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Preface

Preface
Thirty years ago I could drive to and/from California from my Colorado home and stay in a motel overnight
each way for about $150. Thirty years ago, my dream was to have a big telescope, maybe even a 10-inch Newtonian with clock drive so that I could try to take pictures of deep-sky objects using a 35-mm camera and Tri-X
film. Thirty years ago, if I wanted to call home while driving, I had to stop at a phone booth. Thirty years ago, I
was playing with a “Trash 80” from Radio Shack and was excited that it took only three and a half minutes to
compute the orbit of an asteroid from three sky positions. Thirty years ago, the Chicago Cubs hadn’t won the
World Series for decades.
Today, that $150 might get me to California, but not back, or pay for motels or meals along the way, although I
can now listen to satellite radio instead of 8-track or cassette tapes. Today I own five telescopes, one of them a
20-inch Ritchey-Chretien. The smallest is a 12-inch SCT. All of them have GoTo mounts, are controlled over a
home network, and have scripting software that allows exotic CCD cameras to take images all night while I
sleep. Today, I can use a portable device not only to make a call but “surf the Internet”, watch movies, listen to
any one of thousands of songs, and still do that orbit calculation but in a fraction of second. Today, the Chicago
Cubs haven’t won the World Series for decades. I guess some things really don’t change.
This is the 30th anniversary of what has now become the Society for Astronomical Science’s Annual Symposium on Telescope Science. If there is any evidence of how things have changed, this is a prime example.
We’ve gone from simple reports on visual observations of variable stars and basic telescopes to detailed papers
worthy of professional journals describing spectroscopic studies of exotic objects, discovery of planets beyond
our solar system, modeling of asteroids, and much more. Some of these were within reach of only the most sophisticated professional observatories when the first meeting took place and there were no planets beyond our
Solar System of nine planets (Revolve in Peace, dear Pluto).
While there is evidence of advancements over the years, there is also evidence of a sad and dangerous status
quo. As the meeting has aged, so has the society’s membership. There are very few young people who attend
regularly, those who will be around to write “Thirty years ago…”, maybe even “Only ten years ago…” We
should use this special occasion to resolve that there will be a Society for Astronomical Sciences for years to
come and do what we can to encourage younger people to become active members who will carry on the work
of encouraging and establishing pro-am collaborations, of being actively involved in backyard astronomy, and
of taking an active part in the Symposium by presenting papers. It will be through these efforts that the current
members can honor the past and pass the torch to a new generation that will see even more advancements, and
maybe even the Cubs win the World Series.
Brian D. Warner
Program Committee

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 Stephens
Jerry Foote
Margaret Miller
Robert 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 Northwoods Resort
in Big Bear Lake, CA, for their efforts at accommodating the Society and our activities.
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Preface

Membership dues alone do not fully cover the costs of the Society and annual conference. We owe a great debt
of gratitude to our corporate sponsors: Sky and Telescope, Software Bisque, Santa Barbara Instruments Group,
PlaneWave Instruments, Apogee Instruments, Inc., and DC-3 Dreams. Please give them your support and thank
them for theirs.
Finally, there would be no conference without our speakers. We thank them for making the time to prepare and
present the results of their research.

Brian D. Warner
Jerry Foote
Robert Buccheim
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Good Science with Modest Instruments
R. Jay GaBany
Blackbird II Observatory, Alder Springs, California
rj2010@comcast.net
David Martinez-Delgado
Max Planck Institut fur Astronomie, Heidelberg, Germany
delgado@mpia-hd.mpg.de

Abstract
An ongoing collaboration between the authors and an international team of professional astronomers has demonstrated the scientific potential of using modest aperture, commercially produced, semi-robotic telescopes situated under steady dark skies and affordable off-the-shelf astronomical cameras to reveal extremely dim, diffuse
structures on the outskirts of distant galaxies that sheds light on galactic evolution. In this paper, we share our
techniques, experiences and highlights of our investigations thus far.

1. Introduction
Within the hierarchical framework for galaxy
formation, merging and tidal interactions are expected to shape large galaxies up to the present day.
While major mergers are quite rare at present, minor
mergers and satellite disruptions - that result in stellar
streams - should be common, and are indeed seen in
both the Milky Way and the Andromeda Galaxy.
As a pilot study, we have already carried out ultra-deep, wide-field imaging of some spiral galaxies
in the Local Volume and revealed external views of
such stellar tidal streams with unprecedented sensitivity and detail based on data taken with modest
robotic telescopes (0.1-0.5 m).
We have since embarked on a project that undertakes the first systematic and comprehensive imaging
survey of stellar tidal streams from a sample of ~60
nearby Milky Way-like spiral galaxies within 15 Mpc
having a surface brightness sensitivity of ~29
mag/arcsec.
Once completed, the survey will result in estimates of the incidence, size/geometry and stellar luminosity/mass distribution for each stream. This will
not only to put the Milky Way and M31 in context,
but provide the first extensive statistical basis that
can be compared with state-of-art, self-consistent
Lambda ΛCDM cosmological simulations of this
phenomenon. The results of the project will provide a
direct and stringent test of Hierarchical structure formation on this scale, constrain the present-epoch
(minor) interaction rate and probe the minor-merger
resilience of stellar disks.

The survey is being performed with modest telescopes and off the shelf cameras that are readily
available from commercial and retail sources.
This paper describes the initial results of our pilot study on several nearby spiral galaxies. These
systems were selected for the study because they
were already suspected of being surrounded by diffuse-light over-densities based on data collected from
available surveys (e.g., POSS-II; SDSS-I) and previously published deep images posted on the Internet
by amateur astronomers.
While based on a biased sample of systems preselected for substructures, our pilot study served as a
proof of concept for the more systematic survey of
halo substructure around spiral galaxies that we have
already commenced. It also enabled us to resolve the
required observing strategies and data reduction
methodologies. The results presented here come from
a productive collaboration between amateur and professional astronomers, dedicated to exploiting the
scientific potential of modest aperture telescopes.

2. Instrumentation and Observational
Methods
The first tidal streams surrounding the Milky
Way were discovered early last decade. Their detection resulted from the first large scale digital mapping
projects, such as the Sloan Digital Sky Survey-1
(SDSS-1) and the Two Micron All Sky Survey
(2MASS).
Due to their proximity, these structures are easily
resolved into individual stars through professional
two-meter class telescopes. Unfortunately, our internal perspective and the low surface brightness of
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these huge structures complicate our efforts to trace
and build accurate models about their formation.
Detecting these faint features requires very dark
sky conditions, the right choice of instruments, a
thoughtful observing strategy, and appropriate data
reduction schemes. Improper flat-fielding, sky subtraction or de-fringing makes their detection much
more difficult or even impossible. Also by most estimates, the Milky Way's stellar streams create a five
to ten degree wide, 360-degree arc across the entire
sky. These enormous dimensions, limited observing
time on professional telescopes and the restricted
view of their cameras make a systematic study prohibitive
Tidal streams around other spiral galaxies offer
different challenges to those surrounding the Milky
Way. Stellar tidal streams around nearby galaxies
cannot be resolved into stars and thus appear as elongated diffuse light regions that extend over several
arc minutes as projected on the sky. Their typical
surface brightness is ~27 mag arcsec or below, depending on the luminosity of the progenitor and the
time they were accreted (Johnston et al. 2001).
While their apparent size fits within typical sensor fields, their distance necessitates long exposures
to gather data with acceptable signal to noise. Again,
competition for professional telescope time results in
limited access that precludes extended observations.
Recent advances in the sensitivity of production
CCD chips, the trend toward larger aperture private
telescopes in remote, dark sites and the freedom of
use experienced by amateur astronomers led the team
to consider the inclusion of a non-professional member. So, in 2006, we initiated a project to find stellar
streams surrounding nearby spiral with modest robotic instruments located in the United States and
Australia.
This pilot survey was conducted with privately
owned observatories equipped with modest-sized
telescopes. Each observing site featured very dark,
clear skies with seeing that is routinely below 1.5
arcsec.
Both of the pilot survey telescopes described in
this paper was located in the south central Sacramento Mountains of New Mexico at an altitude of
~2,225 meters above sea level. One was housed in
the Blackbird Remote Observatory (BBRO) and the
other was maintained by a commercial observatory
service provider called New Mexico Skies.
The BBRO telescope was manufactured by RC
Optical Systems and follows a classic Ritchey–
Chretien design. This truss-mounted telescope features a 0.5-meter primary operating at f/8. It has a
27.7x18.2 arcmin field of view and a plate scale of
0.45 arcsec/pixel when used in conjunction with its
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SBIG STL11000 astronomical camera (described
below).

Figure 1. The 0.5-meter telescope at Blackbird Remote
Observatory manufactured by RC Optical Systems.

We also made use of a wide field instrument for
those galaxies with an especially extended angular
size (e.g., NGC 5055). For this purpose, we selected
the Astro-Physics Starfire (APS) 160EDF-6, a short
focal length (f/7), 16-cm aperture refractor that provides a FOV of ~74×110 arcmin.

Figure 2. An Astro-Physics Starfire 160EDF- 6 wide field
telescope.
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Both instruments and associated equipment required to operate them were commanded with on-site
control computers that allowed remote operation and
control from any global location with high band
width Web access. Each observatory used proven,
widely available, remote desktop control software.
Robotic orchestration of all observatory and instrument functions, including multiple target acquisition
and data runs, was performed using available scripting software.
Each telescope is equipped with a commercially
available CCD camera. The primary survey camera
of the BBRO was the SBIG STL-11000, which uses a
Kodak KAI-11000M imaging sensor. This sensor
consists of a 4008×2672 pixel array with 9×9 µm
pixels and a plate scale of 0.45 arcsec/pixel. An identical camera was used with the wide field instrument.

Figure 3. SBIG STL-11000 astronomical camera

Our image sets consisted of multiple deep exposures with a non-infrared clear, IR-blocked luminance, a red, a green and a blue filter from the SBIG
Custom Scientific filter set. The science images were
reduced using the standard procedures for bias correction and flat-fielding. A master dark and bias
frame was created by combining 10 dark subexposures each produced at the same exposure length
and camera temperature settings used for the luminance and the filtered images. A master flat was produced by combining 10 separate sky flats at exposures for each filter. The red, green and blue filtered
exposures were separately combined (using a median
procedure) to produce red, green and blue master
images that represented the total exposure time for
each color filter. The master images for each filter
were subsequently summed to produce a synthetic
luminance image that represented the total exposure
time of all the color filter data. It should be noted that
the exposure lengths represented by each master
color channel image were timed to normalize the
color characteristics of the CCD camera's primary

imaging chip and thus produced a synthetic luminance image that very closely matched exposures
produced with a clear filter. The synthetic luminance
image was then combined (using a median procedure) with all the clear filtered luminance subexposures to increase the contrast of the diffuse light.
The resulting final image thus represents the sum of
all available CCD exposures collected.
Photometric calibration of the luminance filter
(L) images is not currently available. So, to assess
their depth and typical quality in terms of background
and flat-fielding, we relied on images of five of our
galaxies- NGC 1084, NGC 3521, NGC 4216, NGC
4651, and NGC 5866- obtained by the Sloan Digital
Sky Survey (SDSS; York et al. 2000; Data Release 7;
Abazajian et al. 2009). Based on SDSS photometry,
we derived photometric equations to convert the Lband counts into g-band magnitudes.
SDSS image mosaics were constructed as described in Zibetti et al. (2009) and high S/N, g - L
color maps of these galaxies were obtained with
adapt-smooth (Zibetti 2009). Using these maps, we
estimated the median zero point and the amplitude of
the color terms, which turns out to be of the order of
0.1 mag, at most.
There are two main limitations to the depth that
can be reached in imaging low-surface brightness
features: (1) photon noise and (2) background fluctuations due to flat-field residual, internal reflections,
ghosts, scattered light, etc. We estimate the photon
noise limit as the surface brightness corresponding to
five times rms in 2 arcsec diameter random apertures.
For background fluctuations, we estimated the median sky level rms in selected boxes, several tens to
hundred arcsec per side, spread around the galaxies.
We find that the typical 2 arcsec diameter detection
limit is 27.2 ± 0.2 magg arcsec-2, while the typical
background fluctuations correspond to 28.5 ± 0.52
magg arcsec-2. It is worth noting that for the corresponding SDSS g-band images we measured 25 and
28.7, respectively. This shows that our images are
roughly ten times deeper than the SDSS data in terms
of photon statistics and are mainly limited by systematic background uncertainties, which are comparable
to those of the SDSS data. This implies that our images have high efficiency in detecting sharp or localized features but background fluctuations hamper our
ability to accurately measure smooth diffuse light.

3. Selected Observations
3.1 NGC 5907
NGC 5907 is a nearby spiral galaxy, about 35
million light years from Earth, which shares several
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characteristics with our home Galaxy: shape, absolute
brightness and total mass. In 1998 a group of Chinese
researchers, led by Dr. Zhaohui Shang, obtained deep
images that first revealed the presence of a very diffuse elliptical ring in this galaxy’s outer halo located
about 160 thousand light years from the spiral’s central region. This made NGC 5907 an ideal test for
exploring the potential of amateur telescopes to detect galactic fossils in the outskirts of external galaxies.

As discussed above, our search technique was
designed to very clearly reveal the morphology of
faint structures (for example, by combining all the
available images obtained in different filters with the
clear luminance deep images), but did not permit
accurate photometry.
Therefore, follow-up photometric observations
are needed to measure accurate surface brightness
and to estimate the total luminosity of the detected
tidal debris. Furthermore, the use of an uncalibrated
luminance filter prevented us from estimating the
surface brightness limit that we reached in our deep
probe of the NGC 5907 halo in any particular, standard photometric band. However, the detection of
obvious diffuse light structures fainter than those
reported in previous studies (with a surface brightness as faint as ~27.7magg arcsec-2), suggests that our
images reach a surface brightness magnitude fainter
than the 27magg arcsec-2 limit of the deep NGC 5907
image by Morrison, Boroson, and Harding (1994)
and Sackett et al. (1994), and the 28.7 magg arcsec-2
limited image by Zheng et al. (1999).

3.2 NGC 4013

Figure 4. NGC 5907 and stellar streams captured by the
0.5-m Blackbird Remote Observatory telescope.

Therefore, a series of observations were conducted between June and August 2006 that accumulated over 11.5 hours of exposure with the 0.5-meter
BBRO telescope. The image shows that the ring discovered ten-years ago by Shang and his team is the
most brilliant piece of a larger structure consisting of
several ghostly diffuse arches surrounding NGC
5907. They were, most probably, produced by the
tidal destruction of a satellite galaxy. (Smith et al.
2006). However, the image does not provide any
hints on the position or final destination of the dwarf
that produced the structure surrounding NGC 5907.
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NGC4013 is one of the 62 luminous (MB <
−16.9) members of the Ursa Major cluster of galaxies, a nearby, late-type dominated, and low mass galaxy cluster. According to the HYPERLEDA database, the mean heliocentric radial velocity of
NGC4013 (836 kms-1) places it at a distance of 14.6
Mpc.
It is also a relatively isolated system, with the
two nearest, slightly more luminous, cluster
neighbors (NGC4051 and NGC3938) at ~170/250
kpc projected distance away. Classified as an Sb galaxy with a maximum observed rotational velocity of
195 kms-1 (Bottema 1996), an extinction corrected
total absolute magnitude of -20.1Mabs Bband (Verheijen
and Sancisi 2001), and an optical scale-length of 2.8
kpc (40'') (van der Kruit and Searle 1982), NGC 4013
is very similar to the Milky Way. NGC 4013 is,
moreover, famous for its prodigiously warped Hi
disk, with a line of nodes close to parallel with that of
the line of sight and with one of the largest warp angles observed (~25 deg).
We observed NGC 4013 with three different
telescopes and instruments. In each case the same
structures appeared, albeit with different degrees of
clarity.
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fielding, we combined the final image of NGC 4013
from the sum of four 1200 sec exposures, eight 1800
sec exposures, and one 900 sec exposure. A very
faint arc is clearly identified in this image, situated at
~26 arcmin northeast of the center of the galaxy in
the region of the extreme of northern plume of the
gaseous warp (Bottema 1996; see Sec. 4). However,
as may be seen, the achievable flat-fielding and surface brightness limit was not adequate to make definitive conclusions about the nature of this structure.
3.2.2. 2.5-m Isaac Newton Telescope, La Palma
Figure 5. NGC 4012 and stellar stream captured by the
Blackbird Remote Observatory .5m telescope.

3.2.1. KPNO 0.9-m Telescope
NGC 4013 was initially observed with the Kitt
Peak National Observatory (KPNO) (now WIYN)
0.9-m, f/8 telescope as part of a pilot survey of low
surface brightness features (like stellar tidal streams)
around warped, nearby disk galaxies by C.P. and
S.R.M. The initial sample included NGC 3044, NGC
3079, NGC 3432 and NGC 4013, all edge-on systems
of large angular size with H1 warps but no nearby,
massive companions (though, in the cases of
NGC3432 and NGC3079, some associated or nearby
low surface brightness or dwarf satellites). These disk
systems resemble NGC5907, which at the time of this
pilot survey had already shown to have a tidal loop
by Shang et al. (1998), and, in the case of NGC 3044,
a minor merger was already hypothesized (Lee and
Irwin 1997). Prior to the sample selection, we used
the image filtering technique of Armandroff et al.
(1998) on DSS2 images of several nearby, edge-on,
warped disk galaxies to search for low surface brightness features indicative of potential streams. The image of NGC 5907 produced in this way does reveal
the brightest regions in that stream; however it is at
extremely low signal to noise. The target galaxies for
the KPNO observations were partly chosen because
of structures in the filtered Digitized Sky Survey II
(DSS2) images suggestive of potential streams, but in
each case these were very low signal to noise features
that did not provide incontrovertible proof of such a
stream.
The observations were made with the Mosaic
camera during several nights (UT 2000- 03-31 to
2000-04-04) using the “BATC 9” filter- essentially a
narrow version of the Cousins R band- used by Shang
et al. (1998) in their imaging of NGC 5907; the filter
was kindly loaned by Rogier Windhorst. The conditions for this KPNO run were photometric, with a
typical seeing of ~1.3 arcsec. Using standard IRAF
procedures for the overscan/bias correction and flat-

To confirm and better trace the extent of this
structure, follow-up observations were obtained with
the 2.5-m Isaac Newton Telescope (INT) at La Palma
using the Wide Field Camera (WFC) at f/3.29. This
instrument holds four 4096×2048 pixel EEV CCDs
with a pixel size of 0.332 arcsec, providing a total
field of about 35×35 arcmin. Images were acquired
during two service nights (UT 2003-03-27 and 200304-03) using the Sloan r' (#214) and Harris B (#191)
filters. From the first night we have two 600s r' band
exposures and from the second night three additional
600s r' band images plus four 1350s B band exposures.
The central CCD (chip 4) was large enough
(FOV 22.8×11.4 arcmin) to include NGC4013 and its
warp, so we reduced only chip 4 in isolation, using
standard IRAF procedures for the over-scan/bias correction, flat-fielding, and combining of the individual
images. The background on the final B band image
turned out to be reasonably flat, but the R band exposures suffered from scattered light causing large-scale
variations in the background of the order of 2%. After careful masking of all sources, which were replaced by the mean of a linear interpolation along
lines and columns, we used the IRAF imsurfit routine
on a median filtered (~30 arcsec window) version of
the masked and interpolated image to determine the
background on each individual one. After subtracting
this second order fit from the images, they were combined to the final r' band version. The two images
used in this study have an equivalent exposure time
of 50min for the r' band and 90min for the B band.
Due to the unstable weather conditions (high humidity, sometimes cirrus) during the two nights we did
not use the observed standard stars, but obtained our
photometric calibration from the r' and g' band Sloan
Digital Sky Survey (SDSS) (York et al. 2000) by
means of aperture photometry. After geometrically
mapping the INT and SDSS images to the same scale
and center and applying an identically-sized, but conservative (i.e. large) mask on the disturbing, bright
star close to the center of NGC 4013, we obtained
fluxes in six concentric apertures (40-240 arcsec di-
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ameter) on all four images and so obtained the photometric zero-points for our INT images. The uncertainty is of the order of 0.01 mag. Following Smith et
al. (2002) we converted the SDSS system to Cousins
R and Johnson B and all the following magnitudes
are given in R and B, correcting for Galactic extinction, (AB = 0.072, AR = 0.044; Schlegel et al. 1998),
but not for inclination. Although the background is
still an issue we can now more confidently trace and
measure the low surface brightness arc.

The discovery of faint structures around NGC
5055 (Messier 63) was made through the visual inspection of a deep, wide-field image obtained with a
small 0.16-m telescope. In order to study this feature
in more detail, we have observed Messier 63 with
two additional telescopes and instruments for various
purposes.

3.2.3. Blackbird Remote Observatory 0.5-m
Telescope, New Mexico
Finally, we obtained very deep images of NGC
4013 with the f/8.3 Ritchey-Chretien 0.5-meter telescope of the BBRO during different dark sky observing runs in the period UT 2006-11-06 though UT
2006-12-28. These data consist of multiple deep exposures through non-infrared clear luminance and
red, green and blue filters from the SBIG custom
scientific filters set. The images were reduced using
standard procedures for bias correction and flat fielding. To enhance the signal-to-noise of the faint structures around NGC 4013, the image noise effects were
filtered by means of a Gaussian blur filter (Davies
1990).

3.3 NGC 5055 (M63)
NGC 5055 (Messier 63) is a large, relatively isolated Sbc-type galaxy (de Vaucouleurs et al. 1976)
situated at a distance of 7.2 Mpc (Pierce 1994), and
belongs to the Messier 51 galaxy group (Fouque et
al. 1992). Its optical disk displays a fragmented and
patchy pattern of spiral arms that extends outwards,
resembling a celestial flower (hence its popular
name: “The Sunflower Galaxy”) which places it in
the class of flocculent spirals (Elmegreen and Elmegreen 1987).
We recently reported the detection of low surface
brightness features around NGC 5055 (Messier 63),
including a large loop-like structure that is consistent
with being part of a stellar tidal stream displaying
“great-circle” morphology (Johnston et al. 2008;
Mart´inez-Delgado et al. 2010). This structure was
first detected and speculated upon in a photographic
study by van der Kruit (1979). The current work will
show that this structure is consistent with being part
of the ongoing evolution of Messier 63’s stellar halo.
Along with the strong H1 warp, this feature is sound
evidence for a recent interaction with a low-mass
companion and becomes yet another example of the
possible link between disk warps and recent mergers.
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Figure 6. Stellar rings surround NGC 5055 in this view
from the Blackbird Remote Observatory.

3.3.1. Blackbird Remote Observatory 0.5-m
Telescope, New Mexico
After the discovery of the low surface brightness
features mentioned above, we confirmed their existence by re-examining a set of archived CCD images
obtained during dark-sky observing runs in March
and April of 2005 with the 0.5-m f/8 Ritchey- Chretien telescope of the BBRO. As with the wide field
telescopic data, the BBRO image set consists of multiple deep exposures (with individual exposure times
of around 15 minutes) taken through the SBIGCustom Scientific filter set.
3.3.2. McDonald Observatory 0.8-m Telescope
Since the above observations yield only limited
photometric information; we obtained follow-up observations using the McDonald Observatory 0.8-m
telescope. These observations enabled us to characterize portions of the faint, outer structure and differentiate the tidal stream from other extended stellar
halo and disk components.
The 0.8-m telescope uses a wide-field instrument, the Prime Focus Corrector (PFC), at f/3.0
(Claver 1992). This instrument features a front-side
illuminated Loral-Fairchild 2048×2048 CCD with
15µ pixels that covers a 46.2×46.2 arcmin FOV at an
image scale of 1.355 arcsec per pixel. Deep images
were acquired in B and R during a dark-sky observing run in April 2009. All on-sky images were taken
at an air mass <1.6 and were dithered to reduce systematics. The observing conditions were generally
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very good; however, two nights had relatively variable transparency conditions.
The most striking feature in our deep images is
the faint loop structure that apparently emerges from
the east side of the NGC 5055 (Messier 63) disk and
sweeps almost 180 degrees to the North-East, reaching 14.00 (~29 kpc projected) from the galaxy’s center and entering again at the northwest side. When
first discovered by van der Kruit (1979), there was
little doubt that this feature was real. However, it was
unclear if it originated in Messier 63 itself, or if it
was rather “high latitude reflection nebulosity in our
Galaxy” (i.e., Galactic cirrus), like that contaminating
the field of Messier 81 and 82 (Sollima et al. 2010).
Our deep images hint that this feature is in fact
part of Messier 63 based on similar morphology to
the great-circle type tidal streams, arising from the
disruption of a lower mass satellite galaxy in a nearly
circular orbit.

3.4 NGC 4736 (M94)

Figure 7. The extended spiral arms of NGC 4736(M94)
seen in optical light by the BBRO telescope.

We also conducted a deep multi-wavelength
analysis (0.15–160 µm) to study the outer region of
the nearby galaxy NGC 4736 (M94). We suspected
the ring of material surrounding this galaxy might be
more evidence of stellar streams. Instead, we found
non-optical data supported the idea that the outskirts
of this galaxy is not formed by a closed stellar ring
(as traditionally claimed in the literature) but by a
spiral arm structure.
In this sense, NGC 4736 (M94) is a good example of a Type III (anti-truncated) disk galaxy having a
very bright outer disk. The outer disk of this galaxy
contains ~23% of the total stellar mass budget of the
galaxy and contributes ~10% of the new stars created
showing that this region of the galaxy is active. In
fact, the specific star formation rate of the outer disk
(~0.012 Gyr-1) is a factor of ~2x larger (i.e. the star

formation is more efficient per unit stellar mass) than
in the inner disk. We have explored different scenarios to explain the enhanced star formation in the outer
disk.
We found that the inner disk (if considered as an
oval distortion) can dynamically create a spiral arm
structure in the outer disk which triggers the observed
relatively high star formation rate as well as an inner
ring similar to what is found in this galaxy.

4. Discussion, Future Studies, and
Conclusion
Our pilot survey of tidal streams associated with
nearby galaxies has revealed that many spiral galaxies in the Local Universe contain significant numbers
of gigantic stellar structures that resemble the features expected from hierarchical formation. Although
we have only explored a handful of galaxies, our collection already presents a wide spectrum of morphologies for these stellar features. Some of them
maybe have analogs in the Milky Way: e.g., (i) great
arc-like features (labeled A in the last figure) that
resemble the Milky Way's Sagittarius, Orphan and
Anticenter streams (e.g., Majewski et al. 2003, Belokurov et al. 2006, 2007b, Grillmair 2006) and (ii)
enormous clouds of debris that resemble our current
understandings of the expansive Tri-And and Virgo
overdensities and the Hercules-Aquila cloud in the
Galactic halo (Rocha-Pinto et al. 2004, Belokurov et
al. 2007a, Martinez-Delgado et al. 2007, Juric et al.
2008). Our observations also uncover enormous features resembling giant "umbrellas" (labeled U in the
last figure), isolated shells, giant plumes of debris
(labeled GP in the last figure), spike-like patterns
(labeled S in the last figure) emerging from galactic
disks, long, tightly coherent streams with a central
remnant core (labeled PD in the last figure) and
large-scale diffuse forms that are possibly related to
the remnants of ancient, fully disrupted satellites.
Even when limiting the output of the simulations
to a surface brightness comparable to our observational limit, the different stream morphologies seen
fossilized in these nearby spiral halos can be easily
identified in snapshots of the model halos as well.
This is illustrated by in the last figure, which compares the most conspicuous types of tidal debris detected in our survey with those visible in the model
snapshots for three different assembly histories. From
an analysis of their models, Johnston et al. (2008; see
their Fig. 1) concluded that the observed stream morphology is principally dependent upon the progenitor
satellite's orbit and accretion epoch. For example,
great circle features (like those seen around NGC
5907 and M63) apparently arise from near circular
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orbit accretion events that occurred 6-10 Gigayears
ago. Straight narrow features with associated shells
(e.g., the spikes in NGC 5866 and the umbrella
shaped structure in NGC 4651, labeled Sp and U respectively in in the last figure) were formed in a similar epoch from low-mass satellites in almost radial
orbits.
The tidal streams around external spiral galaxies
are easier to study than those surrounding the Milky
Way because our internal perspective places limitations on our view of streams associated with the
Milky Way. Unfortunately, the search for tidal
streams in the Local Group has not been completely
successful- only six examples have been detected
over the last decade. This result is not a complete
surprise since the theoretical models predict the majority of spectacular structures have a low surface
brightness and are located in the halo of spiral galaxies thus making their detection challenging with
ground-based telescopes.
In 2006, we initiated a project to detect stellar
streams with relatively small robotic telescopes located in the United States. Our collaboration started
with a few images of spiral galaxy M94, obtained
with a 0.5-meter telescope at the Blackbird Remote
Observatory in New Mexico. These images displayed
an amazing extended disk surrounding this nearby
galaxy. One was arguably the deepest ever obtained
and clearly demonstrated the scientific potential of
modest instruments to detect very diffuse structures
on the outskirts of distant galaxies.
We have since followed up with additional studies and confirmed the existence of tidal stellar steams
around NGC 4013, NGC 5907, NGC 5055, and others (see the last figure) – all using modest instruments.
Encouraged by this pilot survey, we have embarked on the first systematic search for stellar tidal
streams in a complete, volume limited sample of spiral galaxies up to 15 Mpc (i.e., the Local Volume).
This will result in the first comprehensive census of
stellar stream structures within the Local Volume and
it will enable meaningful statistical comparisons with
cosmological simulations. The frequency of streams,
their stellar populations and their morphologies will
help reveal the nature of the progenitors and lend
insights into the underlying structure and gravitational potential of the massive dark matter halos in
which they reside. This will thereby offer a unique
opportunity to study the apparently still dramatic last
stages of galactic assembly in the Local Universe. In
this regard, the survey will be complementary to (and
directly inform the interpretation of) local galactic
`archaeological' data from resolved galaxies like M31
and the Milky Way.
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Since objects within stellar streams continue to
move along the satellite galaxy’s path, we have a
chance to study the dwarf’s orbit seemingly frozen in
the sky. This creates a set of conditions that would
enable ten-meter class instruments, such as the Keck
on Maua Kea or new Grantecam (GTC) at La Palma,
to collect and measure the radial velocity of embedded stars, globular clusters and planetary nebula.
These measurements would improve our understanding about the gravitational effect of spirals on nearby
particles and improve models that probe one of the
most profound galactic mysteries- their dark matter
halos.
While waiting to collect information from large,
professional telescopes, our statistical survey of tidal
streams in local spiral galaxies will continue with
modest amateur telescopes. These investigations
demonstrate the potential of twenty-first amateur
astronomers, armed with the latest technology, to
participate in highly competitive international scientific projects.
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Figure 8. NGC 5907: This image displays identified
photometric features detected in the data obtained with
the BBRO .5m telescope. For reference, a color image
obtained with the same telescope has been superimposed on the saturated disk region of the galaxy. The
position of two different strips used to measure the
width of the stream is also indicated by red rectangles.
For comparison purposes, north is to the right and east
is up.

Figure 9. NGC4013: Smoothed and enhanced versions
of the KPNO 0.9m image (upper panel) and the INT B
band image (lower panel) highlighting the low-surface
brightness features. The arrows of lengths 2' in the
lower left corner give the size and orientation.

Figure 10. NGC 4013: This image was obtained with the
BBRO .5m telescope. The total exposure time of the
original image was 13.7 hours (including 11 hours
through a clear-luminance filter) and was noise-filtered
by applying a Gaussian blur filter. The image has dimensions of ~18.5' × 15', which, at the distance of NGC
4013 is ~78 × 63 kpc. For illustrative purposes, a color
image of the NGC 4013 obtained with the same telescope has been superimposed on the saturated disk
region of the galaxy.
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Figure 11. NGC 5055: The central portion is a positive
image, the outer portions displays an inverted view so
the faint structures are more apparent.

Figure 13. NGC 4736 (M94): This picture was produced
by combining mid wavelength infrared images from the
Spitzer Space Telescope with near and far ultraviolet
pictures from GALEX to provide a unique panchromatic
view of NGC 4736 and its heretofore unsuspected outer
spiral arms. Red, green and blue hues represent regions
dominated by infrared radiation. Deep blue and yellow
indicate areas with intensive ultraviolet emissions.
Agua, violet and white result when areas overlap.

Figure 12. NGC 4736: This optical picture was produced
when 90 separate exposures, obtained by the .5 meter
BBRO telescope, were electronically combined to create
a single image that's equivalent to a 13 hour exposure.
When the variance between the dimmest and brightest
parts of the image is extremely exaggerated, a process
called 'super stretching', faint structures often jump into
view.
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Figure 14. This is an illustrative comparison of some of the different features detected in our pilot survey to the surviving structures visible in cosmological simulations of Milky Way-like galaxies. The two central panels provide an
external perspective realized through a simulation (from left to right, halo models numbered 17and 15 from Johnston
et al. 2008) within the hierarchical framework and show luminous streams resulting from tidally disrupted satellites.
Each snapshot is 300 kpc on a side.

The tidal features labeled in the snapshots identify structures similar to those observed in our data:
A: great circles features (Messier 63);
Sp: spikes (NGC 5866);
U: umbrella shaped structures (NGC 4651);
PD: partially disrupted satellites (NGC 4216);
GP: giant plumes (NGC 1084).
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Spectral Color Mapping of Astronomical Images
Debra Ceravolo
Ceravolo Optical Systems
102-100 Craig Henry Drive, Ottawa, Ontario, Canada, K2G 5W3
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Abstract
Pictorial astronomical imaging, derisively known as “pretty picture” imaging, has become the wild west of astronomy where objects are often portrayed with garish, oversaturated and unreal colors. While false color representation of celestial objects may have its place in science, and can display familiar objects in new and exciting
ways, these images are misleading to the general public as a true representation of the universe. A new approach to color rendering is described that attempts to assign colors, calibrated to the visible spectrum, to RGB
and narrowband images for a more realistic representation of celestial objects.

1. Introduction

structure in contrasting colors. The result was very
dramatic but unreal.

In recent years, narrowband or false colored imaging has become very popular as a way of showcasing astronomical objects in interesting and new ways.
This processing technique got its start from the famous ‘Pillars of Creation” image taken with the
Hubble Space Telescope back in 1995. This one image greatly influenced the world of amateur astronomical imaging. It is commonplace to see images of
nebulae in a variety of colors, so much so that many
non-astronomers have come to accept this as the
norm. They are often shocked to learn that this is not
how the universe really looks.
This paper offers an alternative approach to the
use of narrowband and RGB images to create a more
realistic portrayal of celestial objects.

2. The Hubble Palette
In 1995, the famous Pillars of Creation image of
the Eagle nebula was released to the public. This image turned out to be so dramatic that it changed the
world of image processing and popularized the use of
false color in astronomical objects.
The ‘Pillars’ is the result of creative image processing using the Hubble’s narrowband filters that
were originally intended for science, not pictorial
imaging. The filters that were used isolated the hydrogen alpha (Hα), ionized sulfur (SII) and doubly
ionized oxygen (OIII) nebula emission lines. In order
to produce a suitable image for public eyes, the three
narrowband images had to be color mapped as RGB.
The red SII image was colored mapped as red. The
red Hα was color mapped as green and the blue-green
OIII was colored mapped as blue. This ‘Hubble Palette’, as it became known, highlighted the object’s

Figure 1. The "Pillars of Creation" from the HST.

3. Understanding Color
Color can be defined by three parameters,
namely, hue, saturation and brightness. Hue is the
dominant wavelength of the color, saturation refers to
the purity of the color (spectral colors are 100 percent
saturated) and brightness means how dark or light the
color is. Changing any one of these parameters
changes the color. A good example of this is an orange peel and a chunk of chocolate (Young, 1985).
They look different but both are the same hue and
saturation. They differ only in brightness. Similarly,
Mars is not really the reddish orange we may think it
is. Images of Mars that we have become accustomed
to seeing have been lightened to better reveal surface
detail. However Mars reflects only 10 percent of the
Sun’s light, so when the brightness levels have been
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properly adjusted, like the orange peel and chocolate
example; it is really a dark brown. In summary, when
you change an object’s brightness, you change its
color.
The CIE diagram (Commission internationale de
l'éclairage or the International Commission on Illumination) was created in 1931 as a result of the need
for a mathematical language for color. It was the first
widely accepted, international standard way of defining color and is still the "gold standard" today. The
CIE Color System characterizes colors in terms of
their x and y coordinates on the diagram. The boundary represents maximum saturation for the spectral
colors, and the diagram forms the boundary of all
perceivable hues. The colors can be matched by
combining a given set of three primary colors (such
as the blue, green and red of a computer monitor) and
are represented on the chromaticity diagram by a
triangle joining the coordinates for the three colors.

120 and blue, a value of 240 (Figure 3). Photoshop
automatically makes the saturation 100 percent and
assigns a brightness value of -50, which is medium.
These values are the software’s default settings and
not necessarily calibrated for the filters used. Once
the RGB images have been combined, there are a few
different methods of balancing the RGB colors. The
most common method is using a G2V star in the image as a white balance. G2V stars are like our sun,
which is white, not yellow as many may think.

Figure 3. The color wheel and degree values

Figure 2. CIE Chromaticity Diagram

4. Color Mapping
For this paper, the author refers to Photoshop as
the choice of processing software for the final stages
of image processing. At this point, the individual red,
green, blue, Hα, SII and OIII images have already
been calibrated, stacked and registered with slight
stretching to produce a master image of each.
Filtered images are monochrome until assigned a
color. In normal image processing, meaning non false
color, RGB images are assigned their colors according to their position in degrees on the color wheel.
Red is given a hue value of 0 or 360 degrees, green
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Figure 4. Photoshop Hue/Saturation Tool (red)

Narrowband images are often processed using a
slightly different technique. The master images of
Hα, SII and OIII are layered in Photoshop and colorized using the hue/saturation tool (Figure 4). This
tool allows the three values of hue, saturation and
brightness to be specified. Often, the three narrowband images are assigned any number of combinations that pleases the image processor. Typically, the

Ceravolo – Color Mapping of Images

Hubble Palette is used. Saturation is always 100 percent and the brightness generally -50 which is halfway between light and dark.

layer, using the Hue/Saturation tool (Figure 7). But
what values produce a true color image?

5. Blending Narrowband and RGB
Narrowband imaging has become popular for its
ability in cutting through light pollution and highlighting an emission nebulas’ structure. The narrowband filters have a very narrow band pass, only 3 to
10 nm (Figure 5). Broadband filters have band passes
of approximately 100 nm or so which can overwhelm
the nebula.

Figure 5. Narrowband filters vs. broadband

A common processing technique used to achieve
a natural look using narrowband filters is to blend the
images in with the RGB colors. Hα and SII can be
blended into the red layer. OIII lies equally between
the blue and green filters; it is blended equally into
the green and blue layers. The master red, green and
blue images are now enhanced with narrowband detail and the natural color is still preserved.

6. Six Color Layering
However, this blending technique forces the Hα
and SII images to be the same color as the broadband
red image (360 degree on the color wheel). OIII is
forced to have the same color as the broadband green
image (120 degrees) as well as the blue (240). The
narrowband images are not highlighted in their own
distinct colors; they are only contributing to the structural detail in the object.
With the six color layering technique, all six images are placed in separate layers and assigned their
own color (Figure 7). In Photoshop, the layer blending mode is set to ‘screen’ which allows each layer to
contribute to the final image. We can then assign
specific hue, saturation and brightness values to each

Figure 7. All 6 images layered in Photoshop

7. Defining Colors that Match the
Visible Spectrum
Ideally, the RGB and narrowband image layers
should have assigned colors that closely represent
their true wavelengths. Red’s central wavelength is
640 nm, green-540nm, blue-440nm, Hα-656nm, SII672nm and OIII is 500nm. The problem lies within
converting the filters’ central wavelength (Figure 8)
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to the appropriate hue, saturation and brightness values.
Andrew Young, San Diego State University, created a technique to render spectra for realistic display
on the RGB monitor. His work allows us to determine the specific values of hue, saturation and
brightness for any wavelength (Figure 9). We now
have the tools to create true color images of celestial
objects using Young’s spectrum and the tools in Photoshop.

It should be mentioned that colors are not portable, in other words, an image can be balanced and
finessed on one monitor but that balance may be lost
on other monitors. Calibration is important but still
many problems arise with variation of color management with different software programs, browsers,
projectors and printers. It is hoped that eventually,
there will be a better way for all of these devices to
be more consistent in their treatment of color.
These techniques are experimental and further
work continues. Any collaborations and new ideas
are welcomed.

Figure 8. The Central Transmission of each filter

8. Applying Young’s Spectrum
In Photoshop, we open the image of Young’s
spectrum and using the eye dropper tool (Figure 9)
we can click on an area of the spectrum adjacent to
the filter’s wavelength. The color the eye dropper
tool picks up is displayed in the Foreground Color
Box (Figure 10) in Photoshop’s toolbox. By double
clicking on the foreground box, the Color Picker
window appears and here we see the three important
values of hue, saturation and brightness (Figure 11).
Now we can go back to the stacked layers as
shown in Figure 7 and in each layer enter the three
values of hue, saturation and brightness that we acquired from the Color Picker.

9. Final Color Balancing
The introduction of the narrowband image
causes the sky background and star colors to be out
of balance. A remedy for this is to erase the sky
background and stars in the narrowband images using
a Photoshop Layer Mask. This allows only the nebulae in the narrowband images to contribute to the
overall image. The RGB background and stars are
preserved.

10. Conclusion
The main message of this paper is to promote a
more natural representation of celestial objects using
narrowband and RGB filters. This new technique
brings out more narrowband structure than the
blended method permits as well as displaying the true
colors of the emissions intrinsic to the nebula.
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Figure 9. The Calibrated spectrum
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Young, A. T. (1985). What color is the solar system?
Sky Tel. 69, 399-403.

Figure 10. Photoshop’s Foreground Color Box

Figure 11. Photoshop Color Picker showing hue, saturation and brightness values of Hα.

11. Acknowledgements
The author wishes to thank Andrew Young for
his research and dedication in determining the natural
colors of our solar system and in producing a calibrated spectrum for the computer monitor that enabled this new approach to image processing. As
well, special thanks go to the organizers of the SAS
conference for accepting this article and for the opportunity to speak on this topic at the 2011 SAS conference.

12. References
Berry, R; Burnell, J. (2006) The Handbook of Astronomical Image Processing. Willmann-Bell, Inc.
http://hubblesite.org/
Layer Masking Tutorial
http://starizona.com/acb/ccd/software/
ps_morenarrow.aspx
Rendering Color
http://mintaka.sdsu.edu/GF/explain/optics/
rendering.html
The Science of Color Science
http://mintaka.sdsu.edu/GF/explain/optics/color/
color.html

17

Ceravolo – Color Mapping of Images

18

Warner – Save the Lightcurves!

Save the Lightcurves!
Brian D. Warner
Palmer Divide Observatory / MoreData!
17995 Bakers Farm Rd.
Colorado Springs, CO 80908
brian@MinorPlanetObserver.com

Abstract
Asteroid time-series photometry has been going on for many years and, as a result, generated enormous
amounts data, much of it scattered in “dusty filing cabinets”, paper and electronic, and so known only to the original observer or, at best, a very small number of people. Such data are invaluable for solving modern data problems in rotation rate statistics, binary formation, causes for tumbling, orbital evolution, and spin axis orientations,
to name a few. With the rate of data generation going up almost exponentially the past decade and sure to grow
even faster when large wide-field surveys come on line, it’s critical that lightcurve data not be lost and be made
available to as many researchers as possible. Toward this goal, a new standardized format for reporting asteroid
lightcurve data has been proposed: the Asteroid Lightcurve Data Exchange Format (ALCDEF). Establishing this
new standard has lead to it being adopted by the Minor Planet Center, the recognized clearing house for asteroid
and comet astrometry data. Their participation may help assure broad acceptance of the ALCDEF standard and,
most important, that asteroid lightcurve photometry data will be available to all researchers for years to come.

1. Introduction
Unlike astrometric data for asteroids, there is no
generally-accepted central repository for raw asteroid
lightcurve data (though that is changing; see section
5). There are several sites that accept such data, but
each one has its own formatting and minimum data
requirements, making it a time-consuming task for
researchers to prepare raw data for submission, especially for the “backyard astronomers”, the group that
has contributed the vast majority of asteroid lightcurves in the last 5-7 years. More important, none of
these sites have captured an appreciable percentage
of the lightcurves generated in recent years. Without
a central, widely-accepted repository, a researcher
needing data must spend valuable time scouring the
Internet and other resources hoping to find what he
needs. This is often unproductive and frustrating
work.

2. A Growing Problem
More than 4600 composite lightcurves are reported in the Asteroid Lightcurve Database (LCDB;
Warner et al. 2009) with 3700 being of sufficient
quality for rotational studies. The number of individual lightcurves is much greater. For example, at the
Palmer Divide Observatory alone, approximately
3900 individual lightcurves were used to produce 700
composite lightcurves. Using that as a rough guide,

15000 to 20000 individual lightcurves are represented by 3700 composite lightcurves.

Figure 2. Comparison of the number of lightcurves appearing in the Minor Planet Bulletin, usually from “backyard astronomers”, versus those in other journals such
as Icarus, Astronomical Journal, and others. From the
LCDB (Warner et al. 2009).

The growth in asteroid lightcurve data is expected to continue, possibly by orders of magnitude,
in the coming years. This makes it ever more imperative that a common reporting standard be developed
and adopted and that a central repository relying on
that standard is established. Otherwise, data will sit
on computer hard drives or in private archives and fill
the electronic equivalent of “dusty filing cabinets” to
the brim. Eventually and quite easily, these data
could be lost forever.
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2.1 Why Raw Lightcurves are Important
Lightcurves obtained over several apparitions
can be used to generate spin axis and shape models
using inversion techniques. It’s critical to have the
raw data since composite curves may have used the
wrong period and/or relied on an incorrect assumption for the phase function. Recent results combine
adaptive optics, occultation profiles, and optical
lightcurves to generate the most accurate models yet
(see Carry et. al. 2010, with comparison of model of
21 Lutetia and Rosetta fly-by images; Figure 1).

Figure 1. The model for 21 Lutetia generated from combined from several observation techniques. The result is
very close to that seen during the ROSETTA fly-by.

These so called “dense lightcurves” can be combined with “sparse” data product from such programs
such as LSST, DCT, Pan-STARRS, and others to
generate highly reliable results in less time (Durech
et al. 2009; Hanus et al. 2010). The dense curves can
also be combined with radar observations and so help
eliminate ambiguous solutions or give radar observers an idea on rotation rates and so a rough estimate
of SNR before the radar observations are made.
Increasingly important are studies involving different thermal effects, e.g., Yarkovsky and YORP,
that influence orbits, can lead to the formation of
binary asteroids, or cause an asteroid to go into or out
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of a “tumbling” (non-principal axis rotation) state.
These studies require long baselines of data. Right
now, such data are available for a limited number of
objects.

3. Solving the Problem
3.1 Data Format
There seem to be as many reporting formats for
asteroid photometry as there are those generating the
data. This makes exchanging data sets difficult, at
best, since this means writing a number of different
parsing programs to handle the various formats, let
alone understanding the data details. For example,
some observers include light-time correction in the
Julian Dates or correct magnitudes to unity distances
or a specific phase angle. Some data users need the
data without any such corrections or, at the least, the
sufficient details to remove the corrections.
One of the most difficult problems when using
legacy data (obtained before the last 10 years or so) is
that sometimes the Julian Dates were forced to a
common JD zero point using an assumed rotation
period. If that period was wrong, even by a small
amount, then the “fixed” JD values are not reliable
for many uses.
To solve these problems for current and future
data requires adopting schemes similar to those used
by the Minor Planet Center for asteroid photometry
and, recently, the AAVSO for reporting CCD observations of variable stars. In these two cases, there is a
very specific format for the data. The ALCDEF standard, as described in section 4, adopted a slightly
different form from these two examples while providing some flexibility in what’s required.
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3.2 A Central Repository
Having a single location for all asteroid lightcurve data goes hand-in-hand with the standard format. Otherwise, as mentioned earlier, a researcher
has to look high and low for data that he needs. Naturally, such a location has to be one that is universallyregarded, has the capability to handle large amounts
of data, and is long-term, meaning that it doesn’t depend on the ability and resources of one person or a
small, ever-changing group. Having a highlyregarded facility that adopts the standard has the
added benefit of speeding the standard’s acceptance.
When the ALCDEF standard was first proposed
in a poster paper at the Division of Planetary Sciences meeting in 2010 (Stephens et al. 2010), such a
facility had not been found. As described in section 5,
that situation has changed.

4. The ALCDEF Standard
The Asteroid Lightcurve Data Exchange Format
(ALCDEF) includes basic lightcurve data, JD and
magnitude pairs, as well as “metadata” that describes
the data, e.g., whether or not it is light-time corrected
or if the magnitudes have been reduced to “unity distances.”
Generally, such corrections should not be included in order to make using the data as straightforward as possible. At the very least, the correction for
a given data attribute should be a single value that
can be easily removed. For example, light-time correction should use a single value, say that for the
middle of the data set, rather than point-by-point corrections that are based on changing earth-object distances. If the orbital elements for that object change
significantly, the corrections change significantly as
well. Removing them point-by-point to the necessary
precision may not be possible.
By adopting a standard for asteroid lightcurve
data, researchers can write a single program or script
that can export to the standard or import data from
ALCDEF-standard files. Custom programming to
cover a myriad of formats will be required only when
dealing with legacy data.
MPO Canopus, which has been used to produce
about 80% of the lightcurves in the Minor Planet
Bulletin since 2000, has been modified to produce
and export ALCDEF data. The authors of Astrometrica and AIP4WIN have been contacted and have
expressed interest in providing ALCDEF support in
their programs. If any other software authors are interested, we will be glad to work with them. We have
also been in contact with several members of the professional community who do regular work in asteroid

STARTMETADATA
REVISEDDATA=FALSE
OBJECTNUMBER=222
OBJECTNAME=Lucia
MPCDESIG=
CONTACTNAME=B. D. Warner
CONTACTINFO=brian@MinorPlanetObserver.com
OBSERVERS=Warner, B.D.
OBSLONGITUDE=-104.750000
OBSLATITUDE=+39.083333
PUBLICATION=
BIBCODE=
SESSIONDATE=1999-04-18
SESSIONTIME=07:00:00
FILTER=C
MAGBAND=R
STANDARD=INTERNAL
DIFFERMAGS=FALSE
LTCTYPE=NONE
LTCDAYS=-0.011006
LTCAPP=NONE
REDUCEDMAGS=NONE
UCORMAG=-3.6987
OBJECTRA=12:43
OBJECTDEC=-01
PHASE=+6.01
PABL=+193.5
PABB=+2.4
COMPNAME2=124305.72 -012555.9
COMPMAG2=+12.913
COMPCI2=+0.319
COMPRA2=
COMPDEC2=
COMPNAME3=124325.57 -012734.0
COMPMAG3=+14.213
COMPCI3=+0.334
COMPRA3=
COMPDEC3=
COMPNAME4=124253.25 -013346.6
COMPMAG4=+11.828
COMPCI4=+0.437
COMPRA4=
COMPDEC4=
CICORRECTION=FALSE
CIBAND=VR
CITARGET=+0.450
DELIMITER=PIPE
COMMENT=Heliocentric ecliptic longitude/latitude: +190.58/+2.93
COMMENT=Earth/Sun distances (AU):
+2.8802/+1.9068
COMMENT=Observer for this lightcurve block:
B. D. Warner
COMMENT=Observer Instrumentation: 0.30m
f/9.34 SCT/SBIG ST-8
ENDMETADATA
DATA=2451286.632245|+13.473|+0.012|1.773
DATA=2451286.636551|+13.457|+0.012|1.731
DATA=2451286.639097|+13.453|+0.012|1.707
DATA=2451286.851863|+13.612|+0.011|1.638
DATA=2451286.855440|+13.647|+0.012|1.667
DATA=2451286.862581|+13.670|+0.012|1.731
ENDDATA
Table I. A sample ALCDEF lightcurve block with its
two sections: 1) the metadata that gives observational
details and 2) the (abbreviated) data section that includes the actual data. The COMPxxxx values are for
the comparison stars. These data, among others, are
optional but informative.
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lightcurve photometry and they have or are planning
to adopt the ALCDEF standard for future data.
A sample ALCDEF file is shown in Table I. A
full description of the standard is available on the
MinorPlanet.Info gateway

deep/wide-sky surveys start coming on line and produce vast numbers of asteroid photometry that can be
used for asteroid shape and spin axis modeling (see
Ďurech et al., 2009, and references therein).

6. To Be Determined
http://www.minorplanet.info/alcdef.html
In brief, the format calls for simple text files that,
for each individual lightcurve (usually meaning the
data from a single night for a single object) there are
two “blocks” of information. One (“metadata”) gives
observation details such as the object observed, a
mid-date/time for the data, phase angle, filter used,
type of data (differential or absolute values), and so
on. The second (“data”) gives the actual data, which
consists of a minimum of the Julian Date and a magnitude. The estimated error and air mass are optional,
although including the estimated error is strongly
encouraged and will give the data more weight in the
eyes of many researchers. A single file can contain
any number of lightcurves for any number of objects,
though usually a file will have data for only one object.

5. The Minor Planet Center Repository
The idea for ALCDEF came from discussions
with Minor Planet Center Director, Timothy Spahr,
who expressed interest in the MPC hosting asteroid
lightcurve photometry. For many reasons, that idea
was put on hold for almost two years, until soon after
the 2010 DPS meeting, when Gareth Williams, Assistant Director of the Minor Planet Center, contacted
the author asking if there was still interested in the
MPC hosting a web page and being the central repository for lightcurve data. This was soon followed
by the development of a web site where data following the ALCDEF standard could be uploaded or retrieved. That site is at
http://minorplanetcenter.net/light_curve
As of 2011 mid-April, the MPC web site has
815929 observations in 10613 lightcurves for 1490
different asteroids. Data from this site have already
been used for important work on spin axis analysis
(e.g., Hanuš et al., 2011). However, this is hoped to
be only the beginning. Some of the regular contributors to the Minor Planet Bulletin regularly upload
their observations to the ALCDEF site after publication of the lightcurve analysis appears in the Minor
Planet Bulletin. The involvement of the Minor Planet
Center should help speed acceptance of the ALCDEF
format, which could be critical when future
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An issue common to any public database is when
data should be submitted. For those authors who contribute regularly to the Minor Planet Bulletin, data
will likely be submitted about the time a paper is
submitted or at least as soon as it appears. Their work
is based more on producing immediate results that
can be used for broader study over time. However,
there are observing programs that have broader studies as their goal and so there is a need to maintain
control of data access until the intended analysis can
be done. Sometimes this can mean years, even decades, can elapse before the data can be released.
While the delay is understandable in many cases,
there is the danger that it will be lost due to some
catastrophe or, by not making it available sooner, it’s
value is actually diminished or the chance for other
important discoveries are missed. There are no easy
answers but it’s hoped that the development of a standard format for data and the fact that the MPC is
hosting a repository will lead to discussions among
researchers, administrators, and others that lead to
making the most amount of data being available in
the least amount of time.
One of the questions raised during the 2010 DPS
meeting and afterward about ALCDEF was assuring
proper attribution for the data. The standard includes
some “mandatory” fields that indicate the primary
contact for questions about the data set, a means for
contacting that person, and the observers involved in
obtaining the data. There is the implied understanding that those using the data will exercise due diligence and give proper attribution or even coauthorship as legally and ethically required.
There is also the question of vetting the data, i.e.,
finding some way to determine a given data set’s
quality. This is not so easily done with asteroid photometry as in other cases. For example, for astrometry, data points that are significant outliers in orbital
solutions based on a number of other data points can
be quickly spotted. In photometry, what may appear
to be outliers or noisy data may be evidence of a satellite or tumbling (non-principal axis rotation). In the
end, the practical solution is a policy of “user beware” where the data user relies on information in the
header and errors (if given), quality of fit to a solution, and even observer reputation to assign an appropriate weight to a given data set.
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While ALCDEF addresses what to do with current and future data, there is still the problem of
cleaning out the “dusty filing cabinets.” Software and
processes are being developed whereby what legacy
data are available can be converted to the ALCDEF
standard and then submitted to the MPC web site.
This will be a long and tedious task, the value of
which may still be uncertain. Assuming the proposed
deep/wide-field surveys come to fruition, then sometime about 5-10 years after they begin, there will sufficient sparse data (see Ďurech et al., 2009) such that
most of the legacy data will be rendered moot. However, it should not be assumed that this will come to
pass and, even so, some studies will require much
longer base-lines of data. Therefore work will continue until the situation is better-defined.

Stephens, R. D., Warner, B. D., Harris, A. W. (2010)
A Proposed Standard for Reporting Asteroid Lightcurve Data. B.A.A.S. 42, 1035.
Warner, B.D., Harris, A.W., Pravec, P. (2009a) The
Asteroid Lightcurve Data Base. Icarus 202, 134146.

7. Conclusion
The ALCDEF standard and Minor Planet Center’s adoption of it are the first steps toward the goal
of having as much of existing and future asteroid
lightcurve observations available to all researchers.
Adding legacy data to the MPC files will take time
and effort that may require drawing on volunteers
from the astronomical community. Gaining widespread acceptance and use of the standard will also
take time, especially within the professional community where data are more proprietary and in much
larger quantity. Anyone with legacy data or obtaining
data now and in the future is urged to contact the author so that we can work together to clear the dusty
filing cabinets and make asteroid lightcurve data
available to all.
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Abstract
Fully robotic telescopes at the Fairborn Observatory, which began operation in 1983, have been in continuous
operation for a quarter century. Although initially confined to smaller telescopes, automation and remote access
have now spread to the largest telescopes. Due to the high cost of transportation, many large telescopes, such
as Keck, are now being operated remotely by astronomers in real time. Others, such as the Canada-FranceHawaii telescope, are being operated autonomously without any onsite staff. A recent conference, Telescopes
from Afar, allowed a contrast to be made between early automation and remote access developments at the
Fairborn Observatory and the current state-of-the-art in these areas for both small and large telescopes, as well
as consideration of a recent development—networks of small automated telescopes.

1. Introduction
For most of the past four centuries astronomers
have observed through their telescopes in person. For
several hundred years this was eyeball-at-theeyepiece observations until, gradually, film cameras
were employed to accumulate photons over much
longer time intervals than was possible with human
eyes. Now CCD cameras, with their superior quantum efficiency, have recently replaced film cameras.
For most scientific observations, visual astronomy is
now a thing of the past.
Until the last century, not only were astronomers
present in person with their telescopes but telescopes
were located at universities or the astronomer’s residence—rarely ideal locations from the viewpoint of
weather, seeing, or light pollution. Beginning with
observatories in the western United States—such as
Lick, Lowell, and Mt. Wilson—telescopes were increasingly placed at locations chosen for their clear
weather, dark skies, and superior seeing. This ushered in the modern era of giant mountaintop telescopes. Observational astronomers either traveled to
these mountaintop observatories, spending their
nights in freezing cold domes, or they hired on-site
observers to make the observations for them.
With the advent of microcomputers, telescopes
were increasingly brought under computer control,
not only allowing in-person observers to control telescopes from nearby warm rooms but also allowing
microcomputers to completely control telescopes and
entire observatories on their own. As Internet bandwidths increased, real-time human telescope control
from remote “virtual warm rooms” became possible.
Although some astronomers still travel to remote

mountaintop observatories to obtain their data in person, this task has, increasingly, been either delegated
to automated systems or conducted remotely by astronomers located at low elevation base camps or at
university campuses thousands of miles away.
We have now entered the era of “Telescopes
from Afar.” This era began with small, fully robotic,
autonomous telescopes making photometric observations. Prior to powerful microcomputers and wide
Internet bandwidths, differential aperture photometry
with small telescopes was the least demanding to
automate. Thus it is not surprising that early developments arose in this area. Real-time remote access
and observational modes beyond simple differential
photometry became possible as microcomputers became more powerful, CCD cameras appeared on the
scene, and Internet bandwidths increased by orders of
magnitude,. The observational revolution that began
with small telescopes is now spreading to ever larger
telescopes.

2. The Telescopes from Afar Conference
For about a dozen years (1979-1991) I participated, along with Louis Boyd and many others, in the
development of autonomous robotic telescopes and
then remote access to these telescopes via the Internet. When I retired, now some two decades ago, I
moved on to my other interests. These included cosmic evolution (the synthesis of physical, biological,
and cultural evolution), teaching astronomy, and
travel to various places—New Zealand being a favorite. Of course the development of robotic and remotely accessed telescopes continued at a rapid pace
without my participation. Recently I became curious
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to learn how these developments had fared over the
past two decades. I figured one way to satisfy my
curiosity was to organize a conference on robotic
observatories.
Since I spend winters in Hawaii, I thought a
good place to hold such a conference was on the Big
Island so that attendees could not only visit the telescopes on Mauna Kea but take a winter break on the
sunny beaches north of Kona. Lacking a current
knowledge on robotic telescopes, I enlisted the help
of Josh Walawender at the University of Hawaii’s
Institute for Astronomy. Josh was automating two
small telescopes on Mauna Loa. Together, we visited
Sarah Gajadhar, the Project Engineer developing remote access and automation of the 3.5-meter CanadaFrance-Hawaii Telescope (CFHT) on Mauna Kea.
We three decided to co-chair the conference. Sarah
took the lead with strong support from the CFHT’s
Director, Christian Veillet, and the CFHT staff.
The conference, Telescopes from Afar, was held
at the Waikoloa Beach Marriott February 28-March
4, 2011. The conference featured 42 talks, 32 posters,
and well over 100 attendees, including representatives from most of the major observatories around the
world. The conference’s PowerPoint talk slides and
written
papers
are
available
at
www.tra.cfht.hawaii.edu.

stars. From the outset I used a small microcomputer,
the Radio Shack TRS-80, to reduce the observations
(Genet 1980, Hall and Genet 1981). Soon I was able
to log data from the photometer directly into the
TRS-80. I then added TRS-80 control of the filter
wheel via a small stepper motor, and instructions to
the observer via a remote monitor. A remote keypad
allowed me, as the observer, to key in responses
(Genet 1982).

Figure 2. Russ Jr. (1979) centers a star at the Fairborn
Observatory’s first telescope. The UBV photometer, DC
amplifier, high voltage power supply, and strip chart
recorder are visible.
Figure 1. Telescope from Afar attendees gather on the
lawn at the Waikoloa Beach Marriott.

Rather than attempting to summarize the Telescopes from Afar conference, I will provide a personal perspective on the early days of automation and
remote access at the Fairborn Observatory, and then
consider how, some two decades later, these areas
have progressed—providing a few examples from the
conference. I will close with a brief discussion of
networks, something we only dreamed about in the
early days.

3. Early Automation and Remote Access
at the Fairborn Observatory
In 1979 I founded the Fairborn Observatory and
began making photometric measurements of variable
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As the observational process was repetitive, boring, and kept me up at night, I decided that the remaining steps—finding and centering stars—should
be automated so I could get a good night’s sleep.
In 1981, during a visit to Arizona, an amateur astronomer, Jeff Hopkins, kindly introduced me to a
number of Phoenix-area photometrists, including
Louis Boyd. Lou had been helping Richard and
Helen Lines with photoelectric equipment at their
observatory in Mayer, Arizona. Richard operated the
telescope, while Helen recorded the observations.
Lou kept suggesting how various portions of the
process could be automated.
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Figure 3. A Radio Shack TRS-80 microcomputer) was
used for data reduction. Also shown are a thermal
printer, modem, and (upper left) a floppy drive.

Content with their smooth two-person manual
operation, Helen told Lou that they were not interested. If Lou wanted an automated system he should
go build his own, which Lou immediately set out to
do. Having a common goal of full automation, Lou
and I joined forces under the rubric of the Fairborn
Observatory (east and west).
What we developed was simple low-cost automatic photoelectric telescopes (APTs) that did not
even have (expensive for us) position encoders. Each
axis was driven by a stepper motor under computer
control. The photometer not only measured the
brightness of stars but, via the Hunt and Lock routines we devised, was able to find and center stars
(Genet and Boyd 1984).
A symmetrical sequence that involved 10 slews
and some 33 individual 10-second observations was
made of the variable, comparison, and check stars
and a sky background in a “group” to obtain differential photometric magnitudes in three colors. The entire sequence, which involved hundreds of small telescope movements, took about 11 minutes to complete
(Boyd, Genet, and Hall 1985).
In a typical winter night, about 50 groups could
be observed, involving the finding and centering of
over 400 stars and many thousands of small movements. The two initial Fairborn Observatory robotic
telescopes (the Phoenix 10 and Fairborn 10) continued to operate for over two decades, each finding and
centering about 3 million stars and making over 8
million 10-second integrations.
Initial automatic operation was achieved at the
Fairborn Observatory (west) in October 1983 with
Lou’s Phoenix 10 telescope, located in his backyard
in Phoenix, Arizona. I achieved automatic operation
at Fairborn Observatory (east) some six months later
with the Fairborn 10. Details were provided in my
book with Mark Trueblood, Microcomputer Control
of Telescopes (Trueblood and Genet 1985).

Figure 4. Russ, Lou, and the Phoenix 10 robotic telescope pose before its first full night of automatic operation on October 13, 1983.

Figure 5. Russ assembled the Fairborn 10 robotic telescope from a DFM Engineering mount, Meade 10-inch
Schmidt Cassegrain optics, and an Optec SSP-4 VRI
photometer.

In 1985, I attended the winter meeting of the
American Astronomical Society held that year in
Tucson, Arizona. One afternoon during the meeting,
Sallie Baliunas—an astronomer at the HarvardSmithsonian Center for Astrophysics—took Lou and
me on a tour of the Smithsonian Astrophysical Observatory and the Multiple Mirror Telescope, both on
Mt. Hopkins south of Tucson, about half way to the
Mexican border. We fatefully drove past an unused
roll-off-roof building that Sallie explained to us had
been used for satellite tracking with a laser ranger
and a Backer Nunn camera.
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built by DFM Engineering. The Fairborn Observatory
provided the control system.

Figure 6. Located at 8010 feet elevation on the top of a
ridge between the Multiple Mirror Telescope and the
Fred L. Whipple Observatory, the Fairborn Observatory
telescopes were housed in a roll-off roof.

A few months later I visited David Latham, the
Director of the Smithsonian Astrophysical Observatory. We agreed that the unused satellite tracking
station would make an excellent home for our robotic
telescopes. A ten year agreement was drafted that
defined the Automatic Photoelectric Telescope (APT)
Service, a joint undertaking by the Fairborn Observatory and the Smithsonian Astrophysical Observatory
(Boyd, Genet, and Hall 1986, Genet et al 1987).
The Smithsonian Institution would provide the
facilities, utilities, and use of 4-wheel drive vehicles
to negotiate the steep dirt access road. The Fairborn
Observatory would provide and operate the robotic
telescopes. My Fairborn 10 telescope, moved to Arizona from Ohio, would be devoted to Sallie Baliunus’ solar-type star research program to provide
photometric VRI measurements to compliment her
spectroscopic observations being made with the historic 60-inch telescope on Mt. Wilson.
When Dave notified us that the Secretary of the
Smithsonian Institution had approved the agreement,
Lou and I had my Fairborn 10 robotic telescope
bolted down to the floor of the observatory in less
than 24 hours. Soon we moved the laser ranger out of
the way and also bolted Lou’s Phoenix 10 telescope
to the floor.
After I gave a talk on our robotic telescopes to
the Astronomy Division at the National Science
Foundation, they suggested we submit a proposal for
a third robotic telescope. We teamed up with Doug
Hall to propose a 16-inch telescope that was soon
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Figure 7. Russ’ Fairborn 10 robotic telescope was the
first to be installed at the Automatic Photoelectric Telescope (APT) Service on Mt. Hopkins in 1985. Left to right
(back row): Russ, Don Hayes, Doug Hall, and Ken Kissell. Front row Russ Jr. and Judith Kissell.

For over a year Lou and I spent most of our
weekends and vacations on Mt. Hopkins. We operated the robotic telescopes while we were there and
worked on automating the observatory itself so we
would not have to continue making the long, fourhour drive from Phoenix to our observatory. We designed and built the weather sensors ourselves, modified the northern wall of the observatory to tilt
down—thus giving our telescopes access to the
northern skies—and installed a large bank of batteries
in our control room to power the closure of the fiveton roof when commercial power failed (which was
not unusual).
A microcomputer was dedicated to reading the
weather sensors, checking the roof and telescope’s
limit switches, controlling the roll-off roof and tiltdown wall, and authorizing the robotic telescopes to
observe or commanding them to park. The observatory control computer also kept a log of the commands it issued, weather sensor readings, and the
status of each telescope.
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Figure 8. The Vanderbilt 16 (shown with Doug Hall) was
funded by the National Science Foundation. The Multiple
Mirror Telescope can be seen in the background.

While our telescopes normally operated reliably,
not really knowing what was happening at our observatory began to drive us nuts! To reduce our worries,
we devised what we called a “Morning Report.”
Every morning, after the observatory control computer had parked the telescopes and closed the roof, it
initiated an Internet call to us and downloaded a
summary of the previous night’s operation in terms
of weather, observatory control commands, and how
successful each telescope had been in making its observations.
By 1987 we had a smooth running operation.
Once a list of program stars (and the attendant comparison stars, check stars, and sky locations that
formed a group) was loaded on a telescope along
with group observational priorities, whether or not
they should be observed with respect to the moon
being up, etc., the telescope would itself choose the
groups to observe. Various rules such as “first to set
in the west” and “nearest the meridian” could be associated with each group; thus this was not a rigid
observational sequence list but rather a quasi “artificial intelligence” approach (although the “intelligence” of the telescopes was limited by the slow
speed and small size of our computers).
Loading new stars only infrequently and letting
the “AI” program manage observations worked well
for relatively fixed observing programs such as Sallie

Baliunus’ solar-type stars on my Fairborn 10, or Greg
Henry and Doug Hall’s spotted eclipsing binary program on the Vanderbilt 16. It did not work so well on
Lou Boyd’s Phoenix 10 telescope which had a mix of
often short-duration observational requests from multiple observers in our “rent-a-star” program where
groups (33 separate observations taking a total of
about 11 minutes) were observed for $2 per group.
It was time-consuming to keep up with the
changing requests and interface with the multiple
Phoenix 10 users. We did, after all, have an observatory to run, not to mention fulltime jobs. This difficulty was resolved by assigning a “Principal Astronomer” (PA) to each telescope. Mike Seeds kindly
volunteered to be the PA for the troublesome Phoenix
10 telescope. He handled the interface with all of its
many users, resolved observational conflicts, provided us now and then with a consolidated observational program, provided the multiple users with uniform data reduction, kept an eye on the quality of the
data, and collected the modest $2 fee for each group
successfully observed (Seeds 1989, 1992).
This worked well indeed, and every telescope
from then on was always assigned to a single PA.
Mike was the PA for the Phoenix 10 for over two
decades, serving dozens of users, including many
students—a major contribution to science, education,
and automated astronomy.

Figure 9. The robotic telescopes at the Fairborn Observatory on Mt. Hopkins were managed remotely by Principle Astronomers (PAs). Greg, who has managed multiple remote telescopes at the Fairborn Observatory for
over a quarter of a century, is the planet’s most experienced user of robotic telescopes.

Four times a year we mailed a floppy disk with a
quarter’s worth of data to each PA. We were always
concerned that some equipment degradation that subtly ruined the data would not be discovered until the
PA reduced the data.
While this never happened, it did inspire us to
devise a procedure and high level language—the
Automatic Telescope Instruction Set (ATIS)—that
allowed the PAs to send in observational programs
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via the Internet. Each morning after observatory shut
down, the previous night’s observations were automatically sent to them, also via the Internet, for immediate reduction if they so desired (Boyd et al 1993,
Henry and Hall1993, and Henry 1996). Bandwidth
requirements for aperture differential photometry
were modest (unlike imaging observations), and were
readily handled by the Internet in its early days.
Although the precision of our automated photometry was good, it was not as good as the very best
manual photometry such as that produced by Wes
Lockwood at Lowell Observatory. Not to be outdone
by mere human observers, I organized two workshops on “Precision Automated Photometry.” Under
the guidance of Andy Young, a photometry expert at
California State University, San Diego, we thoroughly discussed all the possible errors that might
affect the precision and accuracy of differential
photometric measurements. We then considered how
we might minimize these error sources through photometer design, automated observations of standard
stars throughout the night, and automated but humanmonitored quality control analysis (Young et al 1990
and 1991). Lou Boyd designed a precision photometer, and Greg Henry and Lou developed the quality
control procedures and analysis program (Henry
1999). The result was photometry of the highest precision and accuracy—better than what human observers could produce.
As word of our successful operation spread, additional telescopes were funded by the National Science Foundation and others. We designed a compact
0.8-meter (32-inch) telescope specifically for automated photometry. We were able, after the Backer
Nunn camera had been removed, to “shoehorn” four
of these 0.8-meter telescopes within the remaining
space under our roll-off roof. These telescopes were
so close together that they had to be “networked” so
they would not run into one another. They followed a
simple “first into common space gets to complete its
observations” rule.
Annual winter conferences at the Lazy K-Bar
Ranch near Tucson, summer workshops, many papers, and nine books spread the word on what could
be done via full automation and remote access. My
book Robotic Observatories with Donald Hayes
(Genet and Hayes 1989) provided a fitting close to
this early development era and also considered future
possibilities (quite prophetically as it turned out).
When the ten-year agreement between the Fairborn Observatory and the Smithsonian Institution
expired, I retired and Lou moved the observatory to
Camp Washington, a remote dark site just five miles
north of the Mexican border (Eaton, Boyd, and Henry
1996). The original telescopes, such as the Four Col-
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lege APT, continued their operation (Adelman et al
2001).

Figure 10. The three original robotic telescopes at the
rear of the Fairborn Observatory are almost obscured by
the four 0.8-meter telescopes that were subsequently
added—completely filling up the available space. These
seven robotic telescopes observed together harmoniously every clear night on Mt. Hopkins for many years.

No longer constrained by the limited space on
Mt. Hopkins, the observatory began to grow. Lou
designed a new generation of 0.8-meter photometric
telescopes and four of these telescopes were brought
into operation at the Fairborn Observatory, including
Wolfgang and Amadeus, the University of Vienna’s
twin automatic telescopes (Strassmeier et al 1997).

Figure 11. After 10 years on Mt. Hopkins, the Fairborn
Observatory purchased remote dark sky property south
of Mt. Hopkins, just 5 miles north of the Mexican border.
Some 11 robotic telescopes operate there every clear
night.

In cooperation with Tennessee State University,
a 2-meter telescope and automated spectrograph was
brought into operation (Eaton 2003). With the occasional help of Donald Epand who wrote new software, Lou not only has kept all 11 telescopes operating but, as time allows, is building five additional
telescopes. Lou has also been working with Saul
Adelman and others on an automated spectrophotometer (Adelman et al 2007).
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Figure 13. Tom Smith’s Dark Ridge Observatory has two
operational robotic telescopes. The twin astrograph is in
the foreground and the 14-inch Meade is in the background (roof closed).

Figure 12. The 2-meter telescope at the Fairborn Observatory is dedicated to spectroscopic observations via a
fiber-fed spectrograph.

4. Automation and Remote Access at
Smaller Observatories Today
An excellent example of a small modern, fully
automated observatory is my good friend Tom
Smith’s 7100 foot elevation Dark Ridge Observatory
in Weed, New Mexico. A fully automatic 14-inch
Meade telescope has been used to observe interacting
eclipsing binaries, visual double stars, and known
exoplanet transits. The Sky and CCD Soft programs
control the telescope and camera, while data reduction is accomplished via an Excel Visual Basic for
Applications program written by Tom.
Two 8-inch f/3.6 ASA Astrographs are mounted
together on a Paramount. These are being used for
the AAVSO Photometric All Sky Survey (APASS)
which will result in an all-sky photometric catalog for
stars between 10th and 17th magnitude. The survey is
using both Johnson and Sloan filters, thus tying these
two systems together.

Figure 14. Tom installed the twin APASS system in Chile
at the Cerro Tololo Inter-American Observatory.

The northern survey is being made from Tom’s
Dark Ridge Observatory, while the southern survey is
being made from Cerro Tololo Inter-American Observatory (CTIO), borrowing one of the PROMPT
clamshell structures. Tom assembled, debugged, and
operated the system at Dark Ridge Observatory and
then moved the equipment to Chile where he got it
running again. He then set up a second, identical system at Dark Ridge Observatory. The APASS Catalog
will be an all-sky secondary photometric standards
catalog that will provide a uniform set of comparison
and check stars for fields anywhere in the sky.
Another good example of a small, robotic telescope is Ohio State’s dedicated MONitor for
EXotransits (DEMONEX) 0.5-meter telescope located at Mark Trueblood’s Winer Observatory in
Sonoita, Arizona.
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mention the time and expense of flying astronomers
to Hawaii.
At the W. M. Keck Observatory, remote operation at their base facilities in Waimea, 32 km from
the summit, was established early on, with an operating environment that mirrored that of the telescopes
on the summit. Ten remote operating locations were
then established in California, with two of them being
dual control stations so both Keck telescopes could
be operated simultaneously. Recently an additional
station has been established at Swinburn University
in Australia.
This has allowed Keck to continue their “classical scheduling” approach where the astronomers
themselves make the observations, but without the
need for them to actually fly to Hawaii and spend
nights at 14,000 feet elevation. Interestingly, many
astronomers still prefer to fly to Hawaii and observe
from Waimea. This not only gives them a chance to
interact with the Keck staff, but they are always assured a full uninterrupted daytime sleep—something
they might not get at home.

Figure 15. The 0.5-meter DEMONEX robotic telescope at
the Winer Observatory observes exoplanet transits for
Jason Eastman at Ohio State University.

This fully robotic telescope, which utilizes offthe-shelf components, was installed at Mark’s existing telescope service, and has experienced very low
operating and support costs. The project, managed by
Jason Eastman at Ohio State University, has observed
59 different exoplanets. So far, the system has observed 328 primary transits and 201 secondary transits, and made 300 hours of out of transit observations. Small variations in transit timing allow additional planets in the systems to be inferred.
There are, of course, many other fine examples
of small automated observatories. I chose these two
as examples because they were both presented at the
Telescopes from Afar conference.

5. Remote Access and Automation at
Larger Observatories Today
With a huge investment in their remote mountaintop telescopes, large observatories are, understandably, somewhat reluctant to leave them entirely
on their own without any humans present. However,
real-time remote access is another story entirely. The
high altitude of Mauna Kea (14,000 feet) can make
in-person observations a bit fuzzy-headed, not to
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Figure 16. Russ and Sandra Faber (Chair of the Astronomy Department at the University of California, Santa
Cruz and one of the originators of the Keck telescopes)
discuss Keck remote control operation at the Keck
headquarters in Waimea.

The Canada-France-Hawaii Telescope needed to
reduce their operations and maintenance (O&M)
budget. A significant cost for CFHT was maintaining
two people at the telescope on the summit of Mauna
Kea every night. Sarah Gajadhar, a systems engineer
from Canada, was put in charge of a developmental
program that would allow the telescope to be operated at night unattended, first with an operator on
duty at the base camp and, eventually, with the telescope entirely on its own (but with an operator always on call).
CFHT had already fully implemented queue
scheduling, where using astronomers submitted their
observational programs well in advance and the actual observations were overseen by a staff astronomer
at CFHT and a night telescope operator. This type of
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scheduling made it easier for them to move to an unattended telescope at night than it would have been
for an observatory such as Keck that employed classical scheduling.

Figure 17. The remote controls for the Canada-FranceHawaii Telescope (also in Waimea) are now used to operate the telescope with no one actually at the telescope
at night.

Somewhat similar to Keck, CFHT developed operating displays that mirrored those on the summit.
What was different, however, was that CFHT had to
install many additional sensors and displays that
monitored the status of all the systems (and the
weather) on the mountain and also allowed graceful
shutdowns to be made of various systems.

net’s first telescope was installed in Sonoita, Arizona
in 2005.

Figure 18. Greg Henry, with a robotic telescope at the
Fairborn Observatory, observed the first transit of an
exoplanet on the night of November 7, 1999. The ingress
was caught, but the star was lost in the west before
egress.

These telescopes are used by AAVSO staff for
research and are available to all AAVSO members.
The telescopes are engaged in long-term monitoring
programs, yet can swing into action on targets of opportunity.

6. Networks of Small Robotic Telescopes
During the early days we dreamed about and discussed networks of robotic telescopes. William
Borucki and I proposed searching for exoplanet transits with a global network of robotic telescopes
(Borucki and Genet 1992). Although we were unable
to obtain funding for this network, Greg Henry, using
a robotic telescope at the Fairborn Observatory, discovered the first transit of an exoplanet in 1999.
Greg was following up on systems known via
radial velocity measurements to harbor an exoplanet.
He wanted to see if their spatial alignment would also
produce a transit. A number of earlier candidates had
not revealed any such transit. Automated photometric
measurements of HD 209458 at the Fairborn Observatory on the night of November 7, 1999, caught the
first exoplanet transit just before the star disappeared
into the western sky (Henry et al 2000).
While unable to obtain funding for a groundbased network of robotic telescopes, Bill did obtain
funding for a single space-based telescope. Kepler,
thanks to its beyond-the-atmosphere photometric
precision, has now discovered hundreds of transiting
exoplanets.
One of my favorite networks of small robotic
telescopes is the AAVSOnet, which was briefed by
Arne Henden, the Director of the American Association of Variable Strars, at the Telescopes from Afar
conference. AAVSOnet is composed of 19 robotic
telescopes ranging in aperture from 6 to 80 cm. The

Figure 19. Tom Krajci and one of his AAVSOnet robotic
telescopes. Tom has several similar telescopes at his
home in Cloudcroft, New Mexico, at an elevation of over
9000 feet.

The AAVSOnet hardware is all commercial,
relatively low cost, and off-the-shelf. While the telescopes are heterogeneous, the software is homogeneous. Telescopes are typically located on private property and kept in operation by an on-site volunteer.
Five of the telescopes belong to the Bright Star
Monitor (BSM) program. These telescopes are 60-70
mm in aperture, and employ SBIG ST-8 cameras to
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monitor 2nd to 10th magnitude stars in BVRI. A complete system, all off-the-shelf, costs only $7,000, and
individual donors are adding these telescopes to the
BSM program on the AAVSOnet.
Last, but certainly not least, is the Las Cumbres
Observatory
Global
Telescope
Network
(LCOGTnet). This network was envisioned years ago
by Wayne Rosing and on his retirement from Google
(Vice President), Wayne had the time and funding to
turn his dream into reality.
To this end, Wayne established the Las Cumbres
observatory with its headquarters and design and
production facilities in Santa Barbara (Goleta), California. A staff of some 40 scientists, engineers, and
technicians has developed the telescopes, instruments, software, and operational procedures that will
populate and operate the network.

bres Observatory is raising small telescopes to new
heights.

Figure 21. Pouring concrete for a 1-meter LCOGTnet
telescope at the Cerro Tololo Inter-American Observatory in Chile.

7. Sage Advice

Figure 20. The assembly line for the 1-meter telescopes
at the Las Cumbres Observatory in Santa Barbara, California. Over a dozen of these telescopes will be placed
at sites around the world.

There are or will be network sites in Hawaii,
Australia, South Africa, Spain, Chile, and
Texas. Two 2 meter telescopes were acquired, but the
1-meter and 0.4-meter telescopes are being assembled in quantity at the Santa Barbara facility. After
production, the telescopes, enclosures, and control
electronics, etc., are completely assembled and tested
out as a complete system in Santa Barbara. They are
then disassembled and shipped out to one of the observing locations and reassembled.
The Las Cumbres Observatory Global Telescope
Network has uniform, completely standardized telescopes, instruments, and software. With clusters of
1.0- and 0.4-meter telescopes at each of its sites
spread around the globe, it will be able to provide
constant, around the clock monitoring of many objects, and will also be able to respond in seconds to
targets of opportunity. Without doubt, the Las Cum-
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Louis Boyd, who began his effort to automate
astronomy in the late 1970s and has continued on
unabated to this day, kindly sent me, just before my
talk at the Telescopes from Afar conference, a few
words of advice for those interested in automating
their operation.
“The main advantage of automation, as with
automation of most things, comes at the point where
the human is removed from the normal operating
loop. Humans are very expensive compared to a
computer and they're not good for even a 50% duty
cycle long term. It takes at least two humans to run
one non-automated telescope every night. Computers
make far fewer stupid mistakes. I've never seen a
dyslexic computer which swaps two digits in output
data or entering coordinates. On the other hand a human is much better at recovering systems when
something unexpected happens, like a rat chewing
though a control cable.
“The operation of APTs at Fairborn is at the
point where one human operates 11 telescopes at the
observing end. It's still averaging about one human
per telescope at the selection request preparation/data
reduction/data analysis/collaboration/publishing end.
Greg Henry is the only human I know who handles
several telescopes with one person doing all those
functions. He has automated it as much as is practical, but object selection, data analysis, collaboration,
and publishing are still human labor intensive.
“I wouldn't separate remote monitoring from remote data retrieval. They both take similar bidirectional bandwidth. Data retrieval can be batched
but few communications systems impose that limita-
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tion. The "morning report" is just part of the data
retrieval. It has no function in the operating of the
telescope though it's useful during data reduction.”

either, a human isn't tied up running each machine
and you get reasonably consistent results.”

9. Acknowledgements
“The things which are most difficult to automate are:
 Site security. Some humans will steal or destroy anything which isn't closely watched.
Automated cameras can watch such activity but
can’t stop it.
 Telescope maintenance. Both simple cleaning
and maintenance, and computer and instrument
repair require a human with some skill. I've
never seen one computer repair another other
than by swapping.
 Building and grounds maintenance. If it wasn't
for weather and "critters," this would not be a
problem.
 Systems to support the human(s) who do the
above. Humans need human oriented conveniences.
 Legal necessities (taxes, accounting, etc.). All
the things any business requires. Most of those
can be done off site unless there's only one human doing it all.”
“The actual automation of a telescope is fairly
simple if and only if everything is thought out initially that the automation will have to accomplish.
Necessary and sufficient weather monitoring is an
essential part of an automated telescope. The more
humans can be kept out of the process the simpler the
software becomes. Getting humans out of an observatory building eliminates a lot of systems which are
unnecessary for telescope operation. Displays, keyboards, lights, chairs, beds, toilets, sinks, refrigerators, microwaves, coffee pots and lights are not
needed when only a computer runs a telescope. Unfortunately humans are needed for maintenance.”

8. Conclusion
Automated telescopes and remotely accessed observatories are now becoming commonplace, even
ubiquitous. Their robotic efficiency, ability to be
placed at ideal remote locations without incurring
travel time and cost penalties, and their low operating
and maintenance costs have been the keys to their
continued success and proliferation. I leave the final
word to Lou:
“As with all astronomy projects the capabilities
of automated telescopes are restricted by funding and
perceived value. There's really not a lot of difference
conceptually in an automated telescope service and a
laundromat. There's still some human effort to load
and unload them and occasional maintenance. With

My thanks to Sarah Gajadhar, Christian Veillet,
and the CFHT staff for organizing a first class conference. Thanks also to the conference for extracts
from my presentation at the conference (Genet 2011).
I appreciate Peter Abrahams’ helpful research on
early robotic telescopes and Louis Boyd’s seasoned
insights. Thanks to Cheryl Genet and Vera Wallen
for their editorial suggestions.
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Abstract
This article illustrates the use of an internal aperture stop in a high speed, wide field Cassegrain optical system.
The astrograph features a well corrected and uniformly illuminated focal plane. Opto-mechanical design and
manufacturing issues are also discussed.

1. Introduction
Of all the conventional astronomical telescope
designs used in amateur astronomy, the Cassegrain is
the least likely to be considered a candidate for wide
field imaging applications. This perception is a hangover from the era of visual observing where minimizing the central obscuration was critical to preserving
image fidelity. The resulting long focal length, slow
telescopes did not lend themselves to photography.
The central obscuration in reflector astrographs
need not be so constrained since ground based amateur instruments never achieve diffraction limited
performance, primarily due to poor seeing, image
sampling limitations and tracking errors. Cassegrain
astrographs with a large obscuration (50% of the aperture diameter or greater) and a fast primary will
permit a relatively short overall focal length, a wider
field of view and more uniform focal plane illumination. While the larger obscuration does reduce system
through put, the light loss can be compensated for
with longer exposures.
In addition to the benefits of a larger obscuration,
allowing the aperture stop position to move from the
primary mirror to a more central location in the Cassegrain optical system offers the potential to achieve
very wide fields of view in a fast system while still
controlling off axis aberrations.
The ideas presented in this article are based on
the design of an f/2.8 Cassegrain astrograph of 210
mm aperture with a conic 300 mm diameter primary.
This astrograph was scaled to cover a 5 degree field
on a commercially available 4Kx4K 9-micron pixel
CCD detector. The system features good aberration
control, uniform field illumination and at 280 mm
long, is extremely compact.

Aperture Stop

Figure 1. Internal stop Cassegrain astrograph

2. The Aperture Stop
An optical system’s aperture stop is located at
the point on the axis where all field rays intersect, the
pivot point for all the light field rays. In optical design the aperture stop location is considered a “degree of freedom”. The stop can be located anywhere
in an optical system and its position is typically used
to control off-axis aberrations in wide field optical
systems. This is well illustrated by a generic photographic lens whose aperture stop is nestled between
two lens groups.
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Aperture stop

Figure 2. Typical photographic lens layout

It is interesting to note that the objective’s aperture stop is significantly smaller than most of the lens
elements. The difference in size is more pronounced
with very wide field lenses where the lens elements
need to be enlarged significantly to catch the off axis
light rays, otherwise vignetting will be induced.

Figure 3. Off-axis beam effect on element size

Also note that the physical size of the aperture
stop in this type of lens does not define the system’s
effective light gathering aperture or entrance pupil.
The entrance pupil is larger since the optics ahead of
the aperture stop magnifies its size.
Aperture stop

Entrance
Pupil

Figure 4. Entrance pupil and aperture stop

The entrance pupil migrates to the edge of the
first surface as the source moves off axis (Fig. 3).
Aspheric surfaces in such systems principally affect
off axis aberrations like astigmatism the most. The
surface’s departure from sphericity and its influence
on imaging rays is at its maximum at its edge.
Aspheric surfaces in traditional telescopes are usually
located at the aperture stop, thus they affect axial and
off axis rays uniformly. The reflecting telescope’s
aspheric (parabolic) primary’s principal function is
the correction of spherical aberration.
A telescope’s aperture is usually defined by the
largest element in the optical system; the primary
mirror or refractor objective. The only telescope that
deviates significantly from this norm is the Schmidt
camera. The Schmidt camera’s aperture stop is coincident with the corrector plate located at the primary
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mirror’s center of curvature. In order to catch all the
off-axis rays the primary must be larger than the
Schmidt corrector.
Removing the constraint on the aperture stop’s
location is one of the last options in the telescope
designer’s tool kit to make a substantive change in
the telescopes imaging characteristics.

3. The Ideal Telescope Design Form
Many optical designs are easily cooked up on the
computer, but the predicted performance can be difficult to realize once the optics and mounting hardware
are fabricated. Often the problem is collimation,
lenses and mirrors can be difficult to mount and locate precisely in stress free cells. The problem is exacerbated in telescopes because optics critical to performance are often widely spaced, quite massive and
subject to large variations in gravity loading.
Ideally the telescope’s optics will be arranged to
better facilitate collimation by design. Some telescope design forms are better suited to this ideal than
others. While any optical system can be made to
work, the Cassegrain is one of the more friendly design forms because of the ability to mount the primary mirror, field corrector lenses and the heavy
CCD camera/filter in a single cell.
The typical telescope, reflective or refractive,
naturally produces a curved focal surface. To effectively use a large format flat CCD, wide field telescopes require the use of corrector lenses close to
focus to flatten the field and minimize off axis aberration. As important as image quality is, the minimizing of ghost images produced by spurious reflections
off the CCD detector and within the field corrector
group is just as critical. Of particular importance is
the pupil ghost because it is additive and its effects
cannot be easily calibrated out without adding noise
to the image. An optical system’s design is incomplete without a thorough ghost image analysis.
The typical telescope optical tube assembly will
have collimation provisions for all the optical components. This approach is suitable for the average
optically slow and long telescope built to loose mechanical tolerances, i.e. a Newtonian reflector. A
compact optical system is always more desirable, but
compactness breeds complexity and the tolerances
usually tighten exponentially. The more adjustments
incorporated in the mechanics the greater the number
of headaches one is likely to encounter trying to collimate the system. Ideally collimation should be primarily achieved by design and careful manufacture
rather than adjustment.
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The special case of the Cassegrain with a spherical secondary (Wynne, Rosin, Harmer) further facilitates ease of collimation by design. An aspheric secondary has an optical axis that must be carefully lined
up with the primary’s axis while simultaneously adjusted in tip and tilt. All this must be accomplished
with the secondary mounted on a thin vane spider and
often flexible tube.
A spherical Cassegrain secondary has no optical
axis, it needs only simple tip/tilt adjustments. The
practical advantages of a spherical secondary in a
fast, wide field, highly corrected Cassegrain cannot
be over emphasized. The collimation tolerance envelope drastically shrinks as the field widens and the
system’s speed increases.

Entrance
Pupil
Section

Axial pupil

Figure 5. Axial beam with large obscuration

4. Internal Aperture Atop Cassegrain
In optical design the aperture stop is treated as a
plano, single surface “element”. Since the aperture
stop is essentially a machined metal rim, its refractive
index is equal to 1, that of air. The stop’s position in
the system is allowed to vary during optimization, but
constrained so as not to interfere with imaging rays.
For the initial design a fast Cassegrain mirror
system with field correctors was laid out. The stop
was placed forward of the primary, anticipating it
would migrate farther from the primary and the final
system would converge on “Schmidt camera” type of
telescope. However during computer optimization
runs, the stop would immediately snap back against
the primary. The stop was then placed against the
secondary mirror, the next practical location, with
encouraging results. After further exploration of solution space it was allowed to wander farther down
stream between the field corrector lens group and the
anticipated end of the primary’s baffle tube.
It may not be obvious, but this Cassegrain resembles, in function at least, the photographic lens
mentioned earlier (Fig. 2) with the stop in the middle
of the system. In the Cassegrain astrograph the positive and negative elements ahead of the stop are now
mirrors instead of lens elements.
As in the case of the photographic lens, the
astrograph’s 210 mm diameter entrance pupil migrates around the 300mm diameter primary mirror.
This pupil movement has an interesting effect on
field illumination; rather than the typical vignetting
encountered in conventional telescopes, this Cassegrain astrograph’s illumination actually increases
slightly off axis. As the entrance pupil migrates off
axis it leaves the secondary behind, obscuring less of
the incident light.

Section

2.5 deg Pupil
Figure 6. Off-axis beam and displaced obscuration

This special case of the Cassegrain where the
secondary is constrained to be spherical requires the
primary’s conic constant to vary along with the field
corrector group parameters in order to balance
spherical aberration while controlling off axis image
quality. The primary’s conic constant in this type of
system is usually less than 1, or an ellipse.
The combination of a spherical secondary and elliptical primary resembles the classic Dall-Kirkham
Cassegrain telescope. The similarities are entirely
superficial since the relationship between the spherical secondary and elliptical primary’s conic constant
required to achieve spherical aberration correction
characteristic of the Dall-Kirkham does not exist. The
astrograph will not function without the field corrector optics, they are an integral part of the optical system; they are not optional.
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The f/1 aspheric primary’s role in this astrograph
is very different from that normally encountered in
conventional telescopes. As mentioned earlier,
aspheric surfaces on either side of the aperture stop
principally affect off axis aberration correction, and
the aspheric surface’s departure from sphericity is at
its maximum at the edge. The off axis light ray bundle’s sagittal and tangential light rays see a different
“shape” on the mirror, aiding the correction of off
axis aberrations like astigmatism.
The field corrector group has nearly zero net
power, thus there are no significant chromatic aberrations. All required correction may be achieved using
the same substrate for the three elements, permitting
solutions with fused silica to encompass a broader
section of the spectrum.

Figure 7. Image quality: 320nm – 1 micron wavelength
range

allowing for filter and window thickness would induce lateral color.

4.1 Collimation
This high speed, wide field and compact astrograph design will be a challenge to fabricate. The
only optical manufacturing challenge is the f/1 conic
primary, but it does not need be as precise as the
typical primary mirror. A one wave or so error in the
aspheric profile will not cause significant change in
image quality. Most image degradation will likely
arise from optic mounting and collimation issues.
The field corrector lens group is positioned close
to the primary’s central hole. The lenses and primary
can be mounted in a common carefully machined cell
to mitigate centration and tilt problems.
The secondary mirror collimation will be very
sensitive; it will call for a highly refined secondary
cell. The typical tip/tilt cell found in most telescopes
will not work. The cell design found in optics labs,
with their orthogonal adjustments and very fine pitch
screws will be required. Better still is a cell design
that will not induce focus change with adjustment. In
this type of cell the pivot point is coincident with the
secondary vertex.
Large format CCD cameras and fast optical systems present severe alignment challenges. Collimation will be impossible with a tilted CCD detector.
Large CCD detectors must be considered a part of the
optical system, not just an add-on. The detectors collimation, or orthoganality to be precise, is vital to
system performance. Special attention needs to be
paid to stacking errors when add on filter wheels are
used. Also, the camera’s coupling to the astrograph
will require more than a simple “nose piece” and
thumb screw lock to be effective. A circular male
dovetail type fitting that forces the camera flange
against the focusing device will be required.

4.2 Baffles and Scattered Light

Figure 8. Field illumination

Because the system is relatively fast, and the imaging ray’s incident angle on the CCD is high, the
optical influence of the typical CCD camera window
and filter thicknesses were included in the layout
during optimization via one thick parallel plate. Not
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The internal aperture stop Cassegrain requires
the typical baffle tubes on the primary and secondary
mirrors to block direct skylight from reaching the
focal plane. However these baffles will be short and
large in diameter to avoid vignetting imaging rays.
Sky light enters the large aperture baffle and eventually scatters its way to the detector, reducing contrast.
Auxiliary baffles inside the pupil (Gunn 2006)
have been used to further shield the main baffle tube
and the focal plane from scattered light. The Sloan
Survey telescope is one such instrument.

Ceravolo – A Wide Field Cassegrain

5. Conclusions
This article illustrates that a relatively wide field,
fast Cassegrain optical system is possible if the aperture stop is placed between the secondary mirror and
field corrector optics. The result is a system that is
remarkably compact compared to the conventional
Schmidt camera of similar characteristics.
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Abstract
Although many astronomers have long been sensitive to issues of light pollution and deteriorating sky quality it is
only in recent years that such interest has extended to other groups including, among others, ecologists, health
professionals, and urban planners. Issues of light pollution and loss of dark skies are starting to appear in the
scientific literature in the context of health and behavior impacts on both human and animal life. Nonetheless, a
common deficiency in most such studies is the absence of historical or baseline data against which to compare
sky brightness trends and temporal changes. To address this deficiency we have begun to collect a variety of
types of quantitative sky brightness data for insertion in an international sky brightness archive that can be accessed for research projects which are dependent upon an understanding of the nature of local light pollution
issues. To aid this process we have developed a mobile sky brightness meter which automatically logs sky
brightness and observation location. The device can be stationary for long periods of time or can be easily transported for continuous sky brightness measurement from ground vehicles, boats, or aircraft. The sampling rate is
typically about 0.25Hz. We present here examples of different modes of sky brightness measurement, various
means of displaying and analyzing such data, ways to interpret natural astronomical phenomena apparent in the
data, and suggest a number of complementary scientific projects that may capture the interest of both professional and amateur scientists. Finally, we discuss the status of the archive and ways that potential contributors
may submit their observations for publication in the archive.

1. Introduction
Sky brightness, once primarily of interest to astronomers, is emerging as an issue for various environmental and ecological considerations. It is now
understood to impact animal behavior in a variety of
ways, to modify circadian rhythm in humans possibly
to the detriment of their health, and it is becoming a
significant public policy issue in some settings.
There are many problems in addressing these issues in the context of sky brightness. In particular the
data often used to evaluate potential impacts of sky
brightness suffer at least the following shortcomings:








many of the data used do not actually represent
sky brightness (e.g. down-looking satellite images)
poor spatial resolution
not much temporal data
not much dispersed data
almost no baseline data
no accessible research archive

For our purposes we will broadly define sky
brightness as the luminance of the sky or some portion of the sky as seen by an observer on the Earth’s
surface. Clearly it can be further constrained by such
parameters as spectral band, angular field of view,
etc.
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We discuss here some specifics of collecting data
of interest in the evaluation of the impacts of sky
brightness and outline a plan for creation of a Sky
Brightness Data Archive (SBDA).

2. Sources of Sky Brightness Data
Sky brightness can be measured by several types
of tools primary of which include:




Sky brightness photometers (SBM, SQM)
2-D array detectors (DSLR, CCD/fisheye)
Astronomical photometry (several types)

Certainly there are other means of characterizing
sky brightness, including various models using visual
responses of (sometimes numerous) individual observers, but our concern here will be with well documented quantitative measures that can be used for
more definitive analyses.
The sky brightness photometers are typically
single (or a few) channel solid-state detectors with
modest field of view. The Sky Quality Meter (SQM)
[Unihedron, Ontario, Canada] is popularly used by
amateur astronomers typically for exploring dark sky
observing locations. The Sky Brightness Meter
(SBM) is a variant of this technology discussed in the
next Section. These devices are inexpensive and have
great potential utility for our SBDA program.
2D array detectors, typically but not exclusively
using digital single lens reflex (DSLR) cameras as
detectors, often employ all-sky optics and allow an
image to be made of the light dome usually over a
single location. SBIG has available a scientific grade
CCD that images all sky, but without a filter option.
These systems are moderately to fairly expensive and
may have intensive data reduction requirements.
Astronomical photometry is not the subject of
this paper and is in any event familiar to most of our
readers. We will simply point out that some observatory programs may produce homogeneous observations that are useful in monitoring sky brightness,
though typically from only a single location (that of
the usually firmly fixed telescope that produces the
observations). These data may be much less homogeneous than those produced by the above two methods
and may be much more expensive to acquire. Nonetheless we will discuss later a very productive such
source of data related to observations from the Moving Object and Transient Event Search System
(MOTESS).
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3. STEM Sky Brightness Meter (SBM)
Mobile, temporal sky brightness measurements
benefit from access to an integrated photosensor,
Global Positioning System (GPS) receiver, data logger, microcontroller and power source. Such a system
has further value if it can operate in an automatic
autonomous mode. Compact size and light weight are
additional advantages. With this specification in hand
the design and construction of such a unit was undertaken by the authors in conjunction with STEM
Laboratory (Tucson, AZ).
At this writing four evolutionary prototypes of
the STEM Sky Brightness Meter (SBM) have been
completed and tested; each a systematic improvement
on its predecessor. Basic elements of the SBM are
shown in the system diagram of Figure 1 and one of
the prototype units is shown in Figure 2.

Figure 1. A block diagram of major elements of the
STEM SBM.

Figure 2. A prototype SBM unit showing the 1) power
switch, 2) GPS lock light, 3) data logger light, 4) microSD writer, and 5) photosensor.. The 9v battery compartment is on the bottom of the unit. A U.S. Half Dollar coin
suggests the scale.
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The SBM is specifically designed to be mounted
either at a fixed location or on a moving vehicle: a
car, boat or airplane. Operation involves simply powering the unit on, confirming satellite lock with the
GPS (an indicator light) and automatic initiation of
data logging to the micro-SD card (another indicator
light). As long as the unit remains powered on it will
log sky brightness readings every 2-8 seconds depending upon the darkness of the sky.
The output of the SBM is derived from two
sources, the photosensor and the GPS unit. The photosensor output is a frequency that is proportional to
the luminous intensity impinging the sensor. The
GPS output is a standard National Marine Electronics
Association (NMEA) GPS data suite; c.f. SIRF
(2005) and NMEA (2011). The SBM microcontroller
parses the NMEA GPS signal to select only those
data of interest for our SBDA measurements; these
include:







Date
Time
Longitude
Latitude
Speed
Elevation (or altitude)

4. Preliminary Mobile Observations
For sky brightness data to have maximum utility
for environmental, ecological and urban planning
studies it is desirable that it not be collected from
just relatively few single fixed sites (such as astronomical observatories) but rather that it also be collected at multiple points distributed over areas of
interest. Temporal collection of data on different time
scales is also of potential value.
To this end we have conducted a variety of experiments using hand-held photometers to make observations over grids formed by street patterns in
both urban and more remote areas.
Initial test measurements were made with a Sky
Quality Meter (SQM). These measurements required
manual initiation and recording of each data point,
along with similar manual recordings of time and
location from a GPS unit. Nonetheless, this tedious
process yielded useful data with which we could anticipate some of the data reduction issues that would
arise with the STEM-SBM when its prototypes were
completed.
Observations with the SQM and a commercial
GPS unit were made from a moving car at locations
in Hays, Kansas (a rural community), Estes Park,
Colorado (a small resort town), the interior of Rocky
Mountain National Park (a very dark site), Carlsbad,

California (a southern California beach community),
Yosemite National Park, and a marine environment
30 miles off San Diego, California in the Pacific
Ocean. Some of these measurement sequences were
made on two or more occasions. The land based data
were collected from a moving car; the marine data
from an off-shore fishing boat.
The data were read from the LED/LCD displays
of the SQM and the GPS and recorded to an audio
recorder from which they were subsequently transcribed to a MS Excel spreadsheet file that could be
used for sorting, plotting and analysis of the data.
This process required three people (driver, SQM operator and GPS monitor/data recorder) as well as several hours of data transcription for each observing
session.
With completion of the STEM-SBM the process
of mobile collection of sky brightness data was
greatly simplified. With this system it was simply
necessary to power the unit on and confirm that satellite locks had been achieved to trigger GPS signals to
the unit. Data acquisition and logging were completely automatic and all that was necessary was to
mount and align the unit on the vehicle. With this
system data collection required only a single person
(the driver) and at the end of the data collection session it was only necessary to download the data as a
comma delimited text file for import into MS Excel
for data manipulation.
Data collection with the SBM P2 prototype system was performed in and around Albuquerque, New
Mexico, Sandia National Forest, New Mexico, Sante
Fe, New Mexico, Winslow, Arizona, Flagstaff, Arizona, Lowell Observatory, Arizona, and Walnut
Canyon National Monument, Arizona.
The STEM-SBM P3/P4 prototype (the compact
unit in Figure 2) has been similarly tested in San
Francisco, California, Fairfax (Marin County), California, San Anselmo-San Rafael (Marin County),
California, Audubon Ranch Wildlife Preserve, California, as well as regions of Escondido, Carlsbad and
San Diego, California.

5. Variations on Observational Protocols
SBM observations described above were made
with the unit attached to a car while it was driven on
a prescribed set of roadways yielding a grid pattern of
data that maps to the road system chosen. There are
many ways these grids can be selected to optimize
the utility of the data (a discussion for a follow-up
paper). Such grids can be particularly useful for generating isophotal maps of sky brightness over regions
of interest.
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It can occur that these regions of interest are not
crossed by useful grids of roadways and some other
solution becomes necessary. Examples of such environments include national and state parks, wildlife
preserves and various ecologically interesting riparian areas.
In these instances the size and weight of the
SBM P3/P4 prototypes have been specifically constrained to enable installation of the devices in either
radio-controlled or semi-autonomous aircraft. Aircraft design for this application is underway at STEM
Laboratory.
In addition to use of unmanned aircraft the SBM
P2 unit has been designed for mounting on manned
aircraft. This capability offers the interesting possibility of easily measuring sky brightness as a function of
altitude, especially over areas with extensive or increasing levels of artificial lighting. This is of interest
not only as a measure of light pollution but air pollution as well, a major contributor to bright skies.
Similarly, there are road-free grids that are of
great interest to monitor over the oceans and other
major water bodies, benefitting from use of boats
equipped with sky brightness monitors. This may be
particularly true of off-shore coastal regions near
growing urban centers and near regions of sensitive
marine wildlife concentrations. Our experience is that
the challenge to using boats with SBM detectors is to
sufficiently reduce light scattering from the boats
themselves so that only the ambient sky brightness is
recorded. This is especially true in the case of boats
since they tend to operate in high atmospheric humidity areas, a perfect scatterer for on-board lights of all
types.
Aircraft and boat operations represent the extreme speed ranges for SBM operation which has a
direct effect on spatial density of measurements recorded. This is just one example of several types of
parameters that can affect detailed plans for an observing protocol.
The SBDA does not rely on SBM/SQM type
data alone; it can also accommodate some types of
astronomical photometry and some types of photographic images. We will not detail all of those options here but will give an example of a particularly
useful set of astronomical data (by no means the only
such example!).
The Moving Object and Transient Event Search
System (Tucker 2007) has been well described in the
literature, and its astronomical data products are gaining increasing importance (Kraus et al. 2007, 2011).
This celestial equator scan-mode sky survey project
is of interest in the current context for several reasons. It is located in Pima County Arizona which has
one of the prototype lighting codes designed to mitigate light pollution, it uses telescopes that are pointed
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at fixed altitude/azimuth positions, and the instrumentation (CCD imaging photometers) has remained
virtually unchanged for long periods of time (presently approaching a decade).
These images have been statistically analyzed
and statistics files have been produced for each of the
many thousands of images. Among these data is a
listing of the equivalent of the sky background value
for each image; thus yielding a homogeneous data set
describing the long term nightly and hourly variations
of sky brightness at that location.

6. Sky Brightness Data Archive
In order for the data collected to be of any use it
is necessary to store it in an easily accessible and
maintained data archive. The STEM Sky Brightness
Data Archive (SBDA) will act as a repository for the
collected sky brightness data and files. This archive
will accept different data formats, including text files
and image files, and will be searchable via different
relevant fields.
To allow maximum utilization of the database,
each data set includes certain metadata fields. Descriptive metadata refers to the information describing each data object, and facilitates searching the data
archive. Sample metadata fields to be used are:








Sensor Type
Data Format
Date of Observation
Observation Location
Lunar Phase
Sky Conditions
Name of Observer

The ongoing role of the archivist will be to ensure that the data sets submitted are in the correct
format and are of some scientific value. To minimize
the possibility of incorrectly formatted data we have
created a preliminary submission form (Figure 3) that
ensures the submitting party uses consistent vocabulary and inputs the necessary background information.

7. Data Representations
The sky brightness data collected to date can be
presented in a variety of formats for experimental
purposes of which we show a few examples here.
Astronomical photometry including sky background can be handled in many ways; the MOTESS
image statistics files to which we alluded above provide one example. In Figures 4-6 we show plots of
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Figure 3. A prototype SBDA user interface for web-based data entry.

Figure 4. MOTESS sky background data a dark clear
night.

the sky background as a function of sequential image
number (time) during three nights.
These data are useful for long term tracking of
temporal changes in sky background at a single location as the surrounding community changes character, c.f. Craine (2005). The data files themselves can
be manipulated for comparison; for example, similar
data sets for dark moonless nights separated by
months or years can be divided to determine ratios of
sky brightness over time.

Figure 5. MOTESS sky background data on a night
with intermittent clouds passing overhead.

These data provide a good reminder that sky
background is not just affected by artificial lighting
but by natural phenomena as well. Clearly the bright
moon is a major contributor, but sky brightness is
also modulated by the location of the galactic plane
in the sky, by (especially early evening) air glow,
zodiacal light, and aurorae. Thus, it is important that
the SBDA metadata files (Section 6) provide the user
relevant information on these conditions and that the
user be cognizant of their effects.
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SBM, and with more effort SQM, data files offer
greater flexibility than the astronomical photometry,
principally by allowing two-dimensional spatial resolution in the local effects of sky brightness.
Looking first at the SQM data we show in Figure
7 the ground track followed during a series of SQM
measures in Hays, Kansas, a rural community of
population about 20,000 on the Great Plains of Western Kansas. The data collection protocol is as described in Section 4 and was time consuming and
tedious. The serial output of that data collection effort
is shown in Figure 8, which is simply a serial order
plot of the measures as they were taken. Such plots
actually have considerable utility, especially if several similar routes are run at different time intervals
of interest. An envelope enclosing the dense cluster
of low intensity points provides a good measure of
the average community dark sky levels, and when
mathematically compared with similar plots from
other times is a convenient way to monitor gross
changes in sky brightness over the community as a
whole.

Figure 8. SQM data; serial sky brightness plot, Hays,
Kansas.

Figure 9. SQM data; Earth Plot, Hays, Kansas

Figure 6. MOTESS sky background data on a typical
moonlit night. Dark levels appear lower because of a
filter change during bright moon; emphasizing the importance of filter information in the archive metadata
files.

Figure 7. SQM data; position tracks, Hays, Kansas.
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In Figure 9 we use this same data set to compute
input file formats with user established thresholds
and brightness resolution for display on satellite and
aerial photography images. These data can become
extremely useful for identifying locations, structures
and in some cases specific light sources that contribute to the brightest segments of the surveyed regions.
Figures 10-14 show similar data using the much
faster, automated SBM as the data collection device.
These data are obtained for a local industrial park
region in Escondido, California which is the proposed site of a new Triple-A Sports Field. The concern is its proximity to Mount Palomar Observatory
and its potential conflict with local lighting regulations; the data shown here comprise part of a baseline
data package of local sky brightness that can be used
for comparison with similar data collected upon
completion of the development.
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Figure 13. SBM data, Earth Plot, Escondido, California.
Figure 10. SBM data; position track, Escondido, California proposed Triple A Sports Field prior to construction
(baseline data). Track as plotted from SBM GPS data.

Figure 14. Representation of Figure 13 at a different
scale, zooming into the region of the proposed sports
field and showing underlying buildings and structures.
Figure 11. The data of Figure 10 plotted on a Google
Earth image.

8. Some Educational Outreach Thoughts
The data sets stored in the SBDA and the data
collected with the SBM can be of interest to high
school and community college educators, as well as
amateur astronomers involved in mentoring younger
students and participating in science fair projects.
There are a number of science projects that can be
adapted to educational programs for students of a
variety of ages. Following is a sampling of some potential projects of interest:
1.

Before/after sky brightness measurements of
various lighting project areas such as:
 Sports parks
 Mall developments, especially automalls
 Street lighting projects

2.

Monitoring sky brightness in “dark areas,”
such as state and national parks.

Figure 12. SBM data; serial sky brightness plot, Escondido, California.

3.

Monitoring sky brightness in ecologically sensitive areas, such as
 wild life preserves,
 marine mammal environments etc.
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4.

Monitoring sky brightness levels on avian migration routes or migration stopping points
(wetlands, etc.).

5.

Monitoring sky brightness for seasonal cycles.

6.

Monitoring sky brightness as a function of
weather and air pollution.

7.

Determine comparable pairs of cities with and
without lighting ordinances, and monitor long
term sky brightness levels as a function of
population growth, area growth etc.

ness. Ann. Meeting of the International Dark-Sky
Association; Tucson, AZ (www.egnat.org).
Kraus, A. L., Craine, E. R., Giampapa, M. S., Scharlach, W. W. G., Tucker, R. A. (2007) The First
MOTESS-GNAT Variable Star Survey. Astron. J.
134, 1488-1502.
Kraus, A. L., Tucker, R. A., Thompson, M. L.,
Craine, E. R., Hillenbrand, L. A. (2011) The MassRadius(-Rotation?) Relation for Low-Mass Stars.
Ap. J. 728, 48.
NMEA (2011). http://www.nmea.org.

9. Conclusions
Sky brightness data provide important parameters for ecological, environmental and urban planning
studies. The tools are available to begin providing a
utilitarian archive of baseline data against which future sky brightness measures can be compared. These
tools are increasingly easy to use and individuals
interested in participating in such data collection can
simultaneously provide a useful service and engage
in informative research programs.
Further, these investigations can be easily
adapted to a wide range of educational outreach programs over many student age groups. Such activities
can make science more accessible to students and can
directly involve them in projects that clarify the scientific method and allow students to make productive
contributions to many subjects that may interest
them: environment, ecology, health, public policy,
urban planning, data collection and analysis and
computer methodology among others.
Individuals interested in participating in these
studies are encouraged to contact the authors.
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Abstract
Be spectral classification stars typically show variable and complex emission detail in the H alpha spectral line.
These emission phenomena are not from the star itself but are thought to originate from a circumstellar disk of
material that has formed around the star due to a combination of mass loss, rapid rotation, a magnetically
torqued disk of the surrounding material and nonradial stellar pulsation. To analyze these H Alpha line characteristics a high resolution spectrograph is required to display the subtle changes over time. The construction of an
inexpensive high resolution Littrow spectrograph for that analysis process is herein described.

1. Introduction

made. The optical configuration of the Littrow Spectrograph can be seen in Figure 1.

The use of stellar spectroscopic analysis employing small aperture telescopes (0.35 m) has become
popular over the past decade. Spectroscopes are now
commercially available and can be purchased with a
variety of spectral resolutions. However these commercial units, while exceptionally good for many
different research venues, are often expensive. Inexpensive spectroscopes have been built by amateurs
utilizing several optical configurations in the past.
The Littrow optical configuration has become popular because of its simplicity, instrumental size and use
of readily obtainable components. With H alpha
emission line analysis of Be spectral type stars in
mind, an inexpensive high resolution spectrograph
utilizing the Littrow optical configuration and spare
components has been constructed.

2. The Merritt Spectrograph
A search of the literature and internet yielded
several different designs using the Littrow optical
configuration. These designs included spectrographs
using multiple camera lenses, single lenses, and
transmission and reflection gratings. Rummaging
through spare parts boxes brought forth a very high
quality diffraction grating (2400 l/mm), an achromatic lens, an adjustable slit, a diagonal mirror and a
flip mirror assembly. The use of these components
closely resembles a design by Christian Buil (2011).
Only minor modifications, due to different focal
lengths, component size and diameters needed to be

The positions and dimensions of the parts of the
spectrograph were calculated and laid out utilizing
the parameters of the optical components at hand.
Access to a machine shop with a lath and milling
machine allowed the spectrograph component support pieces and frame to be machined (Figure 2).
The completed spectrograph support pieces and
frame were painted flat black to reduce any internal
reflections and then assembled. The optical compo-
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nents were then installed into their respective mounts
(Figure 3).

The Merritt Spectrograph was designed to allow
easy optical alignment and focus. The lens, adjustable
slit and CCD camera can all be adjusted within their
respective mounts. Preliminary focus for the slit–tolens and lens-to-CCD was accomplished by removing
the back panel and diffraction grating. The adjustable

Table 1 – Spectrograph Parameters
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slit was positioned first. The moon was then employed as a collimated light source. Adjusting the
lens in its mount focused the moons image onto the
slit. Adjusting the CCD’s position in its mounting
was completed next focusing the moons image onto
the CCD chip. The diffraction grating and back panel
were then reinstalled.
The blazed first order spectrum on this high resolution system is considerably larger than the CCD
chip (about 80mm in length). The initial alignment of
the diffraction grating, to place the H alpha emission
line (656.28 nm) in the correct position, was accomplished by using a red laser pointer (670 nm laser
diode) which is close in wavelength to the H alpha
line. The diffraction grating was rotated until the first
order laser dot was on the edge of the CCD.
The spectrograph was mounted onto the telescope, a 0.35-m Celestron f/10. A bright star (Sirius)
was used for the flip mirror assembly focus. The star
was first focused onto the slit and then the flip mirror
parfocal eyepiece was focused on the star.
Minor adjustments for focus of the slit-to-lens
and lens-to-CCD were made after images were obtained. The diffraction grating was also adjusted to
locate the H alpha line in the center of the CCD.
Spectrograph parameters were calculated utilizing the Excel spreadsheet, “SIMSPEC”, created by
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Christian Buil (2003) to simulate the operation of the
spectrograph (Table 1). Inputting the specific parameters for the telescope, spectrograph, CCD, observed star and observing conditions, quantities such
as resolving power, signal to noise ratios and others
quantities can be calculated. These quantities are useful in determining exposures, magnitudes of selected
stars and spectrum characteristics.

between the line width and wavelength for the Be
shell stars (Figure 5).
Slettlebak (1988) proposed that the line profiles
that are seen in the spectra are also related to the
viewing angle (Figure 6).

3. Be Star Background Information
Be type stars are extremely interesting stars and
are a strange beast. They were first discovered by Fr.
Angelo Secchi (McCarthy 1950) in 1877. Be stars are
basically B spectral type stars which show emission
lines in the optical spectrum in the Balmer lines (Hα,
Hβ …), singly ionized metals (FeII, TiII …), and
sometimes neutral Helium. Approximately 20% of B
type stars fall into this Be subclass. These stars are
non-supergiant stars with luminosity classes of V to
III and have "surface" temperatures between 10,000
and 30,000 K. They have a radius of 3 to 12 Rsun..
They are a member of the “emission line star group”
(Figure 4).
Kougure and Leun (2007) state that it is now
widely accepted that Be stars are rapidly rotating
with rotational velocities of 250 to 500 km/s, close to
their critical breakup velocities. They lose substantial
mass over time (decretion) and are surrounded by
ring-like or disk envelopes in the low latitude regions. Hot and high velocity winds flow out from the
high latitude regions of these stars as discovered utilizing the ultraviolet observations from the 1970’s.
The circumstellar disks of material have radii ranging
from 2 to 20 times the radius of the central star. This
ring or disk is where the observed emission lines are
formed. These emission lines usually appear on top
of the broad underlying photospheric absorption
lines.
Therefore, according to their line profiles, Be
stars can be classified into three types.
a)

Pole-on stars: characterized by single peaked
narrow emission lines superimposed on the
photospheric absorption lines.
b) Be stars (ordinary): showing double peaked
emission line profiles. This is the most predominant type seen.
c) Be-shell stars: sharp and deep absorption
components in the center of the double peaked
emission lines.
Struve (1931) indicated that the Doppler effect
demonstrated the observed H alpha emission line
splitting thereby explaining the observed relationship

The characteristics of the emission line profiles
are often quite variable. Sometimes the emission
lines disappear, becoming normal B stars, and then
reappear going back to Be stars. Sometimes they
change from Be pole-on to Be ordinary and from Be
ordinary to Be shell types.
The Be star Pleione (Darling 2011) (BU Tauri)
in the Pleiades is a classic example of this variability.
With a rotation period of under a half a day, Pleione
is spinning 165 times faster than the Sun (329 km/s at
the equator). Pleione switches among phases; it was
in the Be ordinary phase until 1903, a B type phase
from 1905–1936, a B-shell phase from 1938–1954,
and another Be ordinary phase from 1955–1972 (Hi-
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rata 1995). It then entered a Be-shell phase in 1972
developing many shell absorption lines in its spectrum. It showed a decrease in brightness, at the same
time, beginning at the end of 1971. In late 1973, after
reaching the minimum brightness, the star gradually
brightened again. In 1989, Pleione entered the Be
ordinary phase again and stayed in that phase until
the summer of 2005 (Tanaka et al. 2007). Spectroscopic and photometric observations from 2005 to
2007 indicate that a new disk has formed around the
equator thus constituting a double disk phenomenon
where the disks are at different orientation angles
(Hirata 2007). Prior to this, misaligned double-disk
structures had never been observed before among Be
stars.

diate latitudes on a B star creates and maintains a
dense disk a few stellar radii from the central star
(Figure 7).
Many types of stars show a periodic pulsational
variation in their radius and brightness (Kochukhov
2004). Fundamental stellar parameters can determine
the observed pulsational characteristics. Consequently, investigations of stellar pulsations provide a
unique opportunity to verify and refine our understanding of the evolution and the internal structure of
stars.

Despite extensive study, the mechanisms by
which Be stars display variability, on many timescales, and the formation of the circumstellar disks
are still not clear.
The possible role of magnetic fields in Be disk
production has been mentioned quite often. Cassinelli
et al. (2002) speculate that magnetic torqueing explains the disk formation. The star has a dipole-like
inner magnetic field with its axis aligned along the
rotation axis of the star. Magnetic torqueing and
channeling of the stellar wind flow from the interme-

However, key boundary conditions for this
analysis and precise information about the geometry
of the pulsations in the outer stellar envelopes are
difficult to obtain, especially for rapid rotators like
Be stars. These pulsation modes are distorted and
cannot be described with a single spherical harmonic
function. Nonradial stellar pulsation of the star must
be employed in these situations and can manifest
itself through multi-period photometric variability
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(Vinkovic and Pavolvski 1998; Figure 8). This in turn
effecting the variability seen in the Be stars.
Because of the many unusual characteristics, Be
stars are often regarded as a phenomena rather than a
special type of star.
Since the spectra and photometric variability are
the key features of the Be phenomena, determining
an accurate spectral classification is an important
goal. However, there are essentially two goals involved in that process (Gray and Corbally 2009). The
first goal is to classify the star itself utilizing the
spectral features formed not in the circumstellar disk
of matter but in the photosphere of the star. The second goal is to characterize the specific emission spectra formed in the disk of material. It is often difficult
to determine the classification of the star but the
emission details can always be determined. Numerous classification systems have been developed since
1968, most recently by Hanuschik et al. (1996). They
derived a system utilizing the profiles of the Hα lines
based on the parameters of the circumstellar disk; the
optical depth, inclination and disk kinematics.

4. Results
For the initial test, the adjustable slit was set to a
0.5mm opening and the spectrum of the sun was obtained (Figure 9).

The spectral profile was processed from the fits
image of the sun using the spectral analysis program
“VisualSpec” written by Valérie Desnoux (2011;
Figure 10).

diffraction grating we therefore have a dispersion of
0.0165nm/pixel for the system. The resolving power
of the instrument is based on the telescope and spectrograph optical parameters and has a value of 9735.
The signal-to-noise ratio of the spectrograph is a
function of the CCD and observed star. The desired
SNR for any exposure should be above 100. Typical
SNR for the Merritt spectrograph is above 1000.

5. Conclusion
The Merritt Spectrograph performed effectively
during its initial tests resulting in usable spectra for H
alpha analysis.
Future augmentations and/or alterations to the
spectrograph are planned which include:
a) Building a calibrator using a neon bulb with a
timing circuit to allow quick calibration of the
recorded spectra.
b) A mechanism to easily adjust the diffraction
grating to other wavelengths and back again.
c) A more sensitive CCD camera (bigger chip
size) yielding a broader recorded spectrum.
This would also facilitate spectra acquisition
on fainter magnitude stars.
The cost of this project, considering that the key
components (diffraction grating and adjustable slit)
were found in the authors’ spare parts box, was $15
for the aluminum and about six hours to machine the
parts. Alignment and calibration took several nights
of observing.
Our knowledge of Be stars has dramatically advanced in recent decades. Observations of these stars
using the Merritt Spectrograph will continue in the
future with the expectation of adding to the expanding database of information on these interesting and
unusual stars.
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Abstract
A special mathematics course (MAT298AC) was offered in the fall 2010 and spring 2011 semesters at the
Estrella Mountain Community College (EMCC), providing students the opportunity to gain real-world experience
through observations, applied mathematics and research techniques. The students and instructor in MAT298AC
chose to pursue visual binary star observations with the goal of contributing to the scientific knowledge base.
Visual observations of selected binary stars were obtained by utilizing EMCC campus astronomical equipment.
Data collected includes the separation of potential binary stars and their position angle.

1. Introduction
1.1 Background

mathematics to data collections and analysis. Posters
like the one shown in Figure 1 were widely distributed across campus recruiting students from a wide
variety of backgrounds.
1.2 Special Projects Course Structure

Figure 1. Campus Poster Advertising Special Projects
Course

During SAS 2010, a talk was presented on introducing astronomy related research into traditional
undergraduate mathematics courses at the Estrella
Mountain Community College (EMCC). The success
of this two semester course (designated as College
Mathematics - Math142) resulted in EMCC offering
a special projects mathematics course in the fall 2010
and spring 2011 semesters. (Observations and measurements data taken during the spring semester 2011
are presented here. Observational measurements
taken during the fall 2010 semester are available in
the April 2011 edition of the Journal of Double Star
Observations). The intent of this course offering was
to give students the opportunity to conducted original
astronomical research with the applications of

Estrella Mountain Community College is part of
the Maricopa County Community College system.
This system consists of 10 colleges, two skill centers
and numerous education centers, all dedicated to
educational excellence and to meeting the needs of
businesses and the citizens of Maricopa County. Each
college is individually accredited, yet part of a larger
system — the Maricopa County Community College
District, which is one of the largest providers of
higher education in the United States.
EMCC’s special mathematics course, designated
as MAT298AC, is a student driven research oriented
project course focused on the application of learned
techniques in the fields of astronomy, applied
mathematics, and statistics. Students study with a
large array of goals in mind, but a common goal
amongst the student body is to gain the knowledge
necessary for work in a gamut of fields and professions. MAT298AC offered a unique opportunity
within this environment to gain a particularly useful
amount of experience in original research and data
analysis. At the start of the semester the class was
given a wide variety of possible astronomy research
projects to choose from, each with its own set of
unique problems to overcome and real world experience to provide. The field of study chosen, visual
observations of binary star systems, was both within
the capabilities of EMCC equipment and the classes’
astronomy experience. The study of binary systems
also presented an opportunity to contribute directly to
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the science of astronomy, an uncommon event for
community college students. With this in mind, the
students of MAT298AC began their research project
with the following objectives in mind:






pus observing site from the science lab quick and
relatively easy.

to gain basic knowledge about astronomy and
the study of binary stars in particular
to prove the accuracy of visual observations in
comparison to modern techniques
to contribute to the data amassed on binary star
systems with the differentiation between optical and true binary systems
to expand upon individual knowledge of research processes and analysis
provide an avenue for the students to attempt
publication of their work in a recognized journal
Figure 3. Meade 12-inch LX200 on Location

With these goals in mind, the students set out to select a set of visual binaries to observe and take measurement data.

2. Equipment & Resources
2.1 Telescope
Equipment for observing sessions was provided
by the EMCC science department and made available
exclusively for use by the students. The observing
telescope was a 12-inch Meade LX200 telescope with
GPS option.

2.2 Celestron MicroGuideTM
In order to take accurate measurements of the binary stars, a multi-function guiding eyepiece featuring a laser-etched reticle with a built-in battery illuminator was utilized. The Celestron MicroGuideTM
eyepiece is a multicoated 12.5mm Orthoscopic. Usage possibilities included direct guiding on stars outside the center of the field of view; greatly improved
off-axis guiding to capture much fainter, sharply focused guide stars without reducing limiting magnitude; and measuring position angles and separation of
double stars. The Celestron MicroGuideTM Eyepiece
is totally free of internal reflections and offers sufficient eye relief for the reticle to be viewed easily,
even with eyeglasses. Its finely etched micrometer
scale has gradations 50 microns apart and 15 microns
wide.

Figure 2. Meade 12-inch LX200

Meade LX200 telescopes satisfy the requirements
of serious astronomers and many school and college
research programs due to its high levels of resolution
and image brightness. The 12 inch model gathers 44
percent more light than the Meade 10 inch. The 12
inch Meade LX200 telescope is equipped on a movable base which made transport to and from the cam-
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Figure 4. Celestron MicroGuide

TM

Calibration for the eyepiece was conducted before taking the separation measurements. Selecting a
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calibration star, the students determined the angular
separation of scale divisions using the standard star
drift method and corresponding formula. This was a
key factor in determining accurately the separation
distances for selected stars.

vehicles entering and leaving the campus. The sky is
free of view of obstruction from certain areas. However, EMCC is within city limits and is near 4 airports; therefore giving the sky a heavy traffic area for
airplanes and corresponding light pollution.

2.3 Video Web Camera

3. Observations

To supplement the visual observing, a Philips
SPC900NC Astrophotography Webcam CCD camera
was utilized to capture imagery of a subset of the
target stars. While the primary focus of the course
project was visual measurements, the web camera
was employed as an experiment to determine accuracy of video imaging versus visual observations.

To accomplish the goals outlined in the introduction, the students and instructor gathered a very long
and detailed list of potential stars to observe from the
Washington Double Star (WDS) Catalog’s website
(http://ad.usno.navy.mil/wds/).

Figure 7. Washington Double Star Website
Figure 5. Philips SPC900NC Web Camera

2.4 Observing Site

Figure 8. List of Neglected Stars

Figure 6. Campus Observing Site

The observing site is on the southeast corner of
EMCC. The area is green, flat and, for the most part,
dimly lit with occasional interference from moving

The WDS Catalog is the world's principal database of astrometric information on double and multiple stars, maintained at the US Naval Observatory, in
Washington. The WDS Catalog includes positions,
magnitudes, discoverers, position angles, separations,
spectral types, and proper motions for the components of over 100, 000 systems covering the entire
sky. It was first published in 1984, with updated edi-
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tions in 1996 and 2001. The online version is updated
daily.
For the best use of their observation time and
abilities, the students agreed to initially focus on the
list of neglected stars provided by the website.
Observations of the neglected star list was first
attempted but after a couple of observing sessions,
the students realized why the list is considered neglected; the stars were either too faint a magnitude or
not easy to observe visually. The list was quickly
abandoned.
The second list was pulled from the standard
WDS Catalog list in the 12-18 hour section. The preliminary list was put into a Microsoft Excel spreadsheet and filtered first by magnitude, then by the
separation and finally by their positions in the sky.
With this list of just over a hundred stars the students
were ready for the field.
The first order of business was to pick a star to
use as a calibration drift star for calibrating the Celestron MicroGuideTM . The star needed to be plainly
visible in the night sky at EMCC. The chosen star
used for calibration was Capella at apparent magnitude 0.91. Once the telescope was focused and the
MicroGuideTM calibrated, each set of stars on the list
was entered into the telescope, which used its computer to locate and observations would be taken.
Each student would collect three measurements
of separation on each set of binary stars and these
were entered into the Excel spreadsheet and used
later for data analysis. After each student finished
their observations of the separation one student was
elected to take the measurement of the position angle,
which also has been placed in the Excel spreadsheet.
As each set of stars were programmed into the
telescope it was easy to see which stars would be best

Figure 9. Final List of Target Stars
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to observe. The faintest magnitude star that was visible in the telescope was a magnitude of approximately nine. The separation between the primary and
secondary star could not be greater than 294 arcseconds in order to fit into the microguide field of
view. The view of the sky was limited due to
EMCC’s location. As each star was programmed into
the telescope it was also very clear to see which stars
were located in a cluster of other stars and those were
quickly eliminated as to avoid confusion and unintentionally wrong data.

4. Data Analysis
4.1 Calibration Measurement Data
In order to obtain the most accurate measurements possible, care was taken in performing the
calibration process for using the Celestron MicroGuideTM. A calibration star was carefully chosen
for position and magnitude. The standard drift
method was utilized for calibration where the target
star is lined up in the major axis of the microguide,
the telescope is temporary put to sleep, and the star is
allowed to drift down the center line. Timing measurements are taken for each drift and all measurements are averaged for best results. The average is
then plugged into the formula

SD 

drift time cos 
avg

4

Where drift time is the average measured drift time
and  is the calibration star declination in degrees.
Based on the timing average, a separation be-
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tween scale divisions was calculated to be 7.39 arcseconds. Histograms of the timing measurements for
both the fall 2010 and spring 2011 semesters are
shown in Figures 10 and 11, respectively.
9
8

Frequency

7
6
5
4
3
2

WDS ID

Discover.

08525 2816
06212 2108
07183‐3644
08142 1741
08476 0001
06047‐4505
08102 2551
07040‐4337
07097 6045
07013 3225
08401 2000
06376 1211
07260 1406
08085‐1952
06255‐3504
08404‐4223
07478‐1601
07183‐3644
06541 0641
07254 5633

HJ 460AC
S 513AD
JC 10AB
STU 22AB‐D
STU 23AC
HJ 3834AC
ARN 2AC
DUN 38AC
HJL1046AB
ARN 66AF
ENG 37AB
S 529AC
STF1088AE
S 563AB
HJ 3858AB
DUN 72AB
KNT 4AB
JC 10BC
STTA 79
STTA 84AB

Magnitudes
Primary Sec

6.47
7.31
4.66
6.51
7.84
6.02
6.58
5.61
6.76
6.59
6.47
6.91
7.38
7.03
6.4
6.91
6.54
5.07
7.2
7.72

6.04
7.61
5.07
8.94
7.82
6.39
8
8.83
7.95
8.26
6.58
8.09
8.1
7.62
7.61
7.8
6.6
8.67
7.52
7.75

Last
Epoch

2005
2009
1999
2002
2004
1999
2007
1999
1999
2004
2010
2002
1984
2002
2007
1999
2002
1999
2004
2004

PA

21
24
98
325
352
321
22
335
165
301
153
168
224
57
47
360
132
216
89
324

SEP

273.5
264.7
240.1
230.1
217.3
196.2
188.7
184.9
182.2
169.9
148.2
142.2
137.4
134.3
131.8
129.8
129.4
117.2
115.5
113.6

Current
Epoch
2011.200
2011.200
2011.200
2011.200
2011.204
2011.204
2011.204
2011.204
2011.238
2011.238
2011.238
2011.238
2011.244
2011.244
2011.258
2011.258
2011.258
2011.263
2011.263
2011.263

PA

20
24
102
320
351
323
21
337
164
301
151
168
223
60
48
1
131
215
96
325

SEP

276.8
274.7
241.6
230.5
219.9
202.9
195.5
185.7
184.8
172.0
155.3
143.0
119.6
140.2
134.4
130.2
130.8
118.9
117.9
115.0

1

Figure 13. Summary Data for Measures 2011

0
37

37.2

37.4

37.6

37.8

38

38.2

38.4

38.6

38.8

39

39.2

Seconds per Drift

Figure 10. Histogram of Timing Measurements for Fall
2010

Figure 11. Histogram of Timing Measurements for
Spring 2011

4.2 Measurement Data
Observing sessions to take actual measurement
data covered the time intervals from late February
2011 through early April 2011. Observing times generally commenced at dusk and ran 2.5 to 3 hrs total.
A total of about 15 days were spent observing.
The initial spreadsheet containing all raw measurement data is shown in Figure 12. Once all data
was average and verified, final results were compiled
and are shown in Figure 13.

Figure 12. Measurement Data Spreadsheet

5. Video Imagery of Selected Stars
5.1 Selected Examples
Toward the end of the visual star observing program, a Phillips 900NC video web camera was used
to investigate capturing imagery of a selected set of
the binary stars. The primary objective of the experiment was to determine the capabilities of low cost
web cameras for use in obtaining high precision
measurements of the double stars. A second objective
was to determine whether a web camera could obtain
imagery of doubles with fainter magnitudes than
would be observable with visual means. During an
observing session conducted over successive nights,
eight binary star pairs were captured. Several examples are described in detail.
Binary S529 AC primary is magnitude 6.91 with
a secondary at magnitude 8.09. The last measurement
in the WDS database indicated a separation of 142.2
arc-seconds and position angle of 160 degrees. The
epoch was 2002.
Binary STF1088A primary is magnitude 7.38
with a secondary at magnitude 8.1. The last measurement in the WDS database indicated a separation
of 137.4 arc-seconds and position angle of 224 degrees with an epoch of 1984.
Binary STTA84AB has a primary at magnitude
7.72 with a secondary at magnitude 7.75. The WDS
database indicates a separation of 113.6 arc-seconds
and position angle of 324 degrees with an epoch of
2004.
Overall, 8 stars were successfully imaged with
magnitudes ranging from 6.4 up to 8.26. Imaging of
fainter stars was not possible with direct video capture. Preliminary analyses utilizing stacking techniques were attempted but none were successful. Additional work needs to be performed in this area.
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demonstrated here. The main window shown in Figure 17 provides the ability to load AVI files, select
specific targets and then performed accurate measurements once it is calibrated.

Figure 14. Image for S529 AC

Figure 17. REDUC Main Window

To provide test data on the utilization of
REDUC, star pair S 529AC was loaded and use as a
calibration set. This was applied to star pairs STTA
84AB and STF1088AE with results shown in Figure
18.
Figure 15. Image for STF1088A

Figure 18. Comparison of Visual and Imaged Separation
in arc-seconds

This limited test shows the promise of using inexpensive video imaging equipment for stars brighter
than about magnitude nine. Additional image processing techniques could be applied to image fainter
stars but to what magnitude limit would be obtainable
is currently unknown.

6. Conclusion

Figure 16. Image for STTA84AB

5.2 Analysis of Separation using REDUC
REDUC is a software package dedicated to double star measurements. The latest version can be
downloaded free on simple demand. It is perfectly
adapted to performing measurements on imagery
captured with simple CCD and video cameras as
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This class fulfilled the basic objectives of expanding the students’ knowledge in the fields of astronomical observing and applied research. By the
process of observing binary stars, knowledge was
obtained in telescope operations, celestial coordinate
systems, statistical analysis, and publication of results. By successfully completing this class, the students gained valuable real world experience that can
be applied in their fields of academic and professional endeavors.
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In addition, a limited attempt to prove the accuracy of visual observations in comparison to CCD
imaging techniques was completed. These observations provide additional information to investigate the
nature of binary star systems.

7. Recommendations for Additional
Studies
An additional area for future study would be to
take historical data downloaded from the WDS catalog and compare trend histories to data collected
here.
It is recommended that undergraduate and community colleges offer a similar type of research oriented course to provide students with enhanced educational experiences.
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Abstract
A new generation of point and shoot digital cameras, when combined with open source firmware enhancements
can operate as astrographs. This paper explores the research and astro-photographic opportunities and capabilities offered by this pairing of mass production optics and open source functional extensions that retail for as little
as $200.

1. Introduction
Twenty years ago it would have been difficult to
predict that nearly every home would posses one or
more CCD cameras, but that is the situation today.
Some of the latest generation “point and shoot” cameras contain DSP’s with extraordinary processing
power, and back illuminated 14 mega-pixel CCD
sensors retailing for under $200.
The competitive commercial market has been
driving the packaging of more capabilities into each
generation of camera. The last two years has seen the
emergence of integrated cameras with high sensitivity and integrated zoom optics that go from macro to
fields as small as a couple of degrees.
The prospect of having integrated cameras capable of performing scientific work at prices within
almost anyone’s reach seemed at hand.
Sad to say, camera manufacturers did not lavish
this kind of engineering and tooling on their products
to satisfy the desire of thrifty astronomers. They
spent their capital on making the camera simple, yet
capable for casual snap shooters. The user interfaces
are optimized for making snap shots of the kids,
sporting events and videos of special occasions.
As an instrumentation engineer, I have long
known that all the components are present in the
package to do the science job, but the embedded
firmware denies me access to them. Some of the features key to astronomy including long exposures,
remote control and access to “RAW” uncompressed
sensor data are not available on these cameras. All of
these features are available on higher priced models
built up out of he exact same components.

2. Free The Pixels!
Clearly, I was not alone in my frustration. In the
past 18 month I have become aware of an Internet

project to “jail break” Canon digital cameras. The
open source software project is known by the acronym CHDK (for - Canon Hack Development Kit).
The project started several years ago when Andrey
Gratchev, a Russian programmer, successfully reverse engineered the Canon “Digital Imaging Core”
(DIGIC), the custom integrated circuit that controls
all Canon digital cameras.

Figure 1. Cannon Digital Imaging Core IV PCB.

Once the fundamentals of its operation were understood, volunteer programmers have developed an
alternate Open Source firmware under the GNU Public license (GPL). Firmware builds for most Canon
models are available for download on the CHDK
development site:
http://chdk.wikia.com/wiki/CHDK
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3. CHDK Feature Overview
While this paper is not intended as a review or
tutorial for CHDK, it is important to outline its features and requirements. It is the combination of
Canon’s technology and the CHDK project’s work
that make doing science with point and shoot cameras possible. Until other manufacturers offer features
that are key to astronomy in their entry level cameras
or similar projects develop alternate firmware for
other manufacturer’s cameras, only Canon point and
shoot models can be used.

compatible with several popular DSLR control programs.
The next key feature is the availability of a number of intervalometer add-ons that run inside the
camera allowing time-lapse and frame stacking without any external accessories.
Among the many other useful extensions is a
motion control exposure trigger. This feature is fast
enough to capture lightning, meteors, satellites and
other transient phenomena without having to examine
thousands of empty frames.
One of the best features of CHDK for advanced
projects is the ability to program camera scripts that
run inside your camera without the need of an external computer. The camera interprets two different
scripting languages. uBASIC, is a BASIC like language familiar to many who have dabbled in programming. You have all of the parameters, variables
and the capability to access all the cameras functions
and controls. You also have the ability to access the
camera’s internal timers and calendar. Literally the
power to control the camera for months at a time,
assuming external power is supplied.

Table I. Key CHDK Features.

The single most important extension in CHDK is
the ability to store images in uncompressed RAW
format. All other point and shoot cameras store their
images as JPEG. JPEG is a lossey compression
method. It discards information. As a result, it renders the images inferior in dynamic range, corrupts
flux measurements, and astrometric accuracy. RAW
mode provides access to 12 bit output data from the
ADC directly reading out the sensor. While this uncompressed mode uses more memory space, it is essential to most astronomy projects.
The next most important features from an astronomical prospective are the ability to use long exposures. Exposures up to a minute can be taken with or
without accompanying dark frames. Indefinitely long
exposures are possible by using a simple circuit connected to the USB port. This circuit can be made
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Figure 2. Example of a uBasic CHDK Program.

The other programming language native to
CHDK is LUA. This is a Linux style scripting lan-
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guage familiar to web programs that have used languages like Python.

4.1 ELPH 100 HS

Figure 4. ELPH 100HS Camera Summary.
Figure 3. Example of a LUA CHDK Program.

Regardless of which programming route you follow, the CHDK web site has many free scripts available for download that should provide you with examples and building blocks you can incorporate into
scripts you may wish to write.
Finally, CHDK installs in the camera’s RAM
memory, loading from the same SD Card that stores
your images. This means that no permanent change is
made to your camera. Your warranty is not voided
and you can restore normal operation of the camera
by simply inserting an empty SD card and cycling the
camera’s power. This allows you to give the camera
back to other users without complicating their lives
with your astronomy firmware.

The ELPH series cameras are among the least
expensive and common cameras around. Their limited zoom range is going to restrict them to relatively
uncrowded or wide fields. They will suffer worst
from undersampling as a consequence of their limited
focal range.

4.2 SX120is

4. Price Performance Of Current Models
The following section reviews current or recent
Canon point-and-shoot cameras for their utility as
astrographs, assuming they have CHDK firmware
installed.

Figure 5. SX120is Camera Summary.

The SX120is camera probably one of the best
values in the class. It is currently being deeply
discounted since its successor is already on the
market. It actually has larger pixels than it’s
successor and a slightly faster optical system that is
better suited to its pixel size than its successor.
Additionally, having been arround longer, the CHDK
release for this camera is stable and mature. The tests
later in this paper were made with a borrowed
SX120is along with my older ELPH.
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4.3 SX130is
4.5 SX30is

Figure 6. SX130is Camera Summary.
Figure 8. SX30is Camera Summary.

The successor to the SX120is, this camera has
smaller pixels and less dynamic range than the 120is
but compensates with a more sensitive sensor and
faster processor. When the 120s are all gone, this will
be my choice as best value.
Like all later Point and Shoot cameras this one
features digital image stablization. This feature
should be turned off for astronomical usage.

4.4 SX200is

This is clearly the most expensive camera in the
pack. It costs enough that you might start think about
spending the extra money for a full DSLR, but when
considering the cost of lenses, a decent APO etc., this
package does a lot for the money.

5. A Moving Market
The comments above are made in temporal context of this writing. With product life cycles measured in months, you should use these summaries as
guidelines and seek out contemporary reviews.

6. Limitations and Challenges

Figure 7. SX200is Camera Summary.

The SX200is has slightly larger pixels at 2.2 um.
It is more compact, but primarily because it uses a
Lithium ion battery pack rather than AA batteries.
This is what raises its price by about $40. Since you
will quickly discovered that long exposure
astrophotography is going to require some beefier
power supplies, the premium is wasted in this
application.
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Consumer cameras were not designed for astronomy. As such, they have several limitations and characteristics that can complicate making astronomical
observations. Many of these concerns are the same as
using a DSLR camera for astrophotography. I will
not cover them here, rather I will highlight those special to point and shoot cameras.
Under Sampling is the primary drawback of all
of these cameras. With all of these cameras, the
Bayer pixel quad size is much larger than a well focused star image. Even with the limited resolution of
their optical systems, stars will tend to occupy a single pixel.
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Figure 9. Undersampled Star Image On Bayered Sensor.

The image sensor is covered with an RGBG
Bayer pattern of filters. As a result, in any single well
guided exposure the sensor will tend to record a color
more indicative of where the star hits the sensor, than
the star’s actual color.
There are a couple of observation methods that
address the problem. The simplest is to defocus the
star image. By being slightly out of focus, you spread
the star’s light over several pixels gaining a more
accurate color estimate.
Defocusing has several drawbacks. Firstly, it is
not suited to crowed fields, or accurate recording of
details in defuse objects. Secondly, by spreading the
star out over several pixels you lower the signal to
noise ratio of your image and reduce the accuracy of
your measurement.
The other technique is to dither many images by
moving the scope slightly between images. Each star
image lands on a different collection of pixels. Over
many frames, you should have placed the star on
enough different places on the sensor to get a good
estimate of its color.
Dithering is a technique developed for scopes
with superior drives to assure that differential pixel
sensitivity does not corrupt their data. It is expected
that point and shoot camera will be piggy backed on
much very inexpensive mounts. Given inaccuracies
in their alignment and tracking, Dithering comes
along for free. The key thing is to combine many subframes into a single master image, before doing data
analysis in order to benefit from this method.
The other challenge with these cameras is their
very limited dynamic range. With pixel 2.2um square
you are getting full well capacities of only a few
thousand electrons. At best, a single exposure will
provide only 1 percent photometry over a single
magnitude and 10 percent photometry over a 2 magnitude range.

Under these conditions, selecting and monitoring
exposure time is critical. You want to assure that
your target of interest is at about 2/3 the dynamic
range of the sensor. Be alert to changes in seeing,
atmosphere and air mass during your observation.
You have little margin and changes in any of these
conditions can degrade the quality of your observations.
For targets with wider magnitude ranges, you
may need to take exposure with a geometric series of
different exposure times and combine the data
mathematically from the different exposure groups,
or carefully scale and layer you results if building up
a composite image.
After all is said and done, these cameras might
be called “Shallow Sky Imagers”. In one minute exposures they will record detail down to about Magnitude 9. You should not expect to push back the
bounds of the known universe. What you can do is
contribute useful data in several areas, develop observational skills, and have a compact observing
setup for travel, demonstration and education.

7. Suitable Projects
The capabilities of point and shoot cameras with
open source firmware suggest that they are suited the
following observational projects and applications:

7.1 All-Sky camera
At their lowest zoom level, all of these cameras
cover at least a third of the sky. Most models allow
for images to be downloaded directly from the camera via the USB port. In a suitable enclosure, or simply staring out the window, it should be easy to make
a sky monitoring camera for a remote observatory, or
posting to web site to share conditions with others
easy and simple.

7.2 Meteor Camera
One exciting project would be the development
of a Meteor Camera. The motion detection capability
of these cameras should be able to pre-trigger on meteors. The motion detection works by taking a series
of images and comparing them to the previous image.
When a significant user programmable threshold of
difference is detected, the last image is saved and
potentially more images are captured. While you will
still photograph a lot of airplanes and satellites, you
will not have to visually sift through hundreds of
images to find meteor trails. Additionally, if you can
setup several stations, through cooperation with other
observers or by yourself, on a reasonable baseline,
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you can use parallax to measure the altitude and entry
angle of each meteor.

considered a real event rather than a cosmic ray or
some other local effect.

7.3 Satellite Tracking

7.6 Wide-Field Photos

Using the same type of script as employed for
meteors, you should be able to photograph bright
satellite transits. Again, several stations or a series of
observations should allow you to perform orbit determinations.

While not exactly science, wide field imaging is
the meat and potatoes for these cameras. With their
anti-blooming circuitry, they are a great way for beginners to discover the magic of long integration images in revealing large sky vistas invisible to the naked eye.

7.4 Bright Variable Stars
7.7 Lunar And Solar Eclipse
These cameras make bright star photometry relatively easy. The wide fields of view almost assure a
multitude of comparison stars will be visible and
open loop tracking is completely adequate for observation. Below is a quick plot of bright variable I
BOO made with a point and shoot camera by putting
it on an inexpensive equatorial mount, starting the
intervalometer and letting it run through the night.

These cameras are great travel companions on an
eclipse expedition, maybe as a primary instrument or
as a backup. The ability to program and forget them,
combined with their fully self contained and compact
package, frees you to experience the event. Without
being too focused on the gear, you get to really “be
there”.

7.8 Earth Radiation Budget Project
One interesting project being pursued by some
observers is an attempt to measure the variations in
Earth’s albedo, and by extension, the Earth’s radiation budget. The idea is to measure the Earthshine on
the shadowed portion of the Moon as it goes through
its phases. Since the un-illuminated portions of the
Moon’s disk are lit by light reflected by our planet,
variations in its brightness are an indirect way to
measure our own planet’s albedo without the need of
artificial satellites.
Figure 10. Sample Point And Shoot Light Curve.

7.9 Occultations
Provided exposures are short, in this case 6 seconds per sub-frame, an AltAz tracking mount is fully
acceptable. Field de-rotation is performed when
aligning and stacking the sub-frames into the master
frame for measurement. When stacking sub-frames,
be sure to time average the center exposure time of
the images and use this time as epoch of observation.
Alt. Az. tracking mounts, with some sort of inexpensive OTA are available at big box department
stores for as little as $100.

Point and shot cameras should be usable for
many types of occultation observing. All the latest
cameras include video and burst mode photo capabilities. Afocal coupling adapters are inexpensive and
easy to fabricate. When attached to scope of suitable
aperture, they should be able to record significant
events. One of the nice features is that the cameras
offer HD video output and store individual frames as
well had H2.64 video with the ability to embed a time
code. It should make data reduction easier.

7.5 Lunar Transient Searches
7.10
Another project that takes advantage of the motion detection ability of CHDK cameras is the hunt
for lunar transient phenomenon. The key here is to
observe in collaboration with other observers, or to
use multiple cameras. It is essential that the event be
recorded independently by 2 or more cameras to be
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Aurora Studies

The wide fields of view and motion sensing
abilities make these instruments nearly ideal for capturing Aurora.
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7.11

Nova Hunts

With a suitable post processing chain, these
cameras should excellent for detecting conventional
bright nova outbursts. Once the high cadence all sky
surveys come on line with the appropriate software,
there will be much less chance of discovery. This is,
for now, one area where these cameras offer the
chance of real discovery.

7.12

Middle and High School Hands On Labs

These cameras are so inexpensive and simple to
use, and often already available to students, they offer a special educational opportunity. AAVSO, ASP
or some similar organization should be mobilized to
develop and/or adapt curriculum and materials to
assist middle and high school science teachers to exploit this technological opportunity to create a new
generation of astronomers.

8. Conclusion
The key point of this paper is that technology
and a volunteer programming collaboration have
again lowered the financial and technical barriers to
both scientific and recreational astronomical imaging.
As formal and informal educators, amateur astronomers can give more people the opportunities to
experience the rewards of participating in the process
of discovery themselves. Cost and access is now less
of a barrier to learning the skill of quantitative observation and analysis. Our set of tools just got a lot
bigger. Spread the news.
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Finding Targets of Opportunity
Robert A. Koff
CBA Colorado
Antelope Hills Observatory
980 Antelope DR W
Bennett, CO 80102 USA
bob@antelopehillsobservatory.org

Abstract
When things go bump in the night (sky), it's opportunity knocking. This paper discusses observing programs particularly suitable to amateurs, and geared to provide rapid response to unusual celestial events. With more and
more large-scale surveys coming online, the opportunities for follow-up observations are exploding. Since such
observations can be of great value to professionals, amateurs need to know what is required and how report
their observations.

1. Background

2. Asteroids

Certain areas of astronomy lend themselves to
amateur-professional collaboration. In this paper, we
explore some of these areas where amateurs are wellsuited to perform observational astronomy.
One reason that there is a need for amateurprofessional collaboration is the nature of our instrumentation. With professional telescopes now being
measured in meters, or placed in space observatories,
the professionals must compete for limited observing
time. These scopes are fully booked every night. So,
when something potentially interesting comes along
in the sky, few if any of them can immediately point
at the new object and observe it, and none of them
can continue to observe it all night, night after night.
On the other hand, amateurs can react swiftly.
Given the capabilities of the Internet, they can find
out about a new discovery at the same time that the
professionals do. Unlike the professionals, they can
swing a scope onto the target at will. They can then
post their findings, and either do the follow-up that is
needed or give the professionals enough information
to justify their doing the work.
This has been the case since amateurs obtained
CCD cameras but now something else is making follow-up more challenging. More all-sky surveys are
coming on line, or will be soon. In some cases, existing surveys have begun to data mine their own observations, in real time, searching for optical transients.
The result is a rising tide of new discoveries, all targets of opportunity.
First we will explore the various fields where
such targets currently present themselves.

Several surveys are currently in operation, whose
goal is the detection of potentially hazardous asteroids. Since the late 1990's these surveys have been
scanning the skies. When a suspect detection is made,
it is necessary that the object be promptly confirmed,
and its position measured precisely, in order to calculate its orbit and determine whether or not it is potentially hazardous to Earth.
This is the task of the Minor Planet Center
(MPC), an IAU organization. Their web site is:
http://minorplanetcenter.net/
The NEO summary page is at:
http://www.minorplanetcenter.net/iau/NEO/
TheNEOPage.html
From the NEO page, you can access the NEO
confirmation page, which shows a list of objects in
need of confirmation. You may find that many these
are too dim for your instrumentation. Monitor the
page for brighter objects, or scroll down to the bottom for links to lists of other, perhaps brighter NEO's
in need of observation.
Astrometry and, secondarily, photometry is required for NEO confirmation. In order to submit observations to the MPC, you must first demonstrate
your ability to do astrometry by submitting observations of a bright asteroid of your choice. When you
do so, you will be issued an Observatory Code. To
assist you in getting your code and submitting good
data, the MPC has prepared a detailed how-to “Guide
to Minor Body Astrometry”,
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http://minorplanetcenter.net/iau/info/Astrometry.html
Possession of an observatory code gives you some
degree of credibility in the astronomy community in
general, and is worth the effort.
For other asteroid study opportunities, you might
also check the CALL website,
http://www.minorplanet.info/callprojects.html
Here you will find information on occultations and
radar targets which would benefit from astrometry
and lightcurve studies.

3. Novae and Supernovae
Supernovae are exploding stars in distant galaxies that can briefly outshine the host galaxy itself.
They seed the universe with the heavier elements that
can eventually find their way to places like our planet
and to creatures such as us. The study of supernovae
has led to the discovery of “dark energy”.
An opportunity to contribute to this field is participation in a program of the Central Bureau for Astronomical Telegrams (CBAT), an IAU agency. This
program is the Transient Objects Confirmation Page
found at:
http://www.cbat.eps.harvard.edu/unconf/tocp.html
This is a clearinghouse where new discoveries are
posted, and confirming observations are requested
and reported.
To post confirming observations you need to
register with the CBAT, but don't have to take an
exam. Since CBAT and the MPC reside at the same
location, and work together on a number of programs, providing CBAT with your observatory code
gives them access to your contact and instrumentation details, which is helpful.
For supernovae, novae, and other transient phenomena, the most important measurement is photometry. Astrometry of an object is also helpful, to
further pinpoint the location of the outburst. And by
performing astrometry, you can be sure that you are
pointing at the correct location.
Spectroscopy helps determine the type of supernova, and is generally required before an event is
given a permanent designation. This generally requires a very large telescope, and your confirming
observations tell the observatories that the object exists and that they are not wasting valuable time chasing a false alarm.
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A very good website for keeping up with supernovae is :
http://www.supernovae.net/
Both amateurs and professionals use this site to get
the latest information. You are encouraged to send
links to your own supernova observations to David
Bishop, the site operator.

4. Cataclysmic Variable Stars
Cataclysmic variable stars are binary systems,
with a white dwarf and an evolved red star in mutual
orbit. The dense white dwarf pulls gases off the red
companion, sending them into an accretion disk and
eventually onto the surface of the white dwarf. Periodically, the buildup reaches a point where nuclear
reactions take place, and an outburst ensues.
Intensive time-series photometry of these outbursts can yield valuable scientific results.
The Center for Backyard Astrophysics, headed
by Joe Patterson of Columbia University, is a worldwide collaboration of amateur and professional astronomers working to acquire data on these star systems. Their website is:
http://www.cbastro.org
Through their chat and news e-mail postings, members are informed of new and interesting outbursts,
and coordinate their observations.
New members can sign up through the website,
and be included in the e-mail notifications. There are
no registration or other requirements for membership.
To get even earlier notice of possible new CV's,
you can consult the Catalina Sky Survey Real-Time
Transient Survey (CRTS) at
http://crts.caltech.edu/index.html
The Catalina survey was originally targeted at nearEarth asteroids. As such, it scanned the skies repeatedly every clear night. In doing so, it amassed a large
database of star measurements, and they began to
data-mine their own data, both past and current, for
variable stars. They have now automated detection
and classification of transient events, and you can
view the up-to-date results on their website, and subscribe to electronic notification of specific events.
With other, even larger surveys set to come
online, this source of targets of opportunity will explode.
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5.

Variable Stars

The cataclysmic variables are but one of many
types of variable stars. For pursuit of this aspect of
amateur astronomy, the American Association of
Variable Star Observers, the AAVSO, is the center
for information.
Here you can learn about variable stars in general, and report your observations. For purposes of
targets of opportunity, you can sign up for e-mail
notification of interesting objects in need of observation. In addition to interesting transient objects, you
will get information on participating in amateur and
professional campaigns on particular stars. This is
valuable work that you can do. As mentioned earlier,
amateurs can provide professionals with observing
capabilities that the professionals do not have. The
field of variable stars in general is a rich source of
such opportunities.
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6. Requirements and Tools

Center for Backyard Astrophysics
http://www.cbastro.org

For contributions to the NEO Confirmation
Page, you will need to obtain an observatory code.
Information on how to do so can be found at

Central Bureau for Astronomical Telegrams
http://www.cbat.eps.harvard.edu/

http://minorplanetcenter.net/iau/info/Astrometry.html

CBAT, Transient Object Confirmation Page
http://www.cbat.eps.harvard.edu/unconf/tocp.html

You can obtain your code by submitting observations of a bright asteroid. Whether or not you get
an MPC code, the ability to do astrometry is very
helpful in observational astronomy in general.
For submitting observations of supernovae to the
CBAT, you need to register with them, but there are
no other requirements.
For becoming an observer with the CBA or
AAVSO, there are no special requirements.
Equipment requirements vary with each target.
In general, the author has found that an 8'”aperture
telescope may be the practical minimum size, although we are aware of good work being done with a
4-inch refractor. For targets that do not require good
time resolution, such as supernovae, one can stack
images to reach faint magnitudes with small telescopes.
For dimmer targets or targets in the opposite
hemisphere, consider a Rent-A-Scope service.
You will need software for astrometry and photometry. There are a number of packages available,
and you should review their capabilities and costs to
find one or more which suit your needs. Examples
are Maxim DL, MPO Canopus, AIP, Astrometrica,
and Photometrica.

Minor Planet Center
http://minorplanetcenter.net/
MPC “Guide to Minor Body Astrometry”
http://minorplanetcenter.net/iau/info/
Astrometry.html

77

Koff – Targets of Opportunity

78

Berry – Small Telescope Astrometry

The Proper Motion and Parallax of Barnard’s Star:
Errors and Precision in Small-Telescope Astrometry
Richard Berry
Alpaca Meadows Observatory
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Lyons, OR 97358
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Abstract
This paper examines a series of measurements made to determine the proper motion and parallax of Barnard's
Star using differential astrometry. In differential astrometry, the same reference stars are used for every coordinate determination. Although the absolute coordinate solution is offset by a constant due to the imprecisely
known positions of the reference stars, relative coordinate solutions can be precise. For this study, observations
of the field of Barnard's Star were made in 2009 and 2010 using an 8-inch ƒ/4 Newtonian telescope. The singlenight standard error in each coordinate can be as low as 10 mas. We discuss the errors, error distribution, and
error sources in the astrometric solution, as well as the derived proper and parallax motions of the star.

1. Introduction
This study began as a project for students attending the 2009 Pine Mountain Observatory Summer
Research Workshop. The goal was to answer the
question: Is it possible to detect the proper motion of
Barnard’s Star over the course of the three-night
workshop? Intrigued by the question, I can now answer that it is possible to do so in a single night using
a small-aperture short-focus telescope with a CCD
camera. This paper describes what I learned about
factors that affect small-telescope astrometry, and
analyzes image data taken in 2009 and 2010.

2. Small-Telescope CCD Astrometry
Astrometry is the science of measuring the positions and motions of celestial objects. To measure the
right ascension and declination of an object such as
Barnard’s Star, the observer takes CCD images of the
object. Each image is associated with the time it is
taken. Each image must show the object in question
plus at least three reference stars, that is, stars whose
celestial coordinates, (,), are known accurately.
The observer measures the image to obtain an
(x,y) position for each of the reference stars and the
target object. Then (X,Y) standard coordinates (i.e.,
coordinates on a plane tangent to the celestial sphere
at the center of the image), are computed for each
reference star from its celestial coordinates. Then a
least-squares fit to a general linear transform between
the (x,y) and (X,Y) coordinates is determined, such
that for every (x,y) it is possible to find the corre-

sponding (X,Y). To derive the position of the target
object, the measured (x,y) coordinates of the target
object are converted into (X,Y) standard coordinates,
and then into (,) for the target object (Berry et al.,
2005a).
It is possible, with only modest attention to technique, to measure the (,) coordinates of a star, asteroid, or comet with an accuracy and precision better
than 1 arcsecond. Measuring the proper motion and
parallax of a star requires precision but not accuracy,
and requires attention to factors that may introduce
very small random and systematic errors. Measuring
Barnard’s Star enabled me to explore the errors and
sources of errors amounting to a small fraction of 1
arcsecond.

3. Observations
The Barnard’s Star dataset consists of 836 images taken on 20 nights; 11 nights in 2009 and 9
nights in 2010. On 18 nights, the images were obtained using an 8-inch ƒ/4 Vixen R200SS reflecting
telescope, a TeleVue ParaCorr coma correcting lens,
and a Quantum Scientific QSI 532ws CCD camera
using Schüler BVRI and clear filters, from Alpaca
Meadows Observatory (-122.6°, +44.8°) in Oregon.
Images on the other two nights were taken at the Pine
Mountain Observatory (-120.9°, +43.8°) in Oregon
with a Celestron 11-inch EdgeHD SCT using the
same camera and filters.
Table 1 is a journal of observations listing, for
each night, the number of useable images, the telescope, filters, and exposures used.
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Table 1: Journal of Observations
Date
Optics
Filt Exp (s)
2009-06-27 R200SS
BVRI
60
2009-07-16 11”EHD
BVRI
20
2009-07-17 11”EHD
BVRI
60,20
2009-07-24 R200SS
V
10,20,50
2009-08-16 R200SS
V
50
2009-08-23 R200SS
VR
30
2009-09-10 R200SS
V
20
2009-09-25 R200SS
V
20
2009-10-06 R200SS
V
20
2009-11-01 R200SS
V
20
2009-11-24 R200SS
V
20,30
2010-02-20 R200SS
V
20,40
2010-06-07 R200SS
V
20,40
2010-07-03 R200SS
V
60
2010-07-05 R200SS
V
60
2010-08-15 R200SS
V
60
2010-09-12 R200SS
V
60
2010-09-24 R200SS
V
60
2010-09-25 R200SS
V
60
2010-10-19 R200SS
V
60

N
14
47
40
27
20
40
40
20
20
92
40
40
36
32
59
58
58
58
59
57

images. Figure 1 shows the reference stars, and they
are listed in Table 2. The selection criteria were that
the star be single, separate from faint companions,
and sufficiently close to Barnard’s Star to fall inside
the center half of the field in the 11-inch EdgeHD
telescope. This means that the reference stars occupy
a small portion of the field of the Vixen R200SS.

Table 1: Journal of observations of images of the
field of Barnard’s Star made on 20 nights during
2009 and 2010.

In the early image sets taken with more than one
filter, the filters were interleaved to minimize
changes in non-filter properties such as focus drift. In
image sets with multiple exposure times, different
exposures were interleaved, again the minimize differences not caused by factors other than exposure.
Observations made during 2009 served primarily
to test techniques and explore sources of error as I
experimented with different filters and exposure
times. In 2010, I applied the lessons learned, standardizing on 60 image sets of 60-second exposures
made with a V filter.
Images made to determine proper motion can be
taken at any time of the year, but for determination of
parallax, it is desirable to capture images when the
star in question is near the ends of its parallactic ellipse. Since Barnard’s Star attains solar conjunction
on December 20, it stands near extremes of its ellipse
in late March and late September. Oregon weather
strongly favors summer and fall observation, so the
dataset contains no images from March, April, or
May. However, June through October is wellrepresented, and I did obtain just-after-sunset images
in November 2009 and just-before-sunrise images in
February 2010.

4. Image Reduction
Reduction from images to nightly mean positions
of Barnard’s Star was carried out using AIP4Win and
Microsoft Excel 2003®. In June 2009, I made test
exposures of the field around Barnard’s Star to select
a group of eleven reference stars, and at the PMO
Summer Research Workshop, obtained large-scale
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Figure 1: The starfield around Barnard’s Star. The reference stars used in this study are labeled R1 through
R11. Table 2 shows data for the reference stars.
Table
Star
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11

2: Astrometric Reference Stars
Mcat


17 57 51.96 +04 42 20.2 11.45
17 57 40.88 +04 43 53.9 13.03
17 57 38.21 +04 42 39.0 14.15
17 57 26.27 +04 44 03.9 14.25
17 57 26.21 +04 43 03.8 14.08
17 57 27.24 +04 39 45.9 13.72
17 58 09.13 +04 39 27.6 12.65
17 58 09.13 +04 43 11.7 14.05
17 57 58.16 +04 44 42.1 14.37
17 57 55.01 +04 47 27.6 13.55
17 57 45.28 +04 47 11.6 13.58

B-V
-0.1
+0.8
+0.5
+0.2
+1.0
+0.8
-0.0
+0.8
+0.3
+0.7
+0.8

Table 2: Reference stars used in this study. Coordinates
and catalog magnitudes (Mcat) are from UCAC2. B-V colors based on instrumental magnitudes, adjusted to
match Tycho data for R1 (TYC 425-262).

For reduction, I used the astrometry function in
the Magnitude Measurement Tool in AIP4Win
(Berry, 2005b). To perform astrometry on a set of
images, a set of reference stars are selected on a master image, then each image in the set is automatically
dark subtracted and flat-fielded, the stars are measured, a plate solution computed, and the coordinates
of the target stars with auxiliary data are written to a
text-format file. Sample output showing the first ten
images in a 60-image set is given in Table 3. Key
results are the JD of the image, the RA and Dec in
decimal degrees, and the residuals of the plate solution in seconds of arc. Diagnostics include the derived focal length of the telescope, the position angle
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Table 3: Sample Raw Astrometric Output
Seq# JulianDay

Focal

PA[d.d]

0000
0001
0002
0003
0004
0005
0006
0007
0008
0009

911.0738
911.1903
911.0766
911.1803
911.2407
910.8706
910.8468
910.9625
920.5098
911.0141

174.8909
174.9034
174.8860
174.8925
174.8792
174.8941
174.8869
174.8899
173.9535
174.8864

2455465.471898
2455465.472859
2455465.473831
2455465.474803
2455465.475775
2455465.476736
2455465.477708
2455465.478669
2455465.479641
2455465.480602

X[pix]

Y[pix]

1109.115
1110.339
1110.757
1111.659
1112.475
1113.099
1113.264
1114.228
1114.788
1115.220

724.255
725.270
725.883
726.666
726.338
726.950
726.589
726.405
726.566
726.386

RA[d.d] Dec[d.d] RArms DCrms HHMMSS.ss +DDMMSS.s
269.449540
269.449559
269.449519
269.449526
269.449534
269.449537
269.449533
269.449547
269.449874
269.449559

4.724217
4.724245
4.724284
4.724268
4.724249
4.724278
4.724270
4.724234
4.724502
4.724228

0.145
0.137
0.118
0.160
0.101
0.149
0.144
0.108
4.913
0.077

0.092
0.086
0.048
0.072
0.083
0.112
0.086
0.100
3.134
0.081

175747.89
175747.89
175747.88
175747.89
175747.89
175747.89
175747.89
175747.89
175747.97
175747.89

+044327.2
+044327.3
+044327.4
+044327.4
+044327.3
+044327.4
+044327.4
+044327.2
+044328.2
+044327.2

Table 3: Raw astrometric output includes the sequence number of the image, the JD, the focal length of telescope
and position angle of the +x axis of the image derived astrometrically, the (x,y) coordinates of the star, the (,)
coordinates of the star in decimal degrees, the RA and Dec residuals of the astrometric fit, and the (,) in sexigesimal format.

of the +x axis of the image, and the (x,y) coordinates
of the target star.
The text file is imported into Excel for analysis.
For each night’s data, the following are computed:






mean JD;
the mean, standard deviation, and standard error of the RA determination;
the mean, standard deviation, and standard error of the Dec determination;
the mean and standard deviation of the residual
in RA; and
the mean and standard deviation of the residual
in Dec.

If the measured (x,y) coordinates of the reference
stars on an image matched exactly the computed
(X,Y) coordinates, the residual of the astrometric solution would be zero. But the combination of reference star position uncertainties in the astrometric
catalog and random errors in the reference star centroids measured from the images produce non-zero
residuals. The positions are, therefore, positions relative to the specific set of reference stars.
Other factors that potentially affect the solution
include distortion and color errors in the optical system, tracking errors, focus errors, filter-related color
effects, and the displacement of the star by atmospheric refraction. These are discussed in § 5 below.
In a sequence of images, the expectation is that
catalog errors contribute a constant residual because
these are errors are the same for every image, while
the centroid errors contribute random variations. This
behavior is, in fact, seen in the data. For the night
shown in the example, 2010-09-25, the mean residual
in RA is 141  27 mas, and in declination, 90  24
mas (mas = milli-arcseconds). As a cross-check, the
standard deviation in the computed RA coordinate is
77 mas, and in the Dec coordinate, 71 mas. The anticipated and measured errors are thus reasonably
consistent with one another.

On occasion, however, outlying values are seen.
For image Seq# 0008, the residuals in RA and Dec
are 4.9 and 3.1 arcseconds, and the solutions for the
focal length and position angle lie well outside the
normal range. Although the reason was not evident
from inspection of this particular image, I rejected
this line of data. In many cases, however, the large
residuals have obvious causes: a “blow-up” in the
seeing, severe image trailing, a cosmic ray near one
of the reference stars, or the loss of one of the fainter
stars due to a cloud or a passing airplane contrail.
Among the images made in 2010, 2.6% of coordinate
measurements were rejected as outliers.
After removing outliers, the mean of the RA and
Dec coordinates is taken as the nightly position, and
the standard error (i.e., the standard deviation divided
by the square root of the number of images) is the
error associated with that position. For the remaining
59 images in the example, the standard error is 10.1
mas in RA and 9.2 mas in Dec.

Figure 2: This plot shows the positions and error bars
determined for Barnard’s Star from 59 individual images
made on 2010-09-25. The large white dot is the mean
value. The plot area is 0.9 arcseconds square.
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Table 4: Mean positions and standard errors of Barnard’s Star for 20 Nights in 2009-2010
Date
2009-06-27
2009-07-16
2009-07-17
2009-07-24
2009-08-16
2009-08-23
2009-09-10
2009-09-25
2009-10-06
2009-11-01
2009-11-24
2010-02-20
2010-06-07
2010-07-03
2010-07-05
2010-08-15
2010-09-12
2010-09-24
2010-09-25
2010-10-19

JD
2455010.81407
2455028.80895
2455030.80288
2455037.76499
2455060.70775
2455067.71629
2455085.65938
2455100.68891
2455111.61915
2455137.60667
2455160.57452
2455249.06188
2455355.80518
2455381.78179
2455383.75921
2455424.72041
2455452.55843
2455464.52788
2455465.50082
2455489.64844

RA
269.44994707
269.44987810
269.44989435
269.44984252
269.44980920
269.44978710
269.44975914
269.44975095
269.44973775
269.44975657
269.44977870
269.44995185
269.44978542
269.44969725
269.44969846
269.44958083
269.44952409
269.44952317
269.44952351
269.44952582

Dec
4.72076871
4.72090612
4.72092106
4.72096489
4.72112190
4.72116720
4.72129771
4.72138550
4.72147455
4.72163799
4.72180378
4.72252358
4.72349878
4.72369041
4.72370029
4.72399322
4.72418109
4.72426181
4.72426698
4.72441151

RAste
0.00000388
0.00000165
0.00000354
0.00000846
0.00000819
0.00000521
0.00000478
0.00000908
0.00000709
0.00000473
0.00000514
0.00000398
0.00000340
0.00000509
0.00000373
0.00000255
0.00000331
0.00000293
0.00000279
0.00000261

Decste
0.00000576
0.00000165
0.00000189
0.00000717
0.00000548
0.00000493
0.00000506
0.00000780
0.00000671
0.00000389
0.00000480
0.00000548
0.00000284
0.00000338
0.00000283
0.00000224
0.00000235
0.00000242
0.00000255
0.00000335

N
14.00
41.00
31.00
27.00
20.00
40.00
35.00
20.00
20.00
92.00
40.00
40.00
36.00
32.00
59.00
58.00
58.00
58.00
59.00
57.00

Table 4: Mean positions and standard errors of Barnard’s Star measured in 2009 and 2010.

Figure 2 shows a plot of the position of Barnard’s Star in each of the 59 accepted images. The
error bars show the standard deviation of each of the
individual measurements. The large white point in
the center is the mean position. The plot area is 0.9
arcseconds square.
Table 4 summarizes the positions and standard
errors determined on the 20 nights in 2009 and 2010
from which the proper motion and parallax were
computed. Positions are given in decimal degrees. To
put the standard errors into context, 1 arcsecond is
0.000277°, while the mean standard error in RA for
the entire dataset is 0.0000046°, or 16.5 mas. The
mean standard error is 14.9 mas in declination, and
their sum is 22.2 mas. This angle corresponds to 97
nanometers in the focal plane of the telescope.
From inspection of Table 4, it is clear that after I
established a consistent procedure for imaging (60
images of 60 seconds exposure with a V filter), there
was a significant improvement in the quality of the
results.

5. Sources of Error
Ordinarily astrometry relies on several basic assumptions, namely: 1) that the optical system maps
the sky onto the focal plane as r = F·tan(), where r
is the radial distance, F is the focal length, and  is
the angular distance from the optical axis of the telescope, 2) that star images are symmetrical and identical over the field of view, and 3) that the atmosphere
has a negligible effect on the location of star images.
At the scale of a few arcseconds and the linear dimensions of a pixel, these are reasonable assumptions. At sub-arcsecond and sub-pixel scales, they
break down.
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5.1 Optics
Newtonian telescopes suffer from coma, an aberration which produces asymmetric star images that
become increasingly asymmetric with increasing offaxis distance. To correct coma, I made my images
with an auxiliary TeleVue ParaCorr lens. It is likely
that this optic introduces small departures from
F·tan() mapping. Furthermore, it may introduce
small amounts of lateral chromatic aberration, causing the radial distance from the optical axis to vary
with wavelength. This effect would displace red stars
relative to bluer stars, and affect the astrometric solution.
To minimize these effects, I consistently placed
Barnard’s Star close to the center of the image and
chose reference stars close to Barnard’s Star and at
approximately the same radial distance. With the
images available, I was not able to test for distortion
or lateral chromatic effects.

5.2 Reference Stars
The parallax and proper motion of a nearby star
is measured against the backdrop of more distant
reference stars, but these too have proper motions,
and their catalog positions have uncertainties. The
values derived directly are relative to these background stars. Only when the proper motions and parallaxes are known with sufficient accuracy is it possible to solve for the absolute parallax and proper
motion.
The reference stars listed in Table 2 are all considerably bluer than Barnard’s Star, an M5 dwarf.
This poses problems for astrometry of Barnard’s Star,
since any color-sensitive effects in the optics or atmosphere can displace Barnard’s Star relative to the
suite of reference stars. Barnard’s Star has a B-V
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color of +1.3, while the reference stars vary from BV  –0.1 to +1.0. Any color sensitive displacements
will affect the astrometric solution.
Bennett (2007) provides a list of reference stars
with relative proper motions from Leander McCormick and the Tycho catalog. Using these as reference
stars instead of those I did use and reducing the images again might be worth while. On the other hand,
the stars I used are much fainter than the McCormick
stars, and are thus on the average more distant and
have smaller proper motions.

5.3 Telescope Side of the Pier
Telescopes on German equatorials must be
“flipped” to observe objects east or west of the meridian. Doing so introduces instrument flexure. In the
Vixen R200SS, flexure occurs in the tube supporting
the focuser. The net effect is a change in the collimation of the optics and small tilt in the coma corrector.
To check for east versus west errors, I compared
the difference between the model ellipse and the observed position against the position angle of north,
and did not see an obvious correlation between them.

value hot pixel, calibration did not appear to affect
the astrometric measurements.

5.6 Atmospheric Refraction and Dispersion
Atmospheric dispersion is known to have the potential to introduce major errors, especially when the
color of the target star differs from that of the reference stars. On four nights in 2009, I made image sets
through BVRI or VR filters to assess the magnitude
of this source of errors.
Figure 3 plots the position of Barnard’s Star determined from 20 V-filtered images compared to 20
R-filtered images taken on 2009-08-23. The Vfiltered position is 132 mas north of the R-filtered
position, far in excess of the standard error of 30
mas. Note that this displacement, at the scale of my
images, is about one-tenth of a pixel.

5.4 Image Trailing
Most of the images taken in 2009 were made
without a guide telescope. Those taken in 2010 were
made using a guide telescope and autoguider. In both
cases, the stars in many images are not perfectly
round, and in some cases, they are markedly trailed.
I compared the residuals from images with round
or nearly round stars against those with trailed and
markedly trailed star images, and did not see an obvious correlation. It appears that centroid determination is as repeatable for identical but non-round images as it is for round images.

5.5 Image Calibration
During reduction using AIP4Win’s MMT Astrometry function, images are routinely dark-frame
subtracted and flat-fielded. However, the CCD in the
camera is fairly “clean” of hot pixels . As a test, I ran
the same group of images with and without dark and
flat calibration.
Plotting calibrated against non-calibrated RA and
Dec coordinates showed a one-to-one correspondence
and a total spread of 36 mas in each coordinate.
Plotting the residuals in RA and Dec also showed a
one-to-one correspondence. Barring the odd instance
when a reference star might fall directly on a high-

Figure 3: Atmospheric dispersion is a significant effect.
In this graph showing coordinates derived from 20 images made with a V filter and 20 images made with an R
filter, the separation between the mean positions is 132
mas. Error bars show the standard error for the mean V
and R positions.

The displacement of Barnard’s Star occurs because the effective wavelength of its image differs
from that of the much bluer reference stars (van de
Kamp, 1967). A similar but smaller displacement
occurs within a single filter band; that is, the effect
within a V-filter image is smaller than the difference
between the V-filter images and R-filter images.
During the 2010 observing season, images were
taken with a V filter only and close to the meridian
whenever it was practical. Although atmospheric
dispersion is smaller at R-filter wavelengths, I chose
the V filter to reduce the brightness of Barnard’s Star
relative to the reference stars.
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During the 2009 and 2010 observing seasons,
Barnard’s Star did not always reach the meridian
before morning twilight began, or it had already
passed the meridian before evening twilight ended, so
I imaged the field away from the meridian, at lower
elevation angles above the horizon.
Looking ahead, Figure 6 shows the observations
and the model parallactic ellipse together. As expected, the images made in November 2009 and February 2010 show considerably larger deviations from
the model ellipse than do images made in August and
September. To lessen this effect, images should be
taken as close to the meridian as practical. Although
the image of a very red star will still be displaced at
the meridian, the displacement will be constant.

one night to the next. Figure 4 shows the individual
observations and their means for the nights of 201009-24 and 2010-09-25. The individual observations
form two overlapping clouds slightly displaced from
one another. The mean coordinates reveal the proper
motion of Barnard’s Star during a 24-hour time span.

6. Proper Motion and Parallax
Because the proper motion and parallax of Barnard’s Star are already well known (Gatewood, 1973;
Benedict, 1999; Bartlett, 2007), rather than attempting to determine these values from scratch, my goal
was to determine instead how well this study’s observed positions correspond to the accepted values
for Barnard’s Star.

5.7 Number of Images
To reduce the standard error, during the 2010 observing season I increased the number of images
taken each night to 60. I also increased the exposure
times to 60 seconds to provide better photon statistics
for the centroiding algorithm. It is possible and practical to make sixty 60-second exposures and keep
them at least approximately centered on the meridian.
Because the standard error is divided by the square
root of the number of images, further increasing the
number of images will likely run into the law of diminishing returns.
Figure 5: The user interface of TrigParallax shows the
observed and model positions for Barnard’s Star. The
field of view is 0.00437°, or 15.7 arcseconds. Error bars,
although they are present, appear too small to see in
this plot.

To carry out the comparison, I wrote a computer
program (Berry, 2011) to read the observed positions,
model the expected positions, and plot results at any
scale desired. Figure 5 shows the user interface displaying the observed positions listed in Table 4 in the
picture box on the right side. The user enters the
model parameters at top left, sets the graphic display
properties in the middle, and launches different functions with the buttons near the left side bottom.
The program computes the coordinates of a star,
(t,t), at time, t, from the following equations:
Figure 4: By combining a large number of coordinate
determinations, in this case from 59 images, it is possible to “beat down” random noise sufficiently far to detect the proper motion of Barnard’s Star from one night
to the next.

Increasing the number of images (and driving
down the standard error) turned out to be essential in
detecting the proper motion of Barnard’s Star from

84

t = 0 + (t – t0) + P
t = 0 + (t – t0) + P .
In these equations, (0,0) are the heliocentric
coordinates of the star at time t0, (usually chosen to
be J2000.0),  and  are the right ascension and
declination components of the star’s proper motion, 
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is the parallax of the star, and P and P are the parallax factors in right ascension and declination. P and
P are functions of the star’s position on the celestial
sphere relative to that of the Sun, and of the radius
vector of the Earth’s orbit (van de Kamp, 1967).
Over the course of a year, a star near enough to
show parallax describes an ellipse on the sky relative
to presumably much more distant reference stars,
while also showing proper motion in both right ascension and declination. Default values adopted for
the model are:  = 545.4  0.2 mas (Benedict, 1999),
 = -798.7  0.2 mas/yr, and  = 10337.7  0.2
mas/yr (Bennett, 2007).

the observed parallactic ellipse to the computed
model, as shown in Figure 6.
The user can also display observed positions minus computed positions (i.e., O-C), showing the errors graphically as in Figure 7. The O-C function also
computes the r.m.s. difference between the observed
and model positions, which for all 20 nights is 43
mas. The disparity between the mean standard error
in all nightly positions (22 mas) and the model fit (43
mas) suggests the presence of long-term systematic
errors in the observed positions, as discussed in § 5.

7. Further Work
I plan to continue this study for two more years
to investigate potential sources of error displacement
from atmospheric refraction, from distortion in the
optical system, and reference star selection. It is interesting that the single-night precision possible with
a small telescope with a CCD camera is comparable
to the single-night precision in the classic era of large
refractor astronomy (van de Kamp, 1967).

8. Conclusion

Figure 6: The circles represent observed positions for
Barnard’s Star, and the small dots show positions computed from the model. The area of the circles is proportional to the number of observations in the point, and
the error bars show its standard errors. The major axis
of the ellipse is 1.09 arcseconds in length.

This study demonstrates that, using differential
astrometry, it is feasible to measure relative coordinates of a star to a 1 precision of 10 mas using a
small telescope (8-inch ƒ/4 Newtonian) in one hour
of data collection. Using the same reference stars for
all astrometric solutions minimizes the effects of astrometric catalog errors. However, it is essential to
minimize atmospheric dispersion more carefully than
I did in this study to attain this precision consistently
over the course of a year. The overall precision attained, estimated by comparing the present observations with a model of the proper motion and parallax
of Barnard’s Star, is on the order of 43 mas.
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Abstract
The Silicon Photomultiplier (SPM) offers sensitivity comparable to conventional photomultipliers with the added
advantage of small size, low operating voltages, and robust tolerance to excess/ambient light. A Peltier cooled
SPM running at -30°C was used in conjunction with wideband electronics and a 17-inch Astrograph to collect
photometric data without a reference star. High speed photometric trials were conducted on eclipsing binary AW
UMa demonstrating fast data rate capability. Data shows the SPM exhibits excellent sensitivity, acceptable signal
to noise, and bandwidth with sampling times as short as 1 millisecond for brighter targets. Automated digital data
acquisition is discussed along with digital signal processing techniques for noise reduction, spectral analysis, and
data mining. The SPM demonstrated acceptable signal to noise for fast photometric studies for 8-10th magnitude
targets depending on scintillation and background conditions. Future SPM study topics are also discussed.

4.

1. Introduction
There are a number of astronomical events that
occur at rates significantly faster than can be captured
with normal CCD photometry or video systems. Such
events include occultations, quasi periodic oscillations (QPO’s) and very fast events in cataclysmic
binaries to mention a few. This paper extends the
study started with an earlier SAS Paper, Vander Haagen (2008) and Menke and Vander Haagen (2010),
on techniques for capturing these fast events. Of particular interest are sensors having high internal gain
such that photometric studies can be extended to
higher magnitude stars at fast data collection rates
and acceptable S\N. A device whose specifications
meet that general requirement is the Silicon Photomultiplier (SPM). The SPM is of interest over a
conventional photomultiplier tube because it exhibits
similar high internal gain, is insensitive to optical
overload, and has other rugged mechanical and electrical characteristics. However, the SPM’s suitability
for photometric study is open for discovery. This
paper will extend the cited study and explore the use
of the SPM with the following objectives:
1.

2.
3.

Develop suitable sensing and data collection
system for a Silicon Photomultiplier (SPM)
sensor.
Determine the applicability of the SPM for use
in high speed photometric use.
Explore the utility for fast photometry without
the use of a reference star to obtain timing,
frequency distribution, and relative intensity
information.

2.

Obtain photometric data and explore digital
signal processing for data reduction.

Optical Sensor Types

In choosing a sensor we are looking for wide
electrical bandwidth with the lowest NEP or noiseequivalent-power. All of the sensors considered have
electro-optical bandwidths greater than 1 MHz. The
NEP is the optical power input necessary to equal the
total sensing system noise or where the S/N = 1. Note
the units on NEP with the √Hz term in the denominator. The NEP must be multiplied by the square root of
the electrical bandwidth to get actual minimum
power detection level. For a bandwidth of 1000 Hz,
the minimum detectable power increases by √1000 or
32 times.
Sensor Type

Internal
Gain

NEP
(w/√Hz)

Silicon Photodiode (PD)

1

1 x10-11

PIN PD

1

2 x10-12

10 - 200

1 x10-13

APD Geiger mode

3x105-3 x 106

2-3 x10-15

SPM Geiger mode

3x105-3 x 106

2-3 x10-15

106+

5 x10-16

Avalanche PD/APD

Photomultiplier Tube PMT

Figure 1. Photo sensor gain and noise comparison

Several semiconductor classes were considered.
Referring to Figure 1, the first two devices, the silicon photodiode (PD) and PIN photodiode, were dis-
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cussed in the previously cited paper. These devices
do not have internal gain and their performance is
limited by a combination of sensor and amplifier
noise.
The linear Avalanche photodiode or APD (sensor 3) exhibits internal gain dependent upon the applied reverse voltage. The APD offers internal gains
as high as 200 with most typical sensors exhibiting
gains of 50. The linear APD has the best low light
performance among the first three.
The APD has been used by numerous researchers, Uthas (2005), for similar high speed photometric
studies. The APD’s performance is largely limited by
the amplifier noise and is the preferred sensor for low
level linear detection in many applications.
The same class of APD (sensor 4) can be operated in the Geiger mode for significantly higher gain.
The APD is operated well above its internal breakdown voltage. Voltages vary greatly by manufacturer
but for this case 26-28 volts.

down voltage and reset the device. With this device,
one photon produces one short burst of current. However, because APD is operated at a reverse voltage
well above its breakdown there is a level of spontaneous breakdown within the device causing dark
counts. For an APD junction this level is 20 to 500
counts per second depending on the active area size,
junction temperature, and bias level. The smaller the
active area, lower the temperature, lower the bias, the
lower the dark count.
A single APD operating in Geiger mode can be
used to detect single photons as long as the arrival
times are longer than the time to reset the device.
Resetting typically takes 40 to 100 ns. To solve this
issue a new class of devices was developed with an
array of Geiger mode APDs, all hooked in parallel. In
this configuration the light source is defocused such
that it is within the bounds of the sensing array.

_

Photon
Resistor
Anode
P-Silicon
Avalanche
Zone

N-Silicon
Cathode

+

Figure 2. APD operating in Geiger mode

Refer to Figure 2. A photon with more energy
than the band gap of the detector material is absorbed
exciting a valence band electron into the conduction
band. This electron is accelerated into the avalanche
zone under a very high electric field and causes impact ionization. That electron in addition to the first
accelerates and produces a “chain reaction” or “avalanche” multiplication. One photon producing one
electron is multiplied through this process by more
than 105. However, APD is now acting as a conductor
or producing what is called a Geiger discharge. To
stop the conduction process a resistor is placed in
series such that the voltage drop during discharge is
large enough to drop the junction below the break-
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Figure 3. 5x5 avalanche PD array with 3 cells activated

Figure 3 shows a very simple 5x5 array where
three of the APD microcells have been excited by
photons. Each of these produces a current pulse and
can be counted as photon events. While one or more
of the APDs are conducting, others are available for
additional incoming photons. These devices have
been termed silicon photomultipliers (SPM) or multipixel photon counters (MPPC). In practice the arrays
are hundreds of APD’s all in electrical parallel with
active sizes running from 1 mm square to 3mm
square.
Comparing sensors 4, 5, and 6 of Figure1, with
the APD and SPM operating in the Geiger mode, the
principle noise contributors are shot noise (Ns) and
dark count noise (Nd). The shot noise (Ns) is about
equal at the same temperatures for all three types.
Each of the three sensors has similar gains with the
noise floor limited by:
Noise = ((Ns/G)2 + (Nd)2)-1/2
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For the SPM the dark count dominates and limits the
minimum detectable optical power. For the PMT shot
noise limits performance since the dark count (Nd) is
about 100x less than the SPM. Considering nominal
noise and sensitivity, manufacturer specs show the
SPM midway between the best linear APDs (sensor
3) and the PMTs; about 10 times more sensitive than
most APDs and 5-10 times less sensitive than the best
of the PMTs. Geiger mode SPM manufactures are
projecting close to unity performance against the
PMT as new generation devices exhibit lower dark
counts.
The Geiger mode SPM and the PMT exhibit
statistical noise fluctuations that follow the Poisson
distribution, Henden and Kaitchuck (1990). The
signal to noise becomes:

To understand use of these very low level current
pulses an electrical equivalent circuit is shown in
Figure 5. The figure shows two of the 848 microcells
and its connection to its onboard pre-amplifier. Resistor Rq quenches the electron avalanche and Rload provides the signal for amplification. The sensL SPM
module contains the sensor array, trans-impedance
amplifier, thermal control circuitry, and power supplies. The modules output is low level pulses, typically 2-5 millivolts. Figure 6 shows the sensing module.

S/N = (total counts)/(N12 + N22 + N32)1\2
N1, N2, N3, are the noise contributors. With a star
count of 2x103 over 1 ms integration, a dark count of
20, and background of 5 this yields a S\N of 95. The
shot noise was negligible. Atmospheric scintillation
varies considerably and will degrade this value. An
equivalent S\N can also be expressed as:
S/N = µ/σ

Figure 5. Equivalent circuit for two SPM microcells

Here, µ is the statistical mean and σ the standard deviation. Both methods of computation will be discussed later with actual data.
For this study a SPM module manufactured by
sensL Technologies LTD (SPMMini1020X08A1)
was used, sensL (2011). The general specifications
are shown in Figure 4.
The 20µ microcell array was chosen to reduce
the photon density for brighter objects and for its
Parameter
Spectral Range:
Microcell Gain:
Number Microcells:
Microcell Diameter:
Array Size:
Operating Temp:
Cooling Time:
Dark Counts:
Figure
4.
SPM
Mini1020X08A1

Value
400 – 1100 nm
3x105 to 3x106
848
20µ
1 mm square
-30C
12 seconds
20KHz nominal
Specifications

for

Figure 6. The sensL 1.5” cube SPM module
SPM

lower dark count. Microcell diameters to 100 µ and
total arrays of 3 mm square are available from some
manufacturers.

The advantages of the SPM over a PMT are
higher quantum efficiency over a wider spectral
range, insensitivity to optical overload, small size,
low voltage, and the same approximate bandwidth
(greater than 10MHz BW). This module has a peak
QE of 23%. Higher QEs are available with the larger
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microcells (higher active area fill ratios). Figure 7
show the SPM spectral response.

to 2000 samples/second, a method of attaching and
aligning the sensor on the telescope, and software for
signal analysis.
To effectively trigger the data collection system
the output of the SPM must be amplified to provide
standard logic level voltages; 0-0.8 volts for low state
and 2+ volts for high state. This necessitates a pulse
amplifier with bandwidth to accommodate the fast
rise time SPM output at pulse rates up to 10 MHz.
Figure 9 shows the block diagram of the SPM electronic signal processing

Figure 7. SPM spectral response with B-V Filters
Figure 9. SPM signal block diagram

One SPM trade off is gain versus dark count
noise. As the reverse bias is increased so is the gain
and dark count.

The logic level requirements dictate a total voltage gain of the amplifier in excess of 1000, necessitating two gain stages of about 35 each. An impedance matching line driver takes the signal and drives
8 foot of 50 ohm coax to connect to the data collection system. A design bandwidth of 15 MHz minimum required two high frequency operational amplifiers and a line driver transistor output stage with a
gain-BW product in excess of 1.5GHz. The high BW
was necessary for the brighter signals (brighter generates more pulses per unit time) and the frequency
modulation of the signal due to fast photometric
events. The output from the line driver is shown is
Figure 10. The pulses are negative going with fast
rises and slower recovery or fall times.

Figure 8. 20µ cell SPM gain-dark count relationship

The microcell breakdown voltage for the SPM
was 26.45 volts. At two volts above breakdown the
device gain is approximately 2x106 electrons per captured photon and the relationship between gain and
noise are shown in Figure 8.

3. Sensor Integration, Data Collection,
and Analysis

Figure 10. Negative output pulses from the pulse
amplifier line driver with secondary FFT trace

Several issues need addressing before the SPM is
useful for photometric trials. The device needs a high
gain, wide bandwidth pulse amplifier to provide output pulses compatible with measurement equipment,
a data acquisition system to collect and store data up

A single RC integrator was also developed. The
integator provides a frequency to voltage conversion
with a bandwidth of 2KHz. This analog signal was
useful for focusing and monitoring of the real time
signals.
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The data collection system posed a challenge.
Design requirements included:
1.
2.

3.
4.

5.

Easy connection and use with PC at lowest
system cost
Bandwidth capability to at least 10,000 photon
integration counts per second and an analog
digitizing capability for real time viewing and
analysis
Ability to totalize counts over any period; submilliseconds to seconds
Ability to trigger data collection on a count
rate or analog event and employ a caching
technique for pre-trigger data capture
Include integrated software for real time data
storage and review of events

The best solution came from, Measurement
Computing
Corporation
(2011),
and
the
DaqBoard/1000 series data acquisition boards. The
PCI board takes one PC slot with the data supplied
through a standalone connection board shown in Figure 11. This board provides access to all the digital
and analog inputs. The pulse amplifier output feeds
one of the counter inputs and the pulse integrator.
The integrator has a 0.5 millisecond time constant
and is fed to one of the analog inputs. The integrated
DaqView software met all the data acquisition requirements but did not include a suite of digital signal
processing (DSP) subroutines for FFT, filtering,
smoothing, etc.

graph. A method of aligning the sensor to the target
star is also required. The telescope is fully automated
and the plan was to do the same for the SPM sensing
system. A flip mirror was modified with a remote
control capability. A “model plane” servo motor was
linked to the mirror control arm and a USB servo
motor controller was used for control, Phidgets
(2011). This unit allows remote control of the flip
mirror for viewing by a low light video camera or by
the SPM. Figure 12 shows a close-up of this device.

Figure 12. Remote flip mirror and SPM assembly

Figure 13 shows the SPM installed on the flip
mirror assembly and the electronics packages housing the pulse amplifier and power supply.

Figure 11. Data collector board and pulse integrator

Two different packages were tested. The first, by
ScopeDSP (2011), was acceptable but lacked many
of the advanced features such as time FFT, advanced
filtering, spectrogram, etc. An evaluation of Sigview
2.2.5, a similar DSP package by SignalLab (2011)
demonstrated very effective capability, has a very
intuitive structure, and easily imports data from the
MC data acquisition system.
The last element in the system is attaching the
SPM and its electronics to the PlaneWave 17 Astro-

Figure 13. SPM and electronics on PlaneWave 17

4. Performance of the SPM System
An internal view of the SPM sensing head is
shown in Figure 14. Cooling to -30C required heat
sinking of the sensor module to an aluminum enclosure and a small fan. The SMA 50 ohm signal cable
feeds the pulse amplifier.
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The SPM sensing system was bench tested for
bandwidth and gain adjustments made to optimize
gain versus sensitivity. The initial settings placed the
reverse bias at 2.4 volts above breakdown yielding a
dark count of 23 KHz and bandwidth in excess of 4
MCounts/second. The SPM cooling was also tested
with results shown in Figure 15. The sensor cools in
less than 13 seconds to the stable dark cooling count
level.

Figure 16. SPM unfiltered sensitivity & S/N

The initial investigation was conducted on
atmospheric noise. Intensity data on bright targets at
45º-800 altitude were made at 2000 samples/second.
To avoid alaising, the sampling rate (fs) must exceed
the Nyquist rate (fn),
fs > fn, where fn = 2BW
Figure 14. SPM assembly with fan and 1.25” attachment

Or, for a BW (bandwidth) of 1000 KHz the
sampling rate must be greater than 2000 KHz. These
data were analyzed using the Sigview FFT subroutine
and are shown in Figure 17. For the atmospheric
conditions present the upper cutoff frequency was
90Hz or less at the 90% down point. Several other
nights the cutoff was as low as 50Hz. Reviewing
Young (1969), the atmospheric cutoff frequency for
apertures larger than 30 cm for sample times of γ was
found to be:
fc = 1/2πγ

Figure 15. SPM thermal cooling profile

A sensitivity test was conducted with the initial
gain setting without any optical filter. The results are
shown in Figure 16. The unfiltered unit has an estimated sensing range up to 12th mag at 1 second and
9-10th magnitude at 1 millisecond integration time.
The S/N noted as “good conditions” assumes a total
noise of 120 counts/ms. As conditions degrade with
brighter background and scintillation noise the S/N
degrades at approximately √N. The S/N was limited
by background and scintillation noise for the authors
viewing site. Alternate gain settings will be studied
for possible improved S/N vs sensitivity.
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For a 17-inch aperture and sampling rates used
the cutoff would be 160Hz, which matches reasonably the preliminary data of Figure 17.
The sky background noise was also measured
with integration times of 0.5 ms or sampling rate of
2000/second. The noise level varied widely due to
sky-light variations. Figure 18 shows the broadband
noise expected from the shot noise.

5. Photometric Data on AW UMa
Development of the SPM measurement system,
telescope setup, and associated troubleshooting took
most of the winter months. First data collection was
made in early March during which time cloudy skies
were the norm. The first few glimpses of clear sky
were used to improve the setup for centering and tar-
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get tracking. Finding and centering was much easier
than earlier PD sensors due to the high gain of the
device but still remained a challenge. However, the
inability to properly balance the significantly different weight distribution made tracking over hours impossible without guiding. A SBIG STV was added to
aid in identifying and tracking the target.
Eclipsing binary AW UMA is shown in Figure
19, a portion of the run from 1920-2670 seconds. The
S/N (µ/σ) is approximately 17 at a data collection rate
of 100 s/s, BW of 50 Hz. Data were collected without
filter to maximize S/N. AW UMa was not near a
maxima or minima. Of particular interest was the
large variation just beyond the trace midpoint. Data
analysis was conducted using the Sigview DSP software. Figure 20 shows a time-FFT plotting frequency
versus data collection time with this event clearly
visible.
Expansion of the large excursion event shown in
Figure19 indicates some form of oscillation. Generating the FFT spectrum, Figure 21, shows an oscillation at 0.68 Hz and harmonic well below the already
confirmed resonate frequency of the telescope mount
at 12.8 Hz.

Figure 18. Shot background noise spectrum

Figure 19. 40 seconds of AW UMa Eclipsing Binary data

Figure 20. Time-FFT showing event in plot of freq versus
data collection time

Figure 17. Atmospheric noise spectrum with 90 Hz
cutoff

Figure 21. FFT of AW UMa event

With the event resonance known and below 1Hz,
the low pass digital filter was set for 1 Hz and the
oscillation, with all high frequency components
removed, is shown in Figure 22.
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Figure 22. Low pass filtering of event with cutoff at 1 Hz

The causal factor for this event was not
identified. It does illustrates the use of fast data rates
and the application of DSP for data mining.
A second night on AW UMa caught an eclipse
just before minima. Figure 23 shows the raw data
captured at 100s/s. The large dip at 3600 seconds is a
guiding issue. The S/N is approximately 26 during
this portion of the run. The FFT of Figure 24 shows
most of the contributing noise below 25Hz. Setting a
low pass filter cutoff to 1 Hz removes all the higher
frequency components as seen in Figure 25. The
Δmag was calculated from the data as 0.3 mag,
consistent with AAVSO data of 2455248.5.
Expanding the eclipse minima centered at 2550
seconds, Figure 26, there are some observable higher
frequency components with a S/N of 30.

Figure 25. Eclipse with low pass cutoff at 1 Hz

Figure 26. Expanded minima data

Figure 27. High pass cutoff at 10 Hz

Figure 23. AW UMa eclipse

Figure 28. Oscillations centered near 2865 seconds

Figure 24. AW UMa FFT, log scale spectrum

Figure 29. FFT of oscillating region near 2865 seconds

A look at the higher frequency components with
a high pass cutoff of 10 Hz, Figure 27, shows very
noisy data with large excursions at 2865 seconds.
Expansion at 2865 shows indication of a very low
level oscillation with amplitude shown in Figure 28.
Figure 29 is the FFT of the same region indicating
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two contributing oscillations at 11.7 and 14.8 Hz,
close to the mounts resonance at 12.8 Hz. This
oscillation is not likely due to the binary. Correlation
with a secondary reference could confirm this
assumption.

opportunities. The website ephemerides, Kreiner
(2004), are excellent for identifying EB targets and
timing as is the AAVSO (2011) for observing campaigns, descriptions of star types and their characteristics, classifications, outbreaks, data, charts, etc.

6. Future Study Opportunities

Designation
RZ Cas
TW Dra
BM Ori
AW UMa
TX UMa
Cygnus X-1
X Per

There are a number of science opportunities for
exploration of fast occurring events. Occultation
studies using the fast data collection rates provide at
least an order of magnitude wider bandwidth than
video systems. These are interesting events, and are
highly organized. Dunham IOTA (2011) and others
have developed a network of observers with extensive website support on suitable targets, recommended methods, and a convenient place to send data
to be analyzed and combined.
Exoplanet study may also provide insight with
sub second event resolution. Some of the brighter
targets should be possible at 10 s/s or faster. Examples are transits of WASP-33b and 38b. A good
source for targeting information is the Czech Astronomical Society (2011), Exoplanet Section. The site
is excellent for setting up an observing session and
reviewing data on all Exoplanets where photometric
data has been collected. Their database will not accommodate the data format used in this paper.
Brighter asteroids are also on the list for trial.
The numbered asteroids up to at least 40 offer adequately bright targets for fast data rates. Of particular
interest are the faster rotators such as (9) Metis, 5.1
hr, (16) Psyche, 4.2 hr., and (22) Kalliope, 4.1 hr.
The biggest challenge is still the quasi-periodic
oscillator (QPO) targets. The X-ray binaries (XRB)
and cataclysmic variables are candidates that exhibit
short or even extended periods of rapid variability in
both the RF and optical spectrum. Star systems such
as Cygnus X-1 have exhibited modulation at frequencies in the 100 to 1300 Hz frequency range. It is postulated in the x-ray binaries oscillations are caused by
interaction between the spinning neutron star’s magnetic field and the circulating accretion disc. Detection of these signals are challenging due to their low
intensity, high frequency, and unpredictable occurrence. A study by Uthas (2005) and summary by
Warner (2008) give some insight into this very interesting study group.
Other target opportunities are shown in Figure
30. Shown are eclipsing binaries (EB) and XRB. The
first two EBs are located in the δ Scuti region of the
Cepheid instability strip with potential for pulsating
properties Soydugan (2006). The targets are all of
sufficient brightness for study using SPM sensors at
faster sampling rates. The two XRBs are QPO target

Nom Mag.
6.3
8
7.9-8.6
6.8-7.1
7.1
8.9
6-7.1

Type
EB, pulsating
EB, pulsating
EB
EB
EB
XRB
XRB

Figure 30. Example targets for study

7. Conclusions
The difficulty was underestimated for developing
the sensing system, associated pulse amplifiers, data
collection system, and telescope setup. This resulted
is less time available for debugging and completing
the data collection and validation process. The exceptionally poor late winter sky conditions further exacerbated the situation. Specifically, good results were
obtained on most of the project objections:
1.

A functional SPM data collection system was
developed including sensor with cooling, regulated power, wideband pulse amplifier, and data
collection system. The system performed well in
the cold and humid Michigan winter weather.
The SPM is a competitive device versus the
PMT and will improve as the dark counts are reduced to levels below 10 KHz.

2.

The SPM system is applicable for high speed
photometric use up to data rates of 1000 s/s. The
data collection system is easily configured for
any data integration period from minutes to microseconds.

3.

The SPM system can provide science without a
reference star for timing, frequency distribution,
short period magnitude changes, equipment stability studies, as examples. The S/N is limited by
the high variability of atmospheric noise. For
positive confirmation of short target events a reference star is important but not mandatory. The
reference adds considerable complexity to the
system and was not attempted for this investigation.

4.

Photometric data was obtained to validate the
system. No high speed target events were recorded largely due to time available. Events to
500 Hz can be captured with targets ranging 9-
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10th magnitude and scopes in the 14-17” range.
Digital signal processing worked well to isolate
signals from noise through selective band pass
filters, review frequency distributions, look for
high speed events in large data runs, obtain mean
and standard deviations for S/N calculations, and
configuring data for whatever need arises. The
DSP capability will accommodate a reference
signal and a wide portfolio of mathematical operations.
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Kepler Variables in the Field of EV Lyr
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Abstract
The release of light curves from the NASA Kepler mission, allows an examination of previous V band observations made by the author of the star field surrounding EV Lyr. Five field stars were indentified in the Kepler observational field that shows sufficient variability to be detected and measured in the EV Lyr observations from
2006. Additional light curves for these stars were created from the author’s observations, and in one case, the
Northern Sky Variability survey. These additional light curves were compared against the Kepler light curves.
Where possible, a period analysis was performed.

1. Introduction
In 2006, an observation campaign was mounted
to obtain detailed light curves of the variable EV Lyr,
as its period was undetermined in the GCVS. This
campaign resulted in approximately 30 datasets in B,
V and I bands (Horne, 2008).
Release of the first datasets from the Kepler mission show that the Kepler field overlaps the 2006
field for EV Lyr (an approximately 12x16 arcmin
window).
Examination of the Kepler data set for an area
around EV Lyr, results in five variables stars, that
were previously undetected, and whose magnitude
and variability is sufficiently within the detection
capability of smaller, earth-bound telescopes.

still labeled proprietary, and thus are unavailable to
the public for analysis. An additional significant fraction of the light curves show a variability in the 0.005
to 0.01 range, which is generally too small to be reliably detected by most amateur equipment.

2. Kepler Mission Data
The Kepler Mission is specifically designed to
survey a portion of the galaxy to discover dozens of
Earth-size planets in or near the habitable zone. As
such it consists of a fairly large telescope (1.4m), and
with a large array of CCD detectors capable of millimag accuracy.
The spacecraft is in an Earth-trailing heliocentric
orbit and programmed to stare at a 105 square degree
region of the sky in the constellations of Cygnus and
Lyra. This area of coverage is shown in Figure 1.
Kepler data, specifically light curves of suspected variable stars and possible planetary transits,
is obtained from the via the NASA multi-mission
data archive (MAST).
Using EV Lyr as the target name in the MAST
Kepler archive, and searching within an eight arc
minute radius, yields approximately 150 light curves.
At present a great majority of these light curves are

Figure 1. The observational field of the Kepler mission.
The EV Lyr field is marked with an asterisk. From the
Kepler mission website.

Of the remaining 10% or so of light curves from
this specific search, five stars have a variability is
sufficiently large (> 0.02 mag) and the star also is
present on the images from the 2006 EV dataset. A
listing of these stars is show in Table 1.
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CTable 1. EV Lyr Field Variables. Kp is the reported Kepler magnitude.

3. Kepler Light Curves
In general the Kepler light curves for each of
these five stars covers a time period of at least 30
days, or as much as 120 days, when multiple Kepler
data sets are available for a particular object. The data
sets are released by calendar quarters (Q0, Q1, etc)
corresponding to spacecraft “rolls” every three
months to allow for continuous illumination of the
solar arrays, Kolenberg, et al, (2010). Objects observed over more than one quarter are located on different CCDs. In general both the target mask and
optimal photometric aperture will be different for
each quarter.
The light curves are plotted using corrected Flux
values versus MJD (JD – 2400000). In all cases, the
light curves are not continuous across different Kepler data sets, and similarly, flux differences across
these different quarters can be problematic. The Kepler light curves from the MAST archive are shown
in Figures 2 through 6.

Figure 2. Kepler Object 003954265. From Q0 and Q1 data
sets in 2009.

Figure 3. Kepler Object 003954130. From Q0, Q1 and Q2
data sets in 2009.
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Figure 4. Kepler Object 003954277. From Q1 and Q2 data
sets in 2009.

Figure 5. Kepler Object 003850729. From Q1 and Q2 data
sets in 2009.

Figure 6. Kepler Object 004057892. From Q0, Q1 and Q2
data sets in 2009.

4. Additional Observations
The data from the Kepler light curves was compared with photometric measurements made from the
2006 EV Lyr images by the author. Where possible,
the EV Lyr data was supplemented with data from
the Northern Sky Variability Survey, which was
taken from the ROTSE 1 project from 1998 – 2000
(Ackerlof et al., 2000).
All observations by the author were made using
a Meade LX200 0.25-m (10-inch) telescope, with a
Starlight Xpress MX 716 CCD camera, which has a
550x720 pixel array. Exposures of 60 sec were taken
at an f-ratio of 6.3 (for an effective field of view of
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approximately 12x16 arcmin) with a standard Johnson B, V, and Ic photometric filters. Three contiguous
60 second exposures were averaged to produce a single data point during the time-series observations.

Kepler Object 0039854265 Q0 Data
MJD (2450000 +)
4960

4965

4970

4975

4980

4985

4990

4995

5000

-0.06
-0.05

5.1 Kepler Object 003954265
An examination of the Q0 Kepler Light curve for
Object 003954265 shows a continuing pattern of
maxima and minima, as shown in Figure 7. The amplitude of the maxima is declining from one cycle to
the next. The minimum, except for one case, also
shows this declining amplitude aspect. A tempting
explanation is that this pattern is indicative of a beat
frequency, the result the superposition of two wave
patterns of slightly different frequency. Certain Cepheid variables are well known examples of stars
exhibiting beat frequency behavior (Sterken and
Jaschek, 1996).
If a period analysis is performed on this object
using the Kepler data, a period of 8.873114 days is
found using the ANOVA analysis tool in Peranso.
Unfortunately, this period is twice that of any known
beat Cepheid variable. The beat frequency idea further breaks down with examination of the Q1 data for
this object, as shown in Figure 8.
The regular pattern of maxima and minima essentially has become much more random, with the
very regular eight day period having almost vanished,
together with much lower overall amplitudes of each
cycle.

Delta Mag

-0.03
-0.02
-0.01
0
0.01

Figure 7. Kepler Object 003954265. from Q0 Kepler
spacecraft observations in 2009.

Kepler Object 0039854265 Q1 Data
MJD (2450000 +)
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5010
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-0.06
-0.05
-0.04
Delta Mag

The Kepler data set for each variable contains
the corrected flux values for the associated light
curve. This allows each Kepler light curve to be recalculated in terms of a differential Kepler magnitude. The Kepler mission is designed to analyze differential magnitudes of individual objects, not including comparison stars, and the Kepler band pass is
considerably broader than any one of the typical
photometric filters such as BVRI (Cannizzo1 et al.,
2010). This means that a conversion from the Kepler
flux values or differential magnitudes to a standard
photometric band magnitude for a particular Kepler
object can only be modeled, approximated, or inferred from other sources.
The software tool AIP4Win (Berry and Burnell,
2000) was used to make photometric measurements
for the 2006 data. The software program Peranso
(Vanmunster, 2007), was also employed, utilizing the
ANOVA period determination tool.

-0.04

-0.03
-0.02
-0.01
0
0.01

Figure 8. Kepler Object 003954265. from Q1 Kepler
spacecraft observations in 2009.

The Q0 and Q1 Kepler data can be compared
against observations of this object in 2006, and is
shown in Figure 9.
Kepler Object 003954265
MJD (2450000 +)

3890
14.80
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5. Data Analysis

14.95
15.00
15.05
15.10
15.15

Figure 9. Kepler Object 003954265. The data are from
observations by the author in 2006.

The 2006 data has aspects of both Kepler data
sets. A fairly regular period is present, also approximately eight days like Q0, but there is definite
change in the average magnitude over multiple cycles, as in Q1. It may be that as the amplitude of the
period declines, as in Q0, the star reaches a point of
instability, and the more chaotic pattern of Q1
emerges.
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This objects light curve for the combined Q0,
Q1, and Q2 data sets, shows series of maxima and
minima, with an amplitude change of 0.12 Kp, as
shown in Figure 10. Unfortunately, no coherent period could be determined from the Kepler data, and
little is available on this object from other sources. A
few observations were made in 2006, and are shown
in Figure 11.

and 2006 data sets are examples of the rise and fall of
the magnitude of a long term variable, with a period
in excess of 200 days.
Kepler Object 003954277 Q1 & Q2 Data
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5.2 Kepler Object 003954130
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Figure 12. Kepler Object 003954277. The Light curve is
from Q1 & Q2 Kepler spacecraft observations in 2009.
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Figure 10. Kepler Object 003954130. The Light curve is
from Q0, Q1, & Q2, Kepler spacecraft observations in
2009.
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Figure 13. Kepler Object 003954277. The Light curve is
from observations by the author in 2006.
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5.4 Kepler Object 003850729

13.60
13.61
13.62
13.63

Figure 11. Kepler Object 003954130. The Light curve is
from observations by the author in 2006.

For some reason, the Kepler data on this star
does not contain a value for Teff. Fortunately, this
object was observed in two bands, Ic and V in 2006.
Using an empirical formula for Teff from a calculated
V-I color index, McWilliam (1990), this star has an
approximate Teff of 3900K, and is likely an early Mtype giant. This result is consistent with the g-r color
index from Kepler of 1.241, also indicating a reddertype star.

This light curve for this object appears to be a
slow, small amplitude, semi-regular variable star. As
can be seen in Figure 14, the variation in 2009 shows
multiple minima and maxima over 120 days, together
with a change in Kp magnitude of 0.03. The 2006
data, shown in Figure 15, does have indications of the
continuing sets of maxima and minima, and a slightly
larger amplitude change of 0.05 V mag over approximately 100 days. Both datasets were analyzed
using Peranso, but no consistent period was found for
either data set or the combination of data sets.
Kepler Object 03850729 Q1 & Q2 Data
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5.3 Kepler Object 003954277
The light curve on this Kepler object shows a
slow increase in magnitude approximately 0.03 Kp
magnitudes over 100 days, as shown in Figure 12.
Conversely, this star shows a decrease in magnitude,
on the order of 0.03 V mags, over a period of 90 days
from the 2006 observations, as shown in Figure 13.
So one can reasonably conclude that both the Kepler
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Figure 14. Kepler Object 003850729. The Light curve is
from Q1 & Q 2 Kepler spacecraft observations in 2009.
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shown in Figure 18. This light curve shows much of
the classic triangular shape of a Cepheid. It may be
that aspects of the longer 30-day period have been
lost or masked for this object by the discontinuity of
the flux between quarterly datasets.
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Figure 15. Kepler Object 003850729. The Light curve is
from observations by the author in 2006. A smoothed,
black line connecting the data points has been added
for clarity.

5.5 Kepler Object 004057892
This light curve for this object also appears to be
a semi-regular variable star. The Kepler dataset
shows a series of repeating larger and smaller
maxima, occurring approximately every 12 days,
although the amplitude of the maximum changes with
each cycle. The total magnitude variation of many
cycles is on the order of 0.02 mag, as shown in Figure 16.

Figure 17. An ANOVA period analysis of Kepler Object
004057892. The data are from Q0, Q1, & Q2 Kepler
spacecraft observations in 2009
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Figure 16. Kepler Object 004057892. The Light curve is
from Q0, Q1, & Q2 Kepler spacecraft observations in
2009.

Figure 18. Kepler Object Object 004057892. From observations by the author in 2006 (vertical lines) and from
data from the Northern Sky Variablity Survey 1999.

When the Kepler data are analyzed using the
ANOVA tool in Peranso, an 11.86 ± 0.22 d period is
obtained, although it is noted that some precession of
the maxima is present, as shown in Figure 17.
A Peranso ANOVA analysis of the 2006 data set
from the author and the data set from the Northern
Sky Variability Survey finds a longer periodicity,
30.207 ± 0.074 d, and a larger amplitude (0.1 mag) as

6. Conclusions
Five variables stars from in the field of EV Lyr
were analyzed using data from the Kepler mission
and other sources. Except for one probable Cepheid,
each star appears to be a semi-regular star of generally low amplitude variability. A summary of the
properties of each star is show in Table 2.
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Table 2. Analysis of EV Lyr Field Variables.
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Abstract
In a previous paper, the author discussed the construction of an automated dual beam imaging polarimeter and
of observations made in the November 2009 to February 2010 period. Here, we discuss observations and instrumental improvements that span the period from late August 2010 through third and into fourth contacts in
Spring 2011. Approximately 930 linear polarization measurements of the target star in BVR bands were obtained
during 99 nights of observation. Additional measurements were made of both known polarization standards and
zero polarization stars to verify instrument calibration. The polarization of Epsilon Aurigae was observed to vary
by nearly 0.4% peak to valley during this period. These variations occurred in several major cycles of varying
duration. Measurement error is estimated to be on the order of +/-0.05%. The observed variations resemble excess polarization seen during the 1984 eclipse egress, but may show some differences in detail. During this project, a new optical rotator was developed in conjunction with Optec, Inc., and used for the last two months of
observations. This project was initiated at the suggestion of Dr. Robert Stencel at the May 2009 SAS meeting to
extend measurements done during the 1984 eclipse by Dr. Jack Kemp and followed up by his student, Dr. Gary
Henson thereafter.

1. Introduction
At the suggestion of Dr. Robert Stencel, Univ of
Denver in May 2009, the first author began a series
of polarimetric observations of the long eclipse of the
unusual star Epsilon Aurigae.
Dr. Gary B. Henson’s observations of the 1984
eclipse cycle had revealed variations in polarization.
Dr. Stencel suggested that similar observations during this eclipse should be useful for comparison.
As previously reported (Cole 2010), the first period of this author’s observations, covered November
2009 to February of 2010 (ingress to second contact)
showed a relatively stable polarization with an average value in the 2.2 to 2.3% range and no systematic
variation at the limit of the instrumentation.
The second period, beginning near the end of
August 2010 and continuing into April of 2011 have
revealed a very dynamic behavior. Three extended
cycles of variation have been observed, each with
roughly a 50-day modulation, the last one ending
several weeks prior to the end of these observations.

In this paper we have used RJD to mean the 4digit Relative Julian Date. RJD = JD - 2,450,000.
The rapid reduction of the polarized flux at the
end of this cycle would seem to indicate that third
contact occurred near RJD 5625 (March 4, 2011),
earlier than forecasted, and consistent with other reports placing it close to RJD 5600 (February 7,
2011).

2. Instrumentation
A dual beam imaging polarimeter was constructed for this project in the summer of 2009 following the general concepts used on the Hawaii 88
telescope as described in Masiero et al. (2008).
The instrument is mounted on a C-14 optical
telescope that provides target selection and guiding
under an automated control system.
The key optical elements of this instrument are
the following:
a)

A 200 mm aperture Schmidt-Cassegrain optical tube (C-8).
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b) A multilayer polymer half-wave plate sourced
from Bolder Vision Optik. This material is
achromatic over a range of 400 to 700 nm to
better than ± 0.5% retardance.
c) A set of photometric filters for the standard
Johnson BVR bands and a luminance filter defining a 400 to 700 nm total bandpass to match
the limits of the retarder. This results in a
slightly reddened B and a slightly truncated R
bandpass.
d) A 13 mm thick, 10 mm Savart calcite plate
which serves as the polarization analyzer. The
Savart plate splits each star into two orthogonally polarized images approximately 1
mm apart on the imager. This was sourced
from Halbo Optics in 2000 for a previous instrument.
e) A focal reducer providing a net focal length of
1500 mm.
f) A CCD imaging camera.
In this instrument the primary image is formed
on the CCD sensor, unlike many implementations
that re-image a focal plane mask. Hence this design is
suitable only for stars in uncluttered fields or condensed objects whose extent is less than the separation between the images (approximately 2 arcmin).

3. Instrument Evolution
The instrument has undergone three evolutionary
phases since the project began in 2009.
In the first phase, the system was arranged as
“filter:waveplate:camera” with an SBIG ST6 imaging
camera. While no instrument polarization could be
directly associated with the filters, it is generally considered better practice to put the half-wave modulator
before all other elements.
In the second phase, the system was rearranged
to the “waveplate:filter:camera” configuration and
the camera was replaced with an SBIG ST-402. This
configuration was used for the bulk of measurements
in this paper. This camera provides a slightly better
“electron wells per sq micron” figure than the ST6,
almost twice the blue sensitivity, and much faster
download.
The final phase began in Feb 2011 with the installation of a newly designed waveplate rotator developed by Optec, Inc. in collaboration with the author. This change has resulted in a noticeable improvement in consistency of measurements.
The original waveplate rotator consists of a simple open loop assembly of servomotor and exposed
plastic reduction gearing which developed several
problems over extended use. It burned out servomo-

104

tors frequently, which required disassembly and recalibration. More seriously, it would on occasion stall
or jump gears due to friction. Setting the zero point
required a mechanical adjustment to the gears as well
as software adjustment. The measurement errors associated with this problem are discussed later in this
paper.
It was also suspected that the positioning of the
waveplate was subject to some variation due to the
imprecision of the gearing and reproducibility of the
servomotor.
The final deficiency was that there was no software feedback for the mechanics. The only evidence
of failure was a set of unexpectedly aberrant results
for known stars.
While commercial waveplate rotators exist, they
are quite expensive and not designed for small telescope systems.
Camera rotators, on other hand, are in fairly wide
use. These had been developed to correct field rotation in Alt-Az mounted imagers and to allow an expanded selection of guide stars when using SBIG
dual sensor cameras.
In the fall of 2010 the author began collaboration
with Jeff Dickerman of Optec, Inc. to adapt Optec’s
existing Pyxis™ camera rotator for this application.
After some discussion, Jeff proposed a redesign
of the external cover to separate the rotating assembly from the back end of the device, thus allowing it
use in this application.
The rotator’s 5280-step gearing provides 22.5degree relative angular positions, and an absolute
accuracy of about 1/15 of a degree.
The 44 mm diameter polymer half-wave plate is
held in place by a special adaptor ring mounted to the
rotating throat of the device.
The external cover mates the rotator to the filter
selector and imaging camera to form a solid mechanical structure with the telescope.
The rotator has a Hall effect sensor to define a
permanently reproducible internal zero point.
In our application, the “zero degree” angle for
the Q plane of measurement was determined by use
of a Polaroid filter mounted in front of the telescope
and oriented along the declination axis. The waveplate was rotated in fine steps until the maximum
ratio brightness was obtained. Once known, this constant offset was recorded by the system software and
is applied when setting the position (0, 22.5, 45, 67.5)
for each measurement. Further refinement is done
using standard stars.
The rotator moves from one imaging position to
the next in about two seconds.
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4.

Imaging Considerations

The star images are manually defocused so as to
collect a greater total signal without pixel saturation
than would be collected it the image was in perfect
focus.
An exposure time is determined dynamically at
the start of each four position imaging sequence. If
any pixel in the image set exceeds a preset subsaturation threshold, the sequence is restarted at a
reduced exposure time.
This arrangement tolerates a considerable degree
of haze and high clouds. Good quality data has been
obtained through as much as two magnitudes of obscuration.

528 of these measurements were made using a V
filter, 201 in B, and 200 in R.
Figure 1 and Table 1 show the V% polarization
measured over the period from RJD 5433 to RJD
5662. The left scale has a base of 1.95% and a maximum of 2.45%.
Note that all the available measurements for each
single night (as many as 9 for the V band) have been
averaged to create a single value for each day.

5. Data Reduction
The reduction process uses a large square background aperture (64 ST402 pixels) and a star aperture
whose size is adjusted to capture 97.5% of the total
above background signal. These apertures are aligned
to the centroids of the star images. The same size
aperture is used for all images in the frame set.
Due to wind buffeting and guiding errors, star
images are not perfectly aligned as would be desired
between from one image to the next. The 0º-45º and
22.5º-67.5º image pairs are combined so as to effectively “flat field” the CCD. This result depends upon
the fact that the same pixels are illuminated in each
image. A software filter excludes data when the star’s
centroid position varies by more than 2 pixels between the 0-45 or 22-67 frame pairs.
Once values have been extracted from each data
set, the following formulas (Tinbergen 1996) are
used to determine polarization and Stokes Q and U
parameters.
2

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

R(u) =(Left@22 / Right@22) / (Left@67 / Right@67)
P(q)=(R(q)-1)/(R(q)+1)
P(u)=(R(u)-1)/(R(u)+1)
2

2

Polarization= sqrt ( P(q) + P(u) )
Angle=0.5 arctan (P(u)/P(q))

6. Target Observations
929 individual measurements of Epsilon Aurigae
were obtained on 99 nights between Aug 25, 2010,
and April 12, 2011. Each measurement consists of at
least one, but in most cases five, sets of four images
taken at waveplate positions of 0, 22.5, 45 and 67.5
degrees.

Figure 1. Epsilon Aurigae. V% Polarization from RJD
5433 to 5662 (Aug 25, 2010 to Apr 11, 2011.)

The B and R band observations followed the
track of the V band values but were generally about
0.05% lower in value. In final 30 days, B, V, and R
were statistically equivalent.
Three primary polarization peaks dominate these
observations. The first of these begins RJD 5433 and
extends to RJD 5512, the second to RJD 5567 and the
third ending near RJD 5625. No features were observed after RJD 5625. The durations are 79, 55 ± 2,
and 58 ± 2 days respectively. There is a possibility
that the third peak is a combination of two overlapping modulations, but the data is marginal to make
claim to this effect. If real, such modulations would
each be of about 40 days duration. These results resemble those reported by Kemp et al. (1986), who
also found a polarization excess that was a maximum
(2.6%) close to third contact.

7. Standard Star Observations
During the same period we obtained 204 V band
observations of HD 21291, 16 of HD 43384, and 38
of Chi Aurigae (HD 36371), each of which is a polarization standard star. Figure 2 shows the measurements of HD 21291 that span the period of the target
observation
It has been known that most of the “standard”
polarization stars including HD 21291, exhibit some
variability. Whether the unusually low values shown
on RJD 5577 and RJD 5579 were real variations or
an unrecognized instrumental problem is not known.
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Published results (Univ. Wisconsin website) from 20
observations by the HPOL instrument show V polarization varying from 3.36% to 3.55% over a 13-year

RJD
5433
5439
5440
5446
5449
5450
5451
5452
5453
5454
5455
5456
5458
5462
5463
5464
5465
5467
5468
5469
5470
5478
5479
5480
5481
5482
5483
5484
5485
5489
5490
5502
5503
5504
5505
5507
5509
5512
5513
5514
5515
5516
5517
5518
5532
5537
5542
5543
5554

%P
1.98
1.96
2
2.11
2.17
2.19
2.2
2.21
2.23
2.23
2.18
2.22
2.22
2.25
2.19
2.25
2.14
2.22
2.22
2.19
2.16
2.15
2.12
2.12
2.13
2.12
2.14
2.16
2.14
2.11
2.1
2.08
2.09
2.08
2.07
2.05
2.06
2.02
2.04
2.07
2.11
2.09
2.06
2.03
2.21
2.23
2.28
2.26
2.25

period with no apparent pattern.

RJD
5558
5565
5566
5567
5568
5569
5570
5576
5577
5578
5579
5581
5582
5583
5584
5587
5588
5589
5593
5595
5596
5597
5599
5600
5602
5614
5615
5616
5620
5621
5629
5630
5632
5633
5638
5643
5648
5649
5651
5652
5653
5654
5655
5656
5657
5659
5661
5662

%P
2.11
2.11
2.12
2.12
2.11
2.15
2.16
2.2
2.32
2.36
2.28
2.3
2.32
2.34
2.29
2.35
2.3
2.28
2.31
2.26
2.36
2.36
2.37
2.43
2.4
2.33
2.3
2.31
2.18
2.18
2.01
2
2.03
1.95
1.91
1.87
1.99
1.98
2.02
2.03
1.99
1.99
1.98
2.01
1.99
2.01
1.96
2.01

Table I. Observed V %Polarization of Epsilon Aurigae. RJD = JD - 2,450,000.
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Figure 2. CS Cam. V% Polarization. RJD 5433 to 5655.

Finally, we obtained 18 V band measurements of
HD 37587, 32 of HD 432, and 39 of HD 210027, all
stars known to have zero polarization. Observations
show a residual polarization of around 0.05% that is
probably a combination of noise and instrumental.
Figure 3 shows the data for HD 37587.

The author believes that rotator imprecision,
guiding, and cosmic ray problems may have contributed to this scatter.
According to the analysis done by A. N.
Ramaprakash et al. (1998), any uncertainty of angular positioning generates a polarization uncertainty of
similar magnitude. Hence if a ± 1 degree error actually occurred from time to time, it would add 0.05%
to the uncertainly of an individual measurement.
Since each cog of the main gear corresponds to
nearly 3 degrees of physical rotation, such a range of
random variation is possible.
This class of error has been essentially eliminated by the 0.06 degree precision of the Pyxis rotator.
Another potential source of low amplitude scatter comes from imperfect image alignment.
The inherent flat fielding of the dual beam technique is dependent upon the consistent placement of
the star image on the same pixels for the images that
are 45 degrees apart. In our case the signal is collected from 500 or more pixels, diluting, but not totally eliminating the potential effect of inconsistent
pixel response on the result.
A new mount is being installed this year that
should greatly minimize this problem.
Finally it is very likely that some of the thousands of image frames have unsaturated cosmic ray
hits. They are seen often in spectra taken from this
high desert location with a similar sensor.

9. Discussion
Figure 3. V% Polarization of Chi Orionis.

In total, approximately 16,000 target star data
frames were collected for this report.

8. Sources of Uncertainty
A typical data frame records approximately
750,000 counts in each of the star images which in
turn corresponds to about 2 x10^6 recorded photons.
A 5 frame measurement has around 10^7 photons per
star and an inherent noise of 0.04% for each star image.
As a check, we calculate each of the 5 data sets
individually and report their variance. This proves to
be of the same order, typically 0.06% for each 5frame measurement. The min-max scatter of measurements made on a single night over a 4 hour period
ranges from a best case of 0.05% to a worst case of
0.2%, with a total scatter of 0.1% being typical.

Published observations of Epsilon Aurigae from
the HPOL spectropolarimeter at the University of
Wisconsin Pine Bluff Observatory from 1990 to 1996
show a V polarization varying from 1.96% to 2.06%.
It seems likely that these inter-eclipse measurements
represent the interstellar component of the polarization, with at most a small +0.05% intrinsic contribution from the primary.
Excess polarization, therefore, is likely to be
coming from the interaction of the primary light with
the obscuring disk of the secondary.
The long period of these peak-valley cycles
would seem to indicate a series of relatively large
structures of similar size. One possible scenario
might be a series of ring segments with streams of
aligned dust particles enhancing polarization.
Comparison with photometric, spectroscopic and
interferometric imaging during this eclipse is being
pursued.
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10. Future Work
Continued observations of Epsilon Aurigae are
planned for the fall of 2011 to see if any significant
post eclipse variations can be detected.
Following the eclipse the author intends to monitor this star for several seasons to see if the known
photometric variation has a periodic polarimetric
component.
There are additional bright targets such including
some of the polarization standards and bright B(e)
stars for which data has already been obtained, and
for which long term observations are planned.
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A Modern Incarnation of Tycho’s Diurnal Parallax Method
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Altimira Observatory, Coto de Caza, CA 92679 (USA)
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Abstract:
Tycho had rudimentary instrumentation (by modern standards), but he also had a first-rate mind (by any standard). With them, he was able to demonstrate that a comet and a nova were more distant than the Moon. I have
investigated the feasibility of replicating similar measurements using very common modern equipment (a DSLR,
a spreadsheet, and a star catalog). It appears to be feasible for a science student to replicate – and extend – the
great scientist’s observations and analysis. I’ll describe how the distance to the Moon and the distance to an asteroid can be determined from a single fixed site, through the use of diurnal parallax.

1. Purpose:
I have been investigating “science projects” that
might be appropriate for motivated high school students, that would enable them to replicate some of
the most important historical astronomical observations. Most introductory science books tell the tale of
Tycho’s investigations of a comet and a nova, during
which he demonstrated that these celestial objects
were more distant than the Moon (and that as a consequence, the celestial realm was not “unchangeable”). However, most textbooks do not explain how
he demonstrated this remarkable idea; and virtually
none provide instructions for replicating his work.
Therefore, it seemed interesting to construct a project
whereby a single student (or small group of students)
could measure the distance to the Moon using the
diurnal parallax method, by making their own observations, reducing their data, and doing all of the calculations themselves; and using only information that
would have been available to a 16th century astronomer. In the process of developing this project, I
learned several things: (1) It can be done with readily-available instruments and the achievable accuracy
is quite good. (2) The approach can be extended to
use typical amateur astronomer equipment, to enable
a single observer to measure the distance to an asteroid (and hence establish the scale of the solar system). However, (3) this is a complex project, and it
might be too challenging for high school students.
We’ll see: I will be making contact with several
high school science club proctors to see if any of
their students want to take up the challenge.

2. Concept of Diurnal Parallax
Parallax is a widely-understood and easilydemonstrated phenomenon. If you hold your finger in

front of your face, and look at a distant object first
using your left eye, and then using your right eye,
you see your finger bounce right-to-left relative to the
distant (“fixed”) scene. If the angular shift is measured, and the baseline (in this example, the distance
between your two eyes) is known, then you can calculate the distance to your finger. The phenomenon is
applied in a number of ways: it has been used by surveyors and controllers of naval gunfire and by astronomers to determine the distance to celestial objects. In the dawn of modern science, the concept of
parallax was well-understood and its potential for
measuring distances was also known (and used, in
some special circumstances); but certain aspects of
the measurements made it a very difficult proposition
for the 16th century astronomer. Today, we often
think of parallax in terms of two observers making
simultaneous measurements from two well-separated
sites. But in the 16th century, travel was a difficult,
trouble-prone, and dangerous affair (Connor, 2004).
Communication between two sites a few hundred
miles apart was accomplished by private couriers
who traveled by foot or horse-back, on circuitous
routes with unreliable schedules – none of which is
conducive to precise astronomical measurements –
and precision time-keeping was also dependent on
fairly complex fixed equipment. Nothing remotely
comparable to the modern wrist-watch was in existence!
The 16th century cosmology placed the Earth at
the center of universe, and the Earth (or more precisely, its center) was fixed in space. However, if you
accept the notion that the daily cycle of sunrise/sunset and star-rise/star-set can be modeled as if
the Earth were spinning about an axis, then you may
also realize that there is a serendipity in this daily
rotation: your “fixed” observatory is actually moving
along a perfectly circular track, several thousand
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miles in radius, making one complete circle every 24
hours. As a result, your observatory is not “fixed”
relative to the heavens: it is moving relative to them,
and it might be possible to measure the parallax effect caused by this motion.
The geometry is illustrated in Figure 1. If a celestial object is not too far from us, relative to the
(presumably more-distant) stars, its apparent celestial
position will change as it rises, culminates, and sets.
This change is the parallax caused by the observer’s
motion as he is carried along on the surface of the
rotating Earth. Since the Earth’s spin defines the celestial coordinate frame of RA, Dec, this parallaxmotion will be purely in RA, and more specifically it
will cause the object to appear at a slightly larger RA
as it rises, and a slightly smaller RA as it sets. If this
change in RA can be measured, and if the radius of
the Earth and the latitude of the observer are known,
then the distance to the object can be calculated. The
fundamental equation for the tangent of the parallax
angle is:

tan( ) 

sin(t )
R  cos(t )

Eq. 1

where

R

RTGT
RE  cos(lat )

Eq. 2

is the distance in units of the observer’s baseline, and
RTGT= geocentric distance to target (i.e. distance
from center of Earth to the target)
RE= radius of Earth
ω= Earth rotation rate = (2π/24) rad/hr
lat = observer’s latitude
In this formulation, the time-base is set such that
t=0 when the target is at culmination. In most circumstances, evening observations (before culmination) have t<0, and pre-dawn observations (after culmination) will have t>0. It is clear from Figure 1 and
the equations, that the observer should include measurements as far from culmination as possible – ideally, as soon as the target rises above the horizon – in
order to get the largest possible parallax angle. It may
be less obvious, but it is also important that the observer know when culmination occurs, and be able to
determine the target’s position at the time of culmination (which defines the position at which φ =0).
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Figure 1: Geometry of Diurnal Parallax Calculations

3. How Far is the Moon?
In order to use this phenomenon to determine the
distance to the Moon, we need to deal with two issues
that aren’t explicitly considered in Eq. 1. First, we
need to transform “clock time” into “time before or
after target culmination”. This is fairly simple. If
“clock time” is τ (this might be civil time or UT, depending on the preference of the observer) and the
clock time corresponding to target culmination is
τCUL, then
t = (τ - τCUL)

Eq. 3

This is the time “t” that is used in Eq. 1
Second, we need to deal with the fact that the
Moon is moving along its orbit around the Earth.
Simple observation shows that the Moon’s orbital
motion carries it eastward fairly rapidly (roughly 0.5
degrees/hour, equivalent to almost an hour of
RA/day), so that its apparent RA is constantly increasing at this rate: if the Moon’s celestial location
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is RA = 1 hr 30 min early in the evening, then 6
hours later it will have moved to about RA ≈ 1 hr 45
min.
3.1 Compensating for the Moon’s Orbital Rate
The rate of change of lunar RA due to its orbital
motion is not strictly constant, so the observer must
determine its value as part of the parallax observations. As a first-approximation, assume that the RAmotion rate of the Moon is nearly constant over the
period of observations. This turns out to be a sufficiently-accurate approximation for our purposes,
where observations will span only two or three
nights. We can isolate the orbital-motion rate by observing the RA of the Moon at the same “clock time”
on two consecutive nights:

 RA

RA( 1  24hr )  RA( 1 )

24hr

Eq. 4

where νRA is the rate of lunar motion measured in
“hours of RA per hour of time”.
Since the observer being carried along by Earth’s
rotation returns to the same position every 24 hours,
there is no “parallax” between times τ and (τ+24 hr).
As a result, this measurement tells us the Moon’s
orbital rate, uncorrupted by the parallax effect.
Once we know the Moon’s apparent orbital rate
νRA, we can compensate any measurement of the
Moon’s RA position to “back out” the effect of its
orbital motion, by:

 

 (t )  [ RA(t )  RA(0)   RA  t ]   12  cos( dec )
Eq. 5
where

 (t )

is in radians,

dec = Moon’s declination at time of measurement (treat this as a constant, since it does not
change much over one or two nights),
the factor (π/12)cos(dec) converts from RA
hours to radians.
Measurements of the Moon’s position should be
made every hour or so, on two or three consecutive
nights. The motion from night-to-night (observed RA
at the same clock time each night) gives the orbital
rate, and the non-constant rate within a single night
(after “backing out” the orbital motion) shows the
parallax effect, and hence the distance to the Moon.

3.2 Parallax Angle Between Two Measurements
Eq. 5 contains the Moon’s RA at t=0 (i.e., at
culmination). It may not be practical to make measurements exactly at this time, so we need to consider
the parallax angle arising from the Earth’s rotation
between two arbitrary times t1 and t2. In general, t2
should represent data taken as close as possible to
culmination.
Using Eq 5,

 (t 2 )   (t1 )

 12 cos(dec)

 [ RA(t1 )  RA(t 2 )   RA (t 2  t1 )]  

Then, applying Eq. 1 and recognizing that the parallax angle will always be small enough that
tan( )   , yields

 sin(t 2 )
sin(t1 ) 



 R  cos(t 2 ) R  cos(t1 ) 

 12 cos(dec)

 [ RA(t1 )  RA(t 2 )  RA (t 2  t1 )]  

Eq. 6
Eq. 6 is the fundamental equation that will be used to
analyze the data to determine the target’s distance, R.
3.3 Astrometry with a DSLR camera
How do we measure the precise position of the
Moon? The DSLR camera is a common fixture in
most households, and it can be used as an astrometric
instrument. For my experiments, I used a low-end
Canon Rebel DSLR, with the standard “15-55mm”
zoom lens, mounted on a standard photo tripod (no
clock drive or other astronomy-specific features). For
convenience, I set the camera’s clock to record UT.
All images were made with the lens fully zoomed to
55mm, giving a field of view of about 15 X 22 degrees, and resolution of about 0.3 arc-min per pixel.
Fortuitously, this turns out to be a reasonable simulation of Tycho’s observational accuracy.
The principle of astrometry will be to find a
handful of stars in the image whose coordinates are
“known” (e.g. from a star catalog or a planetarium
program), and determine the geometric transformation that maps their locations from pixel coordinates
(x,y) to celestial coordinates (RA, Dec). Once that
transformation is known, the measured position of
the Moon in (x,y) pixel coordinates can be transformed into the celestial coordinates of the Moon
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(RA, Dec). Our goal is to measure the changing RA
coordinate of the Moon as it moves through the night.
Alas, it turns out to be impossible to make an
image that captures both the Moon and the background stars: either the Moon will be horribly overexposed, or else the stars will be invisible. We could
take two images, one to capture the stars and the
other to capture the Moon, but the sky’s sidereal motion in the time interval between the two exposures is
not negligible. Near the celestial equator, the sky
moves about 15 arc-minutes per minute of time, and
we’re striving for arc-minute-level astrometric accuracy.
The solution is to make a “long-short-long” triplet of images for each observation, striving for equal
intervals between the mid-times of each exposure. A
“long exposure” image captures the stars (I used 20
sec exposure at ISO 800), but the Moon is a horribly
over-exposed and unmeasurable blotch near the center of the image. A “short exposure” image (about
0.03 to 0.1 sec) gives a nicely-exposed image of the
Moon, but no stars are visible.
With the “triplet” of images, the second (middle)
image is used to determine the Moon’s position. Each
star’s (x,y) position is determined on the first and
third image – call them ( x1, y1) and (x3, y3) – and
then averaged to get the position that the star would
have had at the time of the mid-image:

 x  x3 y1  y 3 
( x 2 , y 2 ) star   1
,

2 
 2
Given a set of stars, their measured coordinates
(x,y) and their known celestial coordinates, the astrometric problem is to find a transformation that
converts measured pixel coordinates into celestial
coordinates. The simplest model is based on the assumption that the image (x,y) coordinate frame is a
scaled, rotated, and offset version of the celestial
(RA, Dec) coordinate frame, in which case the transformation is of the form:

RA, Dec  X T

Eq. 7

where [X] = [x, y, 1] contains the pixel coordinates of
a star, and T is a 2 x 3 matrix (sometimes referred to
as the “plate constants”).
I found that my standard Canon zoom lens, even
when zoomed out to its longest focal length, had
pretty significant image distortions – a “linear” transformation such as Eq. 4 led to excessively-large astrometric errors (about 10 arc-minutes RMS).
The solution was to use a slightly more complex
transformation, in which the quadratic terms will

112

compensate for the distortions in the lens. This quadratic transformation model uses
[X] = [x, y, 1, x2, y2, xy]
in which case T is a 2 x 6 matrix of plate constants.
If we have an image with N> 6 stars, whose RA,
Dec are known and whose pixel coordinates (x,y)
have been measured, then the best (“least-squares”)
estimate of the transformation matrix T can be found.
The matrix equation that defines T is

 RA1
 RA
 2
 ...

 RAN

Dec1   X 1 
Dec2   X 2 
T 

...   ... 
  
Dec N   X 3 

In standard matrix-math nomenclature, write this as

Y   H T 
and the least-squares best estimate of the transformation (“plate constants”) matrix is



T  HTH



1

( H T )Y 

Eq. 8

where H is the matrix containing the pixel coordinates of the known stars. This can be solved with the
matrix-math capabilities of an Excel spreadsheet.
Once T is known, then the celestial coordinates
of any (unknown) object – the Moon, in our case –
can be determined from its measured pixel coordinates using Eq. 7.
3.4 Data Gathering, Reduction, and Analysis
So, the procedure is to:
• Select a convenient date when observations can
be made on two (or preferably three) consecutive
nights. Ideally, these observations should be
within a day or two of full Moon (when the
Moon rises at sunset, culminates at midnight,
and sets about dawn).
• Take a “long-short-long” triplet of images, every
30 minutes or so, all night, for two or three consecutive nights.
• Take care to note the time at which the Moon
culminates on each night – this time (τCUL) is
important in the solution! Make every effort to
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take a “triplet” of images within an hour of culmination

0.014
Moon Parallax: phi(t 2)-phi(t 1)
UT 2008-11-14

• Perform the astrometric reduction to determine
the Moon’s RA, Dec position on each image.

0.012

• Use the Moon’s position determined on two
nights and Eq. 4 to determine the Moon’s orbital
RA rate, νRA. (Preferably, use its positions on
night 1 and night 3 to determine the average rate,
and apply this average rate to night 2).

0.008
tan[phi(t)]

• Convert the time of each triplet (i.e. the “clock
time”, τ, of the middle image of the triplet) to
“t”, the time relative to the culmination time for
that night, using Eq.3. Select one data point,
taken as near as practical to culmination, as the
anchor time “t2” (in Eq. 6).
Rather than simply calculate the distance, R,
from two measurements – which makes the result
susceptible to errors in either of the two measurements – it seemed prudent to attempt to use all of the
data points in a single, integrated solution. Hence, the
approach I took was to make separate plots of the left
and right sides of Eq. 6, versus time (t). This is fairly
easy to do in Excel.
All of the data is gathered into a table of time (t)
and RA(t). Then, the right side of Eq 6 is calculated
and plotted versus time. The left side of Eq. 6 is also
calculated and plotted versus time; and the value of R
is iterated until the two plots overlay each other, as
shown in Figure 2. The “best match” value of R is the
distance to the target, in terms of Earth’s radius; and
it can be converted into miles by using Eq. 2.
The graphs of φ(t2) – φ(t1), such as Figure 2, enable you to judge by eye the acceptability of the fit,
and to identify any data points that may be discordant. One such “discordant” data point is apparent on
Figure 2 – that “high-flier” data point near t= -1.5 hr.
It isn’t measurement error. I re-evaluated the measurements of all three images. As near as I can tell,
either the tripod was bumped while taking the triplet
of images, or else one leg of the tripod sank a bit into
the soft lawn that it was set on, between two images
of the triplet. (Note to student – select a more stable
surface!) In any case, it offers an instructive example
of the potential danger in relying completely on any
single data point.

delta-phi

0.01

0.006
calc tan
@ R= 66
0.004

0.002
time, hr after culmination
-6.00

-4.00

-2.00

0
0.00

Figure 2: Parallax angle φ(t2)-φ(t1) vs. time from Moonrise to culmination.

4. Results:
If all goes well, this method can yield quite accurate distance to the Moon, as shown below:

RTGT measured (mi)
“true” distance (JPL
Horizons)
difference=

UT Date
2008-11-14 2008-11-16
223,884
217,100
223,082
225,252
+ 1%

- 4%

5. Error Considerations
The estimate of the Moon’s orbital rate (νRA)
plays a critical role in the analysis of the parallax as
described above, and it is not a small factor: the “orbital RA motion” rate (≈0.01 rad/hr) over a night is
significantly larger than the total parallax observable
over the course of a night (φ≈ 0.01 rad). Small errors
in determining νRA can cause sizable errors in the
estimated distance to the target.
Similarly, errors larger than about 10 arcmin in
determining the Moon’s position can result in sizable
errors in the estimated distance.
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6. Extension of the Method to CCD
Astrometry: How Far is that
Asteroid?
Many amateur astronomers have CCD imagers
and telescopes larger than 6-inch aperture, which can
easily take accurate images of main-belt asteroids.
This opens up the possibility of attempting to measure the distance to the asteroid by the diurnal parallax
method, thereby replicating a critical step in determining the scale of the solar system (Marsden, 1965).
In some ways, this is a simpler task than measuring
the lunar parallax, because a single CCD image can
capture both the target asteroid and the astrometric
reference stars (no need to make “triplets” of images), most CCD astronomers have software than can
do astrometric reductions with just a few mouseclicks (no need to calculate the matrix math of Eq. 7
and Eq. 8), and the orbital-motion rate of an asteroid
is much smaller than that of the Moon, indeed it is
near-zero at the “stationary points” of its orbit.
The table below shows the results of one experiment, to determine the distance to asteroid 358
Apollonia using an 11-inch telescope (f/6.3) and
CCD imager (pixel size = 1 arcsec). The parallax
effect was small, but definite, and the resulting estimates of the distance to the asteroid were fairly good.
358 Apollonia
RTGT measured (mi)
“true” distance (JPL
Horizons)
difference=

UT Date
2008-10-08 2008-10-25
135.7 E6
138.1 E6
145.0 E6
146.5 E6
-7%

- 6%

7. Conclusions
From a pedagogy standpoint, the lunar parallax
project has much to commend it to science clubs or
science-project fairs. It combines observation, measurement, data reduction, and data analysis. It uses
equipment (a DSLR camera) that is probably available to most students. It does not require “dark sky”
conditions, so it can be done at suburban backyards.
It requires the student/team to dedicate an entire night
to observations, which opens up the possibility of
numerous ancillary observations (e.g. rate of sidereal
motion of the stars, location and stability of the pole
star, change in lunar phase over the 2 or 3 nights of
observations). It combines just about all of the math
that is offered in a high school curriculum: geometry, trigonometry, algebra, matrix manipulation,
graphing and spreadsheet programming. It touches on
both science and history. It offers a tangible example
of just how clever and diligent those 16th and 17th
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century scientists were, by turning astronomy into an
“experimental” science.
On the other hand, it was quite a bit more complicated and difficult than I originally expected it to
be! This may be too much to expect of a high school
student or team of students. It demands quite a significant commitment of time (three or four nights of
observations, ten or twenty hours of calculations,
with ever-present risk of mistakes that mandate recalculation), so if any of you try it with your students
and they succeed, they deserve a hearty “well-done!”
But they’ll probably expect some sort of extra credit
on their grade, as well.
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Abstract
The objective for this study will be to explore various time series methods using CCD photometry for use with
amateur telescope observations of the dense globular cluster M15. Amateur telescopes are defined here as having an aperture of less than 40 cm, and are collecting photometric filtered observations over time. Specifically,
we attempt to determine the light curve of the core of M15 as a ‘single star’. This requires selection of comparison and check stars to perform differential photometry; i.e. subtraction of flux density measures between a nonvariable (reference star) and the variable ‘single star’ of the M15 core as it changes in magnitudes over time. We
explore the possibility of measuring the M15 periodicity as an aggregate of many standard stars as identified in
the Stetson catalog for NGC7078 (2010). In this paper we’d like to propose methods and techniques for aggregating different cluster region’s flux densities (luminosity) and periods.

1. Introduction
Some assumptions: when the core's Period/Luminosity (P/L) ratio is variable over time, and
large enough to be significant when compared to the
positive or negative P/L ratio slope for the residuals
of the region's stars, then this difference in slope of
the P/L ratio might help inform as to the best algorithm to describe the aggregate P/L of the core of
M15, where we could be confident we've identified
the P/L, in-part because of the difference in the slope
of the P/L ratios. Where there is a Period/Luminosity
(P/L) ratio difference between aggregate and their
residuals of M15, which might be detectable, it could
inform the decision on how to describe the aggregate
of stellar magnitudes as ‘one star’. So we can treat
the core of M15 as a ‘single star’. This methodology
then led us to explore wavelet algorithms and period
harmonic algorithms which show variability of M15
as an aggregate of stellar magnitudes.
Whether or not we use some B-V color relationship to define the P/L ratio, or a flux density period/luminosity ratio over time (multiple images), we
might still determine a significant change of the P/L
slopes between core stars and their residuals. Such
that, where there is a 'significant' change in these
slopes, which would identifies the one star concept.
This all depends on the idea that the P/L ratio of the
core stars can be identified.

Use of the professional Stetson catalog of stars
for NGC7078 (2010) will help us to identify comparison stellar magnitudes, which are difficult to
identify in images taken with a small aperture telescope.
Sandage (2006) utilizes color transformations of
many observations using the B – V colors to calibrate
the metallicity and temperature of the RR Lyrae stars
when determining their metalicity ratios.
In a comparison of 4 globular clusters, Pritzl and
Smith (2000) discuss the individual photometry
methods for determining RR Lyrae stars and their
metalicity using period luminosity ratios. They also
identify two distinct populations of RR Lyrae stars
for M15.

Figure 1. Creating a flux density map of the Globular
Cluster M 15 using Maxim DL.
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 K28 (Krajci-28) is a 28-cm Celestron C-11 located at the Astrokolkhoz telescope facility near
Cloudcroft, New Mexico (UT-7). This telescope
was donated to the AAVSO by Tom Krajci.
 (K28 is a Celestron CPC-1100 fork mounted 11inch Schmidt-Cass, using an ST-8 at 1x1
binning. Image scale is approx. 1.056
arcsec/pixel, and frame FOV = 27x18 arcmin).

Figure 2. Simple first look at choosing the core of M15
as ‘one star’ and comparing it to two reference stars
using Maxim DL.

Figure 4. Astrokolkhoz telescope facility near Cloudcroft, New Mexico. M15 data were collected for 277 images over four cloudless nights, October, 2010.

Figure 3. Pritzl et al. (2000) identifies the distribution of
RR Lyrae stars ab and c for M15: upper right panel.

Use of the professional Stetson catalog of stars
for NGC7078 (2010) will help us to identify comparison stellar magnitudes, which are difficult to
identify in images taken with a small aperture telescope.
Indeed, the challenge here is to simply identify
any period or phase luminosity which might be found
in an aggregate of many stellar magnitudes within the
‘one star’ core of M15, regardless of the distribution
of period variables such as RR Lyrae stars.

2. Instrumentation and Data
For the M15 observations there were 4 cloudless
nights in October, 2010 when time on AAVSO-NET
was requested and approved for using the following
instruments from Astrokolkhoz telescope facility near
Cloudcroft, New Mexico.
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Figure 5. Images for M15 were collected with Sloan filters g,r,i,z.

3. Methods
Photometry and time series statistics were done
using AAVSO’s VPHOT program. This program was
the only one found to be able match the large professional Stetson catalog for NGC7078 (2010) of 243
standard stars with 68 images of g and 68 images of r
filtered data taken over 4 nights using the K28 C11.
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Figure 6. VPHOT overlay of 243 Stetson standard stars onto and image of M15 taken with the K28 Celestron 11” aperture telescope (left). Example results of the VPHOT time series for two out of four nights of g filter data (right).

Figure 7. RCode, written by Grant Foster (2010), were used to look at light curves and their residuals with negative
slopes: (comparison of harmonic light curve to a ‘normal’ light curve) for the four nights of g minus r magnitudes in
final 44 images.

Procedures for aggregating and collecting data
were as follows:
1.

A sequence of 243 Stetson standard stars was
loaded into the AAVSO’s VPHOT program.

2.

277 images covering 4 nights of October, 2010
data were loaded and ‘plate solved’ (Image scale
is approx. 1.056 arcsec/pixel) for all Sloan g,r,i,
and z filters.

3.

4.

VPHOT time series analysis was performed on
‘chunks’ of 21, 23, and 24 images for both g and
r filters. Total of 68 images per filter.
Export of g and r image data to create AAVSO
reports of instrumental magnitudes for each of
the 243 standard stars.

5.

All AAVSO reports for g and r filtered data were
uploaded into a Sqlite3 database using a Python
program. This was done to re-assemble all 136
by 243 records.

6.

SQL (Structured Query Language) routine was
run to match and bin each star with both g and r
filtered images.

7.

12 images (g and r) were dropped from the last
night’s run, as their error rates were above two
standard deviations.

8.

A final dataset of 44 g, 44 r, and 44 g minus r
magnitudes were used in various light curve statistical routines.

9.

First look at a Period/Luminosity (P/L) ratio over
time, with a somewhat large enough positive
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slope to be significant when compared the negative P/L ratio slope for the residuals of the region's stars (Illustration 7), then this difference in
slope of the P/L ratio might help inform as to the
best algorithm beyond (FFT harmonics) to describe the aggregate P/L of the core of M15.

for the M15 is how difficult it is to find a set of time
series statistics where we could identify period fluctuations within the globular cluster. However, it was
possible to look at the phase changes of the 44 g-r
magnitudes using a wavelet program.

5. Conclusion

Figure 8. A Period Analysis using AAVSO’s VStar program shows the grouping of 243 Stetson stars for all 44
(g – r) magnitudes. This was used to demonstrate the
difficulty in identifying light curves in an aggregate of
stars in and around the M15 core.

4. Results

Where normal times series methods used in photometry are designed for differential photometry of
one star compared to a comparison and perhaps
check stars, applying this method to a dense globular
cluster core such as M15 is difficult with small aperture telescopes. Using professional standard star sequences help in that known magnitudes of a large
distribution of core stars can help limit flux density
errors. The aggregate instrumental flux densities for
different filtered images can then be run through discreet fast Fourier routines to look at harmonics.
However, at some point it is useful to identify phase
variability of all aggregate stellar magnitudes. Wavelet algorithms offer a glimpse of potential aggregate
light curve magnitudes through reconstructed averaging of multiple stellar signals found in the core.
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Abstract
In this paper the authors discuss the flat field systems utilized in the AAVSO Photometric All Sky Survey
(APASS) to include the various stages of construction and details of the testing from each system studied and
used. The need for well-calibrated images is obvious when conducting a photometric survey intended for use as
a catalog of secondary standards covering the entire sky. Several systems for flat field calibration were investigated.

1. Introduction
Each CCD pixel acts as a unique detector; it has
a different response to light than its neighbors. Some
of this difference is intrinsic to the pixel, such as its
quantum efficiency and spectral response; some of
the difference is extrinsic, such as system vignetting
or obstructions in the optical path. Correcting these
effects, so that each pixel has the same normalized
response as its neighbors, is a process called flatfielding. In general, you present a uniform illumination pattern to the front of the telescope, see what the
response is at the detector, and then divide this response into all science images so that weak pixels are
boosted and over-bright pixels are reduced. There are
a number of methods of producing that uniform
front-end illumination, such as light boxes, projection
screens (“dome flats”), or twilight (“sky”) flats.
The AAVSO Photometric All-Sky Survey is designed to provide calibrated photometry in five passbands over the entire sky, using a telescope system in
the north at DRO (Dark Ridge Observatory, Weed,
NM) and one in the south at CTIO (Cerro Tololo
Inter-American Observatory, La Serena, Chile). The
telescopes are very wide field (2.9x2.9 degrees) systems with KAF 16803 (4kx4k) detectors, so accurate
calibration across the entire field is essential for the
success of the survey.

We have investigated several methods of flatfielding the APASS systems, and describe three of
those methods (two projector flat systems and twilight flats) in this paper.

2. The Hardware
2.1 The Construction of the Dome Flat Screens
The advantage of using dome flats as opposed to
sky flats is that the dome flat screen is always available. Since flats are taken after any significant change
in the optical train of the scope [e.g. filter change or
camera rotation], it is often necessary to take these
flats at the end of the nights observing rather that at
the beginning, when sky flats are available.
To properly illuminate the reflective surface, the
illuminator for these dome flats must have a wide
spectral output. Incandescent lamps offer the widest
range of spectral output. When underpowered, they
offer output mainly in the red and IR range. Then
overpowered, they will produce a spectral output rich
in the blue wavelengths of the spectrum ( Figure 1).
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Figure 1. Spectra of incandescent lamps used to illuminate dome flat field screen [spectra taken by DRS].
Graph shows increased IR lamp spectra at low power
while a nearly flat response in the visual range when
used at over-power conditions

The reflective media itself is one variable that
must be addressed when building the dome flat reflector. If the illuminator has a wide spectral output,
but the reflector has a selective reflectivity, the CCD
will not realize the full spectrum of the illuminator.
Today, virtually all commercial white paints derive
their pigmentation from titanium dioxide and zinc
oxide. While the pigments look “white” to the human
eye, their spectral response is much more red than
blue (Massey & Jacoby, 1992). The answer for this is
to coat the reflector using a pigment known to have a
flat spectral response. Barium sulfate is such a pigment. CC Wu detailed the use of barium sulfate in his
paper on sensitometer design (Wu et al., 1972). Wu
derived a paint formula where barium sulfate was
dispersed in vinyl alcohol binder as the vehicle. The
paint formula was problematic for the reason that
unmodified vinyl alcohol makes an inferior binder
due to oxidation and poor long-term ultraviolet light
stability. It also has poor adhesion to non-porous substrates.
One of the authors (DRS) has updated Wu’s
formula by using precipitated barium sulfate, aka:
Blanc fixe, as a pigment/filler and has replaced the
vinyl alcohol with a modern aliphatic polyurethane
polymer base as the coating vehicle. Blanc fixe, because of it purity, has a higher surface brightness than
barium sulfate. The Blanc fixe is ground to a fine
particle size using a three-roll paint mill. The milled
media is let down into the aliphatic urethane polymer
base. The aliphatic urethane polymer is a clear, filmforming coating that polymerized in the presence of
air as the water evaporates from the coating. The
coating also contains thixotropic agents and sufficient
flow control agents to hold the filler in suspension
and ensure an even coating the final product. The
urethane polymer provides light fastness and outstanding adhesion to most clean porous and nonporous surfaces.
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The Blanc fixe filled urethane coating was applied to twelve-inch diameter x 0.25” cutouts of highdensity fiberboard substrate, aka: Masonite®. The
coating was applied to the mill finish [smooth side]
of the substrate. Four coats of the product were required to provide a coating that completely covered
the dark surface of the Masonite®. It is important to
use a dark surface substrate such as Masonite®. The
dark substrate will reveal any inconsistency in the
coating thickness at the time of coating. It will also
absorb rather than reflect any light that might completely penetrate the reflective coating.

2.2 Target Installation
The mounting hardware was originally designed
to place the flat field targets side-by-side as would be
the case for the two optical telescope tube (OTA)
orientation with the Paramount® ME German equatorial mount looking due north. It was quickly obvious that the flat screens would have to be mounted
and tilted such that they would be perpendicular to
the optical paths. This would introduce serious sky
sight limitations. The final target orientation was that
of an over-and-under configuration positioned at a
convenient location and elevation to preclude sky
obstructions. See Image 1.

Image 1. APASS-north in PARK configuration with flat
field targets in their normal, permanent position.

The flat targets are illuminated using remotely
switchable banks of tungsten incandescent, “grain-ofwheat” bulbs (see Image 2) and controlled through a
Phidgets® I/O device with associated relays. The
modified dew shields prevent internal OTA illumination with light rings mounted just behind the dew
shield opening.
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Image 2. One of the OTA flat-field target illumination
bank systems with tungsten “grain of wheat” bulbs.

with a foil covering on one side. The panels have a
glossy foam surface, not ideal for a projection screen.
If you peel the foil off of the other side, that foam
surface is dull and works well as a projection screen.
Image 3 shows one of these panels, where we have
left two 14-inch circles bare and have painted the
remainder of the background with a flat-black paint.
Surprisingly, this foam surface has good reflection properties in the ultraviolet and comes close to
the performance of the painted surface described earlier. We use the Styrofoam® projection screen for
APASS-south, as it was developed before the paint
was available. We expect to take painted screens to
APASS-south during the next maintenance trip so
that both northern and southern systems use identical
flat-fielding methods.

2.3 Alternative Screen Material

2.4 Twilight Flat System

A simpler flat-fielding surface can also be used,
though you must be careful: the surface needs to have
Lambertian reflection properties (isotropic reflection
that does not contain information about the angle of
original illumination; that is, no reflected image of
the illumination source); it must be uniform and flat;
and it must have good reflection properties across a
broad wavelength range. As mentioned above, standard paint does not work well in the blue/ultraviolet
part of the spectrum.

The first flat attempts made were utilizing an incandescent bulb (dimmable using an X-10 lamp
module) shining on four layers of cotton cloth
stretched on an embroidery hoop acting as a diffuser
(see image 4).

Image 4. One of the two light diffusers used in the early
APASS flat system.

Image 3. Styrofoam flat targets.

However, we have found an interesting alternative. Standard 1-inch insulation panels sold in most
home improvement centers are made of Styrofoam®,

While this method was sufficient for initial operation, we re-used the hoop diffusers for tests of
twilight flats. Twilight flats use the sunlit sky as the
illumination source. For wide-field systems, traditional twilight flats, where the telescope points to a
zenithal location and takes multiple exposures during
twilight, dithering between exposures so that star
images will be removed with a median combine of
the stack, do not work well. The sky is not uniform
over the telescope field of view (Chromey and Hasselbacher 1996), and there are many bright stars at
any pointing, making even median combining difficult. Instead, using a diffuser such as shown in Image
4 removes both sky non-uniformity and any point
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source. Diffused twilight flats are common for many
telescope systems, and can work at DRO where a
human operator is present for startup and shutdown,
but won’t work for an automated system.
Twilight flats also have the problem of changing
illumination as the sun gets farther below the horizon.
You also need to avoid nights where the moon is near
the pointed position, as this can cause gradients even
in a diffuser flat. The download times (20 seconds)
for the cameras made getting a sufficient number of
flats in one evening very difficult. It was necessary to
take flats over many evenings in order to cover the
entire 5-filter set used in the survey.

tered light is more prevalent in the blue than in the
red. Shown in Image 5 is a typical r’ flat using the
painted targets. The center-to-edge vignetting is
about 25%, with the corners being outside the 52mm
corrected image circle of the astrograph and so being
substantially weaker.

3. Flat Analysis
There are two ways to test one flat system vs.
another: ratio the images to see how well one compares with the other, and compare how well they do
in providing reproducible photometry on the sky. The
latter method is not possible at this time, as we have
other corrections that must be applied to the images
to account for optical distortions and scattered light,
and they also correct for any deviations from uniformity of the flat-field. Therefore, we cannot separate flat-fielding differences between the various illumination systems. However, we can compare one
set of flats vs. another, to at least highlight where
differences occur and are likely to impact photometry.
Shown in Table 1 are the exposure differences
between the painted screens and the Styrofoam®
screens as a function of wavelength (using broadband Sloan filters from the ultraviolet to the far red).
Filter
u’
g’
r’
i’
z’

wavelength
355.7
482.5
626.1
767.2
909.7

Image 5. Typical r’ flat field using painted target.

ratio (foam/paint)
1.03
1.14
1.06
1.02
0.96

Table 1. Ratio of responses

Note that the Styrofoam® has higher reflectivity
than the paint except in the far-red. There is a peak in
the Sloan g’, most likely due to fluorescence in the
foam material. Because of this, even though the foam
response is a cheap and simple screen material, we
consider the paint to have a more uniform spectral
response.
Comparing the flat images tells you whether
there are gradients of one with respect to the other, or
other features that are not common with all systems.
Unfortunately, there are many affects besides flatfielding on the APASS images. Most notably, scat-
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Image 6. r’ foam flat divided by painted flat

Image 6 shows the ratio between the foam flat
and the paint flat, with the scale such that from the
left edge to the right edge is about 0.5%. At shorter
wavelengths, the difference can be several percent
due to scattered light.
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4. The Current Systems in Use
After much testing of the various methods of flat
field acquisition it was determined that the most repeatable and “flat” images came with the combination of tungsten bulbs (“grains-of-wheat”) and the
new Blanc fixe coated flat targets. The system is illuminated in banks as necessary to achieve a good
flux level while keeping the flat image exposure
times between 10 and 30 seconds. This system is in
use at APASS-north and will be sent to APASS-south
for installation on the next maintenance trip.

5. Conclusion
Many different methods of taking flat-field images are possible, especially for the typical narrow
field imaging system. For wide-field systems, the
choices are harder. Diffused twilight flats would
probably be the best, if this could be automated and if
sufficient flats could be taken to get high signal/noise
in the flats. Failing this, some sort of projector flat is
a logical alternative, and we present two possible
setups for taking such flats. Based on preliminary
photometric results and visual inspection of the flats,
we feel that the Blanc fixe painted flat targets are the
best choice for APASS.
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Abstract
We describe and demonstrate an alternative approach for finding and applying the transformations required to
convert instrumental magnitudes to magnitudes on a photometric standard system including correction for atmospheric extinction. The method is aimed at those using differential photometry with small-field CCD cameras
and working in climates where photometric conditions occur only rarely. Both primary and secondary standard
stars are used to enable observers at geographical latitudes far from the equator to measure the required parameters over a wide air mass range.

1. Introduction
Measuring an accurate magnitude for an object
of interest, be it a variable star, an asteroid or some
other astronomical light source, is a common requirement. Increasingly, the amateur community is
being encouraged to make these measurements
through photometric filters and to transform their
measured instrumental magnitudes onto one of the
standard photometric magnitude systems so they can
be combined with the results of other observers and
incorporated into professional analyses. The most
common standard photometric system in use by amateurs today is the UBVRI system defined by Johnson
and Cousins and it is that system which we shall use
in this paper, although the method described is applicable to any photometric system.
To perform the required transformation, various
parameters relating to the equipment used and the
prevailing atmospheric conditions need to be measured. This paper addresses the problem of obtaining
these parameters in circumstances where photometric
nights are a rarity and sky conditions are rarely stable
for long. It then explains how these parameters are
used to determine transformed magnitudes. Our aim
is to be able to derive transformed magnitudes in the
standard photometric system accurate to 0.01 mag.
Most amateurs use differential photometry rather
than all-sky photometry. The former uses the known
standard magnitudes of one or more comparison stars
recorded in an image to determine the unknown standard magnitude of a target object in the same image.
This only requires stable conditions over the small
region of sky covered by the image. All-sky pho-

tometry, which uses measurements of standard stars
in one region of the sky to determine standard magnitudes elsewhere in the sky, requires photometric conditions over the whole sky and is a much more demanding technique. For most amateurs, this is impractical.
Previously we described how multiple comparison stars could be used to improve the precision of
magnitudes determined by differential photometry,
see Boyd (2007). The approach we use here to find
transformed magnitudes follows the method developed in that paper.
Most high precision differential photometry is
performed using CCD cameras attached to telescopes
observing at altitudes of 20 degrees or more above
the horizon. Such equipment typically records relatively small fields of view, less than one degree
across. When analysing such images, it is good practice to use comparison stars close to the target object
to minimise the effect of any deficiencies in flat-field
correction. Under such circumstances, we can make
the reasonable assumption that all the stars being
measured in the same image are at the same zenith
distance and hence are measured through the same air
mass. The error introduced by this assumption is
typically very small, of the order of 0.001 mag. It
should be borne in mind that this assumption will no
longer be true when observing very close to the horizon as air mass then changes rapidly with altitude.
Other issues also arise under these circumstances and
photometry at altitudes of less than about 30 degrees
is generally not encouraged. Furthermore, when using DSLR cameras with short focus lenses which can
give much larger fields, this assumption may be invalid.
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2. The Transformation Equations
We take as our starting point the following equation which is conventionally used to transform instrumental magnitudes onto a standard photometric
system, see for example Da Costa (1992), Warner
(2009),
V = v – k’vX – k”vX(B–V) + Tv(B–V) + Zv

(1)

Where:
V
the standard V-band magnitude of the star,
v
the instrumental magnitude of the star measured in a V-band filter,
the first order extinction coefficient,
k’v
k”v
the second order extinction coefficient,
X
the air mass of the star,
(B–V) a standard colour index of the star,
Tv
a transformation coefficient for V magnitudes with respect to the (B–V) colour index
the V-band image zero point.
Zv
k’v and Zv depend on sky conditions and can vary
from image to image. k”v and Tv depend on the
equipment being used and should remain the same
unless the equipment or its optical transmission
changes. Similar equations relate magnitudes and
colour indices for other filter passbands.
Since we are working with small fields and can
assume all stars being measured have the same value
of air mass, we can reduce the above equation to the
form
(V–v) = Cv(B–V) + Z’v

(2)

Where Cv = Tv – k”vX is a V-band transformation
coefficient which includes an air mass-dependent
term and Z’v = Zv – k’vX is a V-band image zero
point incorporating first order extinction which will
be the same for all stars in an image since first order
extinction is independent of colour.
The term Cv(B–V) corrects for two factors which
cause the instrumental magnitude we measure for a
star to deviate from its true standard magnitude. The
first is a difference in the passband of our V filter
from the Johnson-Cousins standard and the other is
extinction in the atmosphere which varies with both
colour and air mass.
There is an equivalent equation to eqn (2) for B
magnitudes:
(B–b) = Cb(B–V) + Z’b

128

(3)

where, by analogy, Cb = Tb – k”bX is a B-band transformation coefficient which includes an air massdependent term and Z’b = Zb – k’bX is a B-band image zero point incorporating first order extinction.

3. Sources of Standard Stellar
Magnitudes
In order to calibrate the parameters involved, we
need to identify groups of stars which (a) will fit
within a small CCD field of view, (b) contain as
many stars as possible with accurately known magnitudes in all the filter passbands for which we want to
find transformation parameters and (c) span as large a
range of colour index as possible.
Traditionally, the gold standard for calibration is
the set of equatorial standard stars measured over
many years by Arlo Landolt, see Landolt (1992,
2009, 2011). These have a root mean square V magnitude error of about 0.004 mag. While Landolt standard stars have the advantage of being visible from
all latitudes, for observers far from the equator they
do not rise very high in the sky and so span a relatively small range of air mass. Using only those standard stars would necessitate extrapolating to air mass
values outside this range, a procedure which would
inevitably reduce accuracy. Using only Landolt stars
therefore limits the accuracy attainable when trying
to account for air mass dependent effects. Another
slight drawback of Landolt stars is that it is sometimes difficult to include many of them within a typical CCD field.
For this reason, we investigated using fields containing secondary standards which have themselves
been calibrated using Landolt stars, particularly fields
which culminate near the zenith at more northerly or
southerly latitudes and can therefore be observed at
or near an air mass of 1. Suitable fields have been
calibrated in the main filter passbands by Henden
(2011) and Stetson (2011). In selecting these for use
here, fields with less than 10 observations and stars
with large measurement errors or close companions
which might compromise their measurement have
been excluded. Also, a small number of stars which
were significantly out of line in magnitude-colour
plots with other stars in the same field were excluded
on the grounds that their magnitudes were possibly
incorrect. The magnitude errors of the Henden and, to
a lesser extent, the Stetson secondary standard stars
are larger than for Landolt standard stars but this is in
part compensated by having more stars per field. In
practice, the ten brightest stars in each Henden and
Stetson field satisfying these selection criteria have
been used.
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We also considered using those pairs of red and
blue stars measured by Hipparcos which were close
enough to fall in the same CCD field but found that
their quoted precision was, on average, no better than
for the secondary fields mentioned above and they
did not have standard magnitudes in all the commonly-used passbands. We therefore did not use
them.

4. Finding Transformation Parameters
We will describe our analysis procedure in terms
of the B and V passbands but the procedure for other
passband combinations is similar.
First we identify a suitable standard field containing stars with known, accurately-measured B and
V magnitudes over as wide a range of colours as possible. We then wait for a clear night with stable sky
conditions and record a run of between 5 and 10 images of the field through B and V filters. We take
care to record the brightest stars with as high signal
to noise as possible in each filter while avoiding nonlinearity or saturation. Each run typically takes only a
few minutes so the requirement for stable conditions
is not too challenging. We then measure the instrumental magnitudes, b and v, for all the standard stars
in each image and average them for each star over the
run. We also find the mean air mass for the standard
stars in each image and calculate a mean value of X
for the run.
To check that sky conditions have indeed remained stable throughout the short duration of the
run, we calculate standard deviations of the instrumental magnitudes of each star over the run and
check that these are not excessively larger than the
estimated measurement errors produced by the photometry routine. If they are, it is an indication that
sky conditions were probably unstable during the run
and the results should not be used for calibration purposes.
We now have measured values of (V–v) and (B–
b) plus known values of (B–V) for each standard star.
We can calculate errors on (V–v) and (B–b) for each
star by adding the quoted error on its standard magnitude and the measurement error on its instrumental
magnitude in quadrature.
We first plot (V–v) against (B–V) for all the
stars. Assuming the transformations we are seeking
are linear, we expect the data points to lie approximately on a straight line. If the line is horizontal, it
indicates that our measured instrumental magnitude
has no colour-dependency. If, as is more likely, the
line is at an angle to the horizontal it means that there
is a colour-dependency in our observations which we
need to correct. From eqn (2) the gradient of a

straight line fitted to the data points gives us Cv and
we can calculate the error in Cv from the scatter in the
data points about the fitted line. Similarly we can plot
(B–b) against (B–V) for all the stars and, using eqn
(3), fit a straight line to the data points to obtain Cb.
Figures 1 and 2 show magnitude-colour plots of
(V–v) vs (B–V) and (B–b) vs (B–V) for stars in the
Landolt standard field SA98 and the Henden calibration field M67, respectively. The magnitude errors
shown are a combination of quoted errors for the
standard stars and measurement errors from our photometry.
The fitted straight lines in these plots corresponding to eqns (2) and (3) give values for Cv and
Cb at the mean air mass X at which these images
were recorded.
We repeat this process for several more fields of
standard stars covering as wide a range of air mass as
possible. Each field provides values of Cv and Cb
with a corresponding value of X. Since Cv = Tv –
k”vX, if we then plot all these values of Cv as a function of X and fit a straight line we can obtain values
for the parameters Tv and k”v and estimates of their
errors. Similarly by plotting Cb as a function of X we
get Tb and k”b.

Figure 1. (V–v) vs (B–V) and (B–b) vs (B–V) for stars in
the Landolt standard field SA98.
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and secondary standard fields imaged over an 18
month period, all using a 0-35m SCT, SXVR-H9
CCD camera and Astrodon dichroic Johnson V and B
filters. Also shown in these plots are the straight line
fits used to determine Tv and k”v, and Tb and k”b respectively. Table 1 lists values of the transformation
parameters Tv, k”v, Tb and k”b found from the data in
Figure 3 and Table 2 lists the fields used, some of
which were imaged on several nights.
Tv
k”v
Tb
k”b

-0.0604 ± 0.0034
-0.0166 ± 0.0020
-0.0023 ± 0.0071
-0.0451 ± 0.0041

Table 1. Transformation parameters Tv, k”v, Tb and k”b.

Landolt standard
fields
Henden calibration
fields
Stetson standard
fields
Figure 2. (V–v) vs (B–V) and (B–b) vs (B–V) for stars in
the Henden calibration field M67.

SA94, SA97, SA98, PG1323
EE Cep, M67, SA96, SA99,
SA111, SA112, SA114, TT
Cas, Var Cas 06, V504 Per
NGC2437

Table 2. Standard fields used with their source of photometry.

Figure 3. Cv vs X and Cb vs X for 29 Landolt, Henden and
Stetson standard fields.

Figure 4. Data in Figure 3 separated into two nonoverlapping time intervals.

Figure 3 shows plots of Cv vs X and Cb vs X obtained from 29 Landolt, Henden and Stetson primary

As noted earlier, the transformation parameters
Tv, k”v, Tb and k”b depend on the equipment being
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used and not on day to day variations in atmospheric
conditions. Figure 4 shows the data in Figure 3 separated into two non-overlapping time intervals, Aug
2009 to Dec 2009 (solid dots) and Jan 2010 to Mar
2011 (open dots) respectively. This confirms that
these parameters do not change significantly with
time although this needs to be monitored for possible
long-term changes.
This means we can progressively improve our
knowledge of these parameters by taking advantage
of short periods of good sky conditions whenever
they occur to measure additional standard fields and
include them in the calculation. For those of us who
rarely experience photometric sky conditions, this
method may be a more convenient way of deriving
the correction for second order extinction than one
which involves following a group of standard stars
over a wide range of air mass during a photometric
night.

5. Transforming Instrumental
Magnitudes to Standard Magnitudes
In differential photometry, it is easier to work
with equations which contain only instrumental
rather than standard magnitudes on the right hand
side. We therefore combine eqns (2) and (3) to derive
the two equations we require
V = v + C’v (b–v) + const

(4)

B = b + C’b (b–v) + const

(5)

where C’v = Cv /(1 – Cb + Cv), C’b = Cb /(1 – Cb +
Cv), and ‘const’ represents the zero points for the
individual V and B images which should be the same
for all stars in these images.
Suppose we now want to find the standard V and
B magnitudes of a target object in a field containing
several comparison stars with known magnitudes. We
take images of the field through V and B filters and
Field

Air mass

rms residual for
untransformed B
magnitude

measure instrumental magnitudes of the target and
comparison stars. Knowing Tv, k”v, Tb and k”b and
the air mass of each image X, we can calculate the
transformation coefficients Cv = Tv – k”vX and Cb =
Tb – k”bX for each image. We use the standard and
instrumental magnitudes for the comparison stars in
eqns (4) and (5) to determine the V- and B-band zero
points of each image. It is then straightforward to
calculate the standard V and B magnitudes of the
target object in each image by transforming its measured instrumental magnitudes using eqns (4) and (5).
The transformation equation for the (B–V) colour index can also be found from eqns (4) and (5)
(B–V) = Cbv (b–v) + const
where Cbv = 1/(1 – Cb + Cv) and ‘const’ represents the
difference between the B and V image zero points
which should be the same for all stars in these images.
The two procedures described above – finding
transformation parameters Tv, k”v, Tb and k”b and
using these to transform instrumental magnitudes to
standard magnitudes – are straightforward to implement in a spreadsheet.

6. Results
To illustrate the improvement achieved by transforming magnitudes onto the standard system, Table
3 compares the root mean square (rms) residual between the standard and derived B and V magnitudes
for stars in standard fields before and after transformation. These measurements span a wide range of air
mass values and indicate we are close to achieving
our desired accuracy of 0.01 mag in transformed
magnitudes. In practice, one of the main difficulties
in achieving this is the accuracy of the quoted standard magnitudes of stars in the calibration fields
used. Our hope is that this situation will improve with
the photometric surveys currently underway.

rms residual for
untransformed V
magnitude

rms residual for
transformed B
magnitude

rms residual for
transformed V
magnitude

Var Cas 06

1.04

0.011

0.023

0.009

0.006

EE Cep

1.06

0.029

0.027

0.010

0.005

EE Cep

1.51

0.038

0.020

0.004

0.004

SA96

1.65

0.027

0.009

0.006

0.006

SA114

1.81

0.029

0.008

0.008

0.005

SA111

2.07

0.053

0.013

0.019

0.007

NGC2437

2.50

0.026

0.005

0.011

0.007

PG1323

2.61

0.017

0.003

0.006

0.003

Table 3. Comparison of root mean square (rms) residual between standard and derived B and V magnitudes before
and after transformation for a range of air mass.
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7. Conclusion
We have described and demonstrated a new approach to finding and applying the transformation
parameters required to transform instrumental magnitudes onto the standard photometric system including
correction for atmospheric extinction. This method is
less demanding of photometric sky conditions than
other methods since it only requires a small number
of images to be taken of standard stars whenever
short periods of stable sky conditions occur. Besides
using Landolt standard stars, we also use wellmeasured secondary standard stars in fields spanning
a wide range of declinations enabling wider coverage
of air mass values.
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