western elongations. Retaining the directional 
sense of the angle is key to differentiating the events. 
Mutual moon events occur when the moon-Earth-
moon vectors approach 0 degrees. The accuracy is 
improved by the cross product of normalized vectors 
(Fig. 4) 

 

 
  
Vector math yields an angle through basic arith-

metic operations, avoiding the need to use trigono-
metric functions inside a computer's floating point 
unit. This speeds up computation and significantly 
reduces errors with small angles. It is important to 
remember the “law of small angles” where the θ = 
sin(θ) to a precision on the order of an arcsecond at θ 
– 2x10-5 ~2.8 degrees. 

Shadow events occur by converting the spherical 
coordinates of the JPL subpoint coordinates for the 
Sun to a vector and using the cross-product with oth-
er bodies. For torus events, when the cross-product of 

the velocity vector P
.
 and the shadow approaches ze-

ro, the shadow falls along the co-rotating material. 
During mutual moon events, one moon’s shadow 

can fall onto the other when the moon-to-moon vec-
tor aligns with the shadow vector. 

For mutual moon events (Fig. 4), as angles ap-
proach zero, a need to mitigate “needle triangles” 
arises. Since only the angles are of interest, reversing 
and normalizing vectors can be used with great ef-
fect. Consider the vector from Earth to Ganymede 

M2
^  : 

 

 
  

 
Figure 6. For elongation events, computing the vectors 
from the moon’s perspective by reversing and normaliz-
ing the vectors, opening angles, reducing the length of 
the sides to one and eliminating the situation of a needle 
triangle. This helps retain precision. 

For the elongation event, using normalized and 
reversed vectors turns a “needle triangle” (fig 5) into 
a case (fig 6) where the length of a triangle's sides are 
on the order of one, and the original tiny interior an-
gles become moot. The angle shows up as the sine of 
the angle. The main cases we are interested in include 
90 degrees (sin(90o) = 1) and 0 degrees (sin(0o) = 0) 
and the arc-sine function is avoided completely. 

 
4.4.1. Phase of a Body 

The angle between the observer and Sun sub-
points provides the phase (percent illumination) of 
the body under observation. A cross-product function 
returns an angle, θ; the percent illumination is deter-
mined by the area of the “lune” (2θ) for that angle 
divided by the area of a half-sphere (2π). The percent 
illumination is simply θ/π. The cross product is in-
sensitive to the orientation of a sphere under illumi-
nation. 
4.5 Predictions 

The final predictions are combined with observer 
table data to compute the altitude/azimuth (observing 
availability and airmass) for each observer for each 
event. Existing Python libraries, including the IAU 
Standards of Fundamental Astronomy, Board (2010), 
and USNO Novas-C (pynovas) (Kaplan et al. 1989) 
and Barron et al. 2011), perform the heavy-lifting in 
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a standards-based way. Other packages exist but are 
often based on clever but inaccurate approaches to 
body positions. 

 
5. Conclusions 

When physics is mirrored with modeling, differ-
ences alert observers to errors with an underlying 
hypothesis or in computation. Benefits derive from 
leveraging powerful solar system models in the form 
of the low cost JPL's HORIZONS database with 
computing environments like Python. This approach 
is useful for teaching and research. The predictions 
promote more data collection – helping to ensure 
better understanding of the physics. The model helps 
to promote clearer preparation of experiments while 
providing a closed framework of accountability when 
interpreting data. 

NASA's Navigation and Ancillary Information 
Facility (NAIF) (Kieffer 1984) and the c-splice 
toolkit allow highly accurate and complex models of 
solar-system geometry at the cost of its learning 
curve. For amateur-level observations, use of the 
web-query interface through the JPL HORIZONS 
database is more than sufficient. Special thanks to 
JPL for the massive effort to maintain extreme accu-
racies while offering the results free of charge to the 
public. 
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Abstract 

Asteroid distances can be easily determined using an amateur-level telescope and CCD from a single station, 
not requiring any data other than strictly derived from direct observations. Despite the simplicity of the 4-Point 
Backyard procedure – which only necessitates observations from two consecutive nights, just obtained at the 
beginning of each night and at each culmination – we had achieved an excellent accuracy for a set of asteroids 
out to a distance of 2.6 au. 

Now we have pushed the simple backyard diurnal parallax method in order to test its viability on a previously 
inconceivably distant target – Pluto – placed at more than ten times as far away our previous furthest measured 
asteroid. Surprisingly, our results were much better than expected. This project demonstrates the suitability of 
the method despite its evident simplicity, no matter how distant the asteroid target is. However, there are some 
special considerations with a distant target to ensure that the astrometry is performed with due care. 

1. Introduction 

Nowadays no one would seriously think of using 
diurnal parallax for determining an accurate distance 
to a Solar System object. If its distance hasn’t yet 
been precisely determined, there are other simpler 
ways to measure it. However, at the amateur (or stu-
dent) level the observation of diurnal parallax is an 
attractive project because of two important attributes: 
(a) it remains one of the few demonstrations of the 
Earth’s daily rotation that can be easily carried on; 
and (b) it becomes a rewarding learning experience 
for those who dare to measure it. 

On a previous paper (Alvarez and Buchheim, 
2012) we had presented a detailed mathematical 
analysis about the general diurnal parallax effect and 
how it can be easily measured from a single location 
in order to determine asteroid distances by using just 
a small-aperture telescope and a CCD camera. We 
also supplied evidence of having achieved 5% or 
better accuracy on a handful of asteroids placed at 
different distances, from 0.05 astronomical units (au) 
up to 2.56 au. We concluded our paper stating that in 
principle our simple self-contained method could be 
used for finding out the parallax of much more dis-
tant Solar System objects, or even nearby stars. 

This paper is all about picking up the gauntlet 
regarding the first challenge: to test the suitability of 
our backyard diurnal parallax method on a Solar Sys-
tem object placed at far beyond the asteroid belt 
zone. We chose Pluto to work with – meaning we 
were going to dive into subarcsecond waters. 

Amateur gear is usually not quite appropriate to 
deal with subarcsecond issues. Usual sources of error 
at the normal level of a few arcseconds are still com-
fortably managed by small-sized telescopes and 
CCDs by means of proper measuring techniques. 
However, attempting to descend one full order of 
magnitude in order to perform accurate astrometry at 
the subarcsecond level poses serious troubles. At-
mospheric refraction and dispersion certainly intro-
duce distortion that does affect measurements, as 
well as optical aberrations and tracking errors – to 
name just a few. 

Richard Berry (2011) reported that by means of 
differential astrometry he was able to measure rela-
tive coordinates of Barnard’s Star with an 8-inch tel-
escope to a precision of 1 sigma of 0.01 arcsecond. 
This feat was accomplished by taking a large number 
of images (~60) each night, and making all of them 
quite near the Meridian plane. Unfortunately, neither 
of these principles could be extrapolated to our aus-
tere 4-Point Backyard parallax procedure: all four 
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sets of required images must be made in relatively 
narrow time windows (about 10 minutes) and also 
half of them necessarily must be taken at low sky 
altitudes (i.e., high air mass). 

Given such restrictions, a priori it seemed that at-
tempting the measurement of Pluto’s diurnal parallax 
was going to be a losing battle. Against all the odds, 
we took the plunge – the idea of measuring parallac-
tic angles becomes some sort of siren call to some of 
us. Fortunately, we could arrive at safe land – Pluto’s 
parallax was satisfactory measured. Also, the en-
deavor did happen to be a rewarding learning experi-
ence. 

 
2.  The Diurnal Parallax Effect 

Parallax is a widely-understood and easily 
demonstrated phenomenon, as is its derived practical 
benefit – to allow determining the distance to an ob-
ject without directly measuring it. In theory, once the 
parallactic shift of the apparent position of a distant 
object is measured (by observing from the ends of a 
baseline of known length), then its distance can be 
readily determined. In practice, taking into account 
that in most astronomical applications the parallax 
angle is very small, the only way to take advantage of 
this technique for distance determination is by means 
of using a very large baseline. 

Placed on the Earth’s surface, any observer is ac-
tually moving along a perfectly circular track, several 
thousand kilometers in radius, making one complete 
circle each 23.93 hours – the sidereal period. At any 
given time, the observer is seeing the vault of heaven 
from a slightly different and continuously varying 
perspective compared to a fictitious observer placed 
at rest at the center of the Earth. The apparent waving 
displacement of relatively nearby celestial objects 
with respect to distant “fixed” stars as observed from 
any ground site, exclusively due to Earth’s daily rota-
tion, is known as the diurnal parallax effect. This 
effect materializes as a very subtle angular oscilla-
tion, varying from a few hundreds of arcseconds for 
sufficiently close Near Earth Objects, down to barely 
tenths of arcseconds for the furthest observable Solar 
System objects. The diurnal parallax effect is im-
measurably small for celestial bodies beyond the So-
lar System. 

The diurnal parallax effect has nothing to do 
with the fact that any given Solar System object is 
moving with respect to the center of the Earth. Figure 
1 exemplifies how these totally independent effects 
actually appear in the sky. Comparatively, the appar-
ent celestial motion of any Solar System body due to 
its orbital revolution around the Sun becomes orders 
of magnitude larger than its corresponding diurnal 
parallax effect. 

 

Figure 1. Geometry of the diurnal parallax effect. As the 
Earth rotates, any observer on its surface sees the tar-
get’s parallactic angle φ constantly varying, from a max-
imum value occurring when his Meridian is at right an-
gle to the plane containing the Earth’s rotation axis and 
the target (some 6 hours prior or after transit time) to a 
null value whenever the target happens to be placed on 
his Meridian (target culmination). 

Therefore, not only must the measurement of di-
urnal parallax deals with minuscule oscillating dis-
placements with respect to “fixed” stars, but at the 
same time such tiny effects are always encapsulated 
within much larger “proper motion” displacements 
across the sky. Consequently, the first move in the 
diurnal parallax game consists of accurately subtract-
ing the dominant orbital trajectory across the sky 
from the actually observed apparent celestial motion 
of the target in question. If carefully and properly 
done, what remains after this sieving – usually re-
ferred to as ‘residuals’ – is only due to the diurnal 
parallax effect. 
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Assuming that for a time period as short as a 
couple of days the distance from the Earth’s center to 
the target is basically constant – a generally appropri-
ate assumption except for nearby NEO asteroids and 
the Moon – then the time variability of the parallactic 
angle can be exclusively attributed to the observer’s 
changing position relative to a fixed direction in the 
equatorial plane. In other words, with respect to the 
plane that contains the axis of rotation of the Earth 
(i.e., in declination) the parallax angle remains basi-
cally invariant. This is why the diurnal parallax is 
also called the east-west parallax. The diurnal paral-
lax effect exactly corresponds to the variable paral-
lactic angle – the angle that at any given moment has 
the target on its vertex, the observer on one side and 
the center of the Earth on the other side – projected to 
the equatorial plane. It’s clear that at the moment of 
the target’s culmination (when the target happens to 
be on the observer’s Meridian) the variable diurnal 
parallax angle becomes null, while achieving its max-
imum theoretical value some 5.98 hours (¼ of sidere-
al period) either before or after transit. (It would be at 
exactly ¼ of the sidereal period if the target were not 
moving with respect to Earth’s center.) 

Therefore, by definition, at any given time t the 
variable diurnal parallax angle φ becomes 

 

)(cos)]()([)( ttRAtRAt geotopo δϕ −=  

     Eq. 1 
 
where RAtopo is the object’s topocentric (meas-

ured from the observer location) right ascension, 
RAgeo is the object’s geocentric (measured from the 
center of the Earth) right ascension, and δ is the ob-
ject’s declination (assumed to be practically the same 
as measured either from the observer’s place or from 
the center of the Earth). 

For observations taken before transit, the paral-
lactic projection of the target on the background star 
field makes it appear to the observer as displaced 
towards the east with respect to what would be ob-
served at the same time from Earth’s center – that is, 
before transit: RAtopo(t) > RAgeo(t). Conversely, the 
parallactic projection appears displaced towards the 
west for observations that take place after transit – 
that is, after transit: RAtopo(t) < RAgeo(t). Therefore, 
the variable diurnal parallax angle φ(t) as defined by 
Equation 1 becomes positive for observations taking 
place before transit, and negative for observations 
taking place past transit. 

As Earth rotates, the term inside the square 
brackets [RAtopo(t) - RAgeo(t)] varies as the observer is 
carried long by Earth’s rotation, reaching its maxi-
mum whenever the observer and the target happen to 
be placed at right angles with respect to the Earth’s 

center. Meanwhile, taking into account that the tar-
get’s declination does vary – gradually – with time 
but totally independent of Earth rotation, the term cos 
δ(t) changes only slightly during a short time period 
of a few days. Therefore, the variable diurnal parallax 
angle basically varies on a daily basis as a sinusoidal 
function, at any time having a value equal to [RAto-

po(t) - RAgeo(t)] times the almost constant cosine of 
the target’s declination. 

From Figure 1, at any given time t the length of 
the projected observational baseline B becomes: 

 

)sin(cos)( tRtB E ωλ=   Eq. 2 

 
where RE is the radius of the Earth, λ is the lati-

tude of the observer, ω is the angular sidereal rotation 
rate of the Earth, and the beginning of time (t = 0) has 
been conveniently chosen to make it coincide with 
the moment of the target culmination. This baseline 
varies sinusoidally as Earth rotates, achieving its 
maximum value Bmax each time ωt equals 90º – that 
is, when the observer and the target also happen to be 
placed at right angle with respect to the Earth’s cen-
ter. 

Once the variable diurnal parallax angle and cor-
responding projected baseline are known, the dis-
tance R to the target can be readily obtained by mak-
ing use of the small-angle approximation: 
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=     Eq. 3 

      
where B and R have to be expressed in the same 

units and the angle φ is in radians. 
In practice, whenever the parallactic angle of a 

target is mentioned without any further specification, 
it is usually referred to the maximum value that 
Equation 1 can achieve. In order to avoid confusion 
between the variable diurnal parallax angle φ(t) and 
the maximum value such parameter could achieve, 
we will explicitly refer to the later as the Diurnal Par-
allax Maximum Angle (φmax). 

 
3.  The Simplified Method 

From Equation 1 the variable parallactic angle 
can be readily obtained for any given time. The quali-
ty of the Diurnal Parallax Maximum Angle output 
comes hand in hand with the accuracy of the two 
required time-dependent parameters: (a) the target’s 
topocentric coordinates data, and (b) the target’s geo-
centric right ascension data. 

The target’s topocentric coordinates (both right 
ascension and declination) can be actually measured 
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by the observer at any time. On the contrary, the re-
quired target’s geocentric right ascension simply 
cannot – except at just the precise moments when 
both topocentric and geocentric target’s right ascen-
sion happen to coincide. This occurs when the target, 
the observer and the Earth’s center all happen to be in 
the same plane – the Meridian. 

At the fleeting moment when the target crosses 
the Meridian – in other words, at the exact time T0 
when the target culminates – it becomes true that 
RAtopo(T0) = RAgeo(T0). Therefore, the variable tar-
get’s geocentric right ascension can be inferred from 
actual measurements obtained once per night. From 
two consecutive culminations, the target’s geocentric 
right ascension can be estimated by a linear motion; 
from three culminations, by a quadratic motion; from 
four culminations, by a third order motion; and so on. 

 
Figure 2. The apparent motion in right ascension of a 
minor planet. Most of the time it displaces towards 
higher RA values (direct motion) but once a year, as it 
approaches the closest distance to Earth, it appears 
moving backwards to lower RA values for a while (retro-
grade motion). 

Figure 2 shows the typical yearlong geocentric 
right ascension displacement for an asteroid. RAgeo 
steadily increases (direct motion) up to a moment 
when it becomes reversed for a while (retrograde 
motion), until later on resuming its “normal” direct 
motion. Opposition occurs near the middle of the 
retrograde loop. Note that around opposition the as-
teroid happens to be at minimum distance from Earth, 
but also the RAgeo rate achieves its highest value and 
the RA motion is quite linear (second order deriva-
tive becomes null). 

Figure 3 shows the actual negative concavity of 
RAgeo motion before opposition, and the correspond-
ing linear approximation derived from just two ob-
served consecutive transits (on night 1 and night 2). 
Similarly, Figure 4 shows the actual positive concavi-
ty of RAgeo motion after opposition, and the corre-
sponding linear approximation derived from just two 
observed consecutive transits. 

During first half of the retrograde loop, when the 
asteroid has not yet reached opposition, at any given 
time (Obs1) prior to the first transit (T01) the RAgeo 
value estimated by linear approximation (E1) is al-
ways larger than the actual “true” value (A1). On the 

contrary, at any given time (Obs2) also prior to the 
second transit (T02), the RAgeo value estimated by 
linear approximation (E2) is always less than the ac-
tual value (A2). These results symmetrically reverse 
in the case where observations are both taken after 
their respective transits. 

 
Figure 3. The real apparent retrograde motion in RA of a 
minor planet before opposition. The instant speed con-
tinues to increase until opposition is reached. 

Similarly, if the asteroid has already passed op-
position, at any given time (Obs1) prior to that night’s 
transit (T01) the RAgeo value estimated by linear ap-
proximation (E1) is always less than the actual value 
(A1). On the contrary, at any given time (Obs2) prior 
to the second transit (T02), the RAgeo value estimated 
by linear approximation (E2) is always larger than the 
actual value (A2). Once again, these results symmet-
rically reverse in case the observations are both taken 
after their respective transits. 

 

Figure 4. The real apparent retrograde motion in RA of a 
minor planet after opposition. The instant speed contin-
ues to decrease until the loop is ended and direct mo-
tion reassumed. 

At any given time, the linear rate approximation 
for the RAgeo motion becomes either an over or under 
estimation for the real RAgeo value depending on (a) 
whether or not the target has yet reached opposition, 
(b) whether observations are taken at the first or sec-
ond night of consecutive transits, and (c) whether or 
not observations are taken from the same side of the 
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Meridian. According to Equation 1, at any time an 
over estimation for the RAgeo value yields an under 
estimation for the variable parallactic angle φ, and 
vice versa. Table 1 summarizes all possible situa-
tions. The good thing is that for observations taken 
from the same side of the Meridian on two consecu-
tive nights – no matter whether the target has or 
hasn’t yet reached opposition – for each night the 
linear rate approximation gives RAgeo values of oppo-
site sign error which consequently make that the de-
rived parallax also yields values of opposite sign er-
ror. 

 
Table 1. The linear rate approximation for the RAgeo mo-
tion becomes an over estimation (+) or an under estima-
tion (-) for RAgeo and φ instant values depending on the 
moment of observations. 

Therefore, observing either before or after oppo-
sition, the linear approximation for estimating the 
unknown RAgeo becomes truly appropriate on condi-
tion that one averages computations derived from 
images taken on consecutive nights well separated in 
time from their corresponding transit times – either 
both earlier or later, but not mixed up. By averaging 
the two, computing errors tend to cancel out. This is 
the pillar supporting our procedure for measuring 
asteroid parallaxes, requiring just four measurements 
on two proximate nights (preferably consecutive 
nights). 

On each night, one of the measurements must be 
done while the target crosses the Meridian, and the 
other when the target happens to be as far from cul-
mination as possible in order to maximize sensitivity 
– but on both nights these later measurements should 
be taken from the same side of the Meridian. We 
named this simple procedure as the ‘4-Point Back-
yard Diurnal Parallax Method’. 

From the two measurements taken at transit 
times, a linear approximation for the target’s geocen-
tric motion will be determined. With this information, 
from each of the two remaining measurements the 
corresponding variable parallactic angles can be ob-
tained. Typically, one of them will be larger and the 
other smaller than the “true” parallax. Finally, aver-
aging them gives a minimum-error Diurnal Parallax 
Maximum Angle for the target in question. 

 
4. The 4-Point Backyard Diurnal 

Parallax Method 

In order to improve accuracy, in practice the re-
quired 4 data points will be obtained not from just 4 

single observations but instead will be derived from 4 
sets of images – two sets around consecutive transits 
times and two sets far in time from their transits (e.g. 
soon after the target rises). The “transit sets” are nec-
essarily taken around a particular time – that is, at 
each corresponding transit – but on the other hand 
they can be taken along a relatively long time interval 
without losing data accuracy (the images can be tak-
en over an interval up to 20 minutes). Conversely, the 
set of images far from transit can be taken at any 
convenient time, but have necessarily to be obtained 
within a short span of time (preferably, not longer 
than 10-15 minutes). 

From each night’s “transit set” of observations it 
is possible to determine the target’s exact local transit 
time (T0). This crucial parameter for developing the 
algebraic expression for the geocentric right ascen-
sion motion has to be known as precisely as possible. 
An error of just one second does make difference! 
This fact imposes a hard restriction on the timing 
accuracy and therefore the PC clock has to be syn-
chronized to a reliable external timing source prior to 
attempt any imaging sequence. 

Fortunately, T0 can be easily determined by the 
observer at the required accuracy. The way to do this 
is by taking a set of images while the target is around 
transit time (preferably from a few minutes before 
transit time to a few of minutes after it). For each 
image, the corresponding time has to be accurately 
known and target astrometry has to be precisely 
measured. Then, the difference between measured 
target’s RAtopo and Local Sidereal Time is calculated 
for each observation. Finally, by using the Intercept 
function on a spreadsheet the time of transit T0 and 
the corresponding RA0 and Dec0 can be precisely 
obtained. 

Having determined from observations made on 
two proximate nights (preferably consecutive) the 
corresponding parameters T0, RA0 and Dec0 on each 
night, then the target’s geocentric orbital motion in 
right ascension and declination can be conveniently 
represented, in a first approximation, by their respec-
tive linear rates derived from those six parameters. In 
case data from a third consecutive night were also 
obtained, a better (higher-order) algebraic representa-
tion for the target’s geocentric motion could be used. 

From the remaining two sets of observations – 
those taken within a relative short time interval as far 
from culmination as possible but both on the same 
side of the Meridian (i.e., both either made in the 
early evening, or both in the pre-dawn) – also corre-
sponding times have to be accurately known and tar-
get astrometry has to be precisely measured. Input 
times and derived astrometric values must both be 
averaged, so that a single data pair (time versus tar-
get’s RAtopo) results from each set of observations. 
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Applying Equation 1 to each data pair gives the tar-
get’s variable diurnal parallax angle for the time of 
observation. Equations 2 and 3 then give the target’s 
distance (assumed to remain constant over the two 
nights). Finally, by averaging the target’s distance 
derived from the two data pairs a much more accurate 
target distance is obtained – as well as the corre-
sponding Diurnal Parallax Maximum Angle. 

In our previous study (Alvarez and Buchheim, 
2012) we applied the 4-Point Backyard Diurnal Par-
allax Method on 9 pairs of consecutive nights to find 
the distance to five asteroids placed from 0.048 au up 
to 2.56 au. One distance error achieving 6.4%, anoth-
er 5.8%, and the remaining seven errors showing 
much lesser percentages proved the validity of the 
method – at least for parallax angles as low as 3 
arcseconds. 

 
5.  Pluto Observations 

The Pluto dataset consists of images taken in 
2012 on 3 pairs of consecutive nights: 8-9 April, 15-
16 May, and 25-26-27 July. On each night at least 
two sets of images were taken: one set when Pluto 
was relative low in the eastern skies, and a second set 
while Pluto was transiting the Meridian at an altitude 
of 78º. The images were obtained using a 12-inch 
Meade LX-200R working at f/6.9 with an Optec 
Lepus focal reducer lens and a Quantum Scientific 
QSI 516wsg non-anti blooming CCD camera, from 
Observatorio Los Algarrobos, Salto, Uruguay 
(OLASU), MPC code I38, coordinates: 57.98º W, 
31.39º S. The corresponding FOV was 23 x 16 arc-
minutes. 

All images were taken unfiltered. Table 2 is a 
journal of observations, showing for each night 
Pluto’s local altitude for each set of images, exposure 
times, CCD temperature, binning, image scale, au-
toguiding condition and Pluto’s visual magnitude. All 
images were dark and flat-field corrected and then 
measured using MPO Canopus (Bdw Publishing) 
version 10.4.0.20. 

 
Table 2. Observation log for this study. 

The first pair of nights (April 8-9, 2012) corre-
sponded when Pluto was changing from direct to 
retrograde motion – that is, when having almost no 
motion in right ascension. The second night pair 

(May 15-16, 2012) corresponded when Pluto was 
moving retrograde, increasing its RA rate prior to 
opposition – which took place at June 29, 2012. The 
final set (July 25-26-27, 2012) corresponded when 
Pluto was also moving retrograde, but decreasing its 
RA rate after having past opposition. Figure 5 sche-
matically represents such dates along Pluto’s RA 
motion through middle 2012. 

 
Figure 5. Dates of observing sessions for this study and 
their correspondence to Pluto’s apparent motion in right 
ascension. 

Pluto has a relative big satellite named Charon. It 
appears almost 2 magnitudes fainter than Pluto, sepa-
rated about 0.8 arcseconds, and revolving the parent 
planet each 6.4 days. For this study we selected to 
work at an image scale (1.77 arcsecond/pixel) large 
enough to prevent potential errors derived from 
Charon motion, but still small enough for allow 
quality astrometry. Only on one night we experi-
mented enlarging resolution (0.89 arcsecond/pixel) 
but found no practical difference. 

 
6.  Differential Astrometry à la Carte 

Measuring minute parallax angles requires preci-
sion but not accuracy. ‘Precision’ relates to how 
many significant decimal places in a given measure-
ment can be confidently stated; ‘accuracy’ relates to 
how closely a measurement matches the underlying 
true value (Buchheim, 2007). Here, our objective is 
to measure tiny displacements relative to background 
stars as precisely as possible. 

A target’s astrometric solution means deriving its 
celestial coordinates by comparing its position rela-
tive to a given set of reference stars – ‘differential 
astrometry’. The modern way to perform differential 
astrometry is by matching the image in question to a 
computed stellar chart representing in a plane the 
corresponding area of the celestial sphere. In theory, 
measured coordinates of the reference stars appearing 
on the image should match exactly the computed 
coordinates on the chart. In practice, this is never the 
case due to uncertainties in the reference star posi-
tions, random errors in the reference star centroids, 
atmospheric distortions, imaging aberrations, etc. 
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Figure 6. The 15 x 12 arcmin star field around Pluto on 
May 16th, 2012 (chart centered on coordinates (2000) 
18:38:25; -19:14:10). North is down. The reference stars 
actually used for finding out Pluto’s astrometry are la-
beled according to data in Table 3. Comparatively, the 
CCD field-of-view used for this study was twice as large 
(23 x 16 arcmin). 

In order to minimize errors, astrometry programs 
normally use as many reference stars as possible; in 
other words, all available nearby catalogued stars. 
This is in general a wise practice – but not for our 
specific purpose of measuring Pluto’s parallax. At 
our required subarcsecond precision astrometry, per-
formed on images necessarily taken at very different 
sky altitudes, atmospheric refraction inevitably dis-
torts the relative position of different color stars as air 
mass varies. 

 
Table 3. The exclusive reference stars set used for deriv-
ing Pluto’s astrometry on all images taken on May 15 
and 16, 2012. 

Therefore, we avoid this by selecting a particular 
set of reference stars – those that happen to be about 
the same color index as Pluto (B-V = 0.8) and placed 
nearby around it, preferentially at about the same 
angular distance from Pluto. The same stars are used 
on both consecutive nights, to avoid any errors 
caused by using separate arrays of reference stars. 
Figure 6 shows which the chosen stars were for the 

nights of May 15 and 16, and Table 3 summarizes 
corresponding data. 

In effect, Pluto’s astrometry data derived from 
the selected set of 10 reference stars did differ from 
data automatically obtained from the whole set of 75 
available nearby stars. Table 4 compares the values 
for observations taken on May 16, 2012. The first 10 
images were taken at a sky altitude of 19º, while the 
other 10 images were taken about 5 hours later, 
around Pluto’s culmination at an altitude of 78º. For 
those taken earlier at low altitude (that is, from those 
where the parallactic angle was going to be later de-
rived), both Pluto’s RA and DEC yield relative large 
and consistent differences depending on the reference 
stars used (shown in the last two columns). 

 
Table 4. Comparison of Pluto’s astrometry for the 20 
images taken on May 16, 2012, derived from the exclu-
sive 10 reference stars set (second and third column) to 
corresponding astrometry automatically derived from 
nearby 75 reference stars set (fourth and fifth columns). 
Relative differences (in seconds) are showed in the last 
two columns. 

The same procedure was performed for each one 
of the April and July imaging sessions. This tedious 
homework was the indispensable toll allowing us to 
safely cross the labyrinth towards the good sub-
arcsecond data exit. Astrometric measurements de-
rived from ‘standard’ (automatically performed) as-
trometry on the same star field imaged at quite differ-
ent sky altitudes was simply not precise enough for 
the hard requirements imposed at the subarcsecond 
level. As a matter of fact, none of our previous suc-
cessful asteroid parallax measurements required dif-
ferential astrometry à la carte; however, dealing with 
Pluto showed us there was no other way but to roll up 
our sleeves and just do it. 

 
7. Data Assessment and Final Analysis 

Once Pluto’s differential astrometry was derived 
from a carefully selected set of reference stars, the 
next step was to determine corresponding T0 and 
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RA0 from each set of 10 images taken while Pluto 
was very close to the Meridian. From each pair of 
consecutive nights, a linear approximation for the 
geocentric right ascension was immediately derived. 
Knowing the linear RA rate it was possible to deter-
mine the variable diurnal parallax angle for each im-
age. 

The next task was to assess the quality of 
achieved data around each transit time. This assess-
ment was performed by finding the average variable 
parallactic angle and its standard deviation for those 
sets embracing culmination (in a perfect world, both 
the average variable parallactic angle and the stand-
ard deviation would have been zero). Then, data dif-
fering from the average by more than one standard 
deviation were rejected, so that a new T0 and RA0 
were recomputed. To illustrate this move, Table 5 
presents in particular the ten measurements obtained 
around Pluto’s culmination on July 27, 2012, and 
identifies which ones were rejected due to notorious 
differences from the average value. 

 
Table 5. Data corresponding to the transit set of July 27, 
2012 (July, Observing session #3). 

Rejecting discordant data had no influence on the 
corresponding T0 but did modify – although slightly 
– the resulting RA0. Figure 7 shows this effect for the 
data presented in Table 5. At top, the original data 
from the 10 observations gave RA0 = 18.52161635 h, 
while after rejecting the first, third, fourth and sev-
enth observations, the obtained value at bottom was 
RA0 = 18.52161669 h (a minuscule difference of just 
0.00000034 h). However, these sifting certainly im-
proved the final quality of our results. This exempli-
fies how challenging the realm where subarcseconds 
rule actually is. No such data iteration had been re-
quired in our previous study, as measurement errors 
were comparatively smaller here. 

Now it was time to compute the variable paral-
lactic angle for the sets of images taken far away 
from culmination. Figure 8 presents all variable par-
allactic angles measured for each night. The plot for 
July 2012, Observing session #2 (July 26, 2012) ap-
pears twice because it was part of two different pairs 
(July 25-26 and July 26-27) so that the same input 
processed by means of different RAgeo linear approx-
imations certainly gave different results. 

Similarly as was done for the transit sets, for 
each low-altitude set the average variable parallactic 

angles and the standard deviations were determined. 
Once again, data differing from the average by more 
than one standard deviation were rejected. The re-
maining   data   were  used   to  determine  a  single 
parallactic angle, which corresponded to the average 
time of the accepted low-altitude data. By means of 
Equations 2 and 3, Pluto’s distance and the corre-
sponding Diurnal Parallax Maximum Angle were 
found for each observing session. 

Table 6. Results from each one of observing sessions. 
Except for the last three rows, corresponding RAgeo 
motion was replaced by a linear representation; for the 
last three rows it was used a quadratic representation. 

 
 

Figure 7. The graph at top shows the original ten 
measurements obtained around transit of July 27, 
2012. The corresponding exact intercept value is 
RA0 = 18.52161635 h. Once the ‘bad’ data were elim-
inated (from the left, the first, third, fourth and sev-
enth points) the new intercept value changed to RA0 
= 18.52161669 h, as seen in the bottom graph. 
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Figure 8. Variable diurnal parallax angles (expressed in arcseconds) obtained along each observing night for this 
study, by means of using a linear approximation for the geocentric RA motion. Horizontal axes correspond to 
respective elapsed times (in hours). July 26, 2012 data (July 2012, observing session #2) appears twice, as it was 
used as the second-night data for the pair July 25-26, and as the first-night data for the pair July 26-27. Outlying 
values (that is, data lying outside the ‘normal’ range defined as the average values plus or less corresponding 
standard deviations) were later on rejected. According to Table 1, April and May sessions (prior to opposition) 
gave smaller φ values for each first-night session (when RAgeo was overestimated) compared to those for corre-
sponding second-night session (when RAgeo was underestimated), while the opposite happened for July ses-
sions (past opposition). 
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Table 6 presents the final results (Pluto’s dis-
tance and Diurnal Parallax Maximum Angle). As 
already discussed, averaging results from each pair of 
observing sessions yielded much better values, as 
errors from the two nights have opposite signs and 
tend to cancel out. 

All but the last three rows correspond to results 
obtained from a linear approximation for the RAgeo 
motion. Distance error for the first pair of sessions 
was pretty large (48.1%), somehow confirming that 
the 4-Point Backyard Diurnal Parallax Method is not 
suitable near the “stationary point”, where the target 
is reversing its motion (either from direct to retro-
grade motion or vice versa). On the other hand, dis-
tance errors for the remaining pairs – those corre-
sponding to when Pluto was frankly within retrograde 
motion – were quite good (-18.5%, -8.3% and 6.9%). 

All these outcomes firmly confirm the usefulness 
of the 4-Point Backyard Diurnal Parallax Method for 
determining the distance to any asteroid near opposi-
tion. The method needs a total observation time of 
only 40 minutes on two consecutive nights, with 
modest amateur equipment. However, dealing with 
parallaxes at the subarcsecond level does require 
much more care at the data processing stages as com-
pared to the “usual” handling for main-belt asteroids. 
In particular, it is indispensable that (a) astrometry 
should be done by using only a selected appropriate 
set of reference stars, and (b) input data must be scru-
tinized in order to get rid of those slightly discordant 
values that otherwise would degrade results. 

Finally, we tested a slightly different approach 
for handling the target’s proper motion. Instead of 
using a linear representation for Pluto’s geocentric 
right ascension, derived from transit data from two 
consecutive nights, we took advantage of having 
three consecutive nights observed in July. From the 
three transit observations we were able to obtain a 
more accurate quadratic representation of Pluto’s 
RAgeo vs. time. The analytical equations for the linear 
and quadratic solutions are showed in Figure 9. 

The numerical difference between them appears 
only at the sixth decimal place. For instance, the cor-
responding RAgeo values for t = 45 hours are 
RAgeo(linear) = 18.5234566 h and RAgeo(quadratic) = 
18.52345547 h. Once again, despite this minuscule 
absolute difference, exactly the same data input 
yields noticeably different results, as showed in Fig-
ure 10. For each night, the relative variable parallac-
tic angle distribution remains the same, but due to the 
more accurate RAgeo representation the data bundle 
clearly moves vertically at right in the ‘right’ direc-
tion – downwards for Observing sessions #1 and 2b 
(i.e., those first-night sessions for which a RAgeo line-
ar rate yielded overestimated parallax angles), and 
upwards for Observing sessions #2a and 3 (i.e., those 

second-night sessions for which a RAgeo linear rate 
yielded underestimated parallax angles). 

 

 

 

Figure 9. The 3 data points appearing in both graphs are 
exactly the same – they are Pluto’s T0 and RA0 for July 
25, 26 and 27, 2012. At top, the two different linear seg-
ments joining such data points and corresponding ana-
lytical expressions; at bottom, the single second-order 
curve joining such data points and corresponding ana-
lytical expression. Due to the fact that we are dealing 
with minuscule differences, neither the graph at the top 
appears to show two different tilted lines – as it’s actual-
ly the case – nor the graph at the bottom appears to 
show a curve (with a positive concavity) – as it’s also 
the actual case (and at the same time a much accurate 
representation of Pluto’s RAgeo (t) while in retrograde 
motion after opposition). 

The last three rows of Table 6 correspond to re-
sults obtained by means of a quadratic representation 
for the geocentric right ascension. In these cases, 
errors for Pluto’s distance derived from direct obser-
vation – not from averaging any pair of underesti-
mated and overestimated values – were quite satisfac-
tory (respectively, -21.7%, -6.1% and 5.4%) at the 
price of requiring one more transit data than the Spar-
tan 4-Point Backyard method. 

 
8. Further Work 

The distance to nearby stars can be accurately 
determined by measuring their parallax angle while 
the Earth orbits around the Sun. The geometry of this 
situation is exactly the same as drawn in Figure 1, 
except that now the circumference represents the or-
bit of the Earth. As the Earth orbits around the Sun, 
any observer on its surface sees the star’s parallactic 
angle φ constantly varying, from a maximum value 
occurring whenever the Earth is at right angle to the 

y = -6.40443368E-05x + 
1.85263386E+01

R² = 9.99999863E-01

y = -6.33808855E-05x + 
1.85263054E+01

R² = 9.99999996E-01

y = 1.38606263E-08x2 -
6.50999062E-05x + 1.85263568E+01

R² = 1.00000004E+00
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plane perpendicular to the Ecliptic which also con-
tains both the Sun and the star (some 3 months prior 
or after star due opposition) to a null value whenever 
the Earth happens to also be placed on such plane 
(star opposition). 

If the beginning of the time parameter is strategi-
cally selected to coincide with the moment of the star 
opposition, then our reasoning for the diurnal paral-
lax effect is completely equivalent for the star paral-
lax case – and hence, the related equations can be 
accordingly translated. The “exact time of the aster-
oid culmination” now becomes the “exact time of the 
star opposition”, and the “geocentric motion of the 
asteroid” now becomes the “proper motion of the 
star”. Otherwise the formulation will be identical. 

Therefore, the 4-Point Backyard Diurnal Parallax 
Method would work basically the same for the dis-
tance determination of a nearby star – except this 

time to collect the four data points will span 15 
months instead of just 30 hours.  

Considering that the parallax angle of nearby 
stars is about the same as Pluto’s (Sirius’ annual par-
allax is actually 60% larger than Pluto’s diurnal par-
allax), the parallactic determination of their distance 
seems to be a feasible task and therefore our next 
logical challenge to face. 

 
9.  Conclusions 

Although this project does not deliver any new 
science results, it is a wonderful educational experi-
ence and it provides a convenient “dry run” for at-
tempts to measure stellar parallax. Both stellar (annu-
al) parallax and Pluto (diurnal) parallax demand as-
trometric precision of better than 0.1 arcsecond; but 
the “Pluto” project can be done in a few nights, 
whereas the stellar annual parallax requires observa-
tions spanning about 15 months. The “Pluto” project 
highlights careful procedures that are needed for pre-
cision parallax determinations: selection of a con-
sistent set of astrometric reference stars, and having a 
method of dealing with the target’s proper motion 
(orbital motion in the case of Pluto). For both Pluto 
and nearby-star parallax, the target’s proper motion 
may be of the same order of size as the parallax, so 
both effects must be dealt with in any parallax pro-
ject. 

The good-accuracy results achieved here were 
probably helped by the southern-hemisphere location 
of OLASU, where the observations were made. 
Pluto’s southerly declination placed it high in the sky 
at transit, when viewed from Uruguay. 

There is a curious oddity in these results, in that 
the 4-Point Backyard Diurnal Parallax Method works 
best when the target is near opposition. This is in 
contrast to the early historic asteroid parallax meas-
urements that were used to determine the scale of the 
Solar System. The early investigators selected nights 
where the asteroid was “stationary” as their way of 
minimizing the effect of relative orbital motion be-
tween Earth and asteroid. The “4-point” method, on 
the other hand, works best near opposition (when the 
Earth-target relative rate is maximum) because it uses 
a model of constant-speed relative motion. With the 
“4-point” method, the important consideration is that 
the target’s relative orbital motion be non-
accelerating, which is best achieved near opposition. 
This incentive for doing the project near the time of 
the target’s opposition probably makes it more con-
venient for student projects. It certainly makes for 
more flexible scheduling of the observing nights, 
since any convenient pair of consecutive nights with-
in about a month of opposition can be used. 

 

Figure 10. Comparison of the same input data but hav-
ing been processed via different representations for 
Pluto’s RA motion (at left, by linear rates; at right, by 
quadratic rates). Due to the more accurate quadratic 
rate, bundle data from first-night sessions (first and 
third rows) appear at right moved down, while bundle 
data from second-night sessions (second and fourth 
rows) appear at right moved up – in accordance with 
the discussed φ errors introduced by a linear represen-
tation for Pluto’s RAgeo retrograde motion past opposi-
tion for observations prior to culmination (see Table 1).
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Abstract 

We report the results of an international collaboration that attempted to obtain the complete lightcurve of the as-
teroid 1110 Jaroslawa. The Comp Star Selector routine in MPO Canopus was used in order to simplify the 
matching of the data from the different observers. Although a reasonable coverage of the lightcurve was ob-
tained, analysis of which was in general agreement with previous results, further observations will be needed to 
get the complete lightcurve.  

1. Introduction  

This is an attempt to try and obtain a full 
lightcurve of the asteroid 1110 Jaroslawa. Previous 
observations, taken in 2011, indicated a rotation peri-
od of almost exactly four days (Clark 2012). Since 
the rotation period is so long, international collabora-
tion was required in order to get a full lightcurve. In 
light of this requests were made for observers to join 
a collaboration for the 2013 opposition. Julian Oey in 
New South Wales Australia and Frederick Pilcher in 
Los Cruces New Mexico agreed to assist in this pro-
ject.  

   
2. The Observations  

While various problems with equipment and 
weather limited the amount of data that could be col-
lected, observations were obtained on a total of 23 
nights between 2013 January 20 and April 11. These 
observations are summarized in Table 1. 

 

Table 1: Observation contributions and details. 

3. Data Analysis 

MPO Canopus was used to analyze the data. At 
first some difficulty was experienced in combining 
all of the data. In discussions with Oey, he suggested 
that the method in MPO Canopus, called the Com-
parison Star Selector (CSS) be used to simplify the 
merging of the data. 

CSS lets the user select comparison stars with 
the same spectral type as the sun. This is beneficial 
since it minimizes errors caused by differential color 
extinction due to altitude. In other words, the light 
from the asteroid and the comparison stars are affect-
ed about the same way as they set.  

Date Range Longitude Observatory Nights 

Mar 12-Mar 16 106.76 W Las Cruces 4 

Feb 18-Apr 11 149.57 E Kingsgrove 12 

Jan 20-Apr 1 101.85 W Texas Tech 7 
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After the 2013 data were reprocessed using the 
CSS method, the combining of the data proceeded 
much more smoothly and a reasonable lightcurve was 
obtained.      

 
4. Results 

4.1 2011  

Clark (2012) reported a synodic period of 94.432 
hours with an amplitude of 0.8 magnitude. However 
as can be seen in Figure 1, there were a number of 
gaps in the lightcurve.  

 
Figure 1: 2011 lightcurve of 1110 Jaroslawa  

4.2 2013  

 
Figure 2: 2013 lightcurve of 1110 Jaroslawa  

The lightcurve derived from the 2013 data is 
shown in Figure 2. As can be seen, it is broadly simi-
lar to that derived by Clark, i.e., having two unequal 
maxima and a total amplitude of 0.8 magnitude. 
However, the derived synodic period was slightly 
different, 97.44 hours. Unfortunately, much like the 

2011 result, there are still several gaps in the 
lightcurve. 

 
4.3 2011 and 2013 Combined  

The data from the two oppositions were then 
combined to see if they were compatible and in an 
endeavor to fill out the lightcurve. This result is 
shown in Figure 3.  

 
Figure 3: 2011/13 lightcurve for 1110 Jaroslawa 

Even with all of the data combined there are still 
a few gaps. This means that this still is not a full 
lightcurve, but it is close. Early during the analysis of 
the 2013 data it was speculated that the asteroid 
might be a tumbler. However, looking at the results 
finally attained, this appears not to be the case. If 
more data can be obtained at a future opposition, this 
suggestion could be resolved more definitively.  

 
5. Conclusion 

The collaboration proved to be a valuable exer-
cise for studying the asteroid and learning the intrica-
cies of data analysis, and resulted in a lively email 
correspondence. The results obtained broadly con-
firmed the 2011 results. However a complete cover-
age of the lightcurve still eludes.   

The next opposition of the asteroid is in Septem-
ber of 2014. It will then be at magnitude 13 and 
therefore reachable by observers even with smaller 
telescopes. It will also be located in the constellation 
Pisces, making it accessible to observers in both hem-
ispheres. This will be an excellent opportunity to 
obtain a full lightcurve. We are therefore requesting 
collaboration with observers at various longitudes to 
assist in making a detailed study of the asteroid. 
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Abstract 

The MOTESS-GNAT variable star survey catalogs are producing large numbers of previously unknown and un-
studied variable stars of a wide range of types. These stars include everything from well recognized archetypes 
to very unusual and interesting stars with presently unpredictable behavior. In most cases these stars are in 
need of more intensive follow-up observation. Such observation initially involves expanded photometric observ-
ing programs to better characterize variability. This may be because of short period systems that show aliased 
periods, it may be longer period systems that show superposed trends of period variations, it may be irregular 
systems that are recognized but poorly characterized. In some instances, the stars exhibit interesting, but wholly 
erratic and unpredictable behavior. In this paper we show how to find interesting stars in the survey data, discuss 
the necessary follow-up observations, and show numerous examples of some of the stars studied to date. We 
encourage SAS members to consider joining us in characterizing these stars. 

1. Introduction 

The MOTESS instrument has been described 
previously (Tucker, 2007). Each MOTESS-GNAT  
survey yields, depending upon statistical acceptance 
criteria, about 25,000 variable star candidates. The 
first survey, the MG1 survey, is to be found online at 
http://vizier.cfa.harvard.edu/viz-bin/ftp-
index?/ftp/cats/aliases/M/MOTESS-GNAT. Besides 
the designation and coordinates, each entry includes 
the R magnitude, amplitude, standard deviation of the 
observations, photometric error, skew of the light 
curve, number of observations, the log of the auto-
matically-determined period, and the log of the prob-
ability that the period is false. It would be worthwhile 
to elaborate on these descriptive metadata so that the 
user may properly interpret the numbers. 

2. Catalog Statistics 

Let’s consider an initial example, MG1-22881. 
According to the table entries, this object has an R 
magnitude of 13.511 and an amplitude of variation of 
1.137 magnitudes. Sounds impressive! However, the 
standard deviation is only 0.06, not much above the 
photometric error of 0.045 magnitudes. Supposedly, a 
picture is worth a thousand words. Figure 1 tells us a 
lot in a single glance. Note that when looking at these 
graphs the lower half shows the photometric data set, 
in this case two seasons, while the upper half shows 
the result of an automated attempt to determine a 
period. The large amplitude results from a single, 
likely aberrant, data point. The data processing pipe-
line that produced the MG1 photometry used as its 
source the images from two different tele-
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scope/camera combinations separated in time by only 
about twenty minutes. If both images provide similar 
numbers for the brightness of an object, we might 
have a high degree of confidence that the change in 
brightness was real. In this particular instance, only 
one telescope saw anything unusual. We must con-
clude that the observation is in error or the event last-
ed for less time than the interval between the two 
images. Perhaps the future will provide a more inter-
esting answer but I would conclude that this is not a 
compelling candidate for further observations. 

 
Figure 1. The MG1 photometric data for MG1-22881. 

When evaluating whether an object might be de-
sirable for follow-up observations, one may also refer 
to the log(ProbFA), i.e., the logarithm of the probabil-
ity of a false alarm, as to the variability of an object. 
For MG1-22881, this logarithm was –0.11 or about 
77.6%. Compare this with the number for MG1-
27709 of –17.82, which equates to about one chance 
in 7 x 1017. One may have some degree of confidence 
that this is indeed a variable object. Figure 2 shows 
the MG1 photometric data graphic. Note that brighter 
is to the bottom and fainter is to the top, the inverse 
of the usual representation for photometric light 
curves. It’s pretty apparent that these data show actu-
al variability. A little work with Peranso (Period 
Analysis Software) using the MG1 photometric data 
produces the nice light curve that we see in Figure 3 
of what appears to be a common, garden-variety Ce-
pheid variable with a period of 18.97681 days, in 
close agreement with the 19.055 day period listed in 
the MG1 catalog. 

 

 
Figure 2. The MG1 photometric data for MG1-27709. 

 
Figure 3. The Peranso light curve for MG1-27709. 

This close agreement between the period deter-
mined by Peranso and that listed in the MG1 catalog 
may frequently be true for those objects with periods 
of four days or longer but one must be very cautious 
with objects with shorter periods. 

The MOTESS instrument acquired images with a 
very rigid cadence of one image per sidereal day per 
telescope. Light curve analysis of shorter period ob-
jects produces aliased results that may suggest the 
shape of the actual light curve but with very wrong 
periods. Occasional attempts to guess the actual peri-
od before follow-up observations were usually not 
even close. 

Let’s consider an example, MG1-26653. Figure 
4 shows the MG1 catalog light curve. Note the 
“bouncing ball” light curve. The automated period 
determination routine result listed for this object in 
the catalog is 2.223 days. Compare that with the fol-
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low-up photometry shown in Figure 5 and the meas-
ured period of 7.42296 hours. Figure 6 is a Peranso 
periodogram resulting from operating upon the origi-
nal, aliased survey with guesses ranging from five to 
twelve hours. The seven-hour actual period is among 
the peaks shown but there is nothing that distin-
guishes it as the correct answer. 

 
Figure 4. The MG1 photometric data for MG1-26653. 

 
Figure 5. The light curve for MG1-26653 resulting from 
follow-up photometry. 

 
Figure 6. The Peranso periodogram for MG1-26653 from 
MG1 survey data showing solutions in the range of five 
to twelve hours. 

3. Things are Not Always Simple 

3.1 Case Study 1: MG1-701659 

For a long time the follow-up procedure was to 
quickly get enough photometry to produce a 
moderately precise period, enough to unambigu-
ously determine a unique, precise solution from 
the MG1 survey photometry, and then go on to 
the next candidate star. More recently, we’ve be-
gun to see “complications” in the light curves of 
some objects that reveal they are more interest-
ing than one might think initially. Let’s look at 
MG1-701659. After the first night’s follow-up 
photometry was acquired, a period of about nine 
hours was expected. Based upon that first esti-
mate, the light curve of Figure 7 resulted from 
the strongest correlation at 9.04533 hours. This 
wasn’t a very pretty result and strongly suggest-
ed something else was going on. Several nights 
of photometric observations resulted in the light 
curve of Figure 8 and a period of 9.05972 hours. 
The MG1 survey data from only the second sea-
son were then plotted assuming the 9.05972 hour 
period and the interesting result in Figure 9 was 
produced. It would appear that this star is strong-
ly periodic but with occasional phase shifts. 
 



Tucker et al: MOTESS-GNAT Variable Stars 

44 

 

 
Figure 7. The light curve for MG1-701659 resulting from 
follow-up photometry. 

 
Figure 8. The light curve for MG1-701659 resulting from 
follow-up photometry. 

 
Figure 9. The light curve for MG1-701659 resulting from 
follow-up photometry. 

3.2 Case Study 2: MG1-215341 and MG1-
646844 

This was another instance in which the period 
revealed by follow-up photometry produced a 

fuzzy, unsatisfactory light curve from the origi-
nal survey data for MG1-215341 as seen in Fig-
ure 10. The MG1 data were then divided into the 
two observing seasons and plotted separately. 
Note the difference in the depths of the two min-
ima from the first season and the second season 
one year later. During the first season (Figure 
11), the minima are almost equal in depth where-
as in the second season (Figure 12) they are dif-
ferent by about 0.2 magnitudes. The light curve 
from the follow-up photometry shows a differ-
ence of about 0.3 magnitudes as seen in Figure 
13. 

 
Figure 10. The MG1 photometric data for both seasons 
of MG1-215341. 

 
Figure 11. The MG1 photometric data for the first season 
of MG1-215341. Note the minima are almost equal in 
depth. 
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Figure 12. The MG1 photometric data for the second 
season of MG1-215341. Note the minima are now differ-
ent by about 0.2 magnitudes. 

 
Figure 13. The follow-up photometric data for MG1-
215341. Note the minima are now different by about 0.3 
magnitudes. 

This sort of rapid evolution of an eclipsing bina-
ry must be very rare and we must have been extreme-
ly fortunate to have captured such an event. Or so we 
thought until we looked at the photometric data of 
MG1-646844. Figure 14 shows the first season and 
figure 15 shows the second season. This is a moder-
ately bright object. The presence of so much scatter 
in the data more likely suggests dynamic behavior of 
this system rather than poor signal-to-noise. 

 

 
Figure 14. The MG1 photometric data for the first season 
of MG1-646844. Note the minima are about 0.1 magni-
tude different in depth with one outlying point. 

 
Figure 15. The MG1 photometric data for the second 
season of MG1-646844. Note the minima are now differ-
ent by about 0.3 magnitudes. 

What’s happening in these systems that can 
explain such a rapid change in light curve? These are 
eclipsing binaries of some variety. Are the orbital 
planes of these pairs precessing because of the 
influence of a third body? Is there some sort of mass 
exchange going on? Clearly these objects will repay 
continuing scrutiny. 

 
3.3 Starspots  

We have seen numerous instances of eclipsing 
binaries with asymmetrical light curves. This is 
most likely due to starspots. We present a couple 
of examples here. 
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Figure 16. The follow-up photometric data for MG1-
625490 showing some mild asymmetry of the maximum 
phases. 

 
Figure 17. The follow-up photometric data for MG1-
1995959 showing the very significant asymmetry of the 
maximum phases. 

4. Discussion 

A two-year MOTESS-GNAT survey yields over 
20,000 variable star candidates, each with a photo-
metric history covering two observing seasons. Alt-
hough the sampling rate is one observation per object 
per telescope, periodic light curves may still be rec-
ognized and de-aliased once high-time-resolution 
follow-up observations permit determination of the 
true period. 

Many variables will merit further monitoring if 
they reveal progressive changes in behavior. Such 
observations may be collected with modest instru-
mentation and are excellent opportunities for amateur 
astronomers and school science programs to make 
valuable contributions to the body of astronomical 
knowledge. 
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Abstract 

A large number of contact binary system candidates have been discovered in the MOTESS-GNAT (MG) variable 
star surveys. These stars are intrinsically interesting as laboratories for stellar evolution, as sources of stellar 
physical parameters, as potential sources of star spot data, and as excellent targets for dedicated small tele-
scope observing. Because these systems typically have periods shorter than the MOTESS survey observing 
cadence, the computed periods in the MG variable star catalogs are likely all in error due to aliasing. Thus, all of 
these stars are candidates for follow-on observing with an initial goal of establishing correct periods. Because the 
MG catalogs span over a decade of observations, such follow-up observing can be compared with the original 
survey photometry to also investigate variations in the determined periods. Periods for these stars are less than 
a day, so a small number of long nights of continuous photometry are adequate to accurately determine their 
periods. This offers a productive program for small telescope observers. In this paper we show how to recognize 
potential contact binary candidates in the survey observations, discuss the necessary follow-up observations, 
and provide numerous examples of systems identified to date. We encourage SAS members to consider joining 
us in characterizing these stars. 

1. Introduction 

Close or contact eclipsing binary star systems 
individually display interesting diversity in the details 
of their behavior. Their study as a group offers the 
possibility of identifying correlations between pa-
rameters of individual systems that can help untangle 
some of the dynamics and idiosyncrasies of these 
stars. Photometry alone is inadequate to answer all of 
our questions about the appearance of contact bina-
ries, but it is an important starting point, and one to 
which dedicated small aperture telescope observers 
can make a significant and satisfying contribution. 

Numerous all sky and automated surveys have 
the potential of detecting previously unknown contact 
binary systems, and each of these discoveries are 
likely to benefit from more intensive follow-up study. 
We describe here our early experience in identifying 
and observing contact binary stars originally discov-
ered in the MG1 Variable Star Catalog (MG1 VSC; 
Kraus et al. 2007). 
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2.  Background 

2.1 MG1 VSC 

The Moving Object and Transient Event Search 
System (MOTESS; Tucker 2007) and the Global 
Network of Astronomical Telescopes (GNAT) have 
combined efforts to produce the MOTESS-GNAT 
variable star catalogs (MGn VSC). 

The original MOTESS science driver was aster-
oid discovery, and the GNAT interest has been in the 
study of variable stars. To this end, the MOTESS 
scan-mode equatorial CCD imaging sky survey data 
were reduced to search for variable stars. 

The MOTESS protocols have been described in 
detail elsewhere in the literature cited and we briefly 
summarize them here. 

The primary MOTESS survey instrument con-
sists of three 35-cm aperture Newtonian reflector 
telescopes, each equipped with a 1024x1024 pixel 
thermoelectrically cooled CCD camera. The tele-
scopes are typically pointed at the same declination 
and separated in hour angle by about 20 minutes in 
time. 

The rotation of the Earth is compensated by 
CCD clocking allowing the continuously recorded 
image to be read out at the same rate as the Earth 
turns. Typically 150 to 230 1024x1024 pixel images 
were obtained per night depending on the season. The 
integration time of each image is set by the declina-
tion of the field and the geometry of the telescopes, 
but is typically about 193-sec, yielding a clear chan-
nel (silicon response) limiting magnitude of about 20. 
The field of view (FOV) of the parsed images is 
about 48x48 arcmin. 

Data products of the MG1 VSC include the fol-
lowing: 

 
• Processed photometric data for each star in the 

catalog (.txt file). 

• Summary data table with coordinates, R 
magnitude, lightcurve statistics, and an attempt 
to determine periodicity (Microsoft™ XLS file). 

• Raw observed lightcurve (.gif file). 

• Attempted phased lightcurve (.gif file). 
 
MG1 VSC data are integrated into the Sinbad da-

tabase (MG1 2007) and are available at the GNAT 
website (www.gnat.org). 

It is important to understand some of the MG1 
VSC data limitations; in this context it is useful to 
think of this catalog as a coarse sieve to extract and 
roughly characterize new variable stars. The catalog 

does not provide final and definitive classifications of 
its stellar content.  

A particularly deceptive parameter in the catalog, 
especially for the indiscriminate user, is the period 
determination. It must be noted that a period is de-
termined for each star in the catalog, whether period-
ic in variation or not. Further, the period determined 
is used to generate a phased lightcurve, whether the 
lightcurve is periodic or not. It is a fact that many of 
the stars in the catalog are not periodic variables. 

It must also be noted that the “periodicity” is 
based on the highest frequency probability of a given 
period, as calculated by a Lomb-Scargle algorithm 
(Lomb 1976; Scargle 1982), which may or may not 
be the most suitable for the nature of the star under 
investigation.  

The likelihood of a calculated period being real 
is suggested by a “false-alarm” probability included 
in the MG1 VSC database. A discriminating user of 
these data will always refer quickly to this probability 
in order to judge the reality of the published period. 

The second serious limitation with the MG1 
VSC periods is the prevalence of aliasing in bona fide 
short period periodic systems. The aliasing is due in 
part to the very precise interval cadence between suc-
cessive images, arising from the scan mode observing 
protocol. 

The inclusion of the lightcurve period and the as-
sociated phased lightcurves was a subject of consid-
erable debate in preparation of the MG1 VSC. The 
obvious objection to including these data was that we 
knew most of it was wrong, and were concerned that 
catalog users might be remiss in referencing the 
false-alarm probability. 

However, the more we worked with the catalog 
data the more we appreciated access to the phased 
lightcurves, even though we understood that most 
were in error. The reason for this is simple: visual 
examination of the phased lightcurves in particular is 
a highly informative key to the nature of the star. We 
can quickly judge whether the system is likely peri-
odic or not (though we may garner only a crude no-
tion of the actual period). Further, we can often make 
a rough classification of the type of the star. For ex-
ample, in spite of the errors in the phased lightcurves, 
we can generally use them to distinguish RR Lyr 
stars, eclipsing binary systems, long period variables, 
irregular variables, etc. For this reason we elected to 
retain both periods and phased lightcurves in the 
catalog, but with a strident warning to catalog users 
to understand the nature of these data. 

 
2.2 Contact Binary Candidates 

There are two ways to extract candidates for par-
ticular classes of stars from the MG1 VSC: 1) visual 
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examination of the lightcurves, and 2) systematic 
sorting and culling of catalog parameters to produce a 
short list of stars with specific characteristics. The 
choice of technique depends upon distinguishing 
characteristics of the stars of interest, and often a 
combination of both approaches must be used. 

For example, eclipsing binaries can often be ex-
tracted by sorting on the skew parameter, which is 
very sensitive in both sign and magnitude to relative-
ly small numbers of data points in high amplitude 
eclipses. We have demonstrated in the past that com-
bining this type of sorting with color binning and 
paring can very effectively produce reliable lists of 
otherwise difficult to discover M-dwarf eclipsing 
binaries (Kraus et al. 2011). 

Contact binary systems present a somewhat dif-
ferent situation. In this case the eclipses are not well 
separated in time and there tends to be a greater frac-
tion of lightcurve data points in mid and deep eclipse. 
This leads to neutralizing skew, but increasing stand-
ard deviation. Standard deviation is not a definitive 
discriminate here because other types of stars (for 
example RR Lyr, Cepheids) show similar effects, 
though perhaps of subtly different magnitude. 

Likewise, using color binning to help isolate 
candidate stars is of limited use here since contact 
binaries include different classes that span a broad 
range of color classes. 

We can significantly reduce the number of stars 
in our list by rejecting those for which the skew is 
large, the amplitude of variation exceeds about 0.8 
mag, and periodicity is demonstrably greater than one 
day. 

At this point we fall back on visual examination 
of the remaining lightcurves, and in particular on the 
appearance of the phased lightcurve. A very typical 
example star is shown in Figure 1. 

The MG1 VSC time series lightcurve looks like 
a high standard deviation scatter diagram with data 
points clustered in the two years of observation. The 
nominal phase diagram indicates that this star is peri-
odic, and that the lightcurve is to first order sinusoi-
dal in form, though clearly the period is in error. 

With such candidate stars in hand it is sometimes 
productive to make a more comprehensive periodo-
gram analysis of the original processed photometric 
data. For this purpose we use the program Peranso 
(Vanmunster 2011). The value in this step is we have 
greater control over the reduction parameters than 
was the case in the automatic  
pipeline analysis of the MG1 VSC. Additionally, we 
can sometimes satisfy ourselves that the revised peri-
od, and resulting phased lightcurve, are incompatible 
with a classification of contact binary for the star of 
interest. 

 
Figure 1. MG1 VSC data for MG1-1840, a contact binary 
candidate. The upper curve is the MG1 attempt at phas-
ing the time series photometry in the lower lightcurve. 
The magnitude scales are inverted, and the x-axis is 
elapsed days. 

Often the result of this step is a frustrating pleth-
ora of high probability frequencies of different peri-
ods, with no clear way to determine the true period. It 
is for this reason that we must resort to follow-up 
photometric observations. 

 
3. Observations 

To resolve period ambiguities described above, 
we have collected follow-up photometric observa-
tions. The observing protocol that works best for the 
short period contact binaries is to dedicate one or two 
nights observing per telescope per star of interest. We 
maximize dwell time by observing stars that are at 
large eastern hour angles at astronomical twilight. 
We autoguide on these fields and acquire CCD imag-
es at a cadence of about one frame every five minutes 
or so. This process is continued throughout the night 
until the star is lost in morning twilight. 

This work has been done with very small tele-
scopes, typically 8-in to 16-in aperture, each 
equipped with an SBIG CCD camera (several models 
are employed). In recent months, through North Car-
olina A&T University (NCAT) we have collected 
time series imaging photometry data through 
SKYNET, a distributed network of robotic telescopes 
operated by the University of North Carolina at 
Chapel Hill (www.skynet.unc.edu). These data have 
been collected with the SKYNET PROMPT 0.41-m 
Ritchey-Chretien telescopes. 
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The former telescopes, located in Arizona, are 
operated by Goodricke-Pigott Observatory and 
GNAT observatories. These telescopes can be dedi-
cated to stars of interest for an entire night, typically 
yielding about 8-hrs of dwell time on the target. The 
SKYNET observing is shared and rarely produces 
more than a two or three hour continuous sequence of 
data.  

Since we are simply trying to define basic peri-
ods as quickly as possible, we have obtained most of 
these images as clear channel observations. The 
SKYNET observations are clear channel, augmented 
with some V and R band images.  

 
4. Data Reduction 

Photometric reduction of the follow-up CCD im-
ages was accomplished using Maxim DL software; 
the reduction protocols were completely convention-
al. The raw images were calibrated by subtracting 
dark frames and dividing by flat field frames. Aper-
ture photometry routines were applied to the program 
stars and a small number of surrounding comparison 
and check stars. The resulting measures were record-
ed as differential magnitudes as a function of time of 
observation. 

The differential photometry was plotted as a 
function of time to yield a lightcurve that typically 
captured all or most of a full eclipse cycle, thus ena-
bling a fairly accurate estimate of the true period. 

The data were then imported to the Peranso 
software package. An Analysis of Variance 
(ANOVA) periodogram routine was applied to the 
data using a narrow range of time centered on the 
estimated period of the star. In the instances where 
we had observed a full night, and had captured most 
of a full cycle, this process produced a very accurate 
period. Those observations that were based on one to 
three hours of observing per night over a course of 
several nights were more ambiguous, since we could 
not make an accurate estimate of the real period, and 
the periodogram analysis generally returned several 
possible options.  

After calculating an accurate period from the fol-
low-up observations we were able to return to the 
original MG1 VSC survey data and repeat the peri-
odogram analysis, searching for a period very close 
to that determined in the follow-up observations. This 
generally was a fruitful endeavor, and tended to ade-
quately fit the original survey data. 

It is a characteristic of contact binary systems 
that they can change periods over time, often in errat-
ic ways; the sign of the change can alternate as well. 
It is important to remember that the time baseline 
between acquisition of the MG1 images and the fol-
low-up images described here is more than decade, 

and that the duration of the MG1 survey itself was 
over two years. 

We see several possible consequences of these 
timing issues. Occasionally the follow-up period, 
when applied to the original data, simply does not fit. 
Other times, the follow-up period “fits” the original 
data, but yielding considerable scatter in the resultant 
phased lightcurve. We also find examples where the 
original data only produce a coherent period (or peri-
ods) if we parse the data set into smaller segments of 
time (for example one or two month series of data 
points at a time). 

As an example we can review the results of the 
reduction protocol for the star shown in Figure 1, 
MG1-1840. We show the follow-up phase diagram, 
based on two nights of observation, in Figure 2. Both 
nights of follow-up observation produced a complete 
orbital cycle for the system. 

As an aside, we note that both different eclipse 
minima, and unequal maxima, are observed in the 
lightcurve.  

 
Figure 2. Phased data for MG1-1840 based on follow-up 
observations that yielded an unequivocal period of 
6.2743h. 

With a secure period in hand, it was possible to 
revisit the original MG1 data and re-run a periodo-
gram analysis. The result of that effort yielded a fre-
quency peak very close to the observed follow-up 
period, and one that also produced a phased 
lightcurve of the right shape (i.e. two eclipses). The 
reality of the latter was reinforced by the presence of 
unequal minima. This lightcurve is shown in Figure 
3. 
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Figure 3. Phased data for MG1-1840 based on re-
analyzed MG1 survey observations that yielded a period 
of 6.2762h, very close to the follow-up period of Figure 
2. Compare with Figure 1. 

5. Data Summary 

We report here on 29 of the contact binary sys-
tems we observed. A summary of the observational 
data, and measured parameters of stars, is shown in 
Table 1. The content of Table 1 is abbreviated con-
siderably, since much other data on these stars is 
available in the original MG1 VSC database. 

In Table 1 we include the following columns: 1) 

the MG1 name of the star, 2) the period obtained in 
follow-up observations of 2011-2013, 3) the period 
determined in a re-examination of the original MG1 
data (epoch 2001-2003), 4) the difference in these 
periods, 5) the mean difference in successive maxima 
of the system, 6) the mean difference in successive 
minima of the system, 7) the mean R(MG1) magni-
tude of the system, 8) the amplitude of the variation 
as seen in the MG1 VSC data, and from 2MASS 9) J 
magnitude, 10) J-H color, and 11) H-K color. 

The delta maximum value in column 5 is meas-
ured in the sense of greatest maximum minus least 
maximum (expressed in magnitudes), and provides a 
measure of the O’Connell effect (c.f Davidge and 
Milone 1984). This metric is of interest as it is indica-
tive of potentially interesting chromospheric activity, 
or the presence of star spots. 

The delta minimum value in column 6 is meas-
ured in the sense of the first minimum following a 
high maximum minus the next successive minimum. 
This metric helps define the O’Connell effect, and 
further describes the system, in that the sign of the 
metric now becomes important. That is, the deepest 
eclipse can be either before or after the highest max-
imum.  

Name P (FU) P (MG1) Del P Del 
Max 

Del 
Min R_MG1 Amp J J-H H-K 

MG1- [hrs] [hrs] [hrs] [mag] [mag] [mag] [mag] [mag] [mag] [mag]
1840 6.2743 6.2762 -0.0019 -0.06 -0.03 14.353 0.745 13.117 0.382 0.077

25695 7.2816 7.2394 0.0422 -0.02 -0.08 16.593 0.522   
26653 7.5758 7.4230 0.1528 -0.04 0.12 15.943 0.632   
35663 7.0208 7.0218 -0.0010 -0.04 0.09 15.790 0.810   
60338 8.0027 7.8695 0.1332 0.00 0.00 17.083 1.104   
65399 5.4240 5.4893 -0.0653 -0.10 -0.11 17.069 1.341 15.287 0.743 0.149
66853 6.5722 6.5308 0.0414 -0.01 -0.04 15.604 0.720 14.034 0.589 0.071
79640 7.2072 7.2406 -0.0334 -0.06 0.10 16.880 0.919 16.102 0.674 0.279
84683 9.1746 9.1756 -0.0010 -0.02 0.05 14.874 0.517 14.141 0.333 -0.007
85414 5.4400 5.5170 -0.0770 -0.01 -0.03 13.974 0.364 12.269 0.531 0.115
86699 7.9239 7.9093 0.0146 -0.03 -0.06 14.507 0.738 13.114 0.449 0.092
94165 6.6385 6.6421 -0.0036 0.00 0.00 16.777 0.933 14.59 0.559 0.135

105676 6.1760 6.1267 0.0493 -0.06 0.15 16.574 0.747 14.662 0.569 0.208
215341 6.9005 6.7454 0.1551 -0.01 -0.28 17.054 0.851   
224650 10.2249 10.1793 0.0456 -0.02 -0.11 16.550 0.437 15.180 0.257 0.275
226909 7.2327 7.2389 -0.0062 -0.06 -0.02 15.205 0.563   
322041 8.4034 8.4053 -0.0019 -0.11 0.01 13.979 0.464 12.916  
376173 7.3529 7.4555 -0.1026 -0.01 -0.13 15.052 0.831 13.709 0.412 0.132
604023 6.4343 6.4220 0.0123 -0.03 0.08 15.824 0.445 14.595 0.589 0.071
608808 25.3893 25.4363 -0.0470 -0.01 0.26 12.746 0.918   
609281 6.1918 6.1396 0.0522 -0.01 0.12 16.578 0.858 15.355 0.401 0.174
609444 6.6912 6.7047 -0.0135 0.00 0.07 14.943 0.663   
636539 15.7638 15.7604 0.0034 -0.01 -0.06 13.402 0.320 12.725 0.211 -0.004
641578 6.4734 6.4815 -0.0081 -0.03 -0.12 15.899 0.537 14.918 0.476 0.130
664152 7.5860 7.5782 0.0078 0.00 0.16 16.831 0.748 16.151  

1950061 8.0670 8.0653 0.0017 -0.02 -0.06 13.950 0.581 12.644 0.420 0.047
1952477 6.6115 6.7635 -0.1520 -0.01 -0.10 14.245 0.598 12.669 0.430 0.106
2000645 8.3519 8.3609 -0.0090 0.00 0.05 14.788 0.623   
2017626 9.2200 9.2040 0.0160 -0.03 -0.03 14.697 0.539   

Table 1. Data summary for 29 MG1 VSC contact binary systems. See text for a description of the columns. 
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In the case that the O’Connell effect is not ob-
served (delta maximum = 0), we can still have a situ-
ation where |delta min| > 0. In this case the sign of 
delta min is ambiguous and is reported as a positive 
value in Table 1. 

The availability of color data for at least some of 
these contact binary stars allows us to look at the 
period-color relationship that is known to exist (Mo-
chnacki 1985). In Figure 4 we plot P(MG1) versus J-
K values taken from Table 1. 

 

 
Figure 4. P(MG1) versus J-K color for selected stars 
from Table 1. 

6. Discussion 

We have confirmed that the MG1 VSC is a rich 
source of newly discovered contact binary stars. A 
simple protocol described here has proven effective 
in extracting contact binary candidates from the cata-
log. These very short period stars are subject to alias-
ing in their period determinations due to the basic 
integral day imaging cadence imposed by scan mode 
imaging with a fixed telescope. To “break” this alias-
ing it is necessary to perform follow-up observations. 

The follow-up observations are most effective 
when a complete orbital cycle is recorded in a single 
night of observation. This ensures unambiguous de-
termination of the period at the epoch of observation. 
This period can then be applied to the archived data 
to resolve the issue of ambiguous frequency peaks in 
the periodograms. 

Service observing with subscription-based auto-
matic telescopes can be productive, but if they are 
limited to a small number of hours per star per night 
they must be augmented by observations from other 
coordinated telescopes. 

Examination of the archival, long baseline imag-
es, based on periods determined from follow-up ob-
servations, have proven very interesting. This work 
frequently reveals subtle period changes in the stars, 

and in a few cases is suggestive of constant periods 
with associated phase shifts. 

Often we see asymmetries in the lightcurves 
suggestive of star spots. In many cases these struc-
tures are temporal in nature and can be seen to 
change from one observing cycle to the next. 

We have only extracted a small number of the 
likely contact binary candidates from MG1 VSC, and 
none yet from the other five MG catalogs. We have 
performed follow-up observations on only a small 
percentage of these known candidates. There is a 
large sample of these stars remaining to be explored; 
their observation will bring statistical advantages to 
the analysis of this population. 

All of these stars will benefit from further obser-
vation, both photometric and spectroscopic. Because 
of their potentially dynamic nature, such observations 
are desirable over extended periods of time. Thus, the 
contact binaries discovered in the MG1 VSC are ex-
cellent candidates for dedicated collaborative observ-
ing programs. 
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Abstract 

The Kepler mission database provides a unique opportunity to study a specific class of variable star systems, 
ones that are both intrinsically and extrinsically variable. Specifically, this data base contains lightcurves on sev-
eral thousand eclipsing binary stars. Of this wide range of data, there are a number of star systems that show 
additional variation outside of the typical eclipse lightcurve. Six of these, so-called, multi-effect binaries are ex-
amined, and where possible, analyzed, to produce a model of the specific star system.  

1. Introduction 

The GCVS contains a limited number of variable 
stars that belong to several types of light variability 

simultaneously, and  these are represented in the 
catalog as variable  types joined in the cataglog 
“Type” field by a "+" sign (e.g., E+UG, UV+BY).  

The total number of these multi-effect variables 
is less than fifty, with the majority (31) being AM 
Her variables (E+AM), within an eclipsing binary 
system, and many of other types are with but a single 
entry, GVCS (2013). 

Release of the quarterly datasets from the Kepler 
mission provide a new opportunity to mine these da-
tasets for additional instances of multi-effect varia-
bles. Much of the work of identifying such systems 
has been simplified by other studies that have 
gleaned a database of Kepler eclipsing variables from 
the first Kepler data release in 2010, and through 
2012, Matijevic et all, (2012). This database is avail-
able as an Kepler Eclipsing Binary catalog from Vil-
lanova University, Villanova (2013) 

 
2. Kepler Mission Data 

The Kepler Mission is specifically designed to 
survey a portion of the galaxy to discover hopefully 
many Earth-size planets in or near the habitable zone. 
As such it consists of a fairly large telescope (1.4m), 
and with a large array of CCD detectors capable of 
milli-mag accuracy.  

The spacecraft is in an Earth-trailing heliocentric 
orbit and programmed to stare at a 105 square degree 
region of the sky in the constellations of Cygnus and 
Lyra. This area of coverage is shown in Figure 1. 

The resultant Kepler data, specifically 
lightcurves of suspected variable stars and possible 
planetary transits, can be obtained via the NASA 
multi-mission data archive (MAST). The database of 

eclipsing variables is obtained from the Kepler 
Eclipsing Binary Catalog, Version 3, Villanova Uni-
versity, (2013). 

 
Figure 1. The Observational Field of the Kepler Mission.  

 
 
 
 
 
 
 
 

Table 1. Selected Multi-Effect Variables. Kp is the re-
ported Kepler magnitude. 

Of the more than 2700 eclipsing binaries detect-
ed so far by the Kepler mission, it appears that ap-
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proximately three percent exhibit this multi-effect 
behavior. Six star systems from the eclipsing variable 
database were selected for further analysis and are 
listed in Table 1. 

 
3. Kepler Lightcurves 

In general the available Kepler lightcurves for 
each of these six star systems cover a time period of 
at least 30 days. The data sets are released by calen-
dar quarters (Q0, Q1, etc) corresponding to spacecraft  
“rolls” every three months to allow for continuous 
illumination of  the solar arrays, Kolenberg, et al, 
(2010). Objects observed over more than one quarter 
are located on different CCDs. In general both the 
target mask and optimal photometric aperture will be 
different for each quarter.  

The lightcurves are plotted using corrected Flux 
values versus MJD (JD – 2400000). In all cases, the 
lightcurves are not continuous across different Kepler 
data sets, and similarly, flux differences across these 
different quarters can be problematic. Fortunately, for 
this study, a single dataset contains many eclipse 
cycles and provides more than enough data to ana-
lyze. An example of such a lightcurve from a portion 
of a single recent quarterly dataset is seen in Figure 2. 

 
 
 
 
 
 
 
 
 
 

Figure 2. Kepler Object 2557430. From the Q10 data set 
in 2012. 

If this lightcurve is folded according to phase, 
the familiar outlines of an eclipsing variable is seen 
in Figure 3, although obviously accompanied by oth-
er periodic brightness variations. Folded lightcurves 
for the other targets in this study are shown in Fig-
ures 4 through 8. The single solid line present in each 
of the figures represents a theoretical binary star 
model match to the Kepler data by various research-
ers, Prsa et al. (2009). 

 

 
Figure 3. Kepler Object 2557430. From the Kepler Q0 
data set in 2009, and the Villanova Eclipsing Binary Cat-
alog.  

 
Figure 4. Kepler Object 2720309. From the Kepler Q0 
data set in 2009, and the Villanova Eclipsing Binary Cat-
alog. 

 
Figure 5. Kepler Object 3662635. From the Kepler Q0 
data sets in 2009, and the Villanova Eclipsing Binary 
Catalog 
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Figure 6. Kepler Object 3865793. From the Kepler Q0 
data set in 2009, and the Villanova Eclipsing Binary Cat-
alog 

 
Figure 7. Kepler Object 4077442. From the Kepler Q0 
data set in 2009, and the Villanova Eclipsing Binary Cat-
alog 

 
Figure 8. Kepler Object 4484356. From the Kepler Q0 
data set in 2009, and the Villanova Eclipsing Binary Cat-
alog 

4. Data Analysis 

The Kepler data set for each variable contains 
the corrected flux values for the associated 
lightcurve. This allows the data from each Kepler 
lightcurve to be recalculated in terms of a differential 
Kepler magnitude. Since the Kepler mission is de-
signed to do time series analysis of differential mag-
nitudes for individual targets, the Kepler data does 
not include any comparison stars. Additionally the 
Kepler band pass is considerably broader than any 
one of the standard photometric filters such as BVRI, 
Cannizzo1 et al. (2010). This means that a conver-
sion from the Kepler flux values or Kepler differen-
tial magnitudes to a standard photometric band mag-
nitude for a particular Kepler object can only be 
modeled, approximated, or inferred from other 
sources. For this particular study, differential Kepler 
magnitudes are sufficient to perform further analysis 
on each selected star system. 

For period analysis, the software program 
Peranso (Vanmunster 2007), was employed, utilizing 
the ANOVA period determination tool. Multiple sets 
of analysis were used for each binary system. The 
first set utilized the eclipse period data, while a sec-
ond and sometimes third set of analyses used only the 
observations outside of the eclipse. 

Binary star modeling of the selected lightcurve 
data was performed by the modeling program Phoe-
be, (Prsa and Zwitter 2005), which utilizes the meth-
ods of the Wilson-Devinney code (Wilson 1994). 

The Kepler mission database does contain some 
estimates of some properties of its variable stars, in-
cluding effective temperature, Kepler magnitude, and 
surface gravity. These quantities are based upon the 
pre-mission modeling and calculated response of the 
CCD array, and were used as initial inputs into the 
binary star modeling software. Since the modeling 
software also assumes that the input data is obtained 
using standard Johnson-Cousins photometric filters, 
and the Kepler band pass is substantially wider than, 
say, the normal Johnson visual filter, some approxi-
mation or uncertainty in the resulting modeling is 
present. 

The results of this binary star modeling using 
Phoebe are shown in Table 2. 

 
4.1 Kepler Object 2557430 

A period analysis of the Kepler Lightcurve data 
for Object 2557340 (Fig. 3) shows a primary eclipse 
of 0.05 magnitude occurring with a periodicity of 
1.297456 ± 0.00891 days. This is very close to the 
Kepler eclipsing binary database value of 1.29774 
days (Villanova University 2013). Additionally, there 
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is a smaller amplitude variation that scatters the data 
about the eclipse lightcurve of approximately 0.01 
Kp magnitude. Period analysis of this small ampli-
tude variation shows multiple overlapping frequen-
cies present (chiefly 2.07 and 3.97 days), separate 
from the eclipse, as seen in the power spectrum (Fig. 
9). 

 
Figure 9. The non-eclipse Power Spectrum of Kepler 
Object 2720309. From the Kepler Q0 data set in 2009, 
and the Villanova Eclipsing Binary Catalog 

The multiple periodicities of relatively short du-
ration and small amplitude variations of this object 
suggest a component of the binary is a low-amplitude 
delta Scuti (LADS) star.  

Binary modeling of the Kepler data using Phoe-
be indicates that the best fit for the data is found us-
ing an unconstrained binary model, meaning that 
neither star fills their Roche lobe. 

  
4.2 Kepler Object 2720309 

Visual examination of the lightcurve for this 
Kepler object (Fig. 4) shows that the eclipse depth is 
vanishingly small, on the order of 0.006 magnitude. 

 
Figure 10.  Kepler Object 2720309 secondary variation. 
From the Kepler Q0 data set in 2009, and the Villanova 
Eclipsing Binary Catalog 

The secondary variation is two-fold and seen in 
Figure 10. First, there is considerable scatter at the 

0.002 Kp magnitude range and second, a definite 
additional eclipse type pattern of 0.003 Kp depth 
occurring at a period of 0.137752 ± 0.000085 days. 

Obviously this eclipse-type variation looks in 
many respects like a planetary transit, but the Kepler 
analysis pipeline has labeled this effect as a “false 
positive” (NASA Exoplanet Archive 2013). It may be 
that some other physical process may be at work here 
for this star system, such as a star spot, dust cloud, or 
a tertiary star. 

Binary modeling of the Kepler data using Phoe-
be indicates that the best fit for the data is found us-
ing the U Wma overcontact binary model, with the 
two stellar envelopes in contact, and some mass 
transfer may occur. 

 
4.3 Kepler Object 3662635 

The eclipse period for this binary system (Fig. 5) 
is found to be 0.469504 ± 0.0011 days, which com-
pares favorably with the binary catalog value of 
0.46972 days (Villanova University 2013). The pri-
mary eclipse depth is approximately 0.2 magnitude. 

Visual examination of the lightcurve shows two 
additional periodicities, a longer variation about the 
eclipse period, and another much shorter variation. 
Period analysis finds this longer variation occurring 
at 0.9364 ± 0.0063 days, very close to twice the peri-
od of the eclipse. The shorter variation is found to be 
0.020889 ± days 

Binary modeling of this system using the Kepler 
data using indicates that the best fit for the data is 
found using an unconstrained binary model, with the 
resulting stellar system parameters shown in Table 2. 

 
4.4 Kepler Object 3865793 

Period analysis of the lightcurve on this Kepler 
object (Fig. 6) shows a long period eclipsing binary 
system of 73.3885 ± 0.006 days. This time span is 
large enough that multiple eclipse cycles do usually 
span two Kepler quarterly datasets of 120 days. The 
depth of the eclipse is 0.16 magnitude.  

The secondary variation shows a strong periodic-
ity with an amplitude of 0.04 Kp at 0.0578 ± 0.032 
days (Fig. 11) with additional smaller time period 
variations within that.  
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Figure 11.  Kepler Object 3865793 secondary variation. 
From the Kepler Q0 data set in 2009, and the Villanova 
Eclipsing Binary Catalog 

Binary modeling of Kepler  Object 3865793 of 
shows that the best fit for the data is found using an 
unconstrained binary model,. 

 
4.5 Kepler Object 4077442 

Period analysis of the lightcurve on this Kepler 
object (Fig. 7) indicates the primary eclipse period is 
0.694824 ± 0.00482 days and this is in good agree-
ment with Kepler database derived period of 0.69286 
days. Curiously, a strong periodicity is present at 
one-half the eclipse period, and also at one-quarter of 
the eclipse period. A secondary variation is also seen 
at 0.023118 ± 0.000534 days. This multiple variation 
is clearly seen in Figure 12. 

 
Figure 12:  Kepler Object 4077442. From the Kepler Q0 
data set in 2009, and the Villanova Eclipsing Binary Cat-
alog    

Binary modeling of the Kepler data using Phoe-
be indicates that the best fit for the data is found also 
using the U Wma overcontact binary model. 

 
4.6 Kepler Object 4484356 

Period analysis of the lightcurve on this Kepler 
object (Fig. 8) indicates the primary eclipse period is 

0.572168 ± 0.013 days and agrees with the Kepler 
database period of 0.57208 days.  

There is a remarkably good sine wave variation 
at 1.132965 ± 0.0136 days outside of the eclipse of 
0.5 magnitude in amplitude and additional variation 
at 1.160925 ± 0.014324 days at 0.02 magnitude. 

Binary modeling of this system using the Kepler 
data using indicates that the best fit for the data is 
found using an unconstrained binary model, with the 
resulting stellar system parameters shown in Table 2 

 
Table 2. Binary star modeling analysis of selected Multi-
effect Kepler variable stars 

5. Conclusions 

Six multi-effect variables stars from the Kepler 
binary star database were analyzed using data from 
the Kepler mission and some additional analysis re-
sults from the Villanova Kepler Eclipsing Binary 
Catalog. The analysis revealed multiple periodicity in 
many of the stars, at magnitude variation levels, for 
some objects that would be impossible to detect with 
ground based telescopes. Modeling of these multi-
effect variables showed that the selected stars fell 
into two chief categories: unrestricted binary com-
panions, or binary stars of the U Wma type.  
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Abstract 

A speckle interferometry program has been initiated to observe close double stars. The goals of the program are 
to advance scientific knowledge, provide students with a cutting-edge research experience, and develop a rela-
tively low cost speckle instrument based on Andor’s Luca-S EMCCD camera. Two pilot runs at Pinto Valley Ob-
servatory and one at Leeward Community College have allowed us to refine our instrumentation and observa-
tional techniques in preparation for runs, hopefully, on a 2.1 meter telescope at Kitt Peak National Observatory 
this fall and the 4.1 meter SOAR telescope at Cerro Tololo Interamerican Observatory next summer. 

1. Introduction 

William Herschel launched the first systematic 
search for double stars in 1779 with a 160 mm F/13 
Newtonian telescope equipped with a filar microme-
ter, both of his own design and construction (Her-
schel 1782, Hoskin 2011). Herschel (1803) revealed 
that the relative motion of some of the double stars he 
had been observing for a quarter century was curved, 
thus launching the science of binary star astrometry. 
Since then, many famous astronomers, such as Wil-

liam’s son John, Wilhelm Struve and his son Otto, S. 
W. Bunham, Robert Aitken, and Paul Couteau, just to 
mention a few, have made many visual measure-
ments of the position angles and separations of dou-
ble stars (Aitken 1918, Couteau1981, Argyle 2012). 

Now, over 200 years after Herschel’s first cata-
log, while professional astronomers no longer make 
visual measurements of double stars, instead concen-
trating on close binary stars with advanced tech-
niques, amateur and student astronomers continue the 
multi-generational project of visual observations of 
wider double stars. Their observations, when pub-
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lished, are incorporated into the Washington Double 
Star Catalog, adding another data point to the obser-
vations of a double star, often a double first reported 
by William Herschel. Publications, such as the Jour-
nal of Double Star Observations, help assure that 
these amateur and student double star observations 
are not lost to posterity. 

In 2006, Genet initiated a one-semester astro-
nomical research seminar at Cuesta College on Cali-
fornia’s Central Coast. Each student team was re-
quired to make original double star observations, 
analyze their data, write a paper for publication and, 
after external review, submit their paper for publica-
tion. In this way, the students' science education was 
supplemented with hands-on research (Genet et al 
2010). Student observations, made on small tele-
scopes in the local area with a simple, low cost (less 
than $200) astrometric eyepiece were, of necessity, 
only of wide, bright, double stars. Many of these 
were just optical doubles, i.e. just chance line-of-
sight doubles, although some were very long-period, 
gravitationally bound binaries that had not yet com-
pleted a full orbit, even though they had been ob-
served for some 200 years. 

The seminar students have primarily been ad-
vanced-placement high school students enrolled in 
their first college course. Their publications gave 
them experience applicable to university research and 
also gave their college applications a boost. The pro-
gram was expanded beyond Cuesta College to more 
intensive versions at Pine Mountain Observatory in 
Oregon (Genet et al 2010a), the Gateway Science 
Museum in northern California (Ahiligwo et al 
2012), and Lancaster in southern California (Brewer 
et al 2013). In the summer of 2012, some 30 Cuesta 
College students, enrolled in an introductory astron-
omy course, formed teams and all participated in 
double star research. Over the years, dozens of stu-
dent papers have been published in the Journal of 
Double Star Observations and elsewhere. 

As time went by after Herschel’s initial observa-
tions, subsequent binary star observations made by 
various astronomers accumulated, and Savary (1830), 
via a somewhat crude trial and error method, provid-
ed the first mathematically-described orbit of a binary 
star. The following year, John Herschel analytically 
derived an orbital solution. The combination of an 
orbital solution of a binary star, a measured parallax, 
and Kepler’s third law yields stellar masses, the key 
to understanding stellar evolution. Thus, in the end, 
the primary goal of double star astrometry has been 
not only to discover binary stars, but to obtain ever 
more accurate (high quality) orbits for these binaries 
across a wide range of stellar types. These orbits, 
when combined with parallaxes, yield dynamical 
masses. Hipparcos, the European Space Agency’s 

astrometric space telescope, greatly increased the 
number and accuracy of parallaxes and also discov-
ered thousands of close double stars (Perryman 
2012). Gaia, hopefully launched later this year, 
should produce a virtual flood of highly accurate par-
allaxes and numerous discoveries of much fainter 
double stars, including many nearby M dwarfs (Eyer 
et al. 2013). 

 Only a large-scale, ground-based program of as-
trometry can provide the needed long-term follow-up 
to Gaia’s observations. Would it be possible for stu-
dent teams, perhaps graduate student teams, to ob-
serve much closer, more scientifically valuable bina-
ries? 

Speckle interferometry, allows accurate observa-
tion of close, short-period binaries. Fourier analysis 
of speckles from numerous short exposures provides 
position angles and separations as well as photomet-
ric measures of close binaries that are only telescope 
optics resolution limited as opposed to seeing limited 
(Labeyrie 1970, McAlister 1985, Horch 2006). 

Although speckle cameras are usually large and 
tend to be only used on a single telescope, there are 
exceptions. The US Naval Observatory has, for many 
years, had two intensified CCD (ICCD)-based speck-
le cameras. Besides the ICCD, their speckle camera 
contains remotely controlled filter selection, a selec-
tion between two magnifications, and an atmospheric 
dispersion corrector. One speckle camera is perma-
nently mounted to their historic 26-inch refractor at 
their observatory in Washington (which shares the 
Observatory’s grounds with the residences of the 
Vice President and CIA Director). This setup has 
been highly productive, obtaining many thousands of 
accurate double star measurements down to a separa-
tion of about 0.5ʺ and down to 12th magnitude. 

In 1997, the US Naval Observatory (Mason et al. 
1999) initiated an “off campus” observational pro-
gram with a second, essentially identical ICCD-based 
speckle camera. The camera, with its associated elec-
tronics and computer, could be placed in a special 
container and transported as check-in luggage on 
airline flights. Mason, Hartkopf, and their colleagues 
spent many nights on the historic 2.5-meter telescope 
on Mt. Wilson. They also observed at the National 
Optical Astronomy Observatories (NOAO) 4-meter 
telescopes at Kitt Peak National Observatory 
(KPNO) and Cerro Tololo Interamerican Observatory 
(CTIO). Use of the NOAO telescopes resulted in the 
discovery of approximately 250 close double stars 
and the calculation of 500 new binary star orbits. 

Although ICCD-based speckle cameras have 
worked well for several observatories for a number of 
years, the cameras are not linear, making differential 
photometry of double stars difficult. Also, they are 
somewhat noisy when compared to newer electron 
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multiplying (EMCCD) cameras. A top end, back-
illuminated EMCCD camera, such Andor’s iXon, is 
sizeable, requires connection with a short cable to a 
nearby PC equipped with an Andor special card, and 
cost about $40,000 USD. However, if one is willing 
to settle for somewhat lower (but still high) quantum 
efficiency, Andor makes a very small, USB camera, 
the Luca-S, that costs $12,000. The Luca-S has been 
used as the heart of a speckle instrument at the large 
refractor at the Observatory in Nice. It has also been 
used and is still being used for speckle observations 
on the 4.1 meter SOAR telescope at CTIO. 

 
Figure 1. Identical in every way except shape, Andor’s 
Luca-S EMCCD cameras come in both square and trian-
gular versions. This square version is installed on the 
tail end of the large refractor at Nice. 

 
Figure 2. The triangular version of Andor’s Luca-S cam-
era mounted on a port on the SOAR 4.1 meter telescope 
at CTIO in Chile. 

A recent grant from the American Astronomical 
Society funded the purchase of an Andor Luca-S 
EMCCD camera which forms the heart of our speck-
le instrument. We were also fortunate that a very ad-
vanced amateur in France, Florent Losse, recently 
added a speckle interferometry capability to his 
REDUC software suite, a suite which has been used 
for many years by double star observers at smaller 

observatories for the reduction of their CCD observa-
tions. 

 
2. Program Goals and Objectives 

With the Andor Luca-S EMCCD camera in 
hand, as well as the REDUC software, we have 
launched a graduate program of speckle interferome-
try of close double stars at the University of North 
Dakota, with three major goals. The first is scientific, 
the second is educational, while the third is develop-
mental. 

 
Goal I (Scientific) 
Advance our knowledge of close binary orbits by: 

 
1. Confirming Hipparcos/Tycho double star dis-

coveries as candidates for new binaries. 

2. Refining existing orbits by extending orbital 
coverage with high accuracy speckle observa-
tions. 

3. Adding high-accuracy speckle observations 
that will allow the first determination of orbits. 

4. Classifying new pairs by determining if their 
motion is curved (binary) or linear (optical 
double). 

5. Obtaining precision photometry of binary 
components to link photometric with dynam-
ical masses (Horch et al. 2004, Malkov et al. 
2012, and Tokovinin & Shatskii 1995). 

 
Goal II (Educational) 
Demonstrate student speckle interferometry research 
capabilities. Students participate in speckle runs and 
are coauthors of the papers, demonstrating that stu-
dent researchers can be an integral part of speckle 
interferometry runs at major observatories. As point-
ed out in their decadal recommendations to the Na-
tional Academy of Sciences (Henry et al. 2009), ”The 
most important recommendation is to provide the 
educational foundation required so that a new genera-
tion of astrometrists can make best use of the rich 
datasets that will arrive in the coming decade.” 

 
Goal III (Developmental) 
Develop a next generation ultraportable (less than 3 
Kg), low cost (under 15K USD), remotely controlled 
speckle instrument that consists of an Andor Luca-S 
EMCCD USB camera, a motorized filter wheel, and 
a compact magnification system (Genet et al. 2013). 
Remote warm-room operation is an absolute re-
quirement at larger telescopes. Assembled from off-
the-shelf components, the camera should be readily 
duplicable so a larger number of students and ama-
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teurs can join in obtaining high quality speckle meas-
urements of close binary stars. 

With these three end goals in mind, we embarked 
on a series of observing runs as guest observers with 
the objective of making refinements to: our speckle 
camera system, the planning and execution of our 
observing process, data reduction, analysis, paper 
preparation, and publication. An additional objective 
was learning how to interface our speckle system to 
various telescopes and warm rooms, and learning 
how to gracefully make observations as guest observ-
ers with a team that included a number of students. 
By applying what we learned from the earlier to later 
runs, we hoped to be better prepared for runs on even 
larger and more remotely located telescopes. 

 
3. First Pinto Valley Observatory Run 

Our first “have speckle camera will travel” run 
as guest observers was made by Genet and one of his 
students, Joe Roberts, at Dave Rowe’s Pinto Valley 
Observatory (PVO) in the Mojave Desert Reserve. 
Located far from any cities or towns, the skies are 
very dark and the desert is picturesque. 

 
Figure 3. The 0.5-meter PlaneWave Instruments tele-
scope and observers on the first Pinto Valley Observa-
tory (PVO) run. From the left: Joe Richards, Dave Rowe 
(front), Dan Gray (rear), and Russ Genet. 

Dan Gray had, the day before the run, finished 
equipping the PlaneWave Instruments 0.5-m correct-
ed Dall Kirkham telescope with high resolution, on-
axis Renishaw encoders. This allowed the telescope 
to be pointed with considerable precision. The highly 
magnified (x8) image and small EMCCD camera 
format, however, made it difficult to always bring a 
double star within the EMCCD camera’s small field-
of-view. Dan solved this problem by writing a square 
spiral search code with adjustable parameters. Once 
we slewed to a target, if the double was not within 
the field of view we initiated the square spiral search 

and hit STOP as it went flying by on the video-rate 
display from the EMCCD camera. 

 
Figure 4. Dan Gray, Dave Rowe, Joe Richards, and Russ 
Genet discuss Dan’s square spiral search routine in the 
cabin at PVO. 

 
Figure 5. Our initial speckle camera was somewhat long. 
We were concerned about possible flexure rotation of 
the Luca-S camera with respect to the telescope, alt-
hough on data reduction this did not appear to have 
been a problem. 

Our first speckle camera consisted of two Barlow 
lenses in series (one x2 and the other x4 for an over-
all multiplication of about x8), a manual filter wheel 
with 5 filter positions, and the Andor Luca-S 
EMCCD camera. We installed Johnson BV and 
Cousins RI filters in the filter wheel, leaving one slot 
open. As can be seen in Figure 5, the series Barlow 
lenses made for a rather “gangly” instrument, and we 
were concerned about possible flexure—particularly 
rotational flexure that could throw off our position 
angle measurements. 
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Figure 6. Example result from the first PVO run. This 
orbital plot for A 1717 (WDS 04064+4325) shows our 
observational point as a dark +, other recent speckle 
observations as filled blue circles, and USNO speckle 
observations as blue filled stars. The Tycho observation 
is shown as a red T, while the Hipparcos observation is 
shown as a red H. Green + are visual observations. Our 
observation was almost dead on the predicted orbital 
position. The horizontal black line designates the time 
for the night of our observations. 

 
Figure 7. Another example of a result from our first PVO 
run, this one of HU 612 (WDS 04478+5318). As can be 
seen, our observation (dark +) as well as the other 
speckle observations (blue filled circles and stars) show 
a trend away from the published orbit. This suggests 
that enough new high precision speckle data has been 
gathered to justify recalculating the orbit, i.e., it is not 
that our observations are off, but that the orbit and its 
associated ephemerides are off. 

We gathered data on 43 doubles stars with sepa-
rations between a little less than 0.5ʺ and 2.0ʺ. Of 
these, 20 were binaries with known orbits, allowing 
us to compare our observations with predicted loca-
tions based on the ephemerides of these systems. 
Most of the other 23 doubles appeared, when we 
plotted up our accurate speckle observation together 
with past observations—often much less accurate 
visual observations—to be just optical doubles show-
ing little relative movement. However, two of the 
systems did show significant relative movement. One 
of the systems, STF 425, without a previously pub-
lished orbit, was found to be a triple system. A paper 
on the first PVO run is being finalized (Genet et al. 
2013).  

 
Figure 8. Movement plot of the new triple star system 
discovered during the first PVO run.  

A final example from our first PVO run is shown 
in Figure 8.This system had no known orbit. All past 
observations were obtained by Genet from Brian Ma-
son at the US Naval Observatory. One of our team’s 
members, Francisco Rica (in Spain), plotted up past 
observations and, besides showing an overall roughly 
linear trend in the data, he noted a small S-shaped 
variance that was, most likely, due to an unseen third, 
inner companion. Another team member, Henry Zirm 
(in Germany) derived the orbital solution for the in-
ner pair, finding it had a period of 107 years. He es-
timated (without providing an orbit) that the outer 
pair had an orbit of, very roughly, 3000 years. 

All in all, we were very pleased with our first 
run. An overall accuracy of slightly better than 30 
milli-arcseconds had been achieved. Once we had 
worked out the bugs and were familiar with the 
equipment, we were able to observe the 43 double 
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stars in just four hours. However, we noted a number 
of areas where improvements could be made. 

Replacing the long, gangly, series Barlow lenses 
with a more compact and perhaps sturdier magnifica-
tion system could reduce possible camera flexure. 
This could also result in a more attractive speckle 
system. 

Adding a wide-field (unmagnified) acquisition 
camera to our system would help us acquire doubles, 
avoiding the need for a square search. The filter 
wheel (and all functions) should be controlled re-
motely from a warm room—perhaps one at some 
distance from the telescope. While the warm room at 
PVO was right next to the telescope, this is often not 
the case at larger telescopes where the instrument 
package, once installed, is not directly accessible 
during the run. Similarly, the filter wheel needed to 
be remotely controlled. Having only five filter posi-
tions was somewhat constraining. 

An accurate determination of the pixel scale is 
vital in the astrometry of close binary stars. The inter-
ference pattern provided by installing a slit mask on a 
telescope and observing a bright star through a nar-
row-band filter is the “gold standard” for calibration, 
although observation of a number of binaries with 
high quality orbits can provide adequate calibration. 

Finally, our observational targets for our first run 
were selected at the last minute with rather crude 
criteria. This lack of preparation certainly reduced the 
scientific value of the run. 

 
4. Leeward Community College Runs 

The next stop for the “have speckle camera will 
travel” program was Hawaii, specifically Leeward 
Community College (LCC) in Pearl City on Oahu. 
Kakkala Mohanan (Mohan for short) is not only the 
astronomy instructor at LCC but also the geology and 
oceanography instructor. Mohan, besides his teaching 
duties, maintains and operates a very nice observato-
ry equipped with a 0.5-meter telescope made by Op-
tical Guidance Systems.  

Genet, who spends the winters on the Leeward 
side of Oahu, purchased, after some research, two 
items to improve the speckle camera. The first item 
was a Van Slyke Instruments Slider II. Earlier expe-
rience with a Meade 2-inch flip mirror had suggested 
that it was somewhat difficult to co-align the axes. 
We were very pleased, overall, with the Van Slyke 
slider. 

The second item was a Hyperion 5 mm eyepiece 
projection system. The Hyperion systems are very 
sturdy and of high optical quality. Spacers can be 
inserted between the front and rear lens systems to 
reduce the Hyperion’s effective focal length. T-thread 

spacers can also be added subsequent to the Hyperion 
to further increase magnification. 

 
Figure 9. Leeward Community College Observatory in 
Pearl City, Oahu. The observatory is equipped with a 0.5 
meter telescope, various cameras, and a high resolution 
spectrograph. 

 
Figure 10. Mohanan and Genet pose with the Optical 
Guidance Systems 0.5 meter telescope and the second 
version of the “have speckle camera will travel” system. 
An Apogee wide field acquisition camera can be seen to 
the left of the Van Slyke Instrument Slider, while below 
the Slider is the Hyperion 5 mm eyepiece projection 
system, the 5-position Orion manual filter wheel, and the 
Andor Luca-S EMCCD camera. Both cameras are 
equipped with safety cables tied firmly to the telescope. 

We installed the new speckle camera, as can be 
seen in Figure 10, on the telescope, making observa-
tions of close binary stars on a number of evenings 
with LCC student Rebecca Church. Papers on the 
analyzed data are in preparation. Church gave a 
presentation on her results at the Maui International 
Double Star Conference. 

The second LCC run was a significant improve-
ment over the previous year’s run. We had all learned 
a lot between the runs, and were better equipped for 
our second winter at LCC. We are planning a formal 
research seminar for January of 2014. 
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Figure 11. Church and Genet operate the telescope and 
cameras at the Leeward Community College Observato-
ry. Screens, left to right: telescope control, The Sky 6, 
the Apogee acquisition camera, and the Andor Luca-S 
EMCCD camera. 

5. Second Pinto Valley Observatory Run 

Just a week after returning to the mainland from 
Hawaii, the “have speckle camera will travel” pro-
gram returned to PVO for a second run. Many hours 
had been spent by Genet while in Hawaii developing 
the target list for the second PVO run. The orbital 
plots of hundreds of binary stars were individually 
examined. Would the binary make a good calibration 
pair? Did recent speckle observations suggest the 
observations were “running off” the orbital track and 
another speckle observation could confirm that a new 
orbital solution would be appropriate? Were there 
few or no past speckle observations, with just a Hip-
parcos or (often somewhat inaccurate) Tycho obser-
vation? 

Hundreds of candidate targets without any cur-
rent orbital solutions were also considered by spend-
ing many hours studying the Fourth Interferometric 
Catalog. Had fast changing position angles been re-
ported? Were the only inteferometric observations 
reported those of Hipparcos or Tycho? Hundreds of 
potentially interesting systems were noted and all 
past observations (including all the visual observa-
tions starting with Herschel) were requested from and 
kindly supplied by Brian Mason at the US Naval Ob-
servatory. When all past observations were consid-
ered, about half of the candidates did not appear in-
teresting, while the other half showed enough motion 
to warrant being included as targets on our list for the 
second PVO run. 

Three additional system improvements were very 
quickly made prior to the second PVO run. The first 
improvement was motorization of the Van Slyke In-
struments Slider II. Genet had researched this im-
provement while in Hawaii, ordering a small Nippon 
Pulse linear stepper from Japan and a USB “Stepper 
Stick” from All Motion. Literally on the way to PVO, 
Genet and Weise stopped by Reed and Chris Estra-

da’s place in Lancaster and they kindly did the ma-
chining to install the stepper on the slider. On arriv-
ing at PVO, one of Weise’s first tasks was to program 
the stepper. 

The second improvement was changing out the 
5-position manual filter wheel for a 7-position motor-
ized filter wheel. The filter positions were completely 
filled with Johnson B and V, Cousins R and I, Sloan 
r’ and i’, and narrow-band H-alpha filters. 

The third improvement was the addition of an 
Icron Ranger 2400 USB extender system as recom-
mended by Tom Smith. One of the Ranger’s units 
connects via USB to the speckle system control lap 
top, while the other unit has USB connections to the 
speckle camera subsystems, namely the slider step-
per, the filter wheel, the acquisition camera, and the 
EMCCD camera. The two Ranger units are connect-
ed together with a Cat 5 Ethernet cable that can be as 
long as 100 meters—long enough to accommodate 
rather remote warm rooms at large telescopes. 

Besides these improvements to the speckle cam-
era, Dave Rowe kindly designed and built a speckle 
mask for the 0.5-meter telescope at PVO. Used in 
conjunction with narrow-band H-alpha filter observa-
tions of bright stars, we should be able to make an 
accurate determination of the pixel scale (data reduc-
tion had just started on the second PVO run as this 
paper was being written). 

Speckle observations were made on four nights, 
March 31 through April 3, 2013.Generally Weise 
operated the telescope and made log entries, Buch-
heim operated the speckle system, i.e., the slider, 
filter wheel, acquisition camera, and science camera, 
while Genet selected the next double star target to 
observe, occasionally interrupted the regular observa-
tions for slit mask pixel scale calibration observa-
tions, camera orientation drifts, and certified single 
star observations for use in advanced reduction tech-
niques. 

Drifts were made throughout the run, usually re-
peated 10 times to obtain drift statistics. For drifts, a 
single, relatively bright star is positioned on one side 
of the EMCCD camera, and the telescope’s motors 
are locked in place (via the Sidereal Technology 
Control System). As the Earth rotates, the star drifts 
to the other side of the camera, thus establishing the 
east-west orientation of the camera. Analysis of the 
repeated drifts should give us a good feel for the sta-
bility and accuracy of the camera’s orientation. 
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Figure 12. Eric Weise, a third year dual physics-
mathematics major at the University of California, San 
Diego, took Genet’s Cuesta College Astronomy Re-
search Seminar twice while a student at Arroyo Grande 
High School. Moving out (to the right) from the back-
plane of the PlaneWave Instruments 0.5 m telescope is 
(1) the focuser, (2) the motorized slider, (3) an SBIG ST-
402 acquisition camera (above the slider), (4) a 10 mm 
Hyperion eyepiece projection system, (5) the 7-position 
motorized Orion filter wheel, (6) some T-thread extend-
ers to increase magnification, and (7) the Luca-S 
EMCCD camera. Weise is holding the telescope end of 
the Icon Ranger. The small rectangle sticking up from 
the Ranger is the All Motion Stepper Stick that controls 
the slider’s linear stepper. 

 
Figure 13. Genet installs the slit mask on the telescope 
at PVO. Regular double star observations were sus-
pended at somewhat regular intervals to make slit mask 
calibration observations with an eye toward determining 
the reliability of the slit mask calibration. 

Observations of “certified single” stars can be 
used, with advanced reduction techniques, to help 
remove atmospheric effects. As conditions can 
change throughout the night and from night to night, 
these single star observations need to be made fairly 
frequently. 

 
Figure 14. Weise and Buchheim operate, respectively, 
the telescope and speckle system from the warm room 
at PVO. While the telescope was only yards away, it 
could have been up to 100 meters away and still have 
been close enough for operation via the Icon Ranger 
USB extender. 

To ease calibration of the camera’s orientation, 
all observations were made with the telescope to the 
west of the pier. No “flips” were allowed with the 
German equatorial mount. An attempt was made to 
keep observations within an hour (or two at most) of 
the meridian, thus minimizing air mass and the ef-
fects of atmospheric dispersion. In selecting the next 
target to observe from the list, Genet kept an eye on 
the telescope’s hour angle. Most observations were 
made through the Cousins R filter, which also mini-
mized the effects of atmospheric dispersion as com-
pared with shorter wavelength filters. 

Although the weather was clear all night long for 
the first three nights and most of the fourth night, 
wind was a problem on the first night, and occasion-
ally on the other nights. During the many calm hours, 
seeing was typically better than one arc second. 

 
6. Future Directions  

Planning and executing a double star speckle 
inteferometric run with a guest instrument and multi-
ple observers at a remote observatory are a major 
effort. The subsequent data reduction, data analysis, 
orbital calculations, and paper writing (and rewrit-
ing), is an even greater effort. Thus teamwork and a 
division of labor are appropriate. 

At the highest level, teams need to be formed 
and observing time needs to be obtained—a demand-
ing task for larger telescopes where competition for 
time can be keen. Funds may need to be secured, 
especially if students are involved, travel is signifi-
cant (such as to Chile), and the run is a long one 
(some larger telescopes require minimum guest in-
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strument runs of seven nights). Finally, arrangements 
need to be made for publication of the results. 

For each specific run, observing lists need to be 
made up in advance, details need to be worked out 
for the installation and operation of a guest instru-
ment, the observational team formed, and travel, 
lodging, and financing need to be arranged. An effi-
cient run requires smooth coordination between the 
telescope operator and speckle camera operator. 
Some larger telescopes come complete with an opera-
tor, while at others you are—after brief training—on 
your own. Run teams with several members not only 
allow individual members significant breaks—
helpful during week-long runs on long winter 
nights—but also facilitates data reduction and analy-
sis during the run itself. This helps to establish ob-
serving limitations and spot any problems before it is 
too late. The largest effort, however, takes place after 
the run. Besides data reduction and analysis, mathe-
matical derivations of new binary orbits or refine-
ment of existing orbits need to be made. 

Our double star runs with our speckle interfer-
ometry camera at PVO and LCC have allowed us to 
work through many problems. The result is an im-
proved process for planning and executing runs, a 
better speckle camera, and refinements in our ap-
proach to post run analysis, orbital calculations, and 
paper preparation. 

While on a double star speckle interferometry 
run on the 3.5 meter WIYN telescope at Kitt Peak 
National Observatory (KPNO) this past December, 
Genet had a chance to check out the 2.1 meter tele-
scope. This telescope appeared to be a good candi-
date for a run with University of North Dakota 
(UND) graduate students this fall as part of Genet’s 
new UND Double Star Graduate Seminar. Genet 
worked with National Optical Astronomy Observato-
ries (NOAO) Instrument Scientists, as well as Wil-
liam Hartkopf and Brian Mason at the US Naval Ob-
servatory and Paul Hardersen at UND, in the prepara-
tion of a NOAO proposal. We should hear back 
shortly if proposed eight-night run is approved.  

Interfacing a guest instrument at a major tele-
scope is a serious undertaking, requiring attention to 
many details. The 2.1 meter telescope at KPNO has 
an acquisition guider unit, so we will not have to use 
the slider and acquisition camera in our system. 
Richard Joyce and Dianne Harmer, NOAO Instru-
ment Scientists, located a previously used back plate 
for the acquisition/guider unit which will be left in 
place on the telescope. This back plate will be used to 
transition to our visitor instrument. The focuser on 
our camera will be set to be parafocal with the acqui-
sition/guider unit’s camera. Control of the speckle 
camera (EMCCD camera and motorized filter wheel) 
will be through an NOAO supplied Cat 5 Ethernet 

cable that will run from an Icron Ranger 2204 USB 
extender we will supply to our camera control laptop 
in the warm room. Dave Mills at NOAO has supplied 
us with instructions for interfacing our guest laptop 
with the telescope control computer so we can direct-
ly log telescope pointing and other information. If the 
proposal is approved, Genet will visit Kitt Peak well 
before the run to check out our speckle camera in 
person with the Instrument Scientists. One night of 
Test and Engineering at the beginning of the run has 
also been requested as recommended by the Instru-
ment Scientists. 

 
Figure 15. The 2.1 meter telescope at Kitt Peak National 
Observatory. An eight-night run is planned for this fall with 
students and staff from the University of North Dakota and 
California Polytechnic State University. We plan to enlist 
others in this massive undertaking to help operates the 
telescope and cameras and reduce data as we go. 

Besides the 2.1 meter telescope, we have begun 
lining up time on other telescopes. These include 
several telescopes in California including the 0.8-
meter Coude Auxiliary Telescope (CAT) at Lick Ob-
servatory, the 1.0 meter telescope at the Monterey 
Institute for Research in Astronomy (MIRA) on 
Chews’ Ridge, and Pomona College’s telescope in 
the mountains at Wrightwood. We are also consider-
ing observations on a 48 inch club telescope east of 
San Diego and, if we can raise the funds for purchas-
ing telescope time, a run on the historic 100-inch 
Hooker telescope on Mt. Wilson.  

Of course we have our eye on even larger tele-
scopes, as well as those in the southern hemisphere 
where double stars abound and observations have 
been less frequent. The 4.0 meter telescope at KPNO 
uses an acquisition-guider unit that is identical to the 
one on the 2.1 meter. The two telescopes even have 
the same back focus. Thus a run on the 2.1 m paves 
the way for a run on the 4.0 meter telescope at 
KPNO, not to mention an identical 4.0 meter tele-
scope at Cerro Tololo Interamerican Observatory 
(CTIO) in Chile. 
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Figure 16: The 2.1 meter telescope at KPNO. Our speck-
le instrument will seem tiny when mounted on this large 
telescope!  Note the dome flat on the left. 

 
Figure 17: Many double star speckle interferometry runs 
have been made on the famous 100 inch telescope on 
Mt. Wilson. Left to right is William Hartkopf, Harold 
McAlister, and Brian Mason, all pioneers of speckle in-
terferometry who have made many runs on Mt. Wilson. 
The slit mask is still there (slightly dusty), and McAlister 
is now the Director of Mt. Wilson (as well as of CHARA). 

Perhaps of even greater interest at CTIO is the 
4.1 meter SOAR telescope. As mentioned earlier, a 
Luca-S EMCCD camera identical to our own is al-
ready mounted to the SOAR telescope and has been 

used with excellent results by Andrei Tokovinin, a 
CTIO astronomer, for many years. He is encouraging 
us to apply for time for a run late next summer/early 
fall on the SOAR telescope through NOAO and will 
assist in the run. It might be noted that doctoral can-
didates doing their dissertation research on a NOAO 
telescope always have their travel and run expenses 
paid for by the National Science Foundation. We 
expect that distance learning students in UND’s Doc-
toral Space Studies Program (astronomy option spe-
cializing in double star research) will take advantage 
of this funding. Some may even gather their disserta-
tion observations while on a 4-meter telescope run in 
Chile 

 
Figure 19. The 4.1 meter SOAR telescope in Chile. Lo-
cated not far away from the main cluster of telescopes 
at Cerro Tololo Interamerican Observatory (CTIO), SOAR 
already has a Luca-S EMCCD camera identical to ours 
mounted to one of its ports that is often used to make 
double star speckle observations by Andrei Tokovinin. 

7. Conclusion 

Speckle interferometry of close double stars is 
one area where, with a modest investment in time and 
money, amateur and student astronomers can conduct 
cutting edge science with what still remains a some-
what rare but valuable instrument. The few profes-
sional astronomers with speckle interferometry cam-
eras observing close double stars have their hands 
full trying to keep up with the thousands of close 
binary stars. They need our help. Have speckle cam-
era will travel. 
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Abstract 

The white dwarf WD 2359-434 was found to vary with a period of 2.695022 ± 0.000014 hours and semi-
amplitude of 0.00480 ± 0.00023 magnitude. One explanation for the variation is a starspot with a 3.8-degree ra-
dius (assuming 500 K cooler than the surroundings) at latitude of ~ 27 degrees and a star rotation axis inclination 
of ~ 30 degrees. The brightness variation was very close to sinusoidal, and there were no changes in amplitude, 
period or phase during the 1.1 years of observations. This permitted consideration of an alternative explanation: 
a Jupiter-size exoplanet that reflects the white dwarf’s light in amounts that vary with orbital position. Follow-up 
observations are suggested for distinguishing between these two interpretations. 

1. Introduction 

Photometric monitoring of 46 white dwarfs was 
conducted by 25 amateur observers located at a full 
range of longitudes during September, 2011 for the 
purpose of detecting transits produced by exoplanets. 
The observing project was called “Pro-Am White 
Dwarf Monitoring” (PAWM) and is described at the 
following web site: http:/brucegary.net/WDE/. It was 
inspired by a publication by Agol (2011). No transit 
events of the expected shape were detected (~ 2 
minutes length and > 0.1 magnitude fade), but two 
white dwarfs were found to be variable at the several 
milli-magnitude (mmag) level. Observations of one 
of these variables continued past the PAWM observ-
ing month; it was observed again the following year 
from July to October. A total of 18 and 29 observing 
sessions, for 2011 and 2012, have been phase-folded 
and analyzed for the purpose of establishing constan-

cy of the period, amplitude and phase. These data 
were also used for establishing the presence of any 
departure of the brightness variation shape from si-
nusoidal. The rationale for assessing the presence of 
amplitude or phase changes is that they could be ac-
counted for by a starspot that varies in either size or 
location, and any such changes could be used to rule-
out alternative explanations - such as the presence of 
an exoplanet reflecting light from the white dwarf 
(WD). 

When a star is small, e.g., Rstar ≈ 0.9 × REarth, a 
Jupiter-size planet (11 × REarth) is much larger than 
the star it orbits. Consequently, the light reflected by 
the planet can be a much greater fraction of the star’s 
light than if the star were a typical main sequence 
size. Also, a planet can orbit closer to a WD without 
tidal disruption than it could to a main sequence star; 
the closer a planet is to its star the brighter it’s re-
flected light will be. Therefore, if planets do orbit 



Gary et al: White Dwarf Exoplanets, WD 2359-434 

74 

 

WDs it should be easier to detect their reflected light 
than it would be for a planet orbiting a main sequence 
star (Fossati et al. 2012). Since many WDs don’t 
have spectra that allow accurate radial velocity (RV) 
measurements the RV method for detecting exoplan-
ets won’t be as effective as the transit method. In 
fact, the RV method may not be as effective in 
searching for WD exoplanets as the reflected light 
method. WD 2359-434 can serve as illustration of 
this. 

 
2. Previous Work 

The number of known white dwarfs brighter than 
V ≈ 17 is approximately 3000 (Agol and Relles 
2012). WD 2359-434 is a 13th magnitude star located 
at RA/DE = 00:02:11.34 -43:10:03.4 (J2000). It is 
spectral type DAP5.8 (exhibiting only hydrogen 
lines, magnetic with detected polarization). It has an 
estimated mass of ~ 0.78 × Msun (Giammichelle et al. 
2012), Teff ~ 8,648 K (Giammichelle et al. 2012), and 
is located ~ 7.85 parsecs away (Holberg et al. 2008). 
The H-alpha absorption line is sufficiently deep and 
narrow for the measurement of radial velocity (Max-
ted and Marsh 1999). These authors report that the H-
alpha line has “some hint of variability” in their 8 
observations of WD 2359-434; their RV measure-
ments rule out a companion WD because the RV 
range of ~ 10 km/s is ~ 15 times smaller than would 
be expected for a close binary. Dobbie et al. (2005) 
place an upper limit for any companion of 0.072 × 
Msun (i.e., < 75 × MJupiter), based on the absence of an 
infrared excess. This measurement also limits the 
amount of circumstellar dust that could be present 
close to WD 2359-434. The surface magnetic field is 
~ 3.1 kG (Cuadrado et al. 2004), which is considered 
low.  

 
3. Observations 

This paper reports observations made during the 
2011 and 2012 observing seasons by four observato-
ries, as summarized in Table 1 showing telescope 
aperture, CCD camera, number of useable (and total 
taken) light curves observed and the observer’s ama-
teur/professional status.  

  
Obs Scope CCD LCs P-A 

Tan 0.30 ST-8XME 32,33 Am 

Curtis 0.28 Atik 320 3,4 Am 

Gary 0.35 ST-10XME 1,8 Am 

Tristram/Fukui 0.60 Alta U47 1,2 Pro 

Table 1. Observer Information. See text for column de-
scriptions. 

Observatory locations are Perth, Australia (Tan), 
Adelaide, Australia (Curtis), Arizona (Gary) and Mt. 
John, New Zealand (Tristram/Fukui). 

All-sky calibrations were conducted by author 
BLG on 2011.10.09 using the Hereford Arizona Ob-
servatory, consisting of a 14-inch fork-mounted 
Meade Schmidt-Cassegrain on an equatorial wedge. 
A 10-position filter wheel includes BVg’r’i’z’Cb 
filters. The CCD is a SBIG ST-10XME (KAF 3200E 
chip). The telescope is located in a dome, and all 
components are controlled from a control room via 
underground cables. Several Landolt star fields were 
used for establishing zero-shift and “star color sensi-
tivity” parameters. The all-sky results are given in 
Table 2. 

 
B V r’ i’ 

13.278 
±0.051 

12.969 
±0.039 

12.949 
±0.018 

13.056 
±0.022 

Table 2. WD 2359-434 All-sky Magnitudes 

For all observers images were calibrated (bias, 
dark and flat), star-aligned and processed with pro-
grams using a circular photometry aperture. Data 
files were sent to author BLG for subsequent anal-
yses. A spreadsheet was used to produce a light curve 
(LC) with the removal of “air mass curvature” 
(AMC). AMC is caused by atmospheric extinction 
that affects the target star (WD 2359-434) differently 
from the average of the reference stars, due to atmos-
pheric extinction’s monotonic increase with decreas-
ing wavelength coupled with differences in the color 
of the target star and reference stars (i.e., red stars 
have a greater effective wavelength and lower extinc-
tion than blue stars). Since WD 2359-434 is much 
bluer than all nearby stars the AMC correction 
changed LCs from the uncorrected “convex” shape to 
a flattened shape (with the 2.7-hour variation super-
imposed). This important step allowed for more accu-
rate phase-folding of the many LCs made under dif-
ferent atmospheric extinction conditions. 

Precision was determined for each LC by com-
puting RMS noise based on internal consistency of 
magnitudes associated with each image; a running 
median of magnitudes from four images preceding 
and four images following served as reference for 
comparing single image magnitudes. Differences 
from this running median reference magnitude were 
used to identify outlier data. The number of images 
acquired per 10-minute interval was used to produce 
a value for “RMS per 10-minute interval” throughout 
the observing session. This was averaged for the in-
terval when airmass < 2.0, and noted in a log of all 
LC data. The median “RMS per 10-minute interval” 
for LCs that were of sufficient quality to use for sub-
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sequent analysis was 1.9 mmag per 10-minute inter-
val (R-band, N = 22) and 4.1 mmag (B-band,  
N = 8).  

 
Figure 1. Typical light curve by author TGT. 

The first evidence of variability was immediately 
obvious from the observation by author TGT on 
2011.09.08. A period of ~ 2.7 hours was apparent, so 
it was possible for one observing session to sample as 
many as 3 complete periods. The semi-amplitude 
(later use of the term “amplitude” refers to semi-
amplitude) was ~ 5 mmag, and is comparable to the 
single-image noise; since there are many images per 
period there is no ambiguity in fitting a sinusoidal 
function to the data. Figure 1 is a typical light curve 
by observer TGT (who provided 86% of useable LC 
observations). 

Most observations were made with an Rc-band 
filter, but an effort was made to observe with a B-
band filter (as well as V-, i’- and z’-band) for the 
purpose of assessing wavelength dependence of am-
plitude. None was found (discussed below), so this 
permitted all good quality light curves to be used in a 
phase-folding analysis. Since B, i’ and z’-band data 
were noisier than for the other filter bands the phase-
folding analysis included mostly Rc-band data. 

 
4. Phase-Fold Fitting 

Phase-folding was performed separately for the 
2011 and 2012 observing seasons in order to assess 
the presence of changes in the three ephemeris pa-
rameters: period, amplitude and phase. These are 
shown as Figures 2 and 3. The period solutions for 
these two independent data sets are compatible, 
2.694805 ± 0.00085 and 2.694926 ± 0.000073 hours 
(difference = 0.00012 ± 0.00011 hr). Projecting the 
(better determined) 2012 ephemeris to 2011 also 
yields phase agreement (BJDo difference = 17 ± 82 
minutes). (Phase reference BJDo is defined using a 
sine function fitted to magnitude versus phase; 
brightness minimum therefore occurs at phase = 90 
degrees.)  

The 2011 and 2012 phase-folded data exhibit a 
small change in amplitude, from 5.52 ± 0.28 mmag to 
4.64 ± 0.23 mmag. The amplitude difference is 0.88 
± 0.36 mmag (2.4-sigma), which appears to be statis-
tically significant. The quoted uncertainties are based 
on a chi-squared analysis, which only includes sto-
chastic sources of uncertainty (e.g., Poisson, thermal 
and scintillation). Systematic uncertainties can only 
be estimated, and they include AMC, slope fitting, 
clock setting errors, and mistakes in converting JD to 
BJD, for example. If systematic uncertainties could 
be included in the chi-squared analysis the amplitude 
change would exhibit a greater uncertainty than the 
stated 0.36 mmag, and the 2.4-sigma significance 
would be reduced. We are therefore reluctant to claim 
that an amplitude change has been detected. 

 
Figure 2. Phase-folded data from the 2011 observing 
season.  

 
Figure 3. Phase-folded data for the 2012 observing sea-
son (TGT data only). 

Given that between 2011 and 2012 there is no 
convincing evidence for a change in period, phase or 
amplitude, all data were combined to establish a more 
accurate ephemeris (period and phase), shown as Fig. 
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4. A phase-binned version of the same data is shown 
as Fig. 5, which also includes a sinusoidal fit and 
starspot solution. The starspot solution is described in 
the next section.  

 
Figure 4. Phase-folded light curve for both 2011 and 
2012 observing seasons, allowing solution for all 
ephemeris parameters.  

 
Figure 5. Phase-folded data for 2011 and 2012 observing 
seasons, binned by phase, with a sinusoidal fit (dashed 
blue) and starspot fit (solid blue). 

5. Interpretation of Phase-Fold Results 

Several WDs have been found to pulsate with 
periods within the range of 0.03 to 0.33 hours (Muk-
adam et al. 2004), and are produced by “non-radial, 
gravity-waves”. A periodicity of 2.7 hours is well 
outside the known range of these pulsations, so this 
cannot be the explanation for WD 2359-434’s varia-
bility. WD rotation periods are typically hours to 
days, so we are justified in identifying the 2.7-hour 
variability as possibly due to rotation. Variability for 
cool WDs with weak magnetic fields, like WD 2359-
434, is usually attributed to starspots (Brinkworth et 
al. 2007). That’s the most conservative explanation, 
treated next. 

5.1 Starspot Model 

A crude one-starspot model was used to fit the 
phase-folded light curve of Fig. 5. Effective bright-
ness temperatures outside and inside the starspot 
were adopted to be 8650 and 8150 K; i.e. the starspot 
is assumed to be ~ 500 K cooler than its surround-
ings. The ratio of blackbody fluxes for these two 
temperatures = 0.843 at R-band (cf. Fig. 8). A chi-
squared solution yields inclination = 30 degrees, 
starspot latitude = 27 degrees and starspot radius = 
3.8 degrees. The starspot solution has a reduced chi-
squared = 1.78. A two-starspot model produces es-
sentially the same reduced chi-square, so the one-
starspot model is preferred. We propose as one inter-
pretation of the ~ 5 mmag variation this starspot 
model, shown in Fig. 6. 

  
Figure 6. Starspot model that fits the Fig. 5 phase-folded 
light curve, kindly provided by Manuel Mendez (Spain). 
This is a view from Earth.  

The amplitude difference between 2011 and 
2012 can be accommodated by hypothesizing that the 
starspot changed size from a radius of 4.0 degree to 
3.7 degrees during the one year interval. An alterna-
tive interpretation is that the effective temperature of 
the starspot interior increased slightly. For example, 
the starspot could have undergone a change in tem-
perature from its surroundings from 554 to 466 K 
during the year interval. Of course, some combina-
tion of starspot size and starspot temperature could 
also account for the change in amplitude. 

If a starspot is causing WD 2359-434 brightness 
to vary then the spot might move in longitude during 
the 1.1 years of observations. Movement at a constant 
rate would be observationally indistinguishable from 
no movement but with a slightly different rotation 
period, whereas movement with a varying rate would 
reveal itself in a phase stability plot. Figure 7 is a 
phase stability plot constructed by adopting the 
2011/12 solution for amplitude, BJDo phase and pe-
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riod. For each observing session’s data two parame-
ters were allowed adjustment in order to minimize 
chi-squared for that light curve: magnitude offset 
(typically < 1 mmag) and phase offset. In addition, 
outlier data were identified using chi-squared > 5 as a 
criterion.  

 
Figure 7. Sinusoidal variation phase versus date for 24 
observing dates with linear and 3rd-order fits.  

Figure 7 is a plot of the phase adjustments for the 
24 observing sessions of 2011/12. Error bars are SE, 
using phase adjustments that produced chi-squared 
increases of 1. The straight line fit has a slope that 
could be removed by merely adopting a slightly ad-
justed period (from 2.695023 hours to 2.695050 
hours). This period is statistically compatible with 
both the 2012 and 2011/12 periods. The reduced chi-
squared value for the straight line fit = 1.49. A third 
order fit to the data (y = yo + a × x + b × x2 + c × x3) 
is also shown in Fig. 7; it has reduced chi-squared = 
1.16. This improvement is mostly dependent upon 
three light curves (one at 2455863 and two at ~ 
2456127). Because of the limited number of data  
(N = 24) the 2-sigma range for acceptable reduced 
chi-squared is 0.51 to 1.66, based on a cumulative 
distribution function for Gaussian distributions (An-
drae et al. 2010). The value 1.49 has a 1.7-sigma sta-
tistical significance. The straight line model fit in Fig. 
7 is therefore acceptable. The case for phase variabil-
ity is too weak to be accepted, so we can accept the 
possibility that WD 2359-434’s brightness variability 
is not changing on a yearly timescale.  

Given that there are no significant changes in 
WD 2359-434’s brightness variation amplitude, peri-
od or phase during the 2011/12 observing interval we 
are permitted to consider other explanations, specifi-
cally, those that require a fixed amplitude, period and 
phase. These would include the exoplanet reflected 
light explanation, which in its simplest geometry 
produces a nearly perfect sinusoidal variation that 
should remain fixed for long timescales. 

 

5.2 Exoplanet Model 

The 4.98 ± 0.23 mmag sinusoidal variation could 
be produced by an exoplanet in an orbit with an in-
clination close to 90 degrees, but not so close to 90 
degrees that a transit occurs. Adopting a mass for the 
star of (0.78 ± 0.15, 0.05) × solar mass, and a period 
of 2.695 hrs, the orbital radius for the putative planet 
would be 0.00419 ± 0.00026, 0.00009 a.u. (i.e., 
627,000 km). Using a white dwarf mass/radius rela-
tion we estimate that WD 2359-434 has a radius of 
(0.0103 ± 0.0019, 0.0026) × solar radius (i.e., 7169 
km, or 1.12 ± 0.21, 0.28 × Earth radius).  

This geometry means that the star would appear 
as having a diameter of 1.31 ± 0.15, 0.31 degree 
viewed from the exoplanet. This corresponds to a 
solid angle of (6.53 ± 1.6, 2.7) × 10-5 steradian. This 
can be equated to the ratio of the surface brightness 
of the planet to the surface brightness of the star, 
when the planet is viewed in completely illuminated 
(“full phase”), assuming an albedo of 100% and orbit 
inclination close to 90 degrees.  

The ratio of the planet’s flux to the star’s flux 
(for full phase) is the product of the surface bright-
ness and solid angle as viewed from Earth. This al-
lows us to solve for the ratio “radius of the planet / 
radius of the star.” The peak-to-peak change in 
brightness is 9.96 ± 0.46 mmag, so the ratio of 
brightness at the brightest phase to the faintest phase 
is 1.0092 ± 0.0004. In other words, the extra flux at 
the brightest phase compared with the faintest phase 
is 0.92 ± 0.04 % of the flux at the faintest phase 
(when the planet is reflecting negligible light in 
Earth’s direction). Given this change in the bright-
ness of the “planet plus star” system for “full phase” 
to “new phase,” the apparent solid angle of the planet 
would have to be 141 ± 101, 28 times the star’s solid 
angle; the planet’s radius would have to be 11.9 ± 
3.7, 1.3 times the star’s radius. Assuming the planet 
had an albedo of 100% it would have to have a radius 
1.23 ± 0.68, 0.41 times the effective radius of Jupiter 
(i.e., taking into account Jupiter’s ellipticity). A lower 
albedo assumption would of course require a larger 
planet (e.g., 80% albedo requires Rp = 1.37 ± 0.76, 
0.46 × Rj). 

 
6. Amplitude vs. Wavelength 

Distinguishing between the starspot and ex-
oplanet interpretations might be helped by knowing 
how the amplitude of variation depends on wave-
length. For example, starspots on cool stars should 
have a larger amplitude at shorter wavelengths due to 
the difference in blackbody brightness distribution 
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versus wavelength for the cooler starspot and warmer 
surroundings. 

 “Effective wavelength” for a filter depends on 
not only the filter used, but the CCD QE function, 
optical component transparency versus wavelength, 
atmospheric extinction versus wavelength and also 
the star’s spectral energy distribution (SED). For 
stars with WD 2359-434’s SED, and for typical tele-
scope optics, CCD QE function and atmospheric ex-
tinction versus wavelength, the effective wavelengths 
for each filter are given in Table 3. 

 
Filter Effective Wavelength 

B 441 nm 

V 542 nm 

Rc 632 nm 

Cb 645 nm 

Table 3. Effective Wavelength for Filter Bands 

Since Rc and Cb filters have nearly the same ef-
fective wavelength for this observing situation those 
data have been combined for the purpose of investi-
gating the dependence of amplitude on wavelength 
(in Fig. 9).  

 
Figure 8. Spectral energy distribution (SED), energy flux 
per unit wavelength interval, for WD 2359-434 (thick red) 
and for the interior of a possible starspot (thin brown). 
Filter response referred to outside the atmosphere is 
also shown for a star with WD 2359-434’s SED and four 
filters. A blackbody spectrum for the sun’s temperature 
is shown by the yellow trace. (Filter Cb is a blue block-
ing filter, with a long pass transition at ~ 490 nm.) Effec-
tive wavelengths are shown by the vertical lines. 

During the 2011 and 2012 observing seasons 16 
and 28 light curves were produced. Some were too 
short for an accurate determination of amplitude, and 
the noise level for each varied. A scheme for calcu-

lating weights for each light curve was devised (ob-
serving session length / RMS internal noise), and this 
was used to group data into poor quality, medium 
quality and good quality. The medium and good qual-
ity amplitudes are plotted versus wavelength in Fig. 
9.  

The amplitude of variation at B-band and R-band 
are statistically the same: B-band amplitude = 4.96 ± 
0.49 mmag, N = 6, and R-band amplitude = 4.47 ± 
0.18, N = 11. The difference is B-band amplitude 
minus R-band amplitude = +0.49 ± 0.52 mmag  
(1-sigma significance). Therefore there is no statisti-
cally significant dependence of amplitude with wave-
length across the optical spectral region. 

The “Starspot -500” trace in Fig. 9 is based on a 
starspot model in which the starspot brightness tem-
perature is 8148 K while the rest of the star surface is 
at 8648 K. A vertical adjustment was achieved by 
changing a parameter related to starspot area. 
Starspot area and temperature difference have similar 
effects on amplitude, so this particular amplitude fit 
is merely a solution for “spot area × temperature dif-
ference.” Using this solution the predicted amplitude 
ratio for B- and R-bands is 1.34. The observed ratio 
is 1.11 ± 0.27. Therefore the observed ratio of varia-
tion amplitude is compatible with the starspot model; 
it is also compatible with there being no dependence 
upon wavelength.  

 
Figure 9. Amplitude versus wavelength for the “medi-
um” and “good” quality data. The “Starspot -500” trace 
is for a starspot 500 K cooler than its surroundings (with 
vertical adjustment for best fit with observations, e.g., 
starspot radius = 3.8 degrees). Wavelengths have been 
“fuzzed” using random offsets to make their plotted 
symbols overlap less. 

An exoplanet that reflects starlight can produce a 
wavelength dependence of amplitude because the 
planet’s atmosphere can have an albedo that varies 
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with wavelength. An analysis by Marley et al. (2013) 
shows that the albedo can be flat with wavelength 
throughout the B- to R-band region (far enough from 
star for the presence of thick water clouds), or it 
could vary greatly, from ~ 60% to 20% (planet closer 
to star and mostly cloudless). Therefore the present 
observations cannot be used to rule out an exoplanet 
explanation for ED 2359-434’s brightness variation.  

 
7. Suggested Follow-Up Observations 

How feasible would it be to use radial velocity 
(RV) measurements to distinguish between the alter-
native interpretations for WD 2359-434’s brightness 
variation? If the planet’s mass were twice Jupiter’s, 
for example, it would produce a radial velocity peak-
to-peak variation of 2.4 km/s. RV measurements of 
this WD were reported by Maxted and Marsh (1999). 
When their eight RV values are phase-folded using 
the 2.7-hour brightness variation period, as shown in 
Fig. 10, there is no discernible sinusoidal signal (it is 
unfortunate that the data cluster around one phase).  

 
Figure 10. Maxted and Marsh (1999) radial velocity 
measurements of 1997 and 1998, phase-folded using the 
ephemeris determined by 2011 and 2012 brightness 
temperature variations.  

However, the uncertainty of each measurement is 
~ 4 km/s, so these data are not accurate enough to 
show the expected variation. The measurements were 
made with the 3.9-meter Anglo-Australian Telescope 
at Siding Spring, Australia. The desired accuracy 
might be achieved by either more measurements with 
an equivalent telescope and spectrograph or meas-
urements with a more capable system. This may be 
the only way to determine if the WD 2359-434 
brightness variations are caused by a starspot or an 
exoplanet. 

One complication with interpreting RV meas-
urements when a starspot is present is that fitted line 
wavelength will change as the starspot rotates from 
the approaching side to the receding side of the plan-
et. However, this effect also causes line shape to 
change, and the starspot influence on RV plots can be 
removed, as shown by Moulds et al. (2013). 

Another follow-up observation is suggested by 
Bergeron (2012), who wonders if convective activity 
is causing a transformation from spectral type DA to 
DB, with variability produced by a patch of helium 
on the surface. This situation should be detectable 
using spectroscopic observations. 

A “hot Jupiter” exoplanet might be detectable 
from its Lyman-α atmospheric emission, as suggested 
by McCullough (2013) and Menager et al. (2011). If 
it is present then a spectroscopic radial velocity sig-
nal might reveal a 2.7-hour period with a greater ve-
locity range than is produced by the WD due to the 
planet’s greater orbital velocity. 

As a curiosity let’s ask if a planet at the 0.0042 a. 
u. distance from WD 2359-434 would be within the 
star’s habitable zone? If the planet’s albedo were 
80% it would be absorbing ~ 5 times as much light 
per unit area as the Earth absorbs from the sun. Such 
a planet, and any moons that it might have, would not 
be within the habitable zone, and it would be too hot 
for the presence of liquid water. Such a planet could 
be called a “hot Jupiter.” 

 
8. Conclusions 

The case of WD 2359-434 illustrates the feasibil-
ity of detecting exoplanet candidates orbiting white 
dwarfs using the planet’s reflected light when using 
amateur telescopes. Whereas an exoplanet system 
like the one hypothesized for WD 2359-434 would 
exhibit transits for only 4.5 % of random orbit incli-
nations, the reflected light geometry permits detec-
tion for ~ 50 % of random orientations. This ten-fold 
advantage suggests that precision photometry meas-
urements of brightness variations, having periods of 
several hours, might be a more productive strategy 
for detecting Jupiter-size exoplanet candidates orbit-
ing white dwarfs than the alternative strategy of 
searching for exoplanet transits. Follow-up verifica-
tion using RV measurements will be required to dis-
tinguish between the starspot and exoplanet interpre-
tations, and this may be the greater observing chal-
lenge. However, before RV follow-up observations 
can be justified it may be necessary to monitor the 
white dwarf’s brightness variability for more than a 
year in order to assess constancy of period, amplitude 
and phase, because any changes in these parameters 
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would rule out the exoplanet interpretation and favor 
a starspot interpretation. 
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Abstract 

Rose-Hulman Institute of Technology is a four-year college specializing in undergraduate engineering, science 
and mathematics education. Rose students have a strong interest in anything space-related. In the early days of 
the space age, Rose established a campus observatory to collect data on man-made satellites. In 2000, a new 
observatory was completed and named the Oakley Observatory. The new observatory was designed primarily 
for education and outreach, but we have successfully used it for minor planet astrometry, and photometry of mi-
nor planets and variable stars. Rose-Hulman students have discovered 33 main belt asteroids. Faculty, Rose 
students, and local high school students have worked together to publish more than 350 minor planet 
lightcurves. To supplement the campus observatory, The Oakley Southern Sky Observatory was completed in 
2007 near Siding Spring in New South Wales, Australia. OSSO makes it possible to observe the southern sky, 
and it has much less cloud cover, as well as, significantly darker skies than our campus. Rose-Hulman offers an 
area minor in astronomy and all of the astronomy courses are available to all majors as technical electives. Clas-
ses are normally filled to capacity. Finally, we also use the campus observatory for public outreach. We host 
scout troops, school classes and many other types of groups who want to look through a telescope. We also hold 
public open houses for special astronomical events such as the transit of Venus. 

1. Background 

Rose-Hulman Institute of Technology was 
founded in 1874 in Terre Haute, Indiana as Rose Pol-
ytechnic Institute. The name was changed in 1971. 
Since its founding, the purpose and mission of the 
school has been to provide the best undergraduate 
education in science, engineering and mathematics. 

Rose-Hulman has had a campus observatory 
since 1961 when a group of local amateur astrono-
mers asked the school to host the local Moonwatch 
program. Moonwatch made use of visual observa-
tions of earth orbiting satellites to determine their 
orbits. 

The original observatory consisted of a roll-off 
roof building which housed six, 8-cm telescopes used 
for Moonwatch. At the time this facility was built, a 
0.20-meter reflecting telescope and dome were also 
donated to the school. 

The Moonwatch program soon became obsolete 
and the small telescopes in the first building were 
replaced with a 0.30-meter reflector built by students 
and staff. 

The two telescopes, one in the dome and one in 
the roll-off roof building had clock drives, but no 
“go-to” capability, they were aimed my hand. Of 
course, there were no CCD cameras or other modern 
equipment available. Because these telescopes were 
difficult to aim and all observations were visual, the 
observatory wasn’t used much by the students or fac-

ulty. No one had the time or patience. As a result, the 
campus master plan developed in 1989 eliminated the 
observatory. 

 
Figure 1. The original observatory at Rose-Hulman as it 
appeared circa 1961.  

I was put in charge of the observatory in 1992. I 
knew that if the students were actually using the ob-
servatory, then the school would not tear it down. But 
to get the students to use the telescopes, they needed 
to be much easier to use. Which meant, modern, 
computer controlled mounts and CCD cameras were 
needed. I began trying to acquire new equipment by 
applying for funds to the National Science Founda-
tion, without success. 

In 1994 the Student Government Association an-
nounced that they had a surplus of funds. I asked the 
president of the Rose-Hulman Astronomical Society 
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to request funds from SGA for a new telescope for 
the observatory. SGA provided funds to purchase a 
0.28-meter Celestron. Rose-Hulman matched this and 
we purchased two new telescopes that year. 

In my next proposal to the NSF, I mentioned the 
support given by the students. This impressed the 
reviewers enough that NSF funded the purchase of 
two Meade 0.30-meter LX200 telescopes and several 
CCD cameras. With the acquisition of all of this new 
equipment, the observatory became much easier to 
use and, indeed, my students and I did use it much 
more. 

In fact, the observatory was being used so often 
for research, classes and public outreach that the 
Oakley Foundation donated money for the construc-
tion of a new observatory on campus which was 
completed in 2000. The new observatory could house 
eight permanently mounted telescopes. The Oakley 
Foundation also provided funds for additional tele-
scopes and new telescope mounts. 

 
Figure 2. The current observatory at Rose-Hulman in the 
as it appeared in the fall of 2012. 

We didn’t stop there. We began a program of 
continuous improvement so that the observatory 
wouldn’t become obsolete. Over the years we have 
raised funds from the American Astronomical Socie-
ty and other sources to replace nearly all of the 
equipment in the observatory. We currently have a 6-
inch Clark refractor, a 15-cm Takahashi refractor, 
five, 0.35-meter Celestron Schmidt-Cassegrains, and 
a 0.50-meter RC Optical Ritchey-Chretien. All of 
these telescopes are on Software Bisque Paramount 
ME mounts. We have four Santa Barbara Instrument 
group STL-1001E CCD cameras equipped with pho-
tometric BVR filters, and an STL-4020M and an 
STL-6303E equipped with RGB filters for pretty 
pictures. 

In 2007 the Oakley Southern Sky Observatory 
near Siding Spring in New South Wales, Australia 
was completed. The location for this remote observa-
tory was chosen for its dark and clear skies. It also 
gives us access to the southern skies. It provides a 

very convenient time difference so we can use the 
observatory during normal working hours. 

 
Figure 3. The Oakley Observatory houses eight perma-
nently mounted telescopes. 

OSSO houses a 0.50-meter RC Optical Ritchey-
Chretien telescope on a Paramount ME mount. We 
have two cameras for this telescope, an STL-1001E 
with photometric filters for our research work and an 
STX-16803 camera for pretty pictures. 

 
Figure 4. The Oakley Southern Sky observatory takes 
advantage of the ability of modern equipment to be op-
erated remotely and robotically. 

For a more detailed history of the Rose-Hulman 
observatory see Ditteon (2013). 

 
2. Research 

As mentioned in the brief history presented pre-
viously, the Rose-Hulman observatory was founded 
for the purpose of conducting research on satellite 
orbits. Research at a college observatory is an excel-
lent means for raising funds for equipment that can 
be used for other activities in addition to the research. 
Research is also important for the professional devel-
opment of the faculty. But, most important, it is good 
for the students, even if they don’t go on to graduate 
school in astronomy or astrophysics. 
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2.1 Asteroid Astrometry 

The first research done at Rose, as part of the ef-
fort to save the observatory, was asteroid astrometry. 
We started measuring asteroid positions in 1999 be-
fore the large surveys began sweeping up all of the 
asteroids which were bright enough for us to observe 
with our small telescopes. 

As a result of our observations, Rose-Hulman 
students discovered 33 minor planets. These discov-
eries generated a lot of interest and publicity for the 
observatory. However, it was soon clear that discov-
ering asteroids was going to become much more dif-
ficult, so we switched our research activities to aster-
oid photometry. 

 
2.2 Asteroid Photometry 

Beginning in 2002 we began making photomet-
ric observations of asteroids and publishing our re-
sults primarily in the Minor Planet Bulletin. 

 
2.2.1. Observing Procedures 

The first step in asteroid photometry is to select 
asteroid for observation. We set up TheSky6 for the 
date we want to observe and set the time for an hour 
after local sunset. Then we load in the MPCORB data 
base. We use the Data Wizard in TheSky6 to select 
asteroids with altitude between 20° and 30° altitude, 
and azimuth between 0° and 180° (i.e. low in the 
East). We also restrict to the search to asteroids 
which are bright enough for photometric observations 
with our equipment (about magnitude 15.5). This 
normally generates a list of more than 100 asteroids. 
We export the list to an Excel® spreadsheet. 

The next step is to compare the potential target 
list with the asteroid lightcurve database maintained 
by Warner et al. (2009). We try to observe asteroids 
which have not been previously observed or whose 
rotational period is very uncertain. Typically the re-
sulting list still has a couple of dozen targets remain-
ing, so we select the six to eight targets which are 
furthest north or south (depending on the observato-
ry) so that the targets remain up as long as possible. 

Almost all of our asteroid photometric observa-
tions are done robotically. The final target list is en-
tered into a text file along with information on expo-
sure time, filter, etc. which can be read by custom 
observatory control software. The software waits 
until local sunset, and then it checks a cloud sensor. 
If the sky is clear, the software turns on the power to 
the equipment, begins cooling the camera, and opens 
the observatory roof. If twilight flats are requested, 
the telescope slews to a sky position just east of the 
zenith and twilight flats are taken as soon as it gets 

dark enough. The main observing run begins an hour 
after dark and continues until all of the targets set or 
it becomes too cloudy or the time reaches an hour 
before sunrise. Then the telescope is parked, and the 
roof closes. If dome flats are requested, then the flat 
field light source is turned on and flats are taken. All 
of the images that are taken are automatically trans-
ferred back to campus via a background program. 

Typically we try to collect data on the same set 
of asteroids for as many nights as possible during a 
10 night period. After about 10 nights, the asteroids 
are starting out fairly high in the sky and a new set of 
asteroids is in a better position for observing. 

 
2.2.2. Data Processing and Analysis 

Students are seldom available to process and 
measure the images as soon as they are received. 
Normally, we archive images until students have time 
to work on a complete set. 

The students use CCDSoft to create master flats, 
bias and dark frames and to reduce or calibrate the 
images. Then they use MPO Canopus to measure the 
asteroid brightness and generate the lightcurve. 

Near the end of one of our grading periods (we 
are on a quarter system rather than semesters), the 
students write a paper for publication in the Minor 
Planet Bulletin. We don’t usually catch up with all of 
the incoming data, so we often hire students to work 
on asteroid photometry during the summer. The 
Physics and Optical Engineering Department, which 
is the home department for the observatory, has been 
very generous in making funds available for hiring 
summer students. 

 
2.2.3. Summary of Results 

To date we have published 372 asteroid 
lightcurves in 35 papers in the Minor Planet Bulletin. 
These papers have involved 76 different Rose-
Hulman students as coauthors. Some students have 
worked on several papers (the current record is 7 pa-
pers for one student). We have also had 6 advanced 
high school students as coauthors and two other 
Rose-Hulman faculty members. 

Two additional lightcurves have been published 
in an article in Icarus (Slivan et al. 2008). 

 
3. Education 

Of course undergraduate education is the final 
justification for everything we do at Rose-Hulman. 
Offering our students the opportunity to get their 
hands on telescopes and CCD cameras was the driv-
ing motivation for the design of the campus observa-
tory. Rather than building the typical one, large tele-
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scope dome, we chose to build the roll-off roof build-
ing to house multiple telescopes. 

We offer three astronomy/astrophysics courses 
which are electives available to all majors. If students 
take all of the astronomy courses, plus some related 
courses, they can earn an area minor in astronomy. 

The astronomy courses offered include a course 
in Observational Astronomy, Physics of Stars, and 
Planets and Galaxies. Even though these courses are 
physics electives, they are normally filled to capacity 
and students are waitlisted. All of these courses re-
quire Calculus and Introductory Physics as prerequi-
sites. To receive the area minor students also are re-
quired to earn at least 2 credits of directed research. 
This is the primary mechanism for getting students to 
work on asteroid photometry. The area minor stu-
dents can also select from several other courses: Spe-
cial Relativity, General Relativity, and Celestial Me-
chanics to complete their requirements. 

 
4. Outreach 

Public outreach is an important activity at the 
Oakley Observatory. The student astronomy club, the 
Rose-Hulman Astronomical Society, has been meet-
ing weekly when school is in session since 1961. The 
public is invited to attend these weekly meetings. In 
addition, when there are special astronomical events, 
such as the recent transit of Venus, we invite the pub-
lic to come out. For the June 2012 transit we had 
more than 500 people view the transit in less than 
two hours. 

 
Figure 5. The transit of Venus in June 2012 drew a large 
crowd to the Oakley Observatory.  

In addition to special events, we regularly sched-
ule observatory open houses in the fall and spring 
which are well attended. 

Upon request, we will host special groups. We 
have had both boy and girl-scout troops visit to earn 
merit badges in astronomy. We often have elemen-
tary, middle or high school classes come out during 
the day or at night. We have even had an adult Sun-

day school class come for a visit. We have an ar-
rangement with the local high school astronomy 
teacher for her students to earn extra credit by visit-
ing the observatory. 

These outreach efforts have generated a lot of in-
terest in the observatory and are largely responsible 
for our success in fundraising from the local commu-
nity. 
 
5. Conclusion 

Students and faculty are active in astronomical 
research, education and outreach. As a result of stu-
dent interest we have developed a modern, well-
equipped campus observatory. In addition, we have 
built and equipped a remote observatory in Australia. 
A program of continual upgrades and improvement 
should keep these observatories in service for many 
years to come. 
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Abstract 

The Telescopes In Education (TIE) Program was the pioneer in robotic astronomy. The first users came online in 
the spring of 1993. The TIE program was dedicated to K-14 students with the hope of inspiring them to develop a 
greater appreciation for math, science, and engineering through their participation in astronomy. The program 
was very successful through 2005 when NASA felt there were enough robotic telescopes in the community to 
support the students into the future. During the 12 years of supported operations, TIE had over one hundred 
thousand student operations. TIE then started working with Universities in Australia to help move their students 
towards careers in the sciences and engineering. We discovered that students in the middle schools were the 
ones that should be focused on, to successfully bring them into the sciences and engineering. We have crafted a 
system that should be very successful in this endeavor. 

1. Astronomy as the Tool of Inspiration 

We have known that young people are entranced 
by the night sky.  Astronomy provides the vehicle 
that can take students through the maze of education 
with the understanding that science and technology 
can all come together under the guise of astronomy.  
There have been countless stories of how experiences 
in astronomy brought young people to understand 
that there was a purpose for math, science, and edu-
cation in general.  NASA has done a fantastic job of 
trying to communicate the excitement and adventure 
that can come from our space and astronomy pro-
grams, but it has not been enough to meet the need of 
building our cadre of future engineers and scientists.   

Some universities have gone so far as to build 
high schools on the university campus with the hope 
of giving those students the tools necessary to suc-
cessfully pursue a future in engineering or science.  
These students are better prepared for the challenging 
coursework ahead, but not enough of them are con-
tinuing into engineering or science. 

 
2. Opening the Door to a Career in 

Science and Engineering 

In more than12 years of hosting hundreds of 
schools around the world with the TIE program, it 
has become apparent that a larger portion of the stu-
dents that used the remote telescopes, and went on 
into science and engineering studies, came from the 

population of students that started the remote astron-
omy at the middle school level.   

We have cases where the school went from not 
having any student move into science or engineering, 
to one where several students each year, went on to 
schools such as MIT or Caltech.  This was due in 
large part to the long term exposure of the students to 
an active astronomy program, or science club with a 
significant component dedicated to astronomy.  The 
key seems to be having a program that works effec-
tively with the students in the areas of science and 
engineering, and a dedicated staff of educators.  Am-
ateur astronomers often supplement the experience 
when they are available to the schools that have an 
active program. 

 
3. The end of TIE as we Knew it 

After supporting JPL and the TIE program with 
the remote control of telescopes for over 10 years, 
NASA felt that there were enough robotic telescopes 
available to schools, so they terminated the funding.  
With the termination of funding, the Mount Wilson 
Institute chose to shut down the TIE operations on 
Mount Wilson.  The 14” telescope was dismantled, 
and sent to Arizona for a future installation.  The 14” 
at Las Campanas Observatory in Chile was shut 
down due to no communications support from 
NASA.  Our two 14” telescopes in Australia were 
shut down. 

Eventually the 24” was sent to the Little Thomp-
son Observatory in Berthod, Colorado where it joined 
the TIE 18” telescope on long term loan.  They have 
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completed their overhaul of the 24” telescope, and 
will be prepared for remote operation soon.  The TIE 
program will be assigned half of the observing time 
on that telescope. 

 
4. The Legacy 

TIE was exceptionally successful in motivating 
students to at least gain an understanding of math, 
science, and engineering.  One of the students won 
the science fair in Florida, one won the LA science 
fair for computing the rotational period for the aster-
oid Vesta, and one won the Intel science award for 
computing the distance of a group of near earth aster-
oids using telescopes on a very long baseline.   

We changed the culture of several schools in-
cluding one that specialized in pumping out ivy 
league students, to having their own observatory, and 
students were going to prestigious science and engi-
neering schools.   

During the descent preparation of one of the later 
shuttle flights, one of the astronauts thanked the TIE 
program during their recognition broadcast.   

One of the middle school educators in Australia 
was named the Prime Ministers’ middle school sci-
ence teacher of the year, and that was based in part 
on the TIE program.   

A number of educators joined various NASA 
educator programs based on their exposure to TIE.  
Many of the educators experienced a week long 
hands on training program at the Mount Wilson Ob-
servatory. 

 
5. Who Would Have Thought? Direct 

Control vs. Scripted Control 

TIE stepped away from the remote operations, 
but remained active in the education and public out-
reach efforts, primarily in the SoCal and Arizona 
areas without funding, through volunteer work.   

We started receiving feedback from middle 
school educators around the world that even though 
they were able to secure telescope time on scripted 
telescopes, the new students did not feel the impact 
of directly controlling the telescopes.  One educator 
indicated that at least one of the “remote controlled 
scripted telescopes” was actually a database of imag-
es.  I went to that URL, and tried a series of images at 
various exposures, only to find the same image re-
turned each time.  You should not try to fool young 
people.  They become very cynical. 

I checked with some of the high schools, and 
they did not experience the drop in interest on the 
part of the students as severely as the middle schools 
did.  This was probably because they had experienced 

direct control, and scripted operations did not seem 
foreign to them. 

 
6. The Australia Connection 

TIE had been working closely with the Queens-
land University of Technology (QUT) on the installa-
tion and operation of the two 14” telescopes in Aus-
tralia from the early 2000 time frame.  They had se-
cured low data rate satellite communications for the 
observatory in Nanago, but Telstra was never able to 
get the promised high speed data lines to that obser-
vatory.   

Around 2010 QUT formed a partnership between 
QUT, TIE, and the University of Southern Queens-
land (USQ) with the goal of developing a remote 
telescope program that would be focused on bringing 
more Australian students into the Universities spe-
cializing in technical, engineering, science, and 
mathematics programs.  USQ would provide the 
space and communications at their observatory at 
Mount Kent in Queensland, while QUT would pro-
vide the beta testing of the concept of a program to 
target middle school students and to carry the pro-
gram forward in a progressive effort until it encom-
passed the full cycle through the completion of high 
school. 

We will be pursuing a grant to build at least two 
observatories with one telescope at f/6.3, and the oth-
er telescope will be operating at f/2.  We currently 
have the telescopes, cameras, and mounts waiting to 
be overhauled, and they will be put into operation 
when the telescope domes are completed. 
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Abstract 

Bohdan Paczyński (1940 – 2007) was a Polish born astronomer that made substantial contributions to the field of 
astronomy and astrophysics mainly though his theoretical work in the areas of stellar evolution, gravitational 
lensing, and gamma ray bursts. Paczyński’s contributions in these areas range from providing an essential facili-
tation to the process of gaining knowledge to providing the essential foundation of the field itself. The hallmark of 
Paczyński’s success is to continually unite theory and data. With this necessary marriage as his guide, he often 
promoted acquisition of data both efficiently and cheaply to both inspire and substantiate theory. Paczyński often 
promoted the collaboration between capable amateurs and professionals as a way to streamline acquisition and 
get around scheduling and time limitations that nearly all professional observatories face. 

1.   Introduction 

Bohdan Paczyński (1940-2007) was a polymath 
of astronomy. His principle contributions were in the 
fields of stellar evolution, gravitational microlensing, 
and gamma-ray bursts, but his range of influence 
extends far beyond these specializations. His passion 
for high-energy astrophysics was fueled by a founda-
tional understanding of the nature of matter and ener-
gy, coupled with the willingness to propose any 
number of ideas (controversial or not) to solve a 
problem, as long as it agreed with nature. The guid-
ing principles of observationally verifiable phenome-
non and fundamental physics enabled Paczyński to 
see through incorrect theories, sometimes, popular 
incorrect theories, in favor of possible solutions in 
accordance with nature and observation. Paczyński 
wasn’t at all shy about being a single voice heralding 
what he thought to be correct insights that agreed 
with nature. 

Paczyński had a knack for seeing the heart of a 
problem. His papers read like historical overviews, 
outlining, which ideas have been observationally 
verified, and which remains to be seen. He lays out 
his contributing ideas along with the details of sup-
porting observations, or future supporting observa-
tions, which would verify or correct his assertions. 
This process of theory guided by observation is not 
unique in scientific work. It is, in fact, at the heart of 
all sound scientific endeavors. The uniqueness of 
Paczyński’s approach is in his unrelenting adherence 
to this methodology and his unwavering trust that 
through these methods, and through no others, would 
the truths of nature be known.  

I don’t wish to paint the picture that Paczyński 
simply presented the truth in all its glory, a glory that 
others were somehow too careless or too inept to 

observe. But rather I wish to provide an image of 
Paczyński as a man with a passion for nature and for 
the scientific process by which we can know things. 
For Paczyński, science was not merely a job, but it 
was a way to see and understand the world. Under-
standing nature truly excited him. As recounted by 
many of his colleagues in Stanek (2009), he was al-
ways coming up with new ideas, curious possibilities, 
and always excited to share or discuss them with oth-
ers. 

 
Figure 7. Bohdan Paczyński at Princeton University in 
1998. Courtesy of Keith Meyers (The New York Times). 

The love of teaching and sharing perspectives on 
nature made Bohdan Paczyński a beloved instructor 
to those students who were just getting started in as-
tronomy as well as a trusted advisor to those in the 
profession needing an honest and insightful perspec-
tive on their work. In his own work, Paczyński was 
continually laying a backdrop for theory and experi-
mentation to come. He both created and inspired oth-
ers to create testable models, which would determine 
or constrain the mechanics of the stars. His natural 
approach to science has served as an inspiration not 
only to the astronomers with whom he worked and to 
those who use his work, but also to those non-
professionals who enjoy the history of scientific 
achievement and contribute to scientific data.  
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1.1 Awards and Honors 

It can be said of very few scientists (or any other 
professionals) that their work was key in the ad-
vancement of a particular field. However, it can be 
said of Paczyński that his work was not only key, but 
often the very seed from which the field was born. 
The term “seminal paper” is ascribed to Paczyński’s 
work throughout the literature. According to NASA’s 
ADS (at the time of writing), of his more than 250 
(Paczyński 2010) papers, many have more than 200 
citations, and at least 6 papers have 600 citations. 

Highly regarded for his work, Bohdan Paczyński 
was the recipient of many awards and held distin-
guished positions in the academic community. Born 
in Wilno, Poland in 1940, he received his M.A., Ph.D 
, and Docent Degree in astronomy all from the Uni-
versity of Warsaw between the years of 1962-1967 
(CV 2010). He was the Lyman Spitzer, Jr. Professor 
of Theoretical Astrophysics at Princeton University 
from 1989 to his death in 2007. Previous to 1989, he 
held many positions from assistant to full professor at 
the Nicolas Copernicus Astronomical Center in War-
saw. His awards include the Eddington Medal (1987), 
the George Darwin Lectureship (1996), and the Gold 
Medal (1999) from the Royal Astronomical Society. 
The Heineman Prize (1992), the Rossi Prize (2000), 
and the Russell Prize (2006) were awarded by the 
American Astronomical Society. In addition, he had 
numerous memberships in scientific academies 
around the world (Trimble 2009). 

 
1.2 Character Sketch 

Paczyński was a survivor of the Cold War, being 
raised under Communist rule. Like the generation of 
Americans that were raised during the Great Depres-
sion, the lack of readily available commodities made 
one resourceful and creative. Resourcefulness like 
this is built by a thorough understanding of what 
makes things work. If you understand the founding 
principles of how a machine or other system works, 
you can understand how to adapt parts that are neces-
sary for operation, but were not specifically designed 
for the needed purpose. This insight also enables the 
modification or redesign of the thing to better serve 
its end use. In a sense, this is how Paczyński ap-
proached his work in astronomy. Sometimes he ap-
plied knowledge or technologies developed for other 
uses to correctly serve as tools for understanding the 
astronomical phenomena that intrigued him. At other 
times, he revolutionized the prevailing views on a 
topic because he simply saw a better way to under-
stand it. 

In character with someone whose career is a life 
passion, he began his life’s work at a young age, 

looking at variable stars from the age of 14 and pub-
lishing at 18 (Trimble 2009). This is an indication of 
someone who needed to make something of himself, 
and who wanted to make an impact on the world. 
Bohdan Paczyński certainly did that. 

 
2. Body of Work 

This review of Bohdan Paczyński’s work is or-
ganized into three sections that address the three 
main areas on which he made significant impact. 
These areas are also highlighted in the collection of 
lectures given in honor of Bohdan Paczyński in 2007, 
and assembled into a bound volume by the Astro-
nomical Society of the Pacific (Stanek 2009). Stellar 
evolution, gravitational microlensing, and Gamma-
ray bursts provide a topical platform from which to 
view Paczyński’s great achievements. 

 
2.1 Stellar Evolution 

Stellar evolution has been an area of active re-
search for over 60 years. In that time, astronomers 
have compiled both theory and observations which 
provide us with a detailed life history of stars. We 
have determined that nuclear fusion in the cores of 
stars is the source of their tremendous energy output 
and that, as stars age, they undergo changes in their 
structure, compositions, and luminosities. This evolu-
tion has been correctly modeled so that theoretical 
results match observation to close tolerance. This 
correlation between observation and theory alone 
stands as a monumental achievement for modern sci-
ence. 

Paczyński’s first theoretical work on stellar evo-
lution was on binary systems. This work was fol-
lowed by the invention of the Paczyński code and by 
his work on single stars. Binary stars provided a natu-
ral leap into theoretical astronomy from earlier ob-
servational work on binary systems carried out in 
Poland, and from other work done as a visiting ob-
server at the Lick Observatory in the United States. 
Even though Paczyński is known for his many con-
tributions as a theorist, he also made a mark as an 
observational astronomer with a few early papers 
documenting observations of variable binary stars 
including Ginter et al. (1958), Paczyński (1962), 
Preston and, Paczyński (1964), and Herbig et al. 
(1965). The dissertation for his PhD (Paczyński 
1964) is on interstellar absorption estimations as de-
duced from star counts. 
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2.1.1. The Paczyński Code 

Paczyński’s contributions to the physics of stel-
lar evolution were foundational to the field both in 
providing a comprehensive view of the evolutionary 
process and in providing a valuable tool for others to 
extend the work. While on a fellowship in 1968 from 
the University of Colorado's Joint Institute for Labor-
atory Astrophysics (Spergel 2007), Paczyński wrote 
computer code that enabled efficient modeling of 
stellar interiors, allowing the stars to evolve through 
time to view the resulting process and composition 
changes. This code was an early legacy from 
Paczyński. It served his own research in stellar evolu-
tion (see section 2.1.2) and also served the work of 
others as he made it readily available as an open-
source program that could be easily adapted to a vari-
ety of other uses. According to Trimble (2007a), this 
is one of the first examples of open-source code in 
astronomy. 

One example of the code’s usefulness to others is 
found in Odell and Pesnell (1997), where they de-
scribe that they have modified the Paczyński code for 
stellar evolution to produce a graphical output as a 
learning tool for undergraduate and graduate stu-
dents. They discuss the modified code as a highly 
effective tool for gaining an understanding of stellar 
evolution. Kononovich gave another example of its 
open-source success as well as Mironova (2006) at an 
IAU meeting were they report using the modified 
Paczyński code supported by a Web interface at 
Moscow State University. 

The original Paczyński code had approximately 
eight iterations (Trimble, 2009) and was written in 
components so that successive calculations could be 
made in steps, using stored data from the previous 
calculation. This is similar to the way (perhaps in-
spired by Paczyński’s vision of efficient code writ-
ing) that more modern “Monte Carlo” routines are 
designed. An example is the galactic pulsar popula-
tion code written by Lorimer et al. (1993), subse-
quently adapted and run on the super-computing fa-
cility at Swinburne University. This population syn-
thesis routine is written in 4 components which allow 
the user to make many subtle variants of the model 
by changing term values in latter steps of the se-
quence without having to re-run the entire simulation 
for each variant. This methodology saves considera-
ble computer time and enables smaller (partial evolu-
tion) files to be downloaded via the Internet in a short 
time. 

According to Trimble (2007b), the Paczyński 
code sequence began with a Schwarzchild-style rou-
tine that provided the initial zero-age main sequence 
(ZAMS) model, followed by a Henyey-style evolu-
tion from ZAMS onward. Values needed to solve the 

differential equations for evolution were calculated 
and stored ahead of time as numerical values with a 
range of temperature, density, and composition for 
quick and efficient run times (Trimble 2009). 
Paczyński recognized that, with limited computing 
speed and resources, this component architecture 
would provide the user with the greatest flexibility 
for many versions of the end product. “Opacities, 
equations of state, and nuclear energy generation 
rates were calculated by separate programs and stored 
in tables that ranged over the temperature, density, 
and composition regimes one would expect to need” 
(Trimble 2009). In this way, computing time could be 
minimized and parallel solutions (solutions with 
slightly different variants) could be run simultaneous-
ly. As computers have evolved so quickly, it is hard 
to realize that they were very slow in the late 1960s. 
Even though there have been enormous advances in 
computer processing throughput and speed, 
Paczyński’s architecture is still relevant for today’s 
larger and more elaborate simulations. It seems that 
computers will always take longer to do tasks than 
the human is willing to wait.  

Paczyński’s genius in the use of computers to 
quickly evolve complex systems may be at risk of 
being lost within the current reality of their common 
and indispensable use for modern astronomy. 
Paczyński’s use of computers to solve stellar evolu-
tion problems was, in fact, revolutionary to the field. 
One can easily say that the use of computers to assist 
in solving such problems was inevitable, just the 
same as the automobile’s outgrowth of the invention 
of the internal combustion engine. Even though, in 
hindsight, such connections may seem obvious, they 
originally had to be made by someone who had a 
vision for future possibilities. 

 
2.1.2. Evolution of Single Stars 

In the early 1970s, while still in Poland, 
Paczyński published two sets of six papers on the 
evolution of single stars (Preston 2009). These papers 
were published in the journal Acta Astronimica, the 
Polish journal of astronomy and astrophysics, pub-
lished by the Copernicus Foundation for Polish As-
tronomy and edited by Warsaw University Observa-
tory, from which Paczyński earned his PhD and with 
whom he would stay intimately connected for his 
entire career. The first set of papers, titled The Evolu-
tion of Single Stars (I-VI), is according to Preston 
(2009), “a cradle-to-grave exposition of stars that 
evolve from a Paczyński ‘linear series’ with mass as 
a free parameter.”  The first of the series titled, “Stel-
lar Evolution from Main Sequence to White Dwarf or 
Carbon Ignition” (Paczyński 1970), has more than 
600 citations, showing it to be a significant reference 
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material for work that would take place after its pub-
lication. In this series, Paczyński uses his computer 
code and models population I stars from the masses 
of 0.8 to 15 solar masses. Paczyński concludes that 
stars in the 3, 5, and 7 solar mass ranges will proba-
bly end with the same fates and result in planetary 
nebula surrounding White Dwarf stars. Preston 
(2009), states that these papers show Paczyński’s 
continuous striving to harmonize theory with obser-
vation. 

The next set of six papers (Paczyński 1972) was 
less widely cited (only 29 citations as of 2012 on the 
first of the series), but considered by Paczyński to be 
a more fundamental contribution to stellar evolution-
ary theory (Preston 2009). Paczyński continued to 
use and upgrade his code for the evolution of stars 
until about 1978 (Trimble 2009). 

 
2.1.3. Evolution of Binary Stars 

Paczyński’s most influential paper on the evolu-
tion of close binary stars (CBS) was, according the 
NASAs ADS, the second most important paper on 
the topic of CBS with 818 citations as of 2010. 
Paczynski (1971) lays out a comprehensive evolution 
of binary systems with mass transfer within the 
Roche lobe. Previous to this publication, Paczyński 
had written a much broader five-paper series on the 
same topic, which he submitted as his thesis for his 
doctor habilatus or docent degree (Spergel 2007). 
According to Trimble (2009), there were three differ-
ent groups working to have the correct picture of the 
evolution of CBS in order to explain Algol systems, 
where the more evolved star is less massive1. All 
three groups spoke at the 1966 colloquium in Uccle, 
Belgium, but none were received as well as was 
Paczyński’s. According to Preston (2009), the com-
ments from colleagues after Paczyński’s presentation 
were all about success. Preston (2009) reports that 
Miroslav Plavec was moved to say, “May I say that 
until today it was theory of close binaries that lagged 
behind the observations. Today we have a historical 
moment when the problem of the existence of the 
semi-detached systems has been essentially theoreti-
cally solved.”  Paczyński published the calculations 
and details of this talk in the five-part series men-
tioned above. 

Paczyński (1971) discusses, among other things 
related to binary systems, that it should be possible to 
analyze nuclear processes inside stars by looking at 
the spectra of CBS, in that the material that is being 
transferred from one star to the other is being dredged 

                                                           
1 More massive stars evolve faster than less massive stars so 

it was counter intuitive that the more evolved star should be less 
massive. 

up from the interiors. Trimble (2009) makes mention 
of a controversy related to this idea, marked by a 
heated disagreement by contemporary Anne Un-
derhill. Underhill didn’t think it possible for stellar 
interior material to be lifted to the surface and trans-
ferred from one star to the other. This is the first of 
several times that Paczyński would find that his ideas 
were outside the common culture. Most notably, this 
would arise again when Paczyński’s voice was nearly 
solitary in favor of a cosmological origin for Gamma-
Ray bursts.  

The theme of variable stars would be a focus for 
Paczyński throughout his career. His first experiences 
with astronomy at age fourteen was observing varia-
bles including eclipsing binaries (Preston 2009) and 
continues to his death with such projects as the Opti-
cal Gravitational Lensing Experiment (OLGE) and 
the All Sky Automated Survey (ASLS). Paczyński 
believed that variable stars could unlock much new 
knowledge about the universe and serve as observa-
tional challenges to theory. The following sections 
will develop these ideas more fully. 

 
2.1.4. Other Star Systems 

In addition to these series papers, Paczyński was 
the first or among the first to propose solutions to 
several observed systems including the evolution of 
White Dwarf binaries as leading to FK Comae stars, 
R CrB stars, and as the origin of Type Ia supernovae 
(Trimble 2007b). 

Paczyński was passionate about interacting sys-
tems and the physics that might be possible within 
their extreme environments. In Paczyński (1974), he 
was able to calculate a mass limit to quasars which 
would later evolve into his studies on black holes and 
accretion disks.  

In Paczyński (1974b), he was able to place a firm 
lower mass limit on HDE 226868, the compact com-
ponent of the Cygnus X-1 system, showing that it is a 
black hole. He did this by using the assumption that 
HDE 226868 does not exceed its Roche lobe. With 
Cygnus X-1 at 2.5 kpc, the minimum mass of HDE 
226868 is 9.5 solar masses, which firmly establishes 
this system as containing a black hole. 

Paczyński’s work with accretion disks around 
Active Galactic Nuclei (AGN), would lead to a 
method of understanding the relativistic motion of 
material around a Schwarzschild (non-rotating) black 
hole that would become widely used by researchers 
working on accretion theory. This method, known as 
the Paczyński-Wiita potential (Paczyński & Witta 
1980) has more than 700 citations and has come to be 
one of Paczyński’s hallmarks. According to 
Abramowicz (2009), “The model is an example of 
Paczyński’s admired ability to invent ‘out of no-
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where’ simple ideas that were brilliant, deep and use-
ful.”  Trimble (2007b) explains this method as a 
Newtonian mimic of the General Relativistic equa-
tions of the motion around the black hole and is able 
to find useful things such as the last stable orbit of 
material before it plunges into the hole. 

 
2.2 Gravitational Lensing and Dark Matter 

All gravitational lensing systems are comprised 
of the 3 basic parts (see Figure 2) including the 
source, lens, and image plane but variations in the 
geometry of these parts as well as the mass and dis-
tribution of lens object(s) create a variety of lensing 
types. Based on the degree to which the light is bent 
and the amount of shift between where the image 
appears with the lens, compared to where it would 
appear if no lens were present, lensing is divided into 
three major classifications. 

 
1. Strong lensing (Figure 3) is associated with high 

mass lenses and large deflection angles. The 
lenses that produce large deflection angles typi-
cally include galaxies and galactic clusters. De-
pending on the lens geometry and mass there 
may be several images of the source or severe 
distortion of the image. Strongly lensed images 
often appear as multiple source objects or as ob-
jects stretched out in arcs, tangentially and radi-
ally arranged around the lensing mass. Strong 
lensing also includes high magnifications some-
times associated with microlensing (Schneider 
2005). 

 
2. Weak lensing occurs when the lensing effect is 

very small so that no extra images or image arcs 
are formed. Weak lensing leads to small distor-
tions in the shapes of images. These distortions 
can be caused by the projected gravitational field 
also known as shear and convergence of the light 
causing magnification (Schneider 2005). Shear is 
distortion in the image of the object as compared 
to what the object would look like if it weren’t 
lensed. If the shape and brightness of the object 
or the mass of the lens is well understood, imag-
es can provide information about the aspects of 
the lens that is not well understood. Since indi-
vidual galaxies have significant variation in 
brightness and shape in addition to the subtlety 
of the lensing, weak lensing is by far the most 
difficult to detect and from which to derive data. 

 
Figure 2. A simple gravitational lens system showing 
center (gray) star as source object, center dot as lensing 
object and observer’s viewing plane consisting of  two 
(red) stars. Courtesy of Michael Richmond 
(http://spiff.rit.edu/classes/phys240/lectures/grav_lens/g
rav_lens.html) 

3. Microlensing includes all lensing that occurs 
where multiple images or the image distortions 
are too small to be seen. Typical microlensing 
events have distortions on the order of micro-
arcseconds and are therefore well outside the 
resolution of telescopes. Even though distortions 
this small are undetectable, there may be bright-
ness amplifications that are easily detectable if 
the angular size of the source is smaller than the 
Einstein Ring

 

of the lens (Peacock 1999). 

 
Figure 3. HST image of Abell 2218 showing large lumi-
nous arcs of background galaxy being lensed by the 
foreground cluster. Credit NASA/HST 

Dark matter consists of any matter in the uni-
verse that is not detectable through EM radiation, 
thus it is dark. Dark matter is detectable through its 
gravitational influence on space and visible matter. 
Fritz Zwicky (1937) was the first to postulate the 
existence of dark matter as a result of the discrepancy 
between observed mass in the Coma cluster of galax-
ies and mass predicted by the Viral Theorem, which 
compares the average kinetic energy with the gravita-
tional potential energy of a gravitationally bounded 
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system. The viral theorem was used to estimate the 
mass of cluster based on the motion of the galaxies 
rather than simply on the amount of luminous materi-
al in the clusters. In order for the clusters to have the 
motion that was observed and to not fly apart, a great 
deal more mass was needed to hold them together. 
Dark matter can be in the form of cold objects and of 
low velocity gas (baryonic), hot relativistic material 
such as neutrinos, or exotic particles collectively 
called Weakly Interacting Massive Particles 
(WIMPs). NASAs WMAP satellite results have place 
strict constraints on the ratios of these types of dark 
matter to the whole (Komatsu et al. 2009). The dark 
matter component that Paczyński proposed to meas-
ure was cold baryonic matter in the form of red dwarf 
stars, black holes, and neutron stars, etc.  

 
2.2.1. Strong Gravitational Lensing 

Bohdan Paczyński’s initial work on gravitational 
lensing was in the area of strong lensing (Paczyński 
1987). This Paczyński insight is a case where he may 
have understood what could be imaged before the 
observers who had obtained the images (Trimble 
2007b). In Paczyński (1987), Bohdan outlines the 
lensing mechanics that could produce the arc struc-
tures in the images of Abel 0370 and CIG 2244-02 
(SIMBAD 2010). 

 
2.2.2. Weak Gravitational Lensing 

The main contributions to weak lensing theory 
by Paczyński were Katz & Paczynski (1987), Lee and 
Paczynski (1990), Paczynski and Wambsganss 
(1989), and Jaroszynski et al. (1990). All of these 
papers use modeling techniques to show the possibil-
ity of detecting weak lensing by single galaxies. Katz 
and Paczyński (1987) calculated 28,000 models of 
weak lensed quasars by a random placement of gal-
axies. They conclude that, according to their models 
which didn’t use galactic cluster modeling, the ab-
sence of observed weak lensing could not be ex-
plained by sheer induced lensing. Jaroszynski et al. 
(1990) show that the large scale structure of the uni-
verse as presently (1990) known does not produce 
multiple images with gravitational lensing on a scale 
larger than clusters of galaxies. 

 
2.2.3. Gravitational Microlensing by The Galactic 

Halo 

Gravitational microlensing is an effect in which a 
distant luminous object can be magnified by a mas-
sive object lying between the luminous object and the 
observer. Paczyński realized that small lensing ef-
fects could be seen as starlight from the large and 

small Magellanic Clouds passed behind massive ob-
ject in the halo of the Milky Way. These observations 
could be used to measure the amount of galactic mass 
related to, what would be called, massive compact 
halo objects (MACHOs). In Paczyński (1986), he 
calculated the optical depth (the odds of seeing such 
an event) to be τ ≈ 10-6, which means that for every 
million stars observed, one should show a micro-
lensing event. By monitoring many millions of stars 
in intervals ranging from a few hours to a few years, 
strong limits could be set on the contribution of 
MACHOs to the mass of the galaxy. Paczyński 
(1986) would prove to be a seminal paper for gravita-
tional microlensing and “coin” the name for the phe-
nomenon. As of April 2010, NASAs ADS reports 
803 citations to this paper. 

 
2.2.4. A Proposal Realized 

Paczyński wasn’t the first person to suggest the 
idea of gravitational lensing. The structure of such a 
lens had been calculated as early as the 1960s 
(Refsdal 1964; Liebes 1964). The application to use 
this lensing as a probe to the galactic halo was previ-
ously raised by Gott (1981) and Chang and Refsdal 
(1984). According to Alcock (2009), Paczyński’s 
unique contribution was to use the Magellanic Clouds 
as a background to the Milky Way’s halo in order to 
determine what percent of dark matter was made of 
MACHOs. Furthermore, Paczynski (1986) produced 
a calculation to determine the optical depth, τ, once 
observations could be made. 

 
Figure 4. Example lightcurve of Gravitational Micro-
lensing event - OGLE-2005-BLG-006. Credit 
http://ogle.astrouw.edu.pl/ 

The observations were not able to be realized at 
the time of writing the 1986 paper, but in only a few 
years, CCD detectors, faster computers, and large 
storage disks made this type of massive search possi-
ble (Alcock 2009). According to Narayan and Bar-
telmanm (1997), once technically achievable, there 
was an obvious sorting task to be done. Surveys 
would undoubtedly discover many more variable 
stars than microlensing events. As such, the two phe-
nomena would need to be sorted out. Fortunately, the 
microlensing events would have symmetric 
lightcurves, as shown in Figure 4, and intrinsic varia-
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ble stars would have asymmetric lightcurves. In addi-
tion, because the bending of light is done by its 
movement through space and not through a medium, 
there would be no color changes during the lensing 
event. 

 
2.2.5. The Microlensing Surveys 

Three principle surveys realize the vision of the 
Paczyński (1986) paper, the Massive Compact Halo 
Object (MACHO) project, the Expérience pour la 
Recherche d'Objets Sombres (EROS) project, and the 
Optical Gravitational Lensing Experiment (OGLE) 
project (OGLE website).  

The MACHO project started taking data in 1992 
from the Mount Stromlo and Siding Spring Observa-
tory in Australia, using the 1.3-m Great Melbourne 
Telescope. The MACHO team’s original plan was to 
set up a 0.8 m telescope in Chile, but the location was 
changed to Australia at Mount Stromlo when a major 
upgrade to the Great Melbourne Telescope was 
planned to make it suitable for this survey work. Up-
grades included making both prime and Newtonian 
focus using a dichroic beamsplitter and the biggest 
CCD cameras (in 1992) ever employed for astronomy 
(Alcock 2009). 

The EROS project began taking data around the 
same time as MACHO, but used a 2-tiered approach 
using Schmidt plates and a small CCD on the Marly 
Telescope in Chile (Alcock 2009). The OLGE team 
began using part-time, the 1m Swope telescope at the 
Las Companas Observatory in Chile part time, but 
upgraded as OGLE II, to the 1.3-m Warsaw tele-
scope, in a dedicated facility on the grounds at Las 
Companas (Stanek 2009b). 

All 3 surveys have made detections of micro-
lensing events, but MACHO and EROS have focused 
on the Large Magellanic Cloud as a backdrop for 
MACHO detections. By 1993, both MACHO and 
EROS had made microlensing a reality and by 1998 
had placed firm boundaries on the amount of the ga-
lactic halo made up by MACHOs. The 2 surveys 
have produced mostly similar results placing the lim-
its on the fraction of dark matter that makes up the 
galactic halo to ~ 20% with typically ~0.5 solar mass 
objects (Alcock et al. 1996; Palanque-Delabrouille et 
al. 1998; Tisserand et al. 2007). The EROS group has 
consistently reported a lower event rate at ~0.5 solar 
masses. Although both groups feel confident in their 
measurements, the event rate and thus the total con-
tribution of MACHOs to the dark matter halo re-
mains an unsettled issue (Alcock 2009). 

 

2.2.6. OGLE I - IV 

The OGLE project is the one microlensing sur-
vey to which Paczyński was most closely associated. 
Not only is it designed and administrated by the War-
saw University Observatory (Bohdan’s alma mater 
and workgroup), it owed much of its uniqueness to 
Paczyński’s ideas. OGLE is the only one of the major 
surveys mentioned above still in operation. OGLE is 
currently in phase IV beginning in March 2010 with 
its 1.3 m Warsaw telescope and a new 32 chip mosaic 
camera that covers 1.4 square degrees on the sky 
(OGLE website). 

Paczyński was part of the development team for 
the OGLE project, providing a principle connection 
to beginning the project with partial time on the 1 m 
Swope telescope at the Los Campanas Observatory in 
Chile (Udalski 2009). One of Paczyński’s other in-
fluences on the OGLE project was the Early Warning 
System (EWS) that enabled the detection of micro-
lensing events in real time with the use of computer-
ized data pipeline processing and alert systems. The 
alert systems work with phone and emails to tell ob-
servers about detection so follow-up can commence. 
The EWS is now a principle part of all modern com-
parative surveys. 

OGLE has branched out from concentration of 
microlensing events to general photometric survey 
work. In addition to the unprecedented photometric 
accuracy that is now used as a standard in the star 
fields OGLE concentrated on, OGLE has detected a 
large number of eclipsing binaries in the Magellanic 
Clouds (Wyrzykowski et al. 2003, 2004). These ob-
servations can be used to determine distance meas-
urements as described in Paczyński (1997). 

 
2.2.7. Microlensing Parallax and Other 

Discoveries 

The OGLE team has discovered ~6 extra solar 
planets using the microlensing techniques (Gould 
2009). This pales in comparison to the more than 250 
planets discovered by other techniques, but the sci-
ence gain from the microlensing discoveries is signif-
icant. First, the data is sufficient to tell not only the 
star/planet mass ratio, but good estimations can be 
made for the star mass itself. This enables the calcu-
lation of the planet mass. The separation distance 
between the star and the planet can also be closely 
estimated by data received (Gould 2009). 

What sets microlensing planet detection apart 
from other methods such as radial velocity is that the 
microlensing method is much more sensitive to 
smaller “Earth-like” planets (OGLE-2005-BLG-390) 
and planets that are farther from their stars than radial 
velocity methods (Gould 2009).  
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Microlensing parallax is similar to trigonometric 
parallax in that distances to stars can be measured 
directly from knowing the baseline of the measure-
ments and the angle of alignment between the two 
objects. For microlensing parallax, the angle is Ein-
stein radius. The first microlensing parallax was 
found by the EROS team EROS-200-BLG-5 (An et 
al. 2002). The second event, MACHO-LMC-5, was 
quite different and presented a puzzle to correctly 
identify the object and lens star (Gould 2009). Ac-
cording to Gould (2009), Paczyński played a crucial 
role in the unraveling of the mystery by developing 
an abstract formalism for measuring parallaxes 
(Smith et al. 2003). 

 
2.3 Gamma-Ray Bursts 

Gamma-ray bursts (GRBs) are short bursts of in-
tense radiation seen in the gamma-ray spectrum. 
They were first reported in 1973 by Klebasadel et al. 
when declassified, but were first detected in the late 
sixties by the Vela military satellite (Piran 2009). The 
Vela satellite was intended to monitor an outer space 
nuclear test ban treaty by sensing gamma-rays emit-
ted by nuclear weapons. It didn’t catch anyone deto-
nating weapons, but it did detect celestial GRBs. By 
general classification, GRBs fall into two categories:  
short bursts ~ 0.5s, and long bursts from 101 to 103 s. 

Before a comprehensive survey of GRBs could 
be done, there was much theoretical work that was 
undertaken to detect their origin. Most theorists 
thought that they were produced by some kind of 
magnetic instabilities on galactic neutron stars (Piran 
2009). Observational aspects of GRBs suggest that 
they come from compact regions and that they have 
non-thermal spectra. Therefore, it was easier to place 
them among galactic neutron stars than at cosmologi-
cal distances. If they were indeed at cosmological 
distances, then they would represent an enormous 
release of energy ~1051 ergs. With this much energy 
released in a small volume, there would be a great 
production of particle pairs, resulting in a thermal 
spectrum. This is referred to as the “compactness 
problem” (Piran 2009). 

Paczyński didn’t agree that these GRBs were ga-
lactic in origin, simply because the observations so 
far had indicated them to be isotropic in the sky. Any 
galactic origin would show galactic structure in the 
distribution of detections. Of course, at this time 
there had not been a dedicated all-sky survey of 
GRBs, which was to come in the early 1990s with the 
Burst and Transient Source Experiment (BATSE) on 
board the Compton Gamma-Ray Observatory. The 
work that Paczyński needed to do at this point was to 
show a mechanism which resulted in the observed 
GRBs. 

2.3.1. Paczyński Shows The Way 

Paczyński (1986) shows how supernova-like en-
ergy (1051 ergs) could be released from a small vol-
ume and be optically thin when reaching an observer 
on Earth. He shows that initially the energy released 
will create a plasma outflow with relativistic veloci-
ties. During the acceleration phase of the baryonic 
material, expansion cools the gas to become optically 
thin. The resulting photons that escape from the fire-
ball will be seen by the observer as having about the 
same temperature as the original release (Piran 2009). 
This set the theoretical stage for a cosmological set-
ting for GRBs. 

 
2.3.2. BATSE 

The first BATSE data was released in 1991 and 
Meegan et al. (1992) show that there is no signature 
of galactic origin in the data. This result shows that 
the most probable source for GRBs is at cosmologi-
cal distances. While the theoretical community tried 
to ignore this data, in favor of a variety of far-fetched 
galactic models, Paczyński and others were building 
an evidentiary case for the cosmological model 
(Paczyński 1991; Piran 1992; Mao and Paczyński 
1992). With a mechanism for optically thin, non-
thermal emission with energies ~1051 ergs, and 
BATSE to confirm a non-galactic origin, Paczyński 
just had to wait for the rest of his colleagues to catch 
up. Prian (2009) recalls Paczynski’s lively attitude as 
he was asked to referee many papers written on ga-
lactic origin for GRBs. Paczyński was known to joke 
about how galactic origin ideas kept placing GRBs 
farther and farther out in the galaxy, but did not allow 
that they should be cosmological in origin.  

Paczyński’s own words describe his passion 
best, quoted from his abstract for a talk (Paczyński 
1995) given at the Smithsonian in Washington DC. 
This debate between Bohdan Paczyński and Don 
Lamb was known as the “Great Debate” on the origin 
of GRBs, taking from the more famous “Great De-
bate” of 1920 on the origin of so-called “Spiral Nebu-
lae”.  

 
“The positions of over 1000 gamma-ray bursts 

detected with the BATSE experiment on board the 
Compton Gamma-Ray Observatory are uniformly 
and randomly distributed in the sky, with no signifi-
cant concentration to the galactic plane or to the 
galactic center. The strong gamma-ray bursts have 
an intensity distribution consistent with a number 
density independent of distance in Euclidian space. 
Weak gamma-ray bursts are relatively rare, indicat-
ing that either their number density is reduced at 
large distances or that the space in which they are 
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distributed in non-Euclidian. In other words, we ap-
pear to be at the center of a spherical and bounded 
distribution of bursters. This is consistent with the 
distribution of all objects known to be at cosmologi-
cal distances (like galaxies and quasars) but incon-
sistent with the distribution of any objects which are 
known to be in our galaxy (like stars and globular 
clusters). If the bursters are at cosmological distanc-
es then the weakest bursts should be redshifted, i.e., 
on average their durations should be longer and their 
spectra should be softer than the corresponding 
quantities for the strong bursts. There is some evi-
dence for both effects in the BATSE data. At this time, 
the cosmological distance scale is strongly favored 
over the galactic one, but is not proven. A definite 
proof (or dis-proof) could be provided with the re-
sults of a search for very weak bursts in the Androm-
eda galaxy (M31) with an instrument 10 times more 
sensitive than BATSE. If the bursters are indeed at 
cosmological distances then they are the most lumi-
nous sources of electromagnetic radiation known in 
the universe. At this time we have no clue as to their 
nature, even though will over a hundred suggestions 
were published in the scientific journals. An experi-
ment providing 1 arc second positions would greatly 
improve the likelihood that counterparts of gamma-
ray bursters are finally found. A new interplanetary 
network would offer the best opportunity.” 

 
This glimpse of Paczyński’s writing provides the 

reader with a clear view of Paczyński’s “no-
nonsense” style and that his ideas are firmly ground-
ed in observation and physics. 

 
2.3.3. Optical Counterparts and New 

Observatories  

Further development of the cosmological model 
of GRBs led Paczyński to establish further proofs for 
their distance scale. A flurry of ideas were published 
including a Hubble-type diagram for GRBs using 
redshift (Paczynski 1992), and correlating GRBs with 
optical galaxies (Paczyński 1998), in which he sug-
gests the term “Hypernova” as the source of cosmo-
logical GRBs in star forming regions of galaxies. 

As stated in the Paczyński quote above, proof of 
the cosmological origin of GRBs would be to find 
optical counterparts to them at extra-galactic distanc-
es. Fruchter et al. (2006) find that for long duration 
GRBs, the hosts are sub-luminous, star-forming re-
gions in irregular galaxies (see Figure 5).                                                                                                                                              

The results of Fruchter et al. (2006) are substan-
tial proof of long duration GRBs being at cosmologi-
cal distances. To further this proof, it will take new 
instruments such as GLAST (now Fermi Large Area 
Telescope (LAT)) and Swift to produce the resolution 

needed to firmly establish a connection between 
GRBs and galaxies. 

 
Figure 5. Long duration gamma-ray burst and their cor-
related host galaxies. Image credit NASA, ESA, Andrew 
Fruchter (STScI), and the GOSH Collaboration 

Still further proof comes from the predicted 
(Paczyński and Rhoads 1993) time-varying radio 
source for days or weeks following cosmological 
GRBs (Kouveliotou 2009). This time-varying signal 
or dispersion is caused by interaction with the inter-
stellar medium and would be negligible if the GRBs 
were at galactic distances. Frail et al. (1997, 2003) 
found such signal dispersions that correspond to 
cosmological distances for GRBs. 

 
2.4 Other Projects 

As alluded to many times in the previous sec-
tions, Bohdan Paczyński was keenly interested in 
variability surveys with could produce a wealth of 
data that would serve to entice and guide theory. The 
All Sky Automated Survey (ASAS) directed by 
Grzegorz Pojmanski is one such interest. Inspired by 
Paczyński’s curiosity of variability at differing 
brightness and on different time scales, the ASAS 
project uses wide-field, “off the shelf,” camera lenses 
and amateur-grade CCD cameras to produce a low-
cost, low-brightness, quickly-repeating all-sky sur-
vey. As described in Pojmanski (2009), the ASAS 
has all the capabilities of a larger survey effort in-
cluding an Early Warning System, photometry, and 
archiving pipeline of photometric data, but at a frac-
tion of the cost. This approach and technology is also 
easily expandable worldwide with capable amateurs, 
although ASAS has never pursued that possibility. 
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Figure 6. ASAS Observatory on the grounds at Las 
Companas Observatory. Image credit Krzysztof Ulaczyk. 

ASAS runs two installations; one at Las Campa-
nas Observatory in Chile (see Figure 6) and one near 
the Faulkes Telescope North on Maui, Hawaii. In the 
ten years of operation for ASAS, they have collected 
over 700,000 images in V, I, and R bands and have 
observed over 50,000 variable stars, most of them 
new (Paczyński 2006). 

One specific characteristic of ASAS that was 
brought out in Paczyński (2006), was that the ca-
dence of the search could be very different that the 
large survey efforts, like those mentioned above. Big 
surveys have a cadence of one all sky image per 
week. Paczyński suggests once per 15 minutes or, at 
most, once per day. This way, variation on much 
shorter time scales could be observe. At least this 
would be true for objects brighter than their 16 mag. 
V-band limit (Pojmanski 2009). According to 
Pojmanski (2009), the cadence of ASAS is all sky 
coverage in both V and I bands each day or two. 

 
3. Conclusions  

Bohdan Paczyński was one of the rare scientists 
that has a sense of nature firmly grounded in physical 
theory and observation, and at the same time is will-
ing to wildly imaging the wild possibilities of which 
nature is capable. Names like Albert Einstein and 
Richard Feynman come to mind when one thinks 
about the magnitude of impact in the breadth of top-
ics that Bohdan Paczyński accomplished. He was a 
man who was deeply curious about nature and genu-
inely excited by thinking about how nature might 
operate. 

His work as a theorist is marked by numerous 
success and many of them monumental. The list of 
mistaken Paczyński ideas presented by Trimble 
(2009) consists of only three. 

 

• A sun with metal-depleted core as cause of the 
solar neutrino deficit (Sienkiewicz et al. 1998). 

• The possibility that the 600 km/sec CMB dipole, 
generally blamed on our motion, might have a 
cosmological component (Paczyński and Piran 
1990) 

• A white dwarf behaving as a pulsar to explain 
the X-ray source 1E 2259+568 (Paczyński 1990) 

It’s interesting that all this work is within a two-
year period. Outside of these three papers (some of 
which are mentioned elsewhere in the literature as 
bad ideas), there is no plainly visible negative cri-
tique of Paczyński’s work. That is a very impressive 
record indeed. 

The legacy of Bohdan Paczyński’s work is rec-
ognized by his colleagues. His early death (age 67) 
has been felt as a deep loss to the profession and sci-
ence of astronomy. 
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Abstract 

In the latter half of 2012 the Arizona Department of Transportation completed installation of a road-
way lighting upgrade on Highway 89-A in West Sedona, Arizona. This project was controversial in 
part because of the desire of many local residents to preserve the dark sky environment of the com-
munity. The project was delayed due to contentious arguments between environmental and develop-
ment advocates. This project thus presented an interesting opportunity to test the issues of lighting 
project impacts on sky brightness by making quantitative photometric measurements of the communi-
ty before and after the lighting installation. The authors incorporated this opportunity into the existing 
Light at Night Mapping Program as a third distinct Arizona community:  LAN MAP 3. In this paper we 
report some of the preliminary findings of this study. 

1. Introduction 

State Highway 89-A runs east-west through parts 
of Sedona, Arizona. After a series of pedestrian fatal-
ities  the Arizona Department of Transportation 
(ADOT) conducted safety studies at the request of 
the City of Sedona. ADOT concluded that the insuf-
ficient lighting of the roadway was one of the prima-
ry causes of the accidents. 

Joining with the Federal Highway Administra-
tion (FHWA), ADOT proposed a project to install 
new lighting fixtures to combat the accidents on this 
stretch of highway. The project was proposed in 

2006; almost immediately there was concern from 
portions of the community. 

Numerous residents and groups in Sedona ques-
tioned the necessity of new installations and contend-
ed that ADOT’s lighting plan did not sufficiently 
address issues of impacts on sky brightness. Of par-
ticular concern was ADOT’s proposed use of contin-
uous roadway lighting (CRL). The area in which the 
new lighting system would be installed is on a scenic 
route and could potentially adversely affect the pos-
sibility of being categorized a dark sky community.  

The issue of installing lighting fixtures quickly 
became a community wide political debate. City 
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council candidates often included lighting, or non-
lighting, as a part of their campaign or term issues. In 
2011 Proposition 410 was put to a vote, determining 
whether an earlier vote by the City Council to take 
over control and responsibility for the stretch of 
highway should be upheld. While this proposal 
would have allowed Sedona to control any new light-
ing installations, it would also require the city to take 
on the financial obligations for the maintenance of 
the roadway. Proposition 410 was defeated, and con-
trol of the highway and lighting plans remained with 
ADOT. 

 Ultimately 108 new lighting fixtures were in-
stalled on a two mile stretch of the highway. They 
were activated in October of 2012, after a costly de-
lay of over six years.  

In reviewing the history of this project one is 
struck by two observations: 1) most of the resistance 
to the project emerged from, or was spurred by, 
groups advocating for protection of dark skies, and 2) 
the public arguments advanced both for and against 
the project were singularly devoid of any quantitative 
data, relying wholly on anecdotal and emotional ap-
peal. 

It was brought to the attention of the authors of 
this paper that this project offered a unique and time-
ly opportunity to objectively test the claims of the 
protagonists, and to quantitatively determine the real 
effects that would accrue to sky brightness. 

This was of particular interest since the sur-
rounding area of northern Arizona hosts numerous 
extant and planned astronomical observatories. There 
was a fear that these observatories might be in jeop-
ardy as a result of light pollution from the proposed 
project.  

In this paper we summarize the protocols that 
were employed to measure effects of the actual light-
ing project; we discuss the data reduction, and de-
scribe the outcomes. We conclude with a summary of 
lessons that can be learned from this type of devel-
opment and what they might mean for the astronomi-
cal community. 

 
2.  Background to LAN MAP 3 

STEM Laboratory, Inc. of Tucson, Arizona 
(STEM) has for several years engaged in develop-
ment of specialized photometric systems and their 
application to measuring sky brightness and general 
light at night (LAN). Several relevant protocols have 
been developed, including ground mobile surveys 
(GMS), ground static surveys (GSS), and airborne 
surveys (ABS), all discussed in detail in the literature 
(Craine et al. 2011a; Craine and Craine 2011). 

Various combinations of these protocols have 
been used in recent years to conduct sky brightness 

and LAN surveys in areas where light pollution could 
negatively impact astronomical observatories. The 
first of these surveys was LAN MAP 1 (Craine et al. 
2012), which involved GMS, GSS, and ABS surveys 
of 1,000 square miles centered on Tucson, Arizona. 
The second, LAN MAP 2, surveys an area of about 
900 square miles around Sierra Vista, Arizona. The 
Sedona 89-A project has led to implementation of 
LAN MAP 3, a very compact GMS and ABS data 
collection project of about 25 square miles centered 
on West Sedona, Arizona.  

In each case the protocol consists of collecting a 
baseline set of data, using techniques that are appro-
priate to the region surveyed, and then  conducting 
one or more identical (or near identical) follow-up 
surveys at a later date. The data analysis involves 
examination of changes in light levels and patterns 
between baseline and successive surveys.  
 
3. Instrumentation 

Three STEM photometers were used in the col-
lection of LAN MAP 3 data; one for the GMS pro-
gram and two for the ABS program. We describe 
each of these devices as follows. 
 
3.1 Ground Mobile Survey (GMS) 

Instrumentation  

 
SBM Model 4 

The workhorse GMS photometer used for two 
years now by STEM Laboratory, Inc. is the Sky 
Brightness Monitor (SBM) Model 4. This unit uses a 
single light-to-frequency silicon photodiode detector. 
In its stock form it is optically filtered with an IRC-
20 infrared cut filter (Sunex). The unit operates with 
an integrated GPS module which is polled every two 
seconds to yield date, time, geographic coordinates, 
and altitude. The GPS output is a standard National 
Marine Electronics Association (NMEA) GPS data 
suite (c.f. SIRF 2005 and NMEA 2011). Simultane-
ously, the photodiode is sampled for light intensity 
(mag/arcsec2 and cd/m2). These quantities are coordi-
nated in the onboard microcontroller and written to 
an onboard micro-SD card writer. From this they can 
be transferred to a project data analysis computer 
upon completion of the data collection flight.  
 
3.2 Airborne Survey (ABS) Instrumentation 

 
LANM Model 5 

The Light at Night Monitor (LANM) Model 5, is 
built on the same platform as the SBM Model 4, but 
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has two of the silicon photodiode detectors that are 
read simultaneously. The GPS data polled are the 
same as the SBM Model 4, with the exception of the 
inclusion of the speed of the vehicle carrying the 
LANM Model 5. Also, there are two channels of pho-
tometric data rather than just one. The optical filtra-
tion is generally an IRC-20 infrared cut filter; other-
wise the spectral response is that of the silicon photo-
diode.  

Another distinguishing feature of the LANM 
Model 5 is that the two photodiodes are aligned with 
a separation of 180o on the optical axis, ensuring that 
they are looking in opposite directions. For purposes 
of airborne operations this ideally results in one de-
tector looking at the zenith and the other simultane-
ously observing the nadir. The LANM Model 5, op-
erated in airborne mode, provides a good contrast 
between sky brightness overhead, and the distribution 
of light intensity on the ground that is scattered up-
ward to contribute to sky brightness. 
 
LANM Model 6 

The LANM Model 6 is electronically identical to 
the LANM Model 5. The distinguishing feature of the 
LANM Model 6 is that the two detectors are aligned 
to look simultaneously at the same target field, and 
the optical filtration is different from the other units. 
We are using the LANM Model 6 as a custom system 
where we can insert specific optical filters of interest. 
Our early work involved two filter combinations: 1) 
IRC-21 infrared cut + Wratten 47 and 2) IRC-21 in-
frared cut + Wratten 58; yielding blue (B) and visual 
(V) band data for each scene. The LANM Model 6 is 
thus most useful for defining a color (such as B-V) 
for a relatively bright area (since the introduction of 
additional optical filters reduces the sensitivity of the 
photometric system). 
 
4. Data Collection 

 Data collection for LAN MAP 3 involved sever-
al trips to Sedona. Two trips were made to visually 
survey the area, make preliminary photographs, and 
prepare plans for an instrumented, nighttime ground 
mobile survey and simultaneous airborne survey. 
Data were then collected on two primary nights of 
GMS and ABS work. The baseline surveys were 
conducted on 14 May 2012. The follow-up surveys 
on 6 November 2012, after the lights had been in-
stalled and made operational. Two additional trips 
were made to collect follow-up photography and to 
explore some of the areas noted to contribute to high 
night sky brightness in the area. 

Both survey sessions followed the same proto-
cols. The GMS was initiated shortly after the ABS 
team was airborne, an event timed to occur at or 

shortly after astronomical twilight. The GMS team 
drove a prescribed street pattern in West Sedona that 
included Airport Road, a four mile stretch of 89-A, 
and a couple of blocks both north and south of 89-A 
on five major cross streets. 

The ABS team (aboard the LAN MAP Project 
Cessna 182Q aircraft) initiated its flight operations in 
Tucson, AZ and flew directly to Sedona Airport, 
where they landed. At Sedona Airport, the photome-
ters (both LANM Model 5 and 6) were installed and 
tested after sunset. The data collection flights com-
menced about astronomical twilight and continued 
for about an hour while flying a grid over the West 
Sedona target area. Upon completion of the grid, the 
ABS team remained airborne and returned directly to 
Tucson. All of the photometers remained active for 
the duration of the return flight, yielding a sky 
brightness and LAN profile of a path nearly the full 
length of the state of Arizona.  

The pattern driven for the GMS, using the SBM 
Model 4, is shown in Figure 1. The generally east-
west path coincides with Highway 89-A. The gener-
ally north-south segments are major cross streets 
along the way. A typical ground track grid for the 
ABS is shown in Figure 2. 

 
Figure 1. This satellite image of West Sedona, AZ 
shows, in red, the ground track of the GMS. 

 
Figure 2. This satellite image of West Sedona, AZ 
shows, in red, the ground track of the ABS. 
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Data products for both surveys consisted of text 
files containing continuous streams of sensor posi-
tions and photometric brightness. In each case data 
points were recorded every 3-8 seconds. 

Upon return to Tucson, all of the data files were 
downloaded and archived in our Sky Brightness Data 
Archive (SBDA) (Craine et al. 2011b) for subsequent 
processing.   

 
5. Data Reduction and Analysis 

5.1 Ground Mobile Survey 

The GMS data in the SBDA were loaded into a 
Microsoft™ Excel spreadsheet, where they could be 
conveniently manipulated. The data were sorted on 
both latitude and longitude from which they could be 
easily parsed into coherent subsets. Each data subset 
could be easily ordered to represent sky brightness 
above select segments of roadway. Thus we created 
sky brightness segments along Highway 89-A, as 
well as each of the five cross streets that were meas-
ured. 

It should be appreciated that these sky brightness 
measures are actually zenith brightness as seen from 
about walking eye level and thus can include direct 
street lighting as well as background sky brightness, 
depending on the ground coordinates of the measured 
point of interest. 

 
Figure 3. This is a plot of sky brightness as a function of 
latitude along the length of Dry Creek Road, running 
roughly perpendicular to Hwy 89-A. The data were col-
lected on the evening of 05/14/12 (05/15UT). The bright 
peak is the intersection with 89-A. 

An example of the result for one of the cross 
streets is shown in Figure 3. 

Before and after ADOT project lighting installa-
tion sky brightness tracks along the length of High-
way 89-A are shown in Figures 4 and 5. 

 
Figure 4. This is a plot of sky brightness as a function of 
longitude along the length of Highway 89-A made on the 
evening of 05/14/12 (05/15UT). The bright points are 
overhead streetlights; the peaks are at major intersec-
tions. Note the general low levels of lighting along most 
of the roadway. 

 
Figure 5. This is a plot of sky brightness as a function of 
longitude along the length of Highway 89-A made on the 
evening of 11/06/12 (11/07UT). It is apparent where the 
new streetlights have been installed (compare with Fig-
ure 4). 

The five cross-street data segments were each 
parsed into three sub-segments, an intersection data 
set (represented by the peak in Figure 3), and a north 
and south segment, each extending typically to two or 
four blocks away from Highway 89-A (the “wings” 
in Figure 3). We then compared the mean brightness 
of each of the north and south segments before and 
after installation of the new street lights. 

This comparison was done in the form of a 
standard two-sample t-test to evaluate the hypothesis 
that the mean sky brightness over each roadway seg-
ment was identical (i.e. unchanged by the lighting 
installation).  

For the ten cross-road segments we show in Ta-
ble 1 the results of the t-test. The segments are identi-
fied in columns 1 and 2. The mean sky brightness 
from the follow-up survey is in column 3, and the 
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standard deviation of the means is in column 4. The 
P-value generated by the t-test is in column 5. We 
will interpret these data by applying a traditional 95% 
minimum confidence level. 

Table 1. Two-sample t-test results for comparison of the 
ten cross road segments before and after lighting instal-
lation. 

For the highway 89-A segment, we calculated 
the mean sky brightness before and after lighting 
installation. These calculations were performed for 
the roadway segment between longitudes –111.781o 
and –111.816o, which is the region in which new 
lights were installed. These calculations indicated 
that roadway lighting levels were increased by a fac-
tor of 33.1. 

 
5.2 Airborne Survey 

Similar to the GMS data, the ABS data in the 
SBDA were loaded into a Microsoft™ Excel spread-
sheet, where they were parsed for analysis. The data 
were sorted to ensure that we isolated those data 
points obtained in the immediate Sedona survey area. 
We also parsed the data by altitude to ensure that we 
only used those data that were part of the desired 
grid, not obtained during climbing or descending 
phases of the flight. 

The remaining data were converted to text files 
that served as input to isophotal mapping software as 
well as Geographic Information Systems (GIS) soft-
ware. For this purpose we used various combinations 
of EarthPlot, QuikGrid, and Google Earth. 

Isophotal maps of sky brightness over West Se-
dona are shown in Figures 6 and 7. 

We have parsed the ABS data into two adjacent 
areas as shown in Figure 8. The lower rectangular 
area is fairly equally bisected by Highway 89-A; the 
upper region is of the same size and is used as a con-
trol data set. 

For both of these regions we performed statisti-
cal hypothesis testing to evaluate the possibility that 
the lighting project significantly changed the local 
sky brightness. 

 
Figure 6. Sky brightness map over West Sedona as ob-
tained on 05/14/2012. 

 
Figure 7. Sky brightness map over West Sedona as ob-
tained on 11/06/2012. 

 
Figure 8. Test and control regions of the West Sedona 
sky brightness survey. The control is Region A to the 
north; the test is Region B over 89-A. 

In Table 2 we show the results of the comparison 
of the two regions. Column 2 is the mean sky bright-
ness in mag/arcsec2 prior to lighting installation; col-
umn 3 is similar data after lighting installation. Col-
umn 4 is the P-value generated by the t-test, which 
we will later interpret at the minimum confidence 
level of 95%. 

 
 

Grid 
Pre Pro-

ject 
Post 

Project 
 
P 

Control 21.7 21.7 0.384 
89A 21.7 21.8 0.235 

Table 2. Two-sample t-test results for comparison of the 
test and control regions before and after lighting instal-
lation. 

 
Leg 

 
N/S* 

Mean 
(mag/arcsec2) 

 
stdev† 

 
P 

1 S 21.14 0.21 0.901 
1 N 21.32 0.13 0.558 
2 S 20.88 0.34 0.701 
2 N 19.67 1.08 0.554 
3 S 20.99 0.16 0.741 
3 N 21.00 0.26 0.409 
4 S 20.99 0.20 0.652 
4 N 21.16 0.10 0.083 
5 S 21.36 0.06 0.476 
5 N 20.92 0.10 0.661 

*N, is north. S, is south 
†stdev, is standard deviation 
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6. Conclusions 

For the off-intersection, cross road data, at the 
95% minimum confidence level, we cannot reject the 
hypothesis that the sky brightness before and after the 
installation of continuous roadway lighting remains 
the same. This result is statistically significant for 
each of the 10 side streets that we measured. 

For the length of the main Highway 89-A road-
way that was illuminated with new continuous road-
way lighting (CRL) installations, we find the follow-
ing: 

 
• The roadway level illumination is on average 

about 33.1 times brighter after the new CRL than 
before. 

• The new roadway lighting on average shows 
more uniform lighting along the length of the 
road than did the previous lighting. 
 

The West Sedona airborne data indicate the follow-
ing: 

 
• The region surveyed is very uniform in sky 

brightness, with a couple of notable exceptions 
that are unrelated to the 89-A lighting project. 

• Comparison of before and after the CRL project 
sky brightness data directly above 89-A indicate 
that, at the 95% minimum confidence level, we 
cannot reject the hypothesis that the sky bright-
ness before and after the installation of continu-
ous roadway lighting remains the same. 

• Comparison of before and after the CRL project 
sky brightness data directly above a region di-
rectly adjacent to 89-A indicate that, at the 95% 
confidence level, we cannot reject the hypothesis 
that there is no difference in sky brightness be-
fore and after the installation of continuous 
roadway lighting. 

 
In summary, 

 
• The 89-A CRL project appears to have success-

fully implemented its lighting goals. 

• The 89-A CRL project has made use of well-
directed and well shielded lighting fixtures that 
appear to have had no or minimal negative envi-
ronmental impact. 

• The 89-A CRL project appears to have success-
fully preserved dark skies over Sedona, and in-
deed shows no statistically significant evidence 
of any change in sky brightness. 

• In retrospect, criticism by environmental, sky 
brightness advocacy, and anti-development 
groups were based largely on erroneous anecdo-
tal “information”, with a notable dearth of quan-
titative data. Actions by these groups substantial-
ly delayed the project, contributed to significant 
increases in costs to the Arizona taxpayers, and 
generated unnecessary ill will between various 
elements of the community. 

• Future projects would potentially benefit from 
the application of quantitative measurements of 
lighting impacts before and after the project is 
undertaken. 

 
It appears from this study that the postulated 

threat to astronomical facilities in northern Arizona 
was greatly overstated. It also appears that a thought-
ful effort was made to install well designed lighting 
that would fulfill a need while minimizing recognized 
potential negative impacts. 

Astronomers are clearly right to feel great sensi-
tivity to issues of light at night. It is important to the 
success of their endeavors that they protect dark night 
skies. Generating unnecessary ill will does not bene-
fit their cause; taking a “cry wolf” approach to all 
lighting projects can ultimately damage their credibil-
ity. 

It could benefit all astronomers if they were to 
recognize and applaud good lighting projects, such as 
the one studied here, as energetically as some oppose 
the bad. 
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Abstract 

The “Sky Glow Network” (SkyGlowNet) is an internet connected depository of photometric light at night (LAN) 
data that are collected automatically by static, internet-enabled Sky Brightness Meters (iSBMs). The data are 
collected nightly at high temporal frequency and can be used to monitor extended areas of sky brightness on 
hourly, nightly, monthly, seasonal, and annual cycles over long periods of time. The photometry can be used for 
scientific and community planning purposes, as well as a powerful tool for science, technology, engineering, and 
mathematics (STEM) educational outreach programs. The effective and efficient use of light in modern society 
has become an important and contentious issue that urgently requires better technical and societal understand-
ing. It is important to us as astronomers, and will become increasingly relevant as dark sky areas shrink as a 
result of poorly implemented lighting. We outline the structure of SkyGlowNet, describe the iSBM unit, and dis-
cuss how to interact with the SkyGlowNet website. We discuss how these data can help us preserve observing 
sites in the future. 

1. Introduction 

The Sky Glow Network project (SkyGlowNet) 
was conceived and undertaken by STEM Laboratory, 
Inc. (STEM Lab), an IRS certified, not-for-profit 
501(c)(3) research and education organization located 
in Tucson, AZ. SkyGlowNet is a specialized commu-
nity-wide sky brightness monitoring and light at night 
program for environmental evaluation.  

The network involves placing internet enabled 
Sky Brightness Meters (iSBMs) at specific locations 
for extended periods of time and allowing them to 
automatically transmit a stream of light at night 
(LAN) data to a web-based archive. The data will be 
analyzed for both scientific and educational pro-
grams. 

The project started in 2012, with initial commit-
ments of time and funding to develop instrumenta-
tion. Preparations are now underway for an initial 
production run of hardware. We are in the process of 

identifying participating sites (including schools and 
institutions) and additional funding sponsors.  

The first SkyGlowNet installation is in Pima 
County, Arizona, with others now in North Carolina 
and Colorado. This project is being developed and 
documented in such a way that it can be replicated in 
any interested community throughout the country or 
overseas. 

The effective and efficient use of light in modern 
society has become an important and contentious 
issue that urgently requires better technical and socie-
tal understanding. STEM Lab has underway a series 
of LAN measurement programs using both ground 
based and airborne photometric sensors. The Sky-
GlowNet program will provide valuable data for un-
derstanding large scale lighting efforts in communi-
ties from perspectives of: 
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• energy conservation 
• environment 
• economic factors 
• life-style 
• human health   

 
In addition, there are multiple student projects 

that can take advantage of this data archive and the 
mentoring that STEM Lab will offer. Increasing stu-
dent involvement is one of the goals of the STEM 
Lab charter. 

In this presentation we give a brief overview of 
the SkyGlowNet project and discuss its use. 

 
2. Instrumentation 

 The key component in the SkyGlowNet system 
is our internet connected sky brightness meter 
(iSBM) shown in Figures 1 and 2. The iSBM features 
a light sensor which is a highly sensitive silicon pho-
todiode configured as a single monolithic CMOS 
integrated circuit. The sensor has been temperature 
compensated for the ultraviolet-to-visible light range 
of 320 nm to 700 nm and responds over the light 
range of 320 nm to 1050 nm. The sensor input is op-
tically filtered with an IRC-20 infrared cut filter 
(Sunex). Narrow band filters can be added to the de-
tector as desired. 

 
 

Figure 1. External view of the iSBM Model 2. 

Consistent with the device mission, the unit is 
powered by a 9V wall adapter to allow for long term 
logging with a minimum of user maintenance. The 
device includes a Wi-Fi module incorporating a 
802.11 b/g radio, 32 bit SPARC processor, and com-
plete TCP/IP networking stack for internet connectiv-
ity. The device uses a built-in HTML web client to 
send sensor data to remote web servers. 

 
Figure 2. Internal view of the iSBM Model 2. 

The iSBM device connects to a Wi-Fi access 
point (AP) using the Wi-Fi Protected Setup (WPS) 
protocol. WPS is a standard for easy and secure es-
tablishment of a wireless network, created by the Wi-
Fi Alliance and officially launched on January 8, 
2007. 

The goal of the WPS protocol is to simplify the 
process of configuring security on wireless networks. 
The protocol is meant to allow home users, who may 
know little of wireless security and may be intimidat-
ed by the available security options, to easily config-
ure Wi-Fi Protected Access, which is supported by all 
newer Wi-Fi certified devices. 

The most common mode of WPS, utilized by the 
iSBM device, is the Push Button Mode (PBM) in 
which the user simply pushes a button on the AP and 
turns on the iSBM device to establish a secure con-
nection. 

 
3. SkyGlowNet Website and Data  

The SkyGlowNet (www.skyglownet.org) website 
can be visited by guests, but is fully accessible to 
active SkyGlowNet participants. Each institutional 
node in the network may access a private password 
protected area on the website. Here users can manage 
their own iSBM units, view live data streaming, per-
form modest data analysis, and access their archived 
data files for review or downloading. 

The iSBM unit management functions include 
setting up housekeeping information for the unit (lo-
cation, name, etc.) as well as data collection timing 
parameters. Each institution or SkyGlowNet node 
(iSBM site) can choose to select a system manager 
who has a higher level access to the management 
function. This would allow schools to provide partic-
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ipating students access to the data, but not an ability 
to change instrument parameters. 

All data uploaded to each node website can be 
embargoed for a period of one or two semesters. This 
ensures that students using their data for research 
projects are protected. After the embargo period the 
data are moved to a more general access area. Here 
students from different institutions can interact with 
multi-node data, thus encouraging inter-school col-
laborations. A SkyGlowNet page showing a single 
night data stream is in Figure 3. 

 The iSBM device produces a data stream in an 
XML data format (which is a desired format for ma-
nipulating data in the web environment). The data 
stream includes a unique device identification code 
which enables automatic data organization and local-
ization by our web address. The data include the 
measurements of light intensity both on a linear and 
exponential scale (e.g. mag/arcsec2), the time at 
which the light reading was obtained, and are collated 
with real-time coincident local weather/sky condi-

tions (i.e. temperature, visibility, humidity, wind 
conditions).  

The data are cataloged into an online relational 
database to create a useful archive for temporal stud-
ies and educational use. In addition, since the data are 
collected using the same sensor and algorithm they 
will be a valuable dataset that can be tied to our LAN 
MAP airborne survey data extending the usefulness 
of both data archives. LAN MAP is a light at night 
mapping project described by Craine et al. (2012). 

 
4. Conclusion 

SkyGlowNet is a simple autonomous system for 
continuously logging sky brightness data from partic-
ipating institutional nodes. The data have utility for 
both professional light at night research and inde-
pendent student research projects (Craine and 
DeBenedetti 2012). 

When coupled with other types of LAN monitor-
ing programs, SkyGlowNet can contribute to a wide 

 
Figure 3. A sample screen capture from SkyGlowNet. 
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range of temporal frequencies and spatial resolutions 
in the collected data. This provides increasingly 
comprehensive pictures of the character and evolu-
tion of light at night, particularly as communities 
grow. 

Such data are of interest in specialized arenas, 
such as astronomy, but also in more general applica-
tions, such as the epidemiology of certain diseases. 

Studies of these data include short term monitor-
ing of natural and artificial changes in sky brightness 
at each node. This information can be useful in areas 
of public policy and community planning. Long term 
studies can look at trends in minimum sky brightness 
that are reflective of community growth issues. 

The real utility of SkyGlowNet lies in its ability 
to grow and to provide quantitative data that are as-
sembled in a central archive accessible by any inter-
ested researcher. 
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Abstract 

Having shown at the 2012 Symposium on Telescope Science the capability of the home-built medium resolution 
(R=λ/Δλ=3000) f/3.5 spectrometer on the 0.45-meter Newtonian, I collaborated on three new science observa-
tion projects. Project 1 investigated the spectacular Doppler signal of the mag 6 pulsating star BWVul (velocities 
vary by >200km/sec in a 4.8 hr period). Project 2 searched for a velocity variation in a faint (mag 9) suspected 
spectroscopic binary (SAO186171 = Zug 1 in NGC6520) which reaches barely 25° above the southern horizon. 
Project 3 observed Sig Ori E, a mag 6 apparent Be star with 1.2 day period where the problem was to measure 
the rapidly changing amplitude and shape of the Hα line to support modeling. Each project presented unique 
observational and analytic challenges that will be discussed. The projects have benefited from a close pro-am 
collaboration both in selecting targets and interpreting results. 

1. Introduction 

At the SAS 2012 meeting, I reported briefly 
(Menke 2012) on the design and construction of a 
homebuilt, medium resolution (R=3000), fast (f/3.5), 
self-guiding spectrometer mounted on a 0.45-meter 
f/3.5 Newtonian telescope in Maryland. The system is 
described in detail at www.menkescientific.com.   

Also reported were the initial observing projects 
that demonstrated measurements of the Doppler 
shifts of two fast WUMa type eclipsing variables 
with wavelength shift precisions of several tenths of 
an Angstrom using simple cross correlation tech-
niques in Excel. In general, the spectroscopic obser-
vations used remote and automatically controlled 
sequences of 300s exposures using the built in guider 
controlled by MaximDL. The SBIG ST1603 camera 
was also operated by MaximDL, which was used for 
spectrogram calibrations and conversion to tabular 
form. Analyses of the spectra were performed using 
Excel methods. With some modifications, the same 
methods were used in the observations reported be-
low. 

 
2. Project 1: BW Vul 

 In seeking more interesting targets on which to 
learn observing and analytical techniques, the author 
decided to observe pulsating β Cep class (spectral 
class B) stars. In some of these, radial and non-radial 
pulsation can cause fast (4-6 hour) variation in veloc-
ity and spectral line shape, with some attaining veloc-
ities exceeding 100km/s or about 2Å Doppler shift. 

The prime candidate was BW Vul  
(SAO70596), a Class B2 III pulsating star of mag 6.5 
and a period of 0.201 day. 

This relatively bright star was well within the 
capability of the spectroscopic observing system, 
while the period of about 4.8 hr made it feasible to 
obtain a whole light curve in one night. The star 
passes nearly overhead in August (Dec = 33o) also 
assuring relatively good spectroscopic observations 
even in the Maryland summer weather. 

Before discussing the spectroscopic results, it 
should be mentioned that a series of photometric runs 
of BW Vul were made using a C11/ST7 setup. One 
would expect that it would be easy to obtain a good 
lightcurve with this mag 6.5 star; however, that was 
not the case. A number of problems intervened: 

 
• There are no good reference stars in the field (all 

are at least 4 mag dimmer) 

• Weather in the summer/fall of 2012 was notable 
for its cloudiness and contribution to noise 

• Variation in atmospheric transmission also limited 
the ability to use stars outside the field of view as 
reference stars 

• To clarify structure in the lightcurve required pre-
cision to be in the 0.01 mag range. 
 

As a result, only low quality lightcurves were ob-
tained with up to 0.05 mag scatter on a curve of am-
plitude 0.2 mag (the best is shown in Figure 1. 
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Figure 1. BW Vul lightcurve. 

However, late in the observing season, experi-
ments were performed using a tiny (1-mm diameter) 
filter of about 10% transmission that was produced 
by using a photographic method. This was placed on 
the CCD cover glass. The telescope was then con-
trolled to place the target star image onto the filter, 
leaving the remainder of the FOV at essentially full 
sensitivity. This allowed longer exposures without 
saturating the target star while simultaneously obtain-
ing good S/N on the reference stars. I anticipate using 
this method to obtain much better lightcurves in latter 
parts of 2013. 

 
Figure 2. BW Vul spectra. 

Figure 2 shows the set of ten-minute spectra 
from the first observing night (of 18 sessions), 
stepped in time from top to bottom, while Figures 3 
and 4 show the expanded view of the 6283Å O2 tellu-
ric line and the 6563Å Hα line. Figure 3 shows the 
telluric line and how the wavelength calibration of 
the spectrometer remained constant during the ob-
serving session. Figure 4, however, instantly shows 
the huge Doppler variation in the Hα line as it moved 
first to the red and then to the blue. In later sessions, 
five-minute spectra were taken to achieve better time 
resolution, and the wavelength scale was also shifted 

to 6200-6800Å, thus still covering the telluric and Hα 
while adding coverage of the He 6678Å line. 

 
Figure 3. Telluric O2 line. 

  
Figure 4. BW Vul Hα absorption line. 

 
Figure 5. BW Vul Doppler velocity curve. 

Part of the analytic challenge is how to handle 
the volume of data. Each night can produce 40-60 
spectra, which must be inspected, calibrated, and 
analyzed. As in the work reported at SAS 2012 
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(Menke 2012), Excel spreadsheets were used for this 
work. To track the movements of the various spectral 
features, Excel automatically fitted polynomials to 
the curves to compute the center wavelengths. From 
raw images to finished analysis took approximately 
15 minutes for a night of data. 

The result of each night is a plot of the wave-
length shift vs. time or phase. Figure 5 shows the first 
night’s data wavelength change in Å (all spectra 
wavelengths are relative to the first spectrum taken). 
One sees that the telluric lines are at constant wave-
length within approximately 0.1Å, but the Hα line 
shifts approximately 4.5Å in a sawtooth fashion. The 
positive slope shows that the velocity of the shell (or 
other mechanism) that is causing the Hα absorption is 
accelerating toward the red, i.e., receding from us and 
contracting toward the center of the star. This contin-
ues until the first “fall” in the Doppler curve when it 
decelerates, continues for about an hour, falls, and 
then repeats the curve. 

The almost constant rate of change in the veloci-
ty (Doppler) curves shows that the acceleration is 
essentially constant over this phenomenon. In fact, 
the curves of Doppler shift are not straight, but curve 
slightly upward. One can integrate the velocity curve 
to obtain the displacement. Because these spectra 
provide only relative wavelength values, in this data 
set one must force closure of the integral by requiring 
that the displacement of the shell return to its starting 
point. This will yield the displacement curves for the 
Hα and He lines as shown in Figure 6 which appears 
to show the surface or shell contracting, hitting bot-
tom and bouncing, then undergoing the major expan-
sion and subsequent contraction.  

 
Figure 6. BW Vul Integrated velocity curve. 

The difference between the Hα and He behavior 
is real: they do not behave exactly the same. Note 
that the end points are "arbitrarily" chosen to be 
phase = 0 and 1, so the curves for Hα and He each 
show the relative radial movement of that signal. 
That is, the phase at which the values are equal may 

not be as the graph appears to show. Finally, note that 
the spectral curves are averaged over the stellar disc, 
so that the actual velocities and displacements will be 
substantially greater if we were able to isolate data 
from the center of the stellar disc. 

Using only a largely automated Excel analysis of 
the data obviously is not the most sophisticated ana-
lytic method, so these results must be considered 
preliminary. Also, some of the assumptions implicit 
in the analysis are not correct. For example, both the 
literature and inspection of spectra show that not only 
do the lines shift in wavelength, but in some spectra 
they change shape and actually become double. Thus, 
a simple Excel curve fit of the data to derive the shifts 
of the center wavelength are only capturing the most 
basic of the real phenomena. 

There is evidence in the voluminous BW Vul lit-
erature that the period of BW Vul sometimes under-
goes “sudden” shifts, and some data show that there 
are cycle to cycle variations in the lightcurve. These 
spectroscopic data also appear to show possible var-
iation from cycle to cycle in the spectral shifts, and of 
course, there may be future changes in the behavior. 
Although these data already can support additional 
modeling at this time, it is surely useful to obtain 
these types of data in future observing seasons to 
watch for such changes. 

In August 2012, after about two months of tak-
ing data on BW Vul, while using Google to try to 
obtain information about what was known of this 
pulsating star, I noticed on one paper the author An-
drew Odell at Flagstaff, AZ. Given that Lowell Ob-
servatory is in Flagstaff, I Googled his name, found 
that he had been a university professor and researcher 
and still had a university email address. I wrote, he 
responded, and we began a collaboration that quickly 
moved into a very useful relationship for both us. 
Pro-am in action! 

 
3. Project 2: Zug 1 

Coming to the end of the BW Vul observing sea-
son, Odell proposed another project concerning the 
cluster NGC 6520, in which his (unpublished) obser-
vations showed that a star identified as Zug 1 
(SAO186171) had a radial velocity substantially dif-
ferent from others in the cluster. Odell suggested that 
perhaps this star was not a cluster member, or that 
perhaps (based on binary statistics) it might be a 
spectroscopic binary. Would I be interested in using 
my system to observe this star? 

Observing Zug 1 would have challenges. The 
magnitude was only 9.6, at the lower effective limit 
of my system, and would require more than an hour 
of data to achieve reasonably low noise levels for a 
spectrum. In addition, the Declination was –28°, thus 
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(especially in late Northern summer) would be low in 
the sky and subject to poor observing conditions and 
relatively short observing windows 

Nevertheless, we decided to begin and conducted 
25 sessions (every adequate night) over the following 
8 weeks. In general, I obtained data each night for as 
long as possible, again using 5-minute exposures. 
With 10-30 exposures per night, the averaged spectra 
provided about S/N=25-30. Figure 7 shows sample 
spectrogram from 2012 Sep 20 from a short session 
including twilight. Figure 8 shows the rather noisy 
spectral curve after removal of continuum, back-
ground, etc. 

 
Figure 7. Zug 1 spectrogram. 

 
Figure 8. Zug 1 spectrum. 

To determine the session-to-session Doppler 
shift in the target spectral features, we used cross- 
correlation analysis over the range 6500-6700Å, thus 
including the target star Hα and other lines in the 
region. Using the cross-correlation function in Excel 
(described in Menke 2012), the correlation coeffi-
cient between the same spectral region of the target 
star spectrum and a reference (artificial) stellar spec-
trum for a similar class star is computed. The wave-
length scale of one spectrum relative to the other is 
stepped and a new correlation coefficient computed. 
The results over a wide range of wavelength differen-
tials are plotted. The wavelength shift that yields the 
best (largest) correlation value as a measure of the 
actual wavelength offset or shift is then identified. 
This analysis is conducted on the spectrum from each 

night of data. As shown in Figure 9, this process 
yields a set of cross correlation curves, one for each 
session, in which the peak of each correlation curve 
vs. offset wavelength shows the target data wave-
length shift that maximizes the correlation coefficient 
against the reference spectrum. 

  
Figure 9. Zug 1 cross-correlation curves. 

The wavelengths of the peaks vary over a range 
of about 5Å, but the concern is how much of this is 
due to real wavelength calibration shifts and how 
much to instrumental or other effects?  The spec-
trometer resolution is 2Å and the dispersion is 0.4Å 
per pixel, but the goal is to achieve as good a calibra-
tion of the wavelength over several months as possi-
ble. 

At that time, the spectrometer did not have an ef-
fective method for frequent, high precision wave-
length calibration. However, in each spectrum the 
telluric O2 line at 6283Å and/or the two light pollu-
tion lines near 6305Å and 6310Å (generally present 
thanks to the high humidity and high clouds) could be 
used as references. The telluric O2 line suffered from 
deepening and shape changes as the star altitude de-
creased, plus it was subject to the substantial noise in 
the spectra. Comparing the two calibration methods 
showed substantially better results (i.e., less scatter in 
the wavelength of spectral features) when using the 
light pollution lines as references.  

After calibration using light pollution lines, the 
resulting apparent wavelength changes during the 
campaign are shown in Figure 10. There is no appar-
ent binary cyclic signal within the data set, plus it 
appears that there is “noise” at the 0.3-0.5Å level. 
Using Excel to create a synthetic spectrum onto 
which noise could be added, I was able to show that 
noise typical of the actual spectra could easily pro-
duce the wavelength measurement noise seen in the 
data. 
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Figure 10. Zug 1 apparent Doppler velocity. 

Thus, it would appear that with this equipment 
and a target this faint, the lower limit of sensitivity to 
detect a binary would require approximately 25-
50km/sec variation in the Doppler shift (0.55-1.0Å). 
So far, there is little evidence that this star is a binary. 
During the next observing season, we expect to take 
additional data to verify the lack of a binary signal. 

 
4. Project 3: Sig Ori E 

 
Figure 11. Sig Ori field. 

Odell then suggested an additional project. Sig-
ma Orionis is a small cluster of stars as shown in the 
field image in Figure 11. The bright star is Sig Ori 
AB, a close visual double of about 0.25 arcsec sepa-
ration. Sig Ori C is the V = 9 component to the 
southwest, while Sig Ori D is the V = 6.5 component 
about 12 arcsec to the east. Sig Ori E is V = 6.7, 40 
arcsec to the northeast. Although it is a Be emission 
star, it also contains substantial He and is the proto-
type of the Intermediate Helium Rich stars, compris-

ing about a dozen cases where the helium lines are 
often somewhat stronger than the hydrogen lines. 

 
Figure 12. Sig Ori E Hα line with emission wings. 

Figure 12 shows a sample 300-second spectrum 
taken over several hours in the Hα region exhibiting 
the “emission wings” on the Hα line. One of the in-
teresting aspects of the star is that the wings and the 
depth of the Hα absorption line vary with a 1.19 day 
period. The challenge is to identify the mechanisms 
that give rise to the observations. Note that the wings 
have central wavelengths about 10Å away from the 
Hα line, and there is emission in the wings that be-
gins nearly 15Å away from the Hα (corresponding to 
a Doppler velocity of approximately 750km/s). 

The observing project included two components. 
The major effort was to take time series spectra of the 
Hα-He region (6200-6800Å). In parallel, I observed 
the lightcurve to determine the ephemeris and to as-
sist in scheduling spectroscopic observations. Both 
photometry and spectroscopy were made difficult 
because the observations began relatively late in the 
observing season (target object already near the me-
ridian at dusk) and observing sessions were short (3-5 
hr). The period of 1.19 days meant that only every 
five days would the same portion of the star reappear, 
though with a modest offset. As usual, coupled with 
bad weather, this meant that it would take several 
months to obtain the full phase curve with the most 
interesting part of the curve the last to be measured! 

The photometry was made easier by the presence 
of Sig Ori AB. Although it is a binary, it is not eclips-
ing and serves quite well as a reference star, with 
cross checks to several other field stars. In addition, 
the stars are of similar spectral class, so on nights 
when the session could continue well below 10° alti-
tude (air mass > 5), the reference and target stars ex-
tinctions remained very similar. Because the expected 
amplitude of the curve was low (about 0.02 mag in 
V), a 70Å Hα filter was used to improve S/N (be-
cause most of the intensity variation is in the Hα re-
gion) and to improve the spectral tracking between 
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the target and the reference star as it moved toward 
the horizon. The resulting lightcurve (with no data 
removed) is shown in Figure 13. 

 
Figure 13. Sig Ori E lightcurve. 

Each spectroscopy session began by taking a 
spectrum of Sig Ori AB (which also showed Sig Ori 
D), then continued with 300-sec exposures of Sig Ori 
E for the rest of the session. A total of 17 sessions 
were obtained over a seven week period. Again, the 
spectra were analyzed in Excel, using polynomial fits 
to the features of interest (telluric O2, Hα blue wing, 
Hα, Hα red wing, and He) to obtain the central wave-
lengths and blue and red wavelengths at the FWHM 
of each feature. To make this process easier, I also 
instituted a normalization process within Excel in 
which I fitted the smooth areas of the spectrum (i.e., 
away from the features) with a spline fit curve using 
the SRS add-in to Excel (www.SRS1Software.com), 
then used this curve to normalize the continu-
um/background to a value of 1. Deviations from this 
new baseline can then be read directly and easily 
computed and compared. 

As shown in earlier work, the wavelength stabil-
ity of the spectrometer is generally better than a few 
tenths Å in one session, and about 1 pixel = 0.4Å 
over several sessions. Although the Northern winter 
observations were often disrupted for days by cloudy 
weather, when observing was feasible the skies were 
generally quite clear and so the light pollution lines 
available in the Zug 1 investigation were not very 
strong. This leaves the telluric O2 line at 6283Å on 
each spectrum as the most feasible wavelength cali-
bration. This star is substantially brighter than Zug 1, 
so the data quality was better, allowing wavelength 
calibration to approximately ±0.4Å. Remaining errors 
in wavelength calibration will introduce scatter (but 
not major trends) in graphs where data are plotted by 
phase because data from different sessions are inter-
mixed. 

 

 
Figure 14. Sig Ori E amplitudes vs. phase. 

What do the results show about the star?  Figure 
14 shows the amplitudes of major spectral features 
plotted against the phase. One is immediately led to a 
rough model of a star rotating at 1.19days, having 
two regions brighter in Hα-emission, roughly equal in 
size, but one brighter than the other. The regions are 
not hot spots on the star, because the star cannot be 
rotating at the 13Å = 750km/s seen at the edges of the 
wings. Instead, as shown in the voluminous literature 
(e.g., Townsend et al. 2013) the regions appear to be 
emission clouds at a radius of perhaps three stellar 
radii (to account for the velocity), held in place as the 
star rotates by the known magnetic fields of the star.  

At about phase = 0.45, the brighter cloud begins 
to show as a blue shifted Hα emission on the side 
approaching the earth and the blue wing increases in 
amplitude. As the cloud crosses the star, its Doppler 
shift becomes smaller, and the light is absorbed by 
the cooler gas (both H and He) outside the star and 
the blue wing disappears. The cloud then comes into 
view again, now red-shifted in the region phase = 
0.0-0.2 as it increases in wavelength, then is partially 
obscured as it circles around back of the star. Mean-
while, the second (red-shifted) spot is also moving 
around behind the star. 

During this process, the depth of the Hα absorp-
tion line also varies in a complex way that reflects the 
total Hα radiation received by the observer. The sim-
ple two cloud model does not appear completely con-
sistent with the data, thus quantitative modeling is 
needed (ongoing). And of course, the simple model 
does not identify the mechanisms that create and 
maintain the presumed clouds in the first place.  

To gain additional insight, the wavelengths of 
the red and blue sides of the Hα and He absorption 
lines were measured. Although the data are noisy, 
there appear to be less than 1-2Å variations through-
out the cycle. Additional data analysis is ongoing.  

This star is not yet understood. The data reported 
here appear to be the most complete set of spectro-
scopic data currently available and may help resolve 
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many of the questions about Sig Ori E. Odell and 
others are conducting ongoing modeling of this star. 

 
5. Conclusion 

It has been shown that a modest spectrometer 
and telescope, even in a poor observatory location 
(Maryland), can be used effectively to verify and 
build additional data on a long studied pulsating star 
(BW Vul), a search for a possible binary star (Zug 1), 
and to obtain spectroscopic data that is likely to be 
important in modeling a very complex magnetic, high 
helium, star (Sig Ori E). It has also demonstrated 
anew the benefits of pro-am collaboration. 

All three projects will benefit from at least some 
additional observation. Project 1 (BW Vul pulsating 
star) will need to be followed, while Project 2 (Zug 1) 
will require additional observations to rule out the 
binary star hypothesis. Project 3, Sig Ori E, is a star 
under very active study. The present data are already 
useful in constraining modeling efforts, but additional 
observations may also be required. 
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Abstract 

This paper describes an investigation into what can be learned about the physical properties of the blue compo-
nent of the Albireo double star system from both low (150 lines/mm) and high (2400 lines/mm) resolution spectra, 
based on the simple model that the star is a rotating uniformly emitting oblate spheroid with a photosphere that is 
a single layer in thermal equilibrium. The blue component of Albireo is an interesting target in that it exhibits 
emission at both Hα and Hβ wavelengths; this emission is believed to originate from an equatorial decretion disk 
spun off from the star. The aim of this work was to split the observed high resolution spectra into an absorption 
component, from the star, and an emission component, from the disk. To achieve this aim the continuum spec-
trum was modeled as a "black body" to obtain an effective temperature and the Hγ absorption line was studied to 
obtain values for the star's model parameters. These results were then used to predict the expected absorption 
at Hα and Hβ wavelengths. Measured Hα and Hβ lines were then divided by their expected absorption lines to 
reveal the pure disk emission for further analysis. 

1. Introduction 

The blue component of the Albireo (β Cyg) dou-
ble star system  (Albireo B), see figure 1, is classed 
as a B8Ve star i.e. a hot (B8) main sequence (V) star 
that displays evidence of emission lines (e) in its 
spectrum. 

 
Figure 1: Spectra from the Albireo double star plus, in-
set, an image of the pair. 

A "normal" star would be expected to display 
only absorption lines, superimposed on the top of the 
thermal continuum. This absorption is due to contin-
uum photons, at characteristic wavelengths, being 
absorbed by atoms and then re-emitted in random 
directions and degraded to longer wavelengths as 

they pass through the star's photosphere on their 
journey to the spectrograph.  

The emission component from Albireo B is be-
lieved to originate from an equatorial decretion disk 
spun off from the rapidly rotating star and this emis-
sion is then superimposed on top of the normal ab-
sorption lines from the star itself.  

The aim of this work was to separate these two 
spectral line components, using a simple physical 
stellar model, and in the process deduce properties of 
the star and disk. 

The stellar model used was that of a, solid body, 
rotating uniformly emitting oblate spheroid with a 
photosphere that is a single layer in thermal equilib-
rium. It is also assumed that the observed absorption 
lines are formed solely within this photosphere. 

Using this model an effective "black body" tem-
perature can be deduced from low resolution (150 
lines/mm) spectra provided proper calibration is per-
formed to correct the continuum spectrum for instru-
ment response and atmospheric absorption. High 
resolution (2400 lines/mm) investigations of individ-
ual line shapes can then be used to determine other 
model parameters for example, a "mean free path" 
between particle collisions in the photosphere and the 
star's speed of rotation. 

The key to separating absorption and emission 
line components for Albireo B was the fact that there 
was no evidence of emission at the Hγ wavelength 
and therefore this line could be modeled to establish 
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the physical properties of the star itself. The expected 
absorption at Hα and Hβ wavelengths could then be 
computed and the pure disk emission lines deduced 
by dividing measured Hα and Hβ lines by the ex-
pected absorption line profiles. 

Once separated the disk emission was further an-
alyzed, using the same model, but this time  with a 
large oblateness factor to gain some insight into the 
disk properties (e.g. orientation). Note however that 
this is a somewhat unrealistic model as it represents a 
very high disk viscosity, a more realistic Kepler orbit 
model is under development. 

A suite of custom computer programs was writ-
ten to perform the required computations and this 
software is freely available from the author. 

 
2. Theory 

The main body of theory that will be described 
here is related to the calculation of the shape of emis-
sion and absorption lines from known stellar proper-
ties given the assumption of thermal equilibrium. 

In thermal equilibrium the principle of detailed 
balance requires that the capture rate equals the emis-
sion rate for all electron transitions i.e. 

 =     (1) 
                                                                      

where 
• 	=  the number of atoms/unit volume in the 

ith principle quantum number state 
• 	=  the number of continuum photons 

crossing unit area in unit time with a wavelength 
corresponding to the transition between the i and 
j levels. 

• = the emission rate for a photon descending 
from the jth to the ith state ( j > i ). 

• = the capture cross section area for the atom 
absorbing a photon  and ascending from the ith 
to the jth state ( j > i ) 
 
Defining 	= the energy of the ith principle 

quantum number state we know from Boltzmanns 
statistics that:- 

 = / =   (2) 

                                                                           
and therefore that:- 

 =     (3) 

For a broadened emission line profile  be-
tween the jth and ith principle quantum states, define 

= 1 where  is the central wavelength of the 
spectral line. It will be assumed that the continuum 
has been "flattened" i.e. the continuum is constant 
across the line and that:- 

 
 e ∝ 	    (4) 
 
Consider now absorption, we are assuming a 

state of thermal equilibrium so that the absorption 
capture cross  section is related to the emission rate 
by:- 

 = 	
    (5) 

                                                                          
The absorption process is described by the equation: 

 =     (6) 
                                                                      

Where t is the photosphere thickness and N is the 
number density of atoms available for absorption so:- 

 =  
                                                                         

Now when =  the intensity of the absorption line 
is , we know, by definition, = 1 there-
fore we can deduce:- 

 

 =  (7) 
                                                              Normaliz-

ing the continuum intensity to unity (so ≡ 1) 
we have:- 

 =  (8) 
                                                                           

Now we require = 1 (normalized continuum) 
when = 0, from which we can deduce:- 

 

 − − = ln   (9) 

                                                                          
implying:- 

 =     (10) 

                                                                  there-
fore:- 

 =     (11) 
                                                                       

which implies:- 
 =    (12) 
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When analyzing absorption lines from a star  
equation (12) will be used to generate an "equivalent 
emission line" which subsequently will be used as the 
target when modeling the physical properties of the 
star. Equation (11) will be used when computing ab-
sorption lines from simulated emission lines, but to 
do this we need to develop some more theory. 

 
2.1 Relation Between Absorption Line 

Profiles from the Same Element 

We want to determine, for example, the expected 
shape of the  Hα line from modeling the measured  Hγ 
line. From equations (9) and (11) we know for Hα 
that:- 

 ∝   (13) 
                                                                           

and, assuming we have successfully modeled the Hγ 
"equivalent emission line", we can predict the corre-
sponding normalized emission line for Hα. 

If we also know the relative emission rates of the 
various lines (oscillator strengths) in an elemental 
series then we know that the areas under each line 
should be in proportion to these emission rates. 

Let sγα be the scale factor required to multiply 
the normalized calculated Hα emission line  
such that the line areas (Hγ and Hα) are in the correct 
proportion. Then we have:- 

 

 =        (14) 
                                                                        

From which we see that:- 
 =    (15) 
                                                                           

but we can calculate  from measurement of the 
Hγ line via equation (10) and therefore equation (14) 
can be used to calculate the entire Hα absorption line 
profile. 

 
3. Measurements 

All spectra were captured using an Atik 314L+ 
camera in conjunction with a Shelyak LHiresIII spec-
trograph mounted on a Meade 12" LX200ACF tele-
scope and initial processing was performed using the 
commercially available RSpec software package. 

 
3.1 Low Resolution Spectra 

Figure 2 shows a low resolution (150 lines/mm) 
spectrum of Albireo B, this spectrum was fully cali-

brated for instrument response and atmospheric ab-
sorption using a library reference spectrum. In the 
figure the Hydrogen α, β and γ line positions have 
been indicated. 

 
Figure 2: 150 l/mm spectrum of Albireo B 

Emission at Hα is immediately apparent whilst, 
at low resolution, both the  Hβ and Hγ lines seem to 
be normal absorption lines. 

  
Figure 3: Flattened line spectrum of Albireo B. 

Low resolution data can be used to obtain an es-
timate for the effective temperature of a star. It is 
simply necessary to divide the spectrum by a "Planck 
wavelength curve" defined by the equation:- 

 =  (16) 

where all symbols take their usual physical meanings. 
The temperature T is adjusted until the result of the 
division is the closest to a horizontal straight line, as 
measured by a minimum root mean square deviation 
from the mean. 

Custom software has been written to calculate 
this optimal temperature automatically resulting in a 
temperature estimate of 18025K for Albireo B. 
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Figure 3 shows the flattened spectrum of Albireo 
B after division by the appropriate Planck curve.  

 
3.2 High Resolution Spectra 

High resolution (2400 line/mm) spectra taken at 
Hγ, Hβ and Hα wavelengths are shown in figures 4, 5 
and 6 respectively.  

 
Figure 4: 2400 l/mm spectrum of Albireo B at Hγ 

  
Figure 5: 2400 l/mm spectrum of Albireo B at Hβ 

The Hγ line appears to be the result of pure ab-
sorption whilst the Hβ line displays a curious "fea-
ture" at its center and the Hα line appears to be large-
ly an emission line with a double peak characteristic 
of the effects of rotation. 

 
Figure 6: 2400 l/mm spectrum of Albireo B at Hα 

3.3 Hγ Line Analysis 

For the Hγ absorption line, using the custom 
software, the continuum gradient was removed and 
the central wavelength determined, based on equal 
areas each side of center. The Aγ(λγ) value for the 
normalized absorption line was found to be 0.61, this 
value will be required when predicting other absorp-
tion lines in the Balmer series. The profile was then 
converted to an equivalent normalized emission line 
using equation (12) prior to modeling. 

  The theory behind the modeling is too complex 
to present here but is available on the RSpec user 
group website or directly from the author for those 
interested in the detail. Parameters of the model are:- 

 
• L0: the central wavelength in Angstrom 
• T: the photosphere temperature in Kelvin 
• MFP: the particle mean free path in Ang-

strom 
• v: the maximum surface velocity of the star 

as a proportion of c. 
• Ob: the Oblateness of the star i.e. equatorial 

radius divided by polar radius (Ob ≥ 1). 
• Theta: the viewing angle in radians above 

the stellar equator. 
                                                                          
 In addition, the custom software calculates the 

area under the emission line resulting from the cho-
sen set of parameters for use in predicting the shape 
of other absorption lines in the series. All parameter 
values and the emission line area appear as labels in 
the RSpec displayed spectra as can be seen in Figure 
7. 

 Whilst the fit is not perfect it was deemed ade-
quate to move on to the next stage of analysis. 
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Figure 7: Simulated Hγ emission line (purple) target (red) 

3.4 Hβ and Hα Line Synthesis 

To synthesize absorption lines for an elemental 
series we need to know the relative oscillator 
strengths. Table 1 lists the relevant values for the 
hydrogen Balmer series. 

 

 
Table1: Oscillator strengths for the Hydrogen Balmer 
series  

The model parameters listed in figure 7 together 
with the oscillator strengths listed in table 1 can be 
input to the custom software to compute the expected 
absorption lines at Hα and Hβ wavelengths. The result 
is depicted in figures 8 and 9 respectively together 
with the measured line profiles. 

Having computed the expected absorption line 
profiles the measured line profiles can now be divid-
ed by those calculated profiles to restore the continu-
um and reveal the pure emission line originating from 
the decretion disk orbiting the star. 

Figures 10 and 11 display the resulting disk 
emission line profiles at Hα and Hβ wavelengths re-
spectively. 

 

 
Figure 8: Computed Hα absorption line (purple) and 
measured Hα line (red), Aα(λα) = 0.0131 

 
Figure 9: Computed Hβ absorption line (purple) and 
measured Hβ line (red), Aβ(λβ) = 0.283  

 
Figure 10: Hα emission from Albireo B's decretion disk 

λ Å Strength Line 

4340.47 30 Hγ 

4861.33 80 Hβ 

6562.79 300 Hα 
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Figure 11: Hβ emission from Albireo B's decretion disk 

Note: the amplitudes of the modeled absorption 
lines at their central wavelengths (A0) are displayed 
as labels in figures 7 and 8 whilst  the data presented 
in figures 9 and 10 has been additionally  processed 
to remove any continuum gradient. 

 
4. Modeling Albireo B's Decretion Disk 

As stated in the introduction, it is possible using 
the custom software to model the equatorial decretion 
disk as a very oblate spheroid to gain some insight 
into its properties. 

In the case of a high oblateness (Ob > 5) an addi-
tional parameter can be used in the model to repre-
sent the ratio of the inner to outer radius (ri/ro) of an 
annular disk. The result of such a modeling exercise 
is displayed in figure 12. 

 
Figure 12: Disk emission (red) modeled emission (pur-
ple) 

The final model parameters are displayed in the 
figure and it can be seen that quite a good fit is ob-
tained. However it should be noted that this model is 

not particularly realistic (a Kepler orbit model is be-
ing developed).  

 
5. Discussion 

The work presented here represents a prelimi-
nary study of Albireo B. The main emphasis has been 
on developing the theory and computer programs to 
model and separate the absorption and emission 
components of the spectral lines. Therefore the pa-
rameter values used to model the star may not be the 
most accurate possible, indeed there may be quite a 
broad set of parameter values that fit the data just as 
well as the values used here. 

One aspect of the theory in particular requires 
testing on spectra from normal hot stars (F type and 
hotter). That aspect being the assumption that the 
relative line intensities depends only on the relative 
oscillator strengths. It would appear reasonable to 
make this assumption with regard to thermal and ro-
tational line broadening, both of which are basically 
the result of the Doppler effect. Pressure broadening 
however affects the emission process itself as colli-
sions can shorten the duration of emission. Therefore 
it could be expected that pressure would affect the 
relative intensities, I intend to investigate this in the 
future. 

 
6. Conclusions 

A spectroscopic study of the blue component of 
the Albireo double star system has been performed to 
determine physical properties of the star and its  as-
sociated equatorial decretion disk. It has been found 
that:- 

 
• The approximate temperature of the star's 

photosphere is 18025K and the disk is 
10000K 

• The mean free particle path is approximately 
0.15A and 0.6A for the star and disk respec-
tively. 

• The maximum surface velocity of the star is 
in the region of 0.001c 

• The star is being viewed from a high eleva-
tion, approximately 0.25π rads above its 
equator. 

 
7. Acknowledgements 

All spectra presented in this paper have been 
processed and displayed using RSpec software avail-
able at www.rspec-astro.com 

 



Kithi: Lightning Protection for Observatories 

125 

 

21st Century Lightning Protection  
for High Altitude Observatories 

Richard Kithil 
President and CEO 

 National Lightning Safety Institute (NLSI) 
rkithil@lightningsafety.com  

ABSTRACT 

One of the first recorded lightning insults to an observatory was in January 1890 at the Ben Nevis Observatory in 
Scotland. In more recent times lightning has caused equipment losses and data destruction at the US Air Force 
Maui Space Surveillance Complex, the Cerro Tololo observatory and the nearby La Serena scientific and tech-
nical office, the VLLA, and the Apache Point Observatory. In August 1997 NOAA’s Climate Monitoring and Diag-
nostic Laboratory at Mauna Loa Observatory was out of commission for a month due to lightning outages to data 
acquisition computers and connected cabling. The University of Arizona has reported “lightning strikes have tak-
en a heavy toll at all Steward Observatory sites.” At Kitt Peak, extensive power down protocols are in place 
where lightning protection for personnel, electrical systems, associated electronics and data are critical. Design-
stage lightning protection defenses are to be incorporated at NSO’s ATST Hawaii facility. For high altitude ob-
servatories lightning protection no longer is as simple as Franklin’s 1752 invention of a rod in the air, one in the 
ground and a connecting conductor. This paper discusses selection of engineered lightning protection sub-
systems in a carefully planned methodology which is specific to each site.  

1. Background 

Lightning behavior is arbitrary, capricious, ran-
dom and stochastic. The statistical probability of 
lightning strikes to high altitude facilities is low. The 
consequential damages may be high. Since there is 
ample evidence of lightning-caused upsets to ob-
servatories, it is a prudent organizational policy to 
analyze facilities and operations so as to identify 
lightning vulnerabilities. Proactive designs and op-
erational means to mitigate potential accidents should 
be developed. For the lightning hazard, safety should 
be the prevailing directive. 

 
2. Lightning Characteristics 

2.1 Physics of Lightning  

Lightning’s characteristics include: current levels 
peaking at about 600 kA with the fifty percentile be-
ing about 20kA; temperatures to some 15,000 C; and 
voltages in the hundreds of millions. The phenome-
nology of lightning flashes to earth, as presently un-
derstood, follows an approximate behavior: a) the 
downward Leader (gas plasma channel) from a thun-
dercloud pulses toward earth;  b) ground-based air 
terminators such as  fences, trees, blades of grass, 
buildings, people, power poles, rocks, metallic ob-
jects etc., etc. emit varying degrees of induced mo-
lecular activity; c) they may respond at breakdown 
voltage by forming upward Streamer; d) in this inten-

sified local field some Leader(s) likely will connect 
with some Streamer(s); e) the “switch” is closed and 
the current flows. Lightning flashes to ground are the 
result. A series of return strokes follow 

. 
2.2 Lightning Effects  

When lightning strikes an asset, facility or struc-
ture (AFS) return-stroke current will divide up among 
all parallel conductive paths between attachment 
point and earth. Division of current will be inversely 
proportional to the path impedance,Z (Z = R + XL; 
i.e., resistance plus inductive reactance). The re-
sistance term will be low assuming effectively bond-
ed metallic conductors. The inductance and related 
inductive reactance presented to the total return 
stroke current will be determined by the combination 
of all the individual inductive paths in parallel. Es-
sentially lightning is a current source. A given stroke 
will contain a given amount of charge (coulombs = 
amp/second) that must be neutralized during the dis-
charge process. If the return stroke current is 50kA – 
that is the magnitude of the current that will flow, 
whether it flows through one ohm or 1000 ohms. 
Therefore, achieving the lowest possible impedance 
serves to minimize the transient voltage developed 
across the path through which the current is flowing 
[e(t) = I (t)R + L di/dt)].  
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3. Lightning Protection Designs  

 Absolute lightning safety is impossible. Mit-
igation of lightning consequences can be achieved by 
the use of a detailed systems approach. Defenses are 
described below in general terms. 

 
3.1 Air Terminals  

Since Franklin's day lightning rods have been in-
stalled upon ordinary structures as sacrificial attach-
ment points, intended to conduct direct flashes to 
earth. This integral air terminal design can limit 
physical damage but does not provide protection for 
electronics, explosives, or people inside modern 
structures. Inductive and capacitive coupling from 
lightning-energized conductors can result in signifi-
cant voltages and currents on interior power and sig-
nal conductors. Overhead shield wires and mast sys-
tems located above or next to the structure are code-
suggested alternatives in many circumstances. These 
are termed indirect air terminal designs. Such meth-
ods presume to collect lightning above or away from 
the sensitive structure, thus avoiding or reducing 
flashover attachment of unwanted currents and volt-
ages to the facility and equipments.  

Unconventional air terminal designs which claim 
the  elimination or redirecting of lightning (charge 
dissipators – CTS/DAS) or lightning preferential cap-
ture (early streamer emitters - ESE) have received a 
very skeptical reception (see: NASA/Navy Tall Tow-
er Study; 1975, R.H. Golde  “Lightning” 1977; FAA 
Airport Study 1989; T. Horvath “Computation of 
Lightning Protection” 1991; D. MacKerras et al, IEE 
Proc-Sci Meas. Technol, V. 144, No. 1 1997; Nation-
al Lightning Safety Institute “Royal Thai Air Force 
Study” 1997; A. Mousa “IEEE Trans. Power Deliv-
ery, V. 13, No. 4 1998; Google, “unconventional air 
terminals”.) Merits of radioactive air terminals have 
been investigated and dismissed by reputable scien-
tists (Golde, 1977). 

  
3.2 Downconductors  

Downconductor cable pathways should be in-
stalled outside of the structure.. Rigid strap is pre-
ferred to flexible cable due to inductance advantages. 
Conductors should not be painted, since this will in-
crease impedance. Gradual bends always should be 
employed to avoid flashover problems. Building 
structural steel may be used in place of downconduc-
tors where practical as a beneficial  subsystem  emu-
lating the quasi-Faraday Cage concept and to sub-
divide currents.  

3.3 Bonding  

Bonding assures that unrelated conductive ob-
jects are at the same electrical potential. Without 
comprehensive bonding, lightning protection will not 
work. All metallic conductors entering structures (ex. 
AC power lines, gas and water pipes, data and signal 
lines, HVAC ducting, conduits and piping, railroad 
tracks, overhead bridge cranes, roll up doors, person-
nel metal door frames, hand railings, etc.)  should be 
electrically referenced to the same ground. Connector 
bonding should be exothermal and not mechanical 
wherever possible, especially in below-grade loca-
tions. Mechanical bonds are subject to corrosion and 
physical damage. HVAC vents that penetrate one 
structure from another should not be ignored as they 
may become troublesome electrical pathways. Fre-
quent inspection and measuring (maximum 1 mil-
liohm per Fed. Aviation Admin.) of  connectors to 
assure continuity is recommended. 

 
3.4 Grounding  

The grounding system must address low earth 
impedance as well as low resistance. A spectral study 
of lightning's typical impulse reveals both a high and 
a low frequency content. The grounding system ap-
pears to the lightning impulse as a transmission line 
where wave propagation theory applies. A considera-
ble part of lightning’s current may respond horizon-
tally (radial arcing) when striking the ground. As a 
result, low resistance values (25 ohms per NEC) are 
less important that volumetric efficiencies. Ground 
rods, with a significant impedance of some 2.4 mi-
crohenries (8 ft. long X 5/8 inch diameter), are a poor 
selection option in most rocky environments. Equipo-
tential grounding is achieved when all equipment 
within the structure(s) are referenced to a master bus 
bar which in turn is bonded to the external grounding 
system. Earth loops and consequential differential 
rise times must be avoided. The grounding system 
should be designed to reduce AC impedance and DC 
resistance. The use of counterpoise or "crow's foot" 
radial techniques can lower impedance as they allow 
lightning energy to diverge as each buried conductor 
shares voltage gradients. Buried ground rings (coun-
terpoise) encircling structures are useful. Proper use 
of concrete footing and foundations (Ufer grounds) 
increase volume. Where high resistance soils or poor 
moisture content or absence of salts or freezing tem-
peratures are present,  treatment of soils with carbon, 
Coke Breeze, conductive cements, Bentonite, chemi-
cal ground rods, natural salts or other low resistance 
additives may be useful. These concepts should be 
deployed on a case-by-case basis where lowering 
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grounding impedances are difficult an/or expensive 
by traditional means. 

  
3.5 Corrosion And Cathodic Reactance  

Corrosion and cathodic reactance issues should 
be considered during the site analysis phase. Where 
incompatible materials are joined, suitable bi-metallic 
connectors should be adopted. Joining of aluminum 
down conductors together with copper ground wires 
is a typical error. Inserting copper conductor leads 
directly into concrete is another issue. 

 
3.6 Transients and Surges  

Ordinary fuses and circuit breakers are not capa-
ble of dealing with lightning-induced transients. 
Surge protection devices (SPDs aka transient limiters 
aka TVSS) may shunt current, block energy from 
traveling down the wire, filter certain frequencies, 
clamp voltage levels, or perform a combination of 
these tasks. Voltage clamping devices capable of 
handling extremely high amperages of the surge, as 
well as reducing the extremely fast rising edge (dv/dt 
and di/dt) of the transient are recommended.  

Protecting the AC power main panel and protect-
ing all relevant secondary distribution panels and 
protecting  all valuable plug-in devices such as pro-
cess control instrumentation, computers, printers, fire 
alarms, data recording & SCADA equipment, etc. is 
suggested. Protecting incoming and outgoing data 
and signal lines (modem, LAN, etc.) is essential. All 
electrical devices which serve the primary asset such 
as well heads, remote security alarms, CCTV camer-
as, high mast lighting, etc. should be included.  

SPDs should be installed with short lead lengths 
to their respective panels. Under fast rise time condi-
tions, cable inductance becomes important and high 
transient voltages can be developed across long leads. 
SPDs with replacable internal modules are suggested. 
In all instances the use high quality, high speed, self-
diagnosing SPD components is valuable. SPDs may 
incorporate spark gaps, diverters, metal oxide varis-
tors, gas tube arrestors, silicon avalanche diodes, or 
other technologies. Hybrid devices, using a combina-
tion of these techniques, are preferred. Avoid SPDs 
using internal potting compounds. SPDs conforming 
to the International CE mark are tested to a 10 X 350 
us waveform, while those tested to IEEE and UL 
standards only meet a 8 X 20 us waveform. It is sug-
gested that SPD requirements and specifications con-
form to the CE mark, as well as ISO 9000-9001 se-
ries quality control standards. All mode protection is 
essential. 

Uninterrupted Power Supplies (UPSs) provide 
battery backup in cases of power quality anoma-
lies…brownouts, capacitor bank switching, outages, 
lightning, etc. UPSs are employed only as back-up or 
temporary power supplies. They should not be used 
in place of dedicated SPD devices. Correct IEEE 
Category A installation configuration is: AC wall 
outlet to SPD to UPS to equipment. 

 
3.7 Detection  

Lightning detectors, available at differing costs 
and technologies, are useful to provide early warning 
to outdoor personnel and for equipment shutdown 
purposes. Users should beware of over-confidence in 
detection equipment. It is not perfect and it does not 
always acquire all lightning data. Detectors cannot 
“predict” lightning. An interesting application is their 
use to disconnect from AC line power and to engage 
standby power, before the arrival of lightning. A noti-
fication system of radios, sirens, loudspeakers or oth-
er means should be coupled with the detector. See the 
NLSI website for a more detailed treatment of detec-
tors. A Lightning Safety Policy should be a part of 
every site’s overall safety plan. 

 
3.8 Testing & Maintenance  

Modern diagnostic testing is available to “verify” 
the performance of lightning conducting devices as 
well as to indicate the general route of lightning 
through structures. With such techniques, lightning 
paths can be forecast reliably. Sensors which register 
lightning current attachments are available. Regular 
physical inspections and testing should be a part of an 
established preventive maintenance program. Failure 
to maintain any lightning protection system may ren-
der it ineffective. 

 
3.9 Personnel Protection  

Hear thunder? The acoustic signature was caused 
by electrical discharges. Don’t wait for the next 
BOOM ! Take shelter. Immediately! 

 
4. Codes and Standards 

In the USA there is no single lightning safety 
code or standard providing comprehensive guidance. 
The NFPA-780 lightning protection installation 
standard applies only to “ordinary structures”. US 
Government lightning protection documents should 
be consulted. The Federal Aviation Administration 
FAA-STD-019d is valuable. Other recommended 
federal codes include military documents MIL 
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HDBK 419A, Navy NAVSEA OP5, NASA STD 
E0012E, MIL STD 188-124B, MIL STD 1542B, 
MIL B 5087B, Army PAM 385-64 and USAF AFI 
32-1065. The IEEE Emerald (IEEE-1100) and the 
IEEE Green (IEEE-142) series Technical Standards 
are invaluable. The International Electro-Technical 
Commission IEC 62305 series for lightning protec-
tion is the single best reference document for the 
lightning protection engineer. Adopted by many 
countries, IEC 62305 is a science-based document 
applicable to many design situations. Ignored in most 
Codes is the very essential electromagnetic compati-
bility (EMC) subject, especially important for explo-
sives safety and facilities containing electronics, 
VSDs, PLCs, and monitoring and security equipment. 
 
5. Conclusion 

Lightning has its own agenda and may cause 
damage despite application of best efforts. Any com-
prehensive approach for protection should be site-
specific to attain maximum efficiencies. In order to 
mitigate the hazard, systematic attention to details of 
grounding, bonding, shielding, air terminals, surge 
protection devices, detection & notification, person-
nel education, maintenance, and employment of risk 
management principles is recommended. 

 
6. Permssions 

Readers have NLSI permission to copy and to re-
print this paper all or in part. Please credit NLSI as 
the original author. The National Lightning Safety 
Institute is a non-product and independent organiza-
tion providing objective information about lightning 
safety issues. See the Website at: 
www.lightningsafety.com 
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Abstract 

Dobsonian telescopes are designed to provide large aperture at low cost. The underlying assumption is that such 
telescopes will be used by a visual observer who can manually locate targets and view them at the Newtonian 
focus. After operating his 0.75-meter Dobson in this mode for several years, the author undertook the challenge 
of converting it to an imaging and photometry instrument that can be operated remotely. The converted instru-
ment must have the ability to locate, track and photograph a desired target without an operator being physically 
present at the telescope. The implementation described was designed to enable the author to operate this tele-
scope from his house more than 30 meters away. With some additional autonomy, these changes should be 
applicable to more remote observatories. The paper walks through the steps taken in achieving this transfor-
mation, and some of the stumbling blocks encountered along the way.  

1. Introduction 

The author purchased a 0.75-meter Obsession in 
2003 and operated it in the “strictly manual” mode 
for the first couple years (Figure 1). The visual expe-
rience under a dark sky with this instrument is awe-
some, but could this excellent light gathering power 
and resolution be harnessed to do some backyard 
science using a camera or photometer?     

The answer is “not easily”. Several capabilities 
must be added to a classic Dobson telescope to con-
vert it from a visual-only telescope to an instrument 
that can be remotely operated and precisely pointed 
for photometry or photography:  

 
a. Digital setting circles 

b. Two-axis drive capability for slewing, tracking 
and guiding 

c. “Planetarium” software for finding, designat-
ing and slewing to the desired target 

d. A wide-field camera “finder” for initially lo-
cating the target field. (This requirement as-
sumes that the initial pointing is not sufficient-
ly accurate to assure that the target will always 
appear in the main telescope field.) 

e. A reconfigured focal plane structure that re-
places the diagonal/eyepiece with a prime fo-
cus camera or photometer and focuser 

f. Remote fine pointing and focus controls  

g. A cable pathway for power and signal cabling 
to the above components and any prime focus 
instruments  

 
Figure 1. 0.75-meter Obsession Dobson. 

These challenges were all addressed by first op-
erating from within a plastic shed building some 4.6 
meters from the telescope. Although the goal was to 
control everything from my office more than 30 me-
ters from the telescope, this shed was a necessary 
interim step to avoid sending raw instrument signals 
(USB for cameras or photon pulses) over such a long 
distance. Once full operation from the shed was 
achieved, it was a relatively simple matter to transfer 
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control to the comfort of home. Truly remote opera-
tion (kilometers) is also possible. But this would re-
quire additional functions, such as remotely deploy-
ing and storing the telescope, and autonomously re-
sponding to power failures or other glitches. These 
capabilities are not essential when one lives next to 
the telescope! 

 
2. Basic Elements 

 The first step was adding a control system to 
find, slew to, and track desired targets. The commer-
cially available ServoCAT control system and Argo 
Navis digital setting circles were added for this pur-
pose (Figure 2). These additions were not only essen-
tial for remote operation, but they greatly increased 
the efficiency of observing sessions, providing rapid 
target acquisition and tracking. At star parties it’s fun 
to turn the dial on the Argo Navis, punch a button, 
and watch the large instrument swing effortlessly to 
the next target. This system won’t be described in 
any detail here since it is well documented elsewhere 
(Trusock 2005). 

 
Figure 2.  ServoCAT system installed in 30” rocker box, 
including elevation servo (upper left), azimuth servo 
(lower center), azimuth encoder and electronics. 

The final step in the early evolution of the sys-
tem was the addition of a planetarium program for 
finding targets, designating where to point, and 

commanding the telescope to move, all from a com-
puter terminal. After experimenting with several 
software candidates, the relatively inexpensive Meg-
aStar was found to be both the most capable and eas-
iest to use for this purpose. Visitors are even more 
impressed when I retreat into the observer’s shed and, 
with a few keystrokes, send the telescope slewing off 
to a new target. 

  
3. Cable Management 

While the ServoCAT/MegaStar combination 
works very well, it does require digital signal connec-
tion between the computer and telescope. Running 
cables to a Dobson can be a challenging proposition. 
Unlike most other telescope designs that provide a 
pier or tripod for attaching wires, almost the entire 
telescope moves in the Dobsonian design. Because of 
this, the wires can easily wind up around the tele-
scope base, binding up the motion or becoming en-
tangled in the azimuth drive mechanism. The Ser-
voCAT system solves this problem for the specific 
case of power (12V) by using a clever slip-ring sys-
tem around the azimuth axis. One can also purchase a 
wireless system for transmitting a limited number of 
digital signals. But things get out of hand pretty 
quickly when one adds cables for cameras, focusers 
and other instruments.  

After looking at a number of options it became 
clear that the only way around this problem for my 
complex system was to have all wires, power and 
signal, pass through the azimuth axis of the telescope. 
While these wires twist during motions in azimuth, 
with reasonable care the amount of twisting is not a 
problem. Trying to move cabling any distance off of 
the azimuth axis runs into significant shear motion 
between the fixed ground plate and the rotating tele-
scope. There was simply no room for wires to be 
accommodated between these two moving structures. 
Once the cables have made it past the azimuth axis 
into the rocker box, any other part of the telescope 
can be reached with relative ease.  

The azimuth axis is a solid rod in both the origi-
nal Obsession design and the modified ground board 
used by ServoCAT. To provide a hollow axis for 
running wires, the ground-board to rocker-base inter-
face was completely redesigned (Figure 3). The tele-
scope weight is supported by a 30-cm Lazy Susan 
bearing, rated for 1000 pounds. This is more than 
adequate to provide a smooth motion whether pushed 
by hand or by the servo drive motor. Since this bear-
ing is slightly thicker than the available space be-
tween the ground board and rocker board, some of 
the rocker board material was routed out to fit (Figure 
4). Here it is important to not remove too much mate-
rial. The bearing should support most of the telescope 
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weight, with minimal contact between the plastic 
laminate on the bottom of the rocker board and the 
Teflon support pads around the periphery of the 
ground board. It turned out that the gap between the 
two boards should have been made somewhat larger 
(2 mm) than originally calculated in order to accom-
modate flexure of the rocker-board when supporting 
the full weight of the telescope. 

 
Figure 3   Azimuth axis cable pass-through design.   

Lateral thrust from the azimuth drive is opposed 
by a 2.5” OD pipe tied to the ground board and run-
ning through a hole in the rocker board. A spur gear 
mounted at the top of this pipe provides the fixed 
reference for the azimuth encoder (Figure 5). Note 
that it was necessary to recess this gearing into a hole 
in the rocker board since the telescope base swings 
quite close above this. Once the encoder is mounted, 
an additional plate and pipe provide the guide hole 
through which all wires pass (Figure 6). 

 

Pulled Type Usage 

3 USB2.0 36’ Active CCD Cameras 

3 BNC Coax  50Ω Photon Pulses 

3 Cat 6 Digital 
Focuser 

ServoCAT status
Spare 

2 RJ12 
ServoCAT con-

trol 

1 Stereo Coax 
ServoCAT hand-

pad 

1 110V Unswitched Argo Navis 

1 110V Switched Most electronics 

Table 1. Wires pulled through azimuth axis. 

At the bottom of the telescope I took these wires 
directly into two conduits, one for power wires and 
one for signals. If I had been using an existing con-
crete pad, or the telescope was on the ground, the 
wires could have been run under the telescope and 

out, the fundamental problem of avoiding the rotating 
rocker having been solved. 

Table 1 lists the wires pulled through this assem-
bly. I have attempted to anticipate possible future 
needs in this allocation. Although the resulting web 
of wires looks dense, there is still room for some ad-
ditional wires should the need arise (Figure 7). 

 
Figure 4. Cutting recess for Lazy Susan bearing. 

 
Figure 5.   Azimuth encoder and gearing. 

 
Figure 6.   Cable guide plate. 
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Figure 7. Wired rocker board. 

Cable windup has not been a problem. Keeping 
track of the number of azimuth rotations introduced 
during the night makes it easy to unwind them before 
storing the telescope. Windup of three or four rota-
tions has occasionally occurred when this process is 
neglected. In such cases it is easy to determine the 
direction of windup by viewing the wire bundle, and 
then manually unwinding it.  

 
4. Prime Focus Assembly 

To take full advantage of the telescope aperture I 
decided to mount all instruments at the prime focus, 
rather than using the existing Newtonian structure. 
This has several advantages 

 
1. Only one reflection  

2. No vignetting from an undersize secondary  

3. Increased rigidity 

4. Easier to baffle stray light. 

 
Figure 8. Prime focus assembly. 

A welded aluminum structure was constructed 
with help from a friend running a welding shop (Fig-

ure 8). An OPTEC temperature compensating   
 focuser, mounted at the top of this structure, pro-
vides for precise remote focus adjustment. The figure 
shows an SBIG ST-2000XM camera currently used 
to evaluate pointing and tracking performance. A 
two-channel photon counter is also being developed 
for use at this focus. Note that the camera can be re-
placed with an eyepiece when it is necessary to find 
alignment stars for the Argo Navis. (The Argo Navis 
retains its star references for days or weeks, but re-
alignment is occasionally needed.)  

 
5. Operational considerations 

The complete telescope is shown in operating 
configuration in Figure 9. Note the total absence of 
wires running to the scope!  The war surplus elbow 
scope mounted on the mirror box is needed only for 
finding reference stars for Argo Navis alignment. The 
small Orion telescope and camera also mounted on 
the mirror box provides a one-degree field image that 
is very helpful for finding targets. Although I have 
performed extensive pointing calibrations on this 
setup, pointing errors are still typically on the order 
of 10 arcmin after a large slew. This level of pointing 
error is easily handled within Orion telescope finder 
camera field. 

  
Figure 9. Operating configuration – no wires! 

 Operating this system from my office in the 
house has been a joy, particularly on cold winter 
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nights! I use a Microsoft network with Remote Desk-
top Connection to take over the two computers in the 
plastic shed. All connections are accomplished using 
several Cat6 cables run from the house to the shed. In 
addition to the Ethernet cable for the network, cables 
were needed for the focuser, ServoCAT Remote Sta-
tus Unit and slow motion controls. The slow motion 
controller sends a digital signal to the ServoCAT 
control box over coaxial stereo cable. When this ca-
ble was extended to 150’, the control signals tended 
to get lost due to cable capacitance. This problem 
was completely solved by abandoning the coax cable 
connecting the slow motion controller via the twisted 
wire pairs in a spare Cat6 cable. 

Figure 10 shows all of the camera and control in-
formation on a single PC screen. The office computer 
controls both computers in the telescope shed. In the 
upper left is the MegaStar field displaying the target 
and pointing information relative to that target (in 
this case the Orion Nebula). Below this is finder 
camera field with histogram and exposure infor-
mation. The picture in upper right displays the prime 
focus camera image, in this case a one second expo-
sure binned 3x3. To find a new target one can request 
an object from the MegaStar database or insert the 
desired coordinates. Pressing the F12 key commands 
a slew to the new target.  

 
Figure 10. Remote display showing MegaStar map, 
Finder field (lower right) & prime focus image. 

After finding the target, or its surrounding star 
pattern, in the finder-camera field, it is a simple mat-
ter to move the target into the main telescope field. 
The direction of motion for the slow motion controls 
is always the same in both fields (although the prime 
focus image is reversed).  

 
6. Tracking Performance 

The main obstacle encountered during initial op-
eration tests was stiction in azimuth axis, presumed to 

be between the textured laminate on the rocker board 
and the ground board’s Teflon pads. Since this stic-
tion did not seriously affect visual observations, I had 
never noticed it prior to using the scope for photog-
raphy. Now even “small jerks” of 10-15 arcsec are 
very annoying. This level of initial stiction has been 
greatly reduced by two measures. First, the pressure 
between the rocker laminate and Teflon pads has 
been nearly eliminated by inserting a gasket spacer 
under the bearing. This forced the bearing to support 
almost all of the telescope’s weight. Less force on the 
Teflon gives less stiction to overcome. Second, using 
the wax polishing procedure recommended by Kriege 
et al. (1998) seems to have all but eliminated any 
remaining stiction. Of course tracking performance 
will be monitored on a continuing basis in case the 
stiction problem returns. 

As with most telescopes, wind loading is also a 
threat to accurate tracking. I plan to reduce the tele-
scope cross section by reducing the size of the light 
shroud to the minimum needed for baffling. Hopeful-
ly, this will make operation somewhat more robust 
against occasional breezes.  

 
 Figure 11.  40-sec unguided exposure of M81. 

 
Figure 12.  20-sec unguided exposure of NGC 3992. 
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Figure 13. 10-sec unguided exposure of M51. 

The ServoCAT system has a port that enables 
closed-loop tracking using error signals from a cam-
era such as the ST2000XM. I have verified that this 
works, but all pictures to date have been taken with-
out any guiding to help fully evaluate open-loop 
tracking performance. Figures 11-13 show the results 
of some of these tests on familiar, bright galaxies. 

Of course, one disadvantage of any Az-El 
mounting is field rotation. This can have a significant 
effect in any exposure longer than a minute or two, 
depending on where one is pointing in the sky 
(Meeus 1998). Since the image rotates around the 
guide star being tracked, using an off-axis guide star 
only makes matters worse. It should be possible to 
take several short exposures, and combine (rotating 
and stacking) them into a single image in cases where 
image rotation is limiting. The effect of image rota-
tion can be even worse when using a point photome-
ter, such as the photon counting instrument described 
by Stanton (2012). Here one really must guide on the 
target star itself. Otherwise field rotation will soon 
move the star out of the photometer diaphragm. Im-
plementing a photometer to track the target star is one 
of the author’s next projects.  

 
7. Conclusion 

The system described has been in operation only 
a few months. It was a great project for someone with 
old-style ATM urges. Although it is definitely harder 
to achieve arcsec-level tracking with this instrument 
than with a precision equatorial telescope, it is cer-
tainly not impossible. The system’s performance has 
greatly exceeded my expectations in terms of reach-
ing faint objects with short exposures. It is usually 
possible to detect 19th magnitude stars with exposures 
as short as 40 seconds, and observing from a warm 
office definitely beats hanging off a freezing ladder 
to visually observe variable stars, particularly when 

one can reach stars at least ten times fainter than vis-
ually.  

Challenges for the coming months include fully 
implementing closed-loop tracking for both photog-
raphy and photon counting, and further reducing the 
deleterious influence of wind loading and any re-
maining mount and drive system glitches. Complete 
success can be declared only when image rotation 
and seeing effects are all that is left to degrade image 
quality and limit exposure duration!     
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9. Suppliers 

Obsession Telescopes:   
www.obsessiontelescopes.com  (Note: The 0.75-
meter is no longer offered) 

ServoCAT  
www.stellarcat.com 

Argo Navis 
www.wildcard-innovations.com.au 

MegaStar  
www.willbell.com/software/megastar/index.htm 

Temperature Compensating Focuser 
www.optecinc.com 

CCD Camera (ST2000XM) 
www.sbig.com 

Orion finder scope/CCD 
www.telescope.com 
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Abstract 

The Center for Solar System Studies is developing a remote controlled observatory compound on five acres in 
Landers, California. Two observatories containing three telescopes are being remotely controlled and four more 
are under construction. Observatory construction, roof automation, electronics and infrastructure is discussed. 

1. Introduction 

The Center for Solar System Studies (CS3) was 
formed in 2011 as a 501(c)(3) not-for-profit organiza-
tion for the purpose of building several observatories 
to conduct astronomical research. We purchased five 
acres in Landers, California, and designed from the 
ground up for remote operations. 

Located north of Joshua Tree National Park, the 
complex currently has two operating observatories 
and four more under construction. These six observa-
tories will eventually have 11 telescopes being oper-
ated remotely on each clear night. 

 
2. The Property 

 
Figure 1. Grading the observatory field. 

Several of the observers at CS3 had previously 
built six observatories at the nearby Riverside Astro-
nomical Society’s Goat Mountain Astronomical Re-
search Station (GMARS). We learned many hard 
lessons on observatory construction, operation, and 
maintenance unique to Southern California desert.  

In selecting a new site, we visited many proper-
ties in the Mojave Desert. All were evaluated for 

competing sets of compromises. Although the darkest 
skies and best seeing was desired, access to basic 
infrastructure won the day. Building a remote obser-
vatory was not feasible without access to high speed 
internet service and being hooked to the power grid. 
Access to a water company instead of working off a 
well was also valued. For good reason, most of these 
services are not available in the darkest areas of the 
Mojave Desert. 

In the end, by moving 1.5 miles from where our 
old manually operated observatories were located at 
GMARS, we were able to get skies that often reach 
21.4 magnitudes per square arcsecond on dark winter 
nights. 

The original CS3 property had a 1,400 square 
foot house, a small 600 square foot house, and a 
1,000 square foot free standing garage/workroom.  
This is ideal for an observatory complex. 

The first steps involved demolishing the out-
house (a remnant of a different era) and pulling down 
the cobrahead at the entrance to the property. Then 
we started grading the area which will contain the 
observatories. 

The electrical system had to be upgraded from a 
200 amp to a 400 amp service. The original septic 
tank also had to be replaced. The garage attached to 
the house was built out expanding the main house to 
four bedrooms and three baths. An important consid-
eration was the 55-inch television which we some-
times use to display the telescope control software. 
That’s our story and we’re sticking to it! 

 
3. Construction 

Our original observatories at GMARS were 10x 
12 foot buildings of typical wood frame construction 
and T1-11 plywood sheeting. These are the largest 
structures that can be built in San Bernardino County 
without a building permit. The rolling roofs were 
built with wood frames that moved on wood rails. It 
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became obvious over six years of observations that 
the sometimes harsh desert conditions resulted in 
rapid deterioration of the plywood sheeting and the 
wood frame and rails warped in many cases. The 
roofs on those original observatories sometimes be-
came difficult to open by hand in a short period of 
time. The exterior sheeting and the roofs needed to be 
replaced every five years or so. 

 
Figure 2. Pouring 30 yards of concrete for the pier ba-
ses, pads and sidewalks. 

 
Figure 3. Welding on the 24-foot long C-channel that 
provides the capture system for the rolling roofs. 

For the six CS3 observatories, we decided to stay 
with a 10x12 foot roll-off design. The buildings were 
put on concrete pads with isolated bases for the piers. 
We used local contractors to pour the concrete who 
we then taught how to build observatories. 

Our first observatory was constructed from a 
modified steel storage building. The roof rolled on 
steel C-channel which provided a capture system that 
also protects against blowing dust when the winds 
occasionally get up to 50 mph. Foam was sprayed on 
the interior of the walls and underside of the roof for 
insulation and to keep out dust. This design worked 
great but turned out to be costly and labor intensive. 

Subsequent observatories were built with wood 
frame walls covered in stucco which provides good 
protection for the desert environment. We kept the 
steel roll-off roof design.  

 
Figure 4. Observatory constructed from a steel storage 
building containing a 16-inch Meade on a MI-500 mount 
and a Celestron C-14 on a Paramount. 

4. Roll-off Roofs 

A basic design consideration is that in the event 
of system failure, the roofs must be able to close no 
matter what position the telescope is in. This dictated 
the height of the walls and height of the telescope 
piers. Since the observatories will always be operated 
remotely, either from 100 feet away or 1,200 miles, it 
does not matter how high the telescopes are off the 
ground. What was a consideration was how low in 
the sky the telescopes can observe. All of the tele-
scopes can observe within 30 degrees of the horizon. 

The roofs are opened and closed using a chain 
drive system with a motor that has enough torque to 
pull 50 lbs. The electronics for the drive system were 
developed by Jerry Foote of ScopeCraft. 

Because the telescopes are typically operated 
remotely, a multiple backup system for the roof clos-
ing is used. First, a command inserted into the tele-
scope control script to close the roof at the end of the 
observing run. Since most of the observatories con-
tain two telescopes, consideration has to be made that 
both telescopes had finished their observing runs. 
Second, the web power switch has its own built in 
scripting program. As a backup, the power switch is 
designed to close the roof at a set time every morn-
ing. This is changed throughout the year and is cur-
rently set for 5:30 AM local time. 

The third backup is human intervention. The first 
step I take in the morning is to inspect the state of the 
roofs with the security cameras and check the park 
position of the telescopes using the webcams located 
inside of the observatories. 
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The final backup is that the roofs are designed to 
close in the event of a total power failure. There are 
two power lines into the roof controller. Power must 
be present in order for the roof to stay open. A UPS is 
on the second line, and the electronics in the control-
ler are designed to close the roof in the event the 
‘hot’ line (through the web power switch) loses pow-
er. The ‘hot’ line is on the main UPS power the tele-
scopes which will optimally last about 30 minutes 
while powering the two telescopes, computers and 
cameras. 

 
5. Security 

No security can keep out a determined thief, but 
steps can be taken to make the compound less of a 
target than the neighboring property. The first level 
of security is to get to know your neighbors. The 
property has residents on three sides. Across the 
street is a retired U.S. Army Colonel. The second 
level is someone staying on site if possible. We have 
a tenant in the small house who is often there. The 
third level is a security system. We have installed an 
8-channel security system with cameras pointed at all 
areas of the property. One camera with a telephoto 
lens records license plates on cars entering and exit-
ing the property. This system holds about 30 days of 
motion controlled video and also serves to monitor 
the weather. Once construction is done, a forth level 
will be to surround the observatories with a chain link 
fence. Finally, the fifth level will be to make some-
thing else more attractive to steal than the more valu-
able telescope equipment. The old tools in the garage 
and the television in the house serve such a purpose. 
Finally, there is no substitute for good insurance. 

In addition to physical security, one has to be 
concerned with cyber security. Each telescope is con-
trolled by a separate computer using remote access 
software. These are behind the router using Network 
Address Translation. The choice of remote view 
software is left up to the individual observers. One 
popular choice is RealVNC for its cross platform 
capability. Although I typically control my telescopes 
from my computer at work or laptop at home, I have 
also used my iPad in restaurants and iPhone while 
standing in line at the grocery store across their 3G 
and 4G networks. 

RealVNC has its own level of security. On one 
occasion, I was surprised upon getting up in the 
morning to find that I was locked out of one of my 
telescope computers because someone had tried log-
ging on too many times with an incorrect password. 
Three incorrect logins in a short period of time results 
in the program locking down for a short period. I 
waited a few minutes and succeeded in logging on. 
No harm was done because the scripting software had 

already shut down the telescope and camera and had 
closed the roof. 

 
6. Internet Service 

A basic problem is that wherever you want to 
place your observatory is likely to be far away from 
fast Internet service. Being away from city lights also 
means being far removed from broadband services. It 
is simply not economical to put fiber optic cable 
down every dirt road in the desert. 

Although satellite based Internet service was a 
consideration, it is usually slow and has a latency 
issue as the signal is bounced up and down from the 
Earth’s surface. Fortunately, we have an Internet ser-
vice provider in the Landers area that uses micro-
wave relays to hook into existing fiber optic cable. 
While not ideal, and the service sometimes is slow as 
other local residents have heavy usage in the early 
evening downloading NetFlix movies, it has proven 
to be serviceable in remotely controlling the tele-
scopes. So far we have not lost any nights because we 
were unable to connect to the telescopes. We have 
established two top service accounts which gets us 
their best equipment and a little more attention in 
configuring routers and investigating problems. 

 
7. Electronics 

The computers, telescopes, cameras and other 
devices for each observatory are turned on using an 
Internet controllable Power switch (Digital Loggers 
WPS-VI). It has eight controllable switches. One 
switch is used for the interior lights which can be 
switched on to inspect the state of the equipment us-
ing webcams on each of the computers. A second 
switch is used to open or close the roof. Then three 
switches are dedicated to each telescope; turning on 
the (1) telescopes, (2) camera/focuser, and (3) com-
puter. The computers are configured in the BIOS 
settings to automatically boot when power is provid-
ed. 

The web power switches can be controlled from 
an Internet browser or an app on a smart phone or 
tablet. The web power switch can also be controlled 
from the scripting software controlling our telescopes 
so that the script can power down the equipment and 
close the roof in the morning. 
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8. Other Toys 

 
Figure 5. Left to right: Orion All-sky camera, Internet 
service, 2-day old Moon, Anemometer. 

 
Figure 6. The wireless Davis Instruments Vantage Pro2 
weather station. 

A basic tool of a remote observatory is a weather 
station. We installed the Davis Instruments Vantage 
Pro2 Wireless Weather Station. It provides a feed to 
the weather page of our website with live readings of 
temperature, humidity, dew point, wind, and rain. We 
also have available a 72-hour plot of wind speed and 
temperature. 

Another useful tool is an all-sky camera. We in-
stalled the Orion StarShoot All-sky camera to moni-

tor clouds during the day and night. Every five 
minutes this camera uploads an image to our weather 
page. At night, the images are sensitive enough to 
show the Milky Way on moonless nights. 

Our weather page also provides other imbedded 
satellite images, links to satellite loops, the local 
Clear Sky Chart, a chart of the local Nautical and 
Astronomical Twilight times, Skippy Sky, the current 
Moon phase, and more. 
 
9. Daily Operations 

 
Figure 7.Star Trails over two functioning observatories 
and four under construction at the Center for Solar Sys-
tem Studies. 

 
Figure 8. The 55-inch television with Blue-ray player in 
the CS3 living room is used only to monitor the tele-
scopes. 

The observers have each developed their own 
operational routine. I usually connect to each of the 
observatory computers sometime in the afternoon to 
set up for the evening run. Camera and telescope con-
trol software is loaded and the session scripts are 
updated with new shut down times and folders for 
that night’s data. 

We are currently using DropBox’s free service to 
automatically transfer data as it is acquired at the 
telescope. DropBox allows 2 GB of free storage, 
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enough for several nights of imaging. As images are 
downloaded to a home server, they are deleted from 
DropBox. 

Cameras are turned on and cooled in the eve-
nings. Each of the observatories has two small air 
conditioners. The temperature settings on air condi-
tioners are staggered to come on at slightly different 
temperatures, so that the second one only activates on 
hot days. The observatories are usually maintained at 
85 degrees. 

Some of the telescopes have the capability of 
running fully automatically. The script can start and 
chill the cameras at a set time, open the roof at a set 
time after sunset, home the telescopes and initiate an 
autofocus routine, and start imaging the target when 
it reaches a set altitude. It then shuts down when the 
target reaches a certain altitude in the west (typically 
30 degrees) or at Nautical Twilight, whichever comes 
first, shuts off the telescope and camera and closes 
the roof. More typically, the initiation in the evening 
is done manually to check seeing conditions, camera 
temperature, and quality of focus. 

 
10. Results 

Through the first part of 2013, I have remotely 
observed 70 out of 105 available nights. Most of 
CS3’s observers specialize in asteroid lightcurve 
work, where many sequential nights is a real ad-
vantage in obtaining rotational periods of slow rotat-
ing or binary asteroids. I study Jovian Trojan aster-
oids. The team I work with is targeting small Trojans 
with the thought that there is an excess of slow rota-
tors that the dynamists cannot currently explain.  

This spring I discovered the slowest rotating 
Trojan yet known, and one of the slowest rotating 
asteroids of any family. I was able to observe it for 
two months and determined it rotated once every 738 
hours. A secondary period of about 510 hours was 
found in the data. It was no surprise to see that the 
asteroid is also tumbling, since the dampening time 
on an object its size would be similar to the age of the 
solar system. We are currently working a second, 
small slow rotating Trojan that has a nippier pace of 
about 400 hours. 

Finally, our Trojan group occasional gets time on 
the telescopes at Anderson Mesa or Cerro Tololo 
Inter-American Observatory. Usually that time is 
allocated in blocks of four or seven nights. That is not 
long enough to determine the rotational period of a 
slow rotating asteroid, particularly if clouds interfere 
with the observations. So far in 2013, we have fol-
lowed up on two weather interpreted observing runs 
allowing the group to get results. 

 
Figure 9. A slow rotating Jovian Trojan asteroid ob-
served from CS3. The asteroid is tumbling with a prima-
ry period of about 738 hours and a secondary period of 
about 510 hours. 

11. Conclusion 

Having an automated, remote observatory has al-
lowed us to follow dim targets for many sequential 
nights and so get results that would otherwise not be 
possible. We learned many lessons over the years 
through the School of Hard Knocks and are constant-
ly being surprised. However, it was worth it to in-
crease our access to dark skies many fold, which al-
lows us to do research we never thought possible. 

 
12. Acknowledgements 

Funding for Jovian Trojan observations at the 
Center for Solar System Studies is provided by Na-
tional Science Foundation grant AST-1212115. 
  



Stephens: Oasis Under a Canopy of Stars 

140 

 

 
 
 

 

 
 



 

141 

 

Papers without Presentation and Posters 
 



 

142 

 



Craine et al: Light at Night Markup Language (LANML) 

143 

 

Light at Night Markup Language (LANML): XML 
Technology for Light at Night Monitoring Data 

B. L. Craine 
STEM Laboratory, Inc. 

3275 W. Ina Road, Suite 217, Tucson, Az  85741 
blcraine@stemlab.org 

 
E. R. Craine 

STEM Laboratory, Inc. 
3275 W. Ina Road, Suite 217, Tucson, Az  85741 

ercraine@stemlab.org 
 

E. M. Craine 
STEM Laboratory, Inc. 

3275 W. Ina Road, Suite 217, Tucson, Az  85741 
emcraine@stemlab.org 

 
D. L. Crawford 

STEM Laboratory, Inc. 
3275 W. Ina Road, Suite 217, Tucson, Az  85741 

dlcrawford@stemlab.org 

Abstract 

Light at Night Markup Language (LANML) is a standard, based upon XML, useful in acquiring, validating, trans-
porting, archiving and analyzing multi-dimensional light at night (LAN) datasets of any size. The LANML standard 
can accommodate a variety of measurement scenarios including single spot measures, static time-series, web 
based monitoring networks, mobile measurements, and airborne measurements. LANML is human-readable, 
machine-readable, and does not require a dedicated parser. In addition LANML is flexible; ensuring future exten-
sions of the format will remain backward compatible with analysis software. The XML technology is at the heart 
of communicating over the internet and can be equally useful at the desktop level, making this standard particu-
larly attractive for web based applications, educational outreach and efficient collaboration between research 
groups. 

1. Introduction 

Light pollution and deteriorating sky quality 
have been of concern to astronomers for decades. In 
recent years that interest has extended to other groups 
including environmentalists, ecologists, health pro-
fessionals, and urban planners. Many communities 
have implemented various versions of lighting codes 
that impose restrictions on new lighting, and on land 
and property developers with regard to lighting in-
stallations.  

A key element that has emerged is the need for a 
variety of types of measurement of light at night 
(LAN), both baseline and ongoing monitoring. The 
analysis of the LAN monitoring may require the con-
sideration of archival data, and the merging of data 
from a variety of different sources. To achieve these 
goals it is desirable to apply automatic computing 
power since the datasets may grow to be quite large. 

To manage large datasets and, in particular, effi-
ciently incorporate data from different groups using 
different instrumentation the use of a common file 
format is extremely important. 

Much of the current repositories of LAN data are 
in a flat file comma separated text format. Such files 
are easy to produce but have several shortcomings 
including: 1) a lack of flexibility for inclusion of new 
data types leading to backward incompatibility is-
sues, 2) a need for development of custom parsing 
functions for any software development, 3) a lack of 
checks on data validity, and 4) are prone to registra-
tion errors. 

These shortcomings can be ameliorated through 
the utilization of the eXtensible Markup Language 
(XML) as a means to organize, archive, transport, 
and retrieve the LAN data. In particular the XML 
format is useful for manipulating the data over the 
internet. 
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This paper will present an introduction to the de-
velopment of LANML (a basic XML schema that can 
be applied to a variety of LAN monitoring scenarios) 
and provide a brief description of how the data can be 
further manipulated. 

 
2. LANML for a Basic Static Monitor 

Our goal is to develop tools for maximizing the 
value of light at night measurements. A basic requi-
site is a file format for archiving the diverse and het-
erogeneous data sets in a manner that is highly orga-
nized, standardized, machine readable, human reada-
ble, transmittable, easily displayed and easily manip-
ulated by a varied audience. 

These requirements are precisely achieved 
through the use of XML, a markup language much 
like HTML, but designed to carry data. XML is self-
descriptive (tags are not predefined; instead they are 
created to meet your specific needs, e.g. Figure 1) 
making it useful in many disciplines. 

A simple example of an XML file containing a 
single light at night measure is shown in Figure 1. All 
XML files begin with a tag designating that it is 
XML and the XML version. The file has a root tag, in 
our case we use <session> to denote an experimental 
instance. The instrument used to obtain the measure-
ment is identified by the <unit> tag. The device was 
used once, denoted by the singular <read> tag and the 
value recorded is enclosed in the <mag> tag which 
indicates that the value had units of mag/arcsec2 

 

<?xml version="1.0"?> 
<session> 
  <unit>SQM178</unit> 
  <read> 
     <mag>19.63</mag> 
  </read> 
</session> 

Figure 1. Simple XML file holding a single LAN 
reading obtained by meter SQM178.  

XML is a W3C Recommendation (XML Tech-
nology - W3C, 2010) and operates along with a large 
number of XML standard technologies to achieve 
data handling goals. Some of the core XML standards 
that are of particular relevance to our interests (Fig-
ure 2) are in the areas of: 1) defining the data in the 
file (XSD, XML schema and DTD, Document Type 
Definition) which is required for the efficient sharing 
of data, 2) formatting and display of the data for 
browser display (e.g. eXtensible Stylesheet Language 
Transformations, XSLT, and Extensible Stylesheet 
Language -- Formatting Objects, XSL-FO) and image 
definitions (Scalable Vector Graphics, SVG), 3) ac-
cessing, manipulating and filtering the data (e.g. 
Document Object Model, DOM and  the functional 

programming languages XQuery/XPath designed to 
query collections of XML data), and 4) transmitting 
the data over the internet (Simple Object Access Pro-
tocol, SOAP and Really Simple Syndication, RSS).  

 
Figure 2. Some relevant industry standard technologies 
that utilize or act upon XML. 

In particular, we utilize the XSD schema stand-
ard to define the XML file. This is important to allow 
for the merging of disparate data sets and to promote 
collaboration by making the stored data files under-
standable to all. To make the simple XML file in 
Figure 1 more useful, we add a reference to our XSD 
schema, some metadata, and expand the information 
content of each <read> tag. 

The Meta tags are unique to the <session> and 
include the identification of the instrument used in 
the <unit> as introduced in Figure 1. In addition, a 
record of the time zone of the measurements is rec-
orded in the “zoneType” tag. These are key tags that 
are required. 

The <timezone> tag is a complex type of tag that 
can be entered either as a <zone> text string tag in a 
format compatible with the IANA time zone database 
(Time Zone Database, 2013) or as a number offset 
from UTC time using a <tzone> tag. This is more 
formally defined in the LANML schema as in Figure 
3. 
 
  <xs:complexType name="zoneType"> 
    <xs:sequence> 
       <xs:element name="zone" 
         type="xs:string" minOccurs="0"/> 
       <xs:element name="tzone" 
         type="xs:integer" minOccurs="0"/> 
    </xs:sequence> 
  </xs:complexType> 

Figure 3. LANML schema definition of a zoneType ele-
ment. 

The location of the LAN measure is of critical 
interest and is recorded using a “locationType” tag. 
There are two “locationType” tags available: <loca-
tion> used for stationary units and <track> for mobile 
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units. The <location> can occur once in the <ses-
sion> while the <track> tag can occur once in each 
<read> of the <session>. The “locationType” tag is 
defined in the LANML schema as in Figure 4 and 
includes tags for city, state, zip code, latitude, longi-
tude, and altitude. In addition, there are two special 
tags for pitch and roll used during airborne monitor-
ing. None of the tags making up the “locationType” 
are required which provides flexibility of defining a 
location by city, or by latitude and longitude. 

 
  <xs:complexType name="locationType"> 
    <xs:sequence> 
      <xs:element name="city" 
        type="xs:string" minOccurs="0"/> 
      <xs:element name="state" 
        type="xs:string" minOccurs="0"/> 
      <xs:element name="zip" 
        type="xs:string" minOccurs="0"/> 
      <xs:element name="lat" 
         type="xs:float" minOccurs="0"/> 
      <xs:element name="lon" 
         type="xs:float" minOccurs="0"/> 
      <xs:element name="alt" 
         type="ls:lengthtype" 
               minOccurs="0"/> 
      <xs:element name="pitch" 
         type="xs:float" minOccurs="0"/> 
      <xs:element name="roll" 
         type="xs:float" minOccurs="0"/> 
    </xs:sequence> 
  </xs:complexType> 

Figure 4. LANML schema definition of a “locationType” 
element. 

The placement of a “locationType” tag depends 
upon whether the unit is stationary or mobile. The 
Meta tag <move> is provided to document the type of 
<session>. The <move> tag is currently restricted to 
one of three strings: static, ground_mobile, and air-
borne_mobile. 

The actual data measurements are recorded in the 
<read> tag which is a complex type of tag that con-
tains a required <time> tag documenting the time of 
the data acquisition, and a required <sensor> tag doc-
umenting the data value and sensor properties. The 
<read> tag includes an optional <track> tag for mo-
bile sessions and a <weather> tag describing envi-
ronmental conditions. The <session> is required to 
have at least one <read> tag, but may include an un-
limited number of <read> tags to accommodate large 
data series. 

The <sensor> tag is a complex type element that 
includes a <raw> tag for recording the raw sensor 
output, a <mag> tag for recording the conversion of 
the raw reading to the commonly reported units of 
mag/arcsec2, a <cd> tag for conversion of the raw 
value to cd/m2, a <filters> tag for documenting any 
optical filtering applied to the sensor, a <look> tag 
for documenting the angle in degrees at which the 

sensor is pointed (with 90 being the zenith and 180 
being toward the ground), and an <fov> tag for re-
cording the field of view in degrees. The <raw> tag is 
a required element. The complete LANML version 
1.2 schema is presented in the Appendix. 

A common activity is to use a sky brightness me-
ter to obtain a single measurement of sky brightness. 
Including the defined LANML elements produces a 
more complete and transportable XML file describ-
ing our simple static reading, as shown in Figure 5. 
The XML file begins with a required xml declaration. 
and is followed by a reference to the LANML sche-
ma (i.e. http://skyglownet.org/LANSchema_1_2.xsd) 
allowing anyone to understand of the information. 

 
<?xml version="1.0" encoding="utf-8"?> 
<xs:schema target-
Namespace="http://skyglownet.org/LANSchema_1
_2.xsd"           
xmlns:xs="http://www.w3.org/2001/XMLSchema"x
mlns:ls="http://skyglownet.org/LANSchema_1_2
.xsd"> 
 
<session> 
  <unit>SQM178</unit> 
  <move>static</move> 
  <timezone> 
    <tzone>-7</tzone> 
  </timezone> 
  <location> 
    <lat>32.2926</lat> 
    <lon>-111.063</lon> 
  </location> 
  <read> 
   <time> 
     <utctime>2012-11-15T01:03:32</utctime> 
   </time> 
   <sensor> 
     <raw>1.64</raw> 
     <mag>19.63</mag> 
     <look>90</look> 
   </sensor> 
  </read> 
</session> 

Figure 5. XML file. including reference to the LANML 
schema, recording a single spot measurement of LAN.     

3. Web Connected Static Monitor 

StemLab has been developing a network of sta-
tionary web connected sky brightness meters that 
utilize LANML as an enabling technology with some 
tags specifically added for this purpose.  

There are several advantages of using XML with 
the web connected units. The sky brightness meter 
can send data directly to the server using a simple 
XML format. The server side software can immedi-
ately understand and parse the XML to allow for real-
time display and intelligent archiving.  

 
<?xml version="1.0"?> 
<session> 
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  <unit>SBM_10042</unit> 
  <version>1.40w</version> 
  <file>sky_2107.xml</file> 
  <read> 
   <time>1349932315</time> 
   <raw>2.934</raw> 
   <mag>18.80</mag> 
   <cd>0.003262</cd></read> 
</session> 

Figure 6. Data as posted to web address from a web 
connected sky brightness meter. 

Of particular interest is the inclusion of the 
<file> tag which provides a unique file name for the 
currently initiated data collection. The <file> tag, 
along with the <unit> tag, communicates to the server 
which unique file to append the new time and LAN 
values. In this way the sky brightness measures can 
be accumulated as a times series of data throughout 
the night in a single data file.  

The <time> tag holds a Unix timestamp that is 
easy to manipulate programmatically. The Unix 
timestamp does not require a parsing action which is 
required for a string version of time and is the native 
format utilized by popular languages used on the web 
(e.g. PHP and javascript).  

The <version> tag simply maintains a record of 
the current firmware version running on the sky 
brightness unit.  

 

 
Figure 7. Web graphical rendering of the LANML data 
file collected by a web connected sky brightness meter. 

In addition to simplifying the communication 
link between the sky brightness meter and the inter-
net server, the LANML file (in this case 
sky_2107.xml) can be conveniently displayed graph-
ically in real-time on a web page using XML aware 
software (Figure 7). This provides a convenient 
means to check the functioning status of the sky 
brightness network, and may provide for increased 
levels of interaction amongst students in support of 
STEM educational outreach efforts. 

As the XML data is received at the server it can 
also be merged with local current weather conditions 
which are available through RSS internet feeds. The 
weather feeds are already in XML format and can be 
easily merged with the sky brightness data to provide 

concurrent weather conditions. The appropriate 
weather feed is determined by the zip code of the 
location and is provided in LANML by the <zip> tag. 
This provides an important data set allowing for the 
more detailed view of how weather conditions affect 
the measured sky brightness. 

The weather feed data is stored as a complex 
“weatherType” element in a <weather> tag within 
each <read> tag. The <weather> tag includes temper-
ature, humidity, dew point, visibility, conditions (e.g. 
clear, cloudy, etc.), and dust levels. 

 
<xs:complexType name="weatherType"> 
  <xs:sequence> 
    <xs:element name="wtime" 
     type="xs:unsignedInt" minOccurs="0"/> 
    <xs:element name="condition" 
     type="xs:string" minOccurs="0"/> 
    <xs:element name="vis" 
     type="ls:lengthtype" minOccurs="0"/> 
    <xs:element name="temperature" 
     type="xs:float" minOccurs="0"/> 
    <xs:element name="humid" 
     type="xs:float" minOccurs="0"/> 
    <xs:element name="pressure" 
     type="xs:float" minOccurs="0"/> 
    <xs:element name="dewpoint" 
     type="xs:float" minOccurs="0"/> 
    <xs:element name="dust" 
     type="xs:float" minOccurs="0"/> 
  </xs:sequence> 
</xs:complexType> 

Figure 8. LANML schema definition of the weatherType 
element. 

4. Ground Mobile Monitor 

The SBM4 is a sky brightness meter which in-
cludes an integrated GPS unit developed by STEM 
laboratory (Craine et. al., 2011). The SBM4 is de-
signed to be useful in surveying LAN pollution as a 
function of location. The LANML data file for this 
type of unit has a <move> tag designation of 
ground_mobile. 

The key difference in file organization between 
the mobile unit and the stationary unit is the place-
ment of location data (in the form of latitude and lon-
gitude) in a <track> tag which is included in each 
<read> tag. This allows the association of each 
brightness measure with the exact location at which it 
was obtained. 

The SBM4 unit can be mounted upon a car and 
driven around areas of interest gathering light intensi-
ty measurements as a function of location before and 
after changes in the environment. An example of this 
can be seen in Figure 9 where the impact of new 
street lighting, along a section of highway passing 
through Sedona Arizona, upon local skyglow was 
assessed. 
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5. Airborne Mobile Monitor 

Another variation on mobile monitoring is acqui-
sition of data from an airborne platform. This is par-
ticularly useful for surveying light pollution over 
large areas, for example a city and its sphere of influ-
ence or areas with difficult access such as national 
parks and their surroundings (Craine et. al., 2012). 

The LANML schema has included some tags 
that are of particular use for airborne measurements. 
These tags are primarily included in the “location-
Type” definition which is recorded in a <track> tag 
with each <read> and can therefore be used to verify 
the suitability of each sky brightness measure. 

The relevant tags are altitude, <alt>, pitch 
<pitch>, and roll <roll> which provide critical infor-
mation regarding the instantaneous orientation of the 
aircraft (and by extension the LAN sensor). The alti-
tude of the aircraft has a very significant impact on 
recorded light intensities and comparative data analy-
sis should be performed with data points that have 
similar altitude values. In addition, altitude can pro-
vide an important check that the data is being collect-
ed from the appropriate portion of the flight pattern. 
It is therefore very useful to collect that data with 
each <read> and utilize XML technology to filter the 
data on the basis of altitude to qualify data for analy-
sis. 

The pitch and roll of the aircraft can also be used 
to qualify the data by identifying portions of data 
gathered when the sensors are pointed in the desired 
direction. For example, the pitch and roll values can 
be used to identify when the aircraft may be perform-
ing a banking turn or otherwise not engaged in 
straight and level flight. During these turns the sen-
sors may not be pointed in the correct direction and 
those data may be filtered out of the data stream. 

 

 
Figure 10. Aerial survey of skyglow over Sedona Arizona 
and immediate surroundings. The data were filtered for 
altitude prior to graphing in Google Earth. 

6. LANML Analysis Specifications 

A common protocol for monitoring LAN is to 
record a time series of sky brightness measurements 
throughout the night at intervals of 30-120 seconds. It 
is useful to summarize such data by calculating statis-
tical measures of the readings. After performing the 
statistical analysis it is a simple operation to insert 
those results as XML into the original data stream.  

This approach has several advantages, including: 
1) reduction of computation time and 2) portability of 
results. We have found the reduction of computation 
time particularly appealing for interactive web appli-
cations that display, for example, average night 
brightness over many nights. The statistical values 
need to be calculated only once and then simply read 
for subsequent views. This capability speeds web 
page rendering. Incorporating the statistical results 
within the original data file makes those results port-
able. Anyone can view the statistics without requiring 
a tool to perform the calculations.  

  
<analysis> 
 <variable source=”mag”> 

 
Figure 9. A) Ground track for mobile SBM4 unit following main road and 3 cross streets. B) Skyglow measure-
ments along the track before installation of new lighting system. C) Skyglow measurements along the track after 
installation of new street lighting that increased lighting between intersections but preserves darkness along 
side streets. 
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  <night> 
   <mean>19.7900</mean> 
   <stdev>0.5770</stdev> 
   <nsample>830</nsample> 
  </night> 
  <nomoon> 
   <mean>20.2542</mean> 
   <stdev>0.0913</stdev> 
   <nsample>463</nsample> 
  </nomoon> 
  <moon> 
   <mean>19.2043</mean> 
   <stdev>0.3565</stdev> 
   <nsample>367</nsample> 
  </moon> 
 </variable> 
</analysis> 

Figure 11. Example LANML analysis element. 

7. Manipulating the LANML Data File 

7.1 Access Data Using PHP 

PHP is a widely used server-side scripting lan-
guage designed for Web development but also used 
as a general-purpose programming language. PHP 
provides an extensive suite of tools for reading, writ-
ing, organizing and analyzing XML data. These tools 
include the SimpleXML class that provides a simple 
set of functions for manipulating data in an XML 
format. For example, the xpath() function runs an 
XPath query on the XML document returning an ar-
ray of elements. This function is used in Figure 12 to 
extract arrays of time and mag values for further op-
eration. PHP code is easily embedded in HTML to 
produce a web page output such as that shown in 
Figure 7. 

 
<?php 
$xval = array(); //array for time values 
$yval = array(); //array for sensor values 
// Get XML formatted data 
$xml = simplexml_load_file(“sky_2107.xml”); 
// Get all the time values 
$datax = $xml->xpath('read/time'); 
// Put the time values into an array  
foreach ($datax as $x) 
   array_push($xval,(int)$x); 
// Get all the sensor magnitude readings 
$datay = $xml->xpath('read/sensor/mag'); 
//Put the sensor values into an array  
foreach ($datay as $y) 
   array_push($yval,(float)$y); 
// Perform some action on the data 
for($i=0;$i<count($xval);$i++){ 
  //Do something with the time series data 
  //e.g. graph $yval array versus $xval 
} 
?> 

Figure 12. PHP pseudo code for programmatically apply-
ing XPATH queries to retrieve specific data values for 
further operations. 

The pseudo code (Figure 12) for accomplishing 
this activity provides an example of the ease of data 
manipulation. 

 
7.2 Access Data Using a Spreadsheet 

LAN data saved in LANML format are easily 
manipulated by common spreadsheet software such 
as Microsoft Excel. When opening an XML file with 
Excel a dialog box will appear asking how you would 
like to open an XML file. Selecting Use the XML 
Source task pane will open a document map that will 
allow you to select the data to work with. 

 
Figure 13. Excel Open XML options dialog. 

For example, to reproduce the web graph shown 
in Figure 7, one would first click on the time element 
in the document map and drag and drop it into cell 
A1. Click on the time zone element in the document 
map and drag it to cell B1. In cell C1, type a column 
title such as “excel time”. Click on the mag element 
in the document map and drag it to cell D1. 

Since Excel does not use Unix time, enter a for-
mula in cell B2 to convert the Unix time to excel time 
i.e. “=($A2/86400)+25569+($B2/24)”. From table 
tools->external data click on Refresh to fill in all of 
the data. Select column’s C and D prior to selecting 
to insert a scattergraph to complete the exercise. 

 
Figure 14. Graphing XML data in excel. Note the XML 
document map in the right pane. The time and mag ele-
ments have be dragged into the worksheet. 
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8. Discussion 

During the development of an internet-centric 
network of LAN monitoring devices, the use of XML 
technology was an obvious advantage. In addition, 
the ubiquitous availability of XML tools for com-
monly used software (Spreadsheets, Browsers, and 
databases) and software development environments 
(C/C++, Java, Fortran, Basic, etc.) recommend the 
general use of XML as a way to format LAN data. 

In particular, the use of XML is flexible and can 
be easily expanded to include new and disparate 
types of data. This is an important consideration since 
the data collecting circumstances are varied and may 
change. This capability was appreciated when we 
began airborne monitoring and realized the im-
portance of expanding the standard to include pitch 
and roll parameters. Although the standard was modi-
fied, the ability to read and manipulate prior data is 
not changed leaving prior archived data still compati-
ble with software that operates on the XML data 
files. 

The recording of LAN data in XML format in-
creases the value of the data, making it readily avail-
able to students using a simple spreadsheet. More 
sophisticated analysis can be easily performed using 
custom software to process large amounts of data. 
The data are easily exchanged between researchers. 

For the many reasons presented, we recommend 
that researchers consider providing LAN data in 
XML format that may or may not include an exten-
sion to LANML, to satisfy the requirements of their 
unique studies. 
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11. Appendix 

 
 

 

 
Appendix. Logical view of the complete LANML schema version 1.2. A diagrammatic view of the LANML schema 
showing elements discussed in the paper. In addition, some descriptive Meta tags that were not discussed are shown 
that further define the data acquisition file. (?), denotes optional elements. (*), denotes elements that can occur more 
than once in a file, the yellow marks simple elements, and the gray marks complex elements.  
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Abstract 

Internet-enabled sky brightness meters (iSBMs) that continuously record and log sky brightness at the zenith 
have been installed at the prototype nodes of a network called SkyGlowNet. Also logged are time and weather 
information. These data are polled at a user-defined frequency, typically about every 45 seconds. Although the 
SkyGlowNetdata are used for various professional scientific studies, they are also useful for independent student 
research projects. In this case, the data are uploaded to the SkyGlowNetwebsite, initially to a proprietary area 
where the data for each institution are embargoed for one or two semesters as students conduct research pro-
jects with their data. When released from embargo, the data are moved to another area where they can be ac-
cessed by all SkyGlowNet participants. In this paper, we describe a student project in which the data collected at 
two SkyGlowNet sites are characterized. The data streams are parsed into homogenous segments and statistical 
tools are employed to describe variations observed in the data values. We demonstrate how to differentiate be-
tween natural phenomena and the effects of artificial lighting on the brightness of the night sky. In our poster we 
show how these effects compare between sites as separate as Arizona and North Carolina. We also have exper-
imented with the development of statistical metrics that are used to help categorize sky brightness on select 
nights, and can nearly automatically provide a characterization of the quality of the night sky for astronomical 
purposes. 

1. Introduction 

The Sky Glow Network (SkyGlowNet) is a pro-
ject of STEM Laboratory, Inc. of Tucson, AZ. It is 
designed to place semi-autonomous photometers at a 
variety of geographic locations (the “nodes”) and 
automatically log sky brightness and other environ-
mental data at specified times and provide access to 
the data via a web site. North Carolina A&T State 
University (NCAT) has recently joined SkyGlowNet 
as a node. In this paper we report on early results of 
an undergraduate student project to establish the 
NCAT node and to analyze data from the NCAT 
node and a similar node in Tucson, Arizona.  
 
2. Background 

Light at night (LAN) and sky brightness are top-
ics of increasing concern in both scientific and public 
policy arenas. Scientific concerns originated with the 
degradation of sky conditions at astronomical ob-
servatories as a result of development and associated 
increases in LAN output. More recently, this concern 

has expanded to embrace related health issues as 
well. 

Public policy concerns have evolved with the 
recognition of a phenomenon often called light pollu-
tion, which includes a variety of types of unwanted or 
intrusive LAN and glare conditions. 

An important problem in attempting to deal with 
light pollution, or light trespass, is the systematic 
quantification of the nature and effects of LAN. 
There are several approaches to this problem of 
which the collection and analysis of SkyGlowNet 
data is one. 

SkyGlowNettakes the approach of static, zenith-
looking photometers, which measure sky brightness 
in a wide angle cone above each instrumented node. 
The photometers measure and record sky brightness 
values at a relatively high frequency (on order every 
few minutes) for the duration of sequential nights. 

These data, augmented with local weather data, 
are uploaded to a website proprietary to the operators 
of each node. The data are password protected, and 
are embargoed, typically for a semester, while stu-
dents conduct independent research projects with the 
data. At the end of the semester, the data from each 
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node are moved to a common area on the website 
where a larger pool of SkyGlowNet members can 
access them and compare data from different nodes. 

For the purposes of this paper, we will be con-
cerned primarily with describing an initial student 
experience with the NCAT node, supplemented with 
data from the Cerritos Observatory node in Tucson, 
Arizona plus a limited number of data sets from the 
NCAT unit. 

 
3. Instrumentation 

Keep section headers with the first paragraph of 
the following text. Use a column break if necessary. 

The basic instrument in the SkyGlowNet is the 
internet-enabled Sky Brightness Meter Model 2 
(iSBM) distributed by STEM Laboratory, Inc. of 
Tucson, AZ (http://www.stemlab.org).  

The iSBM uses a single channel silicon response 
photodiode detector of the light-to-frequency type. It 
is calibrated to report the output of the device in hertz 
(Hz) as conventional measures of brightness. That is, 
as either candelas per square meter (Cd/m2) or magni-
tudes per square arc second (mag/arcsec2). The first 
measurement unit is primarily used by lighting engi-
neers and the second unit is used primarily by astron-
omers. In this paper we take the convention of using 
the magnitude unit. Note that magnitudes are meas-
ured on a logarithmic scale. 

The iSBM unit is simple to implement. It takes a 
12v DC power input, and its output signal is transmit-
ted from the unit to a nearby internet router which 
supports the WPS protocol. To connect with the 
iSBM unit, the unit is powered off, the WPS button 
on the router is activated, and power is applied to the 
iSBM. A connection will be automatically estab-
lished and the iSBM user can then manage the unit 
via a control panel on the user’s SkyGlowNet website 
area. 

Device management includes defining the loca-
tion of the iSBM, assigning a local name to the de-
vice and determining whether data polling will be 
initiated manually or automatically, based on user 
defined start and stop times. 

At NCAT, the university does not support the 
WPS protocol, so a new router was obtained and set-
up with the university IT group. Initially the device is 
placed on the roof of Marteena Hall (the Physics de-
partment is in the building as is a small domed tele-
scope). The device was tested and began collecting 
data right away. 

Following the initial placement of the NCAT de-
vice, we have had little interaction with the device. 
The exception was the power to the device was inter-
rupted and we needed to reset the WPS protocol on 
the router to re-establish the Wi-Fi connection. 

4. Data Collection 

For this project data are derived from two 
sources: 1) the NCAT node iSBM named the NCAT1 
unit, and 2) a similar unit located in Tucson, Arizona 
named the Cerritos2 unit.  
 The NCAT1 unit is located Greensboro, 
North Carolina. The unit is placed on top of a tripod 
stand with zip ties, securing it in place. A polyeth-
ylene, water resistant receptacle screened the power 
supply in an effort to maintain its integrity from ex-
ternal precipitation. The NCAT1 unit is operated in 
automatic mode and typically makes a sky brightness 
measure between 10 seconds to 2 minutes.  

 After the data are uploaded to the Sky-
GlowNet web site, the XML (Extensible Markup 
Language) file is converted to a CSV (Comma Sepa-
rated Values) format file. The CSV data file is then 
imported to MathematicaTM (Wolfram 2013) and the 
data-time, magnitude and candela values are extract-
ed. With these data, several procedures (encapsulated 
as Mathematica functions and statistical analyses are 
performed. Initially, the raw data are plotted (similar 
to the plots the website generates). The data are sub-
divided based on astronomical twilight, moon rise 
and set and sun rise and nonlinear curve fitting plus 
statistical analysis are performed on each subdivision. 
This generates a piece-wise function in Mathematica 
which can be plotted and operated on using other 
commands in Mathematica,   

Programming in Mathematica is straightforward 
and several different approaches were used to read 
the data and do the initial data processing to convert 
the time stamp of the measurement to a day-time-
year format and to generate the raw data plots in sev-
eral forms. As the magnitude data are on a log scale 
and viewed in reverse order, a simple plot function is 
used to reverse the order for the magnitude data 
graph. Much of the development for the Mathematica 
code was done using the Cerritos2 data. 

As the Mathematica programming continued, a 
scheme for data integrity and storage was developed 
for the NCAT team to maintain the integrity of the 
data embargo and to ensure data provenance.   

The Cerritos2 data were provided via an e-mail 
link as text files in the XML format, converted to 
CSV format and stored in a location accessible to the 
students as well as on a separate file server. The ini-
tial data from the NCAT iSMB and the files from 
Arizona are also maintained this way. 

  
5. Data Reduction 

The data are read into Mathematica as a list. The 
list is the fundamental data structure in Mathematica 
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and is similar to a multi-dimensional array in other 
programming languages. The data are manipulated 
using the Extract function to obtain the relevant 
quantities and plotted. The data are then sub-divided 
by time stamp into regions determined by the Astro-
nomical Twilight (AT) as well as moon rise and 
moon set. Astronomical Twilight is the interval of 
time, during which there is natural light provided by 
the upper atmosphere, which does receive direct sun-
light and reflects part of it toward the Earth's surface 
which occur after sunset and before sunrise. These 
intervals are still too bright for observing and so are 
not included in the measurements. The AT times are 
found using the UNSO web site (USNO 2013). After 
determining the AT and other information, the data 
are partitioned into segments; 1) measurement begin 
time to sunset, 2) sunset to AT, 3) AT to moon rise, 
4) moon rise to moon set, 5) moon set to AT and 6) 
AT to measurement end time. The data, before AT 
(segments 1 and 2) and after AT (segments 5 and 6) 
are removed and then the data from segments 3, 4 
and 5 are analyzed. The segments 3, 4 and 5 are a 
measure of the sky brightness labeled the sky bright-
ness data (SBD) and, of course, are the interesting 
component of the total data set. 

For each segment, of the SBD, the data are fit to 
a polynomial via a linear least square fit and the 
mean μ and the standard deviation σ. The raw data ±
σ, μ, and the polynomial fit are displayed on the 
same plot for comparison. This information is written 
to a summary file. This summary data will quantify 
temporal variations in overall sky brightness. 

 
Figure 1. This image shows a snippet of code from a 
Mathematica notebook, depicting some of the functions 
programmed to analyze the sky brightness data, 

 
Figure 2. This image shows the plot of the raw data 
magnitude versus (in this graph) the number of data 
points from the Cerritos2 iSMB in Tucson AZ. The graph 
is exported from Mathematica. 

Figure 1 is an example of the Mathematica code 
and Figure 2 is a plot of the raw data. 

 
6. Discussion 

In summary, undergraduate students received 
and set up an iSMB device at NCAT in mid-March 
and began collecting data. Using the NCAT meas-
urements and data from the Arizona site as well, we 
began to develop the program to analyze this data 
which involved several different approaches. The 
first step was to import the raw data, develop the 
plotting functions and to program the data partition 
functions. While importing and plotting the raw data 
was straightforward, the partitioning scheme took a 
while to choose a good method for the program. All 
of the individual tasks are to be part of a general au-
tomatic data analysis. Along with the data partition-
ing, the statistical analysis and time series data (in 
contrast to the per night analysis) was designed using 
the built-in functions and the programming capability 
of Mathematica. 

The analysis of the voluminous sky brightness 
data is being automated to give a measurement per 
night analysis and to develop the time series data. 
This translation of the data from a per night basis to 
weekly, monthly (and ultimately yearly) basis pro-
vides a tool to quantitatively understand the sky 
brightness issue. The flexibility of Mathematica, es-
pecially the programming capability, allows students 
from at different levels of education to access, pro-
cess and understand how data can be analyzed. 

The programming and automated partitioning 
and analysis of the data will be reported at the con-
ference and will include the analysis of the data and 
the comparison of the data from multiple sites using 
the time series data. The time series data can used to 
identify trends in the light at night over time. As 
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more data are collected, these trends will prove useful 
for planning observational times and quantify the 
changes in overall sky brightness. 

Additional future work includes the development 
of a Mathematica web page to provide web access to 
the analysis tools developed here for studying both 
the methods used and to access the data.  
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Abstract 

The Maui International Double Star Conference, hosted by the University of Hawaii's Institute for Astronomy, 
showcased talks from professional, amateur, and student researchers. Discussions ranged from instrumentation 
to observational techniques, and from data reduction to publication. Out of the conference was born the Interna-
tional Association of Double Star Observers, an informal, worldwide collaboration of astronomers—professional, 
amateur, and student—cooperating to advance the science of double stars. 

1. Maui International Double Star 
Conference 

The Maui International Double Star Conference 
was held at the University of Hawaii's Institute for 
Astronomy on 8-10 February, 2013 in Pukalani, 
Maui, Hawaii. The conference was truly international 
with experts attending from as far away as Russia. 
Astronomers from around the world watched live 
through a webcast. Participants discussed many as-
pects of visual double star astrometry including tele-
scopes, instrumentation, observational techniques, 
astrophysics, orbital analysis, catalogs, journals, and 
professional as well as amateur and student research. 
Beyond talks, there were panel discussions and tours 
of telescopes on the 10,000 foot elevation summit of 
Haleakala, including PanSTARRS and Faulkes Tele-
scope North. The talks were recorded and are 
available on YouTube. Links to specific talks and 
PDFs of the PowerPoint slides of most talks, as well 
as the agenda and a photo gallery, can be found at 
www.IADSO.org. Genet chaired the conference, 
while Johnson was the Master of Ceremonies. 

The first day of the conference focused on small 
telescope science and student research. It featured 
talks by instructors and students from Washington, 
California, North Dakota, and Hawaii. Jo Johnson, a 
Dartmoor (Washington) high school science teacher, 
described the evolution of a high school and under-
graduate research seminar initiated by Russ Genet. 
Genet, in turn, described the future of the seminar, 
including advanced techniques such as speckle inter-
ferometry. Eric Weise, a former student at the same 
research seminar, detailed the interaction between 

students and instructors. Paul Hardersen, a Professor 
of Physics at the University of North Dakota, de-
scribed a new doctoral program in Space Studies. 
This program has an astronomy option that includes 
seminars and doctoral dissertations in the areas of 
asteroid and solar research (Hardersen) and double 
star research (Genet).  

 
Figure 1: The Maui International Double Star Conference 
participants pose in front of the University of Hawaii’s 
Institute for Astronomy, Pukalani, Maui. 

Rebecca Church, a student at Leeward Commu-
nity College on Maui, described an undergraduate 
research program that she participated in. Moving 
beyond student research, Kent Clark, the editor of the 
Journal of Double Star Observations, explained re-
cent trends in double star publications, while Bob 
Buchheim described how the Society for Astronomi-
cal Sciences benefits professional, amateur, and stu-
dent astronomers who have an interest in smaller-
telescope science. The day was rounded out with a 
panel discussion, moderated by life-time educator 
Vera Wallen, on research as a form of science educa-
tion. 
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Figure 2: The education panel members (left to right) 
Kent Clark, Bob Buchheim, Eric Weise, Vera Wallen 
(panel moderator), Jo Johnson, and Russ Genet. They 
fielded questions on student double star research op-
portunities. 

Many of the professional astronomers gave 
presentations on the second day. Bill Hartkopf, of 
The United States Naval Observatory (USNO), of-
fered details on how the Washington Double Star 
Catalog—the most definitive catalog of double 
stars—was created and how it is maintained. He also 
described, in place of Brian Mason, the USNO’s 
double star observing program. Elliott Horch, from 
South Connecticut State University, described the 
results of a speckle interferometry observing program 
using the 3.5-meter WYNN telescope on Kitt Peak. 
Oleg Malkov, from Moscow State University, ex-
plained how they have compiled a catalog of binaries 
with the highest quality orbits that also includes pho-
tometric and spectroscopic data, thus allowing dy-
namical, photometric, and spectroscopic masses to be 
considered simultaneously. Yuri Balega, Director of 
the (Russian) Special Astrophysical observatory, de-
scribed the curious case of the massive stars in Theta 
1 Ori C, and operation of the pioneering 6-meter alt-
azimuth telescope in southwestern Russia, which 
Balega humorously called “The former largest tele-
scope in the world.”  

  

 
Figure 3. Bobby Johnson, from Arroyo Grande High 
School on California’s Central Coast, was the youngest 
presenter, just 16, at the conference. While taking 
Genet’s Cuesta College Astronomy Research Seminar 
for the second time, he obtained lucky image measure-
ments of a double star. 

The final talks of the second day saw a return to 
amateur and student programs including Ed Wiley’s 

talk on using an autocorrelation technique of data 
reduction to image double stars with poor seeing 
conditions. B. J. Fulton, a graduate student at the 
University of Hawaii, described speckle interferome-
try reduction techniques. Steve McGaughey, a mem-
ber of the Haleakala Amateur Astronomers and the 
conference’s local host, elaborated on double star 
research on the 2-meter Faulkes Telescope North by 
Maui middle school and high school students. Elliott 
Horch moderated a panel discussion in the afternoon 
on double star astrometry. 

 
Figure 4: Left to right: Jian Ge, Gerard van Belle, Chris 
Thueman, and Steve McGaughey discuss one of the 
posters during a break between talks. 

On the third day, more advanced techniques such 
as amplitude and intensity interferometry as well as 
occultation timing were discussed. Gerard van Belle 
of Lowell Observatory began the day with the first of 
two talks on the fundamentals and implementation of 
amplitude interferometry. David Dunham, President 
of the International Occultation Timing Association, 
described how double stars can be measured during 
asteroidal and lunar occultations. Jian Gee, from the 
University of Florida, provided details on his pio-
neering, high resolution, but low cost and compact 
Doppler precision spectrograph. John Martinez dis-
cussed the Las Cumbres Observatory Global Tele-
scope Network, a project that is linking together iden-
tical telescopes equipped with identical instruments 
around the world so that targets can be observed 
around the clock. The only double star lucky imaging 
talk was given by Bobby Johnson, a high school stu-
dent from Arroyo Grande, California. Elliot Horch 
described a long baseline intensity interferometry 
experiment with the 1.8- and 1.0-meter telescopes at 
Lowell Observatory, and proposed a more advanced 
experiment using 4.0 and 3.5 meter telescopes at Kitt 
Peak National Observatory. The final talk of the con-
ference was given by Russ Genet on the development 
of low cost, lightweight, portable light bucket tele-
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scopes and their application to double star research 
by way of intensity interferometry arrays. Gerard van 
Belle moderated the final panel discussion on ad-
vanced methods. 

Joe Ritter, cogitating on the final two talks on in-
tensity interferometry and light bucket telescopes, 
considered what an array of space-based light bucket 
telescopes could achieve with baselines of tens of 
thousands of kilometers. In a break before the final 
aloha dinner, Ritter, Horch, van Belle, and Genet 
brainstormed what such an array might be like and 
what it could accomplish. The result of these and 
post-conference deliberations are provided elsewhere 
in these proceedings as “Earth- and Space-Based 
Light Bucket Intensity Interferometry Arrays.” 

 
Figure 5. Robert Buchheim and Stephen Mohr not only 
recorded the talks and posted them on YouTube, but 
provided a live webcast of the talks to astronomers 
worldwide who were unable to attend the conference in 
person.  

The conference concluded with a buffet style 
aloha dinner at Tante’s Island Cuisine in Kahului. An 
after dinner wrap-up slide show by the Master of 
Ceremonies, Jo Johnson, highlighted the events of the 
conference.  

After the aloha dinner, William Hartkopf was 
given the first award by the International Association 
of Double Star Observers for his lifetime of double 
star research and service to the double star communi-
ty. Testimonials from Harold McAlister (Director of 
both the Center for High Angular Resolution Astron-
omy and the Mt. Wilson Observatory), and Brian 
Mason, (astronomer at USNO and the current Presi-
dent of the Double and Multiple Star Commission of 
the International Astronomical Union), as well as a 
PowerPoint presentation by Genet which highlighted 
Hartkopf’s lifetime of work in the development of 
speckle interferometry and its application to double 
star research. 

 
Figure 6: William Hartkopf (left) receives a laser en-
graved koa-wood Hawaiian paddle award for his lifetime 
of double star research and service from Russ Genet on 
behalf of the International Association of Double Star 
Observers. The Collins Educational Foundation spon-
sored the award. 

 
Figure 7. Yuri Balega, Director of the (Russian) Special 
Astrophysical Observatory, which includes the pioneer-
ing 6-meter alt-azimuth telescope, reminisces about his 
days as a graduate student when he worked his way 
through school playing a guitar and singing Beetle 
songs. In front of him is a box of Hawaiian chocolate-
covered macadamia nuts he received for traveling the 
furthest to the conference. Left to right: Jo Johnson, 
Vera Wallen, Yuri Belga, and Robert Buchheim.  

One good conference deserves another. An early 
June 2015 conference at the Lowell Observatory in 
Flagstaff, Arizona, will be co-chaired by Gerard van 
Belle and Russ Genet. A workshop in early August 
2014 in Barcelona is being discussed, as is a confer-
ence at the 6 meter telescope of the Special Astro-
physical Observatory in the Zelenchuksky District on 
the north side of the Caucasus Mountains in southern 
Russia. Information on upcoming conferences can be 
found at www.IADSO.org. 
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2. The International Association of 
Double Star Observers (IADSO) 

A topic that came up repeatedly during panel 
discussions, as well as over drinks and dinners, was 
the need for a worldwide “umbrella” organization 
that would bring together professional, amateur, and 
student astronomers with an interest in observing 
double stars. Although, strictly speaking, the Interna-
tional Association of Double Star Observers 
(IADSO) was formed immediately after the confer-
ence, the IADSO appropriately claimed the confer-
ence as its founding moment, and the award to 
Hartkopf as its first award. The IADSO, adopting the 
relaxed “aloha spirit” of its Hawaiian founding, is an 
informal organization without officers or any hierar-
chical structure. 

The IADSO promotes the science of double and 
multiple stars through astrometric, photometric, and 
spectroscopic observations, the identification of 
physically bound or projected pairs, the determina-
tion and refinement of binary star orbits, and the pub-
lication of these observations and analysis in recog-
nized scientific journals. The IADSO encourages all 
forms of quantitative, publishable, double and multi-
ple star observations. These include observations 
made with visual astrometric eyepieces, filar mi-
crometers, and CCD cameras, as well as speckle in-
terferometry, high speed occultation photometry, and 
high resolution spectroscopy. The IADSO fosters 
improvements in the accuracy and efficiency of ob-
servations, and works to make instrumentation and 
software practical and affordable for smaller observa-
tories. Although the IADSO’s emphasis is on obser-
vations, data mining is not excluded. 

The IADSO provides an international forum for 
the communication of ideas, observations, discover-
ies, observing techniques, instrumentation, and soft-
ware by initiating conferences and workshops, host-
ing the IADSO web site www.IADSO.org, publish-
ing books, raising money for student research schol-
arships, and connecting experienced double star men-
tors with beginning student and amateur researchers. 
The IADSO also moderates a Yahoo discussion 
group. To join this group go to IADSO-
subscribe@yahoogroups.com. The IADSO is grateful 
to the Alt-Az Initiative for providing the IADSO with 
a web site, the Collins Foundation Press for publish-
ing the IADSO’s first book, The Double Star Reader, 
the University of Hawaii’s Institute for Astronomy 
for hosting the IADSO’s first conference, and the 
non-profit Collins Educational Foundation for con-
ference management and handling donations for stu-
dent scholarships.  

IADSO-organized meetings and conferences al-
low professional and amateur astronomers, as well as 
educators and students, to communicate on a face-to-
face basis, foster new ideas, forge new relationships, 
and promote international collaboration. The IADSO 
encourages its members to publish their findings in 
the many excellent double star journals such as El 
Observador de Estrellas Dobles, Web Deep Sky Soci-
ety, Il Bolettino delle Stelle Doppie, and the Journal 
of Double Star Observations. 

 
Figure 8: Left to right: Conferees Eric Weise, Vera 
Wallen, Jo Johnson, Kent Clark, and Russ Genet unveil 
the IADSO’s first book—The Double Star Reader: Se-
lected Papers from the Journal of Double Star Observa-
tions, which they coedited. 

Several areas of observational astronomy, in-
cluding variable stars and double stars, are amenable 
to making useful, published contributions to science 
with relatively modest instrumentation and skills. 
Undergraduate students and even high school stu-
dents, through published and subsequently cataloged 
observations of double stars, not only have contribut-
ed to science, but have significantly increased their 
understanding and appreciation of science as well as 
advancing their educational careers. The IADSO en-
courages and supports student double star research. 

Everyone, world-wide—professional and ama-
teur astronomers, educators and students—with an 
interest in promoting the science of double star as-
trometry is invited to join the IADSO as a charter 
member and receive a charter membership certificate. 
There are no membership fees, although donations 
are welcome through the Collins Educational Foun-
dation to support student scholarships and activities. 
Members will receive an occasional IADSO Newslet-
ter and notification of IADSO conferences, work-
shops, and books. Contact Russ Genet at russ-
mgenet@aol.com.  
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Abstract 

Recent progress has been made in the development of low cost, portable, meter-class light bucket telescopes, 
as well as low cost, lightweight foam glass and spin-cast epoxy mirrors. One of many astronomical applications 
of light bucket telescopes is stellar intensity interferometry, pioneered by Hanbury Brown in the 1960s. Major 
advances in detectors, electronics, and computers now allow much fainter sources to be observed; an opportuni-
ty being explored by several intensity interferometry experiments. Intensity inteferometric arrays of three or more 
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telescopes with much longer baselines could be used to obtain very high resolution images. Earth-based arrays 
with baselines of kilometers could be implemented in the near future. Space-based light bucket arrays with base-
lines up to 20,000-km and sensitivity down to V~20 could split bright spectroscopic binaries in nearby galaxies, 
thus obtaining direct distances. X-ray binaries could also be split and probed for relativistic orbital effects. The 
very highest nearby ‘strong gravity’ regime, that of the galactic center, could be monitored for last-time-of-light 
material as it enters the black hole at Sgr A*. Finally, the very granularity of space-time itself could be explored 
by mapping the increasing decoherence of light from cosmological sources with increasing baseline, due to the 
effect of the fundamental Planck scale of space-time ‘smearing’ out the fringes. 

1. Introduction 

A previous Society for Astronomical Sciences 
paper, “Light Bucket Astronomy” (Genet, Henden, 
and Holenstein 2010), overviewed the various uses 
that light bucket telescopes could play in astronomy. 
In this paper we review progress over the last couple 
of years in the development of two portable light 
bucket telescopes with apertures of 1.0 meter and 1.5 
meters. We also review the progress made in two 
mirror technologies: foam glass sandwich mirrors 
and spin-cast epoxy mirrors. 

We then consider just one of many astronomical 
applications of light bucket telescopes: stellar intensi-
ty interferometry. Pioneered by Hanbury Brown in 
the 1960s, major advances in detectors, electronics, 
and computers now allow much fainter sources to be 
observed. We describe several ongoing intensity in-
terferometry “experiments.” One experiment is using 
two single photon avalanche diodes (SPADs) sensors 
mounted on (non-light bucket) telescopes at Lowell 
Observatory as a minimal intensity interferometer 
“array.” Another experiment is using two high-speed 
photomultipliers as the detectors. Currently undergo-
ing lab and small telescope tests, the plan is to place 
these two detectors on the 1.0 and 1.5 meter portable 
light bucket telescopes, allowing the spacing and 
orientation of the two telescopes to be varied at will.  

Finally, we consider how intensity inteferometric 
arrays of three or more telescopes with much longer 
baselines could be used to obtain very high resolution 
images of selected astronomical objects. Earth-based 
arrays with baselines of kilometers could be imple-
mented in the near future, while space-based arrays 
with baselines of tens of thousands of kilometers will 
take longer to develop but could feature relatively 
low cost light bucket space telescopes and ultra-high 
resolution. 

 
2. Light Bucket Telescopes 

Light bucket telescopes are non-imaging, on-axis 
flux collectors used in various areas of astronomy 
such as high speed photometry, near-IR aperture pho-
tometry, and spectroscopy. Genet and Holenstein 
(2010) explored applications of modern light bucket 
telescopes in the 1-m to 3-m aperture range. Specifi-

cally, they defined them as telescopes which are low-
optical quality light concentrators used in those areas 
of astronomical research where vast quantities of 
cheap photons are required, but not an image per se. 
Light bucket telescopes are low in cost and light-
weight, and can be designed to be easily moved about 
and transported in small vans or on trailers. 

Genet and Holenstein (2010) suggest that light 
bucket astronomy is advantageous in those situations 
where, compared to noise from the sky background, 
the noise from one or more other sources is dominant 
or, putting it the other way around, where 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 integration 
times are very short and hence photon arrival noise 
becomes important, (3) scintillation noise becomes a 
dominant noise source, (4) the bandwidth is very 
narrow or the light is spread out as in spectroscopy 
resulting in significant photon arrival noise, or (5) 
noise from the detector is dominant, as it can be in 
the near infrared.  

 
Figure 1. This 1.0 meter portable light bucket telescope re-
ceived the 2011 Riverside Telescope Maker’s Conference 
(RTMC) award for innovation. Celebrating at RTMC, left to 
right, is Alan Keller, Chris Estrada, Reed Estrada, Russ 
Genet, and Joe Haberman.  

A 1.0 meter light bucket telescope has seen ini-
tial operation (Genet et al. 2010). Requirements for 
this telescope included: (1) low cost, (2) use of readi-
ly available materials and manufacture using home 
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shop construction tools and techniques, (3) a compact 
design that would allow transport in a normal sized 
sports utility vehicle or pick-up truck, (4) a light-
weight structure to allow easy movement and trans-
portation, (5) a robust design to withstand the rigors 
of frequent transportation, (6) easy field set up with a 
thirty minute time goal from the time the telescope 
was unloaded to being ready for operation, (7) pre-
cise pointing and tracking, and (8) weather durability 
to allow extended outdoor unprotected operation. 

An alt-azimuth configuration was chosen for its 
compactness. The prototype was made from high 
density plywood, aluminum, and some steel. “Rapid 
prototyping” allowed major design changes to be 
made late in the construction and assembly process. 
The telescope’s 1.0 meter f/4.0 spherical, ¾ inch 
thick, slumped meniscus mirror weighs 70 lbs., and 
was donated by Display and Optical Technologies 
Inc. (DOTI). The telescope’s hexapod superstructure 
supports prime focus instruments.  

The thin, low cost, spherical mirror had both 
spherical aberration and astigmatism that, without 
correction, would have produced an unacceptably 
large spot size many millimeters in diameter. On-axis 
spherical aberration was corrected, to a considerable 
extent, with a two-element corrector designed by 
Tong Liu (Hubble Optics) that utilized two low cost, 
off-the-shelf, 50 mm lenses from Edmund Optics. 

Two approaches were taken to reduce the astig-
matism, which was primarily along a single axis. One 
approach, suggested by Dave Rowe (PlaneWave In-
struments), employed two low cost 70 mm eyeglass 
cylindrical lenses. The two lenses were oriented as an 
assembly to match the primary astigmatism axis of 
the mirror, while they were rotated with respect to 
one another to adjust the cylindrical correction pow-
er. The other approach utilized a cable and pulley 
warping harness along the principle astigmatism axis 
to physically bend the mirror into shape. Both ap-
proaches significantly reduced the astigmatism. The 
combination of spherical and astigmatic correction 
reduced the spot size to less than 1 mm. 

Initial field trials used a high speed Luminera 
CCD camera. The telescope was recently transported 
to Holenstein’s East Coast observatory in the back of 
a Dodge minivan. Continued observations and hard-
ware improvements are underway. 

Based on lessons learned from the 1.0 meter tele-
scope project, a 1.5 meter portable light bucket tele-
scope was designed and fabricated by structural engi-
neering students at California Polytechnic State Uni-
versity (Cal Poly). Computerized three-dimensional 
models were not only utilized in the structural analy-
sis, but also in the CNC fabrication of the planar 
trusses used in much of the structure. Iterative struc-
tural analysis optimized the design by simultaneously 

solving for a high natural frequency with low struc-
tural weight.  

 
Figure 2. A second, much-refined, all-aluminum 1.0 me-
ter version of the portable light bucket telescope should 
see first light later this year. Yet to be installed are the 
drive motors, mirror and mirror cell, and hexapod su-
perstructure for prime focus instruments.  

 
Figure 3. The official rollout of the 1.5 meter portable 
telescope at California Polytechnic State University. 
Three structural engineering students, Mounir El-
Koussa, Laura Rice, and Mike Vickery designed and 
built the telescope’s structure. The mirror is protected 
with a temporary coating of peel-off blue plastic. 

Another DOTI slumped spherical meniscus mir-
ror was donated to the project. Also ¾ inch thick, this 
mirror was a faster f/3. A 27-point wiffletree mirror 
support system was designed and fabricated by Don-
ny Mott, following suggestions by David Rowe with 
respect to the pivot point of the mirror (in front of the 
mirror’s front surface) and providing adjustable forc-
es on the six outer wiffletree triangles to reduce 
astigmatism. Following initial construction, the Cal 
Poly students evaluated the resonant frequency of the 
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structure via accelerometers mounted at prime focus. 
Field trials should begin later this year. 

 
Figure 4: The Alt-Az Telescope Initiative, now in its seventh 
year, has done much to advance low cost light bucket tele-
scopes and lightweight mirrors (www.AltAzInitiative.org). 
Above are participants in one of the Initiative’s conferences, 
this one on Meter-Class Astronomy held in 2012 at Canada-
France-Hawaii Telescope headquarters in Waimea on the Big 
Island of Hawaii. 

3. Two Lightweight Mirror 
Developments 

The development of lightweight, relatively low 
cost mirrors is proceeding along a number of fronts, 
including refinements in thin meniscus mirrors made 
from ordinary plate glass. Adjustable support systems 
have been designed for these thin mirrors. In this 
paper we summarize two developments: (1) foam 
glass sandwich mirrors, which are of much higher 
optical quality than mere light bucket mirrors, and (2) 
spin-cast epoxy mirrors which do not require any 
figuring. 

 
Figure 5. The foam glass core of a mirror being CNC 
machined prior to the fusing of glass faceplates. The 
inset is the raw material used to make the foam glass 
core. 

Foam glass mirrors, being developed by Au-
rigema, are a sandwich design of composite materials 

that result in a lightweight rigid optical structure. The 
thin float glass top face is slumped on a master mold 
to take the rough spherical shape of the mirror’s pre-
scription. The center section of the structure is a cast-
in-place foam glass aggregate composite material that 
is porous, lightweight, and very rigid. The rear face is 
also float glass. When these three components are 
brought together and fused, the resultant assembly 
can be machined and polished with conventional mir-
ror-working practices and materials. The use of 
lightweight, low density ceramic foam as 80% of the 
mirror’s volume allows an overall mass that is only 
20% of a solid glass equivalent. A 1.0 meter mirror 
only weighs about 80 lbs. Preliminary tests show that 
figures can be generated with a ½ wave RMS wave 
front error. Work still remains on achieving a ther-
mally stable structure when using lower cost “plate 
glass” instead of more thermally stable but expensive 
borosilicate glass for the face sheets. 

Epoxy mirrors are produced by employing a 
spin-cast method somewhat similar to that at the Ari-
zona Mirror Lab, which is regularly used to form 
rough parabolic surfaces for glass mirror blanks (Hill, 
1998). The spinning method is also used by Borra to 
spin liquid mercury mirrors (1982).  

Our specially-formulated, thin epoxy naturally 
forms a parabolic surface when spun at constant ve-
locity. Once it hardens, the mirror surface is ready for 
its reflective coating. Progress has been made as seen 
in the images below, although wavefront error is still 
high (10 waves RMS). Studies have shown that care-
fully made epoxy mixtures have RMS surface irregu-
larities less than a few percent of the wavelength of 
visible light (Mollenhauer and Camping 2002), so 
optical-quality polymer mirrors should be possible by 
spin-casting without any polishing or figuring. Given 
the flexibility of polymeric solids, the figure errors 
could be corrected by the mirror support which we 
are investigating. Spin-cast epoxy mirrors have, for 
some applications, a number of advantages over 
glass. For instance, the low f/ratios preferred for large 
instruments are no harder to make by this method 
(Laird 2004). 

 
Figure 6. Optical improvements have been made by add-
ing a stiff aluminum mold to hold the spinning epoxy. 



Genet et al: Intensity Interferometry Analysis 

163 

 

The images in Figure 1 show the progress of the 
epoxy mirrors. A flashlight with 5 LEDs was placed 
50 feet away from the mirrors and the resulting image 
of the LEDs was captured. The first image is from an 
early epoxy mirror while we were still proving the 
concept. This mirror was spun in a Rubbermaid con-
tainer with a flat bottom. The center image is from a 
mirror produced in a polyurethane foam container 
that had a curved surface to match the spinning pa-
rabola. The final image is from a mirror spun in an 
aluminum mold, also with a curved surface. The 5 
LEDs are now being resolved due to the stiffness and 
curvature of the container. Future improvements in-
clude using a carbon fiber mold to reduce the weight 
of the final mirror, manipulating the CTE of the 
epoxy in order to match the mold’s CTE, and produc-
ing a low-shrinkage mirror with spiro orthocarbonate 
compounds.  

  
4. Amplitude and Intensity 

Interferometers Contrasted 

The highest resolution stellar interferometers in 
use today are Michelson-type optical amplitude inter-
ferometers. Amplitude interferometry baselines re-
quire strict (~10-8 meter) phase differences, and in-
crease rapidly in both difficulty and cost with base-
line length. Specifically, resolution of optical systems 
goes as λ/D, where λ is the wavelength of the radia-
tion and D is the optical system diameter (baseline). 
Amplitude interferometers are limited by their size, 
which determines angular resolution, and in their 
ability to collect light, setting a limiting apparent 
magnitude of observable objects. All three parame-
ters are constrained by cost as well as fundamental 
physics. Increasing baselines of amplitude interfer-
ometers rapidly becomes impractical: 400 meters 
appears to be the maximum baseline in the foreseea-
ble future. The Navy Precision Optical Interferometer 
(NPOI) cost, with small 5 inch apertures, is on the 
order of $50 million, and space-based missions with 
2 meter mirror constellations (ESA’s DARWIN, 
NASA’s TPF-I, or SBI) are estimated to cost a mini-
mum of $5 billion.  

One of the most interesting uses of light buckets 
was that of R. Hanbury Brown (1956, 1974) by di-
rectly measuring the diameters of 32 stars at his ob-
servatory in Narrarbi, Australia. He pioneered inten-
sity interferometry, a technique for measuring a sec-
ond-order quantum temporal correlation of photons 
arriving from the program objects. Unlike amplitude 
interferometry—which requires combining coherent 
light beams from high optical quality telescopes with 
path-lengths control in fractions of a micron—
intensity interferometry uses two or more low quality 

light buckets, does not require combining light beams 
coherently, and the positions of the telescopes only 
need to be known—not controlled—to centimeters. 
Fast electronics, as opposed to high-tolerance optical 
assemblies, can dramatically improve an intensity 
interferometer’s signal to noise ratio (SNR) over the 
past devices. 

Stellar intensity interferometers work by point-
ing all of the telescopes comprising the device at the 
same source. The outputs of high-speed detectors at 
each telescope are correlated electrically or digitally. 
The correlation of detected fluctuations from a stellar 
source, for instance, falls off with the apparent diam-
eter of the source or by increasing the baselines sepa-
rating the telescopes. 

 
Figure 7. Hanbury Brown’s first stellar intensity interfer-
ometer consisted of a borrowed pair of anti-insert hy-
phen-aircraft searchlights. After proving the technique 
worked on Sirius, Hanbury Brown and associates con-
structed the pictured 6.5 m aperture light buckets and 
deployed them on a circular track 188 meters in diame-
ter for his main series of observations. 

Hanbury Brown operated the Narrarbi two-
telescope interferometer shown in Figure 7 using 
photomultiplier detectors and electrical correlators. 
At the time, individual photon detection and coinci-
dence counting correlation equipment was prohibi-
tively expensive and performance was a limiting fac-
tor preventing their use. Hanbury Brown’s (1974) 
Equation 4.54 for the signal-to-noise-ratio (SNR) of a 
pulse counting stellar intensity interferometer may be 
used to probe the performance of a modern instru-
ment:  

 
 

where N1 and N2 are the pulse counting rates from the 
two telescopes, τ0 is the coherence time of the photon 
flux from the star, To is the observing period, τc is the 
resolving time within which two pulses are counted 
as having arrived at the same time, B is the baseline, 
and the |γ|2 correlation term ranges from 0 to 1 and 
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measures the mutual coherence of the flux detected at 
the output of the two detectors.  

First order independence of the SNR from the 
optical bandwidth can be seen in the counts, N, which 
scale directly, and in the coherence time, which 
scales indirectly with the optical bandwidth and thus 
cancels out the dependence. One conclusion from 
Equation 1, however, is that using a narrow optical 
bandwidth will reduce the peak counting rate re-
quirement of the electronics. In fact, Hanbury Brown 
rejected the pulse coincidence counting technique in 
favor of electrical correlators because he figured that, 
with his pair of 6.5 m aperture mirrors collecting flux 
from a zero-magnitude star, he would require 
matched optical filters just 0.02 nm wide. 

Hanbury Brown’s approximately 2.5 magnitude 
star observation limit was obtained with a pair of 6.5-
m light buckets, an optical bandwidth of 4 nm, pho-
tomultipliers with a quantum efficiency (QE) of 20%, 
and an overall electrical bandwidth of 60 MHz. A 
modest one-channel modern device with a pair of 2.4 
m light buckets, 4 nm filters, solid state detectors 
such as silicone PMTs or SPADs operating with 2 ns 
resolving time (i.e. the bin width), 70% QE, and a 
high-speed NVIDIA graphics card correlator would 
have about equivalent performance and yet would be 
much smaller, easier to operate, and orders of magni-
tude less expensive to acquire and operate. Even bet-
ter performance is possible in a single channel device 
by pushing the bins and path length differences to the 
picosecond range. However, a balance is needed be-
tween N, which is proportionate to the telescope col-
lection area, and the average number of detected pho-
tons collected per bin. Otherwise, if the bins are too 
sparsely populated, the coincidences detected will be 
few and lost in secondary noise sources (for example, 
a flux of 106 detected photons/second with a bin 
width of 1 ps will produce just 2 coincidenc-
es/second). 

As discussed in Genet and Holenstein (2010), 
when multiple channels and path lengths are meas-
ured simultaneously, the following formula describes 
the overall signal-to-noise ratio (SNR) of the system: 

 
 
where NArray is the number of elements in the array, 
and NChannels is the number of simultaneous channels 
measured, and the noise is modeled as adding in 
quadrature. Using Equation 2, the overall SNR im-
provement of using 100 optical channels and a small 
array of seven 2.4 m telescopes would be an ability to 
operate four or more magnitudes fainter than the 
equivalent single channel device. Each additional 
magnitude enables one to observe about 300% more 
stars. So, the modern device specified would be able 

to observe hundreds of more stars than Hanbury 
Brown measured. Note, however, that Cherenkov 
radiation from charged particles striking the Earth’s 
atmosphere will produce spurious correlations in the 
intensity interferometer. Hanbury Brown predicted 
that noise from Cherenkov radiation would mask the 
stellar intensity correlations at about 6th magnitude 
for his device. However, his photomultipliers imaged 
an area of the sky which was 15x15 arc minutes. 
Modern light bucket telescopes are readily able to 
isolate much smaller regions of the sky, thus making 
Cherenkov radiation an insignificant issue for mod-
ern systems. 

 
5. Recent Intensity Interferometry 

Developments 

A January 2009 workshop, organized by Kieda 
and LeBohec (2009), and held at the University of 
Utah, marked the revival of intensity interferometry. 
Working with others (Dravins 2013), Kieda and 
LeBohec are considering how the planned Cherenkov 
Telescope Array (CTA) of dozens of 6 meter tele-
scopes could also be used for intensity interferome-
try, especially on moonlit nights less favorable for 
observing faint Cherenkov radiation showers. 

 
Figure 8. One of the two 3.0 meter telescopes at Starbase Utah 
used in intensity interferometry experiments. The large object 
at prime focus is a small optical bench used to mount compo-
nents. 

In order to test these ideas, Kieda and Lebohec 
have built two 3.0 meter light bucket telescopes at 
Starbase Utah that they use in their experiments. 
They have developed technologies for high speed 
digital recording of time-tagged photons, as well as 
approaches to ex-post-facto digital correlation. The 
digital correlator employs a 500 MHz National In-
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struments-based, 8-bit streaming digitizer system 
combined with a front end VEREX-5 FPGA proces-
sor and high speed (800 Mb/Sec) 12 TB disk drive 
capable of recording multiple hours of continuous 
streamed data from a photomultiplier tube or SPAD 
light sensor.  

The light sensor data is time tagged to a PXIex-
press backplane which is synchronized to a GPS 
clock. Laboratory tests of the system indicated a cur-
rent ability to record relative times between widely 
separated stations to an accuracy better than 10 nano-
seconds on hour-long durations. Correlations be-
tween photon streams can be performed with narrow-
band digital filters in order to eliminate cellphone 
noise for the data streams, and enhance signal-to-
noise. Kieda is continuing to work with National In-
struments on the development of a `white-rabbit’ 
synchronization board that should be able to provide 
synchronization of widely-spaced (100m) telescopes 
to absolute timing better than 0.5 nano-seconds. The 
development of the technology to perform high-
resolution synchronization across a widely spaced 
array of telescopes will enable the realization of the 
capability of large telescope arrays (like CTA) to 
perform high resolution imaging of stellar surfaces 
and orbiting binaries.  

Horch is working toward an “intensity interfer-
ometer in a suitcase.” The interferometer’s sensors 
consist of two SPAD detectors made by the SPADlab 
(www.EveryPhotonCounts.com). Real-time digital 
correlation is performed with a Picoquant Picoharp 
300 timing module.  

 
Figure 9. The Picoharp 300 (left) is shown connected to 
the two SPAD sensors at Horch’s lab at the University of 
Southern Connecticut.  

This interferometer is easily transported to a two-
telescope observing location as airline check-in lug-
gage. Initial intensity interferometry runs have been 
made at Lowell Observatory. The SPAD detectors 
were mounted, along with focusing optics and nar-

rowband filters, on two telescopes, while the Picho-
harp real-time correlator was placed on a small table 
halfway between the two telescopes. The SPAD de-
tectors exhibited temperature sensitivity, actually 
stopping operation when it got cold. 

 
Figure 10. The photometers are shown mounted on the 
1.0 and 1.8 meter telescopes on Anderson Mesa at Low-
ell Observatory (left and right, respectively). 

Coauthor Christensen, with Rodriguez and 
Genet, is also developing an easily transported two-
sensor intensity interferometer. Rather than using 
SPADs, they are using high speed photomultiplier 
tubes (PMTs). While not as high speed as SPADs, 
PMTs have a larger surface area amenable to the 
large spot sizes typical of light bucket telescopes. 
Design and construction of a pair of photometers 
(pictured in Figure 11) are ongoing.  

 
Figure 11. Photometers for intensity interferometry stud-
ies. A flip mirror is used to center the object along the 
optical axis. This is followed by an aperture to reduce 
night-sky background, a Fabry lens, a blue filter, and a 
photo-multiplier. A battery powers the HV supply built 
into the case, while a high-speed amplifier is screwed 
onto the outside. Signal cables are then run to an exter-
nal 2-channel digitizer controlled by LabView. 

Initial engineering tests to calibrate and validate 
the instruments are promising. A proof of principle 
laboratory test using a pseudo-thermal source is 
shown below. A pseudo-thermal source is created by 
shining a laser on a piece of ground glass that is rotat-
ing. The resulting speckle pattern is projected onto a 
beam splitter that directs 50% of the light to one 
PMT and allows 50% of the light to continue on to 
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another PMT. A pinhole in front of each PMT is used 
to sample the same speckle. Figure 12 shows that as 
the location of one of the PMTs is moved, the cross-
correlation between the signals decreases as ex-
pected. 

 
Figure 12. Cross-correlation of a pseudo-thermal source 
measured with a pair of photometers in the lab. The x-
axis is the transverse location of one of the photometers 
with respect to the other. 

 
Figure 13. Frequency distribution of the number of pho-
tons arriving at the detector in a 0.1 ms interval from a 
pseudo-thermal source and theory curves for the ex-
pected Poissonian and Bose-Einstein (BE) distributions. 

In order to test the characteristics of light from a 
thermal source, such as a star, and the feasibility of 
photomultiplier tubes for use in intensity interferome-
try, an experiment was setup to mimic the intensity 
fluctuations from a star and characterize the photon 
counting statistics as recorded by the PMT. This 
proof-of-principle test demonstrates the detector’s 
ability to measure light coming from a pseudothermal 
source. A He-Ne laser directed at a PMT was placed 
behind a rotating ground glass; the rotating ground 
glass diffracts the laser light and causes it to fluctuate 
as the glass rotates, creating a pseudo-thermal source. 
The PMT then recorded the quantity of photons that 
struck the detector at intervals of 0.1ms in 1000 trials. 
The figure shows the result of the experiment as a 
blue (lower) histogram as well as theory curves for 
the expected Poisson and Bose-Einstein distributions. 

The distribution of the photons demonstrates that 
the pseudo-thermal source does not behave as a co-
herent light source. Rather the light measured by the 
detector is more Bose-Einstein with a slight Poissoni-
an influence that can be seen in the bin where no pho-
tons were recorded. Here the expected frequency for 
a pseudothermal source falls below theory; this can 
be attributed to the imperfections in the ground glass 
indicating that the source is not perfectly pseudo-
thermal. 

 
6. Long-Baseline Intensity 

Interferometry Arrays 

We envision two futures for long-baseline, light 
bucket intensity interferometry arrays: one on Earth 
and the other in space. Time-tagged photons allow 
data reduction after the fact—somewhat similar to 
long-baseline radio astronomy. This opens the door 
to multiple optical telescopes with long baselines. 
Earth-based kilometer baselines could provide imag-
es of exoplanet transits, binary stars, and stellar disks. 
Horch has proposed using multiple Dobsonian tele-
scopes around the Southern Connecticut University 
campus and two large telescopes at Kitt Peak Nation-
al Observatory. 

 
Figure 14. Mounir El-Koussa, after graduation from Cal 
Poly, redesigned the 1.5 meter portable telescope into a 
2.4 m portable telescope. An array of six of these tele-
scopes is shown above, although an intensity interfer-
ometry array would have wider spacing and would not 
be placed in rows. 

By placing arrays in space, very long baselines 
could be achieved. A 20,000 kilometer baseline 
would yield nano-arcsecond resolution. With space 
light bucket telescope intensity interferometry arrays, 
one could split low- and high-mass x-ray binaries, 
image black holes and quasars, and explore quantum 
gravity. 

Space-based intensity interferometry arrays re-
cording time-tagged photons with low cost, loosely 
coordinated satellites could enable ultra-long baseline 
astronomy and astrometry missions that would im-
prove current approaches to high resolution astrono-
my by a factor of 1000 at a minimum. Ritter esti-
mates that this could be done at just 5% of current 
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NASA Flagship Mission costs. Advances in fast opti-
cal detectors, along with inexpensive, lightweight, 
low optical precision large telescopes, presents the 
tantalizing possibility of performing ultra-long (> 
megameter) baseline ultra-resolution  
(< nano-arcsecond) space-based optical intensity in-
terferometry in the next 20 years with a free-flying 
array of space light bucket telescopes that would 
combine, non-asynchronously, temporal intensity 
correlation technique enabling nano-arcsecond as-
trometry and astronomy. 

An array of three or more coordinated satellites, 
measuring intensity at GHz bandwidth with inexpen-
sive, low optical quality, large area mirrors—where 
baselines for phase closure only need to be known to 
a few cm—could be implemented with flyers coordi-
nated with LIDAR and corner cubes. Time tagging 
asynchronous temporal correlation in conjunction 
with relaxing the baseline differential constraint ena-
bles intensity interferometry with, literally, astronom-
ical baselines. Combining picosecond (and eventually 
faster) detector and electronics with asynchronous 
data post processing requires only a simple radio link. 
Inexpensive light bucket telescopes will enable mis-
sions with a factor of 1,000 to 1,000,000 times the 
resolution of the James West Space Telescope. 

A “Path for Progress” is dictated by Hanbury 
Brown’s (1974) Equation 4.30 for the SNR of an 
intensity interferometer which uses electrical correla-
tors, recast as a function of stellar magnitude:  

 
where m is the magnitude of the star observed, F0 is 
the photon flux of a zero-magnitude star per unit 
bandwidth and unit of area, A is the area of a collec-
tor, η is the optical system efficiency (optical trans-
mission x detector quantum efficiency x correlator 
efficiency), B is the baseline, |γ|2 is the mutual coher-
ence, Δf is the detector bandwidth, and T0 is the inte-
gration time. 

Increasing Δf and η (bandwidth and efficiency) 
— SNR is proportional to both detector quantum 
efficiency and the square root of detector bandwidth. 
Hanbury Brown’s original Narrarbi instrument had 
optics, phototubes, and an electrical correlator operat-
ing with η = 0.08 and Δf = 60 MHz. Now commer-
cially available Single Photon Avalanche Diode 
(SPAD) detectors have quantum efficiencies of 0.7, 
and high-efficiency signal correlators with  
Δf = 100 GHz are also available, making possible η’s 
above 0.5. These factors alone can provide an overall 
gain in SNR of over 250, assuming the overall opto-
electrical path length tolerances are held to under 1 
mm and 10 ps. If the same interferometer that Han-
bury Brown and Twiss used in the 1950s were oper-

ated today with modern electronics and medium-
quality light bucket optics, its limiting magnitude 
would be 6 magnitudes fainter than the old device, or 
about V = 8.5; this compares favorably with NPOI. 
Large format, fast SPAD arrays also significantly 
reduce pointing requirements and detector dead time. 

 
Figure 15: Our conservative simulation of a two-telescope 
arrangement, 400 second exposure of a point source 
giving a 1 MHz count rate on each SPAD with a 0.1-nm 
filter width, resulting in a signal-to-noise ratio of 10.  

Increasing A (area of the collector) – Large, yet 
inexpensive flux collectors require light buckets, not 
mirrors polished to a millionth of an inch. Ultimately, 
the mirror figure is determined by the detector spot 
size needed and pointing accuracy. Fortunately, large 
fill factor SPAD arrays are in development. A 1000 
pixel detector already exists, providing more surface 
area (detectors cost less than telescopes so it is rea-
sonable to push in this direction). In order to over-
come current low fill factors, approaches such as re-
mapped fiber bundles as well as lenslet arrays could 
be used. Intensity interferometry has, to first order, a 
constant SNR with optical bandpass; extremely nar-
row band imaging can achieve the same limiting 
magnitude as wider bandpasses. We envision a dis-
persion instrument where we use multiple bands to 
improve correlation efficiency. Light buckets are 
inexpensive, and even current membrane technology 
as well as more advanced photoactive membranes 
like Ritter’s are on the horizon to reduce satellite 
pointing requirements and increase flux correction. 

Increasing B (baseline) – In intensity interfer-
ometry, spatial phase coherence is not required. The 
limitation will ultimately be the SNR as baseline in-
creases. SNR, which goes as NV2 (N= number of pho-
tons, V is visibility) for extended objects, will drop 
with baseline. However, for compact hot sources, V 
will be high for even very long baselines: exactly the 
sort of interesting physics regime that has not been 
probed. 

As intensity interferometry uses a 2nd order quan-
tum temporal correlation, no fixed baseline needs to 
be maintained. One only needs to measure the elec-
tro-optical path length to somewhere between a mil-
limeter and a few centimeters, less with more com-
puter memory. Loosely coordinated constellations of 
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satellites with simple LIDAR/corner cube systems 
would suffice. In ground-based tests, rather than us-
ing an expensive micron measuring interferometric 
laser tracker as would be the case in amplitude inter-
ferometry, in intensity interferometry one could 
simply use a measuring tape.  

Is there any limit to the baselines that could be 
achieved? We plan to examine the theoretical maxi-
mum baseline by exploring the decoherence issue. 
The arrival of correlated photons at two stations on 
Earth is de-correlated in time by atmospheric fluctua-
tions, as it is in amplitude interferometry. Radio ar-
rays compute atmospheric phase delay and compen-
sate. In contrast, in the optical, the corrugation of the 
wavefront amounts to variations in the direction of 
the Poynting vector of 10-5 m at most, so arrival times 
differ only by ~10-14 seconds are easily covered in a 
bin of 50 ps. Interstellar media can produce a phase 
shift, e.g. Faraday rotation, as well as an effective 
refractive index shift near absorption lines. Staying 
away from the galactic plane and absorption lines can 
increase the SNR. Ultimately NV2 becomes baseline 
dependent as, at some point, everything is resolved. 
We aim for unparalleled resolution: A million-fold 
resolution improvement is our ultimate goal. 

Increasing Channels and Array Elements – As 
discussed following Equation 2, multiple optical 
channels and array elements will increase the overall 
performance of the intensity interferometer. Rather 
than attempting to observe fainter objects, the extra 
sensitivity provided by the multiple channels and 
elements may be used to reduce the long integration 
periods required by Hanbury Brown from multiple 
hours per datum to minutes or even seconds. 

  
7. Unique Discovery Space 

The very long baselines possible with separated-
station intensity interferometers have the potential to 
open up entirely new vistas in astronomy. For a 
ground-based prototype, if the discussed advances 
from modern electronics enable sensitivity to  
V < 8.5, a 20-km baseline should be fairly straight 
forward to realize. Such a demonstrator could easily 
obtain the first direct measurement of the size of a 
white dwarf, Sirius B, at an angular size of ~1-
microarcsecond (Holberg et al. 2012). A few high-
mass X-ray binaries (e.g., SS Cyg-like systems) 
would be sufficiently bright and have reasonable sep-
arations of ~10s of microarcseconds (Tomsick et al. 
2005) for exploration of these strong gravity labora-
tories by an intensity interferometer prototype. 

For a putative space-based facility, with base-
lines up to 20,000-km and sensitivity down to  
V ~ 20, further exotica present themselves for inves-

tigation. Direct distances to nearby galaxies in the 
Local Group should be possible by splitting bright 
spectroscopic binaries. Dozens of X-ray binaries 
could be split and probed for relativistic orbital ef-
fects (Unwin et al. 2008). The very highest nearby 
‘strong gravity’ regime, that of the galactic center, 
could be monitored for last-time-of-light material as 
it enters the black hole at Sgr A* (Eisenhauer et al. 
2009). Even the very granularity of space-time itself 
could be explored, by mapping the increasing deco-
herence of light for cosmological sources with in-
creasing baseline, due to the effect of the fundamen-
tal Planck scale of space-time ‘smearing’ out fringes 
(e.g., Lieu & Hillman 2003). 
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Abstract 

Two nights of observing were conducted at the NASA Infrared Telescope Facility (IRTF), Mauna Kea, Hawaii, 
January 14/15, 2013 UT to obtain near-infrared (NIR) reflectance spectra of candidate basaltic asteroids associ-
ated with mainbelt asteroid (4) Vesta. NIR spectra for eight V-type asteroids were obtained on January 14 with 
10-34 spectra being acquired per asteroid, but no data were obtained on January 15 due to fog at the summit. 
These spectra will be analyzed to confirm the V-type taxonomic classification, constrain the average surface py-
roxene mineral chemistry, and associate any basaltic asteroids with the HED meteorite types. 

1. Introduction 

The University of North Dakota (UND) Depart-
ment of Space Studies offers Master’s and doctoral 
programs that focus on a broad-based interdiscipli-
nary space education while also fostering rigorous, 
discipline-specific research in a variety of space-
related areas. In particular, the disciplines of plane-
tary and space science research utilizing ground- and 
space-based astronomical observatories have led to 
the development of a growing astronomical research 
enterprise in the department. Planetary science re-
search focuses on the near-infrared (NIR) reflectance 
spectroscopy of Near-Earth and main-belt asteroids 
using the NASA Infrared Telescope Facility (IRTF) 
to constrain asteroid surface mineralogy, identify 
potential meteorite analogs, provide information for 
future Near-Earth Asteroid (NEA) hazard mitigation 
efforts, and develop a greater understanding of the 
physical and thermal conditions in the inner solar 
system during the formation epoch ~4.6 billion years 
ago. 

In addition, a relatively new effort in solar phys-
ics is underway that includes collaborations with the 
US Air Force Research Laboratory (AFRL) and use 
of data from the Improved Solar Observing Optical 
Network (ISOON). Current research using ISOON 
data focuses on measuring intrinsic sunspot rotations, 

filament motions, and their potential relationships 
with solar flares.  

These research efforts are being supplemented 
by complementary research at the UND Observatory 
(http://observatory.space.edu), which includes three 
Internet-controllable optical telescopes that are used 
for asteroid and variable star photometry programs, 
solar Hα chromospheric observations, CCD color 
imaging, and for use in an undergraduate course on 
observational astronomy. 

On a two-night January 13/14, 2013, observing 
run at the 3-meter NASA IRTF on Mauna Kea, we 
made NIR  (~0.75 to 2.50 μm) spectroscopic observa-
tions of eight V-type asteroids discovered in the 
NEOWISE survey and taxonomically defined via 
Sloan photometry. Our overall program goals related 
to this research are to: 1) identify new Vestoid and 
non-Vestoid basaltic asteroids and constrain their 
surface mineralogy via NIR spectroscopy, and 2) 
rigorously define a robust size-frequency distribution 
for a larger Vestoid population. An accurate size-
frequency distribution for the Vestoids, which re-
quires a large sample size, will illuminate the colli-
sional environment experienced by 4 Vesta. Our 
high-quality NIR spectroscopy should help constrain 
Vestoid associations with the howardite-eucrite-
diogenite (HED) meteorites. The basaltic asteroid 
population beyond the 3:1 mean-motion resonance 
will also be better constrained. We obtained spectra 
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of eight V-type asteroids on the first night of the run, 
which included acquiring 10-34 spectra per asteroid. 
No data were obtained on the second night due to 
clouds and fog at the summit. 

 
2. The Vestoids 

Vestoids, which are defined as asteroids that are 
fragments of the mainbelt asteroid (4) Vesta, have 
been found to populate a region of the asteroid belt 
that extends from the orbit of (4) Vesta to the 3:1 
mean-motion resonance at 2.5 AU (Binzel and Xu, 
1993). Some of the known Vestoids have been min-
eralogically characterized (Vilas et al. 2000; Burbine 
et al. 2001; Kelley et al. 2003; Cochran et al. 2004; 
Duffard et al. 2006; Roig et al. 2008; Duffard and 
Roig 2009; Moskovitz et al. 2008, 2010; Mayne et al. 
2011), but the Vesta dynamical family contains many 
more asteroids that have not been spectrally and min-
eralogically characterized (Zappala et al. 1995).  

Evidence suggests that the HED meteorites are 
direct samples from (4) Vesta and sample different 
crustal depths at the surface of (4) Vesta (Drake 
2001). The eucrites represent surface basaltic flows 
that consist of similar abundances of pyroxene and 
feldspar, diogenites are thought to represent deeper 
crustal units and are dominated by lower-Fe pyroxene 
with much lower abundances of feldspar, and how-
ardites are brecciated mixtures of eucrites and dioge-
nites (Gaffey 1976; Mittlefehdlt et al. 1998).  

Data from this observing run, and the larger re-
search program, will confirm the basaltic nature of a 
subset of new V-type asteroid candidates identified 
by the NEOWISE mission, mineralogically charac-
terize asteroids that are likely to be fragments of (4) 
Vesta, and assign meteorite types to each asteroid, if 
possible (Carvano et al. 2011; Hasselman et al. 2011; 
Mainzer et al. 2012). 

 
3. Near IR Reflectance Spectroscopy and 

Asteroid Surface Mineralogy 

Visible- and NIR-reflectance spectroscopy of as-
teroid surfaces from ~0.4 to ~3.5 μm is the ideal 
spectral interval to detect mineral absorption features 
for solar system bodies that lack atmospheres. This 
primarily applies to asteroids, moons lacking atmos-
pheres, and Mercury. Based on the application of 
quantum mechanics to minerals, NIR absorption fea-
tures are caused by the interaction of sunlight with 
transition metal cations (primarily Fe2+) that absorb 
sunlight and excite 3d electrons to higher  energy 
levels (Burns 1993). 

Common transition-metal-bearing minerals in-
clude the olivine and pyroxene mineral groups, which 

produce diagnostic absorption features in the ~1 μm, 
and ~0.9- and ~1.9 μm regions, respectively, as well 
as other minerals that can produce absorption fea-
tures, but are more ephemeral and depend on the sur-
face properties of the asteroid (i.e., feldspar, magnet-
ite, clay minerals, etc.).  

 

 
Figure 1: Average NIR reflectance spectra of Asteroid 
1459 Magnya, top, and of Asteroid 16 Psyche, bottom 
(Hardersen et al. 2004, 2011). 

Currently, pyroxene and olivine have the best 
mineral calibrations, which allow their average min-
eral chemistries to be calculated, which is necessary 
when testing asteroid associations with different me-
teorite types Below are example average reflectance 
spectra for two asteroids, 16 Psyche and 1459 Mag-
nya, which are M-type and V-type asteroids, respec-
tively (Hardersen et al. 2005, 2011). 
 
4. NASA Infrared Telescope Facility 

(IRTF) 

The NASA IRTF, which has been operating on 
the Mauna Kea summit since 1979, is a 3.0 meter 
telescope optimized for infrared observations. The 
telescope mount is a very sturdy equatorial English 
yoke. The optics consist of a 3-meter f/2.5 primary 
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mirror and an undersized secondary mirror that pro-
vides an effective f/38 in a classical Cassegrain sys-
tem. The secondary mirror is usually “chopped” be-
tween the target and a nearby sky background, allow-
ing the fairly rapidly varying background (in the in-
frared) to be subtracted out. 

 
Figure 2: NASA Infrared Telescope Facility (IRTF) on the 
summit of Mauna Kea. Hardersen stands in front of the 
facility to provide some scale. The layer of clouds just 
below the summit dropped during the night, providing a 
clear night with excellent seeing. 

  
Figure 3: The NASA IRTF 3-meter telescope. Its instru-
ments can be operated remotely from any location with 
a wide-band Internet connection. Nevertheless, many 
astronomers choose to observe in person as we did. 

NASA IRTF is a dedicated infrared observatory 
that supports multiple instruments that operate in the 
NIR region of the spectrum. The instruments include 
CSHELL, a 1-5.5 μm high-resolution cross-dispersed 
spectrograph; NSFCAM2, a 1-5 μm imager; and 
SpeX, a 0.8-5.5 μm medium-resolution spectrograph 
and imager. 

 

5. SpeX: a 0.8-5.5 μm Medium 
Resolution Spectrograph/Imager 

SpeX is a medium-resolution spectrograph and 
imager that operates in various modes with a total 
wavelength range from 0.8 to 5.5 μm. Observing 
modes include the low-resolution prism mode from 
~0.8-2.5 μm; cross-dispersed spectra from 0.8-2.4 
μm, 1.9-4.2 μm, and 2.3-5.5 μm; and long-slit single-
order modes from 0.9-2.5 μm and 3.1-5.5 μm.  

 
Figure 4: Hardersen and Roberts stand below the in-
strument end of the telescope. The spectrograph is im-
mediately behind Hardersen. The fork of the telescope 
has a gentle slope to it, as Mauna Kea is only ~20° north 
of the equator. 

 
Figure 5: Hardersen and Genet stand in front of the 
spectrograph. Asteroid observations are made using the 
prism mode with a low resolution (~ 95) from ~0.75 to 
~2.50 μm 

NIR asteroid spectral observations typically uti-
lize SpeX in the low-resolution prism mode, which 
obtains spectra with a resolution of R ~ 95 from 
~0.75 to ~2.50 μm (Rayner et al. 2003, 2004). In 
addition, cross-dispersed spectra from ~1.9 to ~4.2 
μm can also be obtained to supplement prism mode 
data.  
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6. Observing on Mauna Kea 

Our two-night observing run was scheduled for 
Sunday/Monday nights, January 13/14, 2013. Since 
the telescope is located at almost 14000 feet eleva-
tion, it pays to get somewhat acclimated to high alti-
tude before the run. With this in mind, we flew into 
Kona on Friday, rented a car, and drove up to Hale 
Pokahu (HP), the “astronomer’s hotel” at 9000 feet 
elevation at the end of the paved road. 

 

 
Figure 6. The food is excellent, and the conversation is 
astronomically-spirited during meals at Hale Pokahu. 
One runs into old friends and meets new ones. Although 
Spartan, the rooms are neat and totally adequate, in-
cluding small work desks with Internet.  

After lunch on Sunday, we departed for the 
summit in a four-wheel drive SUV with our telescope 
operator, David Griep, who has been operating the 3-
meter telescope for three decades. We drove through 
clouds on the way up, but the summit, thankfully, 
was above the clouds. It took about half an hour to 
open up the dome, fire up the telescope, and calibrate 
the spectrograph. We then took spectra of our faint 
V-type asteroid targets, each spectra requiring about 
a half hour exposure. Operating SpeX occurs via us-
er-friendly software developed by the IRTF staff. 
GUIs allow the observer to choose various spectro-
graph parameters such as grating type and slit size, 
set the parallactic angle, and adjust the order sorter 
filter and dichroic. Guider settings are also adjusted 
via a GUI to optimize guiding an object on the slit via 
the spillover light.  

We were, during the first night, able to observe 
all the targets on our list. The drive back down the 
mountain to Hale Pokahu was uneventful, and we 
each had one of the famous HP omelets and went off 
to bed. For a fun and only slightly exaggerated video 
of life at Hale Pokahu and observing at the NASA 
IRTF, see Mauna Kea Hotel (a parody on YouTube). 

 

 
Figure 7: David Griep operated the telescope both 
nights 

 

 
Figure 8: Hardersen (top) and Roberts (bottom) operate 
the spectrograph. The spectrograph is controlled via 
BigDog, while GuideDog controls the telescope guider. 

After a good morning’s sleep and lunch, we 
headed back up the mountain with David. It was clear 
at the summit again, so after the telescope was 
opened up we calibrated the spectrograph. Just as we 
were about to take our first spectra, the fog rolled in. 
This gave us a good chance to talk about astronomy – 
swapping mountaintop war stories – and also discuss 
the University of North Dakota’s new distance learn-
ing doctoral program in space sciences, which has an 
astronomy option that includes asteroid, solar, and 
double star astronomy. David caught up on his sci-
ence fiction. We had hoped to obtain second spectra 
of each of our targets, but hope faded as the night 
wore on. Finally, at 3 AM, we shut everything down, 
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David scraped the heavy ice off the SUV windshield, 
and we slowly inched our way down the now icy 
road to Hale Pokahu. 

 
7. Conclusions 

NIR reflectance spectra for eight V-type aster-
oids were obtained using the NASA IRTF and SpeX 
spectrograph on January 14, 2013 UT. This is the 
first dataset in the effort to increase the mineralogical 
characterization of additional V-type asteroids that 
are likely associated with (4) Vesta. Future efforts 
will confirm and characterize additional Vestoids, as 
well as identify and characterize outer main belt ba-
saltic asteroids that are likely not associated with (4) 
Vesta. 
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Abstract 

Limb darkening refers to the lessening of intensity from the center of the Sun to the edge or "limb" of the Sun.  
The measurement of this effect can be employed as a unique experiment in undergraduate astronomy or physics 
laboratories.  Several techniques are presently available to determine the numerical intensity values across the 
Sun’s surface, however, RSpec, a real time spectroscopy analysis software program, can be utilized in an unu-
sual way to easily acquire the intensity values needed to verify the limb darkening coefficients with theoretical 
values. 

1. Introduction 

The Sun is not equally bright all over, it darkens 
as you look towards the limb. Photospheric light 
travels through an absorptive medium. One can see 
only so far into the photosphere. This effect is refered 
to as the optical depth, L, Figure 1.  At the limb, the 
line of sight sees the top of the photosphere. At the 
center, the line of sight sees deeper into the sun to an 
optical depth of about ⅔ into the photosphere. 

 
 
Limb darkening can be explained as the result of 

two major effects 
 
a) The density of the star diminishes as the 

distance from the center increases. 

b) The temperature of the star diminishes as the 
distance from the center increases.  The 

Sun’s effective temperature, Teff, is a 
measure of the Sun’s radiation coming from 
the deepest part of the photosphere (T = 
6400K) visible at the Sun’s center to the 
“upper photosphere” or temperature 
minimum region (T = 4400K) visible at the 
limb. Since the luinocity is proportional to 
Teff

4 we therefore see a decrease of solar 
intensity with an increasing angle toward the 
limb. 

 
Since the source spectrum is approximately a 

blackbody radiator in both instances, the radiation 
coming from the hot material near the center of the 
disk will be more intense and is more pronounced at 
the blue end of the spectrum and less pronounced at 
the red end.  For example, at a wavelength of 600 
nm, the limb darkening coefficient u = 0.56, whereas 
at 320 nm u  = 0.95 (Tatum) 
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To measure the effect, limb darkening geometry 
must be determined, Figure 2. The star is centered at 
O with a radius R . The observer is at point P,  a large 
distance, r, from the center of the star. We look at a 
point S on the surface of the star. From the point of 
view of the observer, S, is an angle θ from a line 
through the center of the star, and is at an angle Ω.to 
the edge or limb of the star.  
      Various analytical laws have been suggested for 
approximating stellar limb darkening, most of them 
in the form of linear combinations of simple func-
tions of μ (cos Ω). The most basic limb-darkening 
law, generally referred to as "linear limb darkening," 
and is given by 

 
    IL(µ)=Io[1-u(1-µ)] 
 

µ = cos Ω, angle between the normal to the stel-
lar surface and the line of sight to the observer. 

Io = the intensity of light in the center of the 
stellar disk (Ω=0) 

u = is the wavelength dependent limb darkening 
coefficient (<1)  

 
The linear limb-darkening coefficient, u, determines 
the shape of the limb-darkening profile  Other laws 
have been introduced to yield a more accurate analyt-
ical description by adding a third term to the equa-
tion, such as a quadratic, square root, or logarithmic 
term (Claret).  We will utilize the basic linear equa-
tion for our experiment. 

A graph of six theoretical u values are calculated 
and plotted from the lowest curve upward, u = 1.0, 
0.8, 0.6, 0.4, 0.2 and 0.0, Figure 3.   

 
 
Utilizing images of the sun at various wave-

lengths we should be able to reasonably duplicate the 
theoretical curves for the related µ values. 

A Calcium-K narrow band filter allows the cam-
era to see only blue light with a wavelength of 393.4 
nm.  A white light solar filter should produce a gen-
eralized curve with contributions from the blackbody 
continuum, Figure 4.  An infrared filter allows the 

camera to see only red light with a wavelength of 1.5 
microns (1500 nm). 

Expensive filters and related telescopic equip-
ment are not necessary in this application as acquir-
ing solar images from the internet in Calcium-K, 
white light and infrared should yield solar profiles 
which can be used very effectively in obtaining limb 
darkening curves which can then be compared to the 
theoretical values (Neckel).  

 
 

2. Data 

RSpec (RSpec), a powerful spectroscopic analy-
sis software program can be utilized in an atypical 
way.  Typically RSpec converts a spectrum into a 
wavelength profile.  If a standard image is imported 
instead of a spectrum, an intensity profile can be ob-
tained across that image.  Images of the sun at differ-
ent wavelengths were collected from several internet 
sources (Figures 5, 6 & 7).  Images were chosen 
where the sun would have the same angular size in 
each image to simplify profile comparison. 

Solar images are imported into RSpec, Figure 8, 
and intensity profiles of each obtained, Figure 9. Data 
files of the profiles are then exported from RSpec and 
imported into an Excel spreadsheet for calculations 
and graphing. 
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3. Results 

The three specific profiles in the Excel spread-
sheet are then normalized in the intensity vertical axis 
and are centered on Ω = 0 (center of the sun) on the 
horizontal axis.  A graph of the three profiles is then 
generated by Excel, Figure 10. 
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4. Conclusions 

Acceptable intensity profiles are displayed for 
the images of the sun that were selected from the 
internet.  After normalization the combined profiles 
yield a good approximation to the theoretical curves 
for various limb darkening coefficients, u.   

The limb darkening effect is obvious in each 
graph and the wavelength dependence can be plainly 
seen.   

Many images on the internet show profile 
asymmetries and some brighten at the limb.  This 
may be from artifacts of the filters or optical systems.  
Extremely narrow band filters may also introduce 
asymmetries due to the Doppler Effect. Several im-
ages at each wavelength therefore need to be pre-
viewed to acquire a single consistent symmetrical 
image for use at each wavelength in the experiment.  
Hydrogen alpha filter images should not be used 
since this filter effectively looks above the photo-
sphere at portions of the chromosphere.  Limb bright-
ening also occurs in these images because promi-
nences, sunspots, and very bright major flares are 
present at the limb.  

The exercise does yield good results and allows 
the students to familiarize themselves with the limb 
darkening effect without the use of expensive special-
ized telescopes or filters. 
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Abstract 

Many eclipsing binary star systems (EBS) show long-term variations in their orbital periods which are evident in 
their O-C (observed minus calculated period) diagrams. This research carried out an analysis of 324 eclipsing 
binary systems taken from the systems analyzed in the Bob Nelson's O-C Files database. Of these 18 systems 
displayed evidence of periodic variations of the arrival times of the eclipses. These rates of period changes are 
sinusoidal variations. The sinusoidal character of these variations is suggestive of Keplerian motion caused by 
an orbiting companion. The reason for these changes is unknown, but mass loss, apsidal motion, magnetic activ-
ity and the presence of a third body have been proposed. This paper has assumed light time effect as the cause 
of the sinusoidal variations caused by the gravitational pull of a tertiary companion orbiting around the eclipsing 
binary systems. An observed minus calculated (O-C) diagram of the 324 systems was plotted using a quadratic 
ephemeris to determine if the system displayed a sinusoidal trend in theO-C residuals. After analysis of the 18 
systems, seven systems, AW UMa, BB PEG, OO Aql, V508 Oph, VW Cep, WCrv and YY ERI met the bench-
mark of the criteria of a possible orbiting companion. The other 11 systems displayed a sinusoidal variation in the 
O-C residuals of the primary eclipses but these systems in the Bob Nelson's O-C Files did not contain times of 
minimum (Tmin) of the secondary eclipses and therefore not conclusive in determining the presents of the effects 
of a tertiary companion. An analysis of the residuals of the seven systems yields a light-time semi-amplitude, 
orbital period, eccentricity and mass of the tertiary companion as the amplitude of the variation is proportional to 
the mass, period and inclination of the 3rd orbiting body. Knowing the low mass of the tertiary body in the seven 
cases the possibility of five of these tertiary companions being brown dwarfs is discussed.  

1. Introduction 

The Bob Nelson’s O-C database contains times 
of minimum (Tmin) of 324 eclipsing binaries systems 
(EBS). The linear ephemeris as published by Bob 
Nelson and used to compute the O-C diagram for 
each system was used to plot a parabola and obtain 
the quadratic ephemeris where the errors are standard 
errors from the lease-square fit. Using this technique, 
the light from the system varies periodically as the 
eclipsing pair moves around the barycentre of the 
triple system. This light variation is proportional to 
the mass of the third body, and the period, inclination 
and eccentricity of its orbit around the EBS which 
allows computations of the period and the size of the 
orbit of these tertiary bodies. When reviewing the 
Nelson database those times of minimum which cov-
ered enough of the tertiary orbit to allow these com-
putations were selected and analyzed. The number of 
Tmin for each system ranged from 135 to 1035 for 
both the primary and secondary eclipses and covered 
from 27 to 75 years of eclipsing orbits.  

   A second O-C diagram was plotted using the 
residuals from the quadratic ephemeris and these re-
siduals displayed a sinusoidal trend. A significant 
number of EBS have been found to have a sinusoidal 
trend and curve in their O-C data charts when plotted 
over an extended time period. Explanations for this 

activity in these objects have been offered as tidal 
dissipation, mass transfer or loss, apsidal motion, 
angular momentum transfer or loss, and magnetic 
activity to name a few. The most conservative model 
and simplest explanations is that the observed period 
changes are due to a distant unseen companion orbit-
ing the system causing the orbiting pair and the ter-
tiary body to orbit a barycentre causing a light-time 
effects  (LTIE) and variations in the eclipsing binary 
orbit times. This timing variation must be strictly 
periodic and requires the variation to be the same 
with the primary and secondary orbit times if it is 
caused by a tertiary object.  
 
2. Observational Data Used  

Bob Nelson’s O-C Files (http://binaries. 
boulder.swri.edu/binaries/omc/) were used exclusive-
ly for this research and analysis. This database con-
tains Tmins on 324 eclipsing binary systems (EBS) 
starting the year 1923 thru 2001. A working epoch 
and period were used to compute the O-C data and a 
linear O-C diagram constructed and a least-squares 
parabola was fitted to this diagram which is displayed 
for each system in this database. No other source of 
Tmins were used and none were added by the author. 
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3. Analysis Method  

When selecting those systems in Bob Nelson’s 
O-C Files to analyze for a possible tertiary body and 
LTIE those systems containing at least 120 Tmins and 
covered 15 years of the third body cycle were ana-
lyzed. A total of 71 systems met these criteria. A 
lease-squares parabola fit was applied to these sys-
tems. When the equation for this curve was added to 
the working epoch and period computed for each 
system in the Bob Nelson’s O-C Files a quadratic 
ephemeris of the form JDhel = Tmin + (Period in days) 
(Orbits) ± (the quadratic coefficient) (Orbits)² was 
created. When this quadratic equation was applied, a 
second O-C diagram was constructed from the resid-
uals. If this O-C diagram displayed a sinusoidal trend 
it is considered indicative of a third body in the sys-
tem.  

   Using this method and the criteria stated above 
of the 324 EBS in the Nelson database, 18 EBS were 
found to display a sinusoidal variation in the rate of 
the period change inductive of a tertiary component, 
LITE, in the system.  

   Of the 18 EBS, 11 systems displaying a sinus-
oidal variation in the rate of the period change but did 
not contain the data necessary to justify a tertiary 
component. A primary requirement to substantiate 
the presence of a tertiary object as the cause of LTIE 
requires that the primary and secondary eclipse O-C 
both display a sinusoidal exactly in the same phase. 
Therefore, the lack of observations of the secondary 
minima of these 11 systems does not allow for apsi-
dal motion to be ruled out as the cause of the sinusoi-
dal motion and without this consideration the varia-
tion in the O-C diagram could be caused by apsidal 
motion. These 11 systems, AK CMI, AK HER, AF 
GEG BO MON, RT PER, SV CAM, TU HER, TZ 
LYR, UV UMA, XZ UMA, and Z DRA  did not con-
tain secondary eclipse Tmins and for this reason were 
not included in this analysis.  

   To compute the orbital parameters of the third 
body for each system it was considered that the re-
siduals are a light-travel time effect LTIE as the bina-
ry moves in and out of the plane of the sky in re-
sponse to the orbit of an unseen third body in the 
system. The magnitude of the binary’s motion about 
the barycentre of the triple is the timing difference 
between extreme of the O-C curve, (Δt), and the pe-
riod of the third body (P3) is the length of the periodic 
structure in the diagram, Fig. 1 (Van Buren 1986). 
The third body is in a circular orbit about the binary 
and O-C residuals give the distance cΔt which be-
comes the amplitude of the binary around the bary-
center (Fig 2, Van Buren 1986). 

 
Figure 1. Schematic O-C diagram (Van Buren 1986). 

 
Figure 2. Geometry of M3 in circular orbit around Mb (Van 
Buren 1986). 

Knowing the two masses of the binary, M1 and 
M2 a mass function f (m) for the total system can be 
computed which implies a minimum mass for the 
third body (M3). Assuming an inclination (i) of 90°, 
the distance in astronomical units (AU) can be de-
termined by Kepler’s law                   
     

A3 = P2 (Mb + M3)         (1) 
    
where P is the period of the third body,  Mb is the 
mass of the binary and M3 is the third body mass. 
Using the expression by Van Buren (1986)  

 
a[M3/(Mb + M3)] sin i = cΔt /2     (2) 
    

and combining equations (1) and (2) and setting sin(i) 
to 90˚ = unity we can obtain a minimum value for 
M3. Table 1 presents the value of the relevant param-
eters for the seven EBS. 
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Orbital Parameters for the Tertiary Components 
SYSTEM    cΔt/2    P3       M3      a3 
           AU      Yr      sol     AU 
AW UMA    0.751   18.572   0.041  44.59    
BB PEG    0.757   12.24    0.270   7.46 
OO AQL    0.005   19.77    0.072   8.50 
V505 OPH  0.255   17.71    0.060   8.65 
VW CEP    1.933   27.25    0.285   9.46 
W CRV     0.217   15.938   0.060   8.51 
YY ERI    0.468   18.176   0.094   8.29    

Table 1. ∆(O-C): Full range from O-C diagrams.  
∆t: ∆(O-C). a3: Orbital semi-major axis of tertiary.  

4. Results     

The remaining seven best-case third body candi-
dates, AW UMA, BB PEG, OO AQL, V508 OPH, 
VW CEP, W CRV, and YY ERI are discussed below. 
Note that VW CEP raw data  
O-C diagram already displays a sinusoidal fit and the 
results of applying a quadratic ephemeris confirm the 
sin curve. Errors for each value were not computed or 
given since there is less than one cycle or only one 
cycle of the oscillations to work with in most cases. 
To determine errors adequately more data are re-
quired.  
 
4.1 AW UMA  

The binary is a W UMa with a period of 0.44 
days. Figure 3 is the O-C diagram covering 27 years 
and 135 data points (TDP = Total Data Points). Using 
these residuals a quadratic equation 

  

 =)(e  2444664.80057 (±4.9 –4)  

+ 0.43873 (±1.25-7)E   
– 8.82995-11 (±1.11-11)E2         (1) 
 
was applied to the data and the residuals formed the 
O-C diagram. The line is the result of a least-squared 
fit of a sine function to the O-C values. The sinusoi-
dal variations can be explained by a third body with a 
period of 18.572 days. Adopting a total mass for the 
EBS of 2.60 M☺ the mass function of the system is 
 

 )(M  = (0.0104 ± 0.32) M☺,  

 

which implies a minimum mass of 0.460 M☺ for the 
third body. The sin curve is consistent but only one 
and a half cycles of data are available.  

 
Figure 3. AW UMA. 

4.2 BB PEG 

This W UMa binary has a period of 0.36 days 
and a total M☺ = 2.5. The O-C diagram covering 30 
years, Figure 4, and 147 data points displays one cy-
cle of the third body orbit. A quadratic equation 

 

 =)(e  

50001.33562 (±5.2 –4)  
+ 0.3615 (±2.1-7)E  
+ 6.00012-11 (±1.00-11 ) E2            (2)         
 
produced the residuals in the O-C diagram and a 
60.2% improvement in the RMS residuals over the 
parabolic fit alone. The period of the third body is 
12.24 years and a mass function 

 

 )(M = 0.0245 M☺  

 

which requires a minimum mass for the third body of 
0.623 M☺. Assuming an inclination of 90º the distant 
of the third body from the barycentre of the whole 
system is 3.68 astronomical units (AU). 



Snyder: Eclipsing Binaries with Tertiary Components 

184 

 

 
Figure 4. BB PEG. 

4.3 OO AQL 

OO Aql is a W UMa binary with a combined 
mass M1-2 of 1.5 M☺ and a period of 0.51 days. The 
O-C diagram, Figure 5, covers 37 years with 1035 
data points. The quadratic equation 

  

 =)(e   

38613.22334 (± 8.7 –4)  
+ 0.5068 (± 1.5-7)E  
+1.31150-11 (± 5.54-12 ) E2     (3) 

 
produced only a 4% improvement over the parabolic 
fit. The third body period is 19.77 years and requires 
a minimum mass of 0.155 M☺ since the mass func-
tion is  

 

 )(M = 0.0245 M☺. 

 
Figure 5. OO AQL. 

 

4.4 V508 OPH 

This W UMa binary has a combined mass M1-2 

of 2.0 M☺ and a period of 0.35 days. Figure 6 has 
494 data points covering 32 years and is the result of 
quadratic equation 

 

 =)(e   

50950.57182 ( ± 1.1 –3)  
+ 0.3448 (± 1.4-7)E  
+4.23117-12  (±3.99-12 ) E2             (4) 

 
which improved the parabolic fit by only 3.3%. The 
third body period is 17.71 years and requires a mini-
mum mass of 0.126 M☺ since the mass function is 
 

 )(M = 4.49-4 M☺. 

  

 
Figure 6. V508 OPH. 

4.5 VW CEP 

This is another W UMa binary with a combined 
mass M1-2 of 2.0 M☺ and a period of 0.35 days as 
shown in figure 7. The quadratic equation 

 

 =)(e   

44157.41002 ( ± 8.2 –4)  
+ 0.2783 (± 4.03-8)E  
– 8.15390-11 (±1.54-12 ) E2             (5)     

 
determined the residuals used to construct O-C 2 dia-
gram. The tertiary body period is 27.25 years and its 
orbit produces a mass function of  
 

 )(M = 0.0826 M☺,  
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which requires a minimum mass of 0.285 M☺  assum-
ing an inclination of 90º. 

 
Figure 7. VW CEP. 

4.6 W CRV 

This is a Beta Lyrae binary with a period of 
0.388 days. The binary   combined mass M1-2 = 2.3 
M☺. Quadratic equation 

 

 =)(e   

39647.76580 ( ± 0.001)  
+ 0.38808 (± 1.687-7)E  
+1.69103-11 (±5.31-12)E2           (6)     

 
produced the construction of the O-C2 diagram. Fig-
ure 8 shows it has a P3 = 15.94 years. The mass func-
tion for the triple system is  
 

 )(M = 3.41-4 M☺  

 

and at an inclination of 90ºa minimum mass of 0.060 
M☺ for the third body. 

 
Figure 8. W CRV. 

4.7 YY ERI 

A W UMa binary with a combined mass M1-2 of 
1.6 M☺ and a period of 0.32 days. The quadratic 
equation 

 =)(e   

41581.61940 ( ± 3.4-4)  
+ 0.32150 (± 6.59-8)E  
+5.79160-11 (±2.5-12)E2             (7)      

 
allowed the construction of the O-C 2 diagram which 
displays the sinusoidal trend in the O-C residuals 
where P3 = 18.176 years, Figure 9. The mass function 
for the triple system is  
 

 )(M = 1.64-3 M☺  

 

and at an inclination of 90ºa minimum mass of 0.094 
M☺ for the third body. 

 
Figure 9. YY ERI. 

5. Discussion 

The results presented on the seven EBS yield 
strong evidence for the presence of a tertiary compo-
nent. The mass of the third components was comput-
ed as a function of a 90° inclination since the eccen-
tricity of W UMa and Beta Lyrae binaries is very 
close to unity, apsidal motion can be ruled out as a 
cause of the sinusoidal patterns. Using several other 
lower values for the inclination would increase the 
different masses for M3. As yet a tertiary body in the 
seven cases mentioned has not been detected either 
by its light or by its kinematic effect. Table 1 indi-
cates the mass of the third body (M3) of five (AW 
UMA, OO AQL, V508 OPH, W CRV and YY ERI 
are below the theoretical threshold of ~0.07 M☺ for a 
hydrogen-burning star. The mass of the third body 
(M3) in the BB PEG and VW CEP systems are above 
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this threshold and too massive to be planets. As a 
comparison, Jupiter, the biggest planet, MJ  = 0.00095 

M☺.  

The age, chemical composition and the effective 
temperature, Teff, of these tertiary bodies are not 
known but according to the above calculations there 
is strong evidence that these bodies are brown dwarfs 
(BD). As the masses indicate it should be feasible for 
these third bodies to be imaged directly using IR with 
adaptive optics or from space. 

   Additional observations of eclipse timings (es-
pecially of the secondary eclipses) will bring the cur-
rent uncertainties to a specified known state and es-
tablish the orbital properties of the tertiary compo-
nents. The author acknowledges the use of the 
SIMBAD database, operated at CDS, Strasbourg, 
France.  
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Abstract 

In the two decades since the first asteroid satellite was discovered, more than 200 are now known. Many of the 
discoveries have been made as part of pro-am collaborations involving lightcurve photometry where satellites are 
revealed by deviations in the lightcurve. These mutual events are due to occultations and/or eclipses involving 
the satellite. On rare occasions, shadow transits have also been seen. Asteroid photometry work in the past year 
or so at the Palmer Divide Observatory (PDO) in Colorado has led to the discovery of no less than four new bina-
ry asteroids. A review will be given of the photometry program at PDO and methods used to find the tracks of 
satellites in the lightcurve trail as well as some specific examples of PDO discoveries. 

1. Introduction 

In the mid-20th century, the possibility that aster-
oids might have natural satellites was discussed on 
many occasions, usually after some anomalous stellar 
occultation results appeared to show an unexplained 
“event”. However, the transient nature of occultations 
and, very often, lack of redundant observations from 
multiple locations left the question unanswered.  

In their chapter in Asteroids, “Satellites of Aster-
oids”, Van Flandern and Tedesco (1979) cited the 
lightcurves of several main-belt objects as having 
traits of eclipsing contact binary stars, i.e., large am-
plitudes with flattened minimums, and concluded 
from these that the asteroids must be of similar nature 
– two bodies in close contact. None of their candi-
dates has since been confirmed as being contact bina-
ries but are simply elongated, possibly somewhat 
bifurcated, bodies, which have been shown on nu-
merous occasions with theoretical and modeling stud-
ies to be capable of displaying such lightcurves. Un-
fortunately, their mistake is repeated to this day. 

It wasn’t until the Galileo spacecraft took pic-
tures of the asteroid Ida and its tiny moon Dactyl in 
1993 that all doubts about the possibility of asteroids 
having satellites were erased. The search for more 
satellites was on. 

In the 20 years since that first asteroid satellite 
was discovered, more than 200 have been found. The 
methods of discovery have included radar, occulta-
tions, adaptive optics, and – the subject of this paper 
– lightcurve observations. The most important point 
about the lightcurve method is that is it readily and 
frequently done by backyard astronomers. The im-
portance of this work goes far beyond the mere dis-

covery of a satellite but the ability to estimate size 
ratios and, if there are data from multiple apparitions, 
approximate masses, pole orientations, among others. 
Recent software developments allow combining the 
results from multiple sources (e.g., radar, occultation, 
and lightcurve) and so speed the modeling process. 
The modeling of small binary asteroids has led to 
developments in several key areas of theoretical 
study that have improved our knowledge and under-
standing of the asteroids and the Solar System. 

 
2. Binary Lightcurve Fundamentals 

 
Figure 1. This plot shows rotation frequency (1/P) ver-
sus effective diameter for more than 4800 asteroids. The 
red triangles represent the primary bodies of binary (or 
multiple) asteroids. Note the strong tendency for a rota-
tion period of about 2.2 h (f ~ 10/day).  

In general, many asteroids tend to show a bi-
modal lightcurve, meaning one with two maximums 
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and two minimums per rotation. The common analo-
gy is a spinning potato or, as I like to call them, 
“spuds in space.” However, to assume that all aster-
oid lightcurves are simple bimodal shapes will quick-
ly lead to frustration and just plain wrong results.  

Depending on a number of factors, shape being 
just one, an asteroid lightcurve can have one, two, 
three, or even more maximum/minimum pairs per 
rotation. The amplitude can be more than 1 mag to 
less than 0.03 mag, in which case the variations are 
often lost in the systematic noise of the data. This all 
assumes that the asteroid is in single axis rotation. If 
it is a tumbler, where it rotates not only about its “po-
lar axis” but the polar axis is precessing, the 
lightcurve can take on very odd and seemingly irrec-
oncilable shapes where the curve never repeats.  

The good news is that for small binary asteroids, 
a bimodal shape is usually a good starting assump-
tion. There is a chance of a monomodal solution, one 
minimum/maximum per rotation, and this should be 
kept in mind. However, for the rest of this paper, 
we’ll assume that the primary body of a binary is 
somewhat spheroidal and presents a bimodal 
lightcurve of modest amplitude. 

Figure 1 shows a rotation frequency-diameter 
plot for more than 4800 asteroids from the asteroid 
lightcurve database (LCDB; Warner et al., 2009) as 
of 2013 mid-March. A frequency of 1.0 cycles/day 
equals a period of 24 h. The red triangles represent 
the primary bodies of binary (or multiple) systems. 
There is a strong tendency for a rotation period of 
about 2.2 h, near the so-called “spin barrier” (the dot-
ted horizontal line).  

Current thinking says that the rotation rates of 
small asteroids are influenced by the YORP (Yarkov-
sky–O'Keefe–Radzievskii–Paddack) effect, a term 
coined by Rubincam (2000). Simply put, sunlight 
heats the asteroid and that heat is re-radiated with a 
small thrusting force that either speeds or slows the 
asteroid’s rotation rate.  

When the rotation period increases and ap-
proaches the spin barrier, the asteroid sheds material 
if the asteroid is a rubble pile, a body of many small-
er parts (dust to boulders) that are held together by 
mutual gravitation. If it is a monolithic structure 
(strength-bound), then it can spin faster than the spin 
barrier allows but even then there are limits. Eventu-
ally, centrifugal forces are greater than the bonding 
forces of the asteroid and it breaks apart. 

That material that is shed from a rubble pile as-
teroid either falls back to the asteroid or collects to 
form a small satellite. In some cases, that satellite 
remains gravitationally bound to the primary. In oth-
ers, it becomes an independent body sharing almost 
an almost identical heliocentric orbit and the two 
become known as an asteroid pair. A list of suggest-

ed reading on the subject of binaries, from observing 
to formation theory, is given at the end of this paper. 

Also shown in Figure 1 is that for small binaries 
(Dprimary, or Dp, < 10 km), the rotation period is usual-
ly in the range of 2-5 hours. Reviewing the LCDB 
data, the lightcurves tend to have amplitudes in the 
range of 0.04-0.20 mag. In other words, the primary 
body shapes tend to be spheroidal.  

 
2.1 Collecting and Measuring Images 

The approach for obtaining data for asteroid 
lightcurves is very basic: take numerous images of 
the asteroid field each night, measure the images to 
get the brightness and time for each image, and then 
plot the results.  

 
2.1.1. How Many Images? 

“How many is ‘numerous’” and “What is a suffi-
cient number?” are common questions. To maximize 
efforts, some observers bounce between two, some-
times three, asteroid a night, in effect reducing the 
number of observations for a given asteroid by 2 or 3 
times. I do not favor this approach.  

Having five telescopes, I don’t worry about try-
ing to work more than one target a night per tele-
scope and so dedicated one telescope to one target 
each night. An exception might be when a given as-
teroid sets so early that the telescope would sit idle 
for 3-5 hours before morning twilight starts. In this 
case, I have the automation script send the telescope 
to a second target that is imaged until twilight begins. 
Photons are precious and make a very sad sound 
when they hit ground instead of glass and silicon. 

For those with fewer resources, they must con-
sider factors such as the typical rotation period for the 
primary, orbital period of the satellite, duration of 
mutual events (the dimming of the overall lightcurve 
caused by eclipses and/or occultations involving the 
satellite), among others. If maximizing the number of 
targets is your goal, I would recommend no less than 
six images per hour for a given asteroid, or one every 
ten minutes, at least until you know some parameters 
of the system. If it comes to the point where the pri-
mary rotation period is well-known and an ephemeris 
of the events can be constructed, you can concentrate 
on dense observations just around the events and do 
other work at other times.  

 
2.1.2. Fixed Field or Follow the Asteroid 

Some observers center the field on the asteroid’s 
position about mid-way through the run and let the 
asteroid move across the field. At PDO, the method is 
to re-center the field on the asteroid’s position peri-
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odically, keeping it near center as much as possible. 
If the asteroid’s sky motion is not too severe, the 
same comparison stars can be used in either approach 
for the entire run. In part, it comes down to how well 
you trust your flat field. If you’re not so sure about 
the edges and corners, keep the asteroid centered. If 
your optics are such that focus is not quite so good at 
the edges, keep the asteroid near center. 

When the asteroid’s motion is more dramatic, 
then the night’s run must be broken into segments 
(sessions). Each session uses a separate set of com-
parison stars. The inconvenience of this approach is 
still much less than attempting all-sky photometry 
and allows for variations in seeing conditions and 
transparency. 

As with all photometry work, the images should 
be calibrated with at least dark and flat-field frames. 
Bias frames are needed if using scaled darks. The 
images are then measured in the software of choice to 
get the asteroid’s brightness in each image and the 
date/time (preferably Julian Date). At PDO, MPO 
Canopus, written by the author, is used for calibra-
tion, measuring, and period analysis. 

 
2.2 Plotting the Lightcurve 

 
Figure 2. The lightcurve for 2001 VC123 is typical for an 
asteroid that might be the primary body of a binary. No 
evidence was found that it has a satellite. 

A plot of the brightness versus time is called a 
lightcurve. A lightcurve should always be constructed 
so that brighter magnitudes are towards the top of the 
plot. You can use any program you like for plotting 
lightcurves. However, keep in mind that if using a 
spread sheet program (e.g., Microsoft Excel®), the 
default is to have increasing numbers going up the Y-
axis, or fainter magnitudes at the top. Be sure to set 
the plotting options to invert the Y-axis if necessary. 

Mathematical analysis (usually Fourier) on the 
magnitude-time data can determine the rotation peri-
od of the object. MPO Canopus employs the FALC 
algorithm by Harris (Harris et al., 1989) that is the 

“industry standard” for asteroid lightcurve analysis. It 
also works quite well on variable stars and other 
types of objects as well.  

 
2.3 From Solo to Duet 

Figure 2 shows a basic lightcurve of a small as-
teroid with traits common to the primary of a binary 
system: a rotation period between 2-5 hours and am-
plitude of 0.12 mag. Is this a binary? 

 
2.3.1. Absence of Evidence is not Evidence of 

Absence 

The simple fact of the matter is that this 
lightcurve alone cannot answer the question. The first 
evidence one looks for are deviations from the 
lightcurve where the data from one night, or part of a 
night, are lower than the average curve. There is no 
such evidence here.  

It’s important to understand the nature of the de-
viations. Some common traits are: 

 
1. Low amplitude, 0.03-0.10 mag 
2. Significant duration, 1-2 hours 
3. Gradual, not sharp fall/rise 

 
If you have a lightcurve where a few data points drop 
and rise precipitously over a short duration, it’s not 
likely due to a satellite. Furthermore, a mutual event 
involving a satellite does not make the lightcurve 
brighter. Check for hot pixels or faint background 
stars. 

Let’s take a look at a recent example of unpro-
cessed lightcurves, i.e., before any attempts to find a 
satellite, to see how a satellite might reveal itself and 
then how the satellite was eventually found. 

 
Figure 3. The unprocessed lightcurve for 4383 Suruga, a 
binary asteroid. 

At first glance, other than the one session (6031) 
on February 8, there doesn’t seem to be much evi-
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dence for deviations due to a satellite. In fact, the 
great, and commonly acted upon, temptation would 
be to eliminate that rogue session and call it quits. 
That would have been a mistake.  

There is an expression, “When you hear hoof 
beats, don’t think zebras”, meaning don’t jump to 
wild conclusions. However, that doesn’t mean that 
you don’t look at all! As with all good science, keep 
an open but skeptical mind and work to find evidence 
of proof or to the point when you can reasonably as-
sume an absence of evidence. 

In this case, there were subtle deviations that, 
even after ignoring session 6031, just didn’t seem 
right. That is a sense that has been learned over time 
and through sometimes embarrassing experience. If 
in doubt, check it out.  

There are several ways to go about searching for 
evidence of a satellite. This usually involves an itera-
tion process using Fourier analysis that produces a set 
of sine/cosine parameters and period that can be used 
to recreate an idealized lightcurve that fits the actual 
data with a minimum RMS deviation. 

The initial search can start by eliminating all data 
points that seem to deviate from the average curve, 
i.e., remove the apparent mutual events. The other is 
to include all data on the assumption that the 
lightcurve of the primary body dominates the solution 
so much that it can be used as a first approximation. I 
use the second approach, partly because it is not al-
ways easy to spot deviations due to a satellite versus 
noise due to a faint star, hot pixels, etc. 

Once an initial solution is found in MPO Cano-
pus, the idealized lightcurve is subtracted from the 
data set point-by-point. Then a period search is run 
on the resulting data set. For a first try, the search 
checks a range of periods between 2x the primary 
period and 40-60 hours. If longer than this, a very 
extensive data set will be required because the chanc-
es of observing mutual events become very small. 

This search produces anywhere from one to sev-
eral solutions that might show mutual events. Ideally, 
there will be two events per orbital period, one when 
the satellite goes in front of the primary (a transit) 
and another when it goes behind the primary 
(eclipse). The events may or may not be total, the 
latter evidenced by one or both events having “flat” 
minimums. It’s also possible to have no events at all 
but a variation of some sort over the full period. 
Some examples of various cases are shown below. 

 
2.3.2. Oz Revealed 

The process of finding one period, subtracting it, 
finding the second, subtracting it, finding the first 
period, etc. continues until both periods stabilize and 
a solution is found. In the case of 4383 Suruga, it 

wasn’t until the last few sessions that the curtain was 
pulled back and the satellite revealed. 

Often the solution is a bit more forthcoming but, 
in this case, the problem was – again – that one ses-
sion. As it turns out, it was the only time that one of 
the two mutual events was captured and so, without 
confirming evidence, it couldn’t quite be fit in with 
any solution. However, with the final sessions, which 
did provide redundant coverage of the second of the 
two events, the solution “snapped into place.” 

Figure 4 shows the final result for the rotation of 
the primary body. Compare it to Figure 3, the unpro-
cessed lightcurve, not just for how the one session is 
no longer running amok but how the minimums at 
0.2 and 0.6 rotation phase have a better fit to the 
overall lightcurve.  

 
Figure 4. The lightcurve due to the rotation of the prima-
ry body of 4383 Suruga. 

 
Figure 5. The lightcurve for 4383 Suruga due to the sat-
ellite. 

Figure 5 shows the lightcurve after subtracting 
the idealized curve for the primary. There are several 
important elements to notice. First are the two “dips” 
of different depth. These represent the eclipse (0.05 
rotation phase) and transit (0.55 rotation phase) of the 
satellite. The depth of the transit is used to determine 
the size ratio of the satellite-to-primary, Ds/Dp, by 
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Ds/Dp = [1.0 – 10(–0.4*dM)]1/2  (1) 
 

where dM is the magnitude drop of the transit. In this 
case, 0.05 mag, which gives Ds/Dp = 0.21 ± 0.02. 
Since neither of the events appears to be total (flat-
bottomed), this value is a minimum and so the satel-
lite may be even larger. 

Another important feature of the secondary 
lightcurve is the upward bowing between events. 
This indicates two things. First, that the satellite is 
sufficiently elongated that it doesn’t present a con-
stant surface area and so varies in brightness as it 
rotates. Second, the satellite rotation period is tidally-
locked to the orbital period. To visualize this, think of 
an “Algol-like” binary star where the smaller star is 
elongated, the long axis pointing toward the center of 
the larger star, the rotation and orbital periods of the 
second star are the same, and the orbital inclination is 
such that we see only partial eclipses. 

 
3.  Some Other Examples 

The hunt for binary asteroids requires patience 
and practice. A point not specifically made earlier 
was that when your initial analysis finds a lightcurve 
that, by virtue of period and amplitude, makes the 
object a good candidate, you need to be sure to give 
the satellite a chance to reveal itself. One or two 
nights are not good enough, especially if separated by 
protracted periods of time. It is much better if you 
can get 3-4 consecutive nights. 

You also need higher-quality data, i.e., precision 
on the order of 0.01-0.02 mag is encouraged. The 
case outlined above borders on the minimum size for 
a satellite that can be reliably detected by lightcurve 
observations alone. The evidence you seek won’t be 
found if it’s a small voice in a crowd. 

 
3.1 1727 Mette 

 
Figure 5. The unprocessed lightcurve for 1727 Mette, 
also a binary. 

 
Figure 6. The lightcurve for the primary of 1727 Mette. 

 
Figure 7. The lightcurve for the satellite of 1727 Mette.  

This Hungaria asteroid was a much easier find 
than 4383 Suruga. The data were a little less noisy, 
the amplitude greater, and the multiple deviations 
quite obvious.  

The amplitude of the primary lightcurve gives a 
minimum a/b ratio of a triaxial ellipsoid of about 
1.4:1. This makes it among the more elongated pri-
maries of small binary systems.  

The event at 0.05 rotation phase in Figure 7 ap-
pears to have a flat bottom, meaning that the event 
was total. This allowed establishing Ds/Dp = 0.20 ± 
0.02 as the actual size ratio and not a minimum.  

The 2013 apparition was the second time 1727 
Mette had been observed at PDO. It had been ob-
served by a number of other observers going back to 
2003 and earlier but none reported it being binary 
until the 2013 PDO observations, when mutual events 
were seen. Something similar occurred with 2131 
Mayall, which was observed in 2005 and 2007 at 
PDO with no evidence of it being binary. In 2010, the 
mutual events were seen and the satellite confirmed. 

 
3.2 (53432) 1999 UT55 

If you saw the movie, “The Fugitive”, you may 
remember the line from the character played by 



Warner: Binary Asteroids  

192 

 

Tommy Lee Jones, “My! My! My! What a mess!” 
This aptly describes the unprocessed lightcurve of 
(53432) 1999 UT55. While the unprocessed curve for 
4383 Suruga was relatively clean (not counting that 
one rogue session), this lightcurve appears to be all 
noise and no substance. The faint sounds of hoof 
beats lead to a different answer.  

 
Figure 8. The unprocessed lightcurve for 1999 UT55. 

 
Figure 9. The primary lightcurve for 1999 UT55. 

 
Figure 10. The satellite’s lightcurve for 1999 UT55. 

Despite the noisy data, the deviations around 
0.05, 0.25, and 0.60-0.80 rotation phase seemed to be 
more than just “bad data” and so a dual-period search 

in MPO Canopus was made. The results are shown in 
Figures 9 and 10.  

No doubt, the noisy data make the solutions a lit-
tle suspect, but to the point where the existence of the 
satellite can be denied. The shape of the satellite’s 
lightcurve is quite different from those presented so 
far. This is definitely a case where follow-up obser-
vations at future apparitions will be needed to get a 
firm handle on the parameters of this system. For 
now, the shallower event (transit) gives Ds/Dp ≥ 0.23 
± 0.02.  

 
4. Hungaria Binary Statistics 

The observing program at the Palmer Divide Ob-
servatory has concentrated on Hungaria asteroids 
since 2005. Since that time, at least one composite 
lightcurve per apparition has been obtained for more 
than 250 Hungarias and, in many cases, two or more. 

As of 2013 mid-March, the number of confirmed 
Hungaria binary systems stands at 25. Four more are 
considered likely binaries, for a total of 29. Of that 
total number, about 20 were discoveries made initial-
ly at PDO. This is about 10% of the Hungarias with 
statistically reliable rotation periods. Using some 
broad assumptions about the distribution of the orien-
tation of primary spin axes and satellite orbits, the 
actual number is on the order of 18 ± 4 %. This com-
pares closely with the estimated population among 
the near-Earth asteroids as found by Pravec et al. 
(2006). This commonality of statistics has helped 
established YORP and not planetary tidal encounters 
as the primary mechanism in the formation of small 
binary asteroids.  

 
5. Conclusion 

Binary asteroid discovery and analysis is well 
within the ability of backyard astronomers. It does 
require some patience and skill along with the tools 
capable of doing dual period analysis. Those are 
readily available.   

What is missing most of all is a better review of 
the rotation rates and binary population among the 
near-Earth asteroids. A better understanding of these 
numbers will help research along many avenues. The 
number of NEAs with well-established lightcurve 
parameters, spin axes, and/or binary status represents 
a very small percentage of the total population.  

Not all NEAs are “ships in the night” that zoom 
quickly in and out of view, lingering only a few days 
and the subject of endless YouTube videos. Some are 
within reach of backyard telescopes for weeks and 
even months on-end. These “horses” need work just 
as much as the “zebras”. The NEA “zoo” can provide 
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a near endless supply of work for those with modest 
equipment willing to take on the challenge. 

 
6. Suggested Reading 

Here is a brief list of papers that all those doing 
binary asteroid work should try to read. Some are 
very technical at times. However, even after ignoring 
all the equations and their derivations, you can still 
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