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Preface

Preface
Welcome to the 33rd annual SAS Symposium on Telescope Science. This meeting is a “triple conjunction” in
that it involves not only the Society for Astronomical Sciences (SAS), but the American Association of Variable Star Observers (AAVSO) and the Center for Backyard Astrophysics (CBA). This year’s symposium offers
the rare opportunity of bringing together in one location at the same time some of the more accomplished amateur researchers from around the world. SAS is honored by the presence of members from these two organizations and extends a warm welcome to all.
It takes many people to have a successful conference, starting with the Conference Committee. This year the
regular committee members are:
Lee Snyder
Robert Gill
Cindy Foote
Brian D. Warner
Dale Mais

Robert D. Stephens
Jerry L. Foote
Margaret Miller
Robert K. Buchheim

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 Ontario Airport
Hotel, Ontario, 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 Hills Camera and Telescopes (Telescopes.net), 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. 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
2014 May 12
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Conference Sponsors
The conference organizers thank the following companies for their significant contributions and financial support. 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

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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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 Internet. 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

VI

Presentation Papers

Martin: Crowd Sourced Lightcurve for SN 2014G

A Crowd Sourced Light Curve for SN 2014G
J. C. Martin
University of Illinois Springfield
One University Plaza MS HSB 314, Springfield, IL 62704
jmart5@uis.edu

Abstract
SN 2014G was initially classified as a Type IIn (CBET 3787) and was later revealed to be a Type II-L (ATEL
5935). In addition to having an interesting classification, it was also relatively bright, nearby (peak V ~ 14.3) and
easy to observe with small to moderate sized telescope. We mounted a cooperative effort open to both professional and non-professional observers with the goal of producing a light curve that could accurately measure
variations in brightness of 0.1 mag with a cadence of one every two days or better. Simply collecting measured
magnitudes often results in a light curve with systematic offsets between independent contributors. To minimize
that effect without burdening the volunteer observers with too many additional requirements, we collected calibrated images and processed them uniformly to produce the light curve.

1.

Introduction

SN 2014G in galaxy NGC 3448 was initially
discovered by Koichi Itagaki in an unfiltered CCD
image taken on January 14.574 UT. Subsequent optical spectra revealed a blue continuum with narrow
emission lines (Denisenko et al, 2014) resulted in a
Type IIn classification for SN 2014G. Spectra taken
several weeks later were consistent with a more typical Type II supernova (Eenmäe et al. 2014). The transition from a blue continuous spectrum with few features to a classic Type II spectrum is uncommon for
Type IIn but more typical of a Type II-L (see SN
1979C, Branch et al. 1991). However, the lightcurve
itself looks more like a Type II-P than a Type II-L.
The classification of this supernova is still uncertain.
Type IIn supernovae are associated with supernova impostors and complex circumstellar environments. Type II-L is one of the rarest classification of
supernovae and few have been studied in detail. The
transition in the spectrum itself was intriguing. Together these made SN 2014G a relatively interesting
target. In 2012, we had observed unusual fluctuations
in the light curve of the 2012-B outburst of SN
2009ip (Martin et al. 2014). That event may have
been a terminal Type IIn explosion (Prieto et al.
2013; Mauerhan et al. 2013; Smith et al. 2013) or
some other non-terminal event (Pastorello et al. 2013;
Fraser et al. 2013; Soker & Kashi 2013, Margutti et
al 2014). SN 2014G was another bright, relatively
nearby supernovae with unusual classification. The
goal of our campaign was to observe a well-sampled
light curve of SN 2014G that would be sensitive to
the variations similar to those observed in the last
eruption of SN 2009ip (i.e. a few tenths of a magnitude on timescales of five to ten days or more).

SN 2014G also had competition for limited observing resources because in January 2014 SN 2014G
was shortly followed by SN 2014J in M82, a nearby
Type Ia with potential to help calibrate the cosmic
distance scale. As expected, SN 2014J attracted a
good deal of the finite attention and resources devoted to following supernovae.
We did not have the resources ourselves to conduct a successful campaign for SN 2014G. The
weather in central Illinois makes it difficult to obtain
images at a regular cadence of once every couple
days so it was unlikely the Barber Observatory 20inch telescope could conduct a successful campaign
on its own. We had some success enlisting the help of
non-professionals for the SN 2009ip 2012-B outburst
campaign in the southern sky so we considered a
similar campaign for SN 2014G. SN 2014G was better placed for northern-hemisphere observers (at declination of +54 degrees) and bright enough to get
images with good signal-to-noise in a small or medium sized telescope. Its position in the night sky at the
time of discovery ensured we would be able to follow
it more than 150 days until solar conjunction. We
posted an announcement on the AAVSO “Campaigns
& Observation Reports” electronic bulletin board on
January 19 and with the help of Matt Templeton at
the AAVSO reached out to those who had already
reported observations to the AAVSO International
Database. Within a week we had recruited a team of
seven observers plus the Barber Observatory to help
produce a light curve for SN 2014G.
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2.
2.1

The Effort
Motivation and Philosophy

Calibrating observations from several different
telescope and camera setups to a single photometric
system is a challenge even for stars with spectral distributions similar to black bodies. Supernovae with
more complex spectra, present additional difficulty
because different system responses may include or
exclude broad variable emission features. Munari et
al. (2013a) outline a lightcurve merging method
(LMM) for supernovae that utilize a least squares
approach to determine the corrections for systems
relative to each other. Their method relies on observations made in multiple filers with each telescope/camera combination for which standard photometric transformations have been previously determined (Munari & Morretti, 2012). They have successfully applied their method with good results to
lightcurves of both supernovae and novae (Munari et
al., 2013b). Our approach is modeled on theirs but
with a focus on less stringent requirements on the
observers. In addition to getting a lightcurve for SN
2014G we wanted to experiment with ways to increase productive non-professional participation in
this kind of work.
In the case of SN 2014G, attention had to be
shared with the nearby Type Ia SN 2014J. Even
without competition for time and resources it would
be difficult to coordinate a SNe lightcurve for SN
2014G with high temporal cadence using only professional telescopes. Non-professionals represent an
additional untapped resource well suited for crowd
sourcing observations.
To encourage maximum voluntary participation
in the project we considered the bare minimum we
could require from observers to achieve good results.
Non-professionals often have limited time and resources devoted to astronomy. Rigorous requirements
can discourage them. The professional world awards
telescope time through a comprehensive peer review
process. Non-professionals pick targets based on personal interest and the positive feedback they receive
on their work. We were optimistic that we could attract good observers by adopting a lower threshold
for participation, offering friendly feedback and
coaching to help each make a high quality contribution, and finding ways to reward them including:
praise, recognition, and credit for their contributions.
We also made a conscious effort to build a cooperative spirit and community in the group. New volunteers were formally introduced to the team as they
joined and each team member had the contact information for other team members. The observers were
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encouraged to discuss their observing plans with the
group to avoid overlap in effort. Most of the communication with observers that did not include individual advice were conducted as group emails that included everyone in the discussion. We maintained a
web page for the project at
https://edocs.uis.edu/jmart5/www/barber/
sn2014g.html
that was updated regularly, including a list of observations that had been recently added to the plots so
that participants (and those who might be consider
joining our effort) could track our overall progress.

2.2

Requirements and Expectations

Our expectations for non-professionals were not
lower. They were different and considerate of their
experience and resources. To decide what we should
adopt as standards, we critically approached our own
expectations from their point of view. Professionals
typically have multiple standard filters with a high
grade CCD (usually back-thinned with good blue
response) and have made an effort to determine the
transformation coefficients for their system. Nonprofessionals more typically have one or two standard filters, a less efficient front-illuminated CCD
camera, and are less likely to have considered the
transformation coefficients for their system. In our
experience most non-professionals are (like many
humans in general) eager to learn, generally willing
to try new things, and curious about optimizing the
system they have. They might try something out and,
like any independent operator, just decide it is not for
them. We reminded ourselves frequently that these
were volunteers and made a point to never take it
personally when they decided to focus on something
else. One of the benefits of crowd sourcing is that the
effort is shared so that individuals are free to devote
time when they are available without too much impact on the collective effort. Like professionals, positive experiences encourage non-professionals to invest more time, effort, and resources in scientific
projects that have measurable benefit to the larger
community.
For the SN 2014G project we adopted the following requirements:
•

Image quality must be good and images
must be properly dark subtracted, flatfielded, and delivered in FITS format.

•

The time and date and circumstances of the
images must be reported with reasonable accuracy.

Martin: Crowd Sourced Lightcurve for SN 2014

•

Exposure times must be sufficient to get
good signal to noise in the target and comparison stars.

•

Images must be taken with Johnson V and
other standard filters.

•

At some point during the project high quality images must be obtained of M67 in each
of the standard filters that were used to image SN 2014G.

While supernovae lightcurves are more typically
observed in Johnson B, the most widely available
standard filter is Johnson V. The throughput for the
B-band can also be low when combined with the response curve of more commonly available fontilluminated CCDs. With this in mind, we required all
observers to contribute V images and made that band
our top priority. In order after that we prioritized
Johnson B, Cousins I, and Cousins R, which is consistent with the advice most commonly given by the
AAVSO (American Association of Variable Star
Observers).
We did not collect unfiltered CCD images. The
response of different CCDs can be quantitatively
much more over the full range of atmospheric transparency than it is over the well-defined range of a
standard broadband filter. We already accepted several unrestricted variables in our experiment and
postponed tackling the issues of unfiltered CCD images for another time.
We did not require observers to add standard
keywords to their FITS images. We required that the
time and circumstance of the observations were recorded and delivered to us with the images. We offered friendly advice and feedback about what would
make post-processing easier. However, in our experience it is possible to make good images without understanding FITS headers and insisting on them could
cost us more than we would gain by requiring them
for this project.
The images of M67 were required as a standard
field and were used to calculate standard photometric
transformations for each telescope/camera system.
While those transformations do not fully correct the
system’s magnitudes for a non-blackbody supernova
spectrum, Munari et al (2013a) recommend it as a
necessary first step in their LMM method. The project fortuitously coincided with a time of year when
M67 was favorably positioned in the mid to late
evening for observations. We also learned that many
non-professionals are eager to learn more about
standard transformation coefficients and were grateful to have that done for their telescope/camera system.

Three of our observers used the iTelescope service (http://www.itelescope.net) to obtain the images
they contributed. iTelescope determines the standard
transformation coefficients for each of their systems
and publishes them so we waived the requirement of
standard exposures of M67 for images taken using
those telescopes.

2.3

Data Analysis

Table 1 is a roster of the observers participating
in the SN 2014G project along with a brief description of their telescope/camera system and the filters
they used to observe SN 2014G.
Each telescope/camera combination had a different field of view and pixel scale. Usually we deal
with the personalities of only one telescope/camera
system for a project. Including images taken with ten
different systems complicated efforts to uniformly
extract photometry. During this project we developed
a working understanding the point spread functions
and unique personality traits of each equipment setup. We frequently relied on the operators/owners of
the systems to share their experience optimizing their
own setup. With that knowledge we developed a
method to uniformly select optimal and consistent
apertures and sky annuli across our entire image set.
The photometry used eleven comparison stars
ranging in V magnitude from 12.1 to 16.4 that were
selected by the AAVSO sequence team according to
their published guidelines:
https://sites.google.com/site/aavsosequenceteam/
sequence-creation-and-revision-guidelines
The field of view for some of the telescopes excluded a number of comparisons so in those cases a
subset was used to calculate the brightness of the
target. As part of our data processing, we will simulate the effect of using a subset of the comparisons on
the final results and calculate a correction for those
cases.
We processed the images of M67 and determined
the necessary standard transformation coefficients for
each system. After applying those and the other corrections we will perform the LMM method of Munari
et al. (2013a). At this point we have only preliminary
data. We are hopeful that after the full analysis is
complete we will meet or exceed our goals for precision in the lightcurve of SN 2014G.

2.4

Crediting Participants and Use of Data

Another consideration was proprietary used of
the contributed data and images. In our previous experience, many non-professionals had been unfamil-
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Name

Location

Telescope

Filters

Douglas Barrett

St. Leger
Bridereix, France

Altair-Astro 8"
Ritchey-Chretien +
SBIG ST7ME

V

Alberto Silva Betzler

Universidade
Federal do
Reconcavo da Bahia,
Cruz Das Almas,
Brazil

iTelescope:

B,V,
R,I

Andy Cason

Dawsonville,
Georgia, USA

iT21

10-inch LX200 + SBIG
ST8
iTelescope: iT5,
iT11, iT21, iT24

B,V

B,V,R,I

Tõnis Eenmäe

Tartu Observatory,
Tartu, Estonia

Planewave CDK 12.5inch + Apogee Alta
U42 camera

B,V,R,I

Raymond Kneip

Luxembourg

iTelescope:
iT18, iT24

B,V

Massimiliano Martignoni

Magnago, Italy

S-C 25cm-f/10.0
telescope + KAF0261E
CCD camera

B,V,I

John Martin

UIS Barber
Observatory,
Springfield,
Illinois, USA

Barber 20-inch R-C
reflector + Apogee
Alta U42 Camera

B,V,
R,I

iT11,

Table 1. A roster of volunteers, their telescopes and cameras, and the filters they used to take images of

iar with the concept of proprietary data and avoided
participating in projects that put restrictions on what
they do with their own observations. Professionals
and non-professionals are rightfully concerned about
earning credit for their own work. Giving someone
else control over how the fruits of your labor are distributed and credited requires a degree of trust that
can give one pause when they consider joining an
effort. To address this concern and build trust, we
adopted a policy that clearly stated each observer still
“owned” the images and data that they contributed to
the project. They were told that they could measure
their own photometry and submit it to the International AAVSO Database (IAD) or any other forum at
any time under their own name. We promised that all
contributors would be acknowledged and/or included
as coauthors on any publication using any part of
their contribution. We also offered at the conclusion
of the project to return the fully reduced photometry
in a formatted file that could be easily uploaded to
the IAD under their unique user ID.

3.

Conclusions

As of the beginning of May 2014, we have over
100 days of data sampled at a frequency of about two
images every two days for the first 80 days and less
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frequently since. At late times the diminished brightness of the target has put it beyond the practical reach
of all but a few of our volunteers. The preliminary
lightcurve published on the webpage for the project
looks promising. There are hints of a few interesting
features, but nothing like the repeated bumps that
were observed in the 2012-B outburst of SN 2009ip.
We are hopeful that when we complete our postprocessing that we will meet or exceed all the goals
we had for the lightcurve of SN 2014G.

4.
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Observations of Novae from ROAD
Franz-Josef Hambsch
VVS, AAVSO, BAV, GEOS
Oude Bleken 12, B- 2400 Mol, Belgium
M31@telenet.be

Abstract
The author discusses observations of galactic novae and some extragalactic supernovae from his remote observatory ROAD (Remote Observatory Atacama Desert) he commenced in August 2011 with Nova Lupi 2011 (PR
Lup). The observed novae are mainly chosen according to alert notices and special notices of the AAVSO as
published on their website. Examples of dense observations of different novae are presented. The focus goes to
the different behaviors of their light curves. It also demonstrates the capability of the remote observatory ROAD.

1.

Introduction

Galactic novae and extragalactic supernovae
seem to be a very intensive field of research in professional astronomy. Just recently (2013) a conference on Stella Novae: Past and Future Decades was
held in Cape Town
http://www.ast.uct.ac.za/stellanovae2013/
It was mentioned in one of the presentations,
which are available in internet, that more than 700
refereed papers on the subject of novae were published in the past decade.
The author started to observe novae based on requests from the AAVSO and different mailing list
(mainly VSNET and CVNET).
Due to the very good observing possibilities at
the remote observatory (300+ clear nights) intense
observations of those stars were possible. Those observations are mainly done as snapshots every clear
night and sometimes also as time series if of interest.
During the many clear nights at the remote site a
lot of data is being gathered on many stars. In the
present paper a selection of novae is presented with
their respective light curves based on data from the
AAVSO including the ones of the author.

2.

gets clear. Belgium is neither famous about its
weather nor its light pollution, nevertheless there is
still some room for interesting observations. The telescope is a Celestron C11 working at f/6.3. The telescope is equipped with an SBIG ST8XME CCD
camera using BVRI photometric filters. Soon a
Staranalyser SA200 grid for low resolution spectroscopic investigations will be installed, too.
Fig. 1 shows an image of the remote telescope in
Chile in operation during night. It is housed in a
clamshell dome, making easy movement of the telescope possible without the need to follow with a shutter of a normal dome.
Images of a night’s session are acquired with
CCDCommander automation software. Further analysis in terms of determination of the brightness of the
stars is done using a program developed by P. de
Ponthierre (2010). The data are then finally submitted
to the AAVSO.

Observatory

The remote observatory in Chile houses a 40-cm
f/6.8 Optimized Dall-Kirkham (ODK) from Orion
Optics, England. The CCD camera is from FLI and
contains a Kodak 16803 CCD chip with 4Kx4K pixels of 9-μm size. The filter wheel is also from FLI
and contains photometric BVI filters from Astrodon.
In Belgium, where the author lives, a roll-offroof observatory is used in addition for variable star
observations from the Northern hemisphere, if it ever

Fig. 1. Photo of the remote telescope installation in Chile
in operation at night.

3.

Novae

The observations at the remote site started on
August, 1, 2011. The first nova which was observed
was Nova Lupus 2011 (PR Lup). But before we start
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to discuss the observations we should look at what is
known about novae in literature. Since the author is
not a specialist in this field, nor a professional astronomer, he has to rely on the internet and e-mail
information on relevant literature. The most comprehensive paper is probably the one of Strope et al.
(2010). It contains a catalog of 93 nova light curves
with a classification of the light curves (see Fig. 2)
and a list of properties of the novae, like peak magnitudes, decline speeds etc.

tional observations found in the AAVSO international database. BVI photometric filters were used.

4.

Nova Cen 2012-2 (V1368 Cen)

A new star in Centarus was discovered by J.
Seach, Chatsworth Island, NSW, Australia on April
4.765, 2012, using a DSLR with a 50-mm f/1.0 lens.
It was the second nova discovered in the constellation
Centaurus in 2012. It was assigned the identifier TCP
J14250600-5845360 and was published on the Transient Object Confirmation page of the IAU Central
Bureau for Astronomical Telegrams
http://www.cbat.eps.harvard.edu/unconf/tocp.html
Due to the very short focal length of only 50-mm
the position of the nova was not very well known. A
better astrometry position was determined with the 2m Faulkes Telescope South by E. Guido, G. Sostero
and N. Howes. A spectroscopic confirmation observation of the novae was performed by T. Bohlsen.
As one can see from the light curve in Fig. 3, the
nova was discovered before maximum light. Observations at ROAD were started already as early as
April 5.902, hence just a bit more than one day after
the initial discovery. Observations were continued
over 46 nights in V and I band filters (see Fig. 3). A
smooth behavior of the light curve was observed (Stype light curve).

9.
Fig. 2. Different prototypes of novae based on the form
of their light curve.

One of the problems mentioned in this paper is
the fact that only very few of the brightest novae
were followed more extensively down to quiescence
mainly by amateurs and only two of them by professionals. Hence, there is still room for amateur observations if they are done in a more systematic way.
The covered light curves of novae in this paper are
mainly based on observations from the AAVSO international database. The database contains more than
double the number of novae, but only those covered
in the article have a decent number of observations.
In the paper the light curves could be classified according to 7 different types, which are called classes.
The prototype light curves of the different classes are
given in Fig. 2.
In the following a few examples of novae observations from the remote observatory are given. Not
all classes could be observed. All images shown are
based on own observations (blue squares) and addi-
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Nova Mon 2012 (V0959 Mon)

Nova Monoceros 2012 (V0959 Mon) was discovered on August, 9.8048 UT, 2012 by S. Fujikawa
(Kagawa, Japan) using a 105 mm FL camera lens and
a CCD camera at mag. 9.4 with a clear filter. It was
assigned the identifier PNV J06393874+0553520.
Remote observations at ROAD started on Aug.
12.918 using V and I band filters. The nova was followed both from Chile and New Mexico. Both snapshot and long time series observations were done.
From New Mexico using two different telescopes and
observing the stars over its full observing period during several nights BVRI time series could be acquired. An analysis of those time series confirmed the
7.1h period of this stars (Hambsch et al., 2013), discovered in UV/X-ray observations of this nova (Osborne et al., 2013). As one can see the observations
have continued from the discovery until now, only
interrupted by the fact that the star’s observing season ended.

Hambsch: Observations of Novae from ROAD

Fig. 3. Light curve of the Nova Cen 2012-2 (V1358 Cen) based on observations found in
the AAVSO database. The blue squares are observations taken remotely at ROAD.

Fig. 4. Light curve of the Nova Mon 2012 (V0959 Mon) based on observations found in the
AAVSO database. The blue squares are observations taken remotely at ROAD.

Fig. 5. Phase diagram of nova Mon 2012 with P = 0.29575 ± 0.0005 d = 7.098 h.
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Fig. 6. Light curve of the Nova Oph 2012 (V2676 Oph) based on observations found in the
AAVSO database. The blue squares are observations taken remotely at ROAD.

Fig. 7. Light curve of Nova Sgr 2014 (PNV J18250860-2236024) based on observations
found in the AAVSO database. The blue squares are observations taken remotely at
ROAD.

Fig. 8. Light curve of the Supernova SN2013aa in NGC5643 based on observations found
in the AAVSO database. The blue squares are observations taken remotely at ROAD.
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There is a clear behavior visible that I band magnitudes do not behave in a parallel way as the V band
magnitudes. Maybe this nova could be regarded as a
member of either the smooth or plateau class.
Fig. 5 shows the phase diagram of the time series
observations from New Mexico. A period of P =
7.098 h was used to generate the image.

10.

Nova Oph 2012 (V2676 Oph)

This nova in Ophiuchus has been discovered by
H. Nishimura, Mar. 25.789, 2012 using a Canon 200mm f/3.2 lens with a Canon EOS 5D digital camera.
It was assigned the identifier PNV J172607082551454. On Mar. 27.74 low resolution spectra were
taken at the 1.3m Araki telescope at the Koyama Astronomical Observatory (KAO) to confirm the new
object as a classical nova.
Observations started at ROAD on Mar. 28.865
UT using V and I band filters. Observations were
conducted as snapshots during 42 nights. Fig. 6
shows the light curve based on all observations found
in the AAVSO international database. Clearly the
shape of the light curve is very different to the previous ones and shows a kind of jitter or oscillations
yielding a light curve showing minima and maxima
until after about 85 days an abrupt decline started.
Unfortunately no further observations have been performed after this drop.

11.

tude in both I and V band is visible. It will be interested to see the further behavior of this star in the
months to come.

12.

Supernova SN2013aa in NGC5643

This supernova in NGC5643, a galaxy in the
constellation Lupus was observed after an e-mail
alert. It was discovered on Feb. 13.621, 2013. Its
identifier is PSN J14323388-4413278. In Fig. 6 observations of the AAVSO database are shown of
which observations from ROAD form the majority.
Observations started as snapshots on Feb. 15.895 UT
in V and I band filters. From Fig. 6 it is obvious that
in I band the light curve showed a second brightening
about 40 days after the maximum brightness. Also
the V maximum brightness came after the I band
maximum by about 10 days. Then the supernova was
brighter in V band for about 20 days compared to the
I band brightness.
Observations extended over a period of 171
nights only with a few interruptions due to bad
weather.

13.

Nova Trianguli Australis 2008
(NR TrA)

Nova Sgr 2014
(PNV J18250860-2236024)

Another example of a recently newly discovered
nova in Sagittarius is Nova Sgr 2014 (PNV
J18250860-2236024). It has been discovered by S.
Furuyama, Ibaraki-ken, Japan on Jan. 26.857, 2014
using a 200-mm f/2.8 lens and CCD camera. A lowdispersion spectrum (R about 980 at 650 nm) of the
object was obtained using the 2-m Nayuta telescope
at the Nishi-Harima Astronomical observatory, Japan, which confirmed the nature of the object as a
nova.
Observations started on Jan. 28.393, using V and
I band filters. Observations were conducted as snapshots one and a half day after the discovery. Observations are still ongoing as the nova is still bright.
Fig. 7 shows the light curve based on all observations sent to the AAVSO. Looking at the blue
squares as the observation from the author it is clear
that the data from ROAD are the majority for this
star. From the light curve it is clear that oscillations
in the brightness of the nova exist and it belongs to
the oscillation class. Since about 20 days the lights
curve has change its behavior and a drop in magni-

Fig. 9. Phase diagram of NR TrA with P = 5.259 ± 0.003 h.

This nova was observed in collaboration with the
Centre of Backyard Astrophysics (CBA). The nova
was shining at about mag 8.5 in April 2008. Time
series observations were started Mar. 27, 2013 and
lasted for 33 nights. The present brightness of this
nova is around mag. 15.5. Fig. 9 shows the phase
diagram of the observations. This figure was generated using a period of 5.259 ± 0.003 h.
This period is very close to the one observed at
the CTIO 1.3-m telescope in Chile. This CTIO result
has been presented at the conference mentioned in
the introduction in 2013 in Cape Town (SA). The
presentations given can be found on the website of
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the conference. It shows that with amateur equipment
and many clear nights results can be achieved which
are comparable to professional investigations.

14.

Conclusion

The remote observatory under pristine skies in
the Atacama Desert opens up many possibilities to
observe variable stars. Intensive follow-up observations over many days, weeks or even months are possible due to the stable weather conditions. The given
examples show impressively what is possible. Collaborations are searched for in order to contribute to
scientific research of common interest.
For this research the information given in
AAVSO Alert and Special notices has been used.
Also the information given in the VSX database is
used.

15.
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Impact of Observing Parameters on
17 Nights with Nova Del 2013
Wayne L. Green
Boulder Astronomy and Space Society
7131 Oriole Lane, Longmont CO, 80503
dxwayne@gmail.com

Abstract
Nova Del 2013 was reported in Astronomer’s Telegram #5279 (PNV 20233073+2046041) on 2013 Aug. 14. On
the following day, the University of Colorado, Boulder granted our observing request for use of the R3000-5000
spectrograph attached to the their 60-cm telescope. The planning, operational approach, analysis techniques,
results, issues, and operational conclusions for data taken from 15 August through 2 September are reported
here.

1.

Introduction

The Boulder Astronomy and Space Society
(BASS) caught wind of PNV J20233073+2046041
on the 15 Aug. 2013 and made an immediate request
for observing time with the R3000-5000 Boller and
Chivens spectrograph on the University of Colorado's
60-cm (24-inch) research telescope. While the nova
was bright and well positioned for observing, the site
was under a seasonal Arizona Monsoonal weather
pattern. The hour-angle of the object supported observations into the early pre-dawn time. Data were
collected during intermittent clear periods in the
range of 3,800-7,800 angstroms. Reports by the
French “spectro-l message group” facilitated nightly
adjustments to the plan since they were east of us by
about 8 hours. A total of 51 spectra, 37 of the nova
and 14 of reference stars were made yielding 8.7 Giga-bytes of intermediate results.

stroms per 11 micron pixel. Slit widths of 25 and 54
microns (1.15 and 2.5 arc-seconds) were used.
The camera was controlled by RandomFactory
software and ds9, both running on a Raspberry Pi
single-board computer attached to the telescope. An
older Macbook Pro provided the X-Server connection
via ssh. This solved the problem of a long-run of the
USB cable.
Abnormal weather conditions existed across the
entire observational period, including high relative
humidity and mixed clouds characteristic of the Arizona Moonsonal flow. Initial observations were made
ad-hoc to gain a re-familiarization with the instrumental setup. The spectrograph requires a lot of manual intervention, especially with focus as it varies
with temperature and grating angle. No attempt to
maximize parallatic angle was made. The ds9 program was used for focus by saving a region for a
good line-sequence and reloading for each focus image.
A cell-phone snapshot was mailed in the middle
of the night to a fellow researcher, remotely observing from the CU campus with the 3.5 meter Apache
Point telescope and the Triple-Spec spectrograph.
The telescope was closed due to their own local
weather issues. His response was to hammer away.
Observations began in earnest after that.

2.
Figure 1: AAVSO light curve spanning dates of program
observations.

These data were taken with a Boller-Chivens
R5000 spectrograph and a Peltier-cooled Apogee
U1109 camera, nominally cooled to –20C° under
ambient. The grating is a 4800 l/cm blazed nominally
for 4,500 angstroms. The dispersion is 1.04 ang-

Observations

Darks, zeros, and flats were obtained during early evening. The scope would be parked and the dome
opened when weather was deemed safe. The target
would be acquired and a 'run' would commence. First
the auto-guider would be initialized. The guider display provided seeing condition information.
The university observatory is very well placed
for students and poorly placed for astronomy. The
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facility is within walking distance of the front-range
foothills. The observatory is generally leeward of the
foothills causing turbulent air flow resulting in seeing
on the order of 3-4 arc-seconds for a nominal night.
A run consisted of focusing the spectrograph, as
it pointed to the target, by setting to the smallest slit
and using ds9 to choose between values from the
focuser's dial indicator. The slit matching seeing conditions would be reset and a 3-3-3 sequence started.
The strategy called for 3 pre-comparison images, 3
science images, 3 post-comparison images. The comparison lamps use separate low voltage HeNe and Ar
bulbs. The telescope would be moved to a nearby
spectrophotometric reference star and 3-3-3 reference
sequence obtained. Weather and time permitting, the
spectrograph's grating angle would be changed to the
'other' end of the spectrum and new run of 3-3-3 target sequence followed by a 3-3-3 reference star sequences would be taken.
It was often the case that only partial runs at one
spectrograph setting could be completed in a night.
The run would usually commence using the spectrograph's last setting to capture night-to-night
changes of the target. Exposures would be aborted if
the 6-inch guide telescope lost tracking ability due to
passing clouds. Weather interruptions would result in
varying shifts in the spectra due to tube flexure, etc.
over the 3-3-3 extended sequence.
Early one evening, during especially bad weather, data for a handbook with comparison images for
each setting on the spectrograph at each of its marked
settings from deep blue to past 1-micron was collected. Line intensity varied as the lamps warmed. The
handbook of these annotated comp images facilitated
comparison line identification, during the reduction
process.
This exercise is recommended for all spectrographs. Reproducing the document periodically will
document lamp changes. This makes an excellent
first exercise for a spectroscopy course.
ADU counts for the Hydrogen alpha line on the
order of 51,000 at a gain of 1.0 were noted, and presumed to be well within saturation. This was an error.
Later in the program, while visually aligning the target in the guide scope, the star's remarkably red appearance was noticed. A quick series of very short
exposures proved that the camera was saturating at
exposures levels previously used. This demonstrated
we had compromised the majority of Hydrogen observations. A few serendipitous observations due to
cloud obscuration helped to confine Hydrogen alpha
lines but with no trusted science value.
The program terminated on 3 September to allow
a CU course to start their semester's programs. The
exposure times were becoming very long.
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3.

Data Reduction

The reductions were performed with IRAF and
the twodspec/apextract package. The steps began
with building the master zero image. The master zero
is subtracted from darks to build the master dark
frame. The images were zero subtracted, then dark
subtracted to obtain the raw science image. The apall
task on the science image extracted and characterized
the dispersion axis for the main image.
The apall task was first applied to the science
image to obtain the exact dispersion axis of the nova's
image. It was then applied to the comparison image
using the science image as reference. This assured the
comp-lines come from the same patch of pixels along
the dispersion axis. The identify task was used together with the comp-line booklet produced during
the run. The dispcor task was used to produce final
science images. The dispcor task was applied a second time to produce a multi-spectrum file with a
complete WCS (spectral world coordinate) solution.
The flat images were not trusted as the flex due to
telescope repositioning was noticeable and weather
impacts were severe.
The comparison lamp spectra from the start till
end of several sequences were subtracted with the
imarith task. Flexure was noted across each run, especially between science and reference locations.
Preparation of the master zero and dark images were
performed with custom photometry pipeline routines.

4.

Operational Results

The net effect of this work was to refine the observational approach to be used with the spectrograph
for future work. The observational cadence strategy
is to shoot a comparison lamp image after each spectral image to reduce error from flexure over long exposures.
The amount of flexure between a target position
and the flat screen meant some loss of accuracy was
introduced while making the flats. Sky flats may be
more appropriate.
Analysis was performed with IRAF using the
NOAO twodspec and apextract packages. Master
zeros, flats and darks were prepared but not employed for this paper. The noise from the atmosphere
was made apparent by the noise frames produced by
the IRAF splot package.
A special program was developed in Python to
produce publication quality graphs from IRAF multispec files. The data are extracted and converted to
.dat files, common to other utilities. This allows overplotting several nights of data, including astrophysical lines germane to the objects.

Green: Nova Del 2013 Observations

profile. The usual lambda over d-lambda is taken
from the dispersion data. The splot velocity image
was hacked with emacs to make it more visible here.

Figure 2: Flexure obtained by subtracting a comparison
image from the beginning of a sequence from one at the
end.

5.

Discussion

Figure 4. IRAF splot image of Hydrogen-beta line displayed with velocity scale.

The reduced images clearly show the fireball
stage early in the nova's life. The prominent P-Cygni
profile is very evident. The nova quickly progressed
into the period where the expanding shell is optically
thick. The observations concluded just as the nova
moved into later evolutionary stages.

Figure 5. Hydrogen beta line profile changes across 15
Aug to 30 Aug, with related lines shown in LFR.

Figure 3. Hydrogen alpha line profile changes across 17
Aug to 28 Aug, with related lines shown in LFR.

Figures show the changes in the Hydrogen lines,
displayed from the bottom for earlier dates. The
changes in the P-Cygni profile were fast. The opaque
shell shows changes in other features.
The IRAF splot program allows zooming into a
line area and displaying features against a velocity

The asymmetry in P Cygni profile provides wind
velocity and shell density information. As the shell
expands, the opacity opens up and blue light filters
out more easily. This happens quickly with novae of
this type and was the case for Nova Del 2013.
The effective widths of features are easily determined using the IRAF splot task. In this case, the
Hydrogen beta line is examined. The effictive widths
were with uncalibrated flux values.
The main window is zoomed into the feature using a w-e-e command 'riff'. The colon command
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“:log” is used to start logging. An e-e riff is used
across the whole P-Cygni feature, results in a reference line. A second e-e riff is made from the red side
to the crossing point of the reference line with the
rising middle edge of the feature. A third e-e riff is
used from the crossing point back to the blue-start of
the feature. This yields effective width's for the two
sides of the feature. In figure: e1 to e2; e3 to e4; e5 to
e6 creates EW values recorded into the file splot.log.
These values, if trusted are redeemed from the
log for proper analysis. Comments may be added to
the log with the colon-command “:# … comment “.
The log is local to the analysis directory.

Figure 6. Results from IRAF task splot, reduced effective
widths for Hydrogen beta P-Cygni profile.

6.

Conclusions

Science happens regardless of the weather. The
late summer conditions presented usable seeing but
with high water content. The relative humidity within
the dome and surrounding air was high. The ds9
quick manual focus technique helped maximize time
on target. The use of a quick and dirty analysis of
each spectrum was not used during these runs - and
should have been. This technique has now been added to observing strategy. The comparison image
handbook, even in pixel coordinates, would have
helped assure the grating angle was uniformly set.
These images have been rendered with notes in the
documentation. The Hydrogen alpha and beta lines
were saturated reducing our ability to infer reddening
along the LOS for the target.
A new run sequence strategy of setting the grating; seek to target; focus; seek/take flat; seek to target and use the strategy of a a comp - science comp move comp-reference-comp is recommended to
maximize throughput with two grating angles under
roughly same airmass and weather. Additional compscience segments should be added to allow co-adding
spectra for dimmer targets. The comp-science-comp
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is preferred to the 3-3-3 method to reduce flexure
over long exposures. The reference exposure of
bright comparison stars are short enough not to need
a following comp exposure.
Full characterization of the science camera is
needed. Setting the gain such that the ADU counts
maximize as the chip enters its upper non-linear region prevents clipping issues for visiting observers.

7.
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Recovering From the Classical-Nova Disaster
Joseph Patterson
Center for Backyard Astrophysics

Abstract
Classical novae rise from obscurity to shine among the brightest stars in the Galaxy. The story of how they return
to quiescence is still only dimly known. Vast amounts of energy are loosed upon the white dwarf and its companion, and the light curves of post-novae suggest that they take not a few years, but a few thousand years, to return to quiescence. In the meantime, the secondary may experience a lot of heating from the white dwarf's radiation - enough to overwhelm its intrinsic nuclear luminosity. I'll discuss the stellar physics behind this suggestion,
and propose how it might be tested by time-series photometry in the months and years (and if possible, centuries) after outburst.

1.

Introduction: The Textbook
Classical Nova

It's dangerous to place hydrogen on a white
dwarf. For temperatures above ~20,000 K, most of
the hydrogen is ionized, and if the conditions are
right, the protons are then vulnerable to H->He fusion.
There's no problem at low density, because the
protons don't find each other; and no problem at low
temperature, because Coulomb repulsion keeps the
protons apart. At high temperature (~10 million K)
and high density (100 g/cm3), fusion can occur, and
this is the prescription for nuclear reactions in the
interiors of stars like the Sun. The fuel consumption
sounds prodigious ("six hundred million tons of hydrogen per second"), but it's a steady and benign prescription, because the heat release slightly expands
the burning region, and that expansion cools the
burning region slightly – just enough to keep the
temperature from running away. Presto, you have a
main sequence star.
White dwarfs can't do this, because prior stellar
evolution has stripped them of hydrogen. The great
majority are pure carbon, or pure helium. You might
have heard of "DA white dwarfs", showing rather
pure hydrogen in the spectrum – but this is the result
of diffusion. Heavier elements have sunk, and the H
spectrum is formed by a tiny layer of H right at the
surface (where the temperature and density are modest). Figure 1 shows a garden-variety white dwarf
(WD).
Now start piling H on the surface, which happens in a close binary system. After 10-4 MSun has
accreted, conditions at the base of the envelope (i.e.,
at the outer edge of the core) are prime for nuclear
ignition. The temperature and density here are now
quite high – high enough to begin nuclear reactions.

Because the core is supported by degeneracy pressure, not thermal pressure, it does not expand and
cool; it heats up, so the reaction rate increases, so it
heats up more, so the reaction rate increases still
more, etc. Thus occurs a thermal runaway. All that
heat violently ejects the overlying 10-4 MSun. This is a
classical nova, as seen by theorists.

Figure 1. The core and envelope (dotted) of a white
dwarf. Danger lurks at the core-envelope boundary,
where T and ρ are both high – and the igniter (hydrogen)
is present.

The ejected shell is initially very opaque; 10-4
MSun is a lot of matter! Increasing rapidly in area, the
shell brightens to MV~ -8, and the spectrum looks
like an A supergiant. Then the shell thins out and
goes transparent. Now we can see down to the inner
binary; and lo and behold, a very hot dwarf
(~500,000 K) becomes visible to soft X-ray telescopes. Eventually that soft X-ray source fades, and
the star returns to quiescence as a normal CV pow-
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ered by mass transfer. This is a classical nova, as
seen by observers.

2.

rates (10-10 MSun/yr), are intrinsically much fainter
(MV ~ +10), and thus can more accurately track the
true evolution of the nova.

Filling in the Details
4.

These views comprise the basic working hypotheses of essentially everyone studying classical novae
nowadays. That doesn't make them “correct,” but
they’re not currently under challenge. However,
many remaining details are up for grabs, e.g., the
timescale of these events. The basic picture hypothesizes:
1. One very sudden, faster than any observed
timescales, and spherically symmetric ejection.
2. A return to quiescence after a few years.
Recent studies of the ejected shells prove that the
shells are not spherically symmetric – not even close
– and also suggest the existence of multiple ejections,
stretching over weeks to months. So item (1) will
likely soon be replaced by something new and improved. As for (2), we think that’s overdue for retirement as well. That's the subject of this paper.

3.

The Post-Nova

Simple inspection of the light curves suggests
that “a few years” is the correct timescale for return
to quiescence. Robinson (1975) studied the preeruption magnitudes, as recorded on archival photographic plates, and concluded that essentially all novae are equally bright before and after outburst. His
data had a post-eruption time baseline ~10-70 years,
so this was taken to mean a return to quiescence in <
20 years. This much-cited result has graduated into
the category of “conventional wisdom.”
None of the forgoing discussion refers to the orbital period of the binary. Does POrb matter at all?
The powerful events of the nova are seated in the
WD, the secondary star is just slowly feeding the WD
with matter, and return to quiescence is presumably
some kind of WD cooling process. Seemingly, POrb
shouldn't matter.
However, all the novae studied by Robinson
were of long POrb, and those stars have powerful
mechanisms (called “magnetic braking”, though the
true mechanism is unknown) for stimulating mass
transfer at 10-8 MSun/yr. So they probably can’t fade
any farther, and a more accurate statement of Robinson’s result could be merely “a few years to fade to
10-8 MSun/yr (corresponding to MV~ +4).” To study
the fading of novae, it would be better to look at stars
of short POrb, which transfer matter at much lower
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BK Lyn Points the Way

I started thinking about these matters again two
years ago, when we identified a classical nova that
was observed by Chinese astronomers on December
30 in the year 101. Actually, it was identified by an
amateur astronomer, Keith Hertzog, in a 1986 paper
(Hertzog, 1986). For whatever reason, this was unknown or ignored by everyone, including me, although he had written a letter to me about it! Anyway, in the 1990s I became extremely interested in
superhumps, the large-amplitude waves sprouted by
dwarf novae during their brighter outbursts (“superoutbursts”). Every dwarf nova with POrb
< 2 hrs showed these waves, and we found many old
novae and novalike variables did as well. During our
survey we found superhumps in BK Lyn, which wasn't surprising since its POrb (103 min) was in the regime where every star accreting at a high rate, even
temporarily, showed these waves. Eventually the
phenomenon came to be understood as the result of
an eccentric instability which develops at the 3:1 orbital resonance of an accretion disk (Whitehurst,
1988, and about 100 subsequent papers).
The BK Lyn mystery was: why is it accreting at
such a high rate? Below the period gap, there are
~500 known or very probable dwarf novae, 5 classical novae, and just 1 novalike variable (BK Lyn).
One out of 500, that's not many, but theory says there
should be zero because short-period CVs should be
entirely powered by gravitational radiation, which
proceeds at a known rate and can only power an accretion rate of 10-10 MSun/yr, come hell or high water.
But the brightness of BK Lyn appears to demand an
accretion rate of 10-8 MSun /yr. What powers it at such
a high rate?
I should have remembered Hertzog's paper at
that point, but I didn't. The star provided another big
hint in 2012, when the mean brightness faded slightly
and the star turned into an indisputable dwarf nova!
Theory predicts that should occur to most classical
novae as they fade in light, but doesn't specify the
timescale for its occurrence. Only one other nova
(GK Per = Nova Per 1901) has ever clearly done that,
but with POrb = 1.99 days, it resides far outside the
bounds of CV normalcy. Anyway, then I remembered
Hertzog's paper; I re-read it and saw that his argument rests on a very accurate (within 0.25 square
degrees) positional agreement between the modern
CV and the ancient Chinese nova. This extreme accuracy was possible because the Chinese described the

Patterson: Recovering from the Classical-Nova Disaster

guest star as situated right next to the “fourth star of
the constellation Hsien-Yuan” – a star that we today
know as Alpha Lyncis. Other Chinese scholars confirmed this. So, very accurate positional agreement, a
very unusual star (1 in 500), and performing a trick
expected for centuries-old postnovae. It all added up
to a very high probability that BK Lyn = Nova Lyn
101.
So that was nice – “the oldest old nova” – and
spurred us to write a paper about the star (Patterson et
al., 2013). Yet the really important question remains:
why is it still blazing away at MV ~ 5.7, about 100x
brighter than nearly all other CVs of similar period?
Although we could not find any photographic record
of its brightness prior to the year 101, this very likely
contradicts the Robinson rule (“same brightness, before and after outburst”).
It's mighty tempting to suppose that this is an after-effect of the nova eruption, still very obvious 2000
years later.

5.

Follow The Brightness: Short- and
Long-Period Novae

Could this possibly be a general effect in novae,
contrary to Robinson’s rule? We studied the longterm visual brightness history of one nova of long
POrb (V603 Aql = Nova Aql 1918) plus one of short
POrb (V1974 Cyg = Nova Cyg 1992). The former was
the brightest and nearest nova of the 20th century,
and the latter is sometimes called “the nova of the
century” because of the great wealth of observational
detail obtained during and after eruption. (Now that
the century is over, I’d have to say that that supreme
label is deserved). We also like these stars because
we have been studying them with intensive timeseries photometry over the past 20 years.
We used the AAVSO database for this historical
study. That's almost always a good choice, because
visual and V-band photometry tends to minimize
problems with calibration (always a potential threat,
and especially over long time baselines).
The result is shown in Figure 2. Both stars reach
maximum light near MV = –8 and then decline, rapidly at first and then slowly. V603 Aql is now at MV =
+3.5 and still declining (see also Johnson et al.,
2014). V1974 Cyg appears to be in somewhat more
rapid decline, at least in these logarithmic units. Actually, that “more rapid” decline must go on for a
very long time, because just before eruption, sky surveys showed V > 22, and hence MV > +9, at the position of the nova (Collazzi et al., 2009). So the behavior of V603 Aql slightly chips away at Robinson's
rule, and that of V1974 Cyg strongly violates it. We
also put BK Lyn on this plot; at an age of 2000 years,

it’s on a plausible interpolation of the V1974 Cyg
line (assumed to be representative of short-period
novae).

Figure 2. Road map for the decline of classical novae.
Stars of long POrb asymptote around MV > +5, because of
magnetic braking keeps them bright. Stars of short POrb,
ineligible for magnetic braking, follow the "natural" (according to us) decline of a cooling nova.

What about other novae, not shown here? Well,
scores of long-period novae are available for comparison; at the scale of Figure 2, they all substantially
agree with V603 Aql – asymptoting near MV = +4.
Essentially all the novae in Robinson's study were of
long POrb, and the V603 Aql line suggested in Figure
2 is entirely consistent with his result (10-30 years
after outburst basically the same as 10-30 years before). The only other short-period nova available for
comparison is CP Puppis (= Nova Puppis 1942). The
AAVSO light curve for that star, on the scale of Figure 2, is basically identical to that of V1974 Cyg.
Even 72 years after outburst, it remains at least 3.5
magnitudes above the pre-outburst brightness level
(measured by Collazzi et al., 2009).
So, to our eye, Robinson’s rule is slightly violated by the long-period novae, and flatly contradicted
by those of short period.
Finally, although BK Lyn is the only actual novalike among the short-period CVs, there are a few
(5-10) dwarf novae that are significantly brighter than
they are entitled to be under the rule of GR. These are
the ER UMa stars. They are 1-2% of all dwarf novae,
so we estimate their age to be 1-2% of the entire 106
year interval between eruptions. They provide a stage
for BK Lyn to evolve into, on its path to short-POrb
mediocrity (500 objects at ~300,000 yrs).

6.

The Inner Binary, Up Close, and
Personal During Eruption

The nova eruption's origin and powerhouse is
likely to rest solely in the WD; after gas arrives at the
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WD surface, it's unlikely to preserve much memory
of where it came from (or equivalently, the POrb of the
binary). So, guided by Ockham’s Razor, we are inclined to seek an understanding of novae which assumes that all nova outbursts are basically the same
(mutatis mutandis; there is a known dependence on
WD mass, because WD density depends sharply on
mass). When we do the arithmetic on the total radiated energy of the eruption, we always find something
like 2x1046 ergs – roughly independent of POrb and
the nova's “speed class.”
The secondary is very near to this brilliant light
bulb, and must absorb some – about 1% – of its luminosity. We should ask: how will all this extra unwanted energy affect the beleaguered secondary?
Well, binaries of short POrb have secondaries of ~0.1
MSun, and the nuclear luminosity of such a star is just
1030 erg/s – which implies 1038 ergs over the ~ 3
year-long eruption. Thus the nova shines on the secondary for 3 years with an energy 2 million times
greater than provided by the secondary's intrinsic
nuclear luminosity.
Such brilliant illumination must give the secondary a terrible case of sunburn. There should be a
bright spot on the secondary on the side facing the
WD, and as it wheels around, we should see a large
and roughly sinusoidal signal at the orbital period.
Novae should all be monitored for this effect – it's
mandatory for the nova, with three qualifiers:
1. It shouldn't exist near maximum light, when the
ejected shell is opaque and thus obscuring the
view down to the inner binary. The effect
should begin approximately when the soft Xray source first appears (our first view of the
freshly erupted WD); that usually occurs a few
months after maximum light. It should then
gradually decline as the WD cools, over a period of years.
2. It's much less likely to exist in novae with redgiant secondaries – sometimes called “symbiotic novae”. These secondaries generate plenty
of their own nuclear luminosity, and are less
likely to be fazed by the new light bulb shining
in their sky.
3. The observable effect should be zero for those
few binaries orbiting in the plane of the sky
(“face-on”).
How much of this is solidly supported by evidence? We don’t really know, because most professional studies focus on the emission lines from the
outer gas bag (the ejecta). The inner binary has only
weak emission lines, and they're usually overwhelmed by the many lines from the ejecta. So these
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ideas will be mainly tested by time-series photometrists, who can discover the orbital period of novae
when they are still bright and accessible, and even
measure the cooling rate of the WD from the declining amplitude of the heating effect. The latter would
be great to know, and is poorly determined by soft Xray telescopes, which have practically no sensitivity
for WD temperatures below ~300,000 K.

7.

And for The Many Thousand
Years Thereafter

We expect that time-series photometry will reveal
this heating effect in nearly every nova with POrb <1
day (which is to say, practically every nova, period).
However, the above numerical estimate applies just
to the eruption, still leaving unexplained the shocking
part of Figure 2: that short-period novae take many
thousands of years to return to quiescence. Could all
that intense sunburn on the secondary cause a lasting
effect on the star's very structure?
The answer is quite possibly yes – but only for
short POrb. A typical nova secondary is of 0.7 MSun
and thus generates ~1033 erg/s of nuclear luminosity.
That luminosity adds to 3x1044 ergs over the entire
104 year nova cycle. That compares to 2x1044 ergs
estimated above to be incident on the surface during
eruption, and much of this is promptly radiated away
via the predicted heating effect. So no great effect
seems likely, and stars can quickly return to their
natural quiescence, a la V603 Aql in Figure 2. The
short-period secondaries are naturally much less luminous, and hence are much more disturbed by the
eruption. In Section 6 we estimated that nova outstrips nuclear by a factor of 2 million over the first 3
years. Thus over 30000 years, it still outstrips nuclear
by a factor of 200. All that unwanted heat deposited
into the star's atmosphere should make the star expand; and since it fills its Roche lobe to begin with,
this will greatly accelerate the rate of mass transfer –
and hence the brightness of the binary! If true, that
would enable us to understand how crazy-bright BK
Lyn and its short-period friends are, while leaving the
long- POrb novae still roughly in accord with Robinson's rule – if true.
There’s the rub. Amateur astronomers are in a
good position to check on the accuracy and generality
of these ideas. We’d love to see time-series photometry of recently erupted novae, to look for the most
obvious heating effect – from the hot WD itself – and
to see how its amplitude depends on POrb, and changes with time at a fixed POrb. The long-term light
curve, the actual decline of the nova, is also of great
interest. It's often described as complex and idiosyn-
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cratic. Is it really? We've suggested here that they're
all pretty much the same, depending only on POrb.
Finally, our total supply of “old novae” is strangely
biased – more than 100 in the 20th century, 8 in the
19th, 1 in the 18th, and 1 in the 2nd. In the 20th century,
6 were magnitude 1 or brighter. Who is going to find
all those bright novae that went off between 101 and
1783? BK Lyn was found by an amateur, a college
professor of anthropology. He’s no longer available.
Who will do his job now?

8.
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Abstract
In this paper the author discusses the design aspects and considerations of flat field systems. Illumination calculations and construction techniques and materials are investigated. Several actual systems along with testing
methods to determine quality are presented.

1.

Introduction

A flat field image is a representation of an optical path that only shows the optical and instrument
flaws of the path. It is produced by imaging a blank
featureless field that in the absence of optical and
CCD flaws would be an image of an even field of
grey. Alas, the absence of optical and CCD flaws is
seldom found in the real world. Vignetting, reflections, lens flare, scattered light, dirt, CCD gain variations and flaws typically produce an image of gradients, uneven pixels, out-of-focus dust rings and dead
zones. If these artifacts can be imaged in exactly the
same manner as a data image is recorded, they can be
used to remove these flaws from the data image.
The process of CCD image flaw correction or
“flat fielding” is an electronic version of the darkroom “masking” technique used to correct light
falloff in wide-angle photographs. In the case of
CCDs, an image of an evenly lit blank field is taken
under the same optical conditions as the desired data
image (Wodaski 2002). The exposures must be adjusted for about half saturation or “half well” so a
high signal to noise ratio is maintained without risk
of saturation or nonlinearity. All of the flat field pixels are then normalized based on the average pixel
value over the full flat field image and this normalized image is divided into the data image pixel by
pixel. The trick to this whole process is to acquire a
flat field image that does not have artifacts that are
not also found on the data images. Otherwise, the
process would add errors to the final product that did
not appear on the original data image.

2.
2.1

Present State of the Art
Box Flats

Small telescopes have an advantage over large
observatory telescopes in this area. The flat illumination can be produced right at the primary opening of
the telescope (Wodaski 2002), but even this has problems. With fabric, opal glass, or a plastic diffuser
over the end of the telescope, it still has to be illuminated evenly. The illumination is typically provided
by small lamps around the inside corners of a flat
white box with shields on the bulbs to prevent direct
lamp light from impinging on the diffusion screen.
An additional diffusion sheet is used to even it out
further. As the telescope gets larger, much more baffling is required and the box must be deeper.

2.2

Sky Flats

Another popular flat field technique is the sky
flat (Wodaski, 2002). They come in two varieties, the
twilight flat and the blank sky flat.

2.3

Twilight Flats

The twilight flat is taken at twilight facing opposite the Sun and looking at empty, cloudless sky before the stars are visible. Unfortunately, the sky darkens quickly and a full set of 5 flats per filter must be
taken during this fleeting period of about 20 minutes
or so. For all to go well, the sky must be free of cloud
or haze that could produce a gradient. The observer
must be nimble enough to make each exposure and
check each exposure for filter effects and changing
light level in less than a minute. However, with practice, this can be done. (Henden)
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2.4

Blank Sky Flats

The blank sky flat is exposed in the dark of night
using the light from the background sky. In order for
it to work, an area of the sky with very few bright
stars is selected. Several long exposures are then taken after moving the telescope a little bit each time
such that what stars are recorded can be averaged out
by median combining the sets of images. When done
right this can consume a large period of valuable observing time. The light being dominated by spectral
lines and atmospheric emissions rather than a smooth
black body spectra further complicates the process.
(Magnier 2001).

2.5

Dome Flats

Almost every major observatory and many amateurs have an evenly illuminated screen or wall that
can be used as an out of focus flat field. These dome
flats as they are called are convenient and repeatable.
One would think it was easy to create an evenly lit
white target to image for a flat field, just project diffuse light on a screen painted with a color neutral
paint (NOAO 1991). However, even better quality
diffusion darkroom enlargers have light gradients
across their projections. Philip Massey (Massey
1997) states in his Users Guide to CCD Reductions
with IRAF: “It is not unusual to find 5-10% gradients
in the illumination response between a dome flat and
a sky exposure, and this difference will translate directly into a 5-10% error in your photometry.” They
should be combined with sky flats because “...dome
flats alone will leave a low-frequency non-flat scaling
in the images. (Gates, 2002).

2.6

3.
3.1

Creating an Ideal Flat Field
Box Flats

Taking each method separately, the light box is
the easiest to improve. First, a look at how light is
distributed in a reflecting light box.
If a point source of light illuminates a flat surface, the light intensity at any point is proportional to
the cosine of the angle from the surface zenith to the
light source. If the flat surface is an ideal scattering
surface, it will scatter light in a Lambertian distribution (Tulloch 1996) that acts as a point source at each
point on the surface.
In a light box with a tungsten bulb pencil beam
at each corner, a truly flat light distribution over a
diffuser surface is only possible with a box aspect
ratio of one in all dimensions (see Figure 1). Similarly, if bare bulbs are used, the middle portion of the
reflecting surface will have flat illumination. In turn,
the illumination of the diffusion screen at the bottom
of the box will be relatively even in the center but
will still have a small increase around the edges.

Drift Scanning Flats

Several professional and amateur observation
programs (SDSS 2004, TASS 2004, and COAA
2003) involve a fixed telescope with a CCD camera
that tracks images electronically. This is accomplished by marching the pixel charges across the
CCD chip at the same rate as the image drifts across
the chip. Thus, each star image can accumulate over
the total time of a chip transit. However, unlike the
two-dimensional drifting sky, a fixed flat image can
be represented as a single line of pixels such that
each pixel represents an average of an entire column.
The flat field becomes a single dimensional field that
matches the column-by-column variation in the sky
image field (Gunn et. al. 2004).
Figure 1. The Illumination profile from an array of four
Lambertian scatterers radiating downwards onto a plane
(Tulloch 1996).
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3.2

Dome Flats

A similar design could be applied with dome
flats. Instead of a single point projection illumination
of a dome flat, it could be illuminated with a set of
four lights attached to the nose of the telescope
spaced in a cubic array with the flat screen. For added
versatility, multiple lamps of different wavelength
bands could have their own dedicated array.

3.3

Twilight Flats

Improving sky flat methodology is a bit more indirect. Not much can be done to change the sky but
there are changes to technique that are possible. The
present method of collecting twilight flat (Henden) is
to:
• Expose for a few seconds
• Read the well depth from the CCD
• Adjust the exposure time
• Expose again for the new exposure time
• Repeat the same exposure several more
times
• Change filter and start from the top again.
• All of the above are repeated until all the filters are used.
With a rapidly changing twilight sky it is a continuous cut and try process.
What if a small CCD was placed adjacent to the
main CCD that could act as a photometer and terminate the exposure when there was sufficient light
collected to fill the main CCD to half well. Digital
SLR cameras have just this sort of feature. Many
observatory and amateur CCD units also have such a
device for guiding and tracking that could be used for
this purpose if combined with custom software. Then
all the cut and try will end and dozens of perfect flats
can be exposed in rapid sequence.

3.4

Blank Sky Flats

Blank sky flats are even harder to improve.
Hopefully the observer has a list of low star population regions on hand and collects flats in those areas.
The standard practice of suppressing star and cosmic
ray pixels by median averaging of several slightly
shifted images works best when many images are
involved. Some additional improvement can be
achieved with selectively clipping of high and low
value pixels with software features such as IRAF’s
FLATCOMBINE command (Massey 1997). Although automated clipping is a valuable tool for high
image volume photometry projects with wellestablished equipment performance and highest

quality CCDs, it may not be for everyone. Typically,
clipping is set at about 2.5 to 3 sigma from the median average. Most of the features that a flat must have
are within this range so the flat is effortlessly cleaned
up. What of the unique optical setup that is not well
engineered or maintained and the poorer quality
CCDs? Their desirable range of pixel values is much
wider than 3 sigma especially on the lower end of the
range. An additional problem is the lack of this clipping feature outside of IRAF (IRAF, 2004).
I would propose a more selective approach. A
histogram display of a bias and/or dark subtracted
sky image shows a distribution with an upper edge
falling off at the sky glow level. Above that curve is a
background of dim stars within a magnitude or so of
sky glow and a significant peak at the upper end representing saturated stars. Many photometry and image correction software will allow histogram manipulation such that the pixels above a certain threshold
(e.g. 3 x square root of average sky glow) can be reset to the value of that threshold. If this process is
performed and the flat images are arithmetically or
median averaged, the stars and cosmic rays are suppressed without suppressing the pixel-to-pixel gain
differences or large image flaws. Clipping at the lower end of the histogram should be approached cautiously if at all. Especially with amateur and student
equipment, many of the low pixel values are real defects and should not be touched.

3.5

Drift Scanning Flats

The SDSS creates flats by binning 32 columns to
a bin and calibrating standard stars within each bin
and applies a smooth correction to each column to
remove low spatial frequency structure (Gunn et. al.
2004). High spatial frequency structure is ignored as
random variations. They will be examined in the future with oblique scan data.

4.

Example systems

Several efforts to build stand-alone flats were made
by the author.

4.1

Paint Materials for Reflective Flats

The initial approach to creating dome flats was
to produce a practical color neutral paint that would
have full range spectral reflection over the span of
UV to Deep IR. The most neutral pigment to use is
barium sulfate also known as blanc fixe (available
from Schmincke Pigments distributed by Dick Blick
http://www.dickblick.com/products/schminckepigments/.
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A good primer pigment is Lithopone (zinc white)
pigment, 30% barium sulfate, 70% zinc sulfide pigment also available from Dick Blick Art Materials.
Winsor & Newton zinc white Designers Gouache is
also available in most art stores and is easier to mix.
The author found the easiest media to carry the
pigment is gesso and polyurethane. Winsor & Newton clear gesso is a good primer media. Minwax clear
satin polyurethane is a good surface media to use
with the blanc fixe (Marshall & DePoy 2013).
To make the primer coat, squeeze the Winsor &
Newton zinc white Designers Gouache into a cup and
stir in the clear gesso until the primer is opaque and
creamy enough to settle out smooth. Apply with a
brush and let dry.
The blanc fixe surface coat is a bit more complicated. The pigment is very dense and will settle out if
it is too diluted with polyurethane. This results in a
thick layer of clear polyurethane over the pigment.
Mix the dry pigment with a small amount of grain
alcohol (160 proof Everclear or denatured) until the
mixture is thick creamy paste. Then mix in the polyurethane until it becomes creamy enough to settle out
smooth. Apply with a brush and let dry.

Figure 2. Lambertian scattering (Tulloch 1996).

4.3
4.2

Box Flat Design

As discussed earlier, the optimum aspect ratio
for a box flat is a cube. This optimal flat light surface
is the result of several effects joining together. A
Lambertian reflecting surface scatters light as a point
source would, that is, as the cosine of the incident
angle. In a cubic geometry, the opposite corner is 45
degrees creating a distribution that is matched to the
cosine distribution of its opposite light source. Similarly, the inverse square relationship of the diagonal
light travel is also related to the cosine of the 0 to 45
degree angle from each source
Illumination from each corner of the box can either be a pencil beam of light aimed upward that
strikes a small sand blasted finish aluminum plate to
reflect a scattered beam. As an alternative a small
bare lamp could be mounted on a small blackened
plate to act as a point source.
If the inside of the box is flat black and the bottom is white, the white area will be flat illuminated.
However, minor differences in lamp output and position may still create light gradients. Most of these can
be neutralized by rotating the box 180 degrees halfway between the flat image sequence.
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Back Lit Design

An alternative to bouncing light is the even distribution of the source illumination. A convenient
choice for travel is a translucent screen that is flat
illuminated from behind. A commercial 10 x 10 x 4.5
inch shadowbox frame has been used to build a flat
by the author. The interior of the box should be
painted white.
The main diffuser element is a 9.75 x 9.75 x 1
inch block of craft store large cell Styrofoam that is
translucent. Do not use small cell Styrofoam that has
a smooth surface because it is opaque. The 1-inch
edge of the Styrofoam must be completely painted
white. This paint will reflect light that would otherwise leak out of the diffusion process and create a
dark rim to the Styrofoam. The outside face of the
Styrofoam block should be covered (not glued) with
a 2 mm thick layer of white plastic foam sheet. This
sheet material is available from Michaels craft stores.
The inside face is covered with a sheet of glass to
protect the Styrofoam from lamp heat. This glass
should be either clear or milk glass. A black mask
painted white on the inside with a 9 inch round hole
is the last layer on the face of the box.
Lighting is provided by an array of 36 small 12v14.4v lamps. In order to create an even wall of light,
the author used an array of 16 white plastic tubes
each 3/4 x 4 inches long (Wilton cake decorating
plastic dowel rods). A 3/4” x 1/2” ID x 3/4” OD nylon spacer is glued to both ends of each 4 inch rod.
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This spacer holds each lamp socket and bulb centered
in the tube in order to avoid overheating the tube.
Tubes are lashed to white pegboard with ty-wraps.

5.

Illumination

Intensity

Arrays of LEDs suffer from very narrow band
colors and an assortment of five from UV to IR is
needed. Hence the use of tungsten lamps is widespread. A diffused array of lamps could be used except each lamp changes in light output over its life,
shifting the light distribution. In addition, burnouts
would not be immediately apparent. A better approach would be the use of fiber optic light pipes
from a single illumination source. The light pipes
could be terminated at one end in the evenly spaced
holes of a sheet of electronic perforated board and
bundled together at the other end with illumination
by a single quartz-iodine bulb. A thin sheet of
Styrofoam against the perforated board would provide the mixing and diffusion. Flatness can be measured with a darkroom light meter.
Tungsten lighting produces it’s own problems.
The light spectrum should range across the full set of
filters. That would make a lamp temperature of
5000K to 7000K the ideal source. However, ordinary
lamps run at about 3300K. If a flat light spectrum is
desired, either an over-driven lamp with a short life
can be used or a correction filter such as the Wratten
#80A can be used to adjust the light to 5500K as
shown in Figure 3.

ated with little effort. If a large telescope is the optical device, the laptop can be used to create a large
diameter flat on a high definition LED TV screen.
This would be especially useful in observatories of
modest diameter.

6.

Flatness testing is typically done with a comparison of a good twilight flat image treated as a standard
and an image of the flat used by the telescope. Both
images must be acquired with the same optical train.
Using the twilight image as a flat and the flat image to be tested as the image to be flattened, create a
final image.
Every pixel on the final image can now be compared. Comparison can be either done by sampling an
array of pixel blocks or by using spectral data processing software such as VISUAL SPEC
(http://www.astrosurf.com/vdesnoux/). The VISUAL
SPEC is not used in this case as a spectral analysis
process but as a method to display a pixel value scan
across the image.

7.

Conclusions

Man generated flat illumination is largely dependent on reflection scattering long focal length
diffused projection to achieve a nearly flat field. Natural fields, such as the sky, are smoothed digitally to
achieve a similar result. In both cases, there are
enough problems to leave plenty of room for improvement.
It is astonishing that large financial resources are
devoted to the detector system and the casual neglect
given to the flat field systems. Even the modest proposals given here can move the technology significantly closer to 1% accuracy with a minimum of cost
or effort. Without a good flat, the telescope and detector becomes a “machine to millionths, hammer to
fit” system.
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Abstract
Asteroid rotation, exoplanet transits, and similar measurements will increasingly call for photometric precisions
better than about 10 millimagnitudes, often between nights and ideally between distant observers. The present
work applies detailed spectral simulations to test popular photometric calibration practices, and to test new extensions of these practices. Using 107 synthetic spectra of stars of diverse colors, detailed atmospheric transmission spectra computed by solar-energy software, realistic spectra of popular astronomy gear, and the option
of 3 sources of noise added at realistic millimagnitude levels, we find that certain adjustments to current calibration practices can help remove small systematic errors, especially for imperfect filters, high airmasses, and possibly passing thin cirrus clouds.

1.

Introduction

Stable photometric calibration between nights
(Buchheim, 2010), equipment, and sites is a common
challenge for amateur astronomers. These challenges
are likely to deepen given two current trends: (1) increasing cooperation between amateur photometric
sites, with their differing atmospheres and equipment;
and (2) increasing interest in variable stars and asteroids with low amplitude of brightness variation.
For variable-star and exoplanet photometry,
some errors can be canceled by using the same comparison stars in relative photometry. But for measurements on objects not fitting within one field of
view – including collaborative photometry – we may
well be reaching the limits offered by traditional
CCD photometric calibration methods.
This paper assesses various approaches to photometric calibration, via spectral simulation and advanced statistics, to attempt to discover what is required for millimagnitude accuracy and precision in
photometry by amateur astronomers. Normal regression, mixed-model regression, and bootstrap statistics
are applied as needed. The Summary gives recommendations and suggestions, which are subject to
verification by experimental measurements now beginning.
Calibration herein will mean photometric calibration, meaning the estimation of extinction, transform, and other coefficients of a photometric model
sufficiently well to compare photometric measurements and/or place them on an absolute scale with
confidence. Both initial calibration and nightly calibration (with transforms known and fixed) are implied. By contrast, image calibration, meaning removal of CCD artifacts via darks, flats, etc., is as-

sumed to have been completed before photometric
calibration and is not covered here.

2.

Simulation Model

The end goal of photometric calibration is the estimation of light sources’ true magnitudes in a passband, starting from the measured instrumental magnitudes. The source’s light is partially absorbed by each
item in the optical train, including the atmosphere,
telescope apparatus, and detector.
Thus, this work’s simulations amount to a model
of stacked absorbers. A light source spectrum in photons/time/wavelength is multiplied by the transmission spectra of the atmosphere (extinction), telescope,
and filter to give the light flux spectrum incident on
the detector. This incident flux is multiplied by the
detector’s quantum efficiency spectrum to give the
detected spectrum, which is integrated to give the
total detected flux in photons/time. The logarithm of
this detected flux directly yields a conventional instrument magnitude.
These simulations require detailed spectral data
for each element present: light source, atmosphere,
telescope, filter, and detector. It proved possible to
obtain quite realistic data for each element, and the
data sources or simulation software used in this work
are described in the following subsections.

2.1

Light Source

As astronomical photometry is almost always
calibrated with star signals, a suitable model for spectra of exo-atmospheric stars was needed. Suitable
computed or tabulated star spectra must: (1) realisti-
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cally model star classes likely to be used for photometric calibration, (2) cover a range of colors (star
surface temperatures) and star types, and (3) cover
wavelengths from UV through near-IR.
Computed black-body spectra were tried in first
tests of the simulation model. A great advantage of
black-body spectra is that analytical forms for photon
flux and energy flux spectra are known and spectra
easily computed using Planck’s law. Black-body
spectra have very smooth features.

Figure 1. Black-body spectra 300-1300 nm, temperatures
from 53,000 K (top curve at left) to 2820 K (top curve at
right).

However, smooth stellar spectra turn out to be
unrealistic for real photometry performed under an
atmosphere. Real stellar spectra (and all astronomical
objects reflecting their light, e.g., asteroids) and
earth’s atmosphere will both have important transmission spectral features on much smaller wavelength scales than those of black-body spectra. In
attempting to model measured light flux to subpercent relative accuracies, one simply must model
the interactions of those narrow-band features. Despite their simplicity, black-body spectra proved an
insufficiently accurate approximation to real stellar
spectra and so were dropped from this work.
Several public databases of star spectra were
considered; several were rejected because their wavelength ranges did not cover this project’s intended
range of 300 to 1300 nm. Space telescope calibration
spectra would have made reliable and accurate data
sources, but most proved limited to blue stars.
Ultimately, a subset of one comprehensive database of star spectra by stellar class (Pickles, 1998)
was adapted as sole source of star spectral data for
this project. To ensure full spectral coverage, only the
extended-wavelength entries (the “uk” series) were
used. These entries comprise 131 flux-calibrated
spectra covering numerous star types and luminosity
classes, and including metal-weak and metal-rich
examples. We converted these energy flux spectra to
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Figure 2. Examples of computed star photon flux spectra, from Pickles, 1998.
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photon flux, truncated them to 300-1300 nm, and
stored them as text files.
Star colors for these spectra were computed by
integrating photon flux for each star spectrum after
multiplying at each wavelength by standard passbands (Bessell, 1990) (see Passband subsection below). In early simulation tests, it was found that the
reddest stars (V-I > 1.6) behaved very differently
from other stars, even for computations with no atmosphere and with all optical components set to
100% transmission. While this behavior may be due
in part to this work’s truncating the wavelength range
at 1300 nm, such very red stars risk being variable
and thus unsuitable photometric references.
In the end, we disqualified and removed all stars
with computed color V-I > 1.6, retaining the 107
qualifying stars from the Pickles dataset. This subset
constituted the pool of light sources used for all simulations in this work.

2.2

gram with text input, so that integrating it into our
workflows largely consisted of converting site and
zenith-angle data to the program’s input format, starting SMARTS2 and waiting for it to finish, and then
importing and parsing its output for use in our stacking model. These steps were automated by inclusion
in the simulation program.
It proved possible to direct SMARTS2 to yield
atmospheric transmission spectra rather than the surface-level sunshine spectra for which it was originally intended. We applied options to suppress circumsolar photon flux, as scattering on a scale of 1 to
10 degrees is relevant to total incident solar power
but not to photometry on arcsecond scales. In the end,
entirely outsourcing atmospheric transmission computation to SMARTS2 solved the daunting problem
of accounting for effects including site altitude, pollution, climate, time of year, local weather, and aerosol.

Atmosphere

Atmospheric spectral transmission effects (extinction effects) are critical to calibration of photometry performed near Earth’s surface. Constructing a
model for atmospheric effects proved by far the most
difficult element of the simulation model. Not does
Earth’s atmosphere contain a very large number of
absorptive components (many gases, aerosols, etc.),
but these components vary with a site’s latitude, altitude, weather including real-time temperature and
humidity, and upper atmospheric conditions. In the
case of carbon dioxide, atmospheric concentration is
increasing by about 2 ppm (0.5%) per year as well.
Airmass effects are of course important, since
viewing far from the zenith requires observing
through a denser effective atmospheric filter than
does observing nearer the zenith. And observing angle effects are not necessarily proportional to the
classical secant of the zenith angle at high zenith angles and for upper-atmosphere effects like ozone absorption.
Constructing a de novo, realistic, wide-coverage
model of atmospheric spectral absorption would have
taken years, and it was not clear how to test such a
model’s end predictions with confidence. We halted
this work in favor of considering who might benefit
economically by having such an atmospheric transmission model. Solar energy research came to mind,
and indeed we found the comprehensive and publicly
available atmospheric-model program SMARTS2
(Gueymard, 1995).
SMARTS2 models atmospheric transmission by
making parameterized approximations to results from
standard atmospheric models embodied in
MODTRAN. It is distributed as a stand-alone pro-

Figure 3. Atmospheric transmission spectra produced
by SMARTS2 software using site and winter climate data
suitable to rural northeast Kansas, at elevations of (from
top): 90, 60, 30, 20, and 10 degrees above horizon.

2.3

Telescopes, Filters, and Detectors

Spectral data were found online for numerous
telescopes, filters, and detectors (CCD cameras) popular with amateur astronomers. For the present work,
these data were accepted as published by the manufacturers as either tables or graphs. Tables of transmission values vs. wavelength were used as given;
graphs were interpolated very carefully to yield such
tables. A cubic spline with appropriate end conditions
was passed through the raw tabular data to yield 0.1nm resolution tables stored as text files for input to
this model.
Each telescope’s effective aperture was attached
to its transmission spectrum; this is needed because
in this model, the telescope marks the transition from
per-area flux to absolute flux as detected.
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Detectors are modeled via quantum efficiency as
provided by the camera manufacturer. For computational simplicity, quantum efficiency is treated as a
transmission filter in front of a perfect photon counter. Camera gain (CCD electrons per photon) was not
considered.

2.4

Passbands

A passband is a defined, not measured, spectrum
that serves as a convention to reduce a flux spectrum
to a single scalar measure. Passband spectra are typically broad and smooth to define a conventional representation of an intuitive color, for example “green”
or “visual”. UBVRI passbands are well recognized
examples. All passbands in this work are from (Bessell, 1990).
One must distinguish a passband from a filter
transmission spectrum, however closely the two may
correspond and even if they are named the same (e.g.,
“V”). Filters are physical entities, and they may be
thickened or thinned, stacked, combined with other
filters, or even absent. A standard filter may specify
an ideal or reference transmission spectrum, but actual embodiments of that filter will vary and may well
change with age. A filter’s spectrum (shape and absolute scale) may be physically measured at each wavelength. A passband, by contrast, is an imaginary spectrum intended to convert a specific spectrum of energy or photon flux to a standard magnitude. A difference of standard magnitudes in two related passbands
(e.g., V and I) defines a color index (e.g., “V-I”).
Each passband’s absolute scale is typically normalized against a reference star, often Vega.
In the current work, a star’s exoatmospheric
magnitude in a passband is computed by multiplying
the star’s photon flux spectrum by the normalized
passband spectrum, and summing the photon flux.
Obtaining a target’s exoatmospheric magnitude in a
passband from instrumental magnitudes is in fact the
motivation for photometric calibration.

2.5

Implementing the Simulation Model.

Original software implementing the simulation
model is written in object-oriented C# code. To begin
a simulation, the user makes several selections: set of
stellar spectra; atmospheric conditions and set of observational airmasses or zenith angles (to be passed
to SMARTS2 for extinction modeling); telescope
spectrum; filter type and optionally thickness; and
detector quantum efficiency spectrum. In the author’s
implementation, the component spectra are stored as
reference text files that can be invoked by component
name, e.g., “V Johnson” for the Johnson Visual filter
offered by a major manufacturer.
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Examples of model code and statistical code are
available in a public repository (Dose, 2014).

3.

Calibration Models and Statistics

Testing calibration strategies requires calibration
models and a selection of statistical treatments, especially to evaluate and attempt to minimize the effects
of several possible types of measurement error or
model imperfection.

3.1

Calibration Models

Photometric calibration models in daily use by
amateur astronomers are often implemented as
straight-line plots (Warner, 2006). The goal is to extract as fit coefficients: (1) a transform, which characterizes an optical system’s deviation from a target
passband, (2) the extinction, which characterizes the
atmosphere’s absorbance as a function of airmass
(approximately the secant of zenith angle), and (3) a
zero point, a general plot intercept connecting instrumental magnitudes to standard magnitudes for the
ideal case of zero airmass and transform. Coefficients
for second-order (interaction) or squared predictors
are sometimes estimated as well.
Transforms are a property of the instrument and
thus are considered constant over many nights; by
contrast, extinction and zero points are assumed to
hold for a few hours and should be determined at
least nightly. This leads to two levels of photometric
calibration. First, we determine transforms periodically or after changing the optical train. Extinction
and zero-point values are determined but only as nuisance variables unless data on unknown photometric
targets are to be measured on the same night. Second,
we determine extinctions and zero-points (in each
filter or bandpass) each measurement night, while
using the transform values previously determined.
The present work assumes this two-stage calibration
sequence, focusing on the more demanding first
stage.
We depart from traditional straight-line plot approaches in one variable by applying general linear
regression instead (of which straight-line plots are a
limited case). All data are used in one regression fit
on one model equation, yielding one estimate of
transform and extinction. Applying all of one session’s valid data to one regression can be seen as a
superset or unification of several photometric approaches, including the Hardie method (Warner,
2006), second-order term estimation (Buchheim,
2005), use of multiple comparison stars (Boyd,
2007), and sequential methods to obtain second-order
terms (Boyd, 2011).
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Our master calibration formula is cast in terms of
the directly measured instrumental magnitude mi,f of
light source i in filter f as dependent variable, so that:

mi,f = mi,p + k’f ·X + Tp,f ·C + k”f ·Ci·X +
k2,f ·X2 + T2,p,f ·Ci2

one’s data applies to the entire model for maximum
statistical power, (5) because coefficients are determined simultaneously they do not suffer inconsistencies that can arise from determining them in separate
plots, and (6) an entire calibration dataset is efficiently handled by one computation that yields one goodness of fit estimator and set of data residuals.

3.2
where mi,p is the correct exo-atmospheric magnitude
of the light source i in bandpass p, k’f is the extinction in magnitudes per unit airmass measured in filter
f, Tp,f is the transform correction from filter f (e.g.,
Johnson V) to passband p (e.g., V), k”f is the “second-order” term (interaction term in regression parlance), and k2,f and T2,p,f are the coefficients of X2 and
of Ci2 for light source i. While calibrating, the light
source magnitude mi,p is taken as the catalog magnitude; while determining unknowns it is the result to
be solved for. Airmass X is taken as the secant of
zenith angle of the light source.
When calibrating, the color index Ci is taken as
the difference between the light source’s catalog
magnitudes in two passbands consistently chosen;
when determining unknowns it is may be derived
from magnitudes in the two passbands defining that
color index. While this last calculation risks circular
logic in straight-line plots, it is readily handled by
multiple regressions properly constructed.
The right-hand side of every calibration formula
tested in this work is a subset of terms of the above
master formula. Photometric calibration formulas
(possibly in rearranged form) used by amateur astronomers for many years generally match the master
formula except in omitting its last two or three terms.
The prospect of migrating from familiar and visually compelling linear plots to more abstract regression without benefit of user-friendly software can be
uncomfortable, but simultaneous regression does get
the most out of hard-won data. The key to acceptance
of regression for data reduction, as for so many types
of computational workflow, will be in the availability
of software that is readily understood and that guides
confident but reversible decisions during data reduction. Straight-line plots may well remain useful for
data exploration, for model choice (selection of formula terms to include), and possibly for visual detection of outlier data points and other data quality control.
Adopting multivariate analysis yields several advantages: (1) interactions between predictors are
handled with little or no bias if data are centered on
means, (2) new terms including second-order and
square terms are handled naturally and with very low
bias (again if data are centered on means), (3) missing data are generally handled gracefully, (4) all

Comparison of Candidate Models.

In comparing calibration model formulas for use
in a given scenario, three quantities are of prime relevance: (1) F-value (from ANOVA tests) comparing
the relevance of each equation term to reducing fit
error, (2) size of the resulting fit error in millimagnitudes, and (3) size of the transform term (coefficient
of the color index term). Implementations used herein
are summarized in Section 3.3.
Practical photometric calibration requires approximate models. In proper approximation, one
must define the range of values over which it can be
trusted. There will be no single best photometric calibration model equation for all scenarios: the set of
equation terms to include will depend on the airmass
range, color index range, atmosphere, and optical rig.
Whenever attempting to cover wider ranges of airmass and color index, or when using an optical rig
(especially filter) with transmission different from the
target passband spectrum, one may need to consider
more formula terms.
This is related to the long-standing advice to limit one’s measurements to airmasses below 2 and to
match color of comparison and calibration stars to
target objects. This advice applies to whatever calibration models one employs; in this work we will test
whether extended models might extend airmass and
color index ranges by better compensating for their
effects.
To determine whether a given equation term improves the fit enough to be included in a model formula, one compares two fits: one with the term, the
other without, and runs an analysis of variance
(ANOVA). Terms with highly significant ANOVA
result should almost always be included. As the model equation’s terms are linear in coefficients, there is
little harm in also including one or two physically
reasonable terms that remain just below statistical
significance, provided the number and diversity of
data points is sufficient.

3.3

Implementing the Statistical Models

All statistical treatments and graphics for this
work were implemented in the R language and platform (R Development Core Team, 2008), within the
RStudio user interface. R, an open-source platform
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with thousands of specific extensions, has been highly popular with statisticians, social scientists, bioinformaticists, and data scientists for over 20 years. R
handles large vectors and data tables as units, so that
most of this work’s regression and statistical workflows consist of very few lines of code.
Normal linear regressions used the R package
lm. In normal linear regression, linear terms apply
separately to each data point, for example to each
measured magnitude in each image. Data points’ errors are considered to be independent, and of equal
size unless the points are weighted.
Mixed-model regressions used the R package
lme4 (Bates et al., 2014). Mixed-model regression
(Gelman and Hill, 2007) is a recent extension of
normal multivariate linear regression. In mixedmodel regressions, normal linear terms (“fixed”
terms) are combined with new group-level terms
(“random” terms) that apply to groups of data points,
for example, uniformly to the measured magnitudes
of all targets in one image. Mixed-model regression
can be arranged to (partly) remove certain systematic
errors, for example image-to-image variations in target magnitudes caused by shutter timing or passing
cirrus clouds. In this way, systematic errors might be
estimated separately from point-to-point errors like
shot noise.
All regression data in this work were roughly
centered by subtracting representative constants, e.g.
the predictor’s mean, from all values of a predictor.
In this work a constant of 1.5 was subtracted from all
airmass terms before fitting, and then added back
after the fit. Data centering greatly decreases correlation of coefficients, for example, separating data effects on intercepts like zero-points from effects on
extinction.
The three prime model-comparison quantities
mentioned in Subsection 3.2 were computed as follows.
ANOVA F- and p-values were determined by the
ANOVA function in R’s lm package (for standard
linear regressions) or lme4 package (for mixed-model
regressions).
Relative fit error was simply taken as the regression residual on measured magnitudes. For mixedmodel regressions, the group-level (“random”) coefficients were tested for appropriate size, especially to
verify that they were accounting for the correct proportion of data error (see Tables 3 and 4).
Transform size was determined as the linear coefficient of color index. For bootstrap experiments,
transform size and reliability were taken from the
mean and standard deviation of the color-term coefficient over all constituent fits. Stable transform estimates indicate that the model is reasonable and the
data set appropriately designed; transform values
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close to zero indicate that the optical filter was well
chosen.
Regression fits were first performed on photometric magnitudes computed without added random
error, to judge model performance under ideal conditions. Terms that failed to improve fits on such data
were rejected.
For regression fits that added random error to the
photometric magnitudes (to mimic real measurement
errors), no single regression fit can estimate derived
error in the measured coefficients such as transforms
and extinctions. Bootstrapping solves this problem by
repeating the fit a large number of times with differing, realistic input data and optionally with differing
added noise. All fits are then aggregated to look for
bias or imprecision. This “bagging” approach (from
bootstrap aggregation) typically draws, for each fit, a
realistically small input data set from a realistic pool
of candidates, for example, choosing a few calibration stars or comparison stars from a pool of possibilities.
Random noise may be added to this data before
each fit; the present work’s implementation allows
the user to add noise of three types: on a per-datapoint, per-image, or per-star (catalog error) basis,
separately or in combination. All noise values were
drawn from normal distributions with zero mean and
user-specified standard deviation. Per-data-point
noise is the traditional type, added to each data
point’s instrumental magnitude independently. Perimage noise is added jointly to all objects measured
in a single image, mimicking shutter-time instability
or passing thin cirrus. Per-star noise is added jointly
to all measurements on one star, intended to mimic
errors in catalog magnitudes; however, fit results
often capture error arising from the interaction between narrow spectral lines of the star and of the atmosphere. In practical work, per-star error could be
minimized by calibrating on stars close to the target
objects in spectral class (e.g., the sun for asteroid
work), rather than in color alone.
In bootstrapping, each individual fit using differing input data and noise yields different coefficient
values. The mean and standard deviation of each coefficient across all fits is taken as the estimate of that
coefficient and its dispersion, for a given general data
set and levels of added noise.
The present work ran each bootstrap fit with different calibration stars and airmass values, chosen
from a pool of values. This was done to mimic the
effect of various photometric sites’ choosing their
own stars and calibration airmasses without coordination. Stars and airmass values were chosen by rules
similar to recommendations for photometric calibration in the field: in a bootstrap run, each fit required
that star magnitudes be simulated for five images at
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different airmasses: two at high airmass, one at mid
airmass, and two at low airmass. Each simulated image record included the instrument magnitude of seven stars chosen from the 107 stars of the restricted
Pickles spectra: three blue stars, one mid-color star,
and three red stars. The airmass ranges were typically
1-1.3, 1.5-1.6, and 1.9-2; the V-I color index ranges
were typically 0-0.4, 0.4-1.0, and 1.0-1.6. Random
noise of the correct types and magnitudes was added
if needed, and one fit to the chosen calibration model
was run. For each bootstrapping experiment, 1000
such fits were run independently, and the results were
aggregated.
The R framework does offer bootstrap packages,
but to gain access to intermediate fit results we wrote
our own brief functions in R. Examples of this code
are included in the repository supporting this paper
(Dose, 2014).

4.
4.1

Figure 4. Instrumental magnitudes vs B-V color index,
for the 107 Pickles stars with V-I < 1.6, measured
through 6 filters (from top at left): no filter, Sloan G, V
(Bessell), Baader Green, flat-pass filter 540 nm center x
100 nm width, flat-pass filter 540 nm x 60 nm width.

Results
Color Index Choice is Important

In photometric calibration, the dependence of a
target’s instrumental magnitude (at constant real
magnitude) on its color index measures the “transform” coefficient(s), which describe the fidelity of
the optical system, including the chosen filter, to the
target passband.
Early in the present work, plots of simulated instrumental magnitudes vs star color index were very
smooth for black-body stars, but for simulated stars
some plots were very erratic.
This difficulty resulted from applying a blueregion color index B-V whose wavelength range differed from the visible and infrared wavelengths of the
stars’ dominant flux and major spectral features.
Adopting a color index defined on passbands closer
to the target wavelength range, e.g., choosing V-I,
solved this problem (Figure 5).
This improvement can be explained: for real or
well-simulated star spectra, emission and absorption
features in different wavelength ranges may be quite
uncorrelated. Thus, for real stars, a color index defined in one wavelength range may be poorly coordinated with spectral intensity in another wavelength
range. Choosing an appropriate color index appears
important to millimagnitude calibration.

Figure 5. Instrumental magnitudes vs V-I color index, as
for Figure 4.

4.2

Popular Models Work Well for Intended
Use

The simplest popular calibration model includes
only first-order terms for transform and extinction.
For measurements at airmasses below 2 and with
calibration star colors matching measurement objects
reasonably well, the present work confirms that a
first-order model should be quite adequate so long as
accuracy better than about 10 millimagnitudes is not
needed.

4.3

Low Altitudes Need More Regression
Terms

Photometric observations at low altitudes above
the horizon – at high zenith angles – will have large
extinction contributions to instrumental magnitudes.
If extinction were uniform over the wavelengths
measured, whether because the atmosphere acted as a
constant-density filter or because the measurement
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wavelength span was much narrower than atmospheric absorption features, then extinction would be linear
with airmass. One first-order extinction term and
coefficient would suffice.
But atmospheric absorption is far from uniform
(see Figure 3). As one observes at decreasing altitudes, some wavelengths of light are absorbed nearly
completely while others are just beginning to be absorbed, causing non-linear absorbance with airmass,
which is non-linear extinction.
In the present simulation work, millimagnitude
precision required neither a square term in airmass
nor a “second-order” (interaction) term in airmass
times color is for airmasses below 2, for reasonable
atmospheric conditions and choices of filter. Secondorder and squared terms in airmass and color-index
may improve fits at airmasses greater than 2, but such
improvements need validation by experimental photometry, especially as our models omit physical phenomena like scintillation.

4.4

Spectral Detail May Limit Current
Photometry

Extensive bootstrap tests on calibration performed with seven stars and five image airmasses, all
chosen from realistic pools and similar in color and
airmass values to common practices, always led to an
minimum prediction error of about 3 millimagnitudes. This result suggests a real barrier to the accuracy of generalized photometric calibration using best
current practices and reference magnitudes of whatever quality.
This limit to accuracy has been traced to the interaction between diverse star spectral shapes and
complex atmospheric absorption spectra. Even with
an optical system whose sensitivity spectrum perfectly matches the target passband, intense and narrow
absorption features in the atmospheric spectrum may
absorb intense and narrow emission or absorption
features present in one star’s spectrum but absent
from another’s. This behavior cannot be captured in
reference magnitudes tabulated in a finite number of
passbands.
This imprecision cannot be overcome with more
aperture, exposure time, or nights of data. Measuring
extinction and transforms will remove broad effects
of atmosphere and star color, but it cannot account
for differences between stars’ spectral differences on
wavelength scales finer than that of the target passband spectrum and on scales similar to those of atmospheric absorption features.
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4.5

Rounding Errors Become Important

Star catalogs giving standard magnitudes to two
decimal places only (to 0.01 magnitudes) will prove
inadequate to millimagnitude photometry, even if the
catalog values are known to be unbiased. Values expressed to 0.01 magnitudes, or 10 millimagnitudes
(mmag), even if rounded in an unbiased fashion from
perfect data, will already contribute a RMS rounding
error of 2.9 millimagnitudes.

4.6

Mixed-model Regression May Prove
Useful

In mixed-model regression, classical predictors
like image airmass and target color index are joined
by additional “group” predictors. For example, a
group predictor “per-image factor” could represent
the overall intensity of one image (e.g., from shutter
time variations) vs average intensity of all images
.
Coefficient
Mean
Std. deviation
in magnitudes
Transform
Extinction
Zero-point
Per-star error
Per-image error
Residual

-0.047
+0.199
-11.661
0.003
0.000
0.001

0.002
0.0002
0.002
-

Table 1. Bootstrap aggregate results (1000 fits each with
7 stars at 5 airmassses), no noise added.

Coefficient
Transform
Extinction
Zero-point
Per-star error
Per-image error
Residual

Mean
Std. deviation
in magnitudes
-0.047
+0.199
-11.661
0.003
0.002
0.001

0.002
0.0002
0.002
-

Table 2. Bootstrap aggregate results as for Table 1, 3
mmag per-image noise added.

In bootstrap tests of mixed-model regressions for
simulated photometric calibrations, 1000 regression
fits were run on 7 independently sampled stars of
various colors simulated at 5 airmasses, with either 3
or 10 mmag each of per-data-point, per-image, and
per-star (catalog) Gaussian noise added. On average,
the mixed-model regression accounted for and removed half or more of the per-image noise.
This is an encouraging early result. Mixed-model
estimates of transform and extinction coefficients
were very stable compared to estimates from normal
regression. In Table 3, about 70% of per-image noise
and about 80% of per-star noise are removed, and in
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Table 4 most added per-image noise is correctly extracted as per-image error. In all cases, transforms
and extinction coefficients remained well determined
and stable over the 1000 data sets and fits.
Coefficient
Transform
Extinction
Zero-point
Per-star error
Per-image error
Residual

Mean
Std. deviation
in magnitudes
-0.047
+0.199
-11.662
0.004
0.002
0.001

0.008
0.015
0.025
-

Table 3. Bootstrap aggregate results as for Table 1, 10
mmag each of per-datum (random), per-star (catalog),
and per-image noise added.

Coefficient
Transform
Extinction
Zero-point
Per-star error
Per-image error
Residual

Mean
Std. deviation
in magnitudes
-0.047
+0.198
-11.661
0.003
0.008
0.003

0.003
0.014
0.023
-

Table 4. Bootstrap aggregate results as for Table 1, 3
mmag per-datum (random) and 10 mmag of per-image
noise added.

Systematic noise reliably partitioned and removed in this way won’t make its way into transform
and extinction estimates, and these first mixed-model
regressions do appear to partition the errors as needed. If this result holds, mixed-mode regression will
offer the prospect of acquiring lightcurve and similar
data on nights with imperfect skies, for example with
thin cirrus passing. Of course, this approach will not
suppress other systematic errors (e.g., weather changes) or measurement-process errors (e.g., image calibration, aperture and background subtraction).
Note that this approach provides simultaneous
regression on all the photometric measurements at
once—no sequence of straight-line plots or standard
multivariate regression can extract this systematic
noise. Mixed-mode regression is still quite new to the
statistical world, and the author looks forward to testing its application with experimental photometric
data taken through very thin cirrus common to Kansas and to many other sites.

5.

experimental photometric measurements, planned as
the next stage of this work.
One limitation is already evident: generalized
photometric calibration of earth-sited optical systems,
using current photometric star tables, may be limited
in accuracy to 3 millimagnitudes or so. This arises
not from limitations in aperture or patience, but rather
because no single reference (catalog) magnitude can
capture the interaction of narrow-wavelength spectral
features of star flux and of atmospheric absorption.
By limiting the scope of applicability to a narrower
range of star colors or classes, more transparent atmospheres, or specific equipment, better accuracies
and aggregation of data from multiple sites may well
be achieved.
Some of the following suggestions assume the
adoption of full-model regression rather than sequential-plot methods often used by amateur astronomers.
Achieving low-millimagnitude precision in photometric calibration will apparently require practices
like the following:
•

Follow traditional advice where practical:
stay at airmasses below 2, obtain transforms
during “photometric” nights only, etc.

•

Take sufficiently deep exposures. Signal-tonoise ratios of better than 300 must be
achieved, whether via large aperture or long
exposures or both. This requirement results
from shot statistics and cannot be evaded.
S/N of 300 requires accumulation of at least
90,000 photons per data point (Buchheim,
2004), or the equivalent in stacked images.
Achieving such S/N values on amateur optical systems will usually require long exposures.

•

Choose a color index appropriate to the calibration and measurement targets (e.g., V-I
for asteroid lightcurves).

•

Choose filters whose spectral feature widths
are similar to the spectral feature widths of
the passband. A filter’s spectrum need not
necessarily match the passband spectrum
closely, but we find that a rectangular-pass
filter should be avoided when measuring in
smooth passbands (like UBVRI), even if the
central wavelengths and bandpass widths
match.

•

Sites planning to exchange or aggregate data
on the same targets might want to coordinate
their choices of: filters, detectors, calibration
stars, calibration model equation, and possibly airmass values or ranges. This coordina-

Summary

This work offers cautions and advice on the feasibility of millimagnitude-precision photometry, as
derived from spectral computation and statistics. Further constraints and recommendations may arise from

37

Dose: Millimag Calibration

tion applies to both calibration and measurement sessions. When precise relative results are needed, this should coordinate systematic errors between sites and should give
the best chance of aggregating data of millimagnitude precision without intervention
or subjective adjustment.

objects with similar spectral features. For
example, consider calibrating only on stars
with sun-like spectral features when measuring asteroid lightcurves. This approach will
be tested in follow-up experiments.
•

Certain secondary or speculative approaches may
also prove useful:
•

•

•

•

•
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Choose a broad-spectrum detector over a
limited-spectrum detector. Specifically,
choose a detector whose quantum efficiency
spectrum covers the spectral range represented by the light source spectrum multiplied by the filter spectrum.
We speculate that candidate stars for photometric calibration lists should be selected for
smoothness of spectrum, and should specifically exclude stars whose spectra are dominated by narrow spectral features, which interact with atmospheric narrow features.
This interaction may be unavoidable for
study target stars, but the problem might only be made worse by including in photometric lists such stars with idiosyncratic spectra.
We recognize that such a criterion for inclusion would require high-resolution spectroscopy on all stars in new photometric reference lists, a formidable effort.
Alternatively, catalogs of stars selected for
photometric calibration lists should offer at
least the stellar class for each star included.
Stars with sun-like spectral details might be
marked as most suitable for calibration in
solar-system photometry (e.g., for asteroid
lightcurves).
Once other elements of a given optical train
are set, consider a custom filter to bring that
system (plus average atmosphere) close to
the spectrum of your target passband. For
example, a custom filter thickness could
bring one’s system transform (coefficient of
color index) very close to zero. Because the
atmosphere and CCD detectors do some filtering work on their own, thinner filters tested in this work often gave lower transform
values than standard-thickness filters, while
increasing sensitivity (effective aperture) in
the bargain.
For photometry of targets with specific spectral properties, consider calibrating only on

Extraction of per-image noise via mixedmodel regression is promising, especially for
small, random transparency fluctuations as
from thin, passing cirrus.

These secondary approaches are speculative and
must be validated by photometric experiments.

6.
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Abstract
Conducting asteroid photometry frequently requires imaging one area of the sky for many hours. Apart from the
asteroid being studied, there may be many other objects of interest buried in the data. The value of mining your
own asteroid data is discussed, using examples from observations made by the author, primarily at the Preston
Gott Observatory at Texas Tech University.

1.

Introduction

For most of us, telescope time is extremely precious. Weather, family commitments, the Moon, all
conspire to limit the amount of time we can spend
observing the sky. Sometimes even work gets in the
way!
Considering all of the effort that goes into obtaining images and how limited telescope time is,
mining your own images to derive every scrap of data
from them should be a priority. This particularly applies to those of us who observe asteroids for
lightcurves.

2.

Extra Asteroids

Typically, unless we have some particular projects in mind, when choosing asteroid targets, we will
pick one from the CALL website that is suitably
placed and bright enough to observe. We then follow
that asteroid for as long as it takes to get a decent
lightcurve and period.
This is all well and good, but why stop with just
one asteroid? Very commonly, when observing mainbelt asteroids, there is more than one asteroid in the
field. A good example of this is shown in Figure 1.
On this particular night I was observing the asteroid
6516 Gruss; however, as can be seen in Figure 1,
there were four more asteroids brighter than 20th
magnitude in the field.
While most of these other asteroids are only just
above the threshold, why not do photometry on them
and see what results? Many times the result will be
just noise. An example of this is shown in Figure 2.
This was a 19.9 magnitude asteroid from the Gruss
observations above. Noisy results like this are to be
expected when working at very low signal.

Figure 1:- Field for 6516 Gruss

Figure 2:- Lightcurve for 90817 Doylehall

Not all results are quite this bad however. Figure
3 shows the result of another asteroid from that night,
5493 Spitzweg. This raw plot of the data shows some
evidence of real variations.
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ble and so sometimes you just have to make do with
one-night stands. Depending on the quality of such a
result, these can be published as a guide for other
observers or noted for future oppositions. An example of one such result is shown in Figure 5.

3.

Figure 3:- Raw lightcurve for 5493 Spitzweg

Variable Stars

Chasing every asteroid in the field is not the only
way to mine your data. Following an asteroid for
many hours during the night means getting a lot of
data on one field. This is perfect for finding new,
short-period variable stars, especially W UMa-type
eclipsing binaries.
MPO Canopus has a routine under the “Utilities”
menu called “Variable Star Search”. This routine
scans a set of images and looks for objects that vary
in brightness, compared to a number of comparison
stars selected by the observer. The results are then
displayed as a Magnitude-RMS diagram for the observer to check. An example of this is shown in Figure 6.

Figure 4:- Phased lightcurve for 5493 Spitzweg

With a lightcurve such as this, one question remains: is it real? The only way to answer this is with
“more data!” However, this then gives rise to a problem, that of which asteroid to follow, the original
target or the new one?
Figure 6:- Magnitude-RMS diagram of possible variable
stars

Figure 5:- Phased lightcurve for 7454 Kevinrighter

As much as possible, I try to choose target asteroids where more than one will be in the same field
for several nights. However, this is not always possi-
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Figure 7:- Magnitude-RMS diagram of an eclipsing variable star

Any detections need to be examined to sort out
real variables from the false positives. Typically, the
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majority of the detections usually turn out to be noise
or simply hot pixels. Most times this is all that will be
found. However, not infrequently a real variable star
will be found. Indeed, several times I have found
more than one unknown variable star in a single field.
These real variable stars usually show up clearly in
the Magnitude-RMS diagram as shown in Figure 7.

Figure 8. Lightcurve for WUMa star USNO 1289-0181948

It is important that any variable stars found
should then checked against the AAVSO Variable
Star Index to see if they were already known. Sometimes it will be listed in the index, particularly if it is
an RR Lyr variable. However, most times, if it is an
eclipsing variable, it will not be listed. Figures 8-10
show lightcurves of variable stars I have discovered
in this manner.
While most variables found display fairly simple
lightcurves as shown above, occasionally one can be
a real nightmare! One example is the subject of another paper to be presented at this symposium.
One big problem with finding new variables is
what to do about follow-up. If you only have one
telescope, do you observe the new variable or do you
continue with the asteroid you were originally observing? Maybe that is the time to talk to the family
treasurer about getting a second (or third) telescope.
A second problem concerning new variable stars
is where to report them. It has been my experience
that it is almost impossible to report discoveries to
the AAVSO unless full details of type, complete period, etc. can be provided. As asteroid observers, we
frequently do not have all of this information. Nor in
many cases can we afford to take time away from our
asteroid research to obtain follow-up observations.
What we need to do is be able to report our discoveries somewhere so that dedicated variable star observers can do the follow up.

4.

Figure 9. Lightcurve for WUMa star USNO 1070-23351

Conclusion

Mining your own data by doing photometry on
any asteroid in the field, and in searching for new
variable stars only takes a little extra time at the
computer, yet can provide interesting and useful results. I would strongly encourage all asteroid observers to make full use of the all the data stored in your
images.
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Abstract
Urbanized observatories are under financial pressures for numerous and complex reasons, including concerns
that increasing sky brightness will continue to erode their scientific viability. The history of urbanized observatories is one of steady decline and divestiture. We argue that light at night (LAN) impacts of urban growth are inadequately understood, that current measurement techniques are incomplete in scope, and that both limit the effectiveness of mitigation programs. We give examples of these factors for Pima County, Arizona, and propose techniques and a program that could provide focus and power to mitigation efforts, and could extend the longevity of
southern Arizona observatories.

1.

Introduction

We loosely define urban observatories as those
facilities that fall under, or are otherwise directly impacted by, light domes of nearby cities. For observatories within the continental United States, the evolution of once remote facilities to urban observatories
has been the norm. The result of such urbanization
has generally been the decline of the observatory.
The path of decline can be complex, and is subject to
ABS

Airborne Survey

DMSP

GFP
GMS
LAN
OLS
UAS

Goniometric Flight Profile
Ground Mobile Survey
Light at Night
Operational Linescan System
Unmanned Aerial System

GSS
HDRI
OIS
SDS

many factors; however, the ultimate question for
funding sources is to ask at what point various factors, including light intrusion, overwhelm the rationale for continued levels of support. The twentieth
century offers several examples of such once dominant observatories (Mt. Wilson Observatory is a prototypical example). Southern Arizona is now in the
middle stages of grappling with efforts to preserve
major sites, including the national observatory and
several university facilities.
Defense Meteorological Satellite
Program
Ground Static Survey
High Dynamic Range Imager
Oblique Imaging Survey
Satellite Data Survey

Abbreviations
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We contend that protection of these sites from
encroaching light pollution requires a more comprehensive program of quantitative light at night (LAN)
monitoring than has been used in the past; and that
such a program should incorporate persistent attempts at effectively directed mitigation. Further, to
maximize effectiveness, the limited resources available need to be directed more efficiently at the most
significant threats, a situation that arguably is not
attained at present.
We have developed new tools for characterizing
intrusive light as installed in the field, including an
“aerial goniometer”, which allows us to measure relative flux at a full range of zenith angles, using both
manned and unmanned aircraft. We have applied
both satellite and aerial measurement technologies
throughout southern Arizona, and have discovered a
number of surprises relevant to local observatories.
We have identified, and measured, large numbers of “dark-sky friendly light fixtures” which are
major, and unnecessary, contributors to scattered
light in the atmosphere. We provide examples of such
lighting throughout Pima County, and demonstrate
how it is possible for presumed full cut-off light fixtures to significantly threaten astronomical observations.
The observations and measurements we have
made suggest opportunities for mitigation that can
lead to long term improvement in local sky brightness. We discuss a strategy for employing these protocols to assist in preserving urban observatory sites.
Though national and university observatories are the
primary motivators of this program, we note that private observatories are also beneficiaries, as they are
often in even closer proximity to the source of the
problem.

2.

LAN Measurement Methodologies

We conduct LAN measurements using several
types of complementary instruments, some of our
own design and manufacture. Basic photometric instrumentation includes single channel luminance meters, single and multi-channel photometers, scientific
grade CCD all-sky cameras, and high dynamic range
imaging cameras. We have added the innovation of
dynamic motion to some of our photometers by incorporating Global Positioning System (GPS) capability along with automatic data logging; these systems have been operated from a variety of moving
vehicles, including both manned and unmanned aircraft. These tools are augmented with satellite data in
some cases. We operate these systems in four basic
modes, briefly defined as follows.
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2.1
2.1.1.

STEM Laboratory LAN Survey Modes
Ground Static Surveys (GSS)

Ground Static Surveys involve using fixed photometric sensors at ground level to record ambient
light intensity usually, but not always, at high temporal frequency, typically once every few minutes.
These data are particularly useful for understanding
how local light intensity is modulated by weather and
human activity, however, it is limited in its ability to
characterize light over large areas, or to discriminate
specific lights impacting the site. It is useful to bear
in mind that most astronomical observatory monitoring of LAN is in the form of the GSS.
2.1.2.

Ground Mobile Surveys (GMS)

Ground Mobile Surveys use the same photometric detectors developed for the GSS, but they are
mounted on vehicles and driven over prescribed
courses, while continuously recording ambient light
intensity. The photometers are equipped with Global
Positioning System receivers (GPS) that allow us to
record not only light intensity, but also position and
time. These systems work most efficiently in more
heavily populated areas where there are systematic
networks of roadways over which to move the photometers. GMS are most useful for characterizing
LAN on time frames of days or weeks, and over
moderate sized communities.
2.1.3.

Airborne Surveys (ABS)

We conduct Airborne Surveys using several different light detectors. These include up and down
looking photometers of our own design and manufacture, as well as High Dynamic Range Imager (HDRI)
2-D CCD cameras. We use both manned and unmanned aircraft to carry these detectors over areas of
interest. The ABS programs are best suited to larger
areas than the GMS (typically city size or larger areas), for which high temporal frequency is not a requirement. They are uniquely well suited to high spatial and contrast resolution data collection.
2.1.4.

Satellite Data Surveys (SDS)

There are small numbers of polar orbit satellites
that are accumulating various types of LAN observations. We have developed software and methods for
mining and exploiting these databases. The data tend
to be inhomogeneous, and require great care in their
use and application. They are often of low contrast
resolution, and have lower spatial resolution than our
HDRI ABS programs. Nonetheless, these data are
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available to us, and they can provide a very useful
supplement to the other methods we have developed.

2.2

Applications

Our experience in applying the methodologies
we describe above falls into both research and commercial venues. The former includes projects to understand how to characterize artificial LAN as well as
its interaction with specific settings; the latter has
been primarily directed toward contributions to government mandated environmental impact statements
(EIS).
We have engaged in numerous research projects
involving LAN evaluations. Some of these projects
include the following:
•

Continuous Roadway Lighting: We have conducted coordinated GMS and ABS data collection to evaluate the impact on community ambient light and local sky brightness of a continuous roadway lighting project in Sedona, AZ.
We collected both baseline and post-installation
data, and were able to demonstrate that many of
the concerns about the environmental impact of
the project were overstated (E.R. Craine et al.,
2013).

•

Blue Rich Light Spill into Urban and Residential Areas: We have conducted ABS data collection to characterize the goniometric light
spill from blue-white High Intensity Discharge
sports field lighting installations. We have been
able to demonstrate that most such lighting is
well outside limits imposed by the Pima County
Lighting Code (Pima County 2012).

•

Light at Night Map – the Urban-Rural Population Interface: We are undertaking a long-term
LAN monitoring program of the Pima County,
Arizona region, which includes both urban and
rural communities. The goal is to map and
characterize temporal light intensity evolution
of a large populated area. This LAN MAP program has been described in several reports
(Craine and Craine, 2011; E.R. Craine et al.,
2012).

•

Ecological Impacts of LAN on Wildlife Systems: We have initiated research collaboration
with conservation biologists at the Arizona Sonora Desert Museum to characterize LAN as it
impacts indigenous migratory species. This
work involves periodic GSS, ABS, and SDS
monitoring.

•

Other Projects: We have extensive experience
with a range of GSS, GMS, ABS, and SDS pro-

jects in a number of states, including Arizona,
California, Colorado, Hawaii, Kansas, New
Mexico, and Iowa.

3.

A Pima County Example

Pima County, Arizona is the locus for a number
of significant astronomical observatories, both public
and private. The primary urban development has
been associated with the city of Tucson, however for
the past two decades significant growth has accrued
to the “filling in” of suburban communities, including
Marana, and Oro Valley to the north, Vail and Benson to the east, Green Valley, Sahuarita, and Rio Rica
to the south, and Ajo to the west. Other communities
in neighboring counties are also contributing to the
urbanization of the southern Arizona observatories,
including Sierra Vista, Sonoita, Tubac, and Nogales.
The giant on the distant northern horizon, Phoenix,
has long been visible from southern observatories,
and rapidly growing communities on the I-10 corridor, Eloy, Casa Grande, and Chandler, are becoming
substantial contributors to night sky brightness.
A looming question for the urbanized professional observatories, Kitt Peak National Observatory
(KPNO), Multiple Mirror Telescope Observatory
(MMTO), Catalina Observatories, and Fred L. Whipple Observatory (FLWO/SAO), is how long does it
make sense to continue high end funding for maintenance of these facilities in view of ever encroaching
artificial lights?
This is a complex issue, and is often expressed in
terms of multiple pressures on existing funds. Nonetheless, one only need look at the Webb Space Telescope overruns to realize that there are still large
quantities of money available for astronomical instrumentation. The real issue is that when funding
agencies say that they no longer have funding available for a specific observatory expansion, what they
really mean is that they no longer value that facility
at a sufficient level to justify the funding. Dwindling
valuation for ground based facilities can often be a
consequence of observing constraints imposed by
degraded limiting magnitudes.
For private observatories, the issue is no less important. The problem is exacerbated in that their site
locations are often much more vulnerable than those
of professional observatories, and light pollution has
the potential to render them unable to conduct any
meaningful research.
Recent studies by Neugent and Massey (2010)
have determined that the night sky brightness at the
zenith over Kitt Peak National Observatory has been
constant for a number of years, and that the brightness observed obliquely over the Tucson basin has
been largely unchanged for several years. They at-
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tributed this happy circumstance to the implementation of the Pima County Lighting Code.
This attribution was seemingly at odds with observations beginning in 2001 from the private
Goodricke-Pigott Observatory in southwestern Pima
County, which have clearly shown a steady increase
in night sky brightness (Craine and Craine, 2005).
Following several years of LAN measurement studies
by the authors at STEM Laboratory, it was apparent
that the tools now exist to address the Neugent and
Massey study more critically. In particular, it is important to recognize that the 2010 study was based on
a Ground Static Survey; and we have learned in recent years that a GSS alone can mask effects that
become much more apparent when used in concert
with more comprehensive LAN surveys.
To this end, we have conducted SDS and ABS
projects for the Pima county area in an effort to better
understand the Neugent and Massey study, the impacts of LAN in this region, and what it might mean
for the future of the southern Arizona urbanized observatories. We discuss in Section 3.1 (SDS) and 3.2
(ABS) the data that were collected, and in Section 3.3
we discuss the analysis of those data. Finally, in Section 4 we interpret the results in the context of mitigation programs that might serve to extend the productive lifetimes of these observatories.

3.1

Airborne Survey (ABS)

The Airborne Survey (ABS) to characterize LAN
in the Pima County area was conducted in two phases: 1) an Oblique Imaging Survey (OIS) grid to identify specific targets of elevated LAN contribution,
and 2) a newly developed technique of High Dynamic Range Imaging (HDRI) in a Goniometric Flight
Profile (GFP). The former was used to make a target
list of specific lighting installations that make a significant contribution to LAN levels in the Tucson
basin. The latter was used to characterize specific
installations. This program was financially constrained, so it is not a comprehensive survey. Nonetheless, it led to some major surprises and has served
to establish a clear strategy for improving the outlook
of urbanized southern Arizona observatories.
The OIS program involved flying an instrumented C-182 aircraft on a broad grid pattern over the
Tucson basin and making oblique images, in which
we identified a number of specific targets of unusually high brightness. A partial list of targets thus identified appears in Table 1; this is neither a comprehensive list, nor does it represent all of the most extreme
examples.
Catalina Foothills HS
Coronado MS
Flowing Wells HS
Garcia Park
Kino Sports Park
Mike Jacobs Park
Mountain View HS
The Practice Tee
Rillito Downs
Udall Park

Satellite Data Survey (SDS)

The Operational Linescan System (OLS) flown
on the Defense Meteorological Satellite Program
(DMSP) satellite has a unique capability to record
low light imaging data at night worldwide. These
data are archived at the National Oceanic and Atmospheric Administration (NOAA) National Geophysical Data Center (NGDC) (Tuttle, 2014). The
useful data record stretches back to 1992 and is ongoing. The OLS visible band detector observes radiances about one million times dimmer than most other
Earth observing satellites. The sensor is typically
operated in a high gain setting to enable the detection
of moonlit clouds. However, with six bit quantization
and limited dynamic range, the recorded data are saturated in the bright cores of urban centers. To overcome this constraint a limited set of observations
between 1996-2010 was obtained at low lunar illumination where the gain of the detector was set significantly lower than its typical operational setting
(sometimes by a factor of 100). The Global Radiance
Calibrated Nighttime Lights satellite composite images product was developed by combining these
sparse data acquired at different gain settings to produce a product with no sensor saturation (Zisken,
2014). This product can be related to radiances based
on the pre-flight sensor calibration.
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3.2

Table 1. Example Pima County Light Spill
Facilities

The GFP program involved flying both manned
and unmanned aircraft on a dome-like grid of fixed
radius, centered on the light installation target of interest. A large number of node locations were computed at different elevations and geographic locations, providing numerous angular and position perspectives on the light installation. An HDRI camera
was placed at each of those locations (aboard the appropriate aircraft), and images were made of the installation. The result was a grid of images, at the
same distance from the light installation, recording
the installation from multiple directions.

3.3

Data Analysis

The SDS images, available in the geoTIFF format, were processed using Geographical Information
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System (GIS) software (qgis.org 2014). Standard
ESRI shape files (Environmental Systems Research
Institute, Redlands, Ca) containing descriptions of the
Tucson area and an inner Tucson area were used to
define regions for zonal statistical analysis of the
temporal collection of SDS images. The sub-regions,
comprising the Tucson Basin and the Tucson Inner
Region, are shown in Figure 1.

Figure 1. Geographic limits of areas measured. The
large green constant color polygon outlines the entire
Tucson basin. The smaller gray polygon is the inner
Tucson area that had been noted on differential image
comparison to have decreased LAN between 1996 and
2010.

Figure 2. Plots of the sum of LAN for the Tucson basin,
Tucson inner region, and the Tucson peripheral region,
as a function of time.

The sum of the LAN intensities over the Tucson
basin and the Tucson inner area was determined for
the radiance calibrated images from different epochs.
The values were normalized to those obtained from
the F16_20051128-20061224_rad_v4 image which is
the reference dataset. There is a decrease of LAN
over the Tucson inner area of about -2.7x10-8 Wcm2 -1
sr per year (Figure 2).
If we look first at the data for the Tucson Inner
region, we see that the result is broadly consistent

with the observations of Neugent and Massey, i.e. we
see a steady brightness level over the duration of the
survey period, with a slight negative slope suggestive
of some systematic reduction in city brightness.
However, the previous interpretation that this state is
a result of the Pima County Lighting Code can be
called into question by the balance of the new data.
Specifically, we argue that the apparent lack of
growth of LAN in the Tucson Inner region is primarily the result of pressures from economic instability,
and has little to do with lighting codes and environmental activism. We offer several arguments in support of this position:
1.

If we look at the data for the entire Tucson Basin we see a collective pattern that is consistent with inner city decline observed in numerous other cities that do not have lighting
codes.

2.

There is ample independent evidence of such
economic decline in Tucson from other
sources.

3.

The ABS data clearly indicate that the spirit, if
not the law, of the Pima County Lighting Code
is not well implemented, even by Pima County
Government operated facilities, making it unlikely to exert a beneficial effect in Tucson.

4.

A further constraint on the impact of the Pima
County Lighting Code is the lack of awareness
of concerned parties that certain certified
“dark-sky friendly lights” are not dark-sky
friendly and are substantially contributing to
the problem.

In the first instance, it is informative to look at
the SDS data for the entire Tucson Basin, not just the
Tucson Inner region. As shown in Figure 2, this presents a different picture. The Tucson peripheral region is determined by subtracting the value for the
Tucson Inner area from the Tucson Basin. The results
shown in Figure 2 indicate a steady increase in LAN
over time for the peripheral area at a rate of about
3.6x10-7 Wcm-2 sr-1 per year (reflective of the observed growth patterns in suburban and surrounding
communities). The overall Tucson basin is experiencing a growth of LAN of about 3.4x10-7 Wcm-2sr-1
per year; approximately 1% per year, or about the
equivalent of adding the light levels of Page, Arizona
each year. The Tucson Peripheral increase rate is
slightly greater than the overall increase in LAN levels for the region as a whole (Tucson Basin), indicating the moderating effect of the economic stress of
the inner city region. One would expect that this will
ultimately have the effect of further boosting the ac-
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celeration of LAN levels following the much sought
after economic recovery of both Pima County and
central Tucson. Very similar patterns of LAN due to
economic depression have previously been observed
in other communities (c.f. Elvidge et al., 2014).
To the second point, while the subject of this paper is not the economic tribulations of central Tucson, this is nonetheless a relevant issue. We only
comment that during the time period of interest much
of central Tucson has seen the shuttering and darkening of small businesses, yielding a “ghost town” quality to parts of the inner city. Further, during this time,
Tucson was embroiled in a notorious misappropriation of so-called “Rio Nuevo” funds for inner city
development that resulted in a loss of $0.25B and the
stall-out of numerous development projects (ADI,
2012; O’Dell, 2011). Few would question that this
was a period of continual economic stress on the inner city.
To the third and fourth points, we now turn to an
analysis of the ABS data. First, the Oblique Imaging
Survey (OIS) allowed the identification of scores of
extremely bright light installations throughout the
survey region. It was particularly striking that many,
if not most, of these sources could be characterized
by light shining upward at zenith angles of less than
90-deg, in addition to the expected background contributions of reflected light. Many of these sources
were sports fields, and for our initial observations we
have concentrated on these facilities.
The second ABS program involved the Goniometric Flight Profile (GFP). This work involves the
previously described “dome-like” flight profile over
each of the light installations of interest (see Table 1).
This yields large quantities of data, and a comprehensive discussion of these results will be the subject of
a separate report. For our purposes here we will use
some typical observations to illustrate the point we
wish to make.
One of the facilities observed was a nighttime
golf driving range, which was illuminated by presumed full-cutoff light fixtures mounted on poles
around the periphery of the range. Nonetheless, as
with most of the lighting installations we observed,
the light fixtures themselves appeared quite bright
against the dimmer background, even from directly
overhead.
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a.

b.
Figure 3 a,b. a) A MaximDL screen shot of a ZA = 0-deg
image of one of our target sports fields (practice driving
range), showing a scaled FITS image; b) a light intensity
line plot showing one of the “up-directed” lights.

Sets of HDRI images were collected, which offered the same azimuthal perspective as obtained
from five different altitudes (and hence zenith angles), all at comparable distances from the source.
The images were converted to standard FITS format,
dark-subtracted, and analyzed using software packages MaximDL and ImageJ (c.f. Figure 3). For each
image we observed a mean local background of light,
these brightness levels a function of the albedo of the
background region immediately surrounding the
light. In the absence of direct upward light from the
fixture, this background level is what one would
normally expect to see at the location of the light
fixture in the image. Using the image processing routines, we determined the apparent brightness of the
light itself relative to the background. Finally, we
formed the unitless ratio of light source brightness to
background brightness.
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In Figure 4 we plot this brightness ratio as a
function of zenith angle for just one of the many typical fixtures measured. Note that a true full-cutoff
installation will show a constant ratio of unit value
regardless of the zenith angle from 0 to 90-deg, per
definition for compliance with Pima County Lighting
Code.

cases the lights were formally certified “dark-sky
friendly” by environmental advocates, and apparently
our ABS was the first systematic scientific measurement of the installation. It is interesting that the extreme lights of Figure 5 are actually operated by Pima
County Government; it is hard to imagine that they
would deliberately flout their own definitions of fullcutoff lighting. It is more likely their intent was to do
the community a service, but they were misinformed
regarding the nature of the installation.

Figure 4. A plot at fixed azimuth of one of the pole lights
of Figure 3 showing the light intensity ratio as a function
of zenith angle.

This is clearly far removed from a full cut-off installation. If we look at most Tucson sports field
lighting we see similar results, with fixtures producing light levels one to three orders of magnitude
greater than allowed by Pima County Lighting Code
definitions of full-cutoff lighting. It is noteworthy
that it has recently become fashionable for astronomers to specify light spill in the range of zenith angles of 70 to 90-deg as the most damaging to observatory facilities (c.f. Cinzano and Castro, 2000). This
is precisely the range in which the light spill we have
measured is greatest. How is this situation possible?
We have discovered that part of the answer lies
in the nature of the installation. These lighting fixtures are typically covered by a highly reflective polished metal dome. Because individual lights are not
bright enough to achieve the desired levels of onfield illumination, they tend to be mounted in banks
of 4 to 6 or more lights. Still inadequate for the desired effect, these banks of lights are often stacked
one above the other. In Tucson, stacks of as many as
ten of these banks are easily found (see Figure 5).
The problem is that lights higher in the stack reflect
considerable amounts of light off of the shields of the
lower lights (albedo of the light shields can be on
order 50 - 80% in many cases).
Why does this happen? Our experience in preparing this study is that nobody has really appreciated
this problem in Tucson. Colleagues in both astronomical and lighting advocacy circles have expressed
surprise and dismay at seeing these data. In many

Figure 5. Shown are sixty “full-cutoff” fixtures, most
shining on each other, one of many such stacks at Kino
Sports Park, operated by Pima County Government,
sponsor of the Pima County Lighting Code.

Sports field lighting is by no means the only example of significant, out-of-code, unwanted contribution to LAN in Pima County, and other examples can
be found in the OIS data, including lighted billboards, commercial buildings, and various work sites.
We have several technical reports in preparation detailing measurements of these light sources.

4.

A Program for Monitoring and
Mitigation

One element of observatory site preservation is
effective monitoring and mitigation of adverse LAN
effects. Community wide lighting codes are a good
step, but only if they are enforced. Enforcement is
impossible in the absence of a clear understanding of
which light sources are a problem, and why. In this
study, we started by querying the local astronomical
community with regard to the ten worst light sources
impacting specific observatories. Not one observational astronomer or observatory director was able to
produce such a list! We contend one should maintain
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a list of 50 such sources, and be actively seeking mitigation for those installations.
Similarly, relying on assertions that some types
of lights are dark-sky friendly is only meaningful if
comprehensive in situ measurement data are available. Public relations platitudes will not ensure continued observatory support, when real measurement
shows that sky conditions are inexorably degrading
due to failure to recognize specific problems.
We propose a monitoring program consisting of
the following:
•

Collaborative observatory GSS data collection
to establish current site conditions.

•

Quarterly SDS data analysis to assess regional
LAN changes.

•

Continuous ABS OIS data collection to identify
specific offending light installations.

•

Continuous ABS GFP data collection to characterize non-compliant light installations (relative
to the intent of the Pima County Lighting
Code).

•

Maintenance of an ordered list of the most
problematic light sources in the observatory region of influence.

•

Continuous active pursuit of mitigation of the
highest priority targets on the above list, continually refining the list as enforcement is
achieved or as more offensive targets appear.

STEM Laboratory contends that this project could
be effectively maintained at an annual cost of less
than 0.1-0.2% of the annual astronomical revenue
generation for the State of Arizona. If this is too
great a commitment to make, perhaps we should
consider just letting urban observatories fade away.
Actually, this is already the default scenario! (see
Section 5).
Identifying problem light installations is one thing,
mitigating their effects is another. Are there feasible mitigation strategies? We suggest the following as just some examples that could address the
situations described above:
•

Low albedo finishes – in the case of the lighting
fixtures described above, one approach would
be to reduce the albedo of the light housings.
This could be accomplished by sand blasted
and painted surfaces, consistent with thermal
considerations.

•

Low albedo shields – if the above approach is
inadequate, a next step would be to introduce
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standoff shields, perhaps of honeycomb material, to trap the scattered light.
•

Modified housing geometries – It is an easy
matter to design stacked light bank mounting to
provide for geometric offsets such that high bay
lights do not scatter off of lower bay lights.

•

Retrofit with modern lighting (LED) – though
more expensive, it may be desirable to replace
older, scattering lights with newer light banks
that do not suffer these problems.

•

Surfactants – Much of the light coming from
high intensity light installations is due to high
albedo ground surfaces. There are various types
of surfactants that can reduce the albedo and
moderate the total upward light from these installations.

Mitigation is quite feasible, but only in concert
with a meaningful, comprehensive monitoring program.

5.

Conclusion

The proliferation of unwanted LAN is a real
threat to astronomical observatories, but in practice
the immediate threat is poorly characterized and understood by the astronomical community. Measurements of LAN made from static observatory locations
(GSS) are locally instructive, but woefully and dangerously incomplete.
The disparity between the Kitt Peak National
Observatory GSS and the Goodricke-Pigott GSS data
can now be easily understood, for the first time, with
the addition of the SDS and ABS data reported in this
paper. Kitt Peak recorded the integrated line-of-sight
brightness over an economically depressed inner city,
which moderates the sky brightness. GoodrickePigott observatory scan mode telescopes are fixed to
look south though the rapidly growing lights of the
peripheral Tucson area. This distinction was understood for the first time with the benefit of the expanded monitoring data we propose to undertake on a
regular basis for all of Pima County.
Current enforcement of the Pima County Lighting Code is hindered by the absence of clear understanding of the reality of non-compliant light sources.
Failure to measure these lights in situ has resulted in
a mistaken belief that some “dark-sky advocateapproved” lights are beneficial, when, in fact, such
programs can unwittingly make the sky brighter.
There is a demonstrated, viable, program for
monitoring LAN in Pima County, in a comprehensive
and quantitative way that can lead to specific, effective mitigation proposals. This program can be implemented at very low cost, compared to the recog-
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nized economic contribution of astronomical research
to southern Arizona. We argue that failure to do so
will contribute to the decline of southern Arizona
urban observatories.
It is not too late to implement the program we
propose, but time is growing very short. The National
Science Foundation has already started the process of
divestiture of the Mayall 4.0m, WIYN, 2.1m, and
McMath-Pierce telescopes at Kitt Peak National Observatory (Beatty 2012; Beal 2013). Kitt Peak National Observatory is changed forever, in part because of the growth of LAN in Pima County. How
long until we see contraction in support for MMTO,
and FLWO, and the Catalina Observatories?
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Using a CCD Camera for Double Star Astrometry
Joseph Carro
Cuesta College
San Luis Obispo, California
jcarro@charter.net

Abstract
This paper describes the use of a CCD camera for double star astrometry, and it will serve as a planning guide
for the installation and use of such equipment. The advantages and disadvantages of the suggested equipment
plus examples of the photographs produced by such equipment are included. This author has successfully used
a CCD camera for more than two years, and has published papers in three journals, namely the Journal of Double Star Observations, El Observatorio de Estrellas Dobles, and il Bollettino de Stelle Doppie.

1.

Location

The observations were made from my house in
Paso Robles, California (located about 35o37'36 "N
and 120o41'24" W).

2.
2.1

Equipment
Telescope

Celestron CPC 1100. This telescope is computerized and motorized. The telescope is a SchmidtCassegrain design with an aperture of 279mm. The
manufacturer gives the focal length at 2,800mm.

2.2

Camera

A CCD camera model ST-402, a product of the
Santa Barbara Instrument Group. The frame size is
765 x 510 pixels, and the pixel size is 9 microns. No
filter was used. A USB cable is used to connect to a
computer.

2.3

Software

The software consisted of CCD Soft version
5.00.195 and SKY 6 version 6.0.0.65; both programs
are products of Software Bisque. Those products
were used to reduce the data.

3.

Methodolgy

This Celestron telescope is aligned by centering
on any three bright stars, which is aided by using an
eyepiece with double cross hairs, and placing the
target stars in the center box. After having aligned the
telescope with the Global Positioning Satellite, a reference star is used to set the focus, and configure the

software. During each viewing session, six photographs of the reference star and 10 photographs of the
target stars are taken. In order to keep target stars in
the center of the field, a realignment is done after
about 90 minutes.
For each viewing session, the date, starting time,
ending time, temperature, humidity, lunar phase,
wind, and visibility are recorded. This author defines
"visibility" as the number of stars in the Little Dipper
which can se seen without an instrument, and the
interval is from 1 to 7 stars.

4.
4.1

The CCD Camera
History

Similar in principle to the "bucket-brigade device" which was developed at Philips Research Labs
during the late 1960's, the charge-coupled device was
invented in 1969 at AT&T Bell Labs by Willard
Boyle and George E. Smith. The essence of the design was the ability to transfer a charge along the
surface of a
semiconductor from one storage
capacitor to the next.

4.2

Discussion

CCD cameras were very rapidly adopted by astronomers for nearly all applications due to the high
quantum efficiencies of these devices, the linearity of
their output (one count for one photon), the ease of
use compared to photographic plates, and
integration with computers. This technology is expensive, difficult to use, requires many hours to learn,
requires power and a computer, and is affected by
thermal noise and cosmic rays.
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Limitations

4.3

As with all technology, certain limitations exist,
namely
1. Ambient temperature. This is important. Selecting an optimum temperature for the camera
involves some experimentation. In general, a
setting of -5oC will work if the ambient temperature is < 20oC.

Vollmann (JDSO Fall 2008) reported separations up to 333as (no details).
Masa (JDSO Winter 2009) reported on one
star with a separation 421as (no details).
4. Thermal noise and cosmic rays may alter the
pixels in the CCD array.

2. Stellar luminosity. Stars of magnitudes 1 to 6
will saturate the camera, and so a filter or a
short exposure will be needed (there is a tradeoff here because both choices will "hide" dim
background stars).
Vollmann (JDSO Fall 2008) recommended selections with a magnitude of 7 or dimmer;
dimmest in his report was 14. (SBIG 237A
camera; 10 second exposure; no description of
his telescope)
Spangle (JDSO Fall 2006) reported stars of
magnitude 8 to 13.2. ( SBIG ST200 camera;
all pictures had a 30 second exposure; 225mm
Schmidt-Cassegrain).

Figure 1. A photograph prior to subtraction of a "dark
frame".

Spangle (JDSO Spring 2007) reported on a 30
second exposure of a magnitude 13.8 star.
Masa (JDSO Winter 2009) reported on magnitudes from 2.3 to 14.2 (2x & 3X Barlow).
(Meade DSI Pro camera; exposures from 0.02
to 1 second; 200mm Newtonian).
Carro (sent to the JDSO March 2014) reported
stars of magnitudes 7 to 14. (SBIG CCD camera model ST-402; varying exposure times; no
Barlow)

Figure 2. A similar photograph after subtracting a "dark
frame".

3. Stellars separation. Close stars (<10 arcseconds) require additional magnification.
Vollmann (JDSO Fall 2008) recommended selections with a separation >6
Spangle (JDSO Fall 2006) reported on one star
with a separation of 2.7as (no details).
Masa (JDSO Winter 2009) reported on one
star with a separation 2.5as (used a 3X Barlow).
Figure 3. An example of an over-exposure.

Widely spaced stars (>50 arcseconds) are difficult to place in the field center.
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To counter such effects, several exposures are
taken with the CCD shutter closed (called "dark
frames"), and opened (called "flat frames") while
pointing at a blank surface or a light box. The average dark and flat frame image is then subtracted to
remove the systematic defects. The dark frame will
be used to remove unwanted signals (frequently
called the "noise pattern"). The flat frame will be use
to subtract dust donuts, vignettes, and nonuniformities. In both cases, the exposure time for "dark
frames" should be longer than the longest image exposure. The key to making good flat frames is to use
the same setup as that used for images.
In his book, Handbook of Astronomical Image
Processing, Richard Berry devoted many pages to
these topics, and recommended taking such images
before, during, and after a viewing session (see sections 2.4, 2.5, 5.5.3, and 5.5.4).

5.

Advantages of CCD technology

1. Photographs of the objects under study.
2. Reproducible results.
3. Data files which can be studied at any time.
4. The ability to photograph dim stars.
5. More efficient use of viewing time.
6. Software management of the data.

6.

Planning

Advanced planning is necessary in order to make
the photography session productive, and will include
1. Lunar status.
http://aa.usno.navy.mil/data/docs/RS_OneYe
ar.php.
2. Weather conditions: http://www.msn.com/
3. Viewable constellations (Stellarium.exe; a no
charge program)
4. Obtaining the precise coordinates for each
star:
Washington Double Star Catalog
http://ad.usno.navy.mil/wds/wdstext.html
SIMBAD to get an image
http://simbad.u-strasbg.fr/simbad/sim-fid
5. Attention to Right Ascension and Declination.

6. Preparing data sheets (either written or computerized).
7. Gathering background information for each
star (who did what and when). I maintain a
list of sources, and check for data.
8. Preparing and organizing folders for photograph storage
Setup folders for each viewing session (such
as 26 March 2014 Paso Robles 9pm)
Setup folders for each star (such WDS
04477+3446_HJ349 in Auriga)
Retain a copy of any papers sent to journals

7.

Software

Software Bisque offers two programs which
work jointly to produce an astrometric solution. The
products are CCD Soft version 5, and SKY 6. This
program is heavily dependent on the number of
background stars, and often fails to render a solution
if there are fewer than 10 stars. If the number of
background stars is adequate, the program will produce a solution in about 1 second. A significant advantage to CCD Soft is that subtracting dark or flat
frames is an optional item. Both the documentation
and technical support are good, although technical
support is available only by electronic mail. One annoying feature is that any time an *.FIT file is used
for astrometry, the program creates an *.SRC file.
Those files cannot be read by the CCD Soft program,
and needlessly consume space. Currently, the program cost is $199, and there is an annual subscription
fee of $50.
REDUC is the name of a program written by
Florent Losse. It requires a different approach. First,
with tracking set to off, a photograph must be taken
of a star as it drifts across the field of view. Second, a
reference star must be photographed at the beginning
and the end of each session. Third, photographs of
the target star should be placed in a separate folder.
Some experience with the program will be needed to
learn how to adjust for brightness. Background stars
are not required for this program, and the data summary is particularly useful, as a full, statistical analysis is done which can be printed or saved. Currently,
the program is available at no charge, and there is no
annual fee.
AIP 4 Win Software is the name of a program
written by Richard Berry and James Burnell. This
program has many features, well beyond astrometry.
After placing photographs into a folder, an astrometric solution is achieved by placing an overlay on the
star images, adjusting the parallactic angle, and then

57

Carro: CCD Double Star Astrometry

selecting reference stars from the photograph. Once
done, the solution will appear within 2 seconds. Very
nice reports are available from this program, and an
excellent text about CCD cameras accompanies the
software. Currently, the program sells for about $160.
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Measuring Double Stars with a Dobsonian Telescope
by the Video Drift Method
Rick Wasson
Sunset Hills Observatory
24445 Epson Court, Murrieta, CA 92562
ricksshobs@verizon.net

Abstract
Equipment, observing procedures, data reduction techniques and software the author uses to measure double
stars with a Dobsonian telescope by the Video Drift Method are described in detail. Challenges encountered
with an Alt-Az telescope and data reduction, such as calibration, a continuously rotating field and digital video
pitfalls, along with ways to overcome them, are discussed. Early measures from 2011 are presented and compared with measures of well-established sources, validating the use of a Dobsonian telescope to measure double stars by the Video Drift Method.

1.

Introduction

The author has been an amateur astronomer for
nearly 60 years, having a particular interest in areas
where amateurs can make scientifically useful observations. Past observations included AAVSO variable
stars and BVRI photometry of variables and eclipsing
binaries, with several published papers, e.g. Wasson
(1994).
In 2008 a video camera and a GPS time-inserter
were purchased for the purpose of observing occultations of stars by asteroids, in support of the IOTA ongoing program to measure asteroid sizes, shapes and
precise positions for improved orbits. After moving
to Murrieta, CA in 2010, a 12-inch “Go-To” Dobsonian telescope was added to reach fainter occultation targets.
With a long-time interest in double stars, the author noticed an article by Nugent and Iverson (2011),
also occultation observers, describing a method for
measuring double stars using the same equipment
already at hand. He had to give it a try!
While an alt-az telescope is certainly capable of
observing double stars visually, it is not the usual
instrument for measuring double stars. The challenges imposed by an alt-az mount, and ways to overcome them, are recurring topics of this paper, which
has these purposes:
1. To describe the Video Drift Method as adapted
by the author, using a Dobsonian telescope.
2. To give details of the techniques, tools and procedures used.
3. To present the first results of double star
measures made in 2011.

4. To assess the quality of the measures by providing statistical data and example comparisons
with presumably higher-quality observations.
5. To discuss error sources and evaluate the impact on quality of the measures.

2.

Equipment

The author’s telescope is a portable Orion 12inch (304 mm) f/4.9 “Go-To” Dobsonian, with a focal length of 1500 mm.
The camera, used at the Newtonian focus in
place of a 1¼” eyepiece, is a PC-164c low-light surveillance video camera, incorporating a Sony
EXview HAD CCD black & white sensor, providing
standard NTSC analog video at 29.97 frames/sec.
The CCD detector contains 510(H) x 492(V)
pixels. Each pixel is rectangular 9.6μ(H) x 7.5μ(V)
for an overall detector size of 4.9mm(H) x
3.7mm(V). The field of view, for the 1500 mm focal
length, is approximately 11 x 8 arc minutes.
A “Kiwi” GPS time inserter, originally purchased for accurate timing of asteroid occultations,
adds a GPS time display at the bottom of each video
frame.
Analog video from the camera is digitized at 8
bits in real time by a Canon ZR-200 camcorder and
written to MiniDV cassette tape. No color filters have
been used for observations, so far.
Some observations have been made with a Barlow lens for higher magnification of close doubles.
Figure 1 is a single full-frame image from a drift video, showing the GPS (UT) time display at the bottom.
A 3x Barlow was used, for an effective focal length
of 4.5 meters and a field size less than 4’x3’.
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The permanent “bow-tie” pattern of 5 hot pixels
below center shows up in videos on warm summer
evenings, because the camera has no cooling. The
double star is the eastern pair of the famous “doubledouble” Epsilon Lyrae (STF 2383CD), whose separation is 2.3 arc seconds.

tinuous running field count since the last KIWI GPS
satellite initialization.
The author’s portable observing setup for recording drift videos of double stars is shown in Figure 2.
On the table are the camcorder, KIWI GPS time inserter, finding charts and numerous connecting cables. The video camera is mounted in a Baader 1¼
inch Q-Turret, together with low- and medium-power
eyepieces to help find and center objects
.

3.

Figure 1. A single frame of video showing the GPS time
display at bottom.

Each video “frame” actually consists of two linescanned “fields” of half the lines (the odd or the even
pixel rows) of the CCD chip. The two fields are alternately read out at slightly different times, and are
interlaced together to create a frame. Therefore, there
are two GPS time values for fractional seconds imprinted and read, while the hour, minute and second
values are common to both fields. Although GPS
time may be more accurate, 3 decimal places (i.e.,
rounded to the nearest millisecond) are imprinted by
the KIWI and 1 msec is adequate for both occultation
timing and double star measurement.

Figure 2. The author with 12-inch Dobsonian “Go-To”
telescope and support equipment.

In Figure 1, the first three numbers are UT hour,
minute and second, followed by the millisecond
times of the two fields. The number at right is a con-
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Observing Procedure

All observations were made using the Video
Drift Method described by Nugent and Iverson
(2011). When using an alt-az mount, the field continuously rotates during the observing session at a variable rate depending on declination, latitude and hour
angle.
The east-to-west drift direction of stars, assumed
to be a straight line over the small field of the video
camera, is used as an absolute reference to measure
the video frame orientation to the sky. The known
sidereal drift rate, together with accurate (GPS) timing of the drift across many pixels is used to measure
the “plate scale” (from photographic plates) in arcsec/pixel.
The video frame is first roughly aligned with the
sky by rotating the camera in the eyepiece holder
until stars drift left-to-right (east-to-west), horizontally on the camcorder monitor, with the drive turned
off.
To make an observation, the target stars are
moved slightly out of the field eastward, the telescope drive is turned off, and a video recording is
made as the stars drift across the field – on the true
east-west path. The recording is stopped once the
stars drift out of the field, and the tracking motors are
turned back on to avoid losing the stars. Current practice is to repeat this process for 3 or 4 “drifts” for
each target double star, although for the early observations shown later only one or two drifts were recorded.
After the first drift, an alternative and more efficient method is to manually drive the stars back off
the left (east) edge of the field, then let them drift
across again; this is repeated for as many drifts as
desired, recording continuously all the while with the
sidereal drive turned off.
For equatorially-mounted telescopes, the drift
method is commonly employed for “calibration runs”
to determine camera orientation, then applied to all
observations for the same fixed camera position.
For alt-az-mounted scopes, however, the drift
method must be used to calibrate every individual
observation, because no two drifts have the same
orientation and because the camera is frequently ad-
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justed to keep it roughly aligned with the sky. This
definitely makes measuring double stars with a Dobsonian telescope more challenging!
In the video drift method, each drift sequence is
a stand-alone package of information containing data
for calibration of both pixel scale and sky orientation,
by using the known sidereal drift direction and rate,
coupled with accurate GPS time for each frame. No
other calibration observations are necessary. Of
course, the video sequence also contains many shortexposure image samples (frames) used for double star
measurement.
To insure that target stars or drifts are not confused later during data reduction, the drifts are labeled a, b, c, etc. and the approximate time of each
drift is noted by hand on the observing log sheet.
With a telescope focal length of 1500 mm, the
field of view is small - about 11 x 8 arc minutes.
However, at the equator, the time for a star to drift
across the field is still about 45 seconds, giving over
1300 video frame samples. Of course, at higher declination the drift times are longer, giving more samples. With a 3x Barlow, typical drift times near the
equator are about 15 seconds, providing nearly 500
video frames for each drift.

4.

Data Reduction Overview

Data reduction of the digital video recordings of
double star drifts is accomplished in several steps; the
flow sequence is shown in Figure 3. The recordings
are first uploaded from the camcorder to a computer;
then the drifts are final-edited in the “VirtualDub”
program (Lee, 2010) and saved as .avi (audio video
interleave) files.

for each frame. LiMovie saves this information to a
.csv (comma separated values) file, which is like a
long spreadsheet list where each row represents one
frame. The .csv file from LiMovie is pasted into a
“VidPro” spreadsheet (Nugent & Iverson, 2011),
which calculates the two calibration parameters, Drift
Angle (DA) and Plate Scale, and also measures the
double star Position Angle (PA) and Separation.
The two calibration values are entered into the
“REDUC” program (Losse, 2011), which can measure the double star PA and Separation in several
ways. Finally, the measures of all drifts are summarized in a spreadsheet and standard deviations are
calculated. In the following sections, each step in the
data reduction process is discussed in detail.

5.
5.1

Analysis begins with processing each drift in the
“LiMovie” program (Miyashita, 2008); GPS time and
the central pixel (X, Y) of the double stars are found

Video Upload to PC

The IEEE 1394 serial bus interface standard was
developed in the 1990s for Apple computers (called
“Firewire” by Apple) for high-speed continuous data
streaming, and works well with Digital Video (DV).
USB was designed at about the same time for PCs to
carry a large number of small data packets, and was
originally much slower, but is now comparable in
speed. Each is a serial communication protocol between electronic devices, but they are neither interchangeable nor compatible with each other.
Digital video from the camcorder was originally
imported through a firewire cable and card installed
in a PC. An alternative method is now used: a “Movie Box” high speed translator by Pinnacle, which is
capable of capturing several different communication
formats, including firewire DV and HD, and provides
output to a USB 2.0 or 3.0 port, now standard on
most PCs and laptops.
Some preliminary editing (shortening) of the
video drifts may be done during upload, to reduce
hard drive storage a little. Roughly 200 MB of storage space is required for each minute of digital video.

5.2

Figure 3. Data reduction process, showing the four primary software tools and data flow among them.

Video Data Handling

Dropped Frames

During upload of video files from the camcorder
cassette to the computer there is the danger of dropping individual video frames, if any supporting link
in the transfer chain (electronics, cables, processors,
software, etc.) cannot keep up with the frame rate of
the other links. Dropped frames may compromise the
calibration method based on GPS time, discussed
below.
To verify that no frames are dropped during upload, columns to calculate GPS time increments be-
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tween frames are added to the LiMovie output .csv
file. Inspection of these values, which should always
be 0.033 or 0.034 seconds (about 1/30 second for
NTSC video) verifies that no frames are missing.

5.3

“VirtualDub” Editing Program

The uploaded video clips are edited in the freeware program “VirtualDub” (Lee, 2010). Each drift is
“trimmed” to begin just after the double star enters
the field from the east and end just before it exits the
field. VirtualDub then saves the edited version as a
new .avi file, which in turn is read by the analysis
programs “LiMovie” or “REDUC.”
The author has had difficulty with the originallyuploaded .avi files not being readable by either
LiMovie or REDUC. However, after editing and resaving by VirtualDub, the problem disappears. It may
be that Virtual Dub uses a variation of .avi files with
a more commonly-accepted format or header. See
Section 11 for further discussion of related issues.

6.

“LiMovie” Program

“LiMovie” (Miyashita, 2008), is a freeware program which was developed for precise timing analysis of video recordings of lunar and asteroid occultations. For application to double star measurement, the
three essential tasks which LiMovie performs are:
1. Photometric measurement of star images in a
video sequence, even for quite faint stars.
2. Tracking the movement of stars from frame to
frame.
3. Extraction of the GPS time of each interlaced
video field from the pixel-pattern characters
imprinted by the GPS time-inserter.

the brightness and central pixel location (X, Y or
row, column) of one to three selected stars, as well as
a number of other parameters used for occultation
purposes. This file, in .csv format, is readable by Excel spreadsheets, and is used as the primary input for
follow-on VidPro astrometry analysis.
Figure 4, shows an example of a “3D” graphic
display available in LiMovie, where the grid represents pixels and the “height” of the star is the pixel
brightness. This view is useful for monitoring the
progress of LiMovie analysis in near-real-time. The
rings at the base of the star are used for photometric
analysis.
If the stars have no clear space between them, or
if one is much fainter and close to the other, LiMovie
may lose track of the faint star or jump to the brighter
one, defeating the double star measurement capability. This is the case in the example of Figure 4, where
the faint companion is only a small bump on the left
side of the bright primary star. However, LiMovie
can still be used to track the primary star (or any other star in the field) and produce data suitable for calibration, even when the pair itself can’t be measured.

7.

The “VidPro” Excel workbook was developed
by Nugent and Iverson (2011), to measure double
stars using the Video Drift Method. The VidPro
workbook consists of three spreadsheets:
1. A general sheet with star identification and
measure results;
2. A detailed calculation sheet into which the
LiMovie output .csv data file is pasted;
3. An instruction sheet.

7.1

Figure 4. LiMovie 3-D view of a close double.

LiMovie produces an output file containing,
frame-by-frame, the GPS times of the two fields and
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“VidPro” Workbook

VidPro Measurement

Once the data are entered into the few designated
cells of sheet1 and the .csv file from LiMovie is pasted into sheet2, the measurement cells are automatically updated. All frames in the drift are measured;
average values and standard deviations of PA and
separation are presented.
VidPro is intended for measurement of doubles
having moderate to wide separation, because: (1)
LiMovie must be able to faithfully track both stars in
every frame, and (2) LiMovie provides only the location of the central (brightest) pixel in each image – it
has no centroid or point spread function capability.
Of course, higher magnification can be used to spread
the stars apart, but the spread-out star images may
become more difficult for LiMovie to track.
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Although VidPro is intended for use on doubles
where the individual stars can be followed by LiMovie, the author created a “single star” version of
VidPro, which he routinely uses for drift calibration
of close pairs. This version simply eliminates those
cells which use the 2nd star data as well as the averaging calculations in the spreadsheets, to avoid undefined calculations.

7.2

VidPro Drift Angle Calibration

VidPro uses a linear regression of the drifting locations of a star’s brightest pixel (CCD row and column, or X, Y) in all frames to calculate the frame
orientation or Drift Angle (degrees). If both stars can
be tracked by LiMovie, independent values for each
component are calculated and averaged.

7.3

REDUC Drift Angle Calibration

REDUC offers several modes of drift angle calibration, including drift videos, for which it performs
a linear regression of the long track of star centroid
positions. An example is shown in Figure 5, where
each “+” symbol marks the centroid of the brightest
star in one frame. The wiggles are due to seeing and a
moderate wind bouncing the telescope slightly.
REDUC analysis automatically begins by finding the brightest star in each frame, and calculating
the centroid of that star image to a small fraction of a
pixel. This works very well for steady tracking.

VidPro “Plate Scale” Calibration

VidPro uses the GPS time increment (Δt,
minutes) between last and first frames, and the star
declination (δ), to calculate the actual angular distance (arc-sec) traveled by the star at the sidereal rate
during the drift. It divides this result by the hypotenuse of the pixel rows and columns (ΔX and ΔY)
traveled during the drift, to get the “plate scale” (arcsec/pixel), equation (1). The author’s plate scale is
typically about 1.0 arc-sec/pixel when no additional
magnification is used.
Scale = (Δt / sqrt(ΔX2 + ΔY2)) *60 * 15.041068
* cos(δ) (1)

8.

8.1

“REDUC” Analysis &
Measurement

REDUC is a powerful program written expressly
for double star analysis and measurement. It is provided free by e-mail request from the talented and
productive French amateur Florent Losse (2011). A
comprehensive on-line tutorial is handy to refer to
and very helpful while learning the program.
REDUC does not operate on video files directly,
but rather on a sequence of fits or bitmap files. But it
has the very convenient capability to read a video
(.avi) file and convert it to a set of bitmaps.
An alt-az telescope is not the usual instrument
for observing double stars, and the limitations imposed by the mount - continuously rotating field, the
need to frequently re-align the camera approximately
east-west, and the requirement to calibrate each drift
uniquely - can cause difficulty because the program
is used in ways for which it was not designed, particularly in calibration.

Figure 5. REDUC trace of the brightest star’s centroid in
a video drift, and best linear fit.

But for video drifts, the brightest star in one
frame may not be the same star in the next frame, if
the star drifts out of the field or if a brighter star enters the field. If REDUC doesn’t track the same star
during the entire drift, more than one track appears,
through which a mathematically correct, but meaningless linear fit is made.
A particular problem for faint fields is that the
brightest “star" may actually be a hot pixel or even
part of the GPS time display! These errors can be
overcome by de-selecting the frames that cause problems, but that is a lot of extra work.

8.2

REDUC “Plate Scale” Calibration

For “plate scale” calibration, REDUC again has
several methods for calibration. For any camera, pixel size is a REDUC input and may be used in calculating scale factor. However, the focal length and any
magnification used in the optical path (e.g., a Barlow
or eyepiece projection) must also be known precisely.
The actual magnification factor is generally not exactly the same as the nominal value (for example, the
magnification of a 3x Barlow is almost never precisely 3.00).
Calibration requirements are often fulfilled with
an equatorial mount by measuring standard “fixed”
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stars, and leaving the camera and focus untouched for
long periods. But this approach is impractical with an
alt-az scope, because the camera needs to be adjusted
and may be re-focused much more often; a slight
change in focus also makes a slight change in plate
scale. The advantage of using GPS timing for each
frame is not available in REDUC.
For these reasons, and to make the data reduction
process as consistent as possible, VidPro calibration
results are always used by the author as input for
REDUC analysis. It should be noted that VidPro and
REDUC assume opposite signs for Drift Angle.
Therefore, the sign of Drift Angle from VidPro must
be reversed when used as input to REDUC.

8.3

Benefits of Many Video Samples

For any given video frame, the seeing causes
large random uncertainties in the measures of Position Angle and separation. Integration over time with
any camera can produce clean star images which may
be measured accurately. However, time exposures
produce star images roughly the size of the “seeing
disk” (typically several arc-seconds across), larger
than the diffraction-limited Airy disk, which is less
than one arc-second. The seeing disk is larger because the seeing distorts not only the shape of the
stars, but continually moves them around in the field
as well.
The trade-off for video double star observations
is that brighter stars must be observed because of
short exposures, but measurement uncertainties are
reduced dramatically by the large number of video
frame samples taken in a single drift. Several drifts in
succession further defeat the seeing, reducing uncertainties of the overall average PA and Separation
measures.
When the seeing is reasonably good, the unique
advantage of the video drift method is the chance to
obtain a few “lucky” images (Anton, 2012) that approach the theoretical resolution of the telescope by
capturing a rare, fleeting moment of near-perfect seeing.

8.4

REDUC Image Sorting

A powerful tool in REDUC is the capability to
sort a large number of images to find the “best”
frames. Three criteria are available for deciding what
“best” means: (1) maximum brightness, (2) maximum signal/noise ratio, or (3) visibility. The author
usually uses the “Best of (Max)” option, but “Best of
(S/N)” is also useful for bright stars having plenty of
signal. The visibility option presents the user with the
task of choosing the best-appearing frames, impractical for the hundreds of frames in a typical video drift.
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After sorting, the bitmap image names are arranged in a new list, re-ordered from best at top to
worst at bottom. Near the top of the sorted list, one or
a few exceptionally crisp “lucky” images may be
found. These few images can be measured directly, if
desired. Figure 6 shows two typically-distorted images of ES1630, taken on a night of good seeing. Figure
7 shows a “lucky” image from the same drift. The
images are 64 pixels square, and the separation is 5.2
arc-seconds.

Figure 6. ES1630. Distorted images from single frames
in “good" seeing.

When the “best” sort is completed, any desired
portion of frames may be selected for further analysis. The author usually analyzes the best 25% and the
best 10% of frames in each drift. Not all the images
in such an arbitrarily-selected group are as sharp as
one would like, but the significant number of samples
still remaining serves to average out the random seeing distortion.
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shaped and clearly separated. The shifted-and-added
frame can be measured, but no statistics are available
because now only a single image is measured. Figure
8 is a Shift-and-Add image of ES1630. The primary
is the star on the right, which appears slightly fainter
in the un-filtered CCD image, perhaps because it is
bluer, where the CCD is less sensitive.

Figure 7. ES1630, separation 5.3”. A "lucky" image
caught in a moment of excellent seeing.

8.5

REDUC Measurement

Once the frames are ready for measurement,
multiple methods are available. The direct measure of
each frame is easily accomplished with two or three
mouse clicks. But this can become tedious for many
frames. Again, REDUC has a convenient “Auto”
shortcut, where the program quickly and automatically measures the double star PA and separation in each
of the many selected frames.
For each drift, the author typically measures the
double star first in the “Auto” mode. Enough images
are measured (at least a few dozen) to yield reasonable standard deviation statistical data, an indication of
internal variability of the measures. Methods for
identifying and dealing with out-lying individual
measures are also provided.

8.6

REDUC Shift & Add Mode

Perhaps the most powerful tool in the REDUC
analysis arsenal is the “Shift & Add” mode. First, the
centroid of the brightest star of each selected frame is
calculated (to a small fraction of a pixel) and then all
the frames are “aligned” (shifted) to the common
primary centroid. New shifted images are created and
the bitmap copies that REDUC had been operating on
are discarded (not the original bitmaps). The new
frames are then stacked (added together).
The shift-and-add process creates a single synthetic frame in which the true star images tend to be
reinforced, while the random seeing distortions and
sky background variations tend to cancel out. The
double star components typically become crisp, well-

Figure 8. ES1630 Shift & Add image, 64 x 64 pixels. Best
109 (10%) of 1128 frames in a drift.

Because Figure 8 is a stack of many frames, each
containing different random seeing distortions, the
two stars appear somewhat bloated compared with
the single-frame “lucky” image of Figure 7. However, the signal/noise is better, because the star “signal”
is reinforced and the seeing “noise” is reduced by
cancelling in many samples. While the single-frame
image appears to be better, it is still subject to shifts
and rotations. Therefore, the Shift & Add image
should yield more accurate measures, and the measure of only one lucky image may not be reliable by
itself.
For a very faint pair, the centroid of a brighter
star in the field may be used as the point to which all
images are shifted, while moving and shrinking the
new shifted set of images to include just the faint pair
(usually 64 pixels square). After shifting, the field
usually contains only the double star of interest. The
new small frames are again shifted, this time to the
centroid of the primary star, which is now likely to be
the brightest star in the tiny field. After the second
shift, the images are stacked into a single crisp image
of the faint pair. It is amazing to watch faint stars, all
but invisible in individual frames, suddenly pop out
in the new stacked image!
If a double star is very close (or even overlapping!) a second method for measuring the shifted-
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and-added image is provided: the Model mode. A
mathematical model of two stars whose point spread
functions may overlap, is compared iteratively with
the clean image until an adequate match is achieved.
The converged model is then used to measure PA and
separation.

9.
9.1

Alt-Az Difficulties
Limitations for High Magnification

For close doubles high magnification is required,
but the limitations of a Dobsonian alt-az mount impose a number of serious problems:
1. Uncertainties in the location of each star’s
“brightest pixel” are magnified, along with the
star images, separation and seeing distortion.
Calibration uncertainties increase because these
pixel uncertainties, especially for the first and
last frames, affect the ΔX and ΔY terms in
equation (1).
2. Drift times become shorter and star movements
get faster as the field shrinks, making it more
difficult to keep from losing the stars while the
drive is turned off.
3. As the stars move across the field faster, sidereal smearing of each image will begin to limit
accuracy of the video drift method, when the
frame rate can no longer freeze sidereal motion
within one or two pixels.

declination, are shown in Figure 9. It should be noted
that such limitations apply to drift calibration runs for
equatorial telescopes as well as to normal drifts for
alt-az scopes. The new generation of astronomical
video cameras having capabilities for very short exposures can overcome this problem for bright stars.

9.2

Steady Tracking

A good way to deal with high magnification and
short drift times is the “Drift-Steady-Drift” method:
taking a few minutes of video (several thousand
frames) with the telescope tracking the stars, sandwiched between several short sidereal drifts before
and after. The double star measures are made using
the steady tracking data, to avoid sidereal rate smearing. The steady video is edited using VirtualDub into
multiple clips of perhaps 30 seconds each, short
enough that the drift angle of the slowly rotating field
can be assumed constant. In this method, multiple
samples are available for calibration, to minimize the
impact of larger calibration errors occurring in any
single drift, while the higher-quality steady sequences
are used for measurement.

9.3

Steady Tracking Interpolation

The drift videos are analyzed in VidPro as usual
for calibration, and then are used to interpolate for
drift angle at any desired steady-tracking time, according to the mathematical model for alt-az field
rotation given by Burnett (2000). The method is
summarized in equations (2) through (5), with the
definition of variables following.
sin(Alt) = sinδ sinφ + cosδ cosφ cosH

(2)

cos(Az) = [sinδ – sin(Alt) sinφ] / [cos(Alt) cosφ] (3)

Figure 9. Sidereal rate smearing for a range of Effective
Focal Length (EFL) and declination.

Guidelines for sidereal rate smearing, which depend only on effective focal length, pixel size and
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RR = W [cosφ cos(Az)] / cos(Alt)

(4)

DA(t2) = DA(t1) + ½[RR(t1)+RR(t2)] * (t2 – t1)

(5)

Where
α
δ
φ
H
LST
Alt
Az
RR
W
DA
t1

star Right Ascension
star Declination
observer’s Latitude
Hour Angle (H = LST – α)
Local Sidereal Time
star Altitude
star Azimuth
field Rotation Rate
sidereal rate (0.250684 deg / minute)
Drift Angle
time for which Drift Angle is known
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t2

time for which Drift Angle is being
interpolated (e.g., the current and next midtimes of any two successive video clips).

Interpolation for drift angle at the mid-time of
each of the steady tracking video clips is done in a
spreadsheet which is normally used to summarize the
measured results; but the interpolated drift angle and
average plate scale are first plugged into REDUC,
before analyzing the steady videos. Although more
drifts may be required for VidPro calibration analysis
(a few drifts before and a few more after steady tracking), REDUC analysis is usually easier and faster for
steady videos than for drifts.
Sidereal smearing should have less impact if the
drifts are used only for calibration, rather than also
for measures. This is because the camera detector
rows are aligned approximately east-west, so smearing is generally along rows. Uncertainties caused by
smearing across more than one pixel affect the ΔX
term of equation (1), but not the ΔY term, reducing
the error in scale factor. There may also be improvement in drift angle uncertainty, since for small drift
angles, the ΔY term has a greater effect than the ΔX
term, but is less affected by smearing.

The scale factor of equation (1) is the average
value of all the drifts. Of course, it applies to steady
tracking also. An example of calibration data for the
drift-steady-drift technique is shown in Figure 10.
The dashed line indicates the average plate scale factor, which is used to analyze the steady tracking videos.
In Figure 10 the theoretical Drift Angle (solid
line) has been shifted to force the sum of the residuals of the drift data points to zero. The theoretical
Drift Angle line happens to appear straight because
of the location of the double star in the sky (near the
meridian, but not near the zenith) and the fairly short
observing time interval (less than 8 minutes). Although the line is actually slightly curved, simple linear interpolation would have caused minimal error in
this case. However, when observing high overhead
the curvature is much more apparent; at the zenith the
alt-az field rotation rate is infinite.

10.
10.1

Stars Observed
Double Star Selection

Most of the target double stars were selected because they were in the nearby field of a star which
was to be occulted by an asteroid, and were usually
observed the same night, before or after the occultation event. Therefore, the selection of target stars was
essentially random, the “seeing” was not always the
best, and the fields were not always near the meridian. But this approach served to enable the author to
gain experience with suitability of targets, observing
methods, data reduction software, and generally gain
confidence that the Video Drift Method produced
reasonable double star measures.
To locate an asteroid occultation target star,
charts are customarily produced from Megastar
(2003) and printed for use at the telescope. Adding
double stars located within the chart is simply a matter of turning on the label feature to show the double
star symbol, discovery designation and separation for
all doubles in the field. Those having suitable separation and magnitude are then looked up in the on-line
Washington Double Star Catalog, and the WDS entries are copied into a spreadsheet. Space is added to
note conditions, equipment, time, etc., and the
spreadsheet is printed to become a reference and observing log at the telescope.

Figure 10. Drift-Steady-Drift method calibration.
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WDS
01171+5631
01214+5656
01221+5627
01222+5628
01224+5624
01233+5634
01238+5633
01239+5626
05173+0557
05268+0437
05268+0437
05282+0442
05282+0442
05314+0450
05315+0438
05315+0438
05324+0502
05328+0436
06256+4323
06285+4304
06285+4304
06291+4240
06311+4253

Discovery
BU 3
STI 1578
STI 1585
STI 1586
STI 1587
STI 1594
STI 1597
STI 1598
J 241
BAL 2634AB
BKO 15AC
BAL 2635AB
BKO 16AC
BAL 2637
BAL 2638AB
BKO 18AC
BAL 2639
BAL 2640
ES 1534
J 910AB
J 910AC
A 2449
ES 1630

WDS Mags
8.1 10.5
10.93 10.9
8.87 12.7
11.12 12.1
11.21 12.7
11.18 11.56
11.47 11.5
11.6 11.6
11.20 11.5
11.2 11.4
11.2 12.0
11.28 12.1
11.28 12.8
11.03 11.71
12.00 12.1
12.00 12.0
10.5 11.0
11.2 11.4
10.65 11.33
9.94 10.59
9.94 10.62
10.30 10.52
11.88 12.0

Date
2011.8712
2011.8712
2011.8712
2011.8712
2011.8712
2011.8712
2011.8712
2011.8712
2011.9781
2011.9781
2011.9781
2011.9781
2011.9781
2011.9781
2011.9781
2011.9781
2011.9781
2011.9781
2011.9753
2011.9753
2011.9753
2011.9753
2011.9753

PA
24.5
8.9
221.5
245.4
144.5
306.1
345.7
52.4
166.9
201.6
176.8
210.4
276.4
292.9
113.0
85.7
72.6
60.4
95.2
338.5
33.0
244.3
92.4

+- σ(PA)
0.6
0.6
0.3
2.2
0.3
0.2
1.2
2.6
0.7
0.3
0.4
0.3
0.2
0.2
0.1
0.3
0.4
0.1
0.9
0.5
0.1
0.3
0.9

Sep
4.43
6.48
9.61
7.00
13.05
15.59
6.99
3.94
4.81
17.18
13.28
6.12
30.20
14.79
18.47
17.75
6.69
9.61
2.01
2.22
45.95
1.88
5.18

+- σ(Sep) # Drifts
0.07
2
0.17
1
0.07
2
0.19
2
0.03
2
0.15
2
0.12
2
0.24
1
0.08
1
0.10
2
0.13
2
0.03
1
0.08
1
0.06
1
0.13
1
0.11
1
0.10
1
0.03
1
0.02
1
0.04
1
0.06
1
0.05
1
0.14
2

Frames
4032
915
3942
3100
2916
3577
3577
1657
1285
2194
2194
320
320
1260
1776
1776
970
1282
1687
1650
1650
1575
3155

Table 1. Early Measures with a Dobsonian Telescope and the Video Drift Method.

Locating faint stars in a small field is challenging; but once the target field is acquired in the camcorder monitor, having the WDS information at hand
makes it easy to verify the double star identity by
rough comparison with the catalog separation, Position Angle and magnitudes.
As an introductory group of first measures by the
author, Table 1 lists measures for twenty-three double stars observed on three nights late in 2011,
providing the following information: WDS Catalog
identifier, discovery designation, WDS primary and
secondary magnitudes, date observed, Position Angle
(deg), +-standard deviation of PA, Separation (arcsec), +-standard deviation of Separation, number of
video drifts, and total number of video frames recorded. No eyepiece projection, Barlow lens or filter
was used for these measures.

10.2

Measurement Techniques

The measurement techniques used by the author
typically include both VidPro (one PA, Separation
measure for well-separated stars) and REDUC (multiple measures for all stars). In REDUC, three methods have been used, as appropriate: Auto, Shift &
Add / Auto, and Shift & Add / Model (see the
REDUC Shift & Add Mode section above).
For each recorded drift, the group of REDUC
measures typically followed this pattern:
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1. Select Best 25% of all frames in the drift.
Make9 Auto mode measure (average of individually-measured frames).
2. Shift and Add all selected frames. Make Auto
mode measure (single measure of stacked image).
3. Make Model mode measure of stacked image
for close pairs.
This approach was followed two or three times,
each time selecting fewer but higher-quality frames
(e.g., best 20% and 10%, or best 25%, 15%, 5%).
The overall result is typically 1 VidPro measure
and 6 to 9 REDUC measures for each drift. While all
the measures are not rigorously independent, because
they use some of the same data and the same repeated
methods, this approach does give an opportunity for
scattered results to appear if large variations are contained in the data.

10.3

Uncertainty Statistics

In Table 1, the position angle and separation values are averages of the whole group of individual
measures made from all drifts, both VidPro and
REDUC programs, and all techniques and samples
used within REDUC. Likewise, the σ(PA) and
σ(Sep) values are standard deviations of the same
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entire group of measures. In this way - by taking
large samples [multiple drifts (current practice) with
many frames in each], by sorting the samples to reduce seeing effects, and by measuring the samples in
several ways - it is expected that the statistics and
repeated sampling produce improved accuracy and
reduce the random errors lurking within individual
frames.
In cases where the star components are very
faint, very different in magnitude, or very close, the
REDUC Auto mode may have difficulty tracking the
secondary star reliably. In extreme cases, it was possible to get reasonable results only from the Shift &
Add / Model mode.

10.4

aperture, if the peak sensitivity of the CCD video
detector is assumed to be at a wavelength of 600 nm.

Comparison with Other Measures

The U.S. Naval Observatory (USNO) maintains
the database of all published double star measures
summarized in the Washington Double Star (WDS)
Catalog. One of the main database purposes is to
provide the data from which binary star orbits can be
modeled, leading to improved estimates of stellar
masses. When used for calculating orbits, measures
are given weighting factors based on their quality.
Weighting criteria include telescope aperture, observing method (visual, photographic, CCD camera,
speckle interferometry, etc.), and other factors.
One way measures are evaluated by USNO is to
compare them with well-defined binary orbits in
normalized plots similar to Figures 11 and 12
(Hartkopf et al, 2013). Although the author has not
yet observed enough well-studied binaries to make
definitive comparisons, most of the stars of Table 1
were measured since 1990 by well-established observers or surveys with aperture equal or greater than
the author’s (0.3m). These sources, which are assumed to be more accurate than the author’s, are noted in the legend. Each increment, ΔSep or ΔPA, is the
measure of Table 1 minus the measure of the more
accurate source. “USNO Speckle” indicates speckle
interferometry measures of Mason et al (2001 and
2012), aperture 0.7m; “Tycho/Hipparcos” is the wellknown astrometry satellite, aperture 0.3m; “2MASS”
is the Two Micron All Sky Survey, aperture 1.3m;
and “BKO CCD” indicates the measures of Ladanyi
& Berko (2002), aperture 0.4m with a CCD camera.
The dashed lines, which are inverse square functions of the normalized separation (X-axis), correspond to boundaries of the O-C data shown in the
USNO Sixth Orbit Catalog for all measures of binaries having well-defined orbits; thus they represent
the uncertainty envelope of many measures, many
observers, and virtually all methods. The Rayleigh
Limit (RL) is about 0.5 arc second for the 0.3 meter

Figure 11. Separation accuracy comparison.

Figure 12. Position Angle accuracy comparison.

For the small data sample available, most of the
separation increments fall well within the dashed
bounds in Figures 11, as expected. The PA increments of Figure 12 are more scattered, with one point
far above the dashed boundary line. This point is for
the pair BAL2637, discussed below.
It must be noted that all the measures of Table 1
were originally reduced with a systematic error which
effectively stretched the frames horizontally, and was
not discovered until revealed in comparisons similar
to Figures 11 and 12. This issue is discussed in Section 11 on Error Sources below, and will be the topic
of a separate paper (Wasson 2014).
It should be possible to improve the quality of
future measures by recording more drifts and by using higher magnification for close pairs. Nevertheless, the comparisons of Figures 11 and 12 generally
validate the Video Drift Method as applied to measuring double stars with a Dobsonian telescope.
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10.5

Individual Star Notes

STI 1578: Both stars appeared very faint in the
unfiltered CCD video, with the secondary (northern
component) appearing slightly brighter (probably
redder), as seen in Figure 13 (96 x 96 pixels). The
pair was not visible in the video until after the
REDUC Shift & Add technique was applied, based
on the brighter star approximately 2’ north. This
measure was made 100 years after the first measure
of 1911, but several other measures have also been
made recently. North is up and East is left in Figures
13 through 17 and Figure 19.

Figure 14. The field of STI 1597.

BAL 2634AB, BKO 15AC, AD: The AB components were discovered in 1910 by Baillaud; C and
D were identified by Berko (2002). WDS lists both C
and D as magnitude 12.0, but D appears much fainter
than C in the unfiltered CCD video, as seen in Figure
15, a Shift & Add image of the best 130 frames of
907 in drift b. AD could not be measured because D
is so close to the much brighter B component.

Figure 13. The field of STI 1578.

STI 1586: Based on WDS magnitudes (11.12,
12.1), the secondary seemed quite faint and the primary much brighter. As shown in Table 1, the PA
uncertainties were unusually high (+-2.2o). Because
of the faintness of the secondary, all measures used
the Shift & Add mode, but the primary star shape was
odd, and a faint artifact appeared between the stars,
perhaps caused by telescope collimation errors.
STI 1597: WDS gives virtually the same magnitudes for both components (11.47 and 11.5), but the
primary (northern) component appears considerably
fainter (probably bluer) in the unfiltered CCD Shift &
Add frame of Figure 14 (64x64 pixels).
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Figure 15. BAL 2634AB and BKO 15AC, AD.

BAL 2635AB and BKO 16AC: Unfortunately,
the field was not centered well, and only one drift
was taken, so only 320 frames were available for
analysis.
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Figure 18. All historical measures of BAL2637.
Figure 16. BAL 2635AB and BKO 16AC.

BAL 2637: A Shift and Add image of this pair
is shown in Figure 17 (64x64 pixels). The PA measure apparently has a large error, but the Sep error is
small. Upon plotting all the historical measures,
which have a large gap from 1885 and 1910 until the
Hipparcos satellite in 1991, a pattern emerged in both
PA and Sep which may indicate significant orbital
motion, as seen in Figure 18. Therefore, the PA difference from the three most recent measures, which
were clustered in 1999 to 2001, does not seem quite
as bad.

J910: The AB pair has a separation of only 1.7”
(Mason, et al, 2001) and was not intended for measurement. However, it appeared elongated, as shown
in Figure 19 (64x64 pixels), and was measured “for
practice” with the REDUC Shift & Add / Model
technique. The large errors in both Sep and PA (Figures 11 and 12) indicate that AB is not an appropriate
target for a focal length of only 1.5m. However, it is
probably bright enough to measure much more accurately with a 3x Barlow. The historical measures are
rather scattered, but indicate there may be some orbital motion, so this pair deserves closer observation.
The pair AC was the original target. Although
the widest separation presented here, it still shows
slightly higher errors than expected in Figures 11 and
12, perhaps influenced by the elongated primary.

Figure 17. BAL 2637.
Figure 19. J910 with elongated image of AB.
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11.
11.1

Video Issues
Rectangular Camera Pixels

The Sony EXview HAD CCD detector, which
was designed specifically for low-light video surveillance applications, has rectangular 9.6μ (horizontal) x
7.5μ (vertical) pixels. In ordinary CCD cameras, digitization takes place as each pixel is read out. However, a video camera operates as an analog device,
producing a voltage as its output. Each CCD row
corresponds to a video line scan; the pixels of that
row produce changes in the voltage as they are
clocked out at a specific frequency.
In digital video, the camcorder samples and digitizes the voltage signal, writes the digital data to
cassette tape or memory card, and displays it on its
own monitor. Sampling and digitization of the analog
voltage occur at a frequency within each row (line
scan), according to NTSC standards, that gives 720
samples per line. This standard timing coordination
within each line scan creates a correct image for each
video frame, regardless of the original shape of the
CCD detector pixels. Rectangular pixels have the
effect of under-sampling horizontally, compared with
vertically, but correct, undistorted digital images
should be presented for calibration and measurement.
Details of video operation and standards may be
found in on-line articles, such as Matrox (2003) and
National Instruments (2011).

11.2

The Video Stretch Problem

As astronomers we are used to CCD cameras,
where the pixels forming an image are fundamentally
important. But video transformation from analog to
digital is not as straightforward as one would like to
assume. In the analog video world, with a heritage set
in stone decades before the digital age, the essentials
are line-scan voltage, frequencies of line scan voltage
and line shift, and all the lines (some for image, some
for timing pulses and some blank); these analog elements play together nicely to provide a TV picture.
Pixels are an unwanted afterthought!
As Pirazzi (2011) puts it, on his humorous and
extraordinarily educational web site, “We blissfully
assume that the image size of the picture is totally
standardized and represents the "complete" picture.
And, we assume that the pixels are square: that 100
vertical pixels is the same distance on the display
monitor as 100 horizontal pixels. Unfortunately,
we're in for a rude awakening, because in many important cases that we must handle in video software
today, some or all of these assumptions are wrong.
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Pirazzi’s words came true for the author; when
comparing his measures with the recent better-quality
measures of other observers, discussed above - stars
with large separation also had large differences in
separation. While in search of the reason, he discovered that the effective pixels he was measuring had
been stretched horizontally 12.5%! This is not noticeable in frames displayed on the computer screen,
but it is as though the sky had been stretched wider
than the view originally seen by the camera – fatal
for double star measurement.
Based on key information from the .avi file
headers, provided by Nelson (2014) for files before
and after processing by VirtualDub, it was verified
that the program had effectively stretched the pixels
horizontally, distorting the physical shape of each
frame. It happened when the input .avi video file Aspect Ratio (original video display AR = width/height
= 4/3) was changed in writing the output .avi file (AR
= 3/2) for display on the computer. Virtual Dub
stretched the pixels inadvertently, without even dealing with them directly!
The author’s unfortunate experience is one of the
hidden pitfalls of “standard” digital video. Users of
other cameras, camcorders or software may encounter similar problems, but with a different amount of
stretch. The best way to avoid problems is to understand video history, digitization and display processes
by taking a “crash course” (Pirazzi, 2011), enabling
one to be on the lookout. If issues are encountered,
there are ways to correct for them before data reduction (Nugent, 2014).
Improved standards of High Definition video
(1080 HD) should reduce similar problems for HD,
but have probably not eliminated them completely.

11.3

Correction of Measures

Since all calibration and measurement starts with
the output .avi video files from VirtualDub, all the
essential quantities were distorted: Drift Angle, Plate
Scale, Position Angle and Separation. But all was not
lost - the author derived equations for the geometry
of true vs measured quantities by starting with the
fundamental stretch problem, summarized in equations (6) and (7).
ΔXTrue = ΔXMeasured / 1.125

(6)

ΔYTrue = ΔYMeasured

(7)

Since the data reduction process had consumed
several weeks of spare time, the data were not rereduced, but were corrected to the “true” values in a
spreadsheet. The corrected measures are presented in
Table 1 above. It is believed that the corrected

Wasson: Double Star Measurements Using Video Drift Method

measures are very close to the values that would have
resulted from re-reduction.
The corrections are not described further here;
details of those corrections, further insight into the
pitfalls of standard DV, and ways to avoid them, will
be the topic of another paper. Ironically, Nugent
(2014) had notified the author of his discovery of the
same problem just two weeks earlier, but the problem
and its impact on his measures was not yet understood.

12.
12.1

Some Possible Error Sources
Random vs Systematic Errors

Random errors occur in all measurements, but
tend to cancel out as the number of samples gets
larger.
Systematic errors are a major recurring problem
in scientific measurement, because they do not randomly cancel, but tend to bias the results. Even when
they are identified, they may be difficult to correct.
“Unknown unknowns” may be the worst type of
errors, because we don’t know their size or direction,
and we don’t even know their identity! The “stretch”
problem described above is a prime example of an
unknown-unknown-systematic error.
Several identifiable error sources, most of which
are unique to the Video Drift Method as used by the
author, are discussed below. However, the list is never complete.

12.2

Calibration Error Estimates

VidPro uses the brightest pixel of star images as
the location of the star, so there is always some uncertainty due to seeing or telescope movement (wind,
vibration, etc.) which may affect calibration results.
12.2.1.

Model Assumptions

In order to estimate the approximate size of Drift
Angle and Plate Scale uncertainties, let’s make the
following assumptions for a simple drift model:
1. The central pixel location of any star image may
be off by +-1 to +-4 pixels randomly in both X
(row) and Y (column) position, for the author’s
nominal focal length of 1.5 meters; since the
plate scale is approximately 1”/pixel, this assumption corresponds to an 8” “seeing disk,”
which may include some telescope movement.
2. For a poorly-aligned frame, the drift covers 470
of the 510 horizontal pixels and 100 of the 492
vertical pixels - a large 12o Drift Angle.

3. The GPS time of any frame may be off by 1 millisecond. Frame intervals are about 0.033 second,
but the GPS time of each frame is more accurate.
4. The star declination is zero (fastest drift).
5. Drift time is 30 seconds.
12.2.2.

Drift Angle Calibration

For Drift Angle, the pixel location error of any
given frame (a few pixels) will be largely offset, during the linear regression fit, by similar random errors
in other frames. When taken over the large “baseline”
size of the chip (hundreds of pixels), the Drift Angle
calibration uncertainty should be very small, probably a small fraction of a degree.

Figure 20. The effect of random pixel location errors on
Drift Angle calibration.

When optical magnification is used, the pixel
uncertainty is also magnified, but the chip size and
number of pixels do not change. Therefore, the Drift
Angle calibration uncertainty should grow roughly
with the magnification (i.e., effective focal length), as
shown in Figure 20. To generate this plot, the linear
regression was re-solved for each EFL, after adding
the magnified pixel errors, and the nominal Drift Angle was then subtracted to get the uncertainty.
Since each new drift has unique errors, randomly
different from those of other drifts, the errors of multiple drifts should tend to cancel. Therefore, as effective focal length increases, it becomes more important to record extra drifts, to mitigate the growing
Drift Angle calibration errors of Figure 20.
12.2.3.

Plate Scale Calibration – Time

Substituting the GPS time error (2 x 0.001 second) into equation (1) and normalizing by the nominal plate scale (about 1”/pixel), we have the estimat-
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ed plate scale calibration error of equation (8), which
is very small. Even if magnification of several times
were used, and normalized by a nominal scale several
times smaller, the GPS time error would still be
small.
ΔScale(t) ~ [(0.002/481)*15*1]/1 ~ 0.006%

pixels may also mean smaller pixels, so the brightest
pixel location uncertainty would increase again. Generally, using a Barlow or eyepiece projection to help
resolve close doubles will increase the errors, because the star images, seeing distortion (and resulting
brightest pixel uncertainties) are magnified.

(8)

12.3
12.2.4.

The plate scale calculation of equation (1) depends on the brightest pixel locations in the first and
last frames only. Figure 21 shows the impact of pixel
location uncertainty on plate scale calibration, which
directly affects the measured separation. Plate scale
uncertainty is fairly small at the prime focal length of
1.5 meters; even adding 4-pixel errors in both the
first and last frames produces an error less than 1%.
However, the uncertainty grows linearly with higher
magnification (effective focal length), and becomes
large at longer focal length if 4-pixel errors occur.

Figure 21. Effect of pixel location errors on Plate Scale
calibration.

A way to reduce the impact of plate scale calibration errors is to simply record and analyze more
than one drift, just as discussed above for drift angle
errors. Of course, this requires more time and more
data reduction work, but the overall quality of the
measures may be significantly improved by averaging out some of the errors of those few key first and
last frames.
As a compromise between quality and practicality, the author typically does three drifts with no added magnification, but adds more when higher magnification is used.
The estimated errors discussed above are representative of the author’s telescope and camera. Reduced errors may be achieved with a camera that has
more pixels, making longer drifts possible. But more
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Optics of Fast Reflectors

Plate Scale Calibration – Location
Double stars have traditionally been measured
with telescopes of moderate to long focal length, such
as refractors and Cassegrain reflectors, with good
reason. According to Taylor (2012), the “fast” mirrors (f/6 or less) of most modern Newtonian reflectors, especially Dobsonians, are at a great disadvantage when attempting to resolve double stars approaching the theoretical resolution of the primary
aperture, e.g. the Rayleigh criterion.
Fast Newtonian primaries require a larger secondary mirror obstruction, displacing more light from
the Airy disk into the diffraction rings. Coma begins
to expand the Airy disk quite close to the optical axis;
although not noticeable visually, it nevertheless degrades the image. Collimation errors displace the
optical axis away from the center of the field of view,
increasing the coma at the center. Short focal length
also makes focus more critical and more difficult.
The combination of poor collimation plus coma
produces asymmetric star images, even for a perfectly-figured mirror; the Airy disk is expanded and the
centroid is biased radially – a classic systematic error!
The small size of the video camera detector generally forces the drift to be near the center of the
field. But Taylor (2012) shows how very small the
“critical” field is, for coma to be smaller than the
Dawes Limit (roughly 20% smaller than the Rayleigh
criterion). The critical size of the field for the author’s 12-inch f/4.9 (EFL =1500mm) Newtonian,
when perfectly collimated, is only about 2 arc
minutes across, smaller than the field of view of the
CCD chip! It is easy to keep a star from drifting
along the top or bottom edge of the field, but some
degradation of the Airy disk seems unavoidable with
Dobsonian telescopes during the eastern and western
portions of the video drift - exactly where the plate
scale calibration frames used in equation (1) come
from!
For perfect collimation, longer focal length generally expands the size of the “critical” field as the
square of the f/ratio. For a 12-inch at f/7, the field in
which theoretical resolution can be achieved approximately doubles to 4 arc-minutes. A Barlow or eyepiece projection must be used to increase the effective focal ratio, for measuring separations approaching the Rayleigh criterion, but coma may still be pre-
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sent if poor collimation displaces the optical axis
away from the magnified field of view.
Special effort is required to collimate fast reflectors; methods typically used for visual observing are
probably inadequate, leaving the optical axis still
somewhat displaced from the center of the field. The
best collimation method, but also perhaps the most
difficult, is the star test. The goal is to intermittently
see segments of diffraction rings distributed concentrically around the Airy disk of a star at the center of
a small, high-power field, even while the rings are
continuously fragmented and scattered by the seeing
– easier said than done! But useful measures of
slightly wider doubles are still practical, as demonstrated herein.
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Abstract
Speckle interferometry can be used to overcome normal seeing limitations by taking many very short exposures
at high magnification and analyzing the resulting speckles to obtain the position angles and separations of close
binary stars. A typical speckle observation of a close binary consists of 1000 images, each 20 milliseconds in
duration. The images are stored as a multi-plane FITS cube. A portable speckle interferometry system that features an electron-multiplying CCD camera was used by the authors during two week-long observing runs on the
2.1-meter telescope at Kitt Peak National Observatory to obtain some 1000 data cubes of close binaries selected
from a dozen different research programs. Many hundreds of single reference stars were also observed and
used in deconvolution to remove undesirable atmospheric and telescope optical effects. The data base of well
over one million images was reduced with the Speckle Interferometry Tool of PlateSolve 3. A few sample results
are provided. During the second Kitt Peak run, the McMath-Pierce 1.6- and 0.8-meter solar telescopes were
evaluated for nighttime speckle interferometry, while the 0.8-meter Coude feed was used to obtain differential
radial velocities of short arc binaries.

1.

Introduction

Binaries is a term that William Herschel coined
when he discovered that some of the double stars he
had been observing were revolving around each other
and hence were gravitationally bound pairs (Herschel
1803, Hoskin 2011). The term visual was later added
to distinguish the more widely separated astrometric
binaries from the generally much closer spectroscopic and photometric (eclipsing) binaries.
The resolutions of conventional visual binary observations were seeing limited until Labeyrie (1970)
devised speckle interferometry as a way to circumvent seeing limitations and realize the full diffractionlimited resolution of a telescope. The light from a
close binary passing through small cells in the atmosphere produces multiple binary star images
which, if observed at high enough magnification with
short exposures (typically 10 to 30 milliseconds), will
“freeze” out the atmospheric turbulence and thus
overcome seeing-limitations. Although the multiple
double star images are randomly scattered throughout
the image (often superimposed), their separation and
position angle remains constant, allowing these two
parameters to be extracted via Fourier analysis (autocorrelation).
For images larger than a few arc seconds across,
however, the rapid jitter of the binary speckle images
is no longer correlated. Speckle interferometry is not
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effective beyond isoplanatic patch, but close binary
stars are always well within the isoplanatic patch.
The Fourier transforms of hundreds or thousands of
short exposures are averaged to greatly improve the
signal-to-noise ratio.

Figure 1. Close binary orbit of ƞ CorBor with and without
visual micrometer (green) observations. Speckle observations are blue dots.

Harold McAlister (1977) used high-speed Tri-X
film cameras on the 2.1- and 4.0-meter telescopes on
Kitt Peak to observe close binaries. Obtaining Fourier
transforms of thousands of film images was a laborintensive process. His film camera was soon replaced
with an intensified CCD (ICCD) camera and Osborne
portable computer (McAlister et al., 1982). The
speckle observations by McAlister, William
Hartkopf, and others at Georgia State University
were an order of magnitude more precise than visual
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observations, making speckle the preferred observational technique for close binaries (McAlister, 1985).
The status of speckle imaging in binary star research
is reviewed by Horch (2006).
The power of speckle interferometry can be seen
from orbital plots and solutions. An orbit of a close
binary based primarily on visual observations is not
nearly as precise as one based solely on speckle observations. In the example of ƞ CorBor provided by
William Hartkopf, the new orbital solution based on
the speckle observations alone (right solid line),
compared to the earlier solution that included visual
micrometer measurements (right dashed line)
changed the estimated mass by 14%, astrophysically
a very significant improvement! The consistency of
the 20 different speckle telescope/detector combinations is remarkable.
Since speckle interferometry observational limits
are set by telescope resolution (aperture diameter)
rather than seeing, it is natural for smaller telescopes
to concentrate on wider binaries, while larger telescopes observe binaries between their seeing and
resolution limits. Although a number of smaller telescopes are permanently equipped for speckle observations, larger telescopes are not, so observers must
bring their own “visitor” instruments.

An ICCD speckle camera, similar to Georgia
State University’s camera, was built and installed on
the 0.66-meter refractor at the U.S. Naval Observatory (USNO) in Washington. A second, identical camera was then built and used in the USNO’s “off campus” observational program. The USNO’s highly
successful speckle observations of close binary stars
with a portable ICCD speckle camera on larger telescopes inspired us to develop an even more portable
system based on the Andor Luca electron-multiplying
CCD cameras (Genet 2013).
Our speckle camera is the primary instrument on
the 0.25-meter SCT telescope at the Orion Observatory. Our first “off campus” visitor speckle runs were
made with our camera on the 0.5-meter PlaneWave
Instruments CDK telescope at Pinto Valley Observatory, providing us with twice the resolution. Double
stars with a separation of 0.5 arc seconds were observed. The 2.1-meter telescope at Kitt Peak National
Observatory was chosen to continue our quest for
observing ever closer binaries, allowing us to observe
binaries with separations of 0.1 arc second and periods of well under one decade.

Figure 3. Seven of the 12 observers on the October 2013
run: Genet, Plummer, Patel, Teiche, Trueblood, Wallace,
and Chaney.

Figure 2. The 2.1-m f/7.6 telescope at Kitt Peak National
Observatory dwarfs our portable speckle camera.

Figure 4. Nine of the 20 observers on the April 2014 run:
Jones, Smith, C. Estrada (front), Green, Genet, Wiley
(rear), Clark, R. Estrada, and Harshaw.

79

Genet et al: Speckle Interferometry of Binary Stars

Two bright-time, week-long observing sessions
on the 2.1-meter telescope at Kitt Peak spread six
months apart provided good coverage of close binary
stars in the sky visible from Arizona. On the first run,
October 15 to 23, 2013, the first eight nights were
totally clear nights, while the last night was partially
cloudy. On the second run, April 10 to 16, 2014, although the first two nights were primarily cloudy, the
last five nights were completely clear. This gave us a
total of 13 completely clear nights for our observations.
Although the Principal Investigator (Genet)
stayed full time for both runs, most of the observers
participated for just half a week; thus not too much
school- or work-time was missed. The 27 observers
(the coauthors of this paper) were an eclectic mix of
undergraduate and graduate students, and advancedamateur and professional astronomers.

2.

orbital parameters could use refinement, as it
appeared from the plots that the recent observations were heading “off the track.”
4.

Both long and short period binaries with plots
that suggested that the current published orbits were woefully inadequate. We termed
these “bad orbit binaries.”

5.

Both long and short period binaries that had
few or no past speckle observations and it
was clear that additional speckle observations
would significantly contribute to refining
their orbits.

2.2
1.

Short-arc, long-period binary candidates with
extensive past visual observations but, in
some cases, with few or no speckle observations. When plotted, short-arc binaries have
enough previous observations that an arc is
evident. These arcs are likely to be segments
of an elliptical orbit. In more developed cases, where a significant portion of an ellipse is
available, traditional orbital solutions can be
derived. When the arc is too short to accurately build a solution, the apparent motion
parameters (AMP) method, an approach developed by A. Kiselev et al. (2003, 2009),
can be applied. AMP estimates the sum of the
component masses from their relative radial
velocities, known parallax, and projected
separation. Other papers by Kiyaeva et al.
(2008, 2012), Harshaw (2014), and Genet et
al. (in preparation) also speak to this important indicator of binary systems. AMP utilizes the known position angle and separation, as well as measures of the apparent relative velocity in micro-arcseconds per year,
the position angle of the relative motion, and
the radius of curvature (Kiselev et al., 2003).
Parallaxes are derived from Hipparcos, a
mass estimate of the system from spectral
classes, and relative radial velocities from
one-time spectrographic radial velocity
measurements of each component of the system. Additional important work in this area
has been done by F. Rica of Spain (2011,
2012).

2.

Short-arc, short-period binary candidates
found by searching through the Fourth Catalog of Inteferometric Measurements of Binary
Stars. Typically these close binary candidates
do not have any past visual observations, and

Research Programs

Our research has concentrated on five classes of
double stars: (1) known binaries with published orbits; (2) candidate “binaries” without published orbits
that exhibit indications of binarity; (3) unclassified
double stars that could be either chance-alignment
optical doubles, common proper motion pairs, or
binaries; (4) unconfirmed double star candidates (not
known if they are even double stars); and (5) special
requests by other astronomers. The Washington Double Star Catalog, the Sixth Catalog of Orbits of Visual Binary Stars (including the accompanying plots of
past observations), and the Fourth Catalog of
Inteferometric Measurements of Binary Stars were all
formatted as Excel spreadsheets and used to search
for candidates for our various target lists. Each class
is described below.

2.1

Known Binaries with Published Orbits

1.

Long-period, slow-moving binaries with
many past speckle observations. Extensive
observations of some of these binaries were
used as calibration binaries in the first run
and also to establish within- and betweennight variances.

2.

Short-period Grade 1 and 2 binaries used as
calibration binaries in the second run, to establish within- and between-night variances,
and to contribute further speckle observations
to these well-observed binaries (Malkov et
al., 2012).

3.
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Both long and short period binaries where recent speckle observations suggested that the

Candidate Binaries without Published
Orbits
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only have Hipparcos and a few speckle observations. They are placed on our target list
if the past observations show a significant
change in position angle within the few decades speckle observations have been made.

2.3

Unclassified Double Stars

1. (8) Few past visual observations
2. (9) Few past speckle observations (Fourth
Catalog of Inteferometric Measurements of
Binary Stars)

2.4

Unconfirmed Double Star Candidate

Figure 5. Plot of unconfirmed Hipparcos and Tyco doubles.

1. Hipparcos unconfirmed doubles, now some
1874 in number. Many approach 0.1 arc seconds in separation (the limit for Hipparcos).
These are potential double stars discovered
by Hipparcos that have not yet been confirmed by follow-up observations. While
many of these may have been false detections, others may end up being binaries of
special interest. See Perryman (2012) for details on Hipparcos binaries.
2. Tycho unconfirmed doubles, currently some
13,028 in number, most greater than 0.5 arc
seconds in separation (nearly the limit for
Tycho, as only 1192 have a separation less
than 0.5 arc seconds). We prepared this list
but did not observe any on our Kitt Peak runs
as they appeared to be more appropriate targets for smaller telescopes (they should be
good candidates for the 17.5-inch automatic
speckle interferometry system we are building).

3. Hubble guide stars that were rejected because
they did not provide a solid lock-on. This rejection could have been due to binarity.

2.5

Special Requests

1. A number of doubles were observed for Oleg
Malkov (Russia), Olga Kiyaeva (Russia),
Francisco Rica (Spain), Henry Zirm (Germany), and Todd Henry (US).

3.

Portable Speckle Camera

Small-format, regular CCD cameras take about a
second to read out a single image that has been accumulated over many seconds or minutes. The
readout noise is typically 10 electrons RMS—very
small compared to the accumulated light levels.
While such cameras can be used to make speckle
observations if they are capable of making 10 millisecond exposures, their readout time would be very
long in comparison to their exposure time. A typical
binary speckle observation consists of 1000 images.
Each image typically has an exposure of 20 milliseconds for a total data cube exposure time of 20 seconds. If each image (frame) took 1 second to read
out, 1000 frames would take almost 20 minutes, resulting in a very poor duty cycle (about 2%).
A number of small-format, high-speed, frametransfer CCDs are available for about $500 that can
read out one frame at high speed while another frame
is being exposed. Continuous readout-while-exposing
at speeds of 50 frames/second are not uncommon,
allowing these cameras to have a duty cycle approaching 100%. While these cameras are quite useful for obtaining speckle observations of many
brighter close binaries, their high-speed charge-tovoltage converters induce significant noise compared
to the low signal levels inherent in 20 millisecond,
highly magnified speckle images. An image intensifier can be used to boost the signal level, allowing
these low-cost cameras to reach fainter binaries.
When the image intensifier is integral to the CCD
camera (often coupled with short optical fibers), then
one has an intensified CCD (an ICCD).
Another way the signal can be amplified before
it reaches the charge-to-voltage converter (which is
inherently noisy at high speed) is to clock the output
charge (electrons) from the pixel array through a final
gain register. A high voltage is applied in an avalanche region in the semiconductor (the pixels in the
gain register), and as the charge is transferred from
one pixel to the next, extra electrons are knocked out
of the lattice, causing amplification similar to a photomultiplier. This electron multiplication (EM) boosts
the signal to a level where the high speed read noise
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is insignificant, making EMCCD cameras very attractive for speckle interferometry. The amplification
process does introduce some noise, however, so electron multiplication is not advantageous at normal
readout rates (Smith et al., 2008).
Similar to other CCD cameras, EMCCD cameras
are available in both front- and back-illuminated versions. Andor Technologies, for instance, makes the
very compact, front-illuminated, Luca-R camera
(which costs about $14K). It has a quantum efficiency of about 50% and can be accessed via USB. The
Andor Luca-R camera we used for observations on
the 2.1-meter telescope at Kitt Peak cooled to -20° C
within seconds, had a dark noise of only 0.05 electrons/pixel/second, and a read noise well under 1
electron RMS. Andor also makes a much larger,
back-illuminated, iXon camera which costs about
$40K. It has a quantum efficiency of 90%, but must
connect to a PCI card with a fairly short cable (5 meters) on a nearby computer. This can require either
mounting a PC on the telescope or running a special
fiber-optic link which Andor can supply. It might be
noted that Andor recently started manufacturing
high-speed sCMOS cameras with USB-3 outputs that
cost less than $12K. We hope to evaluate one of these
cameras for use in close visual binary speckle interferometry in the near future.

through a Sloan i’ filter (Astrodon second generation
Sloan filter).

4.

Observations

Preparing for and making observations at a large
telescope with sizeable teams is a major technical,
organizational, and logistical undertaking. Preparations for the Kitt Peak observing runs began over a
year prior to the first run when the Principal Investigator (Genet) visited Richard Joyce and Di Harmer,
experienced experts on the 2.1-m telescope, at the
Kitt Peak National Observatory headquarters in Tucson. Drawings of the telescope were examined, and a
discussion on interfacing a guest instrument to the
telescope was initiated.
One interface problem was that the guest instruments needed a 22-inch diameter plate to fasten to the
large opening on the telescope’s acquisition-guider
unit. A sturdy 22-inch diameter plate, even if made
from aluminum, would be difficult to transport to Kitt
Peak on an airplane. This problem was solved when
Hillary Mathis located a ½-inch thick aluminum plate
that had been made by an early observer for a somewhat different guest instrument. This plate already
had the holes that exactly matched the acquisitionguider’s bolt circle, a somewhat large hole near the
center, and three instrument fastening holes spaced
120 degrees apart. Our visitor speckle camera was
assembled on a 12 x 12-inch x ¼-inch thick aluminum plate with three holes spaced to match those on
the “used” Kit Peak interface plate.
Another interface problem was connecting the
USB camera on the back of the telescope to a laptop
in the warm room. This problem was solved by connecting an Icron Ranger USB-to-Ethernet unit at the
telescope to its mating Ethernet-to-USB unit in the
warm room with a 50-foot Cat-5 cable we brought
with us to run between the two units.

Figure 6. Our speckle interferometry system installed at
the Cassegrain focus of the 2.1-meter telescope.

Although the Luca-R EMCCD camera was the
heart of our overall speckle camera system, it also
included magnification with a 2-inch x2 OPT Barlow
in front of a Moonlite focuser and a 2-inch x4 TeleVue PowerMate after the focuser (Genet 2013). An
Orion 5-position filter wheel immediately preceded
the Luca-R camera. All observations were made
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Figure 7. The original speckle system block diagram.

Our original plan for our visitor system used a
very compact and sturdy Hyperion eyepiece projec-
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tion system for magnification. However, we ended up
using two Barlow lenses instead because we wanted
to be certain that we had sufficient back focus. A 2inch diameter x2-power Barlow lens in front of our
focuser (actually extending up slightly into the back
of the telescope’s acquisition-guider unit) extended
the focal plane, while a 2-inch x4 TeleVue Power
mate completed the magnification. A local area network (LAN) connected equipment in the warm room.
This LAN had to be hard wired because Wi-Fi routers are not allowed on the mountain because they
could interfere with a radio telescope. Our original
plan for a hardwire connection to the telescope control system proved to be impractical.
With many specifics of the science research programs and equipment engineering details worked out,
our proposal for the second semester of 2013 was
submitted in March of 2014. Although obtaining time
on Kitt Peak telescopes is highly competitive (they
are oversubscribed), the Telescope Allocation Committee awarded us nine nights in October.

mounted the assembly to the back of the acquisition
guider.
Once we were awarded time on the 2.1-meter
telescope, we began forming the two observational
teams, one for the first half of the run and the other
for the second half. This way most of the observers
just had to come for four or five nights, although
Genet and Smith stayed for the entire run.

Figure 9. Mathis and Genet wire up the speckle camera
after it was mounted to the telescope.

Detailed target lists had to be developed. Single
reference stars also had to be selected. For our second
run in April, Smith developed a semi-automated reference star selection routine. These various lists were
then merged into the final target list spreadsheet that
was divided into two-hour RA segments. By observing targets in two-hour segments, we were able to
make most of our observations within an hour of the
meridian at minimal air mass. Finally, Smith developed a target cache for the 2.1-m telescope control
computer that allowed us to efficiently move to target
coordinates without having to key them in.

Figure 8. Smith fastens our camera to the large-diameter
interface plate for the monsoon engineering checkout.

Knowing that there is many a slip between the
cup and the lip, arrangements were made to bring our
visitor speckle camera to Kitt Peak during the monsoon engineering down-time at the end of July (2013)
for a form, fit, and function check. Four of us (Genet,
Smith, Clark, and Wren) attended the engineering
checkout. Genet brought the disassembled camera on
the plane with him. Smith assembled the camera and
fastened it to the large interface plate. Two Kitt Peak
telescope specialists, Mathis and Hensey, then

Figure 10. Hansey, Weise, and Mathis install our speckle
camera on the first Kitt Peak run.

Each observing run began with the mid-morning
installation of our camera on the back of the telescope. Cables were connected, computers powered
up, and the operation of the system confirmed. The
first half of the first night on each run was devoted to
focusing the telescope and co-aligning the telescope’s
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acquisition camera with the speckle camera. This was
surprisingly difficult on both runs as the field-of-view
of the science camera is only a few arc seconds, making both focus and co-alignment difficult. Dave
Summers, a highly experienced Kitt Peak telescope
operator, not only gave us instructions on operation
of the telescope, but helped us achieve focus and coalignment.

There were three primary observing positions:
the telescope operator (TO), camera operator (CO),
and run master (RM). After initialization (and a bit of
practice), the three team members were able to work
closely together in a highly coordinated fashion to
observe a target every four or five minutes.
In a very simplified version of what transpired,
the RM chose the next object to observe from the
target list and called out the telescope cache ID. The
TO located the target in the cache and made it in the
“next to observe” target; then, as soon as the CO finished the integration on the previous target, the TO
initiated telescope slewing. On arriving at the target,
the TO used the telescope’s fine motions to move the
star displayed on the acquisition camera’s video to
the location marked for the science camera. The TO
then moved the slider mirror to the position that allowed light to fall through to the science camera, and
passed control to the CO (who also had a control
paddle). The CO fine-tuned the centering of the target, adjusted the gain and integration time of the
EMCCD camera, initiated the exposure, and called
out the camera sequence number, which was entered
by the RM into the run log.

Figure 11. Four undergraduate and one graduate student make the observations in the first run: Plummer,
Wallace, Patel, Teiche, and Chaney.

Regular observations then began from the warm
room and continued all night, every night, until well
past astronomical twilight. One does not lose observing time at Kitt Peak by shutting down early!

Figure 13. The telescope operator has four screens,
several programs, and numerous switches and analog
displays to contend with. C. Estrada quickly became one
of the top telescope operators.

Besides the TO, CO, and RM, who were totally
occupied in the “production-line,” fast-paced observational procedure, sample observations were reduced as an on-going check on the quality of the observations. At any given moment, one or two operators would be in training, or relief observers would be
standing by, ready to take up an operating station
while several folks headed for the dining room for a
coffee break.

5.
Figure 12. First team in the warm room during the second run: (standing) R. Estrada, Ridgely, Genet, (sitting)
Clarke, Frey, and C. Estrada.
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Reduction

PlateSolve 3 (PS3) is a general purpose program
developed for stellar astrometry by one of us (Rowe).
Given an image with a sufficient number of stars—
but without any information as to plate scale, camera
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angle, RA, or Dec—PS3 quickly determines the plate
scale, camera angle, and the RA and Dec of the image center. Besides this unique plate solving capability, PS3 also has many other capabilities such as
viewing FITS headers, subtracting darks and flat
fielding, aligning and combining images, lucky image analysis, and the double star speckle interferometry reduction process described below.

cutoff frequency (in pixels) is a function of the wavelength, the f/ratio of the telescope, and the size of the
pixels. The Airy disk radius, R, is given by
R = 1.22 λF/D
where Lambda is the wavelength and F/D is the focal
ratio of optical system. In pixels, this is
R(pixels) = 1.22 λ (F/D)/h
where h is the pixel dimension.
As an example, take the pixel dimension to be 10
microns, the wavelength to be 0.8 microns, and the
focal ratio to be 50. The Airy disk radius will be approximately 5 pixels. The Fourier transform of the
Airy disk will have most of its energy within a spatial
frequency, fc, given by
fc = N/(2R)

Figure 14. Weise was the primary Run Master for the
first team in the October run.

The raw FITS data cubes (from the October run
on the 2.1-meter telescope at Kitt Peak National Observatory in October 2013) occupied 1.4 terabytes.
PS3 preprocessing of a gigabyte data cube resulted in
a single power spectrum image of about 1 megabyte.
In this way, the entire data set from the October run
pre-processed into about 1.5 gigabytes, allowing
transfer via the Internet. Preprocessing consists of
taking the Fourier transforms of all of the images in a
cube and then obtaining the average of these transforms. Not only does preprocessing produce manageable file sizes, but after preprocessing the computer
time required for each reduction is just seconds instead of minutes.
Although preprocessing can take many hours, it
only needs to be done once and it runs unattended.
On a Windows-7 machine with a 2 GHz processor, it
takes approximately 2 minutes to preprocess a FITS
cube with 1000 512x512 images. For a long, multinight run there can be upwards of 1000 data cubes, so
preprocessing can take more than 24 hours.
For a run on a specific telescope, the filters, as
described below, can often be set once (perhaps after
some experimentation) and then left alone for the
reduction of an entire run. Proper setting of the two
Gaussian filters should optimize the detection and
measurement of the double.
Gaussian Lowpass Filter A telescope’s optical
system is a spatial low pass filter where the low pass

where N is the size of the image and R is the radius
of the Airy disk, all values in pixels.
In the spatial frequency domain, there is very little signal content higher than this frequency. However, at frequencies higher than fc there is considerable
noise from the electronics, from the sky background,
and from photon shot noise from the object. Therefore, to improve the signal-to-noise ratio and to reduce unwanted interference from the electronics, it is
useful to apply a low pass filter with a cutoff proportional to this spatial frequency. Thus, the cutoff frequency, fc (pixel radius), is given by:
fc = (hN) / (2.44 λ F/D)

Figure 15. On the left, the Gaussian lowpass filter was
set too wide (70 pixels), allowing high frequency noise
to be included. On the right, it was set too narrow, cutting off useful information. In the middle it was set just
slightly larger than the spatial cutoff frequency imposed
by the telescope’s aperture.

The purpose of the Gaussian highpass filter is to
remove, as much as possible with a simple filter, the
broad tail of the point spread function (PSF) that is
due to seeing and optics. This filter removes the lowest-frequency information in the image and is typical-
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ly set between a 2 to 5 pixel radius. It is set empirically to give the best auto-correlation.
The use of deconvolution reference stars not only
sharpens the double star image, it also removes much
of the telescope’s optical aberrations, including the
effect of the central obstruction. In addition, if the
reference star is taken close in time and located near
the double star, deconvolution will remove much of
the atmospheric dispersion and broad tail due to the
effects of seeing. Deconvolution will help in almost
all instances.

Figure 16. On the left, the Gaussian Highpass filter was
set too wide, not only cutting out the bright central peak,
but also much of the fringe pattern. On the right, the
filter was set too narrow, allowing the bright central
peak to shine through. The center is set correctly.

Deconvolution is based on the following mathematical properties: (1) the recorded image of a very
short exposure is the convolution of the uncorrupted
image of the object with the PSF of the telescope plus
the instantaneous atmosphere, and (2) the convolution operation can be implemented by taking the inverse Fourier transform of the product of the Fourier
transforms of the uncorrupted image and the point
spread function (PSF) of the telescope plus instantaneous atmosphere. Symbolically:

To perform this operation we need an estimate of
<T>, the autocorrelation of the telescope plus atmosphere. A convenient way to obtain this estimate is to
obtain a speckle cube of a nearby single star. The
most effective deconvolution will be based on single
star speckle observations that are very near the object
from the point of view of the atmospheric conditions
and telescope pointing. We feel that it is good practice to observe a single reference star that is as near
as possible to the double star in both time and space.
The reference star must, of course, be bright enough
to have a high signal-to-noise ratio after speckle preprocessing.
Although the speckle interferometry tool in
PlateSolve 3 can be operated entirely by way of user
GUI inputs, a semi-automatic reduction option using
a comma-separated variable (.csv) file speeds up the
reduction process. The csv file allows PS3 to automatically load each double star file as well as the
corresponding single star file. With hundreds of targets and corresponding reference stars to process,
looking up individual files can be tedious.
An added benefit of this mode of reduction is
that, based on information contained in the csv file on
the “expected” position angle and separation of the
two stars (from last observed catalog values or calculated values), PS3 places a red circle at the “expected” solution location. This allows the 180° ambiguity inherent in autocorrelograms to be resolved. It
also gives immediate visual feedback on how close
the automated PS3 solution is to the “predicted” position. If the automated PS3 solution is not the best
solution, one can intervene and provide a more appropriate manual solution

F(I) = F(O) F(T)
where F( ) denotes the Fourier transform, I is the actual image recorded, O is the “perfect” image of the
object, and T is the PSF of the telescope plus instantaneous atmosphere.
Speckle interferometry is based on averaging a
large number of very short exposures which “freeze”
the atmospheric seeing, allowing us to take the average of the above equation in transform space. If we
let <I>, <O>, and <T> denote the averages of the
Fourier transforms of I, O, and T, as defined above,
then we can calculate an approximation for the Fourier transform of the object’s power spectral density
(PSD) as:
<O> = <I> / <T>.
Figure 17. Autocorellogram of a typical “easy” solution.

Taking the inverse Fourier transform of <O>
yields an approximation to the object’s autocorrelation with the telescope and atmosphere removed.
This process is called deconvolution.
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The reduction autocorellogram is the “picture
worth a thousand words.” The primary star is always
at the exact center. The secondary star is displayed as
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two fainter images exactly 180° apart. If semiautomatic reduction is employed, as it was for the
double shown in the figure below, then a “predicted”
position will be indicated with a circle (in this case
offset from the lower secondary at the 5 o’clock position toward the bottom). The large circle around the
lower secondary is the object aperture. It should encompass all or most of the secondary’s image. Once
satisfied with the solution, the “set target location”
option can be clicked if manual, and the circle with
the X and eight short radials will appear. If this is an
automatic solution, the X circle will automatically
appear.

6.

reduced the first ever speckle observation (made for
them during our first Kitt Peak run just a week earlier). Their “calculated” point (the Kitt Peak observation) was added to a plot of previous observations, as
was the predicted position based on interpolations of
the ephemerides for the night of observation. Their
analysis suggested that the published orbit of 285.3
years was off by about 3.2 years and was closer to
282.1 years.

Sample Results

The first published results from our Kitt Peak
runs were by two student teams at Cuesta College.
The teams consisted primarily of advancedplacement students from Arroyo Grande High School
who were taking ASTR 299, Astronomy Research
Seminar, at Cuesta College on the side (Genet, Johnson, and Wallen 2010). The first team’s paper was on
WDS 01078+0425 BU 1292 (Adam et al., 2014a).
They chose this binary because all past observations
were visual (micrometer) and they would be publishing the first speckle observation.
Figure 19. High school student observation of BU 1292.

Figure 18. The six high school students on the BU 1292
team.

Figure 20. Plot of observations of WDS 01528-0447

The student team reduced the data with Florent
Losse’s REDUC, as the PS3 speckle tool was still in
development. They reduced data for five wellobserved binaries for calibration purposes, and then

The second team chose a binary where three recent speckle observations had significantly departed
from the predicted orbital path (Adam et al., 2014b).
They wanted to see if the speckle observation made
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at Kitt Peak continued this departure or returned to
the predicted path. As can be seen from their plotted
observation, the departure continued.
We are still in the process of reducing and analyzing the observations from the second Kitt Peak
run. While most of our observations reduced well,
some were too close to obtain a good solution (usually well under 0.1 arc seconds). Many of the solutions
were easy, however, and the semi-automatic feature
of PS3 immediately gave good solutions without any
human intervention.
An example of an “easy” solution is WDS
14492+1013, A2983. This known binary has 67 reported past observations, has magnitudes of 9.36 and
9.27, with a reported K2V spectral type. We used
HIP 68708 as our reference deconvolution single star
(magnitude 6.70, K0).
With a camera angle of 0.28° and pixel scale of
83.68 pixels/arcsecond (our preliminary calibration
values), our reduction with PS3 yielded a position
angle, θ, of 318.59°, and a separation, ρ, of 0.180ʺ.
With a period of only 10 years, this is a rapidly moving binary. Its last reported position angle, θ, in 2009
was 214°. A simple linear interpolation from the annual January 0 ephemerides in the Sixth Catalog of
Orbits of Visual Binary Stars to the night of observation yielded θ of 318.96° and ρ of 0.175ʺ, reasonably
similar to our observed values.

Figure 21. PS3 autocorellogram of WDS 14492+1013 A
2983. The autocorellogram has been magnified so that
the individual pixels can be seen, each which is only
slightly more than 0.01 arc second square.

As can be seen from the plot of past observations, the visual observers with their micrometer observations were significantly challenged, while this
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was an easy binary for speckle interferometry on
larger telescopes.

Figure 22. Plot of the past observations of WDS
14492+1013.

7.

McMath-Pierce 1.6-meter
Experiment

Figure 23. Branston places the reticule on the observing
table (Branston, P. Boyce, Harshaw, and Wiley)

One of the challenges faced with the 1.6 meter
McMath-Pierce solar telescope was acquiring double
stars with our very narrow field-of-view science
camera. The 1.6-meter telescope projects an image of
the sun that is approximately 76 cm in diameter at an
image scale of 2.36 arc seconds per mm. Our chal-
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lenge was centering a double star on the Andor LucaS EMCCD science camera with its 658 x 496 pixels
of 10 μm, resulting in a chip that is only 6.58 x 4.96
mm in size. We ran a series of tests to determine how
accurately the McMath-Pierce 1.6 meter can acquire
and re-acquire a target (Harshaw et al., in prep.).
We found that this telescope is precise for its size
and intended solar use. Our experiment consisted of
placing a target reticule (a “cross hair” drawn on a
foam core circle with a felt tip marker) on the telescope’s north port and observing target acquisition
through a low-light-level security camera.

yielding an effective aperture of 0.81-meters. Focal
length is about 40.4 meters and the system works at
f/50. The spherical primary is diffraction-limited at
this f-ratio. With this instrument, the light is directed
to an optical bench equipped with a flat that projects
the light horizontally along an optical bench on
which our speckle interferometry components were
mounted (Fig. 25). Our components included a 25mm
68° Plossl eyepiece for rough acquisition, a widefield acquisition camera (red Atik on the left) for finer acquisition, then on to the science camera by way
of a flip mirror.

Figure 25. Speckle interferometry camera on the 0.8meter telescope’s optical bench.

Figure 24. The reticule experiment on the 1.6-meter
McMath-Pierce telescope.

Figure 24 shows the first star, Sirius, in the slewing tests at 3 o’clock. The 1.6 meter placed Sirius
within 1 arc minute of the reticule. Once Sirius was
centered, a command was given to the telescope’s
control computer to “zero” the encoders on Sirius and
the slew tests began. Slews were made to Procyon,
Pollux, Arcturus, Spica, and back to Sirius. In each
case, the 1.6 meter placed the target star within 2
arcminutes of the reticule (and in most cases, much
less than that). Also at each target star, slews to the
north and south (of 10° and 2°) were made to test the
hysteresis in heliostat’s drive system. In all cases, the
1.6 meter returned to the target star with errors of less
than 30 arcseconds. This convinced the team that the
1.6 meter can acquire speckle targets. A second series
of tests is being planned for late May 2014 that
should let us build a telescope pointing model that
could be used for speckle acquisitions.

8.

McMath-Pierce 0.8-meter
Observations

In addition to the main 1.6-meter solar telescope,
the McMath-Pierce array includes a 0.8-meter “East”
telescope consisting of a 0.91-meter heliostat, a 1.07meter spherical primary, and a 0.61-meter secondary,

A team consisting of P. Boyce, Harshaw, Jones,
Wiley, and Branston spent five nights experimenting
with different component configurations to evaluate
the use of the 0.8-meter telescope for speckle imaging. The telescope is certainly useful for capturing
speckle images (Fig. 26). We plan, in the future, to
further evaluate the telescope’s pointing accuracy,
configure the optical system so that the acquisition
camera will have a wider field-of-view, and develop
software that will compensate for field rotation
(Wiley et al., in prep.).

Fig. 26. STF1670AB (Porrima). Left: a single speckle
frame. Right: Corellogram of 1,000 frames.

9.

Coude Feed Spectroscopy

Besides obtaining over a half-million
speckle images during our April run, we also obtained a few differential radial velocities of short-arc
binaries on the auxiliary 0.8-meter Coude feed, which
is part of the 2.1-meter telescope complex (housed in
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the same building). As the Coude feed telescope is
independent of the 2.1-meter telescope, observations
can be made on both telescopes simultaneously,
which we did during the last three nights of our run.
Green planned and made the spectroscopic observations.

Figure 27. Green and Kenney at the light entrance to the
Coude feed.

Figure 28. Kenney and Genet in the spectrograph room
below the 2.1-meter telescope

10.

Conclusion

Our portable speckle system with its EMCCD
camera as the sensor reliably observed close binaries
on a 2.1-m telescope with separations down to 0.1 arc
seconds. We found that using nearby, fairly bright
single stars for deconvolution usually provided much
better results than reductions without a reference star.
Efficient operation required a telescope operator,
camera operator, and run master, although additional
observers were useful for quick-look reduction, relief
operation, etc. Preprocessing the data with PlateSove
3 and using its semi-automatic feature greatly speeded up the data reduction.

11.
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ABSTRACT
Orion, the hunter, is one of the most famous constellations. Its declination is such that it is visible from most of
the civilized world. In addition, most of the stars of Orion are very bright and interesting. Originally this Project
was called the Betelgeuse Campaign, but four more stars were added so the name was changed to the Orion
Project. The Project now includes Betelgeuse, Rigel and the three stars of Orion's belt, Mintaka, Alnilam and
Alnitak. Both photometry and spectroscopy provide data for the Project. The Project has several goals. First is to
help beginners with photometry and spectroscopy. The second goal is the actual observations and data. Because these stars are very bright, they are seldom observed in detail. Their brightness also posses a problem for
most professional observatories. It is hoped that by having observations over a long time, interesting changes
can be seen that will warrant closer investigation. The AAVSO has an excellent archive of photometric data, but
is still lacking a means of handling spectroscopic data. As a third goal it is hoped that the procedures refined in
this Project for spectroscopic data may help promote a similar system for the AAVSO.

1.

Introduction

At the May 2012 SAS meeting I had discussions
with Dr, Edward Guinan (Villanova University) and
Dr. John Martin (University of Illinois) about spectroscopy of Betelgeuse. Later when talking with Dr.
Mathew Templeton (AAVSO) he too indicated an
interest in observations of Betelgeuse. Because of
this interest I set about to devise a plan for an observing project for Betelgeuse. Shortly thereafter I found
that several other bright stars in Orion were also lacking observations. At that time the project was expanded and called the Orion Project. Both photometry and spectroscopy observations are requested. Because the stars are all very bright CCD photometry
presents a big problem. CCD photometry can be
done, but special techniques are required. It is hoped
that successful techniques will be developed to allow
good CCD photometry of these stars. On the other
hand, the Optec PIN diode photometers, SSP-3 for
BVRI and SSP-4 for JH bands, are ideal. Because
these stars are bright even high-resolution spectroscopy with modest backyard telescopes can easily be
done with short exposures.
For low-resolution with a Star Analyser, subsecond exposures are usually sufficient to produce
excellent signal-to-noise ratio (SNR) images. Midresolution with an ALPY 600 can produce similar
SNR images with just seconds to a couple of minutes.

High-resolution work with a Lhires III can be done
with 15 to 20 minute exposures.
A web site has been developed to supply information and a means to display observational results.
http://www.hposoft.com/Orion/Orion.html
A Yahoo forum was also set up to facilitate fast
communications to all those interested in the project.
Information for joining the forum is on the web site.

2.

Project Goals

In addition to the stars, there is a wealth of interesting and famous nebula in the Constellation Orion.
While these nebulae are bright, they do not pose a
problem for photometry or spectroscopy of the Project stars. This is due to the great brightness of the
stars compared to the nebulae.
While there are many very interesting stars in
Orion a total of five bright stars have been designated
for both photometric and spectroscopic observations.
The five stars are Betelgeuse (alpha Orionis), Rigel
(beta Orionis), Mintaka (delta Orionis), Alnilam (epsilon Orionis) and Alnitak (zeta Orionis). Bellatrix
(gamma Orionis), and Alnitak (zeta Orionis) and
Meissa (lambda Orionis) are used as comparison stars
for photometry.
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Figure 1. Constellation Orion

3.
3.1

The Project Stars
Alpha Orionis

Betelgeuse (pronounced beetle juice) is a red supergiant star near the end of its life. If it were in place
of our Sun, Mercury, Venus, Earth and Mars would
all be well beneath the star's surface. It is the upper
left star in Orion. Betelgeuse has shrunk around 15%
in size over the past 15 years yet has not significantly
changed its brightness. It warrants continual observations. Something is happening fairly quickly.
3.1.1.

Magnitudes

Betelgeuse is a variable star and because of this
the listed magnitudes are just ballpark values. For
example the V band magnitude varies from 0.3 to 1.2
with a period of 150 to 300 days. The star is brighter
in the longer wavelengths. The U band magnitude is
4.38 while the H band magnitude is - 4.0 or over
eight magnitudes brighter. The brightness posses a
problem for photon counting and CCD photometry,
but makes life much easier for single channel SSP-3
and SSP-4 photometry as well as spectroscopy.
During 1979-1981, 1990-1992 and 1994-1996
Kevin Krisciunas did extensive photometry of Betelgeuse. There has been little done since.
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Figure 2. Betelgeuse (alpha Orionis)

3.2

Beta Orionis

Rigel is the large bluish-white star in the lower
right of the constellation Orion. Depending on the
reference it ranks as 6th or seventh brightest star in
the sky. Part of the ranking problem is because it
varies slightly as do other stars of close brightness.
The period of Rigel's variation is from 1.2 to 74 days.
This is an intrinsic variation as the star pulsates. Several years ago Dr. Edward Guinan asked me to do
UBV photometry on it for a project he was involved
with. I had an 8” C8 SCT with my UBV photon
counter. Try as I might I could not get good data. The
star would saturate my photon counter. I even tried
an aperture mask, but it still saturated. As it turns out,
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because Rigel is so bright, it is ideal for the PIN diode SSP-3 or SSP-4 photometers. This is a very interesting star and worthy of observations, but few
people observe it.
3.2.1.

Magnitudes

Like Betelgeuse, Rigel is a variable star
and because of this the listed magnitudes are just
ballpark values. For example the V band magnitude
varies from 0.05 to 0.18 with a period of 1.2 to 74
days. The star is just the opposite of Betelgeuse with
magnitudes brighter in the shorter wavelengths. The
U band magnitude is -0.81 while the H band magnitude is 0.22 or about one magnitude brighter. As with
Betelgeuse the brightness of Rigel posses a problem
for photon counting and CCD photometry, but makes
life much easier for single channel SSP-3 and SSP-4
photometry as well as spectroscopy.

3.3

Delta Orionis

Mintaka is the right most star in Orion's belt and
is a multiple star system.
A companion star of 7th magnitude orbits the
main V= 2.23 star every 5.73 days. There is also a
close companion star that makes photometry with the
SSP-3 and SS-4 a challenge. For spectroscopy it is
not a problem.
3.3.1.

Magnitudes

Mintaka has a 1 magnitude diffference in brightness from the U (2.09) to (.98) in the H band.

Figure 4. Mintaka (delta Orionis)

3.4

Epsilon Orionis

Alnilam is a large blue supergiant star. It is the
30th brightest star in the sky and 4th brightest in Orion. Alnilam is the middle star in Orion's belt. While
its simple spectrum has been used to study the interstellar medium, high-resolution spectra of the hydrogen alpha region show that the spectrum is anything
but simple in that area. The hydrogen alpha line does
a complete flip from a large absorption line to a large
emission line over just a few days.
3.4.1.

Magnitudes

Alnilam's magnitude is brighter in the shorter
wavelength with a magnitude in the U band of 0.47
and 2.41 in the H band.

Figure 3. Rigel (beta Orionis)
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Figure 6
Alnitak (zeta Orionis)

Figure 5. Alnilam (epsilon Orionis)

3.5

Zeta Orionis

Alnitak is a multiple star system. The main star
is a large blue supergiant star. Alnitak is the left most
star in Orion's belt. Like Alnilam it has been reported
to have a similar hydrogen alpha line flip from emission to absorption and back over a few days. This has
yet to be confirmed from Project spectroscopic observations. It is suggested that continued observations
be made to help investigate this interesting behavior.
3.5.1.

Magnitudes

Also like Alnilam, Alnitak is brighter in the
shorter wavelengths with a magnitude of 0.77 in the
U band and 2.28 in the H band. Alnitak appears to be
steady and non-variable. As such it has been used as
a comparison star for photometry.
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4.

Photometric Observations

Several Observers have provided photometric
data. Optic SSP-4 photometers were used by Jerry
Persha (Michigan), Al Stiewing (Arizona) and Carl
Knight (New Zealand) to obtain JH band photometric
data. Optic SSP-3 photometers were used by Ken
Sikes, (Arizona) and K. Yugiudro Singh (India) to
obtain BVRjIj photometric data. CCD BVR photometric observations were provided by Laurent Corp
of Rodez, France.
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4.1
4.1.1.

Betelgeuse (alpha Orionis) Photometry
SSP-4 JH Band Photometry

Optec SSP-4 PIN diode infrared photometers
were used to make observations of Betelgeuse. These
photometers have a two-stage thermoelectric cooler
that allows the detector to cool down 40 degrees below ambient temperature. Bellatrix was used as a
comparison star unless otherwise noted.

OBS
JD - X
PGD
687.566
PGD
687.611
PGD
687.622
PGD
700.584
PGD
700.624
KCD
703.874
PGD
708.512
PGD
708.523
ASO
708.670
ASO
710.724
PGD
722.574
PGD
723.524
PGD
723.58
PGD
725.542
PGD
725.572
PGD
729.524
PGD
729.612
PGD
733.543
PGD
746.551
PGD
746.563
ASO
727.696
X = 2,456,000
PGD - Jerry Persha
KCD - Carl Knight
ASO - Al Stiewing

J
-3.22
-3.215
-3.219
-3.231
-3.226
-3.437
-3.223
-3.227
-2.719
-2.695
-3.209
-3.215
-3.22
-3.215
-3.211
-3.255
-3.205
-3.211
-3.206
-3.205
-2.537

H
-4.009
-4.015
-4.015
-3.985
-4.001
-4.178
-4.016
-4.011
-2.516
-2.333
-3.992
-4.003
-3.986
-4.007
-4.005
-4.000
-3.991
-4.000
-4.000
-3.997
-2.14

OBS
JD - X
B
V
Rj
Ij
MU
324.1349 2.474
0.368
MU
330.0975 2.438
0.347
MU
335.1360 2.366
0.350
MU
622.3097 2.565
0.595
MU
660.2156 2.4866 0.5768
MU
667.1325 2.5007 0.5621
MU
679.1351 2.4833 0.5423
SKED 641.7083 2.484
0.577
-1.075
SKED 653.6938 2.477
0.573
-1.070
SKED 683.7821 2.383
0.480
-1.139
-1.692
SKED 683.8127 2.397
0.474
-1.139
SKED 710.7277 2.367
0.435
-1.178
-1.675
SKED 725.6238 2.325
0.410
-1.188
-1.662
X = 2,456,000
MU – K. Yugindro Kangujam Singh (Comp – Meissa)
SKED - Ken Sikes (comp – Bellatrix)
Figure 8. SSP-3 BVRI Band Photometric Data

4.2
4.2.1.

Rigel (beta Orionis) Photometry
SSP-4 JH Band Photometry

Optec SSP-4 infrared photometers were used to
make observations of Rigel. Bellatrix was used as a
comparison star.

Figure 7. SSP-4 JH Band Photometric Data

4.1.2.

SSP-3 BVRI Band Photometry

The brightness of the Orion Project stars make
them ideal candidates for the SSP-3 photometers.
Even with modest tlescopes, excellent SNR and thus
very good data spread can be obtained. Optec SSP-3
PIN diode photometers were used to get B V Rj Ij
band photometry of Betelgeuse. For some of the observations only the B and V filters were used. Bellatrix and Meissa were used as comparison stars.

OBS
JD - X
J
ASO 708.6377 0.177
ASO 710.6242 0.227
ASO 727.6057 0.231
X = 2,456,000
ASO - Al Steiwing

H
0.300
0.315
0.348

Figure 9. SSP-4 JH Band Photometric Data
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4.2.2.

SSP-3 BVRI Band Photometry

4.3.2.

Optec SSP-3 photometers were used to get B V
Rj Ij band photometry of Rigel. Bellatrix and Meissa
were used as comparison stars.

OBS JD – X
B
V
Rj
MU
622.2210 0.228
0.222
MU
631.1834 0.1455 0.1606
MU
662.1360 0.2185 0.2219
SKED 641.7699 0.224
0.243
0.161
SKED 653.7502 0.253
0.240
0.152
SKED 683.7393 0.204
0.214
0.140
SKED 710.6904 0.229
0.237
0.141
X = 2,456.000
SKED - Ken Sikes (Comp – Bellatrix)
MU – K. Yugindro Singh (Comp – Meissa)

Optec SSP-3 photometers were used to get B V
Rj Ij band photometry of Mintaka. Bellatrix was used
as a comparison star.

Ij

OBS JD - X
B
V
Rj
MU
625.2357 2.0240 2.2430
MU
637.2415 1.9317 2.1595
MU
660.2923 1.9338 2.1556
MU
667.1676 1.9841 2.1933
MU
679.1842 2.0424 2.2661
SKED 653.8266 2.012
2.212
2.277
SKED 662.7837 1.987
2.200
2.283
SKED 683.6359 1.993
2.200
2.282
SKED 710.6191 2.019
2.235
2.311
SKED 725.6675 2.034
2.227
2.300
SKED 739.6356 2.010
2.224
2.296
X = 2,456,000
MU – K. Yugindro Singh (Comp – Meissa)
SKED - Ken Sikes (Comp – Bellatrix)

0.188
0.160
0.157
0.186

Figure 10. SSP-3 BVRI Band Photometric Data

4.3

Mintaka (delta Orionis) Photometry

4.3.1.

Ij

2.456
2.413
2.409
2.461
2.451
2.439

Figure 11. SSP-3 BVRI Band Photometric Data

SSP-4 JH Band Photometry

Optec SSP-4 infrared photometers were used to
make observations of Mintaka. Bellatrix was used as
a comparison star.

SSP-3 BVRI Band Photometry

4.4
4.4.1.

Alnilam (epsilon Orionis) Photometry
SSP-4 JH Band Photometry

Optec SSP-4 infrared photometers were used to
make observations of Alnilam. Bellatrix was used as
a comparison star for the observations.

OBS
JD - X
J
H
ASO
708.703
2.753
2.903
ASO
710.645
2.660
2.640
PGD
722.558
2.830
2.898
PGD
723.563
2.765
2.814
PGD
725.556
2.464
2.847
ASO
726.664
2.834
2.940
ASO
727.633
2.977
3.224
PGD
733.582
2.794
2.841
X = 2,456,000
ASO - Al Steiwing PGD -Jerry Persha
Figure 10. SSP-4 JH Band Photometric Data
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OBS
ASO
ASO
PGD
PGD
ASO
ASO
PGD
PGD

JD - X
708.7265
710.6699
722.5600
723.5650
726.7017
727.6578
733.5840
746.5380

J Mag
2.133
2.033
2.033
2.147
2.120
2.053
2.143
2.160

SD
0.084
0.075
0.007
0.049
0.080
0.012
0.007

H Mag
2.257
1.954
2.184
2.175
2.151
2.083
2.186
2.196

SD
0.293
0.166
0.010
0.088
0.328
0.015
0.018

Hopkins: Orion Project

ASO 762.6305
ASO 763.6180
X = 2,456.000
ASO - Al Stiewing

2.387
2.064

0.435
0.496

2.644
2.396

0.720
0.596

PGD - Jerry Persha

Figure 12. SSP-4 JH Photometry of Alnilam

4.4.2.

SSP-3 BVRI Photometry

Optec SSP-3 photometers were used to get B V
Rj Ij band photometry of Alnilam. Bellatrix and were
Meissa used as comparison stars. In the future it is
suggested that Alnitak be used as the comparison star
as it is closer physically in the sky and in magnitude.

OSB
JD - X
B
V
Rc
CLZ 765.2184
1.348
1.565
1.800
CLZ 725.3366
1.542
1.712
1.803
CLZ 630.4068
1.875
1.957
2.064
CLZ 635.4126
1.825
1.950
1.965
X = 2,456,000
CLZ - Laurent Corp (Comp – Alnitak)
Garden Observatory Rodez, France (50 mm Telephoto lens)
Figure 14. CCD BVR Photometry of Alnilam

4.5

Alnitak Photometry (zeta Orionis)

Because Alnitak appears to be non-variable, no
photometric data of it are provided.
OBS
JD –X
B
V
Rj
MU
628.2193 1.592
1.787
MU
638.2220 1.534
1.685
MU
662.1942 1.496
1.652
MU
680.1118 1.484
1.671
SKED 641.8835 1.589
1.707 1.754
SKED 653.872
1.56
1.728 1.772
SKED 662.8147 1.517
1.682 1.733
SKED 683.6433 1.682
1.682 1.726
SKED 690.6547 1.673
1.673 1.706
SKED 710.6239 1.528
1.693 1.730
SKED 739.6432 1.560
1.721 1.756
X = 2,456.000
SKED - Ken Sikes (Comp – Bellatrix)
MU - K. Yugindro Singh (Comp – Meissa)

Ij

1.877
1.872
1.866
1.833
1.825
1.858
1.877

Figure 13. SSP-3 BVRI Photometry of Alnilam

4.4.3.

CCD BVR Photometry

Only one observer was able to get CCD B V Rc
photometry of Alnilam. Because the star is so very
bright, CCD photometry requires a special bright star
photometry technique. Laurent Corp of Rodez,
France was able to use a technique to get good data.
He coupled a 50 mm camera lens to an ST7XE CCD
camera with a BVRc filter wheel. He used 0.5-second
exposures that produced peak ADU counts of around
40,000. This was within the linearity of the ST7XE
CCD camera. Laurent used Alnitak as the comparison star for the observations.

5.

Spectroscopic Observations

All spectra line profiles that follow were taken
and processed by HPO.
Other observers submitting spectroscopy are
Steve Spears (Westlake, Ohio USA) Jim Tubbs
(Twin Falls, Idaho USA), John Menke (Barnsville,
Maryland USA) and Steve Guthbert (York, UK)
Low-resolutions spectra were taken using an
ALPY 600 (with a 600 line/mm transmission grating)
on an 8” LX-90 telescope with an Orion StarShoot
G3 monochrome CCD Camera.
High-resolution spectra of the hydrogen alpha
regions were taken using a Lhires III with 2400
line/mm reflection grating (except where a 600
line/mm refelction grating is noted) on a 12” LX200
GPS telescope with an Orion StarShoot G3 monochrome CCD Camera.
RSpec was used for processing of both low and
high-resolution spectra.
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5.1

Betelgeuse (alpha Orionis) Spectroscopy

Figure 15. Low-Resolution Spectrum Profile of Betelgeuse

Figure 16. Low-Resolution Spectrum Profile of Betelgeuse (600 mm/line Grating)

5.2

Rigel (beta Orionis) Spectroscopy

Figure 17. Low-Resolution Spectrum Profile of Rigel

5.3

Mintaka (delta Orionis) Spectroscopy

5.4

Alnilam (epsilon Orionis) Spectroscopy

Initially information indicated the Alnitak would
be the most interesting star to observe the hydrogen
alpha region using high-resolution spectroscopy. As
it turns out Alnilam appears to be even more interesting.
Low-resolution spectra of Alnilam were taken
with a Star Analyser and ALPY 600 with a 600
line/mm grating. These spectra provided a good
overall view of the visible spectrum of Alnilam, but
were not of sufficient resolution to allow detailed
examination of the hydrogen alpha region.

Figure 19. Low-Resolution Spectrum Profile of Alnilam

During communications with John Menke, who
was using an 1800 line/mm, he indicated he was seeing a short-term flip of the hydrogen alpha line of
Alnilam. A concentrated effort was then put forth to
observe Alnilam as often as possible. The weather in
Phoenix and elsewhere was very uncooperative, but
some data were obtained. It is hoped that the next
observing season will provide a better chance for
continuous observations. The following figures show
several high-resolution profiles of the hydrogen alpha
region taken over a short period of a few days.
High-resolution spectroscopy with at least an
1800 line/ mm grating is required to provide sufficient resolution to examine what is going on in the
hydrogen alpha region. A 2400 line/mm grating provides very good detail.
The following spectra line profiles were obtained
using the Hopkins Phoenix Observatory 12” LX200
GPS telescope with a Lhires III spectrograph and
2400 line/mm grating. The vertical line indcates zero
Doppler hydrogen alpha.

Figure 18. Low-Resolution Spectrum Profile of Mintaka

While high-resolution images of the hydrogen
alpha region of Minitaka were taken, there did not
seem to be any changes so high-resolution spectroscopy was concentrated on Alinlam.
Figure 20. High -Resolution Spectrum Profile of Alnilam.
17/18 February 2014
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Figure 21. High-Resolution Spectrum Profile of Alnilam.
19/20 February 2014

Figure 22. High-Resolution Spectrum Profile of Alnilam.
08/09 March 2014 UT 12:36

Figure25. Hydrogen alpha Region of Alnilam, 2001 –
2002 (Thompson and Morrison)

5.5

Aknitak (zeta Orionis) Spectroscopy

Figure 23. High-Resolution Spectrum Profile of Alnilam.
08/09 March 2014 UT 12:56
Figure 26. Low-Resolution Spectrum Profile of Alnitak

Figure 24. High-Resolution Spectrum Profile of Alnilam.
10/11 March 2014 UT

The following figures are from a paper sent to
me by Dr. Andy Odell (Lowell/Steward Observatories) written by Thompson and Morrison. They confirm the rapid flipping of the hydrogen alpha line.

Figure 27. High-Resolution Spectrum Profile of Alnitak

6.

Other Stars of Orion

There are many other interesting stars in Orion.
The Great Orion Nebula, M42 contains some of these
interesting stars. The four close stars in the nebula are
called the Trapezium and also designated theta1 Orionis. The main stars are labeled A, B C and D. There
is another bright star just to the South designated as
theta2 Orionis.
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7.

Figure 28. Theta Orionis

6.1

Theta1 A Orionis

Several years ago Gene Lucas and I did a photometry project on theta1 Orionis A and presented the
results in a paper at the 2007 SAS meeting. Theta1
Orionis A is one of the stars in the Trapezium. Theta1
Orionis A is a very interesting variable star, but even
more interesting is theta1 D (BM) Orionis, another
star of the Trapezium

6.2

Theta1 D (BM) Orionis

BM Orionis produces a light curve very similar
to the famous epsilon Aurigae light curve, complete
with mid-eclipse brightening except instead of taking
27 years it does so over just a few days.

Conclusions

The stars of Orion are all very interesting and
some pretty exciting. Three of the Project stars, Betelgeuse, Rigel and Alnilam are all at the end of their
life. Betelgeuse could go hypernova (1000 times
more explosive than a supernova) any day over the
net 100,000 years. Rigel and Alnilam are are close to
going supernova. While the hypernova of Betelgeuse
would be deadly to stars and planets in the so called
“death beam distance” or about 30 light years, some
astronomers feel even a supernova within 100 light
years would be catastrophic for the Earth, since Betelgeuse is some 600 light years from Earth we will
have a grand sight, but no worry.
This has been the first observing season for the
Orion Project. Much has been learned and it is hoped
that more observers will be inspired to do photometry
and/or spectroscopy on one or more of the Project
Stars during future seasons. The next season begins
in early fall when Orion approaches a good position
for early morning pre-sunrise observing. There will
be a race to make observations before the sky starts
to get bright however. As fall and winter approach,
the days get shorter and Orion will move to more
favorable positions. October will be a good time to
start an early morning set of observations and not
need to rush. To see detailed changes of photometry
and some of the spectroscopy features will require
observations daily or as often as possible. While five
stars may not seem like many, the amount of data
generated can be significant. Even so, in the future
other stars of Orion may be added to the project.
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Simplified Color Photometry using APASS Data
Nicholas Dunckel
12971 Cortez Lane, Los Altos Hills, CA 94022
ndunckel@earthlink.net

Abstract
APASS, the AAVSO Photometric All-Sky Survey, now contains 47 million stars and covers 97% of the Northern
and Southern hemisphere sky. Its extraordinary coverage means that there are multiple APASS-calibrated stars
available for color photometry in the field of view of virtually every amateur image. This paper presents a simplified spreadsheet-based procedure that combines raw photometric data with APASS data to calibrate target objects in the same field of view. The complete photometric equations are reviewed and a simplified form is obtained for use within a limited field of view. Raw photometric data and APASS data for that image from AAVSO
are combined on a spreadsheet to produce calibrated photometric measurements of target objects within the
field of view. The consistency of the fit to the data is shown graphically. Error terms are tracked through the
equations to provide the standard deviation of each measurement.

1.

Introduction

There are many applications for color-calibrated
measurements of astronomical targets, including categorizing stars, galaxies, and asteroids. However,
until the advent of APASS, the AAVSO Photometric
All-Sky Survey (Henden et al 2010), the color calibration of target measurements required all-sky photometry, a challenging process that demands calibration of the observer's sky and excellent viewing conditions.
The APASS sky survey provides multiple reference stars in virtually every possible field of view an
astronomer might image in both Northern and Southern hemispheres. Measurements of each star are provided for the Johnson B and V filters and for the
Sloan g', r' and i' filters. As will be shown later, having calibration stars within the field of view of the
target permits a much simplified calibration procedure. The APASS release 7 data set of 47 million
calibrated stars is available on the AAVSO website;
the next release is due April 2014.
The system described here allows observers to
take advantage of the APASS data to quickly obtain
calibrated measurements of their targets even though
they may lack a strong background in color photometry. The system provides several features for observers: it processes multiple observations efficiently; it
displays the consistency of the data graphically and
statistically; it generates color transforms and uses
these to calibrate a user's measurements of a target;
and it is designed to accept a variety of inputs from
photometric measurement programs.

2.

Transform Theory

The challenge of color photometry is to obtain
standard values from your measurements, made with
your filters, your photosensor, and your perhaps
dusty telescope objective, and observed through various airmasses and through an atmosphere of varying
color-dependent absorption.
The airmass X is the amount of atmosphere the
light travels through compared to that for a star at the
zenith. If this were the only factor present, the relationship between the observed magnitude mf in a
filter f and the calibrated magnitude Mf would be
Mf = mf - Xkf' + Zf

(1)

where kf' is the absorption per unit airmass in the
passband of filter f, and Zf is the zero point, an overall correction for the sensitivity of your system. kf' is
called the first order extinction coefficient.
Equation 1 lacks a correction for the color of the
target. A correction factor is required to account for
the responses of different filter passband shapes to
the various spectral shapes of astronomical objects.
As an illustration of the need for color calibration, Figure 1 shows the transmission of four filters
and the quantum efficiency of a particular CCD. Filter 2 shows the effect of using these filters in combination with the same CCD, Also shown is the radiation from blackbodies at 5000 oK and 7000 oK, representative of the emissions of stars of spectral classes
K and F. Clearly, the slopes of the filter passbands in
this system would cause their responses to be dependent upon the spectral slope of the radiation impinging on it.
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Gathering the terms in equations 1 through 3, we
have the complete transformation equation for measurements mf in a filter f (Warner 2010):
Mf = mf - Xkf' + Zf + Tf (B - V) - kf" (B - V) X (4)

Figure 1. Wavelength dependence of Johnson-Cousins
B and V filters and Sloan r' and i' filters vs. response of
KAF 3200ME CCD. (Filter data courtesy of Astrodon).

There will be a different transformation equation
and different transformation coefficients for each
filter. Prior to the availability of APASS data, only a
limited number of calibration stars were available. In
order to determine the transformation coefficients
that are dependent upon the airmass X, it was necessary to observe calibration stars at several values of X
by observing them at several different elevations. The
procedure required that the atmosphere did not
change over the period of observations and that the
atmosphere was homogeneous (i.e., no clouds).

3.

Transformations for a Limited
Field of View

When APASS stars in the same field of view as
the target are used to calibrate that target, substantial
simplifications result. Gathering together the terms in
equation 4 that contain (B - V), we obtain:
Mf - mf = Zf - Xkf' + (B - V) [Tf - Xkf" ]
Figure 2. Combined response of filters and CCD of Figo
ure 1 compared to blackbody radiation at 5000 K and
o
7000 K, representing stars of spectral classes K and F.

To correct for this color dependency, a correction factor is applied that is indicative of the color of
the target. For this color correction factor it is common to use the difference of the responses of the two
filters having the shortest wavelengths, or in this
case, (B-V). The correction is made by adding a color
correction term to equation 1:
Tf (B - V)

(2)

where Tf is the transformation coefficient for the filter f.
An additional small correction is required to
compensate for the fact that the atmosphere itself acts
as a color filter, depending upon the length of the
path through the atmosphere. This correction is made
by adding to equation 1 a color compensation term
proportional to the air mass, X:
(3)
kf" (B - V) X
where kf" is the coefficient representing the atmospheric absorption per unit air mass. kf" is called the
second-order extinction coefficient.
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(5)

If we then define new terms Cf and Kf :
Cf = Tf - Xkf"

Kf = Zf - Xkf'

we see that because X is effectively constant over the
field of view and because the remaining terms are all
constants, equation 5 can be written as:
Mf - mf = Cf (B - V) + Kf

(6)

The left hand side, which represents the difference
between calibrated and observed magnitudes for a
filter f, is a known quantity for APASS stars that we
measure. (A more detailed discussion of the constancy of X is given in Section 6).
However, since only the observed measurement
(b-v) of the target is known, we must first convert
this observed measurement to the calibrated measurement (B-V). (Capital letters denote calibrated
measurements; lower-case letters indicate uncalibrated observations). To accomplish this, we use equation 6 to represent the observations of APASS calibration stars in B and V filters:
B - b = Cb (B - V) + Kb
V - v = Cv (B - V) + Kv

(7a)
(7b)
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Subtracting equation 7b from equation 7a and rearranging terms produces equation 8, another linear
equation in which C1 and K1 are redefined constants.
Substituting this value of (B-V) in equation 6 and
redefining constants Cf and Kf produces the relationship shown in equation 9 and Figure 3. These equations are based on the observed color index
(b-v).
This shows that an observer's measurement of (b-v) is
a valid measure of an object's color index.
B - V = C1 (b - v) + K1
Mf - mf = Cf (b - v) + Kf

(8)
(9)

Parameter
radeg
raerr
decdeg
decerr
number_of_Obs
Johnson_V
Verr
Johnson_B
B_err
Sloan_g
gerr
Sloan_r
r_err
Sloan_i
ierr

Description
RA in degrees from 0 to 360
Degrees error in radeg
Dec in degrees from -90 to +90
Degrees error in decdeg
# observations for these results
Magnitude in given filter
Magnitude error in filter
Etc.

Table 1. Information contained in the APASS data file.

Mf - mf

Slope = Cf

Kf
Observed (b - v)
Figure 3. Calibration correction factor vs. color index
(b-v) for filter f.
In summary, in order to calibrate targets observed in the same field of view as APASS stars we
first need to define the relationship of equation 9 and
Figure 3 by observing and measuring APASS stars.
We then use this relationship to convert our (b-v)
target measurements to a correction factor
(Mf mf), which we add to the observed data mf to produce
calibrated target measurements Mf for each filter.

4.

Figure 4. Star map of APASS stars created by SeqPlot
with a magnitude threshold of 16. (In the original image
the stars are color-coded by their B-V values).

APASS Data

APASS data is available on the AAVSO website
at www.aavso.org/download-apass-data, which provides the information shown in Table 1 for each star.
To download this data for a particular region of the
sky, a user enters the RA and Dec for the center of
the desired image area and the desired radius in degrees. Converted to a spreadsheet, the data is organized vertically in terms of increasing values of RA
with each row representing measurements through all
filters for one star.
A convenient plotting tool is SeqPlot, an
AAVSO program which plots an image of the
APASS stars that are brighter than a selectable

Figure 5. Telescopic image taken through a V filter of the
same sky area as shown in Figure 5.

magnitude limit. It is available on the AAVSO website at www.aavso.org/Seqplot. SeqPlot is downloaded onto your computer as a temporary program which
displays a map of the APASS stars in the field of
view that you select. The stars are color-coded to
indicate their (B-V) value, which helps to identify
calibration stars that provide the diversity of
(B-V) values required for good calibration. When the
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user clicks on a star, the program displays the coordinates of the star and its V and (B-V) magnitudes at
the bottom of the image. If desired, this data plus the
Johnson-Cousins values of (U-B), (V-I), and (R-I) for
the stars you select can be stored as a file on your
computer. The Johnson-Cousins terms (U-B), (V-I),
and (R-I) have been converted (Henden 2014) from
the APASS Sloan measurements by using the equations on the SDSS website (SDSS 2014), a process
that produces rms errors of just a few hundredths of a
magnitude.
Figure 4 shows a sample image from SeqPlot.
Compare this with Figure 5, a telescopic image of the
same sky area. Note how complete the APASS data
is: almost every bright star in the telescope image
appears in the APASS data set. However, since SeqPlot provides Cousins Rc, Ic instead of Sloan r', i'
measurements, it is used only to identify candidate
APASS stars having a good spread of B-V values.
Data for the selected stars is then taken from the
download of all the APASS stars in the field of view,
and the user pastes this data into the APASS Spreadsheet.

5.

APASS Spreadsheet, a Program
that Performs the Calibrations

To use APASS Spreadsheet to calibrate one or
more targets in the same field of view, a user must
identify and measure enough APASS stars to represent a range of (B-V) values.
The user pastes his own measurements of the
APASS stars and of the target(s) into APASS
Spreadsheet. In order to assure consistency and to
generate error statistics, there should be a minimum
of three observations of each object with each filter.
Each row of data must represent a measurement of
brightness in one filter. Columns can be in any order.
APASS Spreadsheet will then generate the various
graphs shown in Figures 6 - 9 with error statistics for
each graph. These figures represent the relationship
of Figure 3 for each of the four filters used.
For the data shown, four Johnson-Cousins filters
(B, V, R, IR) made by Custom Scientific were employed. Exposures of 30 secs were made through
each filter with a 12.5 inch telescope, producing 9
exposures through the B filter, and 4 each for the V,
R, and I filters. The APASS Spreadsheet produces
calibrated B and V values based on the JohnsonCousins filters and r' and i' values based on the Sloan
r' and i' filters, matching the APASS measurements.
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Figure 6. Correction factor for Johnson B filter measurements based on APASS stars. The straight line fits
the APASS data with an error of 0.008 magnitude.

Figure 7. Correction factor for Johnson V filter measurements based on APASS stars. The straight line fits
the data with an error of 0.009 magnitude.

Figure 8. Correction factor to convert Johnson R measurements to calibrated Sloan r' filter values, as determined by APASS stars. The straight line fits the data
with an error of 0.015 magnitude.
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Calibrated
Measurement
Err
Errtot
APASS Data
APASS
error
Calibrated
- APASS

B

V

r'

i'

13.033
0.010
0.032
13.023

12.229
0.009
0.019
12.229

12.028
0.015
0.046
12.016

11.996
0.036
0.301
11.966

0.031

0.017

0.043

0.299

0.010

0.000

0.012

0.030

Table 2. Calibrated measurements of an APASS star
measured in four filters compared to its APASS magnitudes. Err and Errtot are defined in the text.

Figure 9. Correction factor to convert Johnson IR measurements to Sloan i' filter values as determined by
APASS stars. The straight line fits the data with an error
of 0.036 magnitude.

As an indication of the accuracy of the conversion process, we can treat one of the APASS stars in
the field as the target, use the APASS Spreadsheet to
calibrate it, and compare the results to the actual
APASS data. Table 2 shows the results.
The first row of Table 2 shows the result of the
calibration of the target by the APASS Spreadsheet.
The APASS measurement of that star is shown in the
4th row; the differences between the APASS values
and the results from the APASS spreadsheet calibration appear in the last row. The reported errors of the
APASS measurements are shown in the 5th row. The
error terms Err and Errtot are defined in the next section. Table 3 shows a similar comparison of measurements on a Landolt star in the field of view.

6.

Error

Table 2 shows that some APASS measurements
can have substantial error. Users of APASS Spreadsheet can elect to eliminate APASS stars having large
errors by reviewing the measurement errors for the
candidate stars in the APASS data.
The APASS Spreadsheet displays two errors. Err
is the error of the target measurements assuming
APASS measurements have zero error; Errtot is similar but includes APASS errors. The former is useful
as an indicator of the quality of the observer's measurements while the latter reflects the overall measurement accuracy.
The standard deviation σ associated with equation 9 is calculated using the spreadsheet function
STEYX, which computes the regressive error in using (b-v) to predict (Mf - mf). When we use this equation to predict the correction factor (Mf - mf) from
our measurement of (b-v) of a target, we incur an
additional error due to the σ in our measurements

Calibrated
Measurement
Err
Errtot
Landolt Data
Landolt
error
Calibrated
- Landolt

B

V

12.507

11.515

0.008
0.032
12.578

0.009
0.019
11.548
0.001

0.000
0.071

0.033

Table 3. Calibrated measurements of a Landolt star
measured in two filters compared to Landolt magnitudes.

of the target's (b-v). This error will be particularly
noticeable for targets that are much dimmer than the
APASS stars. The σ in (Mf - mf) will be (Ku 1966):
sf(M-m) = sqrt{srf2 + Cf2 (sb2 + sv)2 }

(10)

where srf = regression error for filter f
sb = stdev of b filter measurements of APASS stars
sv = stdev of v filter measurements of APASS stars
Cf = slope of regression for filter f in equation 9
Although APASS random errors are already accounted for in the regression error of equation 9, nonrandom errors are not accounted for. Therefore it is
best to include APASS error terms explicitly as an
additional error term, sAPASS(f), as shown in equation
11. In Table 2, Err is computed using equation 10 and
Errtot is calculated using equation 11.
sf(M-m) = sqrt{srf2 + Cf2 (sb2 + sv)2 + sAPASS(f)2} (11)
In deriving Equation 6, we assumed that the airmass is constant over the field of view. Using the air
mass formula of Henden & Kaitchuck (1982) and
assuming a typical value for kb' of 0.3, the term kb' X
varies less than 0.01 magnitude over a 30 minute
field of view as long as the object is at an altitude
above 28 degrees. Variations of kf' X for other filters
are smaller. The terms Xkf" are even smaller.
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7.

Conclusions

A spreadsheet program was developed that produces accurate color calibration of targets using
APASS stars in the field of view. The program is
available upon request to the author.
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Detecting Problematic Observer Offsets
in Sparse Photometry
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Abstract
A heuristic method, based upon histogram analysis, is presented for detecting offsets pervasive enough to be
symptoms of problematic observing technique or calibration. This method is illustrated by a study of scatter in
AAVSO photoelectric photometry (PEP) for five well-observed variable stars.

1.

Data

The PEP data (Table 1) were obtained from the
AAVSO archive. PEP magnitudes are established
differentially from a single comparison star, including a correction for differential extinction. Only V
band observations processed by the AAVSO reduction software (PEPHQ), with transformations to
standard magnitudes were considered. W Boo, RS
Cnc, P Cyg, V441 Her, and R Lyr had the most observations on record which qualified. B-V colors for
the stars range from 0.339 to 1.662, and delta B-V
from -0.813 to 1.265. The median magnitude error
for observations of any one star star was 3 or 4
mmag. The data were taken between JD 2445380 and
2456598, inclusive.

2.

Method

For a given star, pairs of magnitudes measured
the same night by different observers were selected.
It was uncommon for these stars to have more than
two observations on a single night; those nights with
three observations were split into three pairs. Repeat
observations by the same observer were not paired
for examination. From a star’s set of pairs, a list is
made of observers consistently brighter above a
threshold, T, than other observers. A second list,
based on the same threshold, is made of consistently
dim observers. From these two lists, a “sore-thumb”
observer, S, appearing the most times above a threshold, N, in either list is assumed to posses a systematic
offset, and that offset value is estimated. This is done
by histogramming the differences between S’s measurements and those of other observers. The histogram
is evaluated by median and interquartile range (IQR).
The magnitude difference of S from some observer O
for one observation, i, is computed as:

ΔVi = VSi - (VSi/σSi2 + VOi/σOi2 ) • ( σSi2 •
σOi2 ) / (σSi2 + σOi2 ) (1)
A search is conducted over a range of hypothetical offsets, o, so that the absolute value of the median, κ = |μ1/2|, is minimized:

d(κ({ΔVi-o })) = 0

(2)

If a minimal median is attained over a range of
offsets, the center of this range is taken to be the offset. Once observer S’s magnitudes have been adjusted to minimize κ, the process is repeated to find other
observers with offsets.

3.

Examples

The following procedure was used to find highly-offset observers for RS Cnc, with T = 30 mmag
and N = 10. Table 2 gives histogram parameters for
key observers before adjustments were made; table 3
gives the dim/bright summary. Of these observers, E
is most frequently offset. E’s histogram is shown in
figure 1. The offset is sought via a simple incremental search in both directions from 0, in steps of 1
mmag. E is found to have an offset value of -28. E’s
magnitudes are then adjusted by this offset, and a
new list of dim/bright observers is created (table 4).
An offset is now estimated for B, and found to be 67.
Because adjusting B will likely change E’s histogram, it is necessary to iterate finding offsets for the
two observers, and they converge to -25 for E and 70
for B. Once E and B have been adjusted, no other
observers qualify as sore thumbs. The histogram improvements for A, B, and E are summarized in table
5; E’s final histogram is shown in Figure 2.
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star

observations

observers

pairs

Var B-V

Δ B-V

first pair JD

last pair JD

W Boo

1410

29

237

2446945

2456478

1.662

0.608

RS Cnc

1031

26

109

2446881

2455261

1.625

1.265

P Cyg

1155

20

127

2446287

2456223

0.412

0.498

V441 Her

1156

20

168

2446953

2456171

0.339

-0.813

R Lyr

1571

26

283

2447387

2455124

1.588

0.546

Table 1. Star data.

observer

median

IQR

pairs

A

8

13

13

B

53.5

67

22

E

-12

35

observer

53

Table 2. Selected histograms before adjustments
(mmag).

bright or dim

frequent
counterparts

B

dim 17 times

C, D, E

E

bright 16 times

A, B

Table 4: Frequently-offset observers, second iteration.

observer

bright or dim

frequent
counterparts

observer

median

A

dim 11 times

E

A

3

5

62%

0

28

58%

0

21

40%

B

dim 17 times

C, D, E

B

E

bright 27 times

A, B

E

W Boo
RS Cnc

S2

Δ B-V

B: -49

0.608

S1
A:

64

E:

-25

P Cyg

-

V441 Her

A: -41

R Lyr

A: 34

Δ IQR

Table 5: Histograms after adjustments (mmag).

Table 3: Frequently-offset observers, first iteration.

star

IQR

B:

70
-

E:

1.265
0.498

11
-

-0.813
0.546

Table 6: Sore-thumb observers and their offsets (mmag)

Only one observer of R Lyr qualified as a sore
thumb and none qualified for P Cyg (table 6). Two
observers each from V441 Her and W Boo qualified.
If looser selection criteria for choosing outlying observers are permitted, allowing more adjustments to
be made, the iteration process to establish stable offsets for all of them may not converge. From table 6, it
can be concluded that observers A and E have color
correction (εV) errors. The signs of their offsets for
each star either correlate or anti-correlate with the
signs of the respective Δ B-V values.
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4.

Assumptions and Limitations

The values of T and N were chosen to be conservative, but are otherwise arbitrary. No attempt was
made to involve airmass in this analysis. Airmass
data are not readily available for PEP observations in
the AAVSO archive (by convention, measurements
are supposed to be taken at an airmass of 2 or less).
The PEPHQ software approximates the first-order
extinction coefficient, kV, as a constant, 0.25. The
observers found to have large offsets were, largely,
active in disjoint time periods. Whether this technique would work with two or more highly-offset
observers active simultaneously is unclear.

Calderwood: Observer Offsets in Sparse Photometry

Figure 3: Light curve containing a moderately offset observer

Figure 4: Offset observer identified
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5.

Conclusion

The method of this paper is simplistic, but the
technique clearly detects observers with systematic
offsets where limited data are available. While very
large observer offsets may readily apparent by visual
inspection of a light curve, figure 3 illustrates a curve
where the presence of a moderately offset observer
(E), detected by this method, is not obvious.
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Software Based Supernova Recognition
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Abstract
This paper describes software for detecting Supernova (SN) in images. The software can operate in real-time to
discover SN while data is being collected so the instrumentation can immediately be re-tasked to perform spectroscopy or photometry of a discovery. Because the instrumentation captures two images per minute, the realtime budget is constrained to 30 seconds per target, a challenging goal.
Using a set of two to four images, the program creates a “Reference” (REF) image and a “New” (NEW) image
where all images are used in both NEW and REF but any SN survives the combination process only in the NEW
image. This process produces good quality images having similar noise characteristics but without artifacts that
might be interpreted as SN. The images are then adjusted for seeing and brightness differences using a variant
of Tomaney and Crotts method of Point Spread Function (PSF) matching after which REF is subtracted from
NEW to produce a Difference (DIF) image.
A Classifier is then trained on a grid of artificial SN to estimate the statistical properties of four attributes and
used in a process to mask false positives that can be clearly identified as such. Further training to avoid any remaining false positives sets the range, in standard deviations for each attribute, that the Classifier will accept as
a valid SN. This training enables the Classifier to discriminate between SN and most subtraction residue.
Lastly, the DIF image is scanned and measured by the Classifier to find locations where all four properties fall
within their acceptance ranges. If multiple locations are found, the one best conforming to the training estimates
is chosen. This location is then declared as a Candidate SN, the instrumentation re-tasked and the operator notified.

1.

Introduction

The fundamental proposition is that a reference
image is subtracted from a recent image and the resulting difference image is scanned to see if it contains a star-like object. The crucial aspects of this
problem are two-fold: subtraction of the two images
and recognition of a stellar profile. These two aspects
are interrelated and both need to provide excellent
functionality. Even the finest subtraction scheme may
leave residuals that are sufficiently similar to a stellar
profile that it could be classified as a SN unless the
Classifier is strong. Both of these aspects become
especially important as detection of fainter and fainter magnitude SN is contemplated.
In all, there are seven areas to consider for successful SN detection:
1. Data acquisition
2. Image preparation
3. Artificial SN creation
4. PSF matching and image subtraction

5. Classification
6. Training
7. Scanning
The remainder of this paper will address these
areas in detail.

2.

Data Acquisition

Images must be acquired with an exposure that
reaches the desired limiting magnitude. During acquisition, focus and tracking are of critical concern as
poorly focused images can create artifacts in the subtracted image that are stellar in nature and tracking
errors resulting in elongation of stars can also produce such artifacts. As will be seen, compensation for
poor seeing is required so a site with the best possible
seeing should be selected for the instrumentation.
Faulty flats can also yield subtraction artifacts so
some care must be taken to create and apply good
ones. All images used for reference and discovery
should be taken with the same instrumentation, otherwise a clean subtraction will not be possible.
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Once reference images are collected, they can be
used indefinitely. The program also includes a Librarian that keeps a Reference Library updated with
the best images from newly acquired data. The Librarian measures the average FWHM, background
illumination and elongation of stars using CCDInspector (Kanevsky, 2014) in all newly acquired images and then places up to two of the best of these in
the Reference Library. It will replace existing Reference Library files with better ones should they be
found and move all recent frames to an archive.
For normal operation, it is assumed that two reference images for survey targets have been acquired
and placed in the Reference Library by the Librarian.
These could be acquired an hour apart on the same
night or on different nights. The program will test for
SN with as few as two images but the chance of finding a false positive is greatly increased. So, at a later
date (based on the survey’s objectives), a third image
should be acquired for targets with references. These
should be immediately processed to see if a Candidate SN is present. If a Candidate is found, a fourth
image should be acquired an hour or so later on the
same night, if at all possible, and the target re-tested
using all four images. If acquisition of a fourth image
is not possible, the images can be examined manually
or the fourth image taken as soon as conditions allow.
This strategy gives the lowest likelihood of finding
false positives.

3.

Figure 1. Training and Discovery Regions

In order to remove transients such as asteroids,
satellites, etc. and to improve image quality in the
final images, it is best to utilize four images for detection. The images, assuming that four are available,
are processed using median and mean combine algorithms as shown in Figure 2 below.

Image Preparation

Each image is organized into two nested regions.
The area inside the outer region is referred to as the
“Training Region” where various operations are performed to train the software on SN characteristics
and to locate a star for PSF and brightness matching.
The inner region (the smaller square) is called the
“Discovery Region” and this is the only part of the
image that is searched for SN. Figure 1 illustrates this
arrangement.
For the instrumentation currently in use, the
Training Region constitutes about ¼ of the instrument’s full frame and covers about 6.4’ while the
Discovery Region covers about 3.9’. The image scale
is 0.77” / pixel.
The purpose of this is two-fold. For one, the realtime consumed by the program is driven by the area
of these regions so processing the image only inside
these areas will greatly improve the real-time performance. Secondly, in a small telescope, seeing will not
normally vary significantly across such a small portion of the image. This will simplify the PSF matching process described later and also greatly speed up
its operation.
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Figure 2. Image Creation Method

Initially, the four images are aligned and individually processed to remove gradients. Then they
are combined in sets of three using median combine
to produce four images. During this step, because
median combine is used, a SN that might be present
in the two NEW images will not appear in the REF A
or REF B images, however it will appear in the NEW
A and NEW B images. Next, the respective pairs of
REF and NEW images are mean combined to further
reduce the noise in the final pair.
This approach has several benefits. For one, the
final pair of images will not contain transient objects
such as cosmic ray hits, defective pixels or asteroids
that might be wrongly classified as a SN. For another,
stacking will improve the Signal-to-Noise-Ratio
(SNR) of the images. And lastly, the noise characteristics of the resulting NEW and REF images will be
similar. These two images, once subtracted to create
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a Difference image (DIF), will be used for training
and scanning.
If only two images are available, they are simply
used twice, the oldest one for both REF 1 and REF 2,
the newest one for NEW 1 and NEW 2. This situation
should only arise early in the life of the survey when
reference images are not available.
In the event that three images are available, two
will ordinarily be from the Reference Library and a
single image will be used for both NEW 1 and NEW
2. The resulting NEW and REF images will be used
to search for a SN. If a SN is found, the system can
be re-tasked to take an additional image after which a
4-image processing run can be executed that will
produce fewer false positives. This should be the
normal mode of operation.
Besides these two key images, a special Calibration image, CAL, is created as shown in Figure 3
below. This image is used to estimate the statistical
properties of the SN during training.

4.

Artificial Supernova Creation

To create artificial SN, a reference star imaged
with the survey instrumentation must be characterized so a stellar profile can be generated for any desired FWHM and magnitude that matches the instrumentation’s characteristics. A star with known magnitude can easily be characterized using MaxImDL’s
“Information Window” which can measure flux (“Intensity” in MaxImDL) and FWHM. In addition, the
image scale in arcseconds-per-pixel is needed so the
artificial SN’s matrix in pixels can be calculated.
Given these data, a 2-D Gaussian model of a SN of
any desired FWHM and magnitude can be calculated
and inserted in the image at any position.
To create the 2-D Gaussian model, the Reference
star’s flux is scaled according to the difference of the
magnitudes between the Reference star and the desired artificial SN.
FluxSN = FluxRef (2.512) ( MagRef

- MagSN )

(1)

Next, the Gaussian standard deviation value, σSN,
for the artificial SN to be inserted is found for the
desired FWHMSN.
σSN = FWHMSN / Scale / 2.35482

(2)

Here, FWHMSN is expressed in arcseconds;
Scale is the image scale in arcseconds-per-pixel; thus,
σSN is in pixels as required. Then the central peak
value of the 2-D Gaussian surface representing the
artificial SN is calculated from the flux and standard
deviation:
ASN = FluxSN / ( 2 π σSN 2 )

(3)

Finally, the 2-D Gaussian values of the SN can
be calculated for the matrix.
Figure 3. Calibration Grid

G(x,y) = ASN exp ( - ( x2 + y2 ) / 2 π σSN 2 )
To create this image, the software inserts a grid
of a few hundred artificial SN, having the Full-Width
Half-Maximum (FWHM) and magnitude of the expected discovery, which covers the entire Training
Region in copies of the original pair of aligned NEW
images. The two images containing this grid are then
combined with the REF images in the same manner
as NEW images to produce the CAL image.
To create the CAL image and for testing, the
program must generate SN with accurate stellar PSF
and it must do so for a wide range of FWHM and
magnitudes so that meaningful training and testing
can occur for various scenarios.

(4)

This equation is used when inserting the artificial
SN into the image. The value from the equation is
simply added to the image point-by-point at the desired location. It is also used to calculate the elements
of a Gaussian blurring matrix.

5.

PSF Matching and Image
Subtraction

Once the NEW, REF and CAL images have been
created, the REF must be subtracted from NEW and
CAL. Ideally, the result would be devoid of illumina-
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tion except for the stellar PSF of a new SN. Alas,
reality is not ideal and nature is not kind.
Subtraction residue is most commonly created by
seeing and brightness variations between the images
and within the images. The software compensates for
both these factors but because the telescope should
have modest variation in seeing across its images,
seeing compensation will only be used between, and
not within, the two images.
Figure 4 below illustrates a star with good seeing
on the left and the same star with bad seeing on the
right. As the figure shows, the star with bad seeing
covers a larger area and will have a greater FWHM.
However, a fact often overlooked is that the star with
bad seeing will have a lower peak value as indicated
by the vertical scales in the figure. This occurs because the same total flux is distributed over a larger
area.

duced in amplitude and surrounded by a dark donut.
This is a serious problem for SN detection since this
residue could closely resemble a true stellar profile.
Similar problems can occur when a star is trailed
in one image and not in the other. If the image of the
star without trailing is subtracted from the trailed one,
two bright residues are created, one on each side of
the trail.
Figure 7 shows a typical REF image while Figure 8 shows the corresponding NEW image for a target (PGC63514) and will be used to demonstrate subtraction.

Figure 4. Effects of Seeing

If the subtraction of such stars is considered, it is
easily seen that if a star with good seeing is subtracted from the same star under bad seeing conditions, a
“donut” will be created. This is illustrated in Figure 5
below.

Figure 7. PGC63514 Reference Image

Figure 5. Subtraction Example 1

This is due to the fact that the central region of
the star with good seeing has higher peak amplitude
and, when subtracted from the same star with bad
seeing, gives a negative result. Further from the center, the star with bad seeing will have higher amplitude and that creates the surrounding illuminated
“donut”.
Figure 6 shows the reverse situation when a star
with bad seeing is subtracted from the same star with
good seeing.

Figure 6. Subtraction Example 2

Under this situation, the residue consists of the
central region of the star with good seeing albeit re-
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Figure 8. PGC 63514 New Image

Figure 9 shows the difference image (DIF =
NEW – REF) when PSF and brightness matching are
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not utilized (only the Training Region has been subtracted). As can easily be seen, there are several
strong residuals in the image and, when carefully
examined, these are due to differences in FWHM and
brightness.

Figure 9. Subtraction Without Compensation

To minimize residuals, Tomaney and Crotts
(Tomaney, 1996) proposed convolving a blurring
kernel, a small matrix of samples of a 2-D Gaussian
shape, with the image having the better seeing, thus
degrading it to match the image with the poorer seeing. If the kernel’s blurring factor is correctly established, stars in the convolved image will have the
same FWHM as the image with bad seeing thereby
matching the PSF of the two images.
Mathematically, this operation is:
CI = Ko ⊗ I

(5)

where CI is the convolved result; I is the original image; Ko is the blurring kernel matrix for an optimal
standard deviation, σo;; and ⊗ is the convolution operator.
As the literature shows, finding the correct blurring factor, a single real scalar value, is a difficult
problem. Tomaney and Crotts (Tomaney, 1996) proposed taking the ratio of the Fourier transforms of a
bright but unsaturated star on each image. Alard and
Lupton (Alard, 1998) later derived a superior method
that relies on a particular kernel decomposition that
transforms an otherwise non-linear problem into a
standard linear least square fit computation. Other
researchers (Alard, 2000; Miller, 2008; Yuan, 2008;
Hartung, 2013) have extended these methods by subdividing the images into multiple regions and creat-

ing a different kernel for each region and even for
every pixel.
All of these methods are computationally intense. For the purposes of these authors, complex
methods are necessary and justifiable because they
desire subtraction accuracy that maintains miniscule
photometric differences in the image. Doing so allows them to study variable stars and detect small
variations in brightness as well as other photometricsensitive projects.
If the Classifier that examines the residuals can
be relied upon to reject non-stellar shapes, the
strength of the subtraction can be relaxed. This is a
practical approach for SN recognition especially
since detection of relatively bright SN, magnitude 18
or brighter, is our primary goal. However, as fainter
SN are contemplated, subtraction becomes increasingly important to avoid false positives.
Thus, for the project at hand, a simple variation
of Tomaney and Crotts is used that is easy to understand and implement. The REF image is searched for
a star that is isolated and is well below the non-linear
range of the instrumentation. To perform this search,
the software progressively masks bright stars in the
image until a qualified star is located. Once found,
the FWHM of this star is measured in both the NEW
and REF images. Then, in the image with the lower
FWHM, a small region surrounding this star is convolved with a 13x13 Gaussian kernel constructed1
with a large initial guess for the Gaussian standard
deviation blurring factor, σ. The FWHM of the result
is measured and compared to the FWHM of the same
star in the other image. Then σ is adjusted appropriately by adding or subtracting ½ of the initial guess,
the guess is halved for the next iteration, and the process repeated.
This binary search for σo converges to within
0.001” of the targeted FWHM in 16 iterations and
consumes only a few seconds of real-time. Once the
optimal blurring factor, σo, has been found, the entire
Training Region can be convolved with the blurring
kernel to produce an image with stars that closely
match the targeted FWHM.
Besides matching the PSF, the software must also scale the brightness and background level of stars
in the REF image so they match their counterparts in
the NEW image as closely as possible. This is performed based on measurements of the flux and background level in the NEW and REF images of the star
chosen for PSF matching. Using this information, the
software adjusts the background level and scales the
1
Equation (4) is used for this purpose, but because the kernel
has finite size and the Gaussian “tails” are not represented, the
kernel elements must be scaled after initialization so the sum of all
elements is unity in order to maintain the image brightness.

119

Walters: Supernova Recognition

values of each pixel in the REF image to match the
NEW image.
Finally, the REF image can be subtracted from
the NEW image. Figure 10 shows the overall result
of subtraction when PSF matching and brightness
scaling are used. As can be seen, the resulting Difference image (DIF) has no significant residuals present.
However, if the image is examined in closer detail,
residuals can be found that are the consequence of
variations in seeing and other anomalies across the
image. Usually these are sufficiently distorted from a
normal stellar profile so that the Classifier does not
identify them as SN.

Figure 11 is the Difference image for the same
target but with an artificial 18th magnitude artificial
SN inserted quite close to the galactic core.
As mentioned earlier, there will always be some
residuals remaining from the subtraction. These can
be caused by various anomalies including poor image
alignment, variability in PSF across the image during
nights of very poor seeing and faulty flat fields.
These are all major concerns and are best combated
by securing the best quality images the instrumentation and location can deliver.
Figure 12 shows the result of subtracting a NEW
and REF image that were not accurately aligned. The
REF has created a negative “hole” to one side of the
result while the NEW data has created a positive
spike to the right side. This may also be due in part to
faulty flats that have improperly adjusted the individual pixels brightness. The positive spike might well
resemble a faint SN.

Figure 10. Subtraction with Compensation

Figure 12. Residual Due to Poor Image Alignment

Later, a means of masking the worst of these residuals will be described.

6.

Figure 11. Compensated Subtraction with SN
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Classification

Next, the “Classifier”, a method that differentiates SN from residuals, is described. The Classifier”
analyzes a small patch of pixels surrounding any given point in a DIF image and is used for training and
searching. Its purpose is to determine if the data in a
patch closely resembles a stellar PSF or not. The
measurements of this method must produce valid
values even when the patch does not contain PSF
shaped data and, because it is used over 500,000
times per target, it must also execute very rapidly.
To meet these constraints, four specialized metrics were created that are analogues of some well
known attributes but have fast execution:
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“Flow”

Similar to Flux

“Size”

Similar to FWHM

“Fit” Conformance to a stellar PSF
“Tilt” Asymmetry in the PSF

Rp = μp / σp

(6)

where Rp is the Range for property “p”; μp is the
Mean for property “p”; and σp is the Standard Deviation for property “p”.

The Classifier is first used to ascertain the mean,
standard deviation, maxima and minima of SN having the magnitude and FWHM we wish to discover.
It will then be used to mask residuals and trained to
ignore false positives. Then it is used to scan the Discovery Region attempting to find SN.

7.

Training

Two types of training are performed for the
Classifier. In order to recognize real SN, the program
must estimate their statistical properties so it can recognize similar objects. Once this is done, the Classifier can be used to recognize and mask as many false
positives as can be identified. And since some subtraction residuals may still be present that could mimic SN, the program must also adjust the Classifier’s
criteria so it will reject them.
To estimate the statistical properties of SN, the
program uses the subtracted CAL image containing a
grid of SN with the magnitude and FWHM similar to
those we hope to discover. Since the locations of
these SN are known, the program simply visits each
site and measures the attributes of the patch at that
point with the Classifier. From these measurements,
the mean, standard deviation, maximum and minimum of each attribute can be estimated.
When calculating these statistical properties, the
user can control the percentage of the data points that
are rejected from the highest and lowest values of the
measurements. This prevents data that are extreme
outliers in the distributions from unduly influencing
the resulting estimates. This can occur due to a variety of situations including residuals of stars near a
measurement site.
Figure 13 shows an example of the statistics estimated by the program when trained for magnitude
19.2 at 2.8” FWHM.
Once the statistical properties are estimated, an
initial “Range” of standard deviation can be calculated that will govern the acceptance of patches as SN.
This initial Range for each of the four attributes is
simply the ratio of the mean and the normalized
standard deviation for that attribute. Therefore,
Range is the number of normalized standard deviations above or below the mean that will be classed as
a SN:

Figure 13. Statistical Property Estimates

Once the four Range values are initialized, the
Classifier can determine if patch statistics fall within
the range of values that qualify it as a Candidate SN.
Figure 14 shows the resulting initial training values
for the previous set of statistics.

Figure 14. Statistical Properties with Range Limits

These values give the Classifier its greatest sensitivity because it will accept a very wide range of
deviations from the mean values as SN. But because
these initial Range values are so broad, the Classifier
may find patches that are false positives.
To prevent this, the entire Training Region of the
DIF image is searched using the Classifier for patches that it classifies as SN. For all that are found, the
NEW and REF images are checked at the same location to see if there is a star having comparable flow in
both images and whether it is brighter than the maximum expected flow for a true SN. If these conditions
are met, the patch is considered to be a residual from
subtracting two bright stars since a true SN would
only be present in the NEW image.
Once the patch has been determined to be a residual rather than a possible SN, a masking routine is
used to eliminate the residual. The masking starts at a
radius of ½ the convolution star’s FWHM and gradually increases until the Classifier no longer classes
the patch as a SN. This avoids masking a true SN in
an adjacent patch.
Once all qualifying residuals have been identified and masked, there may still be some that were
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not masked that the Classifier will declare as SN. To
try and avoid these, the program scans the area between the Training Region and the Discovery Region
of the DIF image where no SN should be found. If a
SN is indicated, the Range values are reduced, thus
narrowing the breadth of values accepted as SN. This
process is continued until the Range is sufficiently
narrow that no false positives are detected in this area. This trains the program to ignore those residuals
and any similar ones that may be lurking in the Discovery Region however it will also make it somewhat
less sensitive to real SN.
Even with this procedure, it is still possible that a
residual exists within the Discovery Region that will
pass the Classifier’s test. Thus, the software may still
detect false positives in the Discovery Region and
qualify them as SN but this training makes it less
likely.
Training is performed on each target every time
it is processed. This is necessary because new images
are introduced by each imaging session and statistical
properties estimated from a prior run will not be correct for the new data set.
Naturally a great deal of the success of this process depends on image quality. Clean images will
yield excellent subtractions having few if any residues. Poorly focused, trailed images and those with
cloud cover or faulty flats will have many residues in
their subtractions leading to a large number of false
positives. This in turn, will lower the sensitivity of
the Classifier causing it to overlook an otherwise
detectable SN.

8.

Scanning

Once the images have been subtracted and the
Classifier has been fully trained, the program scans
the Discovery Region searching for patches that fall
in-range. Patches with Flow value below the lower
Range limit are not processed further as they are too
faint to be considered as Candidate SN. This saves
considerable real-time in operation. However, patches for which Flow is greater than the upper Range
limit will be fully processed since these could be SN
that are simply brighter than the training magnitude.
Multiple patches may be found that pass the
Classifier’s test so a list is made and the Classifier’s
measurements recorded for each Candidate SN. After
the entire Discovery Region has been scanned, the
location having the best match to the training data
will be declared as a possible SN. Once a Candidate
discovery is made, the instrumentation can be retasked and the user notified by email or text messages.
Figure 15 shows the final result when a SN is
discovered. The magnitude 19.7 SN is near the upper
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edge of the galaxy core and has been marked with
two orthogonal lines. The SN is barely visible in the
inset blowup at upper left. The boxed star at lower
right of the Discovery Region was used for PSF
matching and brightness scaling.

Figure 15. Detected SN and PSF Star

9.

Results

The instruments and software are presently being
deployed. The instrumentation, located in New Mexico, belongs to Dr. R. S. Post and includes a 61 cm
(24”) f/6.5 Corrected Dall-Kirkham (CDK) by
PlaneWave and an Apogee Alta U230 with an E2V
back-illuminated CCD equipped with photometric
filters. A spectrometer is also available in the instrument cluster.
Because the deployment is not yet complete, no
real SN has been detected thus far. However considerable effort has been expended in testing images
taken with the instrumentation by inserting artificial
SN. Like the CAL images, these artificial SN are
inserted into the aligned NEW images prior to stacking or any other manipulation so as to generate the
most realistic scenario. The user controls the placement of the artificial SN so the program can be
stressed.
Based on admittedly limited testing with an 89target data set of 3 images each, the program detects
magnitude 18.0 SN a high percentage of the time (88
SN found in 89 typical targets) and presents few if
any false positives (0 false positives in 89 targets
when trained for magnitude 18.). The target where
the SN was not detected had a FWHM of 7.6” that
produced a large number of false positives during
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training resulting in severe desensitization of the
Classifier.
When excellent quality images are used, it detects SN as faint as mag 19.7. Of course, there will be
some placements of SN that will evade the Classifier.
However, tests that place the SN quite close to or
touching the host galaxy core appear to be reliable at
magnitude 18.5 in all but the worst images.

10.

Summary

This paper has outlined the internal architecture
of software for automatically recognizing Supernova
in images. The method for stacking sets of images to
achieve a good SNR and a method for matching PSF
and brightness in the images so a good subtraction is
possible have been described. Also described is the
scheme for classifying patches in the images, how
training is done to avoid false positives and how
scanning proceeds for discoveries.
The results are promising in that bench testing
indicates that the program should perform reliably at
magnitude 18.5 in good quality images and can reach
nearly to magnitude 20.0 in excellent quality images.
The software and instrumentation are being deployed and we are hopeful that it will soon successfully detect real SN.
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Abstract
The challenge of spectroscopic research on Class B emission stars is to figure out what the emission star is doing that causes changes in the spectrum as often as every day. In many cases, it appears that stellar magnetic
fields interacting with gas material from the rotating star are implicated. One effect of that should be increased
polarization of the light associated with the spectral features. I have constructed a polarimeter fitted to the homebuilt spectrometer and 18in. telescope to allow possible measurement of these effects. Construction, operation,
and initial measurements with the spectro-polarimeter (S-P) will be described.

1.

Introduction

Because magnetic fields and other mechanisms
can align atoms and molecules, the light emitted from
those sources may be partially polarized. Thus,
measuring the polarization magnitude and direction
of light from stellar sources may provide information
as to the physics operating in or near the star. Polarization studies are frequently made using stellar images, in a type of photometric measurement. Filters to
produce narrower wavelength bands may provide
more information. At the extreme, one can use a
spectrometer fitted to perform polarization measurements along the spectrum, thus isolating particular
features of the spectrum.
Some stars show rapid night to night spectral
variations. An example is Alnilam (middle star in
Orion's belt) shown in Figure 1 which would appear
to be a good Spectro-Polarimetry (S-P) target. Such
narrow band features imply that any polarization effects might also be within narrow bands. Thus, polarimetry measurements that average over the whole
spectrum (ie, the stellar image) would be unlikely to
show results, while S-P would appear to have a better
chance of success. However, we note that the spectral
features are typically small (<5%). Most of the star
light in that band is likely not involved in the spectral
changes, so we can expect that it will still be difficult
even for S-P to measure.
Very few amateurs do spectroscopy (though that
is changing), and only a vanishingly small number
also do spectro-polarimetry (S-P). There are good
reasons for this as these types of measurement are
more difficult to do than routine photometry or even
spectroscopy, but this does not mean it is impossible
or that it should not be attempted. The history of
amateur astronomical research is replete with exam-

ples of amateurs learning how to perform professional level work, without professional level resources.

Figure 1. Alnilam Daily Spectral Changes

There is, of course, a body of professional polarimetry work (see References) that can be consulted;
however, this work can make one even more pessimistic, as it shows that most stellar polarizations, and
indeed, even most S-P features are well under 1%,
and even 0.01% in amplitude. However, the amount
of S-P research is rather limited, so it is perhaps not
totally out of the question that some phenomena exist
that may be more accessible to amateurs.

2.

The Challenges of Polarimetry

While making full use of spectroscopic or polarization results in building models of stellar behavior
requires a high level of expertise in the field, building
and learning to use such an instrument is not out of
the question for an amateur. However, adding polarization to spectroscopy does add an order of magnitude to the challenge. This arises from instrument
design issues, the lack of extensive information on
how to do it, and because the measurements are challenging.
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As just one of many examples of a fundamental
design issue, one must compensate for the reflective
surfaces in the telescope that can and do tend to partially polarize the light striking them, even at near
normal angles.
However, the small polarization signals also
raise another problem. If the polarization measurement is done by splitting the light into the two polarization components and measuring their intensities,
then to achieve a 10% accurate result on a 0.1% polarization measurement requires about 0.01% precision in the intensity measurements. Thus, signal to
noise is a major issue, as well as assuring that the
instrument and observational system does not introduce even tiny systematic errors.
On the other hand, amateur telescopes are getting
bigger, with many 18inch scopes, and increasing
numbers even up to 30 inch. In addition, amateurs do
have the luxury of being able to spend as much time
on a measurement as patience will allow, thus compensating in part for other limitations.
After considering these issues, I decided to proceed with the experiment of building such a system. I
recognized that even if the system were capable of
successfully "going through the motions" to perform
a measurement, the odds of successfully making valid and useful scientific measurements would likely be
quite low. At the time of this writing, that question is
not yet answered.

3.

A Little About Polarimetry
Methods

Most amateurs (and many professionals) are not
very comfortable with polarization concepts. Everyone knows and uses Polaroid sunglasses, knows
about crossed Polaroid films that can pass or block
normal light. However, most of us have little
knowledge of how to conduct polarization measurements in an astronomical setting.
One method that comes to mind is to put a piece
of Polaroid film before the camera, measure the intensity, rotate the film, and repeat. Rotating the film a
total of 180deg would map out the necessary data as
shown in Figure 2. But, as the figure makes obvious,
only four samples or so (white dots) over 90deg of
rotation are really all that are needed to map the Intensity result.

Figure 2. Polarization Measurement

However, there are major problems using this
method. The film reduces the amount of light, on
average, by more than one half. But more important,
there is no guarantee that the light source did not
change during the duration of the measurements. An
even more serious problem is how to assure that the
entire optical system behaves the same for the two
polarizations of light.
A different approach is to use an optical device
such as the Wollaston Prism (WP) shown in Figure 3
to split the light beam into two diverging light beams,
with each containing all the light of each polarization.
One can then measure their intensity ratio to get the
polarization, thus canceling source variations. One
could then rotate the WP to measure the polarization
to cancel certain other errors. While that is a big improvement, it does not correct for possible bias in
measuring one vs the other of the light intensities nor
does it compensate for internal instrumental polarization caused upstream of WP.

Figure 3. Wollaston Prism Function

However, if one can deliberately rotate the direction of polarization of the light, then one can can-
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cel out many of the instrument biases. One way to do
this is to add a Retarder (halfwave waveplate) ("R").
This is a very simple device - in one form, it is simply a special polymer film. The Retarder literally rotates ("retards") the polarization of whatever light
passes through it, and continues to rotate the polarization (twice as much) as the Retarder is rotated. The
Retarder is relatively inexpensive and can be purchased in large sizes (inches to feet), and thus can be
installed well upstream in the optical system where
the light cone is larger.

4.

inch square piece is only $15 so is very affordable. A
major benefit of this setup is for the Retarder to be as
far upstream as possible to enclose as much of the
optical system as possible. Internal polarization thus
affects all incoming polarization mixes the same way,
and so drop out of the analysis as the Retarder is rotated. An assembly was constructed that allows remote operation of the rotator using a stepping motor
controlled by a RoboFocus system, driving a timing
belt as desired, as shown in Figure 5.

Instrument Design

This instrument is to be a part of the existing
spectrometer system as seen in Figure 4. Entering
starlight passes into the 18inch f3.5 telescope, reflects
from the primary mirror, then passes through the Retarder just ahead of the Newtonian secondary. The
light passes through the spectrometer, and then is
split into the polarization components by the WP.
What appears on the CCD is thus a pair of spectra,
one for each polarization direction. Rotating the Retarder by 45deg rotates the polarization by 90deg,
thus effectively interchanging the light beams as they
pass through the WP and land on the camera. With
this step, we have a practical measuring system.

Figure 5. Rotating Retarder Assembly below Secondary

Wollaston prisms cost $1-3000 depending on the
divergence angle, and size of input "window". We
were able to find an EBAY offering of a small Wollaston that has a 10x10mm entrance and a 15deg divergence. Not ideal, but when told the purpose (research by an amateur), the seller was willing to reduce his price. Issues with the Wollaston are discussed below.

5.

Figure 4. Telescope/Spectrometer/Polarimeter

For the Retarder, we chose the polymer film version that is sufficient for this kind of work. A four

Initial Operation and Problems

Because we had little information about building
an S-P, we chose to start with a shop test. We modified an inexpensive f4 4inch Newtonian to include a
small version of the rotator and a camera similar to
the spectrometer camera. An artificial star using a
halogen lamp provided the signal: the system test
would be done by working with two star images in
the image, ie., no spectrum. Polaroid film could be
introduced to create various polarization levels to be
measured.
Immediately, it was obvious that a more restricted wavelength was needed, so a green filter was installed. The first polarization measurements also
showed that the halogen light was highly polarized,
so diffusing film was placed between the lamp and
the pinhole.
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After gaining some experience with the system,
we installed it on the 18inch with the spectrometer.
The exit of the WP was placed at the entrance of the
CCD camera (ST1603), which had a back focus of
0.7 inch. It became clear that the two images created
by the Wollaston could not both be brought to focus
at the same time, but were about 4mm different in
focus. Whether this behavior is intrinsic to the Wollaston design, or whether it is unique to this particular
prism is not clear.
Although the setup could be used in this manner,
the out of focus spectra were not only ugly, but complicated image analysis and could ultimately limit the
S/N ratio. After trying a variety of ideas, the solution
ultimately was to move the WP farther way from the
camera and to insert a corrective lens spaced so that
the diverging beams were spatially separate when
they reached the lens. The portion of the lens handling the long focus beam has a cylindrical portion of
the correct curvature to bring the longer focus beam
in, thus allowing both to focus properly. Such custom
lenses are not available, requiring that we learn to
make lenses! Acrylic was sufficient for this purpose,
could be shaped by simple machine tools, and finished and polished manually with a typical result
shown in Figure 6.

Taking the data requires turning the Retarder
22.5 deg at a time to four successive angles, taking an
image of the two spectra at each. To automate this
operation, we wrote a Visual Basic program to control the rotator and to take and save images via MaximDL.

Figure 7. Example set of S-P data

With four images in each set (see Figure 7), there
are eight spectra to be analyzed, and many more if
multiple exposures (sets) are made. To analyze these
images, a second VB program, again using MaximDL, was written. The program, similar to one written for normal spectroscopy reduction, applies the
usual calibrations to the images, then measures each
spectrum A & B, individually correcting for spectrum
tilt and subtracting background. The result is a CSV
file of the eight spectra, ready for input into Excel.

Figure 6. Corrective Lens

One consequence of moving the WP upstream to
use the lens is that the WP 10x10mm entrance no
longer accommodates the full light cone, resulting in
the loss of about 40% of the light. A larger (15 or
20mm square entrance) Wollaston should solve the
problem, but purchase of such a device ($2K or
more) awaits verification that the experiment will
work.
With the new lens, the system operated reasonably well optically, but there was still the challenge of
taking data and analyzing the images.
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Figure 8. Typical Spectra through System

The data are simply pasted into a spreadsheet to
analyze the data. Because the WP introduces some
rotation of the images, there are different wavelength
(x-axis) offsets for each. This is corrected in Excel by
simple matching of spectral features (e.g., Halpha
line). A pair of typical spectra are shown in Figure 8.
Ignoring corrections, it is the ratio of the intensities at
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each wavelength that yields the polarization. The Ha
line is deepest in each, while the He is the dip to its
right (towards the red).
Calculating the polarization from the data follows the method laid out in the ING website (see
References). With the spectra loaded, the spreadsheet
computes a series of ratios among the eight spectra
that cancel out intensity changes and other effects
(including differences in the two optical paths) during
the run. The calculation includes the square root of
sum of squares of ratios, so polarizations will never
be negative. This process results in a graph of polarization vs wavelength such as shown in Figure 9 (note
the vertical scale is 0-1%). One can also compute the
polarization angle vs wavelength using a very similar
approach.

Figure 9. Sample Polarization Curve

6.

Initial Experience

Using this setup, S-P data were taken on a variety of stars. Most data were taken using 5 minute exposures, or 20 minutes per set. Because professional
S-P data are available for Alkaid, the 1.8mag B star
at the end of the Big Dipper handle, and as it was
well located in the sky, we used Alkaid for most of
the tests. This star has a polarization value of under
0.02% over these wavelengths according to HPOL,
whereas our results showed 0.2-0.4%, or more than
ten times as great, thus indicating a problem.
In addition, many features were present in the
curve of polarization vs wavelength even in longer
exposures. The dark curve in Figure 9 is the average
of eight successive data sets, while the two fainter
traces show the first and second sets for comparison:
Obviously, they are all highly correlated. On subsequent nights, many of the features remained, but
some were different. Other stars, including B stars
with spectral features, showed similar results, i.e.,
high correlation within the same night, moderate correlation on subsequent nights, but all at variance with
professionally derived data. The source(s) of the polarization spectral features in these data are not
known at this time. The features have little apparent
correlation with spectral features such as Ha or He
absorption lines, and may be subtle instrumental errors.

Another test was to insert a piece Polarizing film
into the aperture of the telescope. The ratio of the
area of the Polaroid to the available telescope aperture should result a measurement of that polarization
ratio (e.g., 7%). However, while some tests showed
the expected result, others did not. The cause of this
behavior is not fully understood, but until resolved
this test must cast doubt on entire measurement system.
Other known but not yet evaluated errors are
present. For example, the reflection from the primary
mirror may well introduce polarization that is then
measured--this may well contribute to the apparent
residual of approximately 0.1-0.3%. In addition, the
f3.5 light cone means that the light passing through
the Retarder is not normal to the Retarder, but has
angles of up to 7deg from the normal. This means
that a range of retardations are occurring, thus smearing the results. Likewise, the wavelengths of light
cover a substantial span (about 2%), introducing errors in the retardation across the spectrum. The converging light also surely behaves differently from
simple paraxial rays as they pass through the Wollaston which also introduces unknown errors.
Another potential source of error is the pellicle
guiding system. Polarized light passing through a
pellicle is subject to different attenuations that are
themselves related to wavelength. This may be a
source of the structure in the results.
Statistical noise also contributes to the calculated
value of the polarization--not just to its statistical
uncertainty. This can be investigated in Excel with
simulated data containing varying degrees of noise,
and quickly shows the need to have excellent statistical and systematic error control even just to reach
below 1% polarization measurements.

7.

Conclusion

In sum, the S-P as built does function and S-P
results are produced. We have demonstrated that the
optical issues can be handled, that we can at least "go
through the motions" of making polarization measurements by making spectral images at different Retarder angles, and that the data can be analyzed in an
efficient manner. However, the minimum sensitivity
achieved to date appears to be more than most naturally occurring polarizations and, as noted, there remain serious concerns as to whether even these results are accurate. Although efforts to understand this
system are ongoing, it is not yet clear that this amateur S-P apparatus is capable of performing useful
science.
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Abstract
Over the past several years, the amateur astronomy community has become increasingly interested in spectroscopy. Although a growing number of amateurs are doing very advanced work, the majority of our community isn't
familiar with the field, the tools, or how to get started. In this paper, we'll briefly review the history of amateur astronomical spectroscopy and the state of the art today. This paper will enumerate the various tools that are available and provide an overview of the scientific and outreach opportunities that exist in the field.

1.

Introduction

Amateur astronomers have been capturing spectroscopic data with their telescopes for at least twenty
years (Gavin, 2006). These early adopters pioneered
new techniques and established the fact that small
telescopes operated by non-professionals are capable
of capturing useful scientific data. These amateurs
often ended up designing and manufacturing their
equipment themselves. Once the sole domain of professionals and very advanced amateurs, the equipment and knowledge necessary are now widely available and accessible to the broad amateur community.
As the amateur community has become more
skilled and experienced, exciting new opportunities
have opened up allowing it to do real science. Professional researchers, who have long valued the photometric data amateurs have provided, have now begun
to use spectral data from the amateur community.
This paper presents some of the spectroscopic
tools and methods that are used today on small telescopes. The author’s experience has been that there
are a large number of amateurs who if they only
knew what was possible, would enthusiastically embrace this new discipline. This paper is an effort to
reach the widest possible audience, providing them
with a broad overview of what’s possible.

2.

Early History

In about 1995, amateurs gained a simple way to
capture astronomical spectra when Rainbow Optics
introduced the Star Spectroscope, a 200 line/mm
grating in a standard 1.25” filter cell (di Cicco, 1995).
Over the next ten years, a small number of amateurs
experimented in spectroscopy.

It wasn’t until almost ten years later that a small
European community of amateurs developed the
tools and techniques that have made the field so accessible to newcomers. At that time, a more economical (USD $179) 100 line/mm grating that was optimized for amateur telescopes and cameras was designed by Robin Leadbeater and manufactured by
Patton Hawksley (Figure 1) At about that time, the
first software (VSpec) was developed that allowed
amateurs to process their data on a PC.

Figure 1. The Patton Hawksley Star Analyser 100
line/mm grating ($179) screws directly into a camera
nose piece or filter wheel.

3.

Spectrometers without Slits

These initial slit-less gratings first used by the
amateur community are easy to use. They are still
generally recommended for newcomers to the field of
spectroscopy. They can be mounted on the nosepiece
of almost any mono or color CCD or DSLR. Inexpensive spacers may be necessary to adjust the grating to sensor distance. It’s easy to determine the op-
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timal mounting for a grating by plugging a few numbers (like telescope focal length, grating lines/mm,
seeing,
etc.)
into
an
on-line
calculator
(http://www.patonhawksley.co.uk/calculator).
An inexpensive slit-less grating is easier to setup
and use than more complicated devices described
later in this paper. With a slit-less grating, the entire
field of view is available for pointing and guiding.
These devices are easy to calibrate. And, the data
provided by is generally easier to interpret because
usually the entire broad band of visible wavelengths,
from the blue to the red is visible.
For an amateur who wants to learn the basics of
spectroscopy and capture interesting scientific data, a
slit-less grating allows the easiest and most economical learning curve. There are a large number of interesting targets available. The rule of thumb is that a
100 line/mm astronomical grating reduces the limiting magnitude of your equipment by five to six magnitudes.

4.

stars. These spectra can easily be converted into
Planck curves.

Figure 3. Broadened Carbon emission lines of WR 140.
(Janet Simpson, 30 second DSLR with grating)

Examples of Low Resolution, Slitless Spectra

With a simple 100 line/mm grating, and a moderate 6-10” SCT or APO refractor, amateurs can capture a wide range of scientific data. Using an astronomical video camera on a 20-cm Newtonian, for
example, Torsten Hansen captured spectra for each of
the OBAFGKM star types in a series of spectra in
Figure 2.

Figure 4. A 100 line/mm grating mounted using a thread
adapter on the lens cap threads of a DSLR in an objective grating configuration.

Figure 2. The OBAFGKM series captured with a video
camera and 20cm Newtonian. (Torsten Hansen)

Although this dataset wouldn’t be of interest to a
modern researcher, spectra like this allow amateurs
as well as students in high school or Astro 101 classes to reproduce some of the research which forms
the basis of our fundamental understanding of the
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Figure 5. The Carbon Swan bands of Comet ISON are
clearly visible (Angihotri. 80-mm refractor, Star Analyser
grating, Canon 1100D).
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In Figure 3, the broadened Carbon emission lines
of a Wolf-Rayet star were captured by Janet Simpson
with just a DSLR and its 85 mm lens. Exposure time
was just thirty seconds with a grating mounted on the
nosepiece of her DSLR (Figure 4).
One limitation of a slit-less device is that the target has to be relatively compact visually rather than
an extended object like a large planet. However, even
with that limitation, it’s possible to capture the spectra of any comet that is somewhat condensed in appearance. Using a Star Analyser 100 grating and just
an 80mm refractor and DSLR, Vikrant Agnihotri
captured the Swan bands of Comet ISON. (Figure 5)

5.

Supernovae

Bright supernovae make excellent targets for a
slit-less grating. Classification of supernovae is frequently done using a low resolution, non-slit device.
For example, Gialuca Masi of Rome, Italy, has had
several of his SN classifications appear in CBET bulletins. Masi uses his 100 line/mm grating on a C14
that he operates remotely. Supernova identification is
done using well-known features that are unique to
each type (Figure 6).

Although Masi is using a 100 line/mm grating in
his remote telescope, Patton Hawksley recently released low-profile, 200 line/mm grating which is
more often the best fit for mounting in the tight confines of a filter wheel mounted close to the sensor.
One advantage amateur observers have is that
they can do time studies that professionals using
large instruments can’t get telescope time to perform.
Figure 7 shows work done by Mark Bunnell using a
100-mm refractor to capture SN2014J repeatedly
over a period of one month. Like Masi, his spectra
allowed him to use the Si absorption line to identify
the outburst as a Type Ia supernova. Bunnell also
measured the blue shift due to the radial velocity of
the expanding SN. His one-month time study clearly
shows gradual migration of the Si line back toward
the longer wavelengths as the radial velocity of the
expanding shell decreases over time.

Figure 7. The spectra of SN2014J captured during the
first 30 days after detection. The Si feature identifies it
as a Type Ia. This Doppler-shifted feature migrates toward longer wavelengths as the eruption proceeds. 102
mm refractor and 200 line/mm grating (Bunnell, Agnihotri).

6.

Cosmological Red Shift of a
Quasar

Figure 8 shows spectrum of quasar 3C 273 captured by Astronomy 101 students at San Mateo
Community College (http://collegeofsanmateo.edu/
astronomy/studentprojects.asp) using just a 140-mm
f/7 refractor with ST-10 CCD. Their data clearly
shows the red shift due to cosmological expansion of
this object that is 2 billion light years away.
Figure 6. Identification of Supernova type can be done
with spectra from a simple grating by detecting features
that are unique each type (Kasen).
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Whether you teach in a classroom or do informal
sidewalk outreach, a 10 frame/second colorful live
video spectrum (Figure 9) of an overhead star that’s
25 light years away always generates a lot of interest.
If you’re a teacher, you might also want to preview
the fifth Cosmos episode on spectroscopy with your
students before the outside viewing.

8.

Figure 8. Cosmological red shift of QSO 3C 273 captured
by Astronomy 101 students (San Mateo CC, 140 mm
refractor and Star Analyser grating).

As noted earlier, most of these spectra (other
than Masi’s determination of SN type) don’t contain
data that will likely to be of research value to professionals or advanced amateurs. The reason for including these spectra in this paper is to demonstrate that
with only modest equipment and an inexpensive grating, it’s possible to capture interesting scientific data.
The skills necessary are not advanced and are easily
learned. Capturing these low resolution spectra is a
great place to start spectroscopy. One learns not only
the how to process the data, but to understand the
nature of spectra and how to interpret them.

7.

Outreach Opportunities

Live video spectroscopy of bright stars like Vega
is possible even from relatively well-lit locations like
a parking lot or high school football field. Setup is
simple: just a 6” refractor or 8” SCT, grating, and
astronomical video camera (like a ZWO, Mallincam,
or Imaging Source).

Figure 9. Screen capture of a sidewalk astronomy session with a live, 10 frame/second video spectra of Vega,
clearly showing the Hydrogen Balmer series. (8” SCT, in
light polluted Seattle, WA, just 3 miles from the Pikes
Place Market downtown, www.rspec-astro.com).
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Spectrometers with Slits

Slit-less gratings are low resolution devices.
Adding a slit to a spectrometer creates an instrument
with additional capacity, including being capable of
considerably higher, often sub-Angstrom, resolution.
This allows for more science to be done. Using a slit
spectrometer is usually more difficult than using a
simple grating. For example, image acquisition and
guiding on a ~25 micron or smaller slit is more difficult than what most amateurs are accustomed to.
Some amateurs, including some SAS members,
have successfully built their own slit spectrometers. It
can be a big project and it can be difficult to build a
device that performs as well as devices that have
been designed and fabricated by experts, and finetuned by years of customer feedback. Most amateurs
purchase a commercial spectrometer.
It’s beyond the scope of this paper to discuss the
details of the commercial slit spectrometers that are
available, other than to give a general overview of the
best-known devices. As would be expected, different
devices have different capabilities to serve different
needs. You should confer carefully with your vendor
and experts in the field when selecting a device.
There are many important factors that need to be optimized, including being sure that the spectrometer,
telescope and the camera work well together.
The most well-known spectrometers used by
amateurs are from Shelyak in France. The company’s
owner, Olivier Thizy, is an experienced member of
the amateur community. His well-respected product
line covers a wide range of devices with differing
capacities. The LHIRES III Littrow device ($4,725)
is quite popular and considered a standard in the amateur community. Shelyak recently released a less expensive device: the Alpy 600, which can be used
without a slit too. The base model is about $850. Additional optional modules for guiding and calibration
add approximately $1,700.
Several years ago, author Ken Harrison developed a DIY kit, the Spectra-L200, which is also quite
popular. The L200 has recently been commercialized
and is now for sale fully assembled for about $1,880.
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9.

Software

A variety of software tools are available for processing spectra. Although professionals often use a
software package named IRAF, this software is not in
general use by amateur spectroscopists, due to its
complexity. Amateurs use these programs:
•

VSpec

•

RSpec

•

IRIS

•

SPCAudAce

•

BASS

campaign objects). IDAS will be a fully searchable
(including using Aladin/Simbad) database for amateur spectra at every level, beginner through experienced user, whatever the type of spectroscope (gratings/ slit etc.).

11.

Example Pro-am Campaign: Be
Stars

Be stars are non-supergiant B-type stars that
have shown specific emission line in their spectra.
Their spectra can be quite interesting as their Hydrogen alpha line can transition from an absorption to an
emission feature. (Figure 10) in very short timeframes.

Reviewing these programs is beyond the scope
of this paper.

10.

Organizations

Amateur astronomical spectroscopy was pioneered by a small group of dedicated amateurs (mostly in Europe) who designed instruments, wrote software, cultivated professional contacts, and developed
many of the techniques and methodologies that are
used by amateurs world-wide today. The modern
amateur spectroscopy community owes a big debt to
these early adopters for the enormous contributions
they’ve made to the state of the art.
Some of these amateurs (many in France) formed
an informal volunteer group, the “Astronomical Ring
for Access to Spectroscopy (ARAS). The purpose of
ARAS is to actively promote astronomical spectroscopy within the amateur community. They coordinate
and provide resources for many different spectral
campaigns, tending towards cataclysmics. Campaigns
exist to study Be stars, AZ Cas, CVs and symbiotics,
RR Lyrae, micro quasars and others. Most of their
campaigns have a least one professional astronomer
behind them. The many activities of ARAS are cataloged on their site (http://www.astrosurf.com/aras).
Another group that actively promotes pro-am
collaboration is the Convento group in Germany
(http://www.stsci.de/convento).
The AAVSO has taken some initial steps into the
field of spectroscopy, including adding a forum section
dedicated
to
spectroscopy
(http://
www.aavso.org/forums/variable-star-observing/
spectroscopy). Their road map is currently evolving.
The Astronomical Spectroscopy Group working
with Variable Stars South (VSS) is creating new database which will be named the International Database for Amateur Spectroscopy (IDAS). IDAS will
allow submission of spectra for any object (not just

Figure 10 QR Vul before and after the outburst discovery
shows the dramatic change of the Hydrogen alpha line
from an absorption to an emission feature (Thizy, Buil,
Desnoux).

Be stars are easy targets for small instruments,
with 300 stars up to magnitude 8 in the Northern
hemisphere. Their spectra evolve on different timescales (from days to years), periodically or with episodic outbursts.
The mechanism that causes these stars to eject
material and create a circumstellar disk is unknown at
the current time. (Carciofi, 2010) Long-term observations of outbursts are required to better understand
the phenomenon. This is where amateurs can (and
do!) contribute.
The Be star spectra study is organized by the
Paris Professional Observatory (Coralie Neiner) It
uses the BeSS database to archive spectra from both
professional campaigns and amateur observations.
The Be Star Spectra (BeSS) database
(http://basebe.obspm.fr/basebe) is a searchable database of almost 100,000 Be star spectra, including
almost 1,000 different Be stars. It is maintained at the
LESIA laboratory of the Observatoire de ParisMeudon. BeSS accepts submissions of spectra in 1D
profile FITS format (not images). Files must contain
certain FITS header information to be accepted.
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Of key importance in any database is maintaining quality control and standards. All submissions to
BeSS are reviewed by an experienced team of administrators before being accepted. Quality control includes comparisons with other spectra of the same
stars, check on telluric lines for calibration accuracy,
etc.
The ARAS site also provides their own searchable front end to the BeSS database as well as coordination
resources
at
http://arasbeam.free.fr/
?lang=en.
(ARAS also maintains their own database for
non-Be stars at http://www.astrosurf.com/aras/
Aras_DataBase/DataBase.htm)
Be stars are also easy to find. There are more
than 100 at mag 6 or brighter. The community of Be
star observers is very active and welcomes newcomers.

12.

Example Pro-am Campaign:
Nova Del 2013 (V339 Del)

The recent Nova Del 2013 campaign is a good
example of the way that ARAS serves the astronomical community. In July of 2013, a group of astronomers from all over the world met in Pisa, Italy, to
plan what they would do when the next bright galactic nova went off. It was a small group but included a
representative of ARAS (Francois Teyssier) who was
asked to attend in order to provide insight into how
the amateur community might contribute. The goal of
the meeting was to decide, based on observations and
theory, what needed to be done to insure the maximum coverage and information, and what theoretical
problems remained to be resolved because of incomplete and/or improperly collected data. The result of
this meeting was a general plan of action, involving
gamma-rays/Fermi-LAT, XRs/Chandra-Swift, optical, UV/HST-STIS, IR, radio, and theory. The meeting turned out to be amazingly well-timed because,
exactly one month later, V339 Del erupted and the
group had the whole plan ready for action (including
target of opportunity time on HST.)
More than three dozen amateurs contributed
more than a thousand spectra to the campaign. On an
almost near-daily basis for three months, they uploaded their data to the ARAS site where it was
screened for quality and then posted for public viewing
at
http://www.astrosurf.com/aras/novae/
Nova2013Del.html. Currently, the campaign continues at mag V ~12. Several publications by professional astronomers are under preparation, using
ARAS data. ARAS surveys continues on recent novae, for instance Nova Cen 2013 or Nova Cyg 2014.
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Steve Shore, a professional astronomer, provided
on-going feedback and suggestions on what data was
needed. He also periodically sent the group information notes discussing their data, explaining its context and significance, and sharing his initial interpretation of their results. These notes helped keep the
group motivated and provided them with the background to understand what they were observing. The
amateurs on the team were getting tutored by a professional, in almost real-time, about the data they
were capturing! Shore’s active communication with
the team no doubt contributed to the success of the
campaign.
Shore says, “This almost continuous data stream
on a daily basis is unprecedented. The spectra that the
amateur community collected are revolutionary. The
archive is better, more uniform, and more reliable
than anything that's ever been available – McLaughlin included.” He continued, “The study of ANY
time dependent phenomena (let alone on time-scales
less than a year) is a new area but not what large telescope time will be used for. Ever. I’m really excited
to see the amateur community becoming more spectroscopically oriented. In the same way that the amateur community's photometric data has been valued
by professional community, so too but to even a
greater extent, will their spectroscopic data be important in future research, both mine and that of other
professional researchers. The size and geographic
distribution of the amateur community gives them the
ability to collect data that otherwise would be lost...”

Figure 11. The distribution of all known amateur pro-am
US and European participants in pro-am spectroscopy
programs shows little North American participation
(Thizy).

Shore points out that the wide distribution of
amateur observers around the world meant that
changes on very short time scales could be observed.
This is a key strength that the amateur community
brings to pro-am work. However, as Figure 11 shows,
the vast majority of known pro-am amateur spectroscopers are in Europe. There is a big opportunity for
observers in North American to fill the gap by con-
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tributing pro-am campaigns that study similarly fast
changing phenomena.

Their data (Figure 13) from the early phase compares favorably with Thizy’s (Figure 12), detecting
the same major changes in Hydrogen and Iron. Of
course their grating produced lower resolution spectra, so finer details are not visible.

13.

Figure 12. Nova Del 2013 over a period of nine days
shows the growing Hydrogen Balmer lines (Thizy, 85mm refractor, Alpy).

Figure 12 shows Nova Del 2013 over a period of
nine days during its fireball and optically thick stage
(Thizy, 85-mm refractor, Alpy). The changes in the
Hydrogen Balmer lines that are characteristic of the
early phases of this eruption are clearly evident.
Wiethoff et al. (2014) at the University of Minnesota captured more than 100 spectra of the same
nova with a C14 and just a 100 line/mm grating.
They also were able to identify the major phases of
the nova evolution, including:
•

the fireball and optically thick phase;

•

recombination;

•

the appearance of Fe II (5187 and 5316 Å);

•

the O I emissions at 7773 and 8446 Å (the
latter results from Lyman-Beta pumping);

•

the appearance of O III (5007 Å) that signals
the transition to the nebular phase.

Conclusion

We’ve seen that there are many, many interesting spectroscopy projects available to the amateur
with modest equipment. The major obstacle keeping
more amateurs from participating in this aspect of
astronomy is a general lack of information about
what’s possible and how to accomplish it. Organizations like ARAS, AAVSO as well as attendees to the
SAS 2014 Conference, can all have a big impact in
educating our peers so that they are aware of the
thrilling and relatively easy field of spectroscopy.
Researcher Steve Shore is enthusiastic about the
results he’s seen from amateurs. He says, “I would
love to see pro-am projects become a new way of
doing REAL science. It’s a way to get those who
have never considered they could understand physical science into the fold and move amateur astronomy into the realm of real science. There are far too
few 1-2 meter class telescopes left in the world. But,
there are a lot of bright objects that have lots to tell us
about very general phenomena. I'm thinking of some
magnificent studies of helium and Balmer line variability on short timescales in Cepheids and RR Lyr
stars (for shocks and nonlinear dissipative processes),
flare star and T Tau monitoring (more on the limit),
bright systems like Algol and active binaries of the
RS CVn type, all of which can be done by amateurs
with modest resolutions.”
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Abstract
Very luminous, transient events can produce detectable “light echoes” - light scattered by interstellar dust which
can arrive much later than the direct light from an outburst. In the last 1000 years, there have been half a dozen
supernovae in the Milky Way which are capable of producing detectable light echoes. Light echo systems have
already been found for Tycho (SN 1572) and Cas A. The three-dimensional distribution of light echoes provides
one of the few means for an astronomical source to be inspected from more than one viewpoint. Indications of
the degree of asymmetry of supernovae are extremely valuable for understanding the details of the event itself.
Amateurs are well-equipped to find the brighter light echoes and in this work I will provide practical guidance on
how such surveys may be accomplished and the various science opportunities they provide.

1.

Introduction

There has been a remarkable undercurrent of activity in the sky that has gone almost completely unnoticed since astronomical images were first recorded
and saved. We have long understood that reflection
nebulae are due to light scattered from stars off interstellar dust. What we have failed to recognize – with
a few notable exceptions – is that there are instances
when the illumination of the dust can change on
timescales as short as weeks over large angular regions of sky. Supernovae that have occurred in the
last two thousand years provide sufficiently intense
illumination of nearby interstellar dust that the tiny
fraction scattered in our direction is detectable – indeed it is sometimes brighter than the surface brightness of the sky! Furthermore, typical apparent proper
motions for known Milky Way supernovae light echoes are 30-40 arcseconds/year – making it possible to
discover such features in a single observing season.
We call these transient illumination changes of regions of interstellar dust “light echoes”.

2.

Background

The event which first signaled the existence of
“light echoes” was Nova Persei 1901 (GK Per). Several observers independently noted new and (apparently) moving reflection nebulae surrounding the
object within weeks of the outburst (Ritchey, 1901a,
1901b; Perrine, 1901). Kapteyn (1902) correctly concluded that the material constituting the reflection
nebula (now known to be interstellar dust) was not in
motion – it was the illumination of the volume that
was changing rapidly. The full theoretical description

of light echoes was published much later – by
Couderc (1939).
Since 1901, there have been a handful of additional objects whose outbursts were recognized as
probable sources of light echoes and around which
such features were subsequently observed (e.g., V838
Mon, SN 1987A). The interested reader is referred to
Rest et al. (2012b) for a more extensive discussion
and references to work on those objects.

3.

Light Echo Geometry

The added path length of received light scattered
off of interstellar dust is the factor responsible for a
“light echo”. A supernova emits light in all directions. Historical records, such as those analyzed by
Stephenson and Green (2002) inform us of the time
when light from a supernova reached Earth by the
direct path. At any given time after that instant, light
can be scattered to the observer by dust if the dust is
on the “light echo ellipsoid”. The light echo ellipsoid
has the Sun/Earth at one focus and the supernova at
the other. The ellipsoid semi-major axis is half the
distance to the supernova plus the product of half the
speed of light and the time elapsed since the direct
light arrived. The size of the ellipsoid grows with
time and, hence, dust locations which intercept the
ellipsoid change as well. For more information, including graphical depictions of the ellipsoid, the
reader is directed to Rest et al. (2011a) and Rest et al.
(2012b, and references therein).
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4.

Ancient Supernova Light Echoes

Ancient supernova light echoes are distinct from
the objects/events described above in that their “light
echoes” were not found contemporaneously with the
outburst itself. Indeed, they are detected centuries
after the direct light from the supernova was seen on
Earth. One of the great benefits of the study of ancient supernova light echo systems is that we can
obtain spectra of the outburst light and also study the
supernova remnant as it now exists – centuries after
the event which produced it!
Our group first detected light echoes from ancient supernovae while surveying the Large Magellanic Cloud (LMC) during the SuperMACHO Project
– a microlensing survey project. Our differenceimaging revealed three unexpected groups of illuminated interstellar LMC dust (Rest et al., 2005) whose
apparent motions traced back to three centuries-old
supernova remnant locations. Subsequent spectroscopy of one of these light echoes by Rest et al. (2008a)
allowed us to classify the outburst spectroscopically
as an over-luminous Type Ia event – despite the fact
that the outburst itself was never recorded in any historical document.

5.

Historical Supernovae

Stephenson and Yang (2002) is the classic reference for interpretation of historical records of events
in the sky and the degree to which those events are
correlated with known supernova remnants. The list
of certain observed historical supernova is relatively
short: SN 1006, SN 1054 (“Crab”), SN 1181, SN
1572 (“Tycho’s”), and SN 1604 (“Kepler’s”). In addition to this list, it is clear that Cas A is the remnant
of a recent supernova (late-1600s) despite the fact
that there are no undisputed records of it being noticed. Our understanding of the lightcurves of the
observed events relies on comparative visual reports
prior to the advent of any system of photometry.
Spectroscopy had yet to be invented when the most
recent historical supernova in the Milky Way faded
away.
After our successful detection of supernova light
echoes in the LMC, our group began to survey for
light echoes from the Milky Way's historical supernovae. Our initial observing runs of the Kitt Peak
National Observatory's 4m telescope quickly yielded
light echo systems detections around SN 1572 and
Cas A (Rest et al., 2008b). Krause et al. (2008a) classified SN 1572 as a Type Ia and Krause et al. (2008b)
classified Cas A as Type IIb based on their spectra of
those echo systems. Later, Rest et al. (2011b) ob-
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tained spectroscopy revealing significant asymmetry
in the supernova event.
Light echo systems have not yet been found associated with SN 1006, SN 1054, SN 1181, or SN
1604. McDonald (2012) reported no light echoes in
the regions searched around SN 1181 and SN 1054
although significant fractions of the light echo ellipsoid nearest the events still remain unsearched.

6.

Hunting Ancient Supernova Light
Echoes in the Milky Way

Welch (2008) provided an overview of how to
go about hunting for supernova light echoes with
amateur equipment. In this section I will review some
of that discussion and provide additional guidance.
Figures in that article show the large angular regions
in which there is a reasonable prospect of finding
light echoes.
Locations where light echo systems have been
detected recently can be found in Rest et al. (2011b,
2008a) and McDonald (2012). Despite the fact that
the precise locations of the then-illuminated dust may
have changed - and the newly-illuminated region may
or may not contain a similar density of dust - such
positions are much more likely to have detectable
light echoes than a random position on the sky.

6.1

Observations and Hardware

Since the goal is to detect surface brightness variations at a level similar to or fainter than the moonless night sky, observations should be restricted to
hours when the moon is below the horizon.
Widely-available commercial hardware has been
shown to provide the best low surface-brightness
performance yet achieved. Abraham and van Dokkum (2014) employ Canon 400mm f/2.8 L IS II USM
lenses with SBIG STF-8300M CCD cameras to detect features as fainter than 28 mag/square arcsecond
(B band). By comparison, the supernova light echoes
our group have discovered are typically between 20
and 24 mag/square arcsecond (mid-optical) – a range
frequently recorded in amateur images of reflection
nebulae.
Large format CCDs (e.g. 2048x2048 and larger)
are ideal. Indeed the continuity of the focal surface
relative to professional mosaics of CCD chips is an
advantage! Many of the light echo features we have
found around Cas A and Tycho have had dimensions
of roughly an arcminute, so image scale is not critical
except to the extent that crowding of stars which saturate during the exposure reduces the fraction of pixels available for differencing. (Saturated pixels need
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to be masked out, since the true brightness at those
positions cannot be determined.)
Any hardware modifications that can reduce
scattered light within the imaging instrument are
worth making. These may include improved surface
flocking for dew caps or lens hoods and improved
baffling.
Since difference-imaging is sensitive to point
spread function changes, maintaining accurate guiding and focus will improve the quality of the subtraction of constant sources.
The interval between visits to a pointing for the
purpose of detecting light echoes from known Milky
Way supernovae is ideally 2-3 months. Since any
candidate light echo would need to be confirmed by
subsequent motion in the same direction, a set of observations at the beginning, middle, and end of an
observing season is near-optimum. If, however, follow-up spectroscopy on a large telescope is to be
obtained, the last epoch obtained should be no more
than 75% through the observing season.

Even though light echoes from SN 1987A were
detected soon after the outburst, Sinnott et al. (2013)
revealed how the study of its light echoes 15-20 years
later provided an improved physical understanding of
its asymmetric outburst.
We have recently recognized that light echo discoveries around other very luminous and strongly
variable sources can provide new physical insights
for those objects. The Great Eruption of eta Carinae,
which took place in the mid-nineteenth century –
before photographic spectra were possible – has now
been observed with modern, digital spectroscopy due
to the discovery of light echoes from that outburst
(Rest et al., 2012). The light echoes from that clearly
asymmetric event have now begun to be explored as
a function of both perspective and time by Prieto et
al. (2014).
The field is still young and I hope that you will
consider joining the hunt for new light echoes and
light echo systems!

8.
6.2

Almost any image manipulation program has the
capacity to produce difference images of sufficient
quality to allow the detection of the brightest supernova light echoes. However, software written specifically for the purpose is normally the best way to get
the highest-quality astronomical difference images.
ISIS2.2, written by C. Alard, is a free, Linux-based
package which has an excellent on-line tutorial and
sample image set. It may be found at:
http://www2.iap.fr/users/alard/package.html
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Abstract
Entering into the fifth year of the Z CamPaign, the author has developed a website summarizing our findings
which will also act as a living catalog of bona fide Z Cam stars, suspected Z Cams, and Z Cam impostors. In this
paper we summarize the findings of the first four years of research, introduce the website and its contents to the
public, and discuss the way forward into year five and beyond.

1.

Introduction

Z Cam stars are active dwarf novae characterized
by a feature in their light curves known as standstills,
a period lasting days to months when the star shines
at a brightness approximately 1.5 magnitudes fainter
than maximum light and several magnitudes brighter
than minimum. The author launched the Z CamPaign
in September of 2009 with the primary intent to sort
out which dwarf novae are in fact Z Cam stars and
which are not. The additional science goals of the
campaign are described in detail in Simonsen (2011).

2.

Results

After four years of concentrated observation and
data analysis the total number of bona fide Z Cam
stars currently stands at 22 (Stubbings and Simonsen,
2014). The number of impostors is 27 and the number of suspected Z Cams stands at 19, out of 68 possible Z Cam stars.
Through an extensive literature search we have
determined the main cause of the confusion and misclassifications in the literature on Z Cam stars stems
from the fact that the very definition of what a Z Cam
is has changed from its origin in 1932 (De Roy,
1932) to the present. The presence of standstills in
the light curves of Z Cams as the defining characteristic of Z Cam-ness did not come into use until 1971
(Glasby, 1971). Thus, many stars originally determined to be Z Cams no longer fit the modern day
definition. The present day definition, which also
stresses the presence of standstills in the light curves,
is found in the General Catalogue of Variable Stars
(GCVS; Samus et al., 2007-2009).
Observation and analysis have led us to determine the other normal characteristics of Z Cam stars.
All the known Z Cams have orbital periods between
3.0 and 8.4 hours, outburst cycle times (the time between successive maxima) ranging from 10 to 30

days, and outburst amplitudes from 2.3 to 4.9 magnitudes in V. Some Z Cam stars have been shown to
exhibit deep fading episodes, reminiscent of VY Scl
type stars.
An unexpected outcome of the Z CamPaign was
the discovery of a previously unknown, and still unexplained, behavior in the light curves of IW And
and V513 Cas (Szkody et al., 2013). This behavior
was later also found in the newly verified Z Cam star,
ST Cha (Simonsen et al., 2014b).
One of the most significant results of the campaign is confirmation that at least nine of the bona
fide Z Cams actually do go back into outburst from
standstill. This poses challenges to theories attempting to explain the change in mass transfer rates often
quoted as the underlying cause for standstills as well
as models of accretion and outburst mechanisms in
dwarf novae in general (Simonsen et al., 2014a).
The reclassification of so many stars once purported to be prototypical Z Cam stars to other dwarf
novae sub types has a significant impact on the veracity of research papers written in the past describing Z
Cam characteristics based on samples of stars contaminated by non-Z Cam members (Meyer and Meyer-Hofmeister, 1983; Szkody and Mattei, 1984;
Shafter, Cannizzo and Waagen, 2005).
Today’s star catalogs, such as The International
Variable Star Index (VSX; Watson et al., 2006),
GCVS (Samus et al., 2007-2009), and Ritter and
Kolb (2012) should also be brought into line with our
current knowledge of these systems.

3.

The Z Cam List

The Z Cam List is a website cataloging the current status of the known and suspected Z Cams as
well as Z Cam impostors, stars listed in the literature
as Z Cams or suspected Z Cams that are not Z Cam
stars (Simonsen, 2009).
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Stars in each category are listed in order of right
ascension in three separate tables and have link outs
to individual pages featuring each object. The individual object pages contain information on the star’s
characteristics, light curves, an AAVSO finder chart
and a complete list of references.
The site includes a home page, that provides an
introduction to Z Cam dwarf novae and the Z CamPaign written by the author, a list of papers published
as a result of the Z CamPaign, an article contributed
by Fred Ringwald entitled “Why Observe Z Cam
Stars?” and the story of the unexpected discovery, by
Rod Stubbings, of OQ Carinae’s Z Cam nature.

4.

The Future of the Z CamPaign

The first point of emphasis for the Z CamPaign
moving forward will be to determine the true nature
of the remaining Z Cam suspects. Of the remaining
suspects, two, PY Per and V426 Oph, hold the most
promise for being classified as Z Cams. Of the remaining stars, only those with short SS Cygni type
outburst cycles are likely to be Z Cams. The rest are
probably UG, UGSS, and NL variables.
The Z Cam List will continue to be updated indefinitely with our latest findings, and we will continue to publish the results of the Z CamPaign in
peer-reviewed publications.
Continued long-term, nightly monitoring of the
bona fide Z Cams is highly encouraged. We have
only begun to examine the unpredictable and fascinating nature of these cataclysmic variables in greater
detail. We still have more questions than answers
regarding this class of variable stars. What causes
standstills? What proportions of Z Cams go back into
outburst from standstill, and how is that even possible? Do star spots play a role in bringing standstills to
an end? Why are there so few Z Cams among the
thousands of known dwarf novae? Do they represent
a short period in the evolution of cataclysmic variables from one type to another? Is there a relationship
or continuum between Z Cams, NLs and VY Scl type
systems since they share some of the characteristics
of these systems? Are some or all of the Z Cams ‘hibernating novae’ as put forth in Shara et al. (2007,
2012)?

5.

Conclusion

In the first four years of the Z CamPaign we
have met or exceeded all the science goals laid out in
Simonsen (2011). We have unambiguously classified
of 49 out of 68 potential Z Cam systems, determining
that of those only 22 are in fact Z Cams. We have
improved the overall quality of the data available for
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these stars and filled the gaps in their light curves
with high cadence, quality data, since late 2009. We
have determined that at least 9 of the bona fide Z
Cams do go into outburst from standstill, resolving a
long-standing question. We made several ‘serendipitous discoveries’ in the course of the campaign, most
notably the unusual behavior of IW And, V513 Cas,
and ST Cha. We have published 8 papers in peerreviewed journals and facilitated the publication of at
least two more papers based on data acquired as a
direct result of the Z CamPaign (Ringwald, 2012;
Ringwald and Velasco, 2012).
The real value of this campaign, and others like
it, lies in the fact that long-term monitoring of a select list of stars like this can be done only by amateur
astronomers. Due to decreasing access to telescope
time, professional astronomers generally prefer to
focus on observing projects they can complete in a
few nights or on much shorter time scales than several years or decades. Without the amateurs conducting
these observations, these data would not exist.
With the creation of The Z Cam List website,
there is now a place online where the most up to date
information on Z Cam stars can be accessed from a
single source.
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Abstract
The study of pulsating Extreme Horizontal Branch (EHB) stars in globular clusters is a new field of stellar research. The initial discovery of three rapidly pulsating EHB stars in ω Centauri was announced at the Fourth
Meeting on Hot Subdwarfs and Related Objects held in Shanghai in July 2009. A fourth sdB pulsator was discovered in the remaining photometry data soon afterwards; all discovered in data obtained by the New Technology Telescope. In March 2013, the Space Telescope Imaging Spectrograph (STIS) was utilized on five consecutive orbits to obtain far-UV imagery of NGC 2808’s core revealing six sdB pulsators with periods 85 to 149 seconds and UV amplitudes from 2.0 to 6.8%. To date (April, 2014), these 10 EHB pulsators in ω Centauri and NGC
2808 form a unique class of EHB variable closely clustered around Teff ~ 50,000 K. Based on a lack of information, a more in-depth observational search is needed for sdB variables both in the general field population and
other clusters focusing particularly on He-poor sdB stars around and above Teff ~ 50,000 K.
This talk describes an initial candidate search for EHB rapidly pulsating sdB stars in the general galactic field
population. The search was conducted with the 1-m McLellan telescope at the Mt John University Observatory
(MJUO), at Lake Tekapo, New Zealand. Observations were conducted utilizing a special high speed f/8 frametransfer camera called the Puoko-nui. The candidate set of stars were taken from the Edinburgh-Cape Blue Object Survey based on the selection criteria of a (B-V) value of -0.32 to -0.36 corresponding to the desired temperature range Teff ranging from 40,000 to 64,000 K. The objective of this search was to determine whether smaller
size telescopes could identify promising sets of candidate sdB pulsators which could be followed up with larger
professional systems.

1.

Introduction

Initial stellar evolution theory of Globular Clusters (GCs) is that GCs comprise chemically homogeneous and age synchronous populations of stars. Due
to this homogenous history, GCs are seen as providing excellent closed ended systems for testing stellar
evolution and prediction models utilizing ColourMagnitude Diagrams (CMDs) which can be compared to stellar isochrones curves. This provides
basic information on the properties of stars during
different stages of stellar evolution, and fundamental
characteristics of the clusters themselves, such as
cluster distance and age, can be derived. (RecioBlanco et al., 2006)
During the 1970s, this initial ideal begin to
change when spectroscopic surveys began to disclose
that star-to-star chemical variations of light element

abundances varied within individual clusters (Cohen,
1978). Recent discoveries of GCs containing multiple
stellar populations with corresponding differences in
chemical compositions have demonstrated that GCs
are not hosting a pure single-age single-chemicalcomposition stellar population but multiple populations. It is now generally recognized that two (or
more) bursts of star formation, accompanied by
chemical evolution, has occurred during the first
∼108 years of stellar lifetimes inside these GCs (Beccari et al. 2013). Discovered element variations in the
form of anticorrelations between C-N, Na-O and MgAl pairs cannot be explained in traditional evolutionary/mixing effects and are now known to be present
in a large fraction of GCs (Dalessandro et al. 2011).
Evidence is now accumulated that the majority of
Galactic and Magellanic Cloud GCs appear to contain at least two generations of stars containing these
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element abundance differences. CMDs of GCs consistently show two or more stellar populations whose
identities can be traced from the Main Sequence
(MS) to the Red Giant Branch (RGB) and onto the
Horizontal Branch (HB) (Monelli et al. 2013).
While it is now generally accepted that GCs contain multiple HBs, GC evolutionary models show that
a GC composed of single stars will undergo core collapse after several relaxation times (Spitzer, 1987).
Djorgovski and King (1986) and Harris (1996) show
that only about one-fifth of globular clusters actually
show collapsed cores. Since the majority of GCs do
not show this core collapse, some mechanism must
be in play to counteract the gravitational contraction
and prevent the collapse. The fraction of binary stars
within a GC are now thought to be a controlling factor in globular cluster evolution. Binary stars heat the
surrounding environmental stars by converting their
binding energy to kinetic energy during dynamical
interactions. This three-body interaction will determine the time until core collapse, thus the binary
fraction is an essential parameter that can dramatically affect the evolution of globular clusters. (Heggie et
al., 2006; Ji and Bregman, 2013). Binary stars have
never been studied in the context of multiple stellar
populations within a globular cluster and it is unknown whether the binary star fraction is constant
across different populations. Further study of the
fractions of binary stars inside these clusters is therefore crucial to improving our understanding of the
structure of the Galactic disc.
In addition to providing the mechanisms to study
multiple population branches and core collapse, GCs
offer a unique opportunity to study B-type subdwarf
stars (sdBs). sdB stars are often referred to as Extreme Horizontal Branch stars, or EHBs. The top
frame in Figure 1 shows the placement of EHB sdB
stars on a generalized HR diagram with the lower
frame providing an example of where these EHB
stars fall on a CMD for GC M55. Subdwarf B stars
are hot (20,000 K < Teff < 40,000 K), compact (5.2
<∼ log g <∼ 6.2), evolved objects found on the EHB
(Randall et al., 2009). Over the last decade, a small
subset (∼5%) of them have been found to exhibit
rapid luminosity variations with typical periods of
100−200 seconds and amplitudes on the millimagnitude scale (Fontaine et al., 2006). The formation of
sdO and sdB stars harbors one of the last remaining
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mysteries in stellar evolution theory (Randal et al.,
2013). EHBs membership to parent GC bears information about age, initial chemical composition and
distance. These fundamental parameters are often
required to study the formation and evolution of sdBs
and as such, EHB stars in GCs are therefore often
considered the benchmark for many theories and
models. (Bidin and Piotto, 2010).

Figure 1. EHB on the General HR Diagram and for
Globular Cluster M55
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Edinburgh-Cape Survey – Zone1, North Galactic Cap
EC Number
12141-2139
12354-2158
10590-2735
13288-1515
14171-2615
10278-0743
10311-1345
10416-1709
11329-1554
13423-2728
10081-1757
12112-1437
14296-1209
12021-3126
12373-1408

RA (1950)
12
12
10
13
14
10
10
10
11
13
10
12
14
12
12

14
35
59
28
17
27
31
41
32
42
08
11
29
02
37

08.1
26.5
00.2
53.9
08.2
52.6
07.6
36.1
54.4
22.4
09.8
14.3
38.2
11.0
19.9

Dec
(1950)
-21 39 15
-21 58 47
-27 35 34
-15 15 22
-26 15 09
-07 43 38
-13 45 57
-17 09 07
-15 54 49
-27 28 18
-17 57 00
-14 37 27
-12 09 37
-31 26 10
-14 08 19

Date

V

(B-V)

(U-B)

4/1/1992
2/28/1990
2/6/1989
7/7/1991
5/28/1990
2/28/1989
2/4/1989
2/4/1989
5/28/1990
5/23/1990
2/27/1990
5/9/1991
7/8/1991
5/4/1989
4/6/1992

16.88
16.61
15.56
15.49
16.57
16.33
15.34
15.18
15.8
16.18
15.19
16.28
16.15
15.37
16.29

-0.36
-0.36
-0.35
-0.35
-0.35
-0.34
-0.34
-0.34
-0.34
-0.34
-0.33
-0.33
-0.33
-0.32
-0.32

-0.94
-1.15
-1.07
-1.15
-1.00
-0.99
-0.87
-0.95
-1.03
-1.15
-1.23
-1.08
-1.2
-1.19
-1.11

RA & Dec computed
VizieR (J2000)
12 16 43.7
-21
12 38 04.6
-22
11 01 24.9
-27
13 31 34.7
-15
14 20 00.8
-26
10 30 22.8
-07
10 33 35.2
-14
10 44 03.0
-17
11 35 26.0
-16
13 45 11.4
-27
10 10 33.4
-18
12 13 49.0
-14
14 32 20.9
-12
12 04 45.4
-31
12 39 56.5
-14

by
55
15
51
30
28
59
01
24
11
43
11
54
22
42
24

55
16
42
48
54
03
27
53
25
19
48
08
50
52
47

Table 1. sdB Candidate List

The study of pulsating EHB stars in globular
clusters is a new field of stellar research. The initial
discovery of three rapidly pulsating EHB stars in ω
Centauri was announced at the Fourth Meeting on
Hot Subdwarfs and Related Objects held in Shanghai
in July 2009. A fourth sdB pulsator was discovered in
the remaining photometry data soon afterwards; all
discovered in data obtained by the New Technology
Telescope. In March 2013, the Space Telescope Imaging Spectrograph (STIS) was utilized on five consecutive orbits to obtain far-UV imagery of NGC
2808’s core revealing six sdB pulsators with periods
85 to 149 seconds and UV amplitudes from 2.0 to
6.8%. To date (April, 2014), these 10 EHB pulsators
in ω Centauri and NGC 2808 currently form a unique
class of EHB variable that has yet to be detected
among the Galactic field population, or in other globular clusters (Randal et al. 2013). The only known
sdB pulsator among the general field population is
significantly hotter as well as being He-rich. Based
on a lack of information, a more in-depth observational search is needed for sdB variables both in the
field and other clusters focusing particularly on Hepoor sdB stars around and above 50,000 K. A pure
and narrow instability strip around 50,000 K in ω
Centauri coupled with a complete lack of these pulsators among the field population could point toward
systematic differences in GC evolutionary history
(Randal et al. 2013).
Based on these conclusions and a need to search
for these sdB pulsator in the general galactic field, a
pilot program has been conducted to determine the
feasibility of utilizing smaller size telescope (1 meter
size class) and fast imaging CCD equipment for imaging and light curve generation of selected blue stars
which could be rapid non-radial pulsators. These results will be the basis of recommending observing
campaigns utilizing larger telescope systems such as

Southern Africa Large Telescope (SALT) or similar
system to search for new sdB pulsators in the general
field population.

2.

Candidate Target List

The Palomar-Green Survey (Green et al 1986)
was a major impetus leading to many discoveries
connected with hot ultraviolet-rich stars. This survey
caused a north-south imbalance in the numbers of
such objects and as such, an extension to southern
hemisphere objects was conducted.
The Edinburgh-Cape Blue Object Survey was a
major survey conducted in the 1990s to discover blue
stellar objects brighter than B ∼ 18 in the southern
sky. It covered an area of sky of 10,000 square degrees with |b| > 30° and δ < 0°. The blue stellar objects were selected by automatic techniques from U
and B pairs of UK Schmidt Telescope plates scanned
with the COSMOS Plate Measuring Machine. Follow-up photometry and spectroscopy were obtained
with South African Astronomical Observatory
(SAAO) telescopes to classify objects brighter than B
= 16.5. Results are presented in Stobie et al 1995
with a catalogue of blue objects from Zone 1 – The
North Galactic cap presented in Kilkenny et al 1997.
It is from this survey list that candidate stars
were chosen for observation survey. Since we are
interested in rapid non-radial pulsators with 40,000 K
< Teff < 64,000 K that can be detected with the designated observing equipment, we produce a candidate
target list based on the following criteria for B-V and
V:
1.

-0.33 ≤ (B-V) ≤ -0.35 for Teff in range
45,000 – 56,000 K

2.

18.0 ≤ V ≤ 14.0
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The candidate list is shown in Table 1 and consist of 15 targets which meet the selection criteria and
are visible from the observing location and time
frame of early 2014.
The steps we have adapted for collecting image
data and searching for any potential rapid non-radial
pulsators are outlined in the following and detailed
below in section 5:
Step a – Imaging: Using the 1-m McLellan telescope at the Mt John University Observatory at f/7.7
and a specialized CCD camera, we acquired measurements of target by taking multiple images of selected fields with integration time on the order of 1020 seconds per image. Image stacking is used as necessary to enhance SNR.
Step b – Check for any detectable light curve
variability: From data imagery acquired from Step a,
utilize a aperture photometry approach to search for
variability in the target stars.
Step c – Based on results from Step b, generate
light curves from all variables in the search space.
Step d - The final step is to determine periodicities of variable stars which have been detected in
Step c. The Lomb–Scargle method is utilized to determine periods. Lomb-Scargle is a least-squares
spectral analysis method of estimating the frequency
spectrum based on a least squares fit of sinusoids to
the data samples, similar to Fourier analysis. Finally,
a lightcurve sensitivity as percent of mean brightness
is determined.

3.

Observing System

Figure 2. University of Canterbury Mt John Observatory

In June 2012 an area of 430,000 hectares
(1,700 sq mi) around the observatory was declared as
the Aoraki Mackenzie International Dark Sky Reserve by the International Dark-Sky Association, one
of only four such reserves around the world.
There are four principal telescopes at the Mt
John Observatory: 1) the 1-m McLellan Telescope. 2)
the 0.6-meter Optical Craftsmen Telescope. 3) the
0.6-meter Boller & Chivens Telescope. 4) the Microlensing Observations in Astrophysics (MOA) 1.8-m
Telescope. Opened in 2004 December, the MOA
telescope was built by Japanese astronomers and is
currently dedicated to microlensing observations
which is a Japan/NZ collaboration that makes observations on dark matter, extra-solar planets and stellar
atmospheres using the gravitational microlensing technique.

The observing system utilized consisted of a 1
meter Dall-Kirkham reflecting telescope and a specialized fast frame transfer imaging camera. The observatory and imaging equipment are part of the astronomy program at the University of Canterbury
(UC) in Christchurch, New Zealand.

3.1

University of Canterbury Mt John
Observatory

Mt John University Observatory (MJUO) is New
Zealand's premier astronomical research observatory.
It is situated atop Mt John at the northern end of the
Mackenzie Basin in the South Island and was established in 1965. The site is located at latitude 43 degree 59.2 min S; longitude 170 degree 27.9 min E; at
an altitude of 1029 meters (3,376 ft.). The observational facility is the world’s most southerly professional optical observatory and is located within a 3
hour drive from the university in Christchurch.
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Figure 3Mt John 1-m Telescope Dome and Dormitory
Facilities

3.1.1.

McLellan 1 Meter Telescope

The 1-m McLellan Dall-Kirkham reflecting telescope was built in the UC workshops and was installed at Mt John in February 1986, 'first light' oc-
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curring one month later. It is used for a wide variety
of astronomical research, most of it in stellar astrophysics: the study of stars and their evolution. In
April 2001 HERCULES was commissioned. This is a
vacuum fiber-fed échelle spectrograph, also made at
UC, greatly enhancing the McLellan telescope's capabilities.
Secondary optics are available on the McLellan
for Cassegrain foci at f/7.7 and f/13.5. Much of the
work is now performed at the f/7.7 focus, which has
wide-angle optics that provide a 1° diameter field of
view. The f/13.5 focus is only used for single stars on
axis. The dome automatically tracks the telescope.

3.1.2.

Observatory Control Room

Initial telescope setup operations are performed
in the dome. Setup includes opening the dome window, activating the telescope’s RA and Dec motor
drives, and switching on both the Puoko-nui science
and guide camera. The guide camera is a SBIG
402ME and not discussed in this paper. Initial slewing of the telescope to target coordinates are conducted while in the dome to ensure no cabling or extraneous equipment are caught up in telescope movements. All telescope slewing except for very fine
coordinate adjustments are conducted from the dome
for the same reasons. Once initial conditions are set,
observers move to a control room a short distance
away to perform data collection and monitoring. Both
science and guide camera operations are conducted
from the control room. The Puoko-nui camera runs
under the Linux operating system while SBIG is under a Windows environment. Both camera windows
are available from the control room.

Figure 5. Michael Albrow and Author in Observatory
Control Room
Figure 4/ 1-m McLellan Telescope

Instrumentation for the telescope systems consists of the following: The 1-m has the fiber-fed Hercules spectrograph with a dedicated 6x6cm (4k x 4k x
15 micron) CCD. In addition, the 1-m has a dedicated
high speed frame transfer CCD camera for imaging
which was utilized for these observing runs and is
described below. The 0.6 meter B&C has an Apogee
U47 camera (1k x 1k x 13 micron back illuminated)
with filter wheel used for MOA follow-ups. It is used
at f/13 but there is another top end and baffle tube to
provide f/6.25. The 0.6 meter Optical Craftsman telescope is now part of the AAVSO robotic telescope
network.

About once an hour, a quick inspection of the
dome and telescope operations are conducted to ensure integrity of ongoing operations.

3.2

Puoko-nui Camera System

Puoko-nui (te reo Maori for ‘big eye’) is a precision time series photometer developed at Victoria
University of Wellington, primarily for use with the
1m McLellan telescope (Chote, P.; Sullivan, D. J.
2012). GPS based timing provides excellent timing
accuracy, and online reduction software processes
frames as they are acquired. The user is presented
with a simple user interface that includes instrument
control and an up to date lightcurve and Fourier amplitude spectrum of the target star. Puoko-nui has
been operating in its current form since early 2011,

151

Walker and Albrow: Search for Horizontal Branch Stars

where it is primarily used to monitor pulsating white
dwarf stars. The original intention for Puoko-nui was
to copy the design of the earlier Argos instrument
developed at the University of Texas in Austin
(Nather & Mukadam 2004). Various issues with
hardware and software compatibility prevented this,
and motivated a modified design which is significantly less reliant on the specific hardware and software
of the data acquisition PC.

4.

Observation Runs

Observing time on MJUO systems are allocated
as observing blocks awarded on a three month interval based on a proposal relating scientific objectives
and relevance to student and department goals. Time
for the February-April timeframe time on the 1 meter
telescope was requested on 20 December 2013 and
awarded on 6 January 2014. Two blocks of time was
awarded consisting of four days each as shown in
Figure 7.

Figure 6. Puoko-nui Science Camera

Puoko-nui’s ‘eye’ is a MicroMax 1024 × 1024
pixel back-illuminated frame-transfer CCD system
produced by Princeton Instruments. The CCD is continuously exposed to light, taking advantage of the
frame-transfer design to eliminate the need for a shutter. This allows for an essentially 100% exposure
duty cycle, as the time to shift the image into the
readout area of the CCD is negligible compared to a
typical exposure. The default (and fastest) readout
rate of the CCD is 1MHz, which requires approximately 1.3 seconds to read and transfer an acquired
frame to the computer via USB. A slower 100kHz
readout rate reduces the noise associated with the
readout electronics, but increases the readout time
(and thus the minimum allowed exposure) by an order of magnitude. Faster rates can be achieved by
reading only a sub-region of the CCD and/or aggregating pixels during readout (binning). The CCD is
thermoelectrically cooled to −50◦ C to reduce thermal
noise. The camera settings are best matched to the
seeing conditions at Mt John when operated with 2 ×
2 pixel binning at the 100 kHz readout rate. In this
mode, each aggregate pixel images a 0.66 square
arcsecond region of the sky with the MJUO 1m telescope at f/7.7 and permits exposure times as short as
4 seconds.
A blue bandpass colored glass filter made of
BG.40 glass was used on all image measurements.
This filter has a 90% pass band from 370nm to
575nm.
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Figure 7. 1-m Time Allocation

4.1

Observing Session 1: 4-5 April 2014

In order to facilitate the handover and minimize
the learning curve of operating the Puoko-nui camera, the observing team (Michael Albrow, University
of Canterbury and the author) traveled to MJUO arriving Wednesday 2 April. The evening of 2 April
was used to review documents associated with
Puoko-nui and become familiar with telescope layout
and initial operations. The observing night of 3 April
was used to shadow the Wellington observing team.
Telescope operations and observing begin in earnest
on 4 April however the four nights allocated to the
observing run were either cloudy or raining. In all,
only a few images of the target star EC10590 were
obtained on the night of 4 April.
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4.2

Observing Session 2: 27-29 April 2014

The second observing session was conducted in
late April 2014. Arriving mid-day 27 April, weather
conditions were uncertain at best. The night’s observing session started off relatively clear but clouds
moved in approximately 10pm (10:00 UT) and the
rest of the night was a lost. Conditions improved for
day 2 and 3 and by the end of day 3, 14 out of 15 of
the target set was successfully captured. The 15th
target star was not imaged due to returning clouds on
observing day 4. In all, 3216 images were obtained
with exposure times of 10 and 20 seconds. Data was
FTP’d from the observatory site back to the UC central campus for processing.

5.

Image Processing

Image processing and analysis consists of a set
of steps as outlined in Figure 8. Initial data reduction
consists of adjusting header files and applying the
flat, bias, and dark files to the science images. Once
the images have been prepared, aperture photometry
is conducted on each target star and several corresponding comp stars (similar location and magnitude)
to obtain preliminary lightcurves. The Lomb-Scargle
periodogram routine is finally applied to search for
periods in the desired ranges for the sdB pulsators.

Figure 8. Image Processing and Analysis Steps

5.1

Data Reduction

Back at UC facilities, data was cataloged and archived. In preparation for data analysis, the header
files of the raw imagery was slightly tweeted. Before
the start of each observing sessions, a series of flat,
bias, and dark frames were captured. These frames
were processed to produce the master files to be applied to the science images. Once preprocessing was
completed, data was moved to folders in preparation
for aperture photometry analysis.

5.2

Aperture Photometry

Aperture photometry in astronomical image-data
analysis is a basic technique for measuring the
brightness of an astronomical object, such as a star or
galaxy. It is the calculation of source intensity by
summing the measured counts from a sub image containing the source (or possibly sources) and subtracting the sky background contribution estimated from a
nearby imaged region that excludes the source of
interest (Da Costa 1992). The sub image containing
the source brightness, or so-called aperture, is a
bounding region for the calculation, a twodimensional area used to define just the portion of the
digital image of the target that contains most, if not
nearly all, of the observed radiance of the target object under investigation. Conventionally, the aperture
is centered on the target source, although the calculation is usually insensitive to exact aperture placement, and, in some cases, it is desirable to offset the
aperture slightly from the sources center to possibly
omit the effect of a neighboring source. The shape of
the aperture is circular in its simplest form. Often, the
shape of an astronomical object, such as a spiral galaxy viewed at an oblique angle, will determine the
aperture shape that is optimal for its scientific study.
In addition to geometrical considerations, photometric criteria can govern the aperture’s shape. In theory,
an aperture correction is always needed because of
limited bandwidth considerations, but, in practice, no
aperture correction is made for sufficiently large apertures. As the size of an aperture is increased, the
signal from the source becomes more fully contained
and the noise encompassed by the aperture is increased, and the signal-to-noise ratio (SNR) of the
aperture photometry result is therefore decreased;
these considerations mainly influence the size of the
aperture chosen for a study.
Aperture photometry calculations, as described
above, also normally involve subtracting the contributions to the image data that do not originate from
the source of interest, which is generally referred to
as the “sky background.” An annulus centered on the
source may define a region containing the image-data
pixels used to locally estimate the background, under
the assumption that the background is constant across
the aperture. The inner and outer major and minor
radii of an elliptical annulus are the geometrical parameters that determine the number of data samples
involved in the background estimation. The outer
annular dimensions are kept small enough to keep the
calculation local to the source, but large enough to
contain enough samples to sufficiently minimize the
statistical uncertainty.
The photometry application in the AstroImageJ
image analysis package contains an easy to use aper-
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ture photometry tool and was utilized for performing
the aperture photometry data capture of the target
stars and surrounding comp stars. The process consists of a set of steps controlled through a GUI interface. Once the science images are loaded, a target star
and corresponding comp stars are chosen to be processed through the science image set. Data on stars
and background sky conditions are captured in a table
which can be easily exported to either text or Excel
format for further processing. The GUI window for
target star EC14296 showing the annulus for all objects is shown in Figure 9.

comp stars in EC10278 shows unusual behavior and
may warrant additional observations on a future observing run.

Figure 10. Lightcurve Plots for EC12141, EC12354,
EC10590, EC13288 (red) with two comparison star
lightcurves from the same field

Figure 9. AstroImageJ Differential Photometry Analysis

Performing the aperture photometry process
across the set of 14 target stars produces a set of
lightcurve plots as shown in Figures 10-13. In all
images, an ensemble of stars in the field of view were
selected as comp stars. The lightcurve plots show
only the two closest stars to the target which were
chosen for comparison. In all plots, the target star is
represented by the symbol ‘+’ (the red curve) with
the two nearby comp stars of approximately the same
magnitude represented by the symbol ‘.’ (blue and
green curves). All values are in relative fluxes, conversion to apparent magnitudes were not necessary
for this analysis.
All lightcurves were reviewed for consistently
and any unusual behavior. The lightcurve of the target star was separated and stored separately for period analysis as described below.
As shown in Figure 10, seeing conditions deteriorated rapidly toward the end of the run for EC12354
and EC10590 making the data unusable. One of the
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Figure 11. Lightcurve Plots for EC14171, EC10278,
EC10311, EC10416

Figure 12. Lightcurve Plots for EC11329, EC13423,
EC10081, EC12112
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Figure 13. Lightcurve Plots for EC14296, EC12021

5.3

Lomb-Scargle Periodogram Analysis

The properties of variable stars can be characterized by determining if the photometric variations are
typically aperiodic or periodic. The Lomb-Scargle
(L-S) method (Scargle 1982) performs spectral analysis on unevenly sampled data and is known to be a
powerful way to find, and test the significance of,
weak periodic signals. For each trial period, the L-S
algorithm returns the spectral power and a False
Alarm Probability (FAP).
The Lomb-Scargle periodogram algorithm was
used to compute the power spectrum of each one of
the 14 target stars. Since we are interested in sdB
pulsators with short periods, the period frequency
searched was constrained to the range of 50-200 seconds. Plots for the power spectrum for each target
star is shown in Figures 14 – 17.

Figure 15. Power Spectrum Plots for EC12141, EC12354,
EC10590, EC13288

Figure 16. Power Spectrum Plots for EC12141, EC12354,
EC10590, EC13288

Figure 17. Power Spectrum Plots for EC14296, EC12021
Figure 14. Power Spectrum Plots for EC12141, EC12354,
EC10590, EC13288

6.

Preliminary Results

Using the above data, a cursory review was performed on each lightcurve to determine whether any
periods could be isolated via visual analysis. Each
power spectrum plot was examined for high values
and corresponding low PFA values indicating possible periods within the range of interest. These results
are summarized in Table 2.
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EC
Number

121412139
123542158
105902735
132881515
141712615
102780743
103111345
104161709
113291554
134232728
100811757
121121437
142961209
120213126

Light
curve

Power
Spectrum
Value

PFA

Period (sec)

No

2.469

1.0

77.803

Q

0.866

1.0

160.694

No

1.702

1.0

199.526

Q

0.729

1.0

159.956

No

1.740

1.0

160.694

Q

2.634

1.0

52.240

No

1.800

1.0

154.882

Q

3.021

1.0

96.161

No

0.416

1.0

176.604

No

2.367

1.0

81.846

No

0.651

1.0

72.444

Q

2.481

1.0

197.697

Q

2.739

1.0

120.226

No

3.623

1.0

61.094

Table 2. Summary
lightcurve)

Analysis

(Q

–

questionable

While several power spectrum graphs indicate
possible primary periods in the time range of 50 to
200 seconds, the corresponding PFA numbers are 1
indicating that with almost certainty that the indicated
period is not valid. As such, it is concluded that the
power spectrum results for each target indicates no
periodicity is present in the time series data in the
time range of 50 to 200 seconds. In several occasions,
the analysis of individual lightcurves seem to indicate
some type of periods may be occurring which could
be outside the time range for the sdB type pulastors
and these have been indicated with a Q in Table 2.
Additional analysis will be conducted to determine
whether periodicity does exits either within or outside
the desired time range.

7.

Conclusions

Preliminary analysis indicates that none of the
target stars are potential sdB type pulsators exhibiting
periods of 75 to 150 seconds. This is not unexpected
since these objects are rare and the initial target list is
quite small. Visual inspections of lightcurves indicate
that several target stars may exhibit some type of
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variability and additional analysis is continuing to
better understand their nature. In addition, the comp
star associated with EC10278-0743 will be investigated and may warrant additional observing time on a
future observing run.

8.

Further Research

While this search did not uncover any sdB variables in the general field population, the need is still
valid and additional observational searches are needed to discover these elusive sdB variables. The candidate list for this search was based on hot blue stars
which were observable from the south latitudes and
in the calendar dates corresponding to the Right Ascension times of February to late April. Additional
candidate stars from the Edinburgh-Cape Blue Object
Survey during other RA times of the year are available. In addition, the Palomar-Green (PG) Bright Quasar Survey (BQS) along with imaging and spectroscopy data from the Sloan Digital Sky Survey (SDSS)
provides a robust set of data which can also be investigated.
Finally, while this research was conducted with
the 1-m telescope, the candidate list consisted of stars
in the magnitude range of 15 to 18, targets which are
well in the range of amateur size telescopes. As such,
an international pro-am campaign is encouraged to
gather additional observational data on these objects.
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Abstract
The R Coronae Borealis (RCB) stars are rare hydrogen-deficient, carbon-rich supergiants. Two evolutionary
scenarios have been suggested, a double degenerate merger of two white dwarfs (WDs), or a final helium shell
flash in a planetary nebula central star. Only about 100 of the predicted 3000 RCB stars in the Galaxy have been
discovered. But the pace of discovery of new RCB stars in the Milky Way has been accelerating. We recently
discovered over 20 new RCB stars by examining ASAS-3 lightcurves. Using the recent release of the WISE AllSky Catalog, a series of IR color-color cuts have produced a sample of candidates that may yield over 200 new
RCB stars. We are trying to obtain spectra of these stars to confirm their identifications. The evidence pointing
toward a WD merger or a final-flash origin for RCB stars is contradictory. Increasing the sample of known RCB
stars, so that we can better study their spatial distribution in the Galaxy, can give us clues to their origins. Their
number and distribution may be consistent with WD mergers. If so this would be an exciting result since RCB
stars may be low-mass analogs of Type Ia SNe.

1.

Introduction

Clayton et al. (2005, 2007) made the amazing
discovery that R Coronae Borealis (RCB) stars have
16O/18O ratios that are orders of magnitude lower
than those seen for any other known stars. This
strongly suggests that the RCB stars are the results of
mergers of close white dwarf (WD) binary systems.
Recent observations and population synthesis models
imply that there are a significant number of close
double degenerate (DD) binaries in the Galaxy. This
may result in a SN Ia explosion if the total mass of
the DD system is greater than the Chandrasekhar
limit, or in sdO, RCB and Hydrogen-Deficient Carbon (HdC) stars if the mass is lower than this limit
(Webbink, 1984; Yungelson et al., 1994).
The RCB stars are a small group of carbon-rich
supergiants. About 100 RCB stars are known in the
Galaxy (Tisserand et al., 2008; Kraemer et al., 2005;
Zaniewski et al., 2005; Alcock et al., 2001; Clayton,
1996). Their defining characteristics are hydrogen
deficiency and unusual variability: RCB stars undergo massive declines of up to 8 mag due to the formation of carbon dust at irregular intervals. See Figure 1. The six known HdC stars are very similar to
the RCB stars spectroscopically, but do not show
declines or IR excesses (Warner, 1967; Goswami et
al., 2010).
Two scenarios have been proposed for the origin
of an RCB star: the DD and the final helium-shell
flash (FF) models (Iben et al., 1996; Saio and Jeffery,
2002). The former involves the merger of a CO-

Figure 1. Recent AAVSO lightcurve of R CrB

and a He-WD (Webbink, 1984). In the latter, thought
to occur in 20% of all AGB stars, a star evolving into
a planetary nebula (PN) central star expands to supergiant size by a FF (Fujimoto, 1977). The measured 16O/18O ratios in the RCB and HdC stars are
close to and in some cases less than unity, values that
are orders of magnitude higher than measured in other stars (the Solar value is 500). Greatly enhanced
18O is evident in every HdC and RCB we have
measured that is cool enough to have detectable CO
bands. This discovery is important evidence to help
distinguish between the proposed DD and FF evolutionary pathways of HdC and RCB stars. No overproduction of 18O is expected in the FF scenario.
The key question is whether the formation rate of
RCB stars matches the rate of WD He-CO mergers.
The merger rate of He+CO DDs is ~0.018 yr−1 in the
Galaxy (Han, 1998). These types of close WD binaries were predicted over twenty years ago (Webbink,
1984), but recent surveys have studied many WDs for
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evidence of binarity and the number of known DD
systems is now ∼100 (e.g., Nelemans et al., 2005;
Kilic et al., 2010; Parsons et al., 2011; Brown et al.,
2011; Kilic et al., 2011; Badenes and Maoz, 2012).
Using the estimate of Han (1998) for the production
of RCB stars from DD mergers, then the predicted
population of RCB stars in the Galaxy at any given
time would be ∼5,400. Alcock et al. (2001), extrapolating from the LMC RCB population, estimates
∼3,200 RCB stars in the Galaxy. The distribution on
the sky and radial velocities of the RCB stars tend
toward those of the bulge population but a much
larger sample of stars is needed to determine the true
population (Drilling, 1986; Zaniewski et al., 2005).
See Figure 2.

About 200 of the brighter candidates have been
observed with the 2.3-m telescope at AAT and the
SOAR 4-m telescope at Cerro Pachon in Chile. The
number of RCB stars identified in this pilot project
was actually better than the predicted 15%. So this
new technique is a very efficient way to increase the
known sample of RCB stars. This will allow us to
greatly increase the sample of RCB stars in order to
investigate what fraction of RCB stars are produced
through the DD and FF scenarios. These new data
will allow us to place important new constraints on
our WD merger and nucleosynthesis models. The
RCB stars are of great interest as they may be lowmass counterparts of massive mergers thought to
produce type Ia supernovae.
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Figure 2. Distribution of RCB stars on the sky in the
Galaxy showing that they are consistent with an old,
bulge population. Cool RCB stars (filled circles), hot
RCB stars (crosses), HdC stars (open circles).

2.

Finding New RCB Stars

A series of WISE IR color-color cuts have been
used on stars detected in all four WISE and the three
2MASS bandpasses. These are new selection criteria
for finding new RCB stars (Tisserand et al., 2012).
The selection efficiency was monitored using the
known RCBs located in the sky area covered by the
WISE first preliminary data release and a high detection efficiency of about 77%, was produced. It has
been found that selection cuts in mid-IR color-color
diagrams are a very efficient method of discriminating RCBs from other stars. The result is a catalog of
1600 possible RCB stars. Only about 270 of these
stars have an identification in Simbad and 40 of these
are known RCB stars. This implies that ∼15 % of the
sample or about 240 are RCB stars. If confirmed, this
would increase the number of known RCB stars in
the galaxy by a factor of 4.
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Abstract
V1432 Aquilae is the only known eclipsing asynchronous polar. In this respect it is unique and therefore merits
our attention. We report the results of a 15-year campaign by the globally distributed Center for Backyard Astrophysics to observe V1432 Aql and investigate its return to synchronism. Originally knocked out of synchrony by a
nova explosion before observing records began, the magnetic white dwarf in V1432 Aql is currently rotating
slower than the orbital period but is gradually catching up. The fortuitously high inclination of the binary orbit affords us the bonus of eclipses providing a regular clock against which these temporal changes can be assessed.
At the present rate, synchronism should be achieved around 2100. The continually changing trajectory of the
accretion stream as it follows the magnetic field lines of the rotating white dwarf produces a complex pattern of
light emission which we have measured and documented, providing comprehensive observational evidence
against which physical models of the system can be tested.

1.

Introduction

V1432 Aquilae, located at RA 19h 40m 11.42s,
Dec -10˚ 25’ 25.8” (J2000), is one of only four
known asynchronous polars, the other three being
V1500 Cyg, BY Cam and CD Ind. Polars are AM
Her type cataclysmic variables (CVs) in which the
white dwarf (WD) has a sufficiently strong magnetic
field, typically >10MG, that formation of an accretion disc is inhibited. Matter transferring from the
main sequence star forms an accretion stream which
is diverted by the magnetic field of the WD towards
one or both of its magnetic poles. Acceleration of the
accretion stream onto the surface of the WD releases
energy across the electromagnetic spectrum from X-
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rays to infrared. In most polars the interaction between the magnetic fields of the WD and the secondary results in rotation of the WD being synchronised
with the binary orbital period (Cropper 1990). The
common wisdom is that the departure from synchronism seen in these four systems is the result of a relatively recent nova explosion which disrupted the
magnetic interaction and that these systems are in the
process of slowly returning to synchronism. V1500
Cyg did indeed experience such a nova explosion in
1975. Of the four known asynchronous polars, V1432
Aql is the only one which displays orbital eclipses.
These provide a regular clock against which temporal
changes in the system can be assessed.
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Early observations of this variable optical and Xray source were attributed to the Seyfert galaxy
NGC6814 and caused considerable excitement at the
time. It was later identified as a separate source
(Madejski et al. 1993) and labelled RX J1940.1-1025
before eventually being given the GCVS designation
V1432 Aql.
The object was identified as a likely AM Her
type CV by Staubert et al. (1994). The presence of
two distinct signals in the optical light curve at
12116.6±0.5s and 12149.6±0.5s was first reported by
Friedrich et al. (1994). Patterson et al. (1995) confirmed these two periods and noted that the shorter
period is the binary orbital period since it is marked
by deep eclipses and is consistent with radial velocity
measurements. Patterson et al. also suggested that the
longer period, which was consistent with a period
previously observed in X-rays produced in the accretion process, was the rotation period of the WD
thereby identifying V1432 Aql as an asynchronous
polar. It was alternatively proposed by Watson et al.
(1995) that the eclipse features were occultations of
the WD by the accretion stream but subsequent analyses eventually rejected this conclusion. Further photometric and spectroscopic observations at optical
and X-ray wavelengths were reported by, among others, Watson et al. (1995), Staubert et al. (2003),
Mukai et al. (2003), Andronov et al. (2006) and Bonnardeau (2012).
From spectroscopic data, Watson et al. (1995)
concluded that the secondary is a main sequence star
of spectral type M4. Friedrich et al. (2000) Dopplermapped the system and, in the absence of evidence of
a distinct accretion stream, concluded that the accretion process is in the form of a curtain over a wide
range in azimuth. Mukai et al. (2003) suggested from
simple modelling that accretion takes place to both
poles at all times and that accreting material may
almost surround the WD.
The present analysis includes substantially more
data than were available to previous analyses. In section 2 we review our new data. In sections 3, 4 and 5
we analyse the orbital, WD rotation and WD spin
periods. In section 6 we review the progress towards
resynchronisation and in section 7 we show how observable parameters of the system vary with rotation
of the WD. Section 8 identifies some unusual behaviour yet to be explained and section 9 summarises our
results.

2.

Observations

A total of 75849 photometric observations of
V1432 Aql were submitted to the Center for Backyard Astrophysics (CBA) in 312 datasets by 23 observers between 1998 and 2013. These comprised a

total of 1170 hours of observation. A breakdown by
year is given in Table 1.
Year

Start date

End date

1998
1999
2000
2002
2007
2008
2011
2012
2013

06 May
18 May
21 May
26 Jul
07 Jul
28 Jun
26 Jun
07 Jun
03 Jun

23 Sep
06 Jun
27 Oct
27 Sep
20 Sep
22 Jul
01 Nov
29 Sep
11 Nov

No of
runs
13
6
12
75
52
2
45
68
39

Total time
(hrs)
26
12
30
346
221
6
165
244
120

Table 1. Summary of observations.

The CBA (http://cbastro.org/) is a globally distributed network of small telescopes operated by amateur astronomers interested in cooperating in the
study of variable stars. Almost all observations were
obtained unfiltered to maximise time resolution and
signal-to-noise and used a variety of CCD cameras
and telescopes in the aperture range 0.2-m to 0.4-m.
All images were bias- and dark-subtracted and flatfielded before differential magnitudes were measured
with respect to nearby comparison stars. Observers
used a range of comparison stars, although most observers remained loyal to one comparison star, so
alignment in magnitude between datasets had to be
achieved empirically. By an iterative process, datasets from different observers which overlapped in
time were aligned in magnitude and then others close
in time were aligned with those. Eventually all datasets were brought into alignment in magnitude with
an uncertainty estimated to be less than 0.1 magnitude, thus generating an integrated and internally
consistent light curve spanning 15 years for use in
our subsequent analysis. All observation times were
converted to Heliocentric Julian Dates (HJD).

3.

Orbital Period

The most recent published orbital ephemeris
from Bonnardeau (2012) was used to assign a provisional orbital phase to every observation. Segments
of
light
curves
between
orbital
phases
-0.05 and +0.05 were extracted and a second order
polynomial fitted to the minimum of each eclipse.
Eclipses were generally symmetrical and roundbottomed and were well-fitted by a quadratic from
which we could find the time and magnitude at minimum. In cases where the eclipses were significantly
asymmetrical, only those points close to the minimum were used to ensure we found an accurate time
of minimum. Eclipses poorly defined due to a large
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scatter in magnitude were rejected. An estimate was
made of the average uncertainty in the time of minimum for each observer during each year by computing the root mean square residual between their
times of minimum and a linear ephemeris determined
for all measured eclipses in that year. This estimated
uncertainty was then assigned to all observations by
that observer in that year. The process was iterated to
test its stability. Orbital cycle numbers were assigned
to each eclipse based on the mid-eclipse ephemeris in
Patterson et al. (1995).
At this stage we cannot say that these times represent the true times of mid-eclipse of the WD by the
secondary star since there may be sources of light
external to the WD which also experience eclipse and
could alter the shape of the light curve around the
true time of mid-eclipse. However, for the following
analysis of the orbital period, we assume that these
other effects average out over time and we take our
derived times of minimum as times of mid-eclipse.
Orbital cycle numbers, mid-eclipse times and assigned uncertainties for 228 measured eclipses are
listed in Table 2.
A further 121 eclipse times including optical and
X-ray observations were extracted from published
papers by Patterson et al. (1995), Watson et al.
(1995), Mukai et al. (2003), Andronov et al. (2006)
and Bonnardeau (2012). In some cases it was clear
that the published uncertainties on these times bore
little relation to their intrinsic scatter and therefore
could not be used to compute reliable weights on
these times. For this reason, uncertainties were
recomputed as described above for the times published in each paper.
We computed the following orbital ephemeris as
a function of the orbital cycle number E by a
weighted linear regression using all 349 times of
mid-eclipse. Each mid-eclipse time was weighted by
the inverse square of its assigned uncertainty.
HJD (mid-eclipse) = 2449199.69307(6)
+ 0.140234751(3).E

(1)

Figure 1. Combined 15-year light curve phased on the
orbital period 0.140234751d and averaged in 100 bins.

The O-C (Observed minus Calculated) residuals
to this linear ephemeris are shown in Figure 2. The
rms scatter is 110s and the reduced chi-squared of
this fit is 1.02.

Figure 2. O-C residuals of eclipse times to the linear
orbital ephemeris in equation (1).

The weighted eclipse times were also fitted with
a 2nd order polynomial which gave the following
quadratic orbital ephemeris.
HJD (mid-eclipse) = 2449199.69257(12)
+ 0.140234804(12).E
- 9.7(2.1)x10-13.E2

(2)

The O-C residuals to this quadratic ephemeris
are shown in Figure 3. This ephemeris represents a
rate of change of orbital period dPorb/dt =
-1.38(29)x10-11 years/year. The rms scatter is 105s
and the reduced chi-squared is 0.96.

We adopt the orbital period Porb = 0.140234751d
(12116.282s) in our subsequent analysis. Our combined 15-year light curve phased on this orbital period and averaged in 100 bins is shown in Figure 1.

Figure 3. O-C residuals of eclipse times to the quadratic
orbital ephemeris in equation (2).
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4.

WD Rotation Period

Previous analyses have concluded that the WD is
slowly rotating in the rest frame of the binary system
about an axis perpendicular to the orbital plane with a
period which is currently about 62 days. This period
is slowly lengthening due to interaction between the
magnetic field of the WD and the accretion stream
from the secondary which is creating a torque slowing the WD rotation. In time the WD will stop rotating relative to the secondary and the system will have
resynchronised. As seen from our vantage point
(which orbits around the rest frame of the binary system every 3hr 22min) the WD will then appear to
spin in synchrony with the orbital period of the binary.
The WD rotation period in the rest frame of the
binary, Prot, is given by the beat period between the
orbital period Porb and apparent WD spin period Pspin
as seen from our orbiting vantage point.
1/Prot = 1/Porb – 1/Pspin
To predict when resynchronisation will occur we
need to measure Pspin and hence find Prot and the rate
at which it is changing.

5.

WD Spin Period

Geckeler & Staubert (1997) and Staubert et al.
(2003) proposed an accretion scenario based on a
dipole model of the WD magnetic field. This predicts
modulation in the out-of-eclipse light curve due to
the changing aspect of the accretion spot on the surface of the rotating WD. To search for that signal, we
first removed the eclipses in the light curve between
orbital phases -0.05 and +0.05. We then carried out a
period analysis of the remaining out-of-eclipse light
curve year by year. This gave initial estimates of the
WD spin period for each year. The uncertainty on
these estimates was too large to accurately define a
rate of change but they were sufficient to phase the
out-of-eclipse light curve for each year on this spin
period. As noted by several authors, there is a prominent ‘spin dip’ or ‘trough’ in the spin-phased light
curve for each year. We took the average position of
the spin dip for each year as defining spin phase 0.0
in that year. Staubert et al. (2003) suggested that this
dip occurs due to absorption of light by the accretion
column. The timing of these dips potentially provides
a way of measuring the WD spin period accurately.
We note in passing that there is possible confusion in
nomenclature as some papers refer to the eclipse as a
‘dip’.

Figure 4 shows the combined 15-year out-ofeclipse light curve phased within each year on the
WD spin period for that year and averaged in 100
bins. We performed a period analysis on the whole
15 year out-of-eclipse dataset. As might be expected
given the variation in spin period over this interval,
the power spectrum contained many signals of similar strength spanning a broad range of spin period and
provided little useful information. No signal was detectable at the orbital period.

Figure 4. Combined 15-year out-of-eclipse light curve
phased within each year on the WD spin period for that
year and averaged in 100 bins.

The times of minimum of all sufficiently welldefined dips within the spin phase range -0.1 to +0.1
were measured and uncertainties assigned as described above for eclipses. A total of 172 spin dip
times were measured and are listed in Table 3. A further 73 spin dip times were obtained from the published literature and uncertainties on these reassigned
as before. A preliminary linear ephemeris derived
from these 245 times was used to assign an initial
cycle number to each spin dip. The resulting O-C
residuals revealed a strongly quadratic behaviour but
also evidence that our initial cycle number assignment was not perfect. The initial cycle number assignment was adjusted until we achieved smoothlyvarying and internally consistent O-C residuals. This
process was repeated several times with different
initial linear ephemerides to check that the set of assigned cycle numbers was stable and, we therefore
assume, correct. These spin cycle numbers are also
listed in Table 3. The O-C residuals to a linear
ephemeris are shown in Figure 5(upper). We then
calculated a quadratic ephemeris whose O-C residuals are shown in Figure 5(middle). Clearly this
ephemeris, while an approximate match to the data, is
still not a particularly good fit. It does however provide an average value for the rate of change of the
WD spin period dPspin/dt = -1.042(1)x10-8 years/year.
This is consistent with values found by Staubert et al.
(2003) and Mukai et al. (2003) among others. By
increasing the order of the ephemeris, we found that
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the following fifth order polynomial in the spin cycle
number E provided the best fit to the data and that
this could not be improved with a higher order fit.
HJD (spin dip) = α + β.E + γ.E2 + δ.E3 + ε.E4 + ζ.E5
(3)
where α = 2448921.5330(23)
β = 0.14063204(75)
γ = -2.09(76)x10-10
δ = -2.83(33)x10-14
ε = 5.65(64)x10-19
ζ = -3.83(45)x10-24
The O-C residuals to this fifth order ephemeris
are shown in Figure 5(lower). We are not claiming
any physical justification for this degree of fit, simply
that it provides the closest polynomial fit to the data
and therefore the best basis for determining the varying WD spin and rotation periods. The reduced chisquared for this fit was 1.00, more than a factor of
two better than any lower order fit.

We also investigated an exponential fit of the
form a.exp(b.x) to the spin dip times. This provided a
poor fit, quite close to the initial linear ephemeris
above.
Equation (3) gives the times of spin dips as a
polynomial in the spin cycle number E. By differentiating this polynomial with respect to E, we obtained
the following expression for the spin period as a
function of E.
Pspin = β + 2.γ.E + 3.δ.E2 + 4.ε.E3 + 5.ζ.E4

(4)

We calculated the value of Pspin at each spin dip
time and fitted these with a fifth order polynomial in
HJD. This provided a means to compute Pspin and
hence Prot at any time. We chose HJD =
2449544.81070, the mid-eclipse time closest to a spin
dip minimum, as defining WD rotation phase 0.0. By
numerical integration in 1 day steps, we determined
the WD rotation phase at the time of every observation, eclipse and spin dip. The integration step size
was determined empirically by reducing the step size
until the computed WD rotation phase at the end of
15 years remained stable.

6.

Progress Towards
Resynchronization

We found that Pspin reduced from 0.1406320d
(12150.61s) in October 1992 to 0.1405542d
(12143.88s) in September 2013. The corresponding
increase in Prot was from 49.641d to 61.703d. Figure
6 illustrates these changes.

Figure 5. O-C residuals of spin dip times to a linear
ephemeris (upper), to a quadratic ephemeris (middle),
and to the best fit ephemeris in equation (3) (lower).
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Figure 6. Time variation of Pspin (upper) and Prot (lower).
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During this interval the WD rotated 139 times in
the binary rest frame. These results are consistent
with values of Pspin found at various times by Patterson et al. (1995), Geckeler & Staubert (1997),
Staubert et al. (2003) and Andronov et al. (2006).
In the other three asynchronous polars the apparent WD spin period Pspin is shorter than the orbital
period Porb. This is generally assumed to be because
the WD has been spun up during a recent nova explosion and is subsequently slowing back into synchrony. Why the WD spins slower in V1432 Aql is
an unanswered question.
We can extrapolate the trend in Prot between
1992 and 2013 to find when resynchronisation is
likely to occur. This will happen when 1/Prot becomes
zero. Using all the currently available data, linear
extrapolation predicts resynchronisation will occur in
2097 while quadratic extrapolation predicts it will
occur in 2106. This is of the same order as the resynchronisation timescale of ~170 years found for
V1500 Cyg (Schmidt et al. 1995).

7.

Variation with WD Rotation Phase

We investigated how various observable properties of the system vary with the WD rotation phase in
the rest frame of the binary. This provides observational evidence against which physical models of the
system may be tested.

7.1

Figure 7. Averaged orbital-phased light curve in 10 bins
of WD rotation phase.

Variation of Orbital Light curve with WD
Rotation Phase

In Figure 7 we show the averaged orbital-phased
light curve in each of 10 bins of WD rotation phase.
The data plotted in this and subsequent similar plots
are the mean values for each bin and the error bars
represent the standard error for each bin. The light
curves show a broad minimum which moves forward
in orbital phase as the WD rotation phase increases.
Plotting the orbital phase of this minimum against the
corresponding WD rotation phase (Figure 8) shows a
clear linear relationship. To investigate this further
we removed the eclipses and plotted the averaged
out-of-eclipse light curve against the difference between the orbital and WD rotation phases (Figure 9).
This highlights the effect and shows there is a drop of
0.7 magnitudes, corresponding to a flux drop of about
50%, when the orbital and the WD rotation phases
are the same.

Figure 8. Variation of orbital phase of out-of-eclipse light
curve minimum with WD rotation phase.

Figure 9. Variation of averaged out-of-eclipse light curve
with the difference between orbital and WD rotation
phases.
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7.2

Variation of Eclipses with WD Rotation
Phase

Figure 10 shows how the O-C residuals of mideclipse times to the linear ephemeris in equation (1)
vary with WD rotation phase. Variation with the
quadratic ephemeris in equation (2) is virtually identical. Variation of the averaged eclipse profile with
WD rotation phase is shown in Figure 11. Eclipses in
the visual waveband are generally round-bottomed so
either they are grazing or an extended light source is
being eclipsed or both. This is in marked contrast to
the steep-sided total eclipses observed in the hard Xrays originating in the relatively compact accretion
regions close to the magnetic poles of the WD (Mukai et al. 2003). However we note that we find the O-C
timing residuals of optical and X-ray eclipses to be
fully consistent.

tude at eclipse minimum calculated from the previous
quadratic fits to the eclipses in that bin. We then used
a quadratic fit to the lower half of each eclipse in
Figure 7 to calculate the mean eclipse width at halfdepth for each of 10 bins of WD rotation phase. In
Figure 12 we show how eclipse depth, magnitude at
eclipse minimum and eclipse width vary with WD
rotation phase.

Figure 10. Variation of O-C residuals of mid-eclipse
times to the linear eclipse ephemeris in equation (1) with
WD rotation phase.

Figure 11. Averaged eclipse profile in 10 bins of WD
rotation phase.

As well as variation in mid-eclipse time with
WD rotation phase there are also noticeable variations in eclipse depth and width. To examine these
variations, we first calculated the mean eclipse depth
for each of 10 bins of WD rotation phase by averaging the magnitudes on either side of each eclipse in
Figure 7 and subtracting this from the average magni-
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Figure 12. Variation of eclipse depth (upper), magnitude
at eclipse minimum (middle) and eclipse width (lower)
with WD rotation phase (the curve is purely to help
guide the eye).
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Eclipse depth shows two cycles of variation per
WD rotation with maximum amplitude 0.9 magnitudes corresponding to a flux drop of 56%. Eclipse
width shows one cycle of variation per WD rotation
with a mean width of 463s in the phase range 0.0 to
0.4 and 664s in the range 0.4 to 1.0. This is consistent
with the average width of 632±35s given in Patterson
et al. (1995). Eclipse widths measured in X-rays are
generally larger than those measured optically. Figure
13 shows durations of 18 X-ray eclipses given in
Mukai et al. (2003) for which we have computed the
WD rotation phase. There is a degree of correlation
in that both optical and X-ray eclipse widths are larger in the phase range 0.8 to 1.0. Note that WD rotation phase 0.0 adopted by Mukai et al. corresponds to
phase 0.42 in our analysis.

Figure 13. Variation of X-ray eclipse width from Mukai et
al. (2003) with WD rotation phase.

7.3

Variation of WD Spin Dip with WD
Rotation Phase

Figure 14. Variation of O-C residuals of spin dip times to
the best fit spin dip ephemeris in equation (3) with WD
rotation phase.

Figure 14 shows how the O-C residuals of spin
dip times to the best fit ephemeris in equation (3)
vary with WD rotation phase. Staubert et al. (2003)
considered this variation to be a consequence of both
the changing trajectory of the accretion stream in the
magnetic field of the rotating WD and movement of
its impact point on the WD surface. Figure 15 shows
the averaged spin-phased out-of-eclipse light curve in

each of 10 bins of WD rotation phase. The most noticeable feature is a persistent minimum around spin
phase 0.0 between WD rotation phases 0.4 and 0.9.

Figure 15. Averaged spin-phased out-of-eclipse light
curve in 10 bins of WD rotation phase.

8.

Strange Behaviour in 2002

The O-C residuals of spin dip times exhibit a
strange discontinuity during 2002 which is shown in
Figure 16.
There is also a short-lived increase in the orbital
eclipse O-C residuals around the same time. The gap
in the spin dip residuals is due to the temporary coincidence of the spin dip with the orbital eclipse which
prevents measurement of spin dip timings. These
plots include observations from several observers so
this is a real effect. On four other occasions during
observing seasons in 2007, 2011 (twice) and 2013
there is a coincidence of spin dip and orbital eclipse
and thus a gap in the data but in none of these is there
a discontinuity in the spin dip O-C residuals like the
one in 2002. At the moment we do not have an explanation for this behaviour.
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Orbital
cycle
12424
12445
12452
12459
12495
12823
13370
13413
15119
15133
15197
17736
18640
18649
18784
18806
23405
23406
23412
23413
23414
23419
23434
23435
23441
23442
23449
23469
23470
23484
23485
23497
23497
23498
23498
23511
23512
23513
23518
23518
23519
23524
23525
23528
23529
23535
23536
23539
23539
23540
23540
23546
23556
23556
23557
23563
23564
23570
23577
23584
23591
23597
23598
23633

Mid-eclipse time
(HJD)
2450941.97131
2450944.91238
2450945.89407
2450946.87684
2450951.92467
2450997.92149
2451074.63250
2451080.66227
2451319.90191
2451321.86496
2451330.84118
2451686.89599
2451813.66965
2451814.93139
2451833.86321
2451836.94880
2452481.88785
2452482.02892
2452482.87027
2452483.01027
2452483.15093
2452483.85208
2452485.95261
2452486.09296
2452486.93560
2452487.07539
2452488.05770
2452490.86214
2452491.00269
2452492.96545
2452493.10534
2452494.78907
2452494.78920
2452494.92880
2452494.92895
2452496.75214
2452496.89248
2452497.03245
2452497.73407
2452497.73409
2452497.87402
2452498.57475
2452498.71557
2452499.13566
2452499.27658
2452500.11789
2452500.25787
2452500.67848
2452500.67848
2452500.81869
2452500.81871
2452501.66021
2452503.06257
2452503.06261
2452503.20285
2452504.04442
2452504.18457
2452505.02661
2452506.00811
2452506.99055
2452507.97303
2452508.81561
2452508.95584
2452513.86275

Assigned uncertainty (d)
0.00170
0.00170
0.00170
0.00170
0.00170
0.00170
0.00170
0.00170
0.00170
0.00170
0.00170
0.00170
0.00120
0.00060
0.00120
0.00060
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00050
0.00120
0.00120
0.00050
0.00050
0.00050
0.00120
0.00120
0.00050
0.00050
0.00110
0.00110
0.00060
0.00060
0.00060
0.00060
0.00050
0.00120
0.00120
0.00050
0.00110
0.00120
0.00060
0.00060
0.00060
0.00060
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120

Orbital
cycle
23653
23655
23660
23662
23663
23688
23691
23696
23698
23703
23705
23710
23717
23724
23731
23745
23745
23752
23755
23759
23767
23768
23811
23817
23854
36376
36472
36479
36480
36486
36487
36493
36507
36508
36514
36521
36522
36529
36530
36536
36543
36544
36550
36551
36557
36558
36561
36564
36586
36587
36593
36594
36607
36611
36621
36629
36664
36665
36672
36679
36686
36700
36701
36736

Mid-eclipse time
(HJD)
2452516.66647
2452516.94642
2452517.64760
2452517.92821
2452518.06848
2452521.57430
2452521.99492
2452522.69689
2452522.97676
2452523.67840
2452523.95835
2452524.66017
2452525.64210
2452526.62333
2452527.60549
2452529.56847
2452529.56847
2452530.55056
2452530.97133
2452531.53239
2452532.65455
2452532.79474
2452538.82392
2452539.66681
2452544.85315
2454300.87311
2454314.33505
2454315.31708
2454315.45684
2454316.29815
2454316.43881
2454317.28026
2454319.24369
2454319.38380
2454320.22538
2454321.20711
2454321.34760
2454322.32891
2454322.46942
2454323.31105
2454324.29277
2454324.43305
2454325.27433
2454325.41490
2454326.25544
2454326.39607
2454326.81610
2454327.23696
2454330.32243
2454330.46293
2454331.30414
2454331.44441
2454333.26534
2454333.82602
2454335.23023
2454336.35290
2454341.25801
2454341.39846
2454342.38032
2454343.36197
2454344.34412
2454346.30739
2454346.44747
2454351.35576

Assigned uncertainty (d)
0.00080
0.00120
0.00080
0.00120
0.00120
0.00080
0.00120
0.00120
0.00120
0.00080
0.00120
0.00080
0.00080
0.00110
0.00110
0.00110
0.00080
0.00110
0.00120
0.00110
0.00120
0.00120
0.00120
0.00120
0.00060
0.00110
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00110
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00110
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
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Orbital
cycle
36774
36781
36793
36795
36802
36817
36828
46631
46638
46653
46706
46706
46707
46719
46720
46720
46721
46727
46728
46728
46735
46748
46749
46756
46836
46857
46858
46865
46871
46872
46886
46936
46940
47228
47341
47461
47484
47489
47527
47534
47541
49127
49128
49134
49136
49143
49149
49150
49227
49234
49247
49249
49264
49276
49277
49278
49311
49325
49368
49397
49425
49430
49437
49444

174

Mid-eclipse time
(HJD)
2454356.68560
2454357.66765
2454359.35073
2454359.63099
2454360.61279
2454362.71860
2454364.25867
2455738.98035
2455739.96194
2455742.06235
2455749.49564
2455749.49577
2455749.63560
2455751.31885
2455751.45882
2455751.45966
2455751.59893
2455752.44007
2455752.58004
2455752.58025
2455753.56188
2455755.38592
2455755.52527
2455756.50686
2455767.72743
2455770.67299
2455770.81266
2455771.79521
2455772.63696
2455772.77764
2455774.74127
2455781.75133
2455782.31240
2455822.69791
2455838.54598
2455855.37520
2455858.60066
2455859.30139
2455864.62802
2455865.60823
2455866.59119
2456089.00534
2456089.14559
2456089.98689
2456090.26786
2456091.24949
2456092.09085
2456092.23124
2456103.02993
2456104.01062
2456105.83402
2456106.11507
2456108.21419
2456109.89809
2456110.03923
2456110.17889
2456114.80858
2456116.77011
2456122.80118
2456126.86745
2456130.79598
2456131.49602
2456132.47844
2456133.46078

Assigned uncertainty (d)
0.00110
0.00110
0.00120
0.00110
0.00110
0.00110
0.00120
0.00120
0.00120
0.00120
0.00120
0.00140
0.00120
0.00120
0.00120
0.00140
0.00120
0.00120
0.00120
0.00140
0.00120
0.00120
0.00120
0.00120
0.00110
0.00110
0.00110
0.00110
0.00110
0.00110
0.00110
0.00110
0.00120
0.00170
0.00100
0.00100
0.00200
0.00100
0.00200
0.00200
0.00200
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00120
0.00330
0.00120
0.00120
0.00330
0.00120
0.00120
0.00330
0.00330
0.00330
0.00330
0.00330
0.00110
0.00110
0.00110

Orbital
cycle
49451
49468
49480
49615
49629
49636
49757
49921
51741
51755
51764
51791
51798
51876
51877
51940
51941
51948
51949
51950
51956
51963
51964
51970
51978
52134
52261
52269
52276
52277
52339
52346
52383
52412
52583
52746

Mid-eclipse time
(HJD)
2456134.44161
2456136.82462
2456138.51058
2456157.44091
2456159.40428
2456160.38579
2456177.35238
2456200.35192
2456455.57996
2456457.54278
2456458.80419
2456462.59118
2456463.57281
2456474.51163
2456474.65204
2456483.48445
2456483.62459
2456484.60660
2456484.74633
2456484.88675
2456485.72894
2456486.70965
2456486.85030
2456487.69159
2456488.81329
2456510.69206
2456528.50230
2456529.62250
2456530.60530
2456530.74518
2456539.43858
2456540.42017
2456545.61210
2456549.67795
2456573.65734
2456596.51577

Assigned uncertainty (d)
0.00110
0.00330
0.00110
0.00110
0.00110
0.00110
0.00110
0.00110
0.00100
0.00100
0.00110
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00100
0.00110
0.00110
0.00100
0.00110
0.00110
0.00110
0.00100
0.00100
0.00220
0.00220
0.00110
0.00110

Table 2. Orbital cycle numbers, mid-eclipse times and
assigned uncertainties.
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Spin
cycle
0
7
638
922
2652
2666
2744
6178
6187
6343
6357
6272
6329
6336
6350
6400
10939
10946
10952
10953
10959
10960
10966
10967
10968
10974
10975
10995
11009
11022
11022
11023
11023
11030
11031
11036
11037
11037
11038
11039
11043
11044
11050
11054
11060
11061
11065
11065
11066
11071
11081
11082
11088
11089
11108
11109
11110
11116
11117
11230
11235
11277
11277
11284

Spin dip time (HJD)
2450944.98512
2450945.96734
2451034.69852
2451074.61808
2451317.88399
2451319.84949
2451330.81220
2451813.66523
2451814.92921
2451836.87035
2451838.83669
2451826.88156
2451834.89853
2451835.88560
2451837.85438
2451844.87992
2452483.06526
2452484.04821
2452484.89503
2452485.03256
2452485.87689
2452486.01551
2452486.86014
2452487.00087
2452487.14011
2452487.98550
2452488.12455
2452490.93498
2452492.90387
2452494.73064
2452494.73102
2452494.87045
2452494.87052
2452495.85265
2452495.99358
2452496.69711
2452496.83754
2452496.83829
2452496.97882
2452497.11997
2452497.67944
2452497.81985
2452498.66128
2452499.22543
2452500.06934
2452500.20953
2452500.77043
2452500.77097
2452500.91146
2452501.61430
2452503.01741
2452503.15864
2452504.00387
2452504.14228
2452506.81640
2452506.95272
2452507.09395
2452507.93727
2452508.07753
2452523.98226
2452524.68604
2452530.58654
2452530.58682
2452531.57057

Assigned uncertainty (d)
0.00520
0.00520
0.00520
0.00520
0.00520
0.00520
0.00520
0.00260
0.00260
0.00260
0.00260
0.00260
0.00260
0.00260
0.00260
0.00260
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470
0.00470

Spin
cycle
11292
11306
11336
11343
11365
23838
23845
23869
24081
24103
24288
24266
24029
24043
24044
24051
24057
24079
24085
24086
24087
24093
24094
24101
24114
24115
24121
24122
24157
24164
24171
24172
24179
24186
24193
24228
24242
24278
24285
24313
26328
26498
34100
34107
34121
34122
34105
34362
34304
34326
34468
34174
34175
34189
34196
34203
34217
34224
34225
34196
34695
34724
34943
34956

Spin dip time (HJD)
2452532.69315
2452534.66247
2452538.87909
2452539.86317
2452542.95679
2454296.47818
2454297.46412
2454300.83790
2454330.64265
2454333.73359
2454359.74021
2454356.64910
2454323.32964
2454325.30222
2454325.43949
2454326.42521
2454327.26776
2454330.36156
2454331.20542
2454331.34656
2454331.48360
2454332.33067
2454332.46977
2454333.45237
2454335.27992
2454335.42167
2454336.26490
2454336.40461
2454341.32395
2454342.30913
2454343.29325
2454343.43382
2454344.41706
2454345.40135
2454346.38649
2454351.30712
2454353.27341
2454358.33464
2454359.31780
2454363.25394
2454646.51335
2454670.41927
2455739.01848
2455740.00072
2455741.97212
2455742.10940
2455739.71937
2455775.84363
2455767.69155
2455770.78386
2455790.74504
2455749.42039
2455749.55986
2455751.52421
2455752.51110
2455753.49393
2455755.46037
2455756.44502
2455756.58561
2455752.51121
2455822.65156
2455826.72833
2455857.51562
2455859.34154

Assigned uncertainty (d)
0.00470
0.00470
0.00470
0.00470
0.00470
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00130
0.00480
0.00480
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
0.00190
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Spin
cycle
34922
34951
34979
36596
36703
36710
36823
36831
36845
36598
36605
36606
36611
36668
36711
36712
36725
36732
36733
36739
36740
36899
36913
39397
39404
39716
39333
39362
39434
39221
39399
39442
39718
39725
39732
39405
39406
39412
39419
39420
39427
39696
39839
39846

Spin dip time (HJD)
2455854.56295
2455858.63794
2455862.57258
2456089.86108
2456104.90021
2456105.88315
2456121.76830
2456122.89056
2456124.85722
2456090.14392
2456091.12676
2456091.26657
2456091.97001
2456099.98093
2456106.02548
2456106.16508
2456107.99490
2456108.98033
2456109.11594
2456109.95994
2456110.09998
2456132.44800
2456134.41534
2456483.55915
2456484.54363
2456528.39909
2456474.56417
2456478.63799
2456488.76145
2456458.82154
2456483.84141
2456489.88278
2456528.68143
2456529.66300
2456530.64621
2456484.68479
2456484.82454
2456485.66880
2456486.65396
2456486.79372
2456487.77532
2456525.58733
2456545.68871
2456546.67362

Assigned uncertainty (d)
0.00190
0.00190
0.00190
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00240
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180
0.00180

Table 3. WD spin cycle numbers, spin dip times and
assigned uncertainties.
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Ground-based Efforts to Support a Space-Based
Experiment: the Latest LADEE Results
Brian Cudnik, Mahmudur Rahman
Department of Chemistry & Physics
Prairie View A&M University
P.O. Box 519, M.S. 2230
Prairie View, Texas 77446

Abstract
The much anticipated launch of the Lunar Atmosphere and Dust Environment Explorer happened flawlessly last
October and the satellite has been doing science (and sending a few images) since late November. [the LADEE
mission ended with the crash-landing of the spacecraft on the lunar far side on April 17, 2014, capping a successful 140 day mission] .We also have launched our campaign to document lunar meteoroid impact flashes
from the ground to supply ground truth to inform of any changes in dust concentration encountered by the
spacecraft in orbit around the moon. To date I have received six reports of impact flashes or flash candidates
from the group I am coordinating; other groups around the world may have more to add when all is said and
done. In addition, plans are underway to prepare a program at Prairie View A&M University to involve our physics majors in lunar meteoroid, asteroid occultation, and other astronomical work through our Center for Astronomical Sciences and Technology. This facility will be a control center to not only involve physics majors, but
also to include pre-service teachers and member of the outside community to promote pro-am collaborations.

1.

Introduction

Once considered the stuff of legends and UFO
gurus, something called Transient Lunar Phenomena
received a boost of credibility some years ago with
the first scientifically confirmed impact flash observation, reported by the lead author during the Leonid
Storms of 18 November 1999. Since then, point
flashes from lunar meteoroid impacts are now fairly
common phenomena as shown by the many confirmed observations made by both professional and
amateur groups. In addition to the natural phenomena, we have witnessed several artificial impacts of
spacecraft on the moon over the last fifteen years;
these man-made collisions have yielded valuable
information on the physics of impacts as well as evidence of sub-surface water ice in the permanently
shaded craters of the polar regions of the moon. Cudnik was one of some two dozen coordinators making
an effort to connect the results from the Lunar Atmosphere and Dust Environment Explorer (LADEE)
Lunar Dust EXperiment (LDEX) instrument with
those of ground-based observers to maximize the
scientific efforts of both NASA and the interested
general public.
The main purpose of this paper is to share some
early results of the above collaboration as well as
review some of the current and recent examples of
professional-amateur collaboration in the studies of
lunar meteor phenomena in general. The recent
LADEE mission has shown just how productive such

collaborations can be. I also will report how this activity will extend to the university setting, along with
an update on our newly-developing astro-imaging
program in the physics department at Prairie View
A&M University (Texas). In this instance, students
from various disciplines, physics majors to education
majors, will soon be able to have hands-on imaging
and research experience in the area of lunar meteors
and other facets of astronomy.
LADEE has recently completed its mission, ending with an impact on the far side of the Moon on 17
April after 140 days of doing science from low lunar
orbit (20 – 100 km altitude and lower). Among the
data collected is that of the presence of lunar dust
aloft, along with changes in this concentration,
thought to be the “flak” from meteoroid impacts
(Elphic, 2013). The lunar environment provides an
excellent laboratory to study the phenomena related
to hypervelocity impacts, and correlation between
observed impacts and changes in dust concentration
have the potential to contribute valuable information
on the physics of hypervelocity impacts. This provides high-velocity results that are currently beyond
the reach of capabilities of ground-based high velocity collision laboratories.
Collaboration between the LADEE mission personnel and ground based observers equipped for the
task has indeed proved to be a fruitful example of
professional-amateur collaborations; although the
mission has ended there is still a significant need for
observers to continue monitoring the moon for mete-
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oroid impacts. For the past eight-and-one-half years,
the Moon has been regularly monitored for impacts
by the Meteoroid Environment Office at NASA’s
Marshall Space Flight Center in Alabama. As of
April 2014 they have logged 309 impact candidates
(Robert Suggs, personal communications), showing
that meteoroid impacts on the moon that are observable from Earth are fairly common. Aside from an
increase in the probability of witnessing during an
annual shower, the main challenges remain the randomness of occurrence of impact flashes along with
the extremely short duration of the flash. However,
the advent of low light video and software capable of
picking out meteoroid impact candidates from the
background noise had quickly overcome these challenges.

2.
2.1

mation, on a monthly basis, concerning the dates
when active monitoring of the moon is suggested for
meteoroid impacts along with any annual showers
that are active during these times. The dates typically
run from about three days after New Moon to two
days after First Quarter, then again from two days
before Last Quarter to three days before New Moon.
The observers are encouraged to focus on the area
enclosed by the box in Figure 2, but to include as
much of the unlit part of the moon as possible.

Overview of Recent Ground-and
Space-based Observations
Status of the ALPO-LMIS Program

The Lunar Meteoritic Impact Search section of
the Association of Lunar and Planetary Observers
(ALPO-LMIS) continues in its 15th year of operations. It is one of a number of such programs and
projects around the world dedicated to the study of
lunar meteoritic phenomena. The section welcomes
any and all observations of the moon in search of
meteor flashes, and these observations are either visual or (more often) video. The section also has
participated in a collaboration between NASA and
ground-based observers on the recently completed
LADEE mission (Figure 1).

Figure 2 Camera field of view of the campaign during the
waxing phases (from Fig. 5, Oberst et al., 2012).

The ALPO-LMIS typically receives one to two
impact candidate reports per quarter, sometimes
more, sometimes less. These are usually associated
with annual showers that increase the flux of meteoroids impacting the moon’s surface. There are a handful of observers that monitor the moon regularly each
month to support the mission of both ALPO and
NASA.

2.2

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

ALPO-LMIS is fairly typical of such programs.
The aim is to involve the adequately-equipped amateur observers in the ongoing monitoring of lunar
meteor phenomena. ALPO-LMIS provides infor-
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The End of LADEE (for Now)

Over its nearly five month mission, LADEE returned a wealth of data and some interesting images
which, although impressive as they are, did not definitively solve the mystery of the suspended lunar dust
and sunbeams witnessed onboard the Apollo 17 orbiter. The instruments onboard LADEE include the
following: 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. In addition to these,
LADEE carried a laser communications system tech-
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nology demonstrator (LLCD) built by the MIT Lincoln Labs.
As already mentioned the long-standing mystery
of the horizon glow observed by Apollo astronauts in
lunar orbit has not yet been definitively solved. This
glow was also seen by the NASA Surveyor moon
landers in the 1960’s, persisting well after local sunset (Space.com). Now what remains to be seen is
whether the spacecraft was in the right place and time
to measure any dust kicked up by meteoroid impacts
observed by ground-based observers.

2.3

The Beginning of a New Venture:
PVAMU Astronomy

We have initiated a new project at our institution,
an HBCU (Historically Black College/University), in
the form of a project through the Department of Education’s Title III program. The purpose of this project, or activity, is to bringing some hands-on astronomy into our physics program. This has been in the
development stage for two years and we are preparing to enlist students to assist with a variety of research and observation projects, including the lunar
meteor monitoring program.
This activity represents an opportunity to bring
this type of astronomical experience (the observations and analyses of lunar meteor data) to the underserved/minority student community. Among other
tasks, there will be tapes to digitize and analyze from
the recent LADEE campaign and earlier observational efforts. In addition to our own observations we will
be running a state-of-the-art setup to watch the moon
for meteoroid impacts on a more regular basis (along
with related work such as asteroid and planetary occultations of stars) after work with LADEE has been
completed. The LADEE data will be an excellent
introduction to lunar meteor data and the unique steps
involved in analyzing such data. We anticipate receiving additional data from participants which we
can use to search for, document, and archive impact
candidate events.
Of the students whom we foresee participating in
this activity, our physics majors are most likely; each
will be working on some of the above-mentioned
data as part of the laboratory component of a course
that Cudnik will be teaching the summer of 2014
entitled “Astronomy and Geology”, which will focus
primarily on planetary geology. Student workers who
help with departmental and laboratory affairs will be
another group of participants in the activities of this
venture. Finally, education majors who are interested
in teaching science will benefit from this program as
they (along with the others) will experience some
hands-on observing as part of their coursework with
certain physics and physical science courses.

3.

Results

We will next share some of the early results of
our collaboration with NASA-Ames Research Center
(one of the primary coordinators of the LADEE mission) on the observations of lunar meteoroid impact
flashes to help estimate the production of dust by
individual impact events as measured by LADEE.
The NASA-MSFC (Marshall Space Flight Center) Meteoroid Environment Office observing team
was able to record a few meteoroid impact flashes
during the LADEE mission but (as far as we know)
in each case, either the flash occurred well away from
the spacecraft location or the LDEX instrument (the
dust detector onboard LADEE) was not turned on.
Perhaps we will fare better when other observations
begin to trickle in. The Marshall team is also collecting observations from participating ground-based
observers and archiving them on site after a thorough
analysis of each tape.

3.1

Impact Candidate Reports Received

Table 1 provides a summary of the observations
of the impact flash candidates received so far with
ALPO-LMIS. The events are clustered from December 7, 2013 to January 7, 2014. In addition to these an
event of special note is recorded: on September 11,
2013, the brightest impact flash yet observed was
recorded in Spain by a team led by Dr. Madiedo. This
event peaked at a brightness almost equivalent to that
of the North Star, Polaris, and lasted nearly one full
second. Aside from these seven recorded events, as
of this writing we have not received any further reports of impact candidates.
Scientists had widely agreed that a major source
of the lunar exosphere and dust aloft is the impact of
meteoroids on the surface. The lunar exosphere is the
collisionless (that is, the atoms are far enough apart
that collisions are few) “atmosphere” that includes a
huge, very tenuous cloud of sodium. This cloud was
enhanced during the 1998 Leonid meteors when larger fragments were common, which also led to the
fireballs observed at Earth. It was for this very reason
that the collaboration between LADEE mission personnel and the amateur astronomy community was
established. The ultimate goal is to correlate impact
events with measured changes in the lunar dust environment. Only time will tell how many submissions
we actually receive and what the quality of these
submissions will be.
ALPO and NASA have coordinated observing
programs for a number of years now, and these have
served as the basis for the recent LADEE coordina-
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UT Date / Time
Observer(s)

Lunar Lat/Long

11 Sep. 2013
Jose Madiedo

Shower source / additional comments
Sporadic?
Maximum brightness comparable to Polaris

7 Dec. 2013
19:31:06.6
Stefano Sposetti, Marco Iten

14°S, 11°W

Sporadic. In Mare Nubium, confirmed in two telescopes, 80
ms duration

8 Dec. 2013
19:15:58.6
Stefano Sposetti, Marco Iten

50°S, 18°W

Sporadic.
Longomontanus crater border, confirmed in two telescopes,
40 ms duration

4 Jan. 2014
23:49:57
George Varros

1.0°N, 11.6°W

Quadtrantid?
Flash seen on single video field, the brightness distribu-tion
matches a star more than a cosmic ray impact

5 Jan. 2014
00:12:26
George Varros

15.3°S, 25.5°E

Sporadic? Inside Crater Cyrillus F, faint single-frame event
with stellar brightness profile

5 Jan. 2014
00:31:35
George Varros

15.5°S, 20.6°E

Sporadic? Faint single-frame event with stellar brightness
profile

7 Jan. 2014
18:19:31.0
Stefano Sposetti, Marco Iten

19.5°N, 15.5°W

Sporadic. In Mare Imbrium, confirmed in two telescopes, 20
ms duration

Table 1. Impact flash candidates received by ALPO during (and immediately before) the LADEE mission. Observations made with 200 – 280 mm reflectors or 125 mm refractor and low light video camera, etc. Processing done
with LunarScan 1.5

tion and will continue to do so for future collaborations.

3.2

Some Early LADEE Results

The LADEE operational mission was a huge
success and the data collected by the spacecraft will
keep scientists busy for the foreseeable future. Orbits
that included the spacecraft dipping as low as a few
kilometers above the surface revealed increased dust
densities and some new atmospheric / exospheric
species (Elphic, 2014). On Saturday April 12, 2014
the spacecraft was commanded to take a series of
images in an attempt to recreate what the Apollo astronauts saw over 40 years ago. Although there is a
glow that is imaged, and brightens with the approach
of orbital sunrise, none of the images reveal the rays
of light reported by Apollo 17 astronaut Eugene
Cernan. The images do reveal the roughly triangular
Zodiacal Glow (sunlight scattered by dust shed by
many comets), and the outer fringes of the sun’s corona. However, nothing obviously attributable to
levitated lunar dust shows up at first glance.
At this point in time it is too early to indicate
whether LADEE experienced any changes in dust
concentration attributed to impact events. The data
from the Lunar Dust Experiment (LDEX) will be
analyzed in the coming months in order to tease this
information, as well as other dust-related results, to
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potentially help answer these questions (and undoubtedly raise more questions). It is hoped that the
coordinators of ground-based campaigns to monitor
the moon for meteoroid impacts will begin receiving
observations that can be correlated with LADEE data
but this remains to be seen.

4.
4.1

Conclusions, Opportunities, and
Challenges
The Opportunities Continue

Observations continue to be made of meteoroid
impacts on the moon after the conclusion of the
LADEE mission. This experience has been an excellent example of professional-amateur collaboration,
where the professional community shares a need that
is met with the resources of the amateur community.
This type of collaboration has been going on for
some time now and continues to be a fruitful partnership, as has been seen with many of the other SAS
Symposium papers.
In addition to the public involvement in this
work, we are also planning to involve students from
several different backgrounds to assist in this project.
With funding from the Department of Education
Title III to augment the astronomy program within
the physics department at our university, we have
been able to purchase some equipment to improve the
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way we do astronomy. This equipment will enable
regular observations of lunar meteor phenomena to
be made by students, who will gain valuable observational experience in this activity.

4.2

The Challenges Remain

As we conclude the involvement with LADEE,
the observations of lunar meteors will go on, and
these face some of the same challenges that were
discussed at the 2013 SAS Symposium. The challenges were addressed during the “Workshop without
Walls”, an online meeting coordinated by personnel
at NASA-Ames Research Center, which provided
some excellent tools and techniques for would-be
lunar meteor observers. This workshop was held on
December 5, 2013.
The first challenge remains the uniformity and
consistency of the observations, made in sufficientenough numbers to enable the scientific effectiveness
of the observations to be maximized. Observers were
challenged to meet this goal, but various influence
such as weather, work, one’s life, etc. tend to limit
the amount of time spent monitoring the moon. Even
at this point, there is the need for many more observers than what we currently know of to become more
regularly involved in collecting data both for simultaneity of observations (to confirm the impact nature
of a candidate) and for backups to compensate for the
expected weather interferences.
The next challenge addressed is the amount of
data to be collected, which varies from program to
program. For the moment the observers maintain
their own data but we wish to provide a central repository to ultimately archive the data. In addition we
ask that 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 reduce the data storage need and will provide only the actual impact events for further analysis.
We addressed the challenge of flux calibration in
the workshop without walls. For the ALPO-LMIS
observers, the data are to be sent to NASA-Marshall
Space Flight Center to be calibrated. A set of comparison stars will need to be observed along with the
moon itself.

4.3

Conclusion

Like last year, we will provide some online resources to assist people in starting and maintaining
their observing programs. Many of these, especially
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. One may also tune in to
the “Workshop without Walls” to watch the four
presentations given therein. The website for this is
http://connect.arc.nasa.gov/p4zpsnm6weh/
Long after the conclusion of the mission, ideally
the routine monitoring of the moon will continue so
that continuity in coverage will continue and support
will be present for future missions and activities related to lunar meteoroid impact flux research. We
plan to sustain the effort through the websites listed
below and hope to add observers and resources as we
continue our efforts into 2014 and beyond.

5.

Resources

The following is a list of resources that interested
parties can use in establishing and maintaining a productive observing program. These include websites
that host useful information about the ongoing campaign to monitor the moon for meteoroid impacts, to
have their questions answered, and to obtain guidelines and checklists to enable them to be successful.
The interested individual or groups of individuals are encouraged to contact either myself via the
ALPO Lunar Meteoritic Impact Search Section or
Robert Suggs at the NASA – MSFC Meteoroid Environment Office. Our contact information is included
on these web sites.
• ALPO Lunar Meteoritic Impact Search Section
homepage
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 sustaining 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, Frequently Asked Questions
http://www.nasa.gov/centers/marshall/pdf/16665
1main_FAQ2.pdf
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Abstract
The distance to an asteroid can be found from a singular observing location with a telescope and a CCD camera.
The 4-Point Backyard procedure developed by Alvarez and Buchheim provides a way to determine the distance
accurately from four data points acquired over two consecutive nights with two data points taken each night: one
at culmination and one at the beginning or end of the night. At Rose-Hulman Institute of Technology we have
data sets for many asteroids covering multiple nights for each asteroid but do not take data near the meridian
because our telescopes are on German equatorial mounts. I have taken Alvarez and Buchheim’s method and
adapted it so that from two nights of observation, the distance may be determined without culmination data. In
addition, I have also attempted to find the distance with only one night’s data.

1.

Introduction

Diurnal parallax is not the best way to measure
the distance to an object within the solar system,
though it is a challenging educational opportunity for
amateurs or students to attempt. With Rose-Hulman
Institute of Technology primarily being an educational institute and with a large archive of image data
on many minor planets, I wanted to see if the 4-point
backyard method by Alvarez and Buchhiem (2012)
could be adapted to preexisting data sets and still
provide accurate results.
I restricted my data to using archives at RoseHulman Institute of technology. This restriction was
for two reasons: first, I wanted to determine if the all
of the data used to create lightcurves could be used to
determine diurnal parallax and second, new data has
not been able to be obtained from the telescope at the
Oakley Southern Sky Observatory recently due to
technical issues. If from the archives the diurnal parallax could be determined it would give other students additional research opportunities.
The method from Alvarez and Buchhiem requires data taken at the beginning of the night or end
of the night on two consecutive nights and data taken
as the target crosses the meridian on each night. I
have adapted this method by changing the way the
geocentric right ascension is obtained.
The major reason for the adaptation is because
our telescopes are mounted on German equatorial
mounts. The mounts are automated and can get stuck
after crossing transit so Oakley Southern Sky Observatory avoids taking images at transit. Another reason for modification is the archives do not always
have data on the same side of transit for a given night

as required for the original method. I attempted to
reduce the amount of data needed in order to make
the measurements take only one night. I was unable
to succeed at making only night-of measurements
necessary but was able to reduce the amount of time
needed on a given night, removing the need to take
data at the meridian. I was able to get all combined
values to have a relative error under 10% for solar
orbital distances from 0.89au to 2.73au.

2.

Diurnal Parallax

The determination of the distance to an object
via parallax is a well-understood process. Normally
parallax would require the parallactic shift to be obtained from measurements taken simultaneously from
two positions a known distance apart. With the diurnal parallax method, measurements are taken over
time from one position. The parallax angle in this
case is determined from measurements taken from
the location of the observer on the surface of the
earth and an imaginary observer from the center of
the earth as shown in Figure 1.
The measurements taken will vary with time, but
if the object is assumed to be fixed relative to the
earth then the change in the measurements can be
assumed to be caused by the rotation of the earth. As
the parallactic angle varies with time it can be seen
that it will reach a minimum of zero at the moment of
culmination (or when it crosses the meridian) and a
maximum at 5.98 hours, one-fourth of a sidereal day,
either before or after culmination.
The definition of the parallax angle φ is
( )=

( )−

( ) cos(δ(t)) (1)
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where RAtopo is the topocentric right ascension of the
object, or the right ascension as seen from the observer’s position, RAgeo is the geocentric right ascension of the objects, or the right ascension as see from
the center of the Earth, and δ is the object’s declination which is assumed to be the same from either the
observer’s position or the center of the earth.

(t) = R cos(λ) cos(ωt)

(2)

where RE is the radius of the Earth, λ is the latitude of
the observer, ω is the angular sidereal rotation rate of
the earth, t is the time, and B is the baseline. The
moment of culmination is chosen to be t=0 and B
reaches its maximum when the observer is placed at a
right angle with respect to the earth’s center. The
distance can then be determined from Equations 1
and 2 by using a small-angle approximation:
R=

( )

(3)

()

where B and R are in the same units and φ is in radians.

3.

Figure 1. Geometry of the diurnal parallax effect. As the
Earth rotates, any observer on its surface sees the target’s parallax angle φ constantly varying, from a maximum value occurring whenever his Meridian is at right
angle to the plane containing the Earth’s rotation axis
and the target (5.98 hours prior or after transit time) to a
null value whenever the target is placed on the Meridian
(target culmination). Credit: Alvarez (2012).

Observations taken before transit will cause
RAtopo> RAgeo making the parallax angle positive and
the inverse is true for observations after transit. The
declination does vary slightly with time, but the variation is independent of the rotation of the earth. This
causes the parallax angle to essentially equation the
difference in the topocentric and geocentric right ascension times a practically constant cosine of the
targets declination. From Figure 1 the baseline, B,
can be seen to vary in time according to:
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The General Model and Key
Parameters

From Equation 1 the parallax angle can be obtained for a given time. The accuracy of this measurement depends on the ability to accurately determine the target’s topocentric position and the target’s
geocentric position. The topocentric position can be
measured directly at any given time. The target’s
geocentric right ascension cannot be directly measured except at the moment of culmination RAtopo(T0)= RAgeo(T0). While normally this would allow
for the measurement of the geocentric position directly, due to the mounting system we do not allow the
telescope to cross the meridian, resulting in a lack of
measurements directly obtained for the target’s geocentric right ascension at culmination. Instead two
different methods were used to approximate the geocentric right ascension on a given night shown in
Section 4. Given the geocentric right ascension of the
target on two nights a linear approximation of the
geocentric right ascension with time can be approximated as linear motion over the nights as:
=

+

(4)

where v, the geocentric right ascension velocity is
defined as:
=

(5)

With Equation 4 and 5 substituted into Equation 1 it
is possible to determine the parallax angle at a given
time from measurements actually taken at the given
time, if the time of culmination and the right ascension at culmination can be determined for both
nights. This gives the key parameters the times of
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culmination T01 and T02, and the right ascension at
those times, RA01 and RA02.

4.

Methods for Determining the Key
Parameters

The first parameter that needs to be found is T0
on both nights. This time needs to be known as well
as possible. It turns out to be relatively easy to estimate this time from measured data. First the hour
angle which is the difference between the Local Sidereal Time (LST) and the topocentric RA needs to be
determined. Once the hour angle is known for all of
the data points, the intercept function of the hour angle and universal time will provide T0 for the given
night. This can be done either with a few data points
taken at both ends of the night over 10 to 30 minutes
at each end or a set of data points taken over about 1
to 2 hours from one side of transit at either end of the
night. While only a few data points are needed more
will improve accuracy especially for the second
method for determining T0. RA0 will be determined
by taking the intercept between the hour angle and
the LST of the same data used to get T0.

4.1

Using Beginning and End of Night
Measurements

Figure 2 shows the normal geocentric right ascension curve over the year. The RAgeo increases over
the year until some point when it starts to have a retrograde motion, until it resumes its normal direction
of motion. Opposition is near the middle of the curve
within the retrograde motion. At opposition the RAgeo
rate achieves its maximum and the motion is very
linear. The concavity of the RAgeo before and after
opposition is shown in Figure 3 and Figure 4 respectively along with the linear approximation of the
RAgeo derived from the values from two consecutive
transits in both.

Figure 3. The real apparent retrograde motion in RA of a
minor planet before opposition. The instant speed continues to increase until opposition is reached. Credit:
Alvarez (2013).

Instead of measuring the right ascension at the
moment of culmination directly, it is approximated
by using topocentric measurements made at the beginning and the end of the night. If done over two
nights this provides the geocentric right ascension
linear approximation and then the parallax angle can
be determined. Using this method, Method 1, produces some error from the linear approximation of
the geocentric right ascension rate.

Figure 4: The real apparent retrograde motion in RA of a
minor planet after opposition. The instant speed continues to decrease until the loop is ended and direct motion reassumed. Credit: Alvarez (2013).

Figure 2. The apparent motion in right ascension of a
minor planet. Generally the right ascension displaces
towards higher RA values (direct motion) but once a
year, as it approaches opposition, it appears to be moving backwards to lower RA values for a while (retrograde motion). Credit: Alvarez (2013).

If the target is before opposition, any estimated
values of geocentric right ascension taken before the
first transit, T01, or after the second transit, T02, will
be overestimated. any values between the two transits
will be underestimated. The reverse is true for measurements taken after opposition. The measurements
taken between transits will be overestimated and the
measurements take before or after will be underestimated.
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Equation 1 shows that an overestimation of the
RAgeo value leads to and under estimation in the parallactic angle and the opposite for an underestimation
in the value. This means that measurements taken
from the same side of transit on each night will have
errors of opposite sign regardless of whether opposition has occurred yet. Thus if the parallax angle was
to be determined from measurements taken from the
same side of transits on consecutive nights the error
due to linear approximation mostly cancels. This
permits the use of the data from both sides as the
error produced on each side of transit for the first
night will be canceled by the corresponding error on
the second night.

4.2

should be noted that the period of time the measurements are taken over needs to be symmetric about the
transit points, because the relative error increases
greatly the further from transit the data is taken. This
error in the transit values of RAgeo will cause the linear approximation of the geocentric right ascension
rate to change.

Taking Data From Opposite Sides of
Transit

For This method, Method 2, the topocentric right
ascension follows a sinusoidal curve over time with
the transit being the point where the sine curve is
equal to zero each night. Thus if data is taken from
one side of transit early or late on the first night and a
linear approximation of the transit point is made the
geocentric point will be overestimated or underestimated depending upon the side of transit the measurements were taken as shown in Figure 5.

Figure 6. The right ascension curve after opposition
during retrograde motion, with the linear approximation
derived from geocentric right ascension values found
from Method 2.

Figure 7. The right ascension curve before opposition
during retrograde motion, with the linear approximation
derived from geocentric right ascension values found
from Method 2.

Figure 5. The right ascension curve over any given night
during retrograde motion, and the linear approximations
of the time of culmination from data before and after
transit. Data taken after transit will result in an under
estimation of the right ascension and data taken before
it will result in and over estimation.

If measurements are taken on the opposite side
of transit on the second night there will be an equivalent error on the second night in the other direction. It
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The rate of geocentric right ascension changes
such that the error in the geocentric values over the
two nights will change. The linear approximation of
the geocentric right ascension relative to the geocentric right ascension curve is as it is shown in Figure 6
for times when the target is after opposition and data
is taken after the first transit and before the second.
This shows that the linear approximation in this case
is an underestimation for the data taken after the
transit on the first night and an overestimation for the
data taken before the transit on the second night. Figure 7 shows that before opposition the direction of
error for a given side are the same as after opposition
for data taken on a given side of transit. This is because the error in the right ascension at culmination is
the same during retrograde motion. There are sym-
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metric cases for taking data before transit on the first
night and after transit on the second night. This will
increase the error should the geocentric right ascension values be estimated from data on that was taken
each night on the same side of transit.

5.

Models Tested

Method 1 was tested on two different asteroids.
Method 2 was tested on all five asteroids as it could
be applied to the same data gathered for Method 1
but the inverse is not true. I calculated the distance to
the asteroid and then used its heliocentric longitude
and latitude to find its sun distance comparing this
value against the values from The Sky6 program. The
values for each asteroid are listed in Tables 1 through
7. The true sun distance is the distance given by The
Sky6. The found parallax angle is the average of the
accepted parallax angles over the given time. The
found earth distance is the calculated distance from
earth to the object. The found sun distance is the calculated distance from the sun to the object. The relative error is the error the sun distances.

5.1

(7569) 1989 BK

This is one of the two asteroids that I had data
for that is applicable for both methods. The nights
this was observed on were Oct 7th and 8th 2012. For
Method 1 I used 2 measurements on from 3.33 to
3.02 hours before culmination and 2 measurements
from 4.31 to 4.63 hours after culmination to find the
RA0 for the first observation date. For the second
night 2 measurements were taken from 4.21 to 3.89
hours before culmination and 2 measurements were
taken from 4.16 to 4.48 hours after culmination to
find the RA0 for the second observation date. Each
measurement was taken 20 minutes apart with a 2.00
minute exposure time. From this method I was able
to obtain results of about 5.00% relative error or better on each night and for the average of the two. The
errors from each side of the night were both in the
same direction on each night. This is most likely due
to the error within the measurements themselves and
not due to the method itself, as adding more of the
available data did not change the sign of the relative
error of either night, though it does decease the relative error if about 2 hours of data is include on each
side of transit, nor did making both all data over the
same time away from culmination on each side of
transit for each night change the sign of the relative
error. The results for Method 1 on 7569 1989 BK are
in Table 1.

Observation date
True Sun distance
(Au)

10/7/2012

10/8/2012

Combined

1.89

1.89

1.89

Used RA rate v = –0.00056309 arcsec/sec
Found Parallax
(arcsec)
6.279
6.622
Found Earth Distance (AU)
1.021
1.008
Found Sun Distance
(AU)
1.985
1.972
Relative error (%)
5.00
4.36

6.451
1.015
1.978
4.68

Table 1. results for 7569 1989 BK from application of
Method 1.

Method 2 used data from 3.03 to 3.99 hours after
culmination on the first night, and 3.89 to 2.92 hours
before culmination on the second night. There were 4
measurements taken in this time period each 20
minutes apart for 2 minutes each. The overall relative
error was 9.01%, which, while not as good as method
1, is still a good approximation. The results for
Method 2 are in Table 2.
Observation date
True Sun distance
(Au)

10/7/2012

10/8/2012

Combined

1.89

1.89

1.89

Used RA rate v = –0.00056103 arcsec/sec
Found Parallax
(arcsec)
5.479
6.352
Found Earth Distance (AU)
1.107
0.946
Found Sun Distance
(AU)
2.144
1.982
Relative error (%)
13.44
4.60

5.916
1.026
2.063
9.01

Table 2. Results for (7569) 1989 BK from application of
Method 2.

5.2

4100 Sumiko

This is the second asteroid that I have data that is
applicable for both methods. The nights this was observed on were Oct 7th and 8th 2012. For Method 1 I
used 2 measurements from 3.31 to 3.00 hours before
culmination and 2 measurements from 4.33 to 4.65
hours after culmination to find the RA0 for the first
observation date. For the second night 2 measurements were taken from 4.20 to 3.87 hours before
culmination and 2 measurements were taken from
4.18 to 4.50 hours after culmination to find the RA0
for the second observation date. Each measurement
was taken 20 minutes apart with a 2.00 minute exposure time. I was able to get a relative error of -7.61%
or better for all measurements with the combined
total at -3.17%. The results for 4100 Sumiko over the
two nights are in Table 3.
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Observation date
True Sun distance
(Au)

10/7/2012

10/8/2012

Combined

2.73

2.73

2.73

Used RA rate v = –0.00054339 arcsec/sec
Found Parallax
(arcsec)
4.434
4.390
Found Earth Distance (AU)
1.485
1.727
Found Sun Distance
(AU)
2.52
2.76
Relative error (%)
-7.61
1.27

5.4
1.606
2.64
-3.17

Method 2 used data from 3.04 to 4.01 hours after
culmination on the first night, and 3.87 to 2.90 hours
before culmination on the second night. There were 4
measurements taken in this time period each 20
minutes apart for 2 minutes each. While the relative
error on either night was not great the first night has
7.07% error and the second has -11.23% error, the
error for the combined value was -2.08% which is
quite good. The results for Method 2 on 4100 Sumiko
is in Table 4.
10/7/2012

10/8/2012

Combined

2.73

2.73

2.73

Used RA rate v = –0.00056103 arcsec/sec
Found Parallax
(arcsec)
3.187
4.188
Found Earth Distance (AU)
1.886
1.386
Found Sun Distance
(AU)
2.92
2.42
Relative error (%)
7.07
-11.23

3.688
1.636
2.67
-2.08

Table 4. Results for 4100 Sumiko from application of
Method 2.

5.3

2353 Alva

Observation date
True Sun distance
(Au)
Visual Magnitude

8/19/2012

8/20/2012

Combined

2.49
14.8

2.49
14.8

2.49
14.8

Used RA rate v = –0.00055309 arcsec/sec
Found Parallax
(arcsec)
2.664
4.070
Found Earth Distance (AU)
1.097
1.508
Found Sun Distance
(AU)
2.292
2.703
Relative error (%)
-7.96
8.55

3.367
1.302
2.497
0.30

Table 5. Results for 2353 Alva from application of Method 2.

This is the first of 3 asteroids that I could only
apply Method 2 too. I used measurements from 0.82
to 2.31 hours afterward transit on the first night and
measurements from 4.33 to 3.21 hours before transit
on the second. The errors on each night are -7.96%
and 8.55% for the first and second night respectively.
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7866 Sicoli

4.155

Table 3. results for 4100 Sumiko from application of
Method 1.

Observation date
True Sun distance
(Au)

Though the average distance obtained only had an
error of 0.30% which is fantastic.

This asteroid is the one that I got the most accurate results for. I only used two images on each night
the first night used images taken from 1.94 to 2.13
hours after transit. The second night the data was
taken from 3.39 to 3.20 hours before transit. The error in each night’s data was 11.04% and -12.91%
which while large is expected from this method.
These errors do cancel when the distance values are
averaged and the error ends up being -0.93 for the
combined values. The results for 7866 Sicoli are in
Table 6
Observation date
True Sun distance
(Au)

8/19/2012

8/20/2012

Combined

1.93

1.93

1.93

Used RA rate v = –0.00052975 arcsec/sec
Found Parallax
(arcsec)
4.056
11.381
Found Earth Distance (AU)
0.948
0.487
Found Sun Distance
(AU)
2.143
1.681
Relative error (%)
11.04
-12.91

7.187
.718
1.912
-0.93

Table 6. Results for 7866 Sicoli from application of
Method 2

5.5

1991 VM5

For VM5 I used 3 measurements from 3.42 to
4.10 hours after transit for the first night and 4 measurements from 4.07 to 3.26 hours before transit on
the second night. Each of these was 20 minutes apart
with 2 minute exposures. For the first night there
were 4 measurements but when examined the second
measurement in the first night was significantly off of
what was expected so was removed. The relative errors are -11.20% and 17.30% which while large is of
opposite sign fitting the model. The combined error is
3.05% which is quite good.
Observation date
True Sun distance
(Au)

9/2/2012

9/3/2012

Combined

1.83

1.83

1.83

Used RA rate v = –0.00057610 arcsec/sec
Found Parallax
(arcsec)
11.341
4.202
Found Earth Distance (AU)
0.62
1.15
Found Sun Distance
(AU)
1.62
2.15
Relative error (%)
-11.20%
17.30%

7.772
0.89
1.89
3.05%

Table 7. Results for 1991 VM5 from application of Method 2.
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6.

Conclusion

Overall both methods work fairly well as all but
one combined value, (7569) 1989 BK from Method
2, was less than 5% relative error. In fact some were
within 1% error. Method 1 requires 10 to 30 minutes
of observation at both ends of the night, meaning that
one could take measurements and then go to bed and
wake up early to get the second data set, which greatly helps students or people with a full time job that
could use the extra sleep. I was able to get Method 1
to work with just 2 data points taken 20 minutes apart
for 2 minutes. If I were not using preexisting data, I
would instead take additional images between the
two I already use to increase accuracy.
Method 2 is also quite accurate getting multiple
instances of error values less than 1% though, this
accuracy is more likely due to having many data
points in a small area of time for the asteroids as for
the asteroids in which I could apply exclusively
Method 2 to had twice as many data points for the
same period of time as those that I could apply to
Method 1.
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Abstract
A process was developed to utilize a single star for both tracking and as a differential reference for high time
resolution flare surveys. A data pipeline was also developed to process and merge, time stamped, high data rate
target and slow data rate comparison star data for million-line files. This process reduced the data reduction time
and aided in identification and analysis of photometric flare events during nightly surveys. The optical system
employed a pellicle beam splitter for dual beam data collection, one path for a CCD camera for alignment, tracking, and reference and a second beam for the silicon photomultiplier collection of the target data. Typical target
photometric sampling rates were 100 samples/sec. Comparison star flux and sky background was available over
a continuous cycle ranging from every 1-10 seconds dependent upon the guide stars magnitude and atmospheric stability. The data pipeline yielded target flux data with corrections for sky background, detector dark count,
and differential compensation. The data pipeline was successfully tested using flare search data from YY Gem
where 81.6 ksec or 22.7 hours of data were collected and 1-flare detected resulting in a flare rate of 0.044
flares/hour, consistent with cited research.

1.

High Time Resolution Astronomy

Many opportunities exist for technical contributions in the areas of high time resolution astronomy.
Figure 1 illustrates areas for study where submillisecond to second time resolution is required.
Measurements at typical magnitudes and rates require
a standard photomultiplier, silicon photomultiplier
(SPM), or electron multiplying CCD cameras
(EMCCD) capable of 100 samples/sec or greater. All
but the pulsar group has exposure ranges that are accessible in some form to those with telescopes under
0.5-meter diameter. Richichi (2010) presents a good
summary of research in high time resolution astronomy.
Figure 2 shows a typical optical and data path for
collecting the data. The 17” PlaneWave telescope has
the CCD camera at prime focus with about 4% of the
light reaching the sensor. The intervening pellicle
beam splitter directs approximately 85% of the reflected light to the SPM. The target star is placed on
the 50-arcsecond aperture and the SPM pulses are
amplified by the pulse amplifier, counted and binned
by the data acquisition system (DAQ), and written to
hard disk along with a GPS timing signal. The CCD
output is controlled by the PC’s MaxIm camera soft-

ware and used for initial alignment and guiding. The
details of the optical and data collection system are
described in Vander Haagen (2011, 2012).
Pulsars

Lunar
Occultations

Oscillations
Transits
Flares

-3

10

-2

10

10

-1

Typical Events-Seconds

Figure 1. Short duration events for study by telescopes
under 0.5-meters using a photomultiplier, SPM, or electron multiplying CCD camera.

High time resolution photometry of this type
poses some unique challenges. Accurate standard
system magnitudes of the monitored target stars are
not generally required, rather the ability to identify

191

Vander Haagen and Owings: Data Reduction of Rapid Cadence Flare Data

fast occurring events like flares and other transients
under variable sky conditions among millions of data
points collected each night.

tween the target star (t) and comparison star (c) for a
B filter is given by:
∆ = −2.5 log

(1)

Keeping as a flux ratio results in:
∆ =

CCD

(2)

17” Corrected Dall-Kirkham
SPM

Pulse
Amp

DAQ

File

To Mount
PC:
MaxIm, ACP
Align & Guide
Figure 2. Optical and data path for high time resolution
astronomy with split beam from a pellicle beam splitter
illuminating the CCD camera for alignment and guiding
and the SPM for collecting high speed photometric data.

As an example, at typical sampling rates of 100
samples/sec (s/sec), 106 samples are collected every
104 seconds or 2.8 hrs. This document describes an
experiment to improve the integrity of search data by:
1.

Collecting reference star flux and background flux at regular intervals during the
search.

2.

Accurately time stamping the data.

3.

Reducing the raw SPM photon count data.

4.

Providing for differential photometric compensation.

5.

Providing graphic data on the sky transmission and reflection components.

With continuous reference and background flux
available, differential photometry could improve
event detectability under adverse sky conditions. Differential photometry will correct for sky transparency
changes much more frequently than typical. The reference star flux will also be available to confirm absence of a corresponding event in the comparison
data.
As described by Henden and Kaitchuck (1990),
when captured through a B band filter, a stars flux
measurement db can be expressed in photon counts or
ADU. As example, the (b) magnitude difference be-
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The gain constant (k) accounts for differences in any
calibration, gain, or sensitivity differences between
the target and comparison star measurements. In
practice both the target and comparison star are in
close proximity and pass through the same air mass
and do not need extinction correction.
For this study the dbt target measurements are
made with a UV-B filter and photons counted using a
Silicon Photomultiplier (SPM) at sampling rates typically 100 s/sec. Obtaining comparison star flux information, dbc, at a rapid rate plus time stamping and
reduction of raw SPM requires development of a data
processing pipeline.

2.

Guide: Comparison Star Data
Pipeline

The system outlined in Figure 2 provides the essentials for basic data collection; initial alignment
using the CCD image, tracking in conjunction with
camera control software, and collection of the target
data using a high speed SPM sensor. To add comparison star data the initial approach considered was
addition of a second spotter telescope and CCD camera. However, insufficient dome slit width for a
80mm piggyback telescope eliminated this option.
Other factors contributing to this decision were the
difference in atmospheric noise response (Young,
1969) with two significantly different size apertures
and the complexity of running a second instance of
the camera control software. With the dual beam approach, using a 4%-pellicle beam splitter, the amount
of light reaching the CCD camera closely matches
the light of an 80-mm telescope. The approach chosen was to devise a data pipeline that uses the guiding
data within the camera control software, MaxIm, as
the comparison star data. Or, the guide star also
serves as the comparison star. Figure 3 shows details
of the optical path and data source for target and
alignment, tracking, and comparison star.
The data flow from the target and CCD is shown in
Figure 4. The target data follows the same path as in
the original data collection system; wide bandwidth
pulse amplifier, data acquisition system (DAQ), and
hard disk. The DAQ counts the photon pulses, bins
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them into counts/sample, and files the counts along
with a HH:MM:SS.SSS GPS synced time stamp.

2.1

Flip Pellicle
Beam Splitter

CCD Camera

4%

85%

Filter

Filter

measured. Data is collected for each guider image
and placed in a log file for post-data processing.

F-Stop

SPM

Comparison Star Measurement Details

The popular imaging software by Diffraction
Limited, MaxIm DL 5, was used. MaxIm provides a
COM interface, allowing other software to “hook”
into and retrieve information. A program designated
as AG Tracker was written in Microsoft Visual Basic
Express (Visual Studio, 2010) to work in conjunction
with MaxIm to obtain the guider image, perform
measurements and save the results to a log file.

Target Data

CCD Data & Control

Figure 3. Optical path showing 4% transmitted light falling on CCD camera for alignment, guiding, and comparison star and the reflected light passing through a filter,
f-stop and onto the SPM sensor.

Target Data
from SPM

Pulse
Amp

DAQ

GPS Time
CCD Data
& Control
MaxIm

sum
aperture
pix values
sum
BG
pix values

obtain
Image

DAQ
Log File

centroid,place
aperture,
subtract BG

# aperture
pixels
# BG
pixels
AG Tracker
Log File

Figure 4. The target data; photon pulses from the SPM
are amplified by a wide bandwidth amplifier, counted
and binned by the data acquisition system (DAQ), time
stamped and filed. The CCD data; the track box image is
obtained from MaxIm, the centroid found, aperture
placed, and background subtracted. The pixels within
the two regions are counted, values summed, time
stamped, and filed.

The pipeline for the CCD guider consists of obtaining the MaxIm guide star image, which is in a
sub-frame of the full CCD image. The centroid is
determined, an aperture is placed around the image
star and the flux of the star and background are

Figure 5. AG Tracker program window illustrating the
required setup information and status boxes.

MaxIm requires some initial setup prior to starting autoguiding. First is the selection of a track box
size from the available pixel arrays of 16 x 16, 32 x
32 and 64 x 64. Generally, 32 x 32 is a good compromise for an aperture range between 5 and 10 pixels in radius, and an adequate number of pixels for
background measurement. It is important that an aperture size is selected to adequately include the full
guide star image. Second, the standard startup sequence is initiated where the guide star exposure time
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is set, a guide star is selected, and autoguiding is
started.
The AG Tracker program is then started and initial set ups are made. Refer to the AG Tracker program screen, Figure 5. The aperture radius and aperture gap are set to the same size as in MaxIm. Those
pixels outside the aperture gap define the background
pixels. The exposure time used in MaxIm is entered
as a setup value. It is not used in calculations but is
saved in the log file for reference during postprocessing.

With all settings made and acceptable data displayed within the program windows, a log file is
opened when the START button is clicked. Columns
in the log are tab separated for easy use in a spreadsheet and subsequent processing software. Figure 6
shows the log file. The first entries in the log are
comments containing the setup information: aperture
radius, aperture gap, exposure time and track box
size. Each line thereafter starts with the MaxIm time
stamp to the nearest 10 milliseconds followed by the
data: brightest pixel value, star flux, number of aperture pixels, background flux, number of background
pixels and X and Y guide errors. Note that X and Y
guide errors are not used in the process of merging
the DAQ and AG Tracker files. The last log entry is
the average time interval between exposures, which
is used in the following processing step.

2.2

Figure 6. AG Tracker Log file showing time, brightest
pixel value, aperture flux, number of aperture pixels,
background flux, number of background pixels, and x-y
guide errors.

With autoguiding started, MaxIm exposes the
event to the COM interface when each guider image
is completed. This event then triggers code in AG
Tracker that saves the computer time to the nearest
10 milliseconds for a sampling rate of 100 samples/sec and obtains the guider track box image from
MaxIm. The centroid position of the star within the
track box is calculated and the average value of pixels in the background is determined (Berry and Burnell, 2005). The background is subtracted from each
pixel value within the aperture. The values are
summed resulting in the flux value for the star within
the aperture. Similarly, the background flux is the
sum of the background pixel values. The number of
pixels within the aperture and background are also
counted. The brightest pixel in the image, star flux,
background flux, number of pixels in the aperture and
background, aperture X and Y centroid position, and
X and Y guiding errors are all displayed in real time
each autoguiding cycle. Also, the AG Tracker “guider
running” and “guider correction” boxes indicate by
color that the function is running and corrections are
being sent to the telescope mount. The box, “Show
Data”, may also be opened to display data in real
time as collected and sent to the log file.
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Merging the DAQ and AG Tracker Files

At this point there existed a challenge in merging both data sets. The SPM data and tracker files are
stored with different exposure cycles and resolutions;
the SPM-DAQ at 10 to 1000 s/sec while the AG
Tracker ranges from 0.1 to 1 s/sec. In addition, the
DAQ files are 1-million lines in length, more than
can be handled by any spreadsheet program. This
created the need for a second program termed the
DAQ Data Parser performing following functions:
1.

Merge the DAQ and AG Tracker files so
every SPM sample has a corresponding
time-matched reference and background flux
value.

2.

Allow for a variable offset between the data
sets based upon tracker exposures.

3.

Calculate the actual target flux value from
the raw data for every SPM sample.

4.

Save processed data in file for analysis by
the signal processing software.

The DAQ Data Parser does not provide the differential photometry calculations. Those calculations
will be done on the parsed files using the signal processing software, SIGVIEW (SignalLab, 2014).
Figure 7 shows the data flow for the DAQ Data
Parser. When merging the files, the AG Tracker flux
measurements must be matched with the DAQ data
over the same time period. The DAQ system is timed
using a GPS receiver to allow accuracy better than 1millisecond. The tracker files use the computer time
obtained from an online time service.
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DAQ
Log File

Parsing

aperture and background flux are then appended to
the DAQ data values including the raw SPM and
calculated target values. The actual target flux, dt, is
calculated using the following relationship:

Calc
Target
Parsed
File

AG Tracker
Log File
Offset
sec

Figure 7. The DAQ Data Parser data flow from DAQ and
AG Tracker files to parsed output.

−

=

BG &
Dark Counts

−

(3)

where:
−

=
(4)

Figure 8. The DAQ Data Parser input screen.

A MaxIm time stamp is generated when the
tracker image becomes available. Flux measurements
are made and considered valid from that time until
the next guider image is captured. A timing difference caused by the tracker exposure plus internal
MaxIm delay requires the introduction of an offset
delay. For all pixel-tracking arrays the delay is nominally 1.2 seconds plus the tracker exposure time e.g.,
6.2 sec for 5 sec tracking exposure.
The two files are merged with an algorithm that
goes through the DAQ file line by line and locates
the corresponding adjusted AG Tracker time slot. The

The sky background counts, dsky, are measured at
one or more times during the run or can be derived
from the auto-background feature. The SPM dark
count, ddark, is measured once and stable as long as
the sensor cooling remains constant, a good assumption except during very hot summer conditions. The
current dark count is 24.58 KHz or 246 counts at 100
s/sec. The dark count and background values, dbg, are
entered into the parser via the input screen, Figure 8.
The Parser screen also provides for selection of the
DAQ Data Parser log and AG Tracker log files as
well as designating the output file location.
An auto-background feature compensates for
changes in sky background over the search period.
When the AG Tracker log file is opened a “Tracker
Data Preview” window is opened listing the tracker
data. One or more lines are then selected as a starting
average background value. This value is used to scale
the parser entry for “Background Value” over the run
to adjust for changing sky conditions. Plots of the
aperture and background flux may also be shown to
aid is choosing the reference background level.
When the DAQ Data Parser completes operation
each photometric measurement line has all the data
properly time linked including adjustment for the
proper time zone. Each output line includes 6columns: UTC time in SS.SSS, aperture flux, background flux, raw SPM counts, reduced SPM target
counts with fixed background, and reduced SPM target counts with auto-background. In the case where
there is not a tracker time slot that corresponds to the
DAQ file line or the autoguider reports, “star faded”,
the values from the previous tracker-guider exposure
are entered for the missing values. When the parser
finishes its calculations the ”Run Results” are displayed: the average autoguider cycle time (length of
AG Tracker time slots), number of entries in the
tracker and DAQ files and guider exposure time are
displayed for reference as a cross check to verify correct operation.
An aid added to both the AG Tracker and DAQ
Data Parser programs is real time graphing. With AG
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Tracker both the aperture and background flux can be
plotted in real time by clicking the "Show Plots" button. The graphing functions were added using
ChartDirector (ASE 2014) and provide current status
and trends over the photometric run.
Since the AG Tracker can run continuously for
an entire nights run, a run that is concurrent with
multiple million-line DAQ files, the same AG Tracker file can be used for parsing all DAQ files during
the session.

3.

Setting the AG Tracker Exposure

It is well known that stability of a photometric
measurement is highly dependent upon factors such
as telescope aperture, atmospheric and temperature
stability, and exposure time. With smaller apertures
and the normal instabilities for locations with variable humidity, wind speeds, thermal conditions, etc.
longer exposures are required to obtain good photometric results (Young, 1969). The spectrogram of
Figure 9, a fast Fourier transform (FFT) versus time
of the SPM data, shows poor conditions with high
measurement instability. In this case a reference star
exposure of 10 seconds or 0.1 Hz rate will be insufficient integration time. All the lower frequency components will pass through as flux measurement variations over time. In general, the longer the reference
star exposure times the better with the tradeoff being
the time that can be tolerated between each photometric correction.

4.

serving span was bounded by fully dark to 30 degrees
above the horizon. On each session the local sky
background was measured using the SPM and then
targeted on YY Gem. The autoguider was set up and
initiated using a 32 x 32 track box and the AG Tracker and the DAQ data collection system were started.

Data Pipeline Testing Using YY
Geminorum Flare Search Data

YY Gem is a double-lined spectroscopic eclipsing binary system containing two M late-type stars
with masses and radii very similar in a 19.5-hour
orbit. The 10.6 B-magnitude system has been widely
studied in both optical and X-ray wavelengths. Optical flaring has been most frequently studied in the
more energetic UV band and is considered one of the
most active flaring binaries along with periodic flaring (Gao et al., 2008). A recent survey (Gary, 2012)
cited two search sessions where flares were detected.
The 2-observing sessions resulted in flare rates of
0.02 fl/hour and 0.11 fl/hour. This system has been
primarily studied at exposures 1-second and longer.
In this search a 100 s/sec sampling rate was chosen to
characterize any high-speed events that may occur at
the early release of energy during the impulsive
phase as described by Dal and Evren (2012).
The search process consisted of observations
each consecutive clear night with a March and April
maximum data collection time of 4-6 hours. The ob-
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Figure 9. A FFT-spectrogram showing turbulence between 2000 and 5000 seconds from start of the run with
variability in the 0.01 to 0.05 Hz region, 100 to 20 sec
period.

At the end of each session this sequence generated two DAQ log files, one 1-million and a second of
0.3 to 1-million photometric measurements. These 2files were separately merged with the AG Tracker
data as described in Section 2.2 using the DAQ Data
Parser. An example of a parser output file is shown
is Figure 10. The sky flux was converted to sky
background using expression (4) and the SPM flux
was corrected for both the sky background and SPM
dark count using expression (3). Each photometric
measurement in the file was corrected as noted.
Differential corrections require the reference star
flux shown in Figure 11. The parsing of data allows
one to one match up with the target data. Compensation is accomplished by dividing the reduced target
data by the reference flux shown in Figure 11. A signal processing program, SIGVIEW (SignalLab,
2014), is used for this operation. SIGVIEW is very
efficient with large data files and can perform a wide
range of mathematical operations such as point by
point division for differential compensation and applying the scaling constant (k), equation (2). Constant
(k) is chosen as the mean reference aperture flux for
first 20-100 sec or the period in which the flux is
stable. This constant brings the compensated values
to the same instrumental flux values prior to differential compensation. SIGVIEW contains other filtering,
resampling, transforms, and calculation capability
necessary for a wide range of analyses.
Figure 12 data used the auto-background feature
and has been differentially compensated and scaled
using SIGVIEW. In cases where the reference and
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target stars are of different color, the compensation
may not be flat due to differences in extinction between the two stars. A more closely color-matched
reference star was not available within the field for
the YY Gem flare search (A type versus M target).

Figure 12. SPM counts reduced, auto-background, and
differentially compensated target flux versus time using
SIGVIEW .

Figure 10. YY Gem, 2014-04-19, instrumental photometric flux output from the DAQ Data Parser in photon
counts/sample versus UTC in seconds.

Figure 13. The SPM BG (red) at 1 sec exposure (1 s/sec)
resampled to 10 sec exposure and reference star background at 10 sec exposure over a 3500 sec period.

Figure 11. Parsed background flux (upper red) and reference flux versus UTC time. Poor skies with haze early
followed by high clouds.

Taking periodic SPM sky count measurements
during a run requires manual intervention. The telescope must be moved to open sky, data taken, and the
telescope re-centered on the target. The autobackground feature noted in Section 2.2 was added to
eliminate the need for taking additional SPM sky
measurement during the run.
A dual sensor background run was made to validate the auto-background function. The sky was not
photometric but yielded encouraging results. The
SPM was set to open sky at 1 s/sec and the guide star
data collected with AG Tracker. Figure 13 shows the
SPM background count (red) overlaid with the scaled
AG Tracker ADU background data. The two background average values match well with the wider
bandwidth SPM data showing higher variability,
= 1880
850. This test was run with aperture gap set at 8-pixels, wider than typical to prevent
guide star flux from scattering into the background
zone. Additional testing is necessary to determine the
range of acceptable gaps.

As to error contributions, for low magnitude target
stars (10-11 mag), a 100% change in the nominal
background flux results in target flux change of 6%
and decreases for brighter targets.
The graphing functions discussed in Section 2.2
for the Tracker and Parser are useful for reviewing
the data as the run progresses and at completion to
confirm that the guide-reference star chosen is not a
variable.

5.

Flare Search Results

The total YY Gem flare search time has been
meager due to the worst Midwest winter observing
weather in years. Table 1 summarizes the observing
times since late November 2013. The total observing
time was 81.6 ksec or 22.7 hours and resulted in
0.044 fl/hour. This rate excludes the 270 ms flare on
04-17-2014, Figure 14, which is likely missed in the
longer exposure searches cited. This rate is consistent
with searches reported by Gary et. al. (2012) of 0.02
fl/hour and 0.11 fl/hour and Doyle and Mathioudakis
(1990) of 0.22 fl/hour.
Figure 14 shows the flare of 03-07-2014 interrupted by an electrical intermittency both prior and
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during the event. The intermittency after flaring lasted for 1195 seconds and the flare had completed by
the time the signal was restored. There was no GPS
clock signal during the period leaving the data unparsed and raw SPM counts. Manual reduction of the
count data indicates a 0.53 mag flare of duration less
than 1195 seconds.

02-20-2014

Search
Length
(Seconds)
10,000

03-07-2014

20,000

03-11-2014

10,000

04-12-2014

10,000

04-16-2014

5,000

04-17-2014

14,300

04-19-2014

10,900

0

0

04-20-2014

2,800

0

0

04-21-2014

13,580

0

0

Observing
Date

Flares
Detected

may offer the capability of multiple stars for autoguiding and potentially multiple guide stars for flux
averaging.

Eclipses
Observed

0

0

1
Unusable
Data
0
Unusable
Data
1a

1

1
Figure 14. Flare of 03-07-2014, 0.53 mag with post 8488
sec portion missing due to an electrical malfunction.
0

Table 1. YY Gem observing times and results. Flare 1a is
a very short flare not typically detected in searches due
the longer exposures used.

A very short flare occurred on 04-17-2014 as
shown in Figure 15. These data are reduced and differentially compensated. The flare was 0.83 mag, 270
ms long, with the peak 14-sigma. With a more typical
search exposure of 5 to 20 seconds this flare would
likely be missed. While an unusual flare, Vander
Haagen (2013) reports other such short duration
events on RS CVn-type star systems.

6.

Figure 15. Flare of 04-17-2014, 0.83 mag, 270 ms duration, rise time 30 ms, peaking at 14-sigma.

Conclusions

The split beam optical train with guide star used
as reference star aligned easily and worked well. The
search data pipeline was successfully used for a flare
search on YY Gem. With care in selecting the aperture and annulus good reference and background data
were continuously available at rates between 1 and
10 seconds with interval dependent upon the star
brightness and atmospheric stability. Data was GPSsynced and time stamped at each sampling interval.
The post search parsing operation reduced the
raw SPM photon count data to actual target counts
and synchronized these data with the slower rate reference star data. Graphs were automatically generated showing the skies reference flux and background
flux. A second operation using SIGVIEW signal processing software enabled point-by-point differential
compensation should it be desired.
Further improvements may be possible with the
pending release of MaxIm version 6. This version
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Also, PinPoint Software, DC-3 Dreams (2014) will
be tried for multi-star measurement of star flux using
its Gaussian PSF fitting method and hot pixel removal. Under poorer semi-photometric to tolerable sky
conditions the overall data reduction was still good.
However, during periods of moving haze or cloud
density variations, a typical 5-10 second reference
update may be an inadequate correction rate producing some “stair stepping” of the processed data. It is
still impossible to make a silk purse out of a sow’s
ear.
A side benefit of the software development is the
use of the AG Tracker program to monitor real time
sky conditions during any photometric data collection
program. The ability to graphically monitor the guide
star flux and sky background components, as well as
guider performance, has proved very informative and
useful in monitoring the quality of the photometric
data gathering process. AG Tracker will work with
any setup using MaxIm DL 5 as the CCD control
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software. The software has been tested with version
5.15 and later and is available unsupported from the
author, Mr. Owings.
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Abstract
The presentation discusses a newly discovered variable star, GSC05206:01013. Although initially thought to be a
simple W UMa star, subsequent observations and analysis has shown the variability to be far more complex. The
research is based on eight weeks of observations conducted at the Texas Tech University’s Preston Gott Observatory. The data is presented in an anticipation of audience members suggesting possible interpretations of the
data.

1.

Introduction

Variable Star GSC 05206:01013 was discovered
by Dr. Maurice Clark in 2013. It was part of a deliberate search in an attempt to find fluctuating objects
during the analysis of an asteroid field. For a summer
undergraduate research project, Krueng participated
in obtaining and analyzing data of GSC
05206:01013.
Upon the discovery, GSC 05206:01013 is initially thought be a simple W UMa variable star. Data
analyzed from earlier observations yield short period
of variability of less than a day with almost equal
minima. However, further observations and analysis
showed a variable star lightcurve with characteristics
of a type unknown to the author.

2.

Observations and Data

The observations were done at Texas Tech Preston Gott Observatory located about 15 miles northwest of central Lubbock, Texas. The observations
were conducted in 29 sessions spanning the period of
two months from July 14 to September 09, 2013. The
observations are summarized in Table 1.
A twenty-inch-aperture Plainwave Cassegrain
Telescope is used to observe GSC 05206:01013;
along with SBIG-STL 1001XE CCD camera to capture the variable star. TheSky6 is the software used to
control the telescope while CCDsoft is the software
used to handle the imaging work. Images were taken
in two-or-three-minute exposures depending on how
dark the sky was during a given session. Image calibration was done using dark frames and sky flats.

Date Range (2013)
Location
Sess
Jul 14 – Sep 09 Preston Gott 29

Obs
Krueng,
Clark

Table 1: Observational data for GSC 05206:01013

3.

Data Analysis

MPO Canopus was used to analyze the data. The
program allows image calibration to subtract any
unnecessary data with the help of calibration frames
taken during observations. However, most data sessions were pre-calibrated using CCDSoft before finally using MPO Canopus to generate lightcurves. MPO
Canopus allows for up to five comparison stars to be
used when doing the photometric analysis of the target. It also allows for the reference stars to be chosen
from those with solar type spectra, reducing the problem of differential distinction. Since W UMa stars
have a color index broadly similar to that of the sun,
this procedure was used in this project

4.

Results

Figure 1 shows the lightcurve derived from 29
sessions of data. The lightcurve has the period of
variability of 7.022 hours, but the amplitude was not
consistent.
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Figure 1. Lightcurve of GSC 05206: 01013

Figure 2 shows the raw plot data in chronological order within the two months the data were taken.
The raw plot data indicates possible second, longer
period of variability; between 17 and 18 days.

Figure 2. Raw plot of GSC 05206:01013

To see what patterns the lightcurves produced
clearly, only several nights of observation are included in Figure 3. These are some of the sessions where
observations were made over interval longer than
7.022 hours. This was done in order to measure the
primary period that was then used to produce the
lightcurve shown in Figure 1. These sessions also
help pin point the inconsistency in the minima.

Figure 3. Lightcurve of GSC 05206:01013
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All lightcurves with complete period of variability are shown in Figure 4. These are the sessions with
more than 7.022 hours of observations that clearly
show the locations of minima as the night changes.
Each lightcurve is marked with a date of observation
on the left and number of night within two months of
observation on the right. They are shown in chronological order. Notice the instability of the minima. At
certain nights the minima have a peak instead that is
as high as the maxima. However on some other
nights, they are simply a deep minimum, making the
lightcurve appear as a simple W UMa star. However,
the minima do behave in a certain pattern. From night
18 through night 31, a pattern of low minima picking
up and back to low again is visible. Some of those
patterns can also be seen in nights 44 through 58. The
missing data are due to incomplete sessions or nights
without observations.

Krueng and Clark: GSC 05206:01013

5.

Discussion

At the same time when GSC 05206:01013 was
found, two other variable stars, GSC 05206:00623
and USNO 0825:191140, were also discovered by
Clark in the same field. Those initial observations
indicated that both of these stars were W UMa variables. Due to their presence in the same field as GSC
05206:01013, about the same amount of data was
analyzed using the same method as for GSC
05206:01013. As anticipated, GSC 05206:00623 and
USNO 0825:191140 did result in lightcurves typical
that of W UMa variable stars as shown in Figure 5
and 6.
Both lightcurves clearly show a type of W UMa
variable stars with periods of about 7.167 hours and
7.478 hours respectively with near equal minima.
These results reaffirm the inconsistency found in
GSC 05206:01013 as all the variable stars found in
the same field are processed the same way and using
the same comparison stars, ruling out human error
during the analysis.

Figure 5. Lightcurve of GSC 05206:00623

Figure 6. Lightcurve of USNO 0825:191140
Figure 4. Individual lightcurves of GSC 05206:01013
(complete period of variability)
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There is reason to believe that GSC 05206:01013
is a double star as it appeared elongated in the images, while other stars appeared circular. An attempt
was made to take a higher resolution image, and a
processed version of this is shown in Figure 7. This
image is a combination of several calibrated, high
resolution images that were adjusted in brightness
and contrast to show the stars more clearly. The variable star is in the bottom left. As can be readily seen,
GSC 05206:01013 is not a single star system. For a
comparison, at the bottom right is a non variable star
which still shows a circular shape when enlarged.
An attempt was made to do photometry on the
high resolution images, but there was insufficient
data to obtain any worthwhile results. More high resolution images are planned for when the star becomes
visible in the morning sky. Similar to the initial attempt, the photometry will be made separately for the
two stars involved in GSC 05206:01013. It is hoped
that these observations will shed more light on this
puzzling star.

Figure 7. High resolution image of GSC 05206:01013

6.

Conclusion

The system is far more complex than was originally anticipated and that it is clearly not a simple
eclipsing binary. Many more observations are required to fully characterize this peculiar variable star.
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7.

Future Works

Krueng and Clark will continue to observe GSC
05206:01013. The focus will be on getting high
resolution images. The photometry will be done on
both stars involved. Further, the possible second,
longer period indicated in Figure 2 will be analyzed
and its exact period will determined. Spectroscopic
data will be very useful and it is hoped that anyone
who has the means to capture such data would be
willing to contribute. Finally a three-dimensional
modeling of GSC 05206:01013 will be attempted.
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Abstract
A complete CCD light-curve in V of the bright (V ~ 4.6) ellipsoidal variable star b Persei (not beta Persei) has
been obtained between November, 2013 and February, 2014. We recover the small amplitude 0.065 mag. variation of the ellipsoidal lightcurve. The period of the ellipsoidal light curve from 2013-14 observing season is found
to be 1.5273 ± 0.0015 d, consistent with older observations. b Persei is known to be a triple star system in which
several AAVSO contributors recorded the first ever observed eclipse near February 5-6, 2013 of the inner AB
stars by the third star C, which has a 702 day edge-on orbit. This eclipse was predicted based on an astrometric
orbit from observations with the Navy Precision Optical Interferometer (NPOI). The NPOI provides stellar positions to milliarcsecond precision. We will present results of the orbital analysis of the triple system. The next primary eclipse of b Persei is expected near January 12, 2015 and will last about 2 days. High time-resolution multicolor photometry will be extremely useful as we try to understand the evolutionary states of the close binary in b
Persei. The close binary may be a non-eclipsing Algol-like system or perhaps evolving towards a masstransferring Algol-like stage. Time series observations from widely-distributed observers should be able to resolve the eclipse of the individual A and B components of b Persei, thus gaining hidden information about this
rarely-observed system. The high brightness of this system enables precision photometry with small telescopes
or finder scopes and entry-level filtered monochrome CCD cameras, which are widely available to amateurs
worldwide.

1.

Introduction

b Persei, a bright (4.6V) star, spectral type A2V,
is located at a distance of 313 LY. Stebbins (1923),
pioneering with selenium detectors and d’Arsonval
galvanometers, measured the light curve and concluded that the near sinusoidal variability (0.06 magnitude, P = 1.52732 d) was caused by the tidal distortions of the stars in close orbit. There is no eclipse
due to an unfavorable inclination angle, and the system has not been studied much since Stebbins’ work.
Hjellming and Wade (1973) found weak, nonperiodic radio emission from this system. The radio

emission indicates magnetic activity (Hall, 1989).
Hill et al. (1976) presented spectroscopic results and
interpreted the system to contain a third star with
about a 700 d orbit.
Recently the Navy Precision Optical Interferometer (NPOI) resolved the third star of the b Persei
system and found that the third star would eclipse the
primary stars in late January-early February, 2013.
An alert notice to the AAVSO (Waagen, 2013) called
for observations during the anticipated eclipse. The
campaign was successful with the first ever optical
detection of the eclipse by a number of AAVSO observers and reproduced in the Figure 1. The eclipse
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was centered at JD 2456330 (February 6, 2013) with
a 2-day FWHM at a depth of about 0.15 magnitudes,
well above the ellipsoidal 0.06 magnitude variation
(Collins et al., 2013).

Figure 1. The AAVSO detection of the eclipse of b Persei on Feb. 5, 2013. The 0.06 ellipsoidal variation is buried in the scatter among the several observers. Data
were contributed by the following observers: Biswajit
Bose (India), John Centala (US), Arne Henden (US),
Richard Biernikowicz (Poland), Heinz-Bernd Eggenstein
(Germany), Wolfgang Vollmann (Austria), Donald Collins
(US), James Fox (US).

The fact that b Persei undergoes eclipses by the
third star every 702 days provides an excellent opportunity for further understanding of this system – especially at the next predicted primary eclipse around
January 12, 2015. It is anticipated that high timeresolved photometry of b Persei will detect the ingress and egress – possibly by the individual components – at the next and future eclipses. In anticipation
of the next eclipse, we have made extensive high
time-resolved CCD photometric observations of b
Persei during the winter of 2103-2014 to update the
orbital light elements.

2.

Photometry

Bright stars present a special challenge for modern high-precision photometry due to the paucity of
sufficiently bright comparison stars. A DSLR camera
with a normal lens provides a large FOV and was
successful at detecting the Feb. 2013 eclipse and the
0.06 magnitude ellipsoidal variability out of eclipse
(Collins et al., 2013). However, the Bayer color pattern and high spatial resolution (~5 μ/pixel) of DSLR
cameras present problems with the efficient handling
of extremely large and numerous data files needed
for high time resolution. The lack of blue and red
sensitivity of DSLR cameras (half as many pixels as
green) also hinders adequate observations in R and B.

206

Both of the above problems with DSLR cameras
were circumvented by fitting a cooled monochrome
CCD camera (SBIG ST7X) with a photographic telephoto lens (135 mm focal length, f/4.0 with a clear
aperture of 34 mm). This CCD/telephoto lens system
was “piggy-back” mounted on a clock-drive telescope. This small “telescope”/camera had a large
FOV of about 3x1.8 deg. It also provided plenty of
sensitivity to obtain a SNR > 1000 yet avoided saturation with ~10-20 sec integration times. All the data
were taken through photometric V, B, or R filters.
Great care was taken to prevent under sampling
of stellar images due to the short focal-length of the
lens. The stars’ images were deliberately de-focused
to about 2-3 pixels FWHM. Sharply focused images
produced unacceptable photometric images (excessive noise) due to under sampling. Too much defocusing also increased the noise due to dilution of
the light. It was also found that separate runs of R, V,
and B were needed to maintain a proper focus and
that the focus had to be monitored during an observation session. The field image of b Persei, its comparison star (SAO 39457, Vt = 5.492), and a check star is
shown in Figure 2. The comparison star is not listed
in the AAVSO sequence.
The V filter data were transformed to the Hipparcos Vt values. The transformation coefficients
were calculated using the photometry of the Pleiades
cluster photographed with this system and the Hipparcos Vt and Bt values in the Pleiades cluster
(Bisque.com, 2005).
Atmospheric extinction was monitored for some
of the sessions in which the sky was completely
cloud free. The atmospheric observations were made
with a DSLR fitted with a 28-mm focal length lens
mounted on a stationary tripod during the selected
sessions. The stars of the Big Dipper asterism or selected stars from the constellations of Cassiopeia,
Andromeda, Triangulum, and Perseus, covering a
wide range of air masses were used. The extinction
coefficient was obtained by plotting the difference in
magnitude of each star from its extrapolated value at
zero air mass as a function of each star’s air mass.
The slope of the plot gave the extinction coefficient
in magnitude/unit air mass. Typical values during the
winter were between 0.2 and 0.3 V/airmass. Because
of the proximity between the reference star and b
Persei, the small corrections (~0.003 mag) were ignored. The biggest problems were thin cirrus clouds.
If any sign of cirrus clouds were present, or the noise
during the time-series run was extensive, the data
were ignored.
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Figure 2. The field of view showing b Persei obtained
with the 135 mm Focal length lens on SBIG ST7X camera. b Persei is the brightest star in the field of view of
1.8 x 3 degrees. The long vertical dimension has been
cropped. North is up, east is left.

The V results of b Persei for the 2013-2014 observing season, transformed to Vt, were analyzed
with the ANNOVA method in Peranso period analysis software (CBA, Belgium.com, 2011). The period
was found to be P = 1.5273 ± 0.0015 d. Figure 3
shows the resulting phase plot of the data. These data
represent 16 observation sessions with 545 observations dating between Nov. 3, 2013 and Feb. 22, 2014,
a span of 110 days. Each point plotted is an average
of 4 photometric data. A least squares procedure was
used to manually fit a 2-harmonic cosine fit for the
phase plot given by
V – Vmean = C1cos(θ + φ1) + C2cos(2θ +φ2)

(1)

Here θ is the phase given by fractional part of (JD –
JDMin)/P, where JD is the Julian Date for each observation. This function is plotted as the solid curve in
Figure 3 using the following parameters that produced a stable least squares solution:
Period: 1.5273 ± 0.0015 d
JDMin: 2456605.3890
C1: 0.0084 V
C2: 0.02737 V
φ1: 0.24 radian
φ1: -0.013 radian

Figure 3. Top: Phase plot with a 2-harmonic fit for b Persei. The period P (1.5273d) is calculated from these data
spanning 110 days. Bottom: A plot of the check star
(SAO 24498). Note: the check star is about 1/20 the
brightness of b Persei. The magnitude scale of the
check star plot has changed so that the noise amplitude
appears visually similar as the noise on the variable
star.

3.

NPOI-Astrometry

The Navy Precision Optical Interferometer
(NPOI) is a six-element optical interferometer which
is described in detail in Armstrong et al. (1998). The
standard NPOI observational setup including data
recording and OYSTER analysis are described by
Hummel et al. (2003). b Per was observed with the
NPOI as part of an observing campaign to resolve the
close (AB) binary pair which were precursor data for
eventual longer baseline observations of the system.
This observing campaign began in October 2010 and
has continued using different combinations of observing stations, utilizing either a 3 or 4 station setup.
These observing configurations allow for maximum
baseline lengths up to 64m translating to an effective
resolution in the roughly 3-5 milliarcsecond regime
allowing for a very detailed look at the potential multiplicative nature of this non-eclipsing radio-flaring
system. The calibrator star for all observations was ε
Persei (HR1220, V = 2.89, B0.5V, parallax (π) = 6.06
mas), located 10.95˚ from b Per. The standard observing cadence included gathering visibility data for
the calibrator, ε Persei, followed by observations of
the target, b Per.
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The application of the OYSTER software package to reduce and analyze interferometry data can
lead to directly observed measurements for the relative astrometry, position angle (θ) and separation (ρ),
of the observed stellar system. Optical interferometry
can also directly reveal the magnitude differences
between the individual components of multiple star
systems. We show the relative astrometry and the
fitted orbit of the tertiary component of b Persei in
Fig. 4.
Table 1 presents the results of the best fit
OYSTER model for the 7 orbital elements describing
the b Persei AB-C system:
Orbital Elements - OYSTER model
a (mas)

26.22 ± 0.06

ω (deg)

212 ± 1

I (deg)

90.5 ± 0.1

T

2440080± 3

E

0.185 ± 0.003

P

703.06± 0.07

Ω (deg)

120.0 ± 0.1

4.

Table 1. OYSTER 7-element orbit.

Table 2 (below) lists the predicted and observed
eclipse times along with future eclipse prediction
times using the updated OYSTER model.

Eclipse
Prediction
Date (JD)
2456330.9
2456752.0
2457034.6

Eclipse Prediction Dates (JD)
Eclipse PreEclipse
Date (Calendiction Date
Observed
dar Date)
(Calendar
Date)
February 7,
February 5-6,
2013
Y
2013
April 4, 2014
January 12,
2015

??

April 4, 2014

xx

xx

Table 2. Eclipse prediction summary for past, current
and upcoming eclipse times

With an orbital model for the AB-C component
in hand and with previous indications from Hill et al.
of a possible eclipse by a long-period component, it
became possible to make a reasonable prediction of
observing an eclipse of the AB components by the C
component. The first modeled eclipse timeframe was
announced at the 2013 Spring AAS meeting in which
a call-to-arms for photometry and spectroscopy was
made. The AAVSO was also informed of this opportunity which turned out to be the most fruitful collaboration of that observing campaign described in the
Introduction.
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Figure 4. NPOI relative astrometric results for b Persei
AB-C components indicating a nearly edge-on orbit
which can be seen as the black line passing through the
astrometric data points.

Discussion: Photometry

The period found during the span of observations
(110 days) is not significantly different from the period reported by Stebbins (1923), which was adopted
from the original spectroscopic ephemeris by Cannon
(1914):
Minimum = JD 2422780.433 + 1.52732d * E.
Assuming a stable orbit during the 100 year
lapse since Cannon’s ephemeris, the period becomes
1.52733 ± .00004 d. The uncertainty is based on an
uncertainty of one cycle during the 100 year interval.
This is in good agreement with the spectrographic
determination of the period by Hill (1976). Algol
type stars show a period drift typically on the order of
10-5 d mostly due to magnetic activity (Hall, 1989). It
is therefore not surprising that we find period stability ΔP/P < 3 x 10-5.
The new results show a slightly larger amplitude
of the b Persei light curve than the original Stebbins
observations. CCD detectors are highly linear,
whereas Stebbins (1910) had to wait for the photoresistance cells to “relax” after being exposed.
The upcoming eclipse in January 2015 gives us
the opportunity to examine the possible separate ingress and egress of the two inner components of b
Persei, and hence obtain a better characterization of
the secondary star as well as the primary star. Multicolor rapid sequence time-series photometry from
many observers is thus desired.
It is also interesting to note that the minimum in
the light curve of Figure 3 appears to dip below the
fitted line. Several sessions concentrated on this part
of the phase. A plot of the residuals from the best fit
curve is shown in Figure 5 along with the standard
deviations above and below the mean residuals. The
data hints that there is a dip about 1-2 standard deviations below the curve. This hints at a possible eclipse
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of an accretion stream, a self-eclipse of a cusp on the
primary star’s Roche lobe, or a grazing eclipse. Confirmation will have to wait for more data.

6.1

Observing Suggestions

• CCD camera is preferred with multiple bandpass filters.
• Avoid saturation (b Persei is bright, 4.6V).
• Take long observation runs – as long as possible – to obtain high time-resolution and significant phase span during an observing session.

Figure 5. The residuals with the standard deviations for
the phase plot showing hints of a possible grazing
eclipse at zero phase.

5.

Light Curve Modeling: AB Pair

The modeling software Binary Maker 3 (BM3;
Bradstreet) was used to model the light curve of the
AB close pair of b Persei to match the photometry
data. BM3 has the ability to model a binary star system using a multitude of stellar and orbital model
parameters which helped to quicken the analysis of
the many published models of this system. By keeping the orbital model fixed and varying the inclinations and masses of the components it became possible to perform a fit-by-eye with BM3 to the observed
photometry.
The modeling of the A-B pair revealed very
good results as there was very good time sampling
through the roughly 1.5 day orbital period leading to
a good solution approximation for the eccentricity
and masses of the close binary (Figures 6 and 7). The
resulting fit-by-eye does a very good job in describing the observed photometry.

6.

Observers Needed for Next Eclipse

With the next b Persei eclipse expected around
January 12, 2015, and the short (2-3 day duration of
the eclipse and rapid changes from the rapidly orbiting A and B components, many widely-distributed
observers are needed who will provide time-series
observations of several hours during each observing
session.

• Use short focal length (FOV at least one degree to include reference star). A guide scope,
finder scope or telephoto lens can be fitted to
the CCD camera. Larger format CCD cameras
can be binned to yield increased dynamic
range and reduce file size. If the FOV permits
would λ Persei be a better comparison than the
star in this paper.
• Defocus to avoid under-sampling. FWHM ~ 2
to 3 pixels).
• Experiment well ahead of predicted eclipse to
obtain consistent out of eclipse ellipsoidal variation. The goal is to obtain data with a standard deviation at least as small as 0.01 magnitude and to span 2 weeks on either side of the
expected eclipse.
• Multi-filter data during one observation run is
risky if the focus changes significantly with
the different filters, so coordination between
different observers/instruments will help cover
the several band passes.
• Please send all observations to the AAVSO
transformed to R, V, and B respectively.

6.2

Special Precautions for DSLR Use:

• Very large files – cumbersome
• Time series runs require extensive number of
large files
• Use only raw image files
• Should time-average DSLR frames or data to
minimize the noise
• Use DSLR only for the green channel or luminosity from all color channels and transform to
V or to Vt.
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Figure 6. Top: V photometry of b Persei (small data points) and Morris (2014) photometry superimposed with Binary
Maker 3 synthetic photometry (solid curve). Bottom: The residuals between the measured photometry and the BM3
output. The BM3 model employed the OYSTER orbital model (Hummel 2003) using Hill’s (1976) modeled inclination and
mass.
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Abstract
We present a summary of nearly continuous nighttime sky brightness photometry from a ground static survey
(GSS) conducted by STEM Laboratory, Inc. at the Global Network of Astronomical Telescopes (GNAT) Cerritos
Observatory site in the Tucson Mountain foothills to the west of Tucson, AZ. We show numerous examples of
different sky conditions and their impacts on high frequency sky brightness measures. During that time period, a
similar installation was established at Colorado State University. We also address problems and solutions related
to institutional barriers to that installation.

1.

Introduction

STEM Laboratory, Inc. (STEM Lab) has developed instrumentation and survey protocols that advance the study of light at night (LAN) and provide
innovative ways to analyze nighttime environments.
Previous papers have discussed the STEM Lab sky
brightness meters (SBM) in depth (c.f. Craine et al.,
2012b). The newest light meter developed by STEM
is the internet enabled sky brightness meter (iSBM)
described by Craine et al. (2013b). The iSBM is a
compact unit primarily intended as a stationary device, recording LAN data at high temporal frequency
for long-term monitoring (an element of the Ground
Static Survey or GSS). All data collected from iSBM
units are loaded and archived at the SkyGlowNet.org
website for easy access by researchers.
One such iSBM unit has now been running fairly
continuously for two years, recording nightly LAN
data in the Tucson, AZ Tucson Mountain foothills. A
comprehensive discussion of the format and nature of
the iSBM data structures is presented by Craine et al.
(2013a).
The iSBM data have utility in research projects
related to impacts of LAN on local wildlife and ecological systems. They serve as a useful research adjunct to other STEM Lab LAN projects using ground

mobile surveys (GMS), airborne surveys (ABS), and
satellite data surveys (SDS). The iSBM data are also
useful as science education outreach programs, as
discussed by Flurchick et al. (2013a, 2013b), Craine
and DeBenedetti. (2012), and Craine et al. (2014).

2.

Observations

The data on which we report here were obtained
from a STEM iSBM unit, SN 10043, located at the
Cerritos Observatory of the Global Network of Astronomical Telescopes (GNAT). The site is in the
Tucson Mountain foothills west of Tucson, Arizona
at latitude +32.29206°, and longitude –111.063°, at
an elevation of about 800m.
We report on data from calendar year 2013; the
data set is initiated on 1 February 2013. The data
from January 2013 were discarded for this study as
they were inhomogeneous and collected for a variety
of other experiments that rendered them difficult to
compare with data for the balance of the year.
The iSBM unit was mounted on the roof of the
observatory and pointed to the zenith with an unobscured view of the sky. It was operated in the automatic mode, and set to turn on at about sunset and to
turn off at sunrise. The raw data were written to a
location that can be accessed in real-time at the
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STEM SkyGlowNet website (www.skyglownet.org).
Some of these data are accessible to site guests; access to the full data set is available to site subscribers.
The SkyGlowNet data archive is comprised of XML
data files organized by geographic site, iSBM unit,
and date of observation.
A separate off-line working data archive was
created for the Cerritos data set by downloading the
XML files and transferring their contents to nightly
Excel data spreadsheets (the Nightly Spreadsheets).
There was also a hardcopy log of the summary SkyGlowNet website nightly data pages maintained. Key
elements of the content of these data pages were also
transferred to a separate Excel spreadsheet (the
Summary Spreadsheet). These included, for each
night of the observing period of interest, the date of
observation, the corresponding day number
(DATEVALUE), the mean brightness [mag/arcsec2]
between times of astronomical twilight, the percentage of that part of each night that the device actually
operated, the percent of lunar illumination, the corresponding mean brightness [mag/arcsec2] during
which there was no moon above the horizon, the
number of observations, a flag if the night was
judged to be very clear, and another flag if the night
was both clear and moonless (the latter two being
somewhat subjectively determined),
Independently logged were notes and comments
on the data sets that referred to a variety of circumstances that could have affected some parts of the
data, i.e, weather events (cloud, cold fronts, rain,
lightning, etc.), unusual transient lights, meteor
showers, eclipses, fireworks, and so forth.

3.

2:00am, due to lights going out around the city
(which we show in more detail later in this paper).

Figure 1. Example of a clear night, May 11, 2013.

In Figure 2 we see an example of a cloudy night
(Sep 26, 2013). We see a general overall brightening
of the sky as a result of the reflection of nearby city
lights off of the bases of the clouds. The effects of
different types of clouds have profoundly different
effects on sky brightness, as a study of iSBM data
will reveal. In the case of Figure 2, the clouds are
providing nearly continuous sky cover, but are of
considerably variable density, with some small
breaks through which stars could be observed. The
result is a highly irregular level of sky brightness
throughout the night.

Example Graphical Data

While each night’s corresponding sky brightness
graph (representing brightness levels versus time) is
unique, certain patterns can be observed. In this section we look at common and recurring astronomical
and weather events and their impact on the graphical
representation for that night. While we can form
broad conclusions about the nightly conditions simply by looking at the graphs, the corresponding summary data from each SkyGlowNet nightly data page,
especially with the current lunar data, may help in
confirming or directing user conclusions.
To help potential users better understand some of
the variety in these plots, we show a number of typical examples in Figures 1 through 8.
Figure 1 shows a very clear night, with no moon
or clouds (May 11, 2013). We see an expected pattern of darkness occurring at approximately 8:00 pm
(astronomical twilight) and then an increase in
brightness with the coming of dawn. There is an additional decrease in brightness at around 10:00pm to
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Figure 2. Example of a cloudy night, Sep 26, 2013.

In Figure 3 we see an example of a full moon
with disk illumination of 99.1% (Oct 17, 2013). Our
observing notes indicate that this was a cloudless
night. We see a substantial brightening of the night
sky as a result of the scattered and directly captured
moon light. The amplitude of this effect is clearly
very large, and usually represents the single largest
contributor to night sky brightness. It is interesting to
note that the iSBM data can be a powerful education-
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al outreach tool, and one such project can involve
having students monitor the changes in lunar cycle as
they impact sky brightness. This can be particularly
interesting in the context of iSBM observing stations
at different geographic latitudes.

Figure 3. Example of a night with a bright moon, Oct 17,
2013.

calized weather events may not be noted by the regional weather station, key elements of which are
continuously logged to the iSBM data archive. In this
case we have found it beneficial to keep a separate
data log, recording unusual occurrences which may
affect that night’s data.
For example, Figure 5 shows a night with steady,
light rain (Nov 21, 2013). We only know this by referring to our data log, where we recorded the event.
The rain was not noted in our weather brief from the
local weather station, though it did record a cloudy
sky with a run-up to very high humidity (~85%). The
high brightness levels of the plot and its irregularities
indicate the presence of cloud, but the only way to
determine the complete cause of the structure in the
graph was by referring to our notes. However, it does
give us an idea of what a rainy night looks like.
It is interesting to note that this was a bright
moon night (disk illumination 82.8%; moonrise at
21:00). We can tell from comparison other light
curves of bright moon nights, with scattered cloud,
that the moonlight is substantially obscured.

Figure 4 shows a night with both a bright moon
(99.9% disk illumination) and clouds (Nov 17, 2013).
We can see the general pattern of the moon rising at
around 8:00pm, with the brightness beginning to taper off at around 5:00am, then jumping up again with
sunrise. However, while the moon is up, we also note
dips from the high brightness levels. This is caused
by numerous scattered clouds coming in between the
moon and the iSBM, creating a shadow on the unit’s
sensor and hence an apparent decrease in brightness.
The high frequency, “spikey” appearance of the
clouds is a result of their discrete, scattered nature. A
relatively thin, uniform cloud bank does not show
such structure.
Figure 5. Example of a night with rain, Nov 21, 2013.

Figure 4. A night with clouds in front of moon, Nov 17,
2013.

In Figure 6 we see a more extreme example of
the effects of rain on sky brightness. Unlike Figure 5
data, obtained during light, steady winter rain showers, the data in Figure 6 are from a more localized,
but still relatively light spring rain (Apr 8, 2013). In
this case the moon was dark (disk illumination 1.9%),
and the sky was approaching maximum darkness
during the rain showers themselves, which largely
blocked reflected light from nearby urban areas. After sunset the sky was approaching a dark level, when
clouds came in over the observatory and quickly
brightened the sky with reflected light. The onset of
rain (at about 12:45am) yielded an abrupt decline in
sky brightness, which was restored after the rain subsided, about two hours later.

Occasionally, it is not possible to determine,
simply by looking at the graphical data, what the
causes of instantaneous sky brightness are. Very lo-
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cal dark levels of ~20mag/arcsec2. Then the night
turned chilly and a frost formed, causing uneven
brightness and overall greater brightness levels toward the end of the night. These effects are not real
sky brightness and such data must be discarded in
wildlife and ecology impact studies.

Figure 6. Example of a cloudy night with steady rain.

Summer in southern Arizona usually means towering cumulus cloud during the day, with lingering
electrical storms during the night. The very intense
“monsoon” rains result from the heat of the day. In
Figure 7 we see a cloudy night with a dark moon (Jul
9, 2013; disk illumination 3.1%). Temperatures remained above 90F until after midnight, and the dominant feature is the bright lightning discharges shortly
thereafter. There was some rain later, before morning
twilight.

Figure 7. Summer electrical storm with lightning.

We operate the iSBM in a weatherproof housing,
and it generally continues recording night time
brightness regardless of weather conditions. This
usually works well, however, there can be some situations in which sky brightness readings are misleading due to significant obscuration of the sensor window. This is obviously true in the cases of snow, ice,
or heavy frost (light frost seems to have little impact).
This is part of the reason that we advise keeping an
independent weather log, and also referring to the
continuous weather logging data in the SkyGlowNet
data archives.
Figure 8 shows an example of a night with
heavy frost. The evening began clear, reaching typi-
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Figure 8. Example of a night with frost, Dec 22, 2013.

4.

2013 Data Summary

From the Summary Spreadsheet for the period 1
February through 31 December, 2013, we were able
to calculate gross statistics of the data collected. The
iSBM unit was operated for 273 nights during the
period of interest, or 81.7% of the total nights available. The nights during which observations were not
made were skipped for both deliberate and unplanned
reasons. Deliberate shutdowns were due to combinations of severe weather or instrumental maintenance
and experimentation. Unplanned shutdowns were due
to occasional power outages that interrupted the system or, more typically, to internet service provider
failures. The latter has been a recurring frustration
with our site location. As a result of whole or partial
lost nights, we actually collected data for about 70%
of the available dark time between beginning and
ending astronomical twilight. An excellent solution to
the internet service problem vis-à-vis the iSBM units
is discussed below.
Of the 273 nights for which data were collected,
147 (53.8%) were judged to be very clear, and 83
(30.4%) were both clear and offered extended moonless periods of observation. A summary plot of the
complete nightly mean data set is shown in Figure 9.
Of course, the predominant feature in such data
is the contribution from the lunar cycle. It will be
noted in Figure 9, that the periodic lunar cycle, while
prominent in the first and last segments of the plot,
appears to be effectively masked in the central part of
the plot. This is a characteristic of the Tucson, AZ
observing site, for which much of the night sky of the
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summer months is typically obscured by cloud, rain,
and electrical storms.

20.3-mag, with a standard deviation of 0.3-mag.
However, the average standard deviation of the mean
for each night is 0.2-mag. In Figure 11, we plot the
mean monthly brightness for the clear, moonless
nights. This suggests that there is possibly a small
seasonal variation in the data. Such variation is likely
due to seasonal variation in atmospheric aerosol content, in this case either water or dust.

Figure 9. A plot of mean sky brightness, between nightly
times of astronomical twilight, as a function of date for
the 2013 calendar year, starting with 1 February 2013.

If we move data from the Summary Spreadsheet
(the day number and the mean brightness for each
night) to a text file as input to the period analysis
software Peranso (Vanmunster, 2014), we can use
the ANOVA statistical analysis to characterize the
periodicity of the data. The ANOVA analysis of the
entire data set yields a high probability frequency fit
for a period of P = 29.55-days. Using that value of P
applied to the entire data set, we obtain the phase
diagram shown in Figure 10. Most of the scatter in
the phase diagram is due to the bright sky, arising
from city lights scattered off of pervasive summer
cloud cover, during what would otherwise be dark
nights. The underlying brightness variation due to
lunar cycle is clearly visible. The suggestion of multiple, close phases is due to the fact that these data are
plotted as nightly means and not precise times of
maximum brightness, thus biasing the plot slightly.

Figure 10. The phase diagram for the mean brightness
of all observed nights of iSBM data from Feb 1 – Dec 31,
2013. The periodic brightness variations are due to the
lunar cycle. The scatter is due to scattered light from
clouds. An envelope drawn below the points describes
the darkest levels of night time sky for the Cerritos observing location.

If we look at the clear, moonless segments of the
data, we find that the mean nightly sky brightness is

Figure 11. Mean monthly brightness for clear, moonless
nights during the period. The line is a fourth order polynomial fit to the data, suggesting a subtle seasonal variation in the darkest skies.

In Figures 12 through 21, we look in detail at ten
different nights, scattered throughout the year, that
are both moonless and cloudless. Each figure is a plot
of sky brightness as a function of local time. Also,
each plot is constrained only to data taken between
start and end of astronomical twilight, thus minimizing any effects of natural lighting, and helping to
ensure that we are seeing only, or predominately, the
effects of artificial lights. Such data can be subjected
to exhaustive analysis. We will note only some gross
features here to stimulate the thinking of potential
SkyGlowNet data users.
The most obvious feature of all of these light
curves is their steady decline in brightness from the
starting values at the onset of astronomical twilight.
Remembering that these are contributions from artificial lights, we must interpret this effect as the process
of turning lights off as the night progresses. Most of
these light curves show a much smaller amplitude
increase in brightness as morning astronomical twilight approaches. For the Cerritos Observatory site,
the decrease in brightness from about 10:00pm until
midnight is typically about 0.3 – 0.6 mag/arcsec2. We
attribute most of this contribution to a handful of
nearby sports parks that are much brighter than other
local light sources.
The darkest part of the night is seasonally dependent, but never reached until sometime after mid-
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night, and is often of very short duration, as little as
an hour or perhaps two in some cases.
There are distinct small scale variations of nightly sky brightness due to artificial lights, many of
which are impossible to deconvolve in the absence of
independent observations. Some of these may be
worth exploring for research purposes, particularly in
relation to understanding the effects of artificial LAN
on certain animal behaviors.
The extent to which these variations must be understood in terms of idiosyncrasies of human activity
is clearly demonstrated by comparing Figures 20 and
21. Figure 20 is a “typical” night of Dec 30, 2013;
but Figure 21 records local LAN on Dec 31, 2013. It
is apparent that celebratory New Year activities, including bright points due to fireworks, have significantly elevated LAN levels from the previous night.

Figure 14. Apr 10, 2013.

Figure 15. May 11, 2013.
Figure 12. Feb 6, 2013. The gap in the light curve is a
consequence of an ISP data link failure.

Figure 16. Jun 6, 2013.

Figure 13. Mar 11, 2013.
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Figure 17. Aug 6, 2013.

Figure 20. Dec 30, 2013.

Figure 18. Oct 3, 2013.

Figure 21. Dec 31, 2013.

5.

Data Applications

The iSBM GSS data archives offer a variety of
opportunities for application to many types of projects, including the following:

Figure 19. Nov 3, 2013.

•

Monitoring observatory site characteristics
and LAN impacts on astronomical research
options.

•

Supplementing LAN GMS, ABS, and SDS
area of interest analyses.

•

Monitoring LAN mitigation activities.

•

Educational outreach: interactive science
and research projects.

6.

Colorado State University
Installation

In this section we describe some of the challenges and solutions in making an iSBM installation on a
large institutional building which impeded external
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wireless connectivity. In this case the site was Colorado State University.
The Internet-Enabled Sky Brightness Meter 2
(iSBM 2) photometer can only connect to a network
wirelessly. It has a 2.4 GHz Duck Antenna that connects to an 802.11g network and has the ability to use
WPA encryption or no encryption. The iSBM 2 User
Manual notes that the unit will not operate with the
older WEP 64 bit security. There were two hurdles to
connecting the photometer to the university's wireless
network. First, the university's network requires Radius authentication to access the network. Second, the
photometer is located on the roof of a shed on top the
roof of the building and the university's network was
too weak to have a reliable connection.
Initially you must establish a wireless link from
the photometer to a router. There are two methods to
connecting the iSBM 2 photometer to a wireless network. The first preferred method, outlined in the
iSBM 2 User Manual, is to use the Wi-Fi Protected
Setup (WPS) protocol. The second method is to negotiate the WPA security protocol (requiring provision of the SSID name of the wireless network and a
valid password). We used the second method to connect the photometer to the router. The internet web
path tags listed in the configuration file must be altered to match the specific iSBM unit (i.e. match the
assigned group) regardless of the method employed:
#IP=skyglownet.org
#PATH=ar/group/wifi.php
where group is your assigned four letter group designation)
The first method requires the router to have a
WPS feature. The WPS feature allows you to seamlessly connect the photometer without having to provide the SSID or password on the configuration file
on the photometer. Once the router is configured for
access to the Wide Area Network (WAN), enable the
WPS feature and then power up the photometer. The
photometer should automatically connect.
The second method requires one to alter the configuration file on the micro SD card. On the config.txt file there is a #SSID tag (name of the wireless
network) and a #KEY tag (password) that must be
added. The configuration file is shown in Table 1.

// config file for skybright meter
// calibration constants
#SLOPE=1.197
#ICEPT=21.087
// save data to sdcard
#SDCARD=0
// web ip
#IP=skyglownet.org
// data archive
#PATH=ar/csu/wifi.php
//router for WPA secure
#SSID=routername
//password for WPA secure
#KEY=password
//end
Table 1. iSBM Configuration File

Initially the photometer was connected wirelessly using a TP-Link TL-WR841N Wireless N Router.
Once a wireless connection was established, the router was put in a room on the third floor directly underneath the shed. The router signal, due to interference
of waterlines and HVAC systems, was weak. The
photometer would take data for a short time, an hour
to a day, and then it would be disconnected from the
network. If the photometer was rebooted it would
reconnect to the network and pass data a short time,
an hour to a day, and then it would disconnect again.
In order to improve the signal a second TP-Link
router was placed in the shed of the roof. The TPLink router in the shed was bridged to the TP-Link
router on the third floor. This provided a better signal
and the photometer was able to send data for a slightly longer period, a day to two days before disconnecting from the network. After multiple attempts to reposition the TP-Link routers for a more reliable connection we opted for another solution.
The final solution was to replace the TP-Link
routers with one Verizon Wireless 4G LTE Mobile
Hotspot 890L. The Hotspot connects the photometer
directly to the internet via a cell phone tower. The
Hotspot did require a 2 year contract and a monthly
fee. The Hotspot was installed in the shed directly
underneath the photometer. Since the hotspot has
been installed on October 25, 2013, the photometer
has sent data continuously with only few interruptions due to snow fall or extremely cold weather.
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Abstract
Six beginning astronomy students, part of an undergraduate stellar astronomy course, one advanced undergraduate student assistant, and a professor measured the position angles and separations of Washington Double
Stars (WDS) 05460 + 2119 (also known as ARY 6 AD and ARY 6 AE). The measurements were made at the
Manzanita Observatory (1160 20’42” W, 320 44’ 5” N) of the Tierra Astronomical Institute on 10 Blackwood Rd.
in Boulevard, California (www.youtube.com/watch?v=BHVdcMGBGDU), at an elevation of 4,500 ft. A Celestron
11”HD Edge telescope was used to measure the position angles and separations of ARY 6 AD and ARY 6 AE.
The averages of our measurements are as follows: separation AD: trial 1 124.1 arcseconds and trial 2 124.5
arcseconds. The average of separation for AE: trial 1 73.3 arcseconds and trial 2 73.8 arcseconds. The averages
of position angle for AD: trial 1 159.9 degrees and trial 2 161.3 degrees. The averages of position angle for AE:
trial 1 232.6 degrees and trial 2 233.7 degrees.
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1.

Introduction

tion angles and separations of WDS 05460 + 2119.
The goals to measure the separation and position angles of WDS 05460 + 2119, as well as demonstrate
that real pertinent science can be done by students.
The research we did will help determine whether or
not these doubles stars are binaries, or just appear to
be lined up from our perspective on Earth.

2.

From Left to Right: Scott Molyneux, Jacquelyn Hirzel,
Corey Tokuhara, Professor Hoffert, Nicholas Scutti, Sarah Spartalis, and Brett Leeder

The average person might think about the double
star sunset Luke Skywalker sees in Star Wars Episode IV: A New Hope. But double stars are so much
more than what fiction has imitated. A double star,
also known as a binary star, is a system in which two
stars orbit around a common center of mass. The
primary star is the brighter star, while the dimmer
star is known as the secondary star. There are four
types of binary stars: visual, spectroscopic, eclipsing,
and astrometric. In a visual binary star the angular
separation between the two stars is big enough to be
seen with a telescope. A spectroscopic binary star is a
system in which light emitted from each star changes
with orbital position, and leads to different measurement of the spectra. An eclipsing binary star system
consists of stars that eclipse each other from a terrestrial point of view. An astrometric binary is one in
which only one star is visible. The second star is inferred by its effect on the apparent motion of the visible star.
When observing binary stars, the position angles
and separations between the stars are measured. The
position angle describes the angle of the line connecting the two stars in relation to celestial North 00 and
East is considered 900. The separation is the distance
between two stars as they appear in the night sky.
Under the guidance of Professor Michael J. Hoffert
and Eric Weise, six students in the stellar astronomy
course at Concordia University Irvine, California,
measured the position angles and separations of two
double stars in the system Washington Double Stars
(WDS) 05460 + 2119, also known as ARY 6 AE and
ARY 6 AD. The binary stars were observed on February 8, 2014 (B2014.143) at Manzanita Observatory
of the Tierra Astronomical Institute in Boulevard
California at an elevation of 4,500 feet. A Celestron
11”HD Edge telescope was used to measure the posi-
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History

Interest in double stars began as early as the 17th
century. One of the first recognized pioneers of double stars was a Jesuit astronomer of Italian descent,
Giovanni Riccioli. In 1650, Riccioli made a chance
discovery of the double-star now called Mizar (Couteau 5). Refracting telescopes had only recently been
invented around his time, and “no one knew the distances or the sizes of the stars” (Couteau 5). Therefore, Riccioli’s discovery was of great significance.
He was followed by a slew of other significant observers, some of whom are introduced below and
many of whom are unmentioned.
In the18th century lived a German musician and
astronomer named William Herschel. He popularized
Riccioli’s discovery of Mizar by referring to “double
stars as physical systems” (Couteau 7). Herschel
made the exciting discovery that the stars orbited one
another. He began recording double stars in 1776 and
passed on his interest to his descendants. He hoped to
use parallax and his observations to provide concrete
evidence disproving the celestial spheres theory. He
observed the binaries through homemade telescopes.
He made over 400 telescopes. The most powerful
was equipped with a four foot diameter speculum
metal mirror that was forty feet in focal length. It was
the “most powerful of [Herschel’s] time” (7). However, since the observer still had to follow the stars
with his eyes, moving the telescope with his arms
only, the measurements were not precise (7).
Friedrich Georg Wilhelm von Struve was an astronomer to follow the accomplishments of Herschel.
He was the first in a long line of astronomers, 5 generation but it was his achievements that were most
influential to his ambitious children and fellow astronomers in the Royal Society. Struve was considered to be Herschel’s successor and used new tools to
observe the binaries. He was “the first to have available (in 1824) an equatorially mounted refractor driven by a clock and equipped with a filar micrometer”
(8). This became the newest and most powerful instrument of its time. The instrument was a major improvement because it “freed him from the severe
constraint of following stars by hand, which would
necessarily have impaired his visual acuity” (8). Binary observations became more precise. His instru-
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ment served as a model for further instruments as
they “evolved” to become more efficient and precise.
Yet another significant astronomer in the field of
double star research was American military stenographer named Sherburne Wesley Burnham (18381921). Burnham, like many astronomers, contributed
two scientific journals of original double star observations to the field. His research had revealed that
there was much to learn about binaries. Astronomers
could proceed in two ways: “by making celestial
charts with the aid of catalogues that are complete to
a certain magnitude, or by going directly from the
catalogue to the sky” (10). His charts enabled astronomers to categorize their findings in a clearer fashion.
“His work and efforts eventually led him to be the
parent of the Washington Double Star Catalog”
(Hartkopf 1). When the opinion prevailed that all the
known double stars had been discovered by the Herschels and the Struves, Burnham discovered 81 new
doubles with his 6 inch refractor and ended his career
with a total of 2,500 new doubles.
Shortly after Burnham’s time, “progress in stellar classification allowed binaries to be sorted according to spectral type, absolute magnitude (giants or
dwarfs), and distance from the sun” (12). This advancement made it possible for astronomers to neatly
lay out their findings in way that categorized details
about the double stars and revealed gaps in
knowledge. Current advancements in technology and
improvements in the methods and instruments make
double star viewing an easier feat than it was for astronomers in earlier centuries. According to author
Paul Couteau, “A century and a half passed before it
was known how to make objectives for a refractor
that would give a good image on the optical axis”
(28). Over time, improvements in stabilization, lighting, and magnification have improved the precision
of methods used by astronomers. Couteau also notes
that “refractors are slower than reflectors, more selective, and less adaptable to auxiliary instruments; they
are no longer used for spectroscopy and photoelectric
photometry, but are reserved for…astrometry, of
which the measurement of double stars is an important part” (28). According to the article written by
Richard Jaworski of The Astronomical Society, “To
determine what doubles are in reach of your particular scope, you should calculate the resolving power of
your telescope.” He reported William Dawes’ formula for measuring the distance between double stars,
which was used in the late 1800's. In this formula,
“(R = 4.56/A) where R is the resolution in arcseconds
and A is the telescope’s aperture in inches. Many
amateurs do not realize that this relationship holds
true only for a pair of stars each of about sixth magnitude” (“Double Star Observing Section”). In conclu-

sion, the direction and speed of a double star’s orbital
motion “can tell [astronomers] about the masses of
heavenly bodies [which] is why double stars are important” (2). Knowing more about the masses of
heavenly bodies can reveal interesting details of their
composition and stellar evolutionary cycles.

3.

Methods and Equipment

Observations were made at the Manzanita Observatory of the Tierra Astronomical Institute in
Boulevard, California at an elevation of 4,500 feet.
The 48” High Efficiency Reflector has a focal length
of F 12.5 and utilizes a two pass quartz corrector
spaced directly in front of the 9 inch diameter secondary mirror. The optical elements spacing between
the primary and the secondary is thermally isolated
with invar rods. The instrument can produce diffraction limited images. The instrument has taken part in
work on Quasars, K-dwarf stars and is scheduled to
participate in the future studies of Io’s Torus.
The Celestron 11”HD Edge telescope was calibrated using the standard drift calibration method to
determine the number of arcseconds in each tick of
the linear scale of a Meade astrometric eyepiece. The
star Zeta Tauri of right ascension 05h37m
38s,declination +21°8’33”, and magnitude 2.88 was
used for calibration. The observers were trained in
how to read the scale beforehand using a transparency of the scale that appears on the eyepiece and a
photocopy of the double star field during a classroom
exercise. At the observatory, they practiced measuring for the calibration, separation, and position angle
of double stars. The eyepiece was rotated so that the
star would drift in line with the linear scale when the
drive was turned off; the star was placed just beyond
one end of the linear scale. The drive was turned off
and the time it took for the leading edge of the star to
hit the first tick in the linear scale to the time it took
for the leading edge of the star to hit the last tick of
the linear scale were recorded. This was repeated
eighteen times, three times for each observer.
Next, the separation observations were made of
the target double stars. The eyepiece was rotated so
that both stars were in line with the linear scale. The
distance between the two stars was measured in
number of ticks to the nearest 0.1 and later converted
into arcseconds. The measurement was taken twelve
times with each of the six observers measuring twice.
After each observer, the eyepiece was rotated 180° to
compensate for any error in positioning of the eyepiece. In order to prevent bias, only one observer
recorded the data and kept the measurements secret
from the others.
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The position angle of the double stars ARY 6
AD and ARY 6 AE was also measured. Star A was
brought to the exact center of the linear scale and the
eyepiece was rotated so that the linear scale passed
through the secondary star (D or E, depending on the
observation). The drive was then turned off so that
the stars began to drift to the outside of the field.
When the star A reached the outer 360° scale, the
drive was turned back on and the angle of the star
was measured to the nearest degree. This was repeated fourteen times with two times for each of seven
observers with the star re-centered after each observer.

4.

Results

The calibration of the eyepiece gave us an average of 29.14 seconds for the full length of the scale in
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the astrometric eyepiece. Using with this value we
calculate the number of arcseconds per division on
the linear scale, z, using the formula:
z = (t*15.0411cosθ)/n
We get 8.139 arcseconds per division (see Table
1), where θ is the declination of the calibration star, n
is the number of ticks in the linear reticle scale, t represents average drift time, z denotes scale constant in
arcseconds / tick, and 15.0411 is the sidereal rate in
arcseconds / second. A visual representation of this
data can be found in Figure 1.
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Observer 1
Observer 2
Observer 3
Observer 4
Observer 5
Observer 6
Average
Standard deviation
Total average
Z[arcsec/tick]

Trial 1
(seconds)

Trial 2 (seconds)

Trial 3 (seconds)

29.03
28.98
29.16
28.94
28.35
29.3
28.96

29.39
29.93
28.44
29.16
29.07
29.48
29.25

29.48
29.21
29.12
28.89
29.49
29.12
29.22

0.3266

0.4963

0.2322

29.14
8.139
Table 1. Drift calibration.

Observer 1
Observer 2
Observer 3
Observer 4
Observer 5
Observer 6
Average
Std dev
Total average

Trial 1 AD
(arcsec)

Trial 2 AD
(arcsec)

Trial 1 AE
(arcsec)

Trial 2 AE
(arcsec)

124.509
124.509
125.328
123.69
123.69
125.328
124.5
0.7325
124.3

125.328
122.052
123.69
124.509
124.509
124.509
124.1
1.129

72.9033
72.9033
74.5416
73.7224
72.9033
72.9033
73.31
0.6853
73.59

73.7224
72.9033
75.3607
73.7224
73.7224
73.7224
73.86
0.8054

Table 2. Separation between the double star set AD and AE

Observer 1
Observer 2
Observer 3
Observer 4
Observer 5
Observer 6
Observer 7
Average
Std dev
Total average

Trial 1 AD
(degrees)

Trial 2 AD
(degrees)

Trial 1 AE (degrees)

Trial 2 AE
(degrees)

160
159
161
160
159
160
160
159.9
0.6901
160.6

162
160
163
158
163
162
161
161.3
1.799

234
236
235
232
232
235
232
233.7
1.704
233.1

231
234
233
231
234
233
232
232.6
1.272

Table 3. Position angle of the double star set AD and AE

Figure 1 . Averages of observations 1-3 for drift calibration with added standard deviation error bars.

Figure 2. Averages of separations for observed binary
group AD with added standard deviation error bars.
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The separation between the double stars AD was
measured to be 124.3 arcseconds and the separation
between double stars AE was 73.59 arcseconds. See
Table 2. The position angle of AD was measured to
be 160.6° and the position angle of AE was measured
to be 233.1°. See Table 3.

5.

Figure 3. Averages of separations for observed binary
group AE with added standard deviation error bars.

Figure 4. Averages of observed position angles for binary group AD with added standard deviation error bars.

Figure 5. Averages of observed position angles for binary group AE with added standard deviation error bars
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Discussion

Possible errors in the collection of our data
would come from three main sources: instrumental
error, environmental error, and human error.
To reduce possible human and instrumental error, the data collector would check out the data. If
some datum is too off from other data, the data collector would tell the observer to recheck the data and
the instruments would be checked. This system was
used once successfully. One observer’s datum was
off. The observer was told to recheck. It was discovered that the eyepiece was loose, and the problem
was promptly fixed. After the instruments were fixed,
the observation was done again and the datum
seemed to match the others. Instrumental accuracy in
the future could be increased by having a reticule
eyepiece with finer divisions. Each observer’s personal equation (anticipation, hand-eye reaction time,
and judgment) was refined from trial 1 to trial 3 as
noted in the drift calibration Table #1 with a progressively smaller standard deviation.
Environmental error comes from the seeing conditions of the sky as well as any shaking of the telescope. The night that the data set was collected, the
sky was partly cloudy. To minimize the atmospheric
error, data was only collected when the clouds did
not interfere. A problem due to the vibration of the
telescope was trying to simultaneously determine the
positions of the stars on the linear scale. The stars
were widely separated to minimize the relative error
of the measurements. Unfortunately, this made it
more difficult to estimate the positions of both stars
simultaneously because the human eye can only visualize stars to a certain maximum separation.
Concordia University’s recorded data for both
the separation as well as the position angle of binaries
AD and AE are consistent with available historical
data from the Washington Double Star database. To
illustrate this, the two tables below include data from
four different observations of the same binaries,
spanning 122 years, which allow an observable pattern to be established.
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ARY 6 AD
ARY 6 AE

1892

1958

2000

2009

2014 (CUI)

124.352
75.675

124.944
74.191

123.39
72.74

124.43
73.08

124.3
73.59

Table 4. Historical Measured Averages of Separation for ARY 6 AD & AE (in arcseconds)

ARY 6 AD
ARY 6 AE

1892

1958

2000

2009

2014 (CUI)

159.2
230.6

159.4
232.0

160.0
234.0

159.9
233.0

160.6
233.1

Table 5. Historical Measured Averages of Position Angles for ARY 6 AD & AE (in degrees)

6.

Conclusion

We were able to accurately discover the separations and position angles for WDS 05460 + 2119.
While our only setback was around 10:20 PM, when
the sky was too cloudy to see the stars through the
telescope, they eventually passed, and the group was
able to finish the required measurements. The students learned how to measure the separations and
position angles of binary stars at an observatory using
the Celestron 11” HD Edge telescope, and how to use
the data they received to find the averages of the separations and position angles. Even after this observation, binary stars will still be researched, especially
using two specific types of research: Speckle Interferometry and Spectroscopic Binaries. Speckle Interferometry attempts to recreate the image of objects in
space as it is before being altered through our atmosphere. . Spectroscopic Binaries are systems in which
the light emitted from each star’s spectral line changes, and the space between the two are very minimal.
Despite different observational methods, double stars
will contribute to our knowledge of stellar evolution.
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Abstract
The author discusses pedagogical successes achieved in a course based on visual telescopic observation for
college students in all majors.

1.

Introduction

Numerous papers in the astronomy education literature have debated the worth of including visual
telescopic observations in college-level courses (e.g.
Kim 1990; Maraziti 1996; Mills 1980; Waller 2004;
Walsh 1994). The arguments against the pedagogical
value of such experiences for non-science majors
include the unpredictable nature of weather, the frustration experienced by some students when the image
at the eyepiece fails to live up to unrealistic expectations (largely due to Hubble Space Telescope images
widely disseminated in the media), the everincreasing problem of light pollution, and problems
of not having sufficient telescopes to accommodate a
large number of students. In the case of astronomy
majors and minors, there is an additional concern that
visual astronomy is not “realistic” – that “real” astronomers don’t actually look through telescopes as
part of their job.
On the other hand, it has been argued that what
students most want from their college astronomy
courses is to observe the real sky, to experience what
is often called the “eyeball on glass” nature of visual
telescopic astronomy. Such experiences can excite
students and make an impact that lasts far beyond the
end of a general education course. Hamilton (1990)
and Percy (1996) have additionally argued that including active-learning experiences in the astronomy
laboratory, such as those naturally offered through
observational astronomy, is especially important in
the training of pre-service teachers. This paper will
explore the author’s experiences introducing science
and non-science majors as well as pre-service teachers from a number of disciplines to the immediate
joys and unlimited potential of visual telescopic
viewing in the course ESCI 278 Observational Astronomy.

2.

The Course

ESCI (Earth Science) 278, Observational Astronomy, is a four-credit course offered nearly every
Fall semester that can be used as part of the astronomy minor, earth science or science education major,
or by non-science majors to fulfill the science laboratory requirement for general education. The course
has been running for over twenty years, and until
approximately five years ago had a prerequisite of
any Astro 101 course. When it was determined that
students who had been given permission to enroll in
the course without the prerequisite did as well as
those who had taken the required prior course, the
prerequisite was dropped. The course is structured
around two 50-minute daytime sessions and two 2hour nighttime sessions per week. Students are
trained in operating a wide variety of astronomical
instruments, including mounted and handheld binoculars, equatorially mounted reflectors and refractors, Newt-Dobs, and a Schmidt-Cassegrain telescope
with a solar filter. The largest telescope is the 16 inch
Cassegrain in the rooftop observatory. The other instruments are used on a special fenced-in rooftop
platform. All instruments are operated manually (objects are found via starhopping) and only the observatory telescope has a tracking motor. Therefore students become adept at locating and manually tracking
objects. While the course stresses telescope operation
and the night sky, students also learn about why the
objects they are viewing appear the way they do in
the telescope (e.g. observable features of the planets,
binary stars, star clusters, etc.).
Due to the hands-on nature of the course, enrollment is capped at 16. The audience comes from
an extremely varied background in terms of prior
experience with visual observing. Some students
have never looked through a telescope before in their
lives while others have telescopes of their own at
home. On a given night a selection of four or five
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different instruments are used, with students rotating
through the instruments to observe a variety of objects and gain experience working with each instrument. While the teamwork approach helps to support
the novice observers, by the end of the semester it is
understood that each student will be capable of finding objects on their own with each instrument. While
there is no pattern to the ratio of science majors to
non-science majors enrolled, the audience is generally sophomores through seniors and, interestingly,
there is often gender parity in the course (something
that is generally rare in physical science courses).
Indeed, in four of the past five classes women outnumbered men. Given the gender inequality in both
amateur and professional astronomical circles this
result is encouraging.

3.

Service-Learning in the
Observatory

While paper and pencil testing of student
knowledge is used within the course (including exams and a careful scrutiny of log books), performance-based assessment is key to ascertaining
whether or not students have mastered the basics of
visual telescoping observing. Beginning in 2004, a
service-learning capstone project was integrated into
the course, a series of public observing sessions that
are planned, advertised, and conducted by the students. This capstone allowed students in non-science
majors to draw upon their strengths, such as the writing of press releases or the graphic design of posters
to advertise the event around campus (Larsen 2011).
The sessions are planned for four consecutive nights
at the end of the semester (early December), with the
understanding that, on average, only two of the four
planned nights would actually have clear skies.
Service-learning differs from more general
community engagement or volunteerism in that the
students are drawing upon, and demonstrating their
mastery of, the content that is central to the course
(Enos and Troppe 1996). Student course surveys
demonstrate that the activity is very popular with the
students enrolled in the course, and feedback from
the community and campus members who attend the
event each year also demonstrates that it is highly
appreciated. For many it is their first experience with
our long-standing tradition of free public observing
nights (and planetarium shows) at CCSU. The high
percentage of female students in the course has not
gone unnoticed by the public in attendance, which
perennially includes children from area schools and
entire families. Many teachers and parents have
commented on the strong signal sent to their daughters and female students by actually seeing female
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role models operating telescopes with poise, confidence, and proficiency.
While the course and its capstone activity are, by
themselves, highly successful in achieving their stated ends, is there a lasting impact upon the students
who complete it? Does a semester of learning the
basics of visual telescopic observing ultimately make
a difference in these students’ lives? The remainder
of this paper discusses concrete examples of how the
answer to this question is an unqualified yes.

4.
4.1

Examples of Lasting Impact on
Students
Paying it Forward on Campus(es)

One of the most important “perks” of successfully completing ESCI 278 is that students are qualified
to borrow the key to the rooftop observatory for their
personal use. But do students actually do so? The
answer is, of course, yes. But what is more important
is that students do not just use the observatory for
their own personal enjoyment, but bring other students with them. A male art major who took the
course as a first semester freshman brought fellow
students to the observatory on his own time once a
semester for several years. A female astronomy minor and resident assistant in the freshman dormitory
hosted observing sessions for her residents several
times during the year. The events became so popular
that the residents began requesting additional sessions on residence life surveys.
Education majors who completed the course often bring their own students to our campus to attend
planetarium shows and look through our telescopes
as a direct result of having completed this course. In
addition, a number of the education majors who have
passed through this class have reported to me that
they successfully rescued telescopes they found in
their own classrooms (upon becoming fulltime teachers themselves). These instruments had been mothballed by previous teachers who did not know how to
use them. The result has been hundreds (if not thousands) of school children who have been able to view
the night sky for themselves thanks to the efforts of
teachers who learned that visual telescopic observing
is a valuable skill for exciting the public about astronomy in particular and science in general.

4.2

Changing Minds/Changing Majors

While the course is open to both science and
non-science majors, admittedly it does attract more
science (and mathematics) majors. A number of students who have taken this course not only take addi-
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tional astronomy courses based on their experience in
ESCI 278, but some have actually changed their major to earth science and/or their minor to astronomy.
One male student in particular changed from a business major to an earth science major and went on to
complete a masters degree in science education. Other students have completed advanced degrees in astronomy. While “converting” people to make astronomy their vocation is certainly not the intent of the
course, it is gratifying that it has been a seminal experience in the lives of more than a few students.

4.3

Becoming an Amateur Astronomer

A more realistic goal is to motivate students to
take on astronomy as a free-choice activity, by becoming an amateur astronomer. A number of students
who have completed this course have purchased their
own telescopes, and two young ladies are currently
grinding their own 8-inch telescope mirrors through
the Springfield (VT) Telescope Makers. A number of
students have attended the Stellafane Convention as a
result of this class and become involved in local amateur astronomy clubs.

4.4

Research Projects

Finally, an important outgrowth of the course has
been a desire by a number of students to keep learning about visual telescopic observing through doing
independent study projects or even becoming involved in ongoing observing projects. One female
student has been submitting sunspot observations
through the AAVSO for the past year, and she and
another female student (both earth science majors)
have worked with me on a research project to identify
potential Cepheids and BY Draconis stars from
ASAS light curve data. Both students have presented
their projects at conferences, an important step in
building up their portfolios for graduate school.
It is therefore seen that students have been impacted in meaningful and long-term ways through
their experience with visual telescopic observing in
this college course. The final section of the paper
focuses on what the students themselves believe to be
the most important lessons taken from this course.

5.

Student Voices

An important part of the service-learning curriculum is to have students reflect upon their community engagement experience and relate it to their
own learning. Such reflections provide valuable testimonials to the power the experience of visual telescopic observing (and sharing that experience) can

have on an individual. In this section of the paper a
number of students who have taken the course over
the past two years have their chance to explain what
the experience meant to them.
One young woman, an astronomy minor, noted
in her reflection piece:
One memorable moment was when a younger
boy of about nine came into the observatory and
was very excited to see Jupiter. He started explaining to us that he had just learned about Jupiter in school and was so excited to see it for himself in person…. When he looked into the eyepiece his face lit up and the smile on his face was
so large it stretched from ear to ear. This boy was
so excited to see Jupiter and four of its moons he
could barely contain himself. He started asking
me all sorts of questions as to what the bands on
Jupiter were and I was impressed when he knew
that he was looking at the Galilean moons. He
stayed staring at Jupiter for at least five minutes.
He was absolutely entranced by Jupiter and
loved every minute of it.
A young man who was a science education major
admitted
At first I was a bit nervous. Even though my major is Education, I had never really gotten in
front of anyone to teach them something. The
nerves quickly went by the wayside as people
began to approach me. I knew my stuff and there
was nothing to be worried about…. I had a blast.
A female science education major noted
Pictures of planets, galaxies and clusters are
available in books or online but it’s so much
more powerful to see them for yourself…. The
Andromeda Galaxy is just a faint smudge of light
through a telescope but knowing how immense a
galaxy is and being able to see just the faintest
bit is pretty exciting for children and adults. It’s
more powerful than a photograph…. The image
through a telescope may be smaller with less
color, but knowing that you are looking at the real object out in space is like proof.
She further added
I know my father has decided he must have a
pair of more powerful binoculars than the ones
he already has, and my mother has purchased
them for him as a gift. A little observation of the
night sky can spark some curiosity in people to
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take a closer look at what is around, or in this
case above, them.

by putting on these observations, but they served
us as well.

But it is not just the science and science education
majors who have powerful experiences at the telescope. A young man who was a graphic design major
explained

This student later went on to work on three of the
Astronomical League’s observing programs (Dark
Sky Advocate, Urban Observing Program, and Lunar
Program) as an independent study project to examine
how these programs could be used as a student enrichment program in high schools, and is currently
under consideration for a high school teaching job in
which he will be teaching astronomy, meteorology,
and environmental science. His future students will
certainly benefit from his experiences at the eyepiece.
Visual Telescopic Observing may have its challenges, but the rewards far exceed any momentary inconveniences.

One group of CCSU students in particular made
me really happy when they said they wanted to
take the ESCI class next semester because of
what we did those nights. Another interaction I
experienced was when I went to get lunch in the
student center and the person at the grill said that
she went to the event and will probably go on
another night if she doesn’t have to work…. I am
extremely glad I took this ESCI class so I could
be a part of this event. Not only was I able to
make a cool design poster for the event, but also
I was able to connect with my classmates and the
community. This will definitely be one of the
best memories that I will have from college.
Finally, a young woman who was an art education
major illustrates the profound impact time at the eyepiece sharing the night sky with the general public
can have:
Experiencing the excitement of people realizing
the significance of what they’re looking at was
one of my favorite parts. Being able to feed into
that excitement and be present for many occurrences of it really opened my eyes to the joys of
being a teacher. Even though my concentration is
in art, this experience solidified my decision to
be a teacher that much more…. Being able to use
the knowledge I have gained over the whole semester was a really empowering experience, especially in the context of being able to educate
the public. From setting up the telescopes on our
own, to finding the objects, to explaining our objects, this overall class experience is one to remember and will stick with me as I continue
with my career.

6.

Conclusion

A science education major summed it up best,
when he noted in his reflection
The students became the masters, and it didn’t
matter what major students were. We had students of all majors in our class and at the end of
it we all came out of it with a much better understanding of the night’s sky. With this capstone I
really think we not only did the public a service
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