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PREFACE
Welcome to the joint meeting that combines the 39th annual Symposium of the Society for
Astronomical Sciences, and the 2020 Spring Meeting of the American Association of
Variable Star Observers. This year’s agenda reflects the broad diversity of interests among
SAS and AAVSO participants, with papers covering photometry, spectroscopy,
interferometry and astrometry; instruments ranging from eyeballs to CCDs and
spectrographs; and projects ranging from education to citizen-science to a variety of
astronomical research activities.

It takes many people to have a successful conference.
members are:
Robert Gill
Wayne Green
Robert Buchheim

Robert D. Stephens
Jerry Foote
John Menke

The SAS Program Committee

John C. Martin

The Leaders of the AAVSO are:
Dr. Stella Kafka (Executive Director)

Gordon Myers (President)

SAS Membership dues and Registration fees do not fully cover the costs of the Society and
the annual Symposium. We owe a great debt of gratitude to our corporate sponsors: Sky and
Telescope, Woodland Hills Camera and Telescopes, PlaneWave Instruments, Software
Bisque, and DC-3 Dreams. Thank you!
This year’s Symposium is an “online only” event, due to the Coronavirus epidemic and
consequent restrictions on travel and meetings. We are grateful to the presenters for
supporting this new adventure, the attendees who have embraced the concept of an online
Symposium, and the community of practice in small-telescope research that is the heart of
the SAS and the AAVSO. We thank all of you for making the SAS Symposium one of the
premiere events for professional-amateur collaboration in astronomy.

2020 May
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Symposium Sponsors
The Society for Astronomical Sciences thanks the following companies for their participation
and financial support. Without them, this conference would not be possible. We encourage
you to consider their fine products.

Sky & Telescope Magazine
The Essential Magazine of Astronomy
http://www.skyandtelescope.com/

DC3 Dreams Software
Developers of ACP
Control Software
http://www.dc3.com/

Observatory

PlaneWave Instruments
Makers of the CDK line of telescopes and
Ascension mounts
http://www.planewaveinstruments.com/
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Symposium Sponsors
The Society for Astronomical Sciences thanks the following companies for their participation
and financial support. Without them, this conference would not be possible. We encourage
you to consider their fine products.

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

Software Bisque
Enriching your astronomy experience
since 1983
http://www.bisque.com/sc/
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Symposium Schedule
2020 SAS - AAVSO Online Symposium
Daily schedule: 1800 UT to 2030 UT
(USA start time: 11AM PDT = 2PM EDT)
(minutes)

Session #1

30-May

Robert Buchheim

Welcome - Introduction

20

Stella Kafka

AAVSO Welcome

20

John Hoot

GAIA Data Enables New Methods Of Analysis and Discovery

20

Break

5
20

Wayne Green

Beyond the Milky Way: Comparison Stars for Photometry in M31 and
M33
Towards the Flux Calibration of Small Telescope Spectra

Tony Rodda

Lessons and initial observations with 3-D Printed Spectrograph.

20

Session #2

13-Jun

Robert Buchheim

Welcome - Introduction

20

Eric Dose

Applying a Comprehensive, High-precision Catalog to Asteroid
Lightcurves
Vetting The Motess GNAT Catalog

20

Break

5

Bob Denny

DC3 Dreams Infomercial

10

Gary Cole

An Array Photo-Polarimeter for Blazar Measurements

20

Bruce Howard

Optical SETI Camera

20

Talia Green
Sebastian Dehnadi

Cluster NGC 1662

5

Brandon Bonifacio
Calla Marchetti

Dim, high-delta-magnitude double stars

5

Session #3

14-Jun

Bob or Stella

Welcome & Reminders

5

Danial Parrott

Tycho software for minor planets

20

Owen Dugan

Astronomy Will Not Trail Off: Novel Methods for Removing Satellite Trails
from Celestial Images
Break
Exoplanet Watch: Utilizing Small Telescopes Operated by Citizen
Scientists for Transiting Exoplanet Follow-up
Data analysis of bright main-sequence A- and B-type stars observed
using the TESS and BRITE spacecraft
Comparing the Ages of NGC 1513 and NGC 2420

20

The Prairie View Observatory - First Light

5

John Martin

John Hoot

Robert Zellem
Joyce Guzik
Sahana Datar and
Cindy Wang
Brian Cudnik
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20
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5
20
20
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5
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Break
Software Bisque Infomercial
Confirming short period pulsating variable stars with an array of small
telescopes?
Analysis of HAT-P-23 b, Qatar-1 b, WASP-2 b, and WASP-33 b with an
Optimized EXOplanet Transit Interpretation Code
KPS-1b, Qatar-8b, and a new habitability metric

5
20
20

Studies of Exoplanets with Candidate TOI 717.01 and Confirmed HAT-P3b
Searching for TTV's with TrES-1b

5

Observation of Gaia (DR2) Red and White Dwarf Binary Stars in the
Solar Neighborhood

5

Steve Bisque
Eric Hintz
Sujay Nair and
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Elias Koubaa,
Greta Olson, and
Lian E
Sujay Nair and
Krithi Koodli
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5
5
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Stella
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Welcome & Reminders
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Gaia Data Enables New Methods Of Analysis and
Discovery
John E. Hoot
SSC observatories
1303 S. Ola Vista, San Clemente, CA 92672
jhoot@ssccorp.com

Abstract
The release of highly precise parallax astrometry, proper motion, photometry and spectral data from the
European Space Agency’s Gaia satellite makes possible a paradigm shift in the way we can target, analyze and
exploit small telescope spectroscopic and photometric observation. This paper explores employing data from
ESA’s Global Astrometric Interferometer for Astrophysics [Gaia] mission in conjunction with small telescope
photometric and spectroscopic observations to develop several new and novel methods for exploring our galaxy,
classifying and modeling stars, modeling the evolution of star clusters and identifying candidate unique or
variable stars for observation.

1. Introduction
With Edwin Hubble’s proof that the universe
was populated with many galaxies just under a
century ago, he changed our perception of our place
in the universe. For the next century we have mapped
our galaxy in relation to the universe. While at the
same time, we have struggled to find our place in our
own galaxy. Using the same coarse yardsticks as
Hubble, along with radio astronomy, we have tried to
build an accurate picture of where our solar system
resides within our galaxy and have to understand the
Milk Way’s history, structure and dynamics.

With the advent of space base observatories, a
series of missions mounted by the European Space
Agency [ESA] have focused on mapping the stars in
our galaxy using high resolution parallax
measurements, photometry and spectroscopy. The
first was the Hipparcos-Tycho satellite, now followed
by the Gaia mission.

2. Gaia Instruments & Measurements

Figure 2. Gaia Spacecraft

Figure 1.
Hubble’s Andromeda Cephied Variable
Discover Plate, Carnegie Inst. Hubble (1925)

ESA set forth the objectives of the Gaia Mission,
Gaia Collaboration (2016), as follows:
1) Measure the positions of about 1 billion stars
both in our Galaxy and other members of the Local
Group, with an accuracy down to 24 micro arc
seconds.
2)
Perform
spectral
and
photometric
measurements of all objects and derive space
velocities of the Galaxy's constituent stars using the
stellar distances and motions.
1
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3) Create a three-dimensional structural map of
the Galaxy.
To achieve these goals ESA developed a unique
satellite. The satellite has two identical all reflective
mirror telescopes with an effective focal length of 35
meters in an octagonal optical frame. Both telescope
beams are directed onto a single focal plate array of
over 100 CCDs. All mirrors are made of fused silica
so that the system has wide spectral coverage from
330nm to 1100nm without any chromatic aberration
that could contaminate its astrometry measurements.

Figure 4 shows the photemetric filter passbands.
Photometric measurments are made in 3 passbands.
Gaia G band filter covers from 330nm to 1100nm and
is used for most astrometry and fundemental
luminousity measurments. Color temperature
measurements are made with GRP and GBP passbands
which split the G passband into a red passband and a
blue passband at approximately 630nm. Finally, part
of the beam is directed to a Radial Velocity
Spectrometer covering a range from 845nm to
872nm. This band encompasses the Ca II triplet and
is capable of deriving radial velocities for targets
down to Magnitude 16, stellar paramterization down
to Magnitude 14.5, interstellar redding down to
Magnitude 12.5 and
measurment of elemental
abundances of Fe, Ca, Mg, Ti and Si down to
Magnitude 11. This suite of detectors is optimized to
meet the above requirements.

Figure 3. Gaia Optical Telescope Assembly

The optical frame and satellite rotates at near the
designed rate of 60 arc seconds per second. Focal
plane arrays operate in time delay integration [TDI]
mode, sometimes known as drift scanning. This
allows the integration time to be determined by the
number of columns integrated before they are read
out. This allows precise photometry of targets from
Magnitude 3 to 21.

Figure 4. Gaia photometric passbands

Figure 5. Orbit Design

The satellite was launched in December of 2013
and by January 2014 had reached its target position at
Earth’s L2 point. L2 is a semi-stable LaGrange point
161.5 million kilometers from the Sun on a line from
the Sun, through the Earth. This allows the skirt
around the base of the satellite to shield it from light
from both the Sun and Earth. It is spin stabilized and
can make parallax measurements with a baseline of
323 million km.
This orbit allows a phased array X Band radio
link to relay observations back to Earth at 8 Mbps.
Given the complexity of analyzing Gaia data, all
processing is done by the Gaia Data Processing and
Analysis Consortium [DPAC], Gaia Collaboration
(2018). Unlike most such science missions, there is
NO DATA EMBARGO! All results and data are
immediately released to the scientific community at
large.
2
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Although the initial title of the mission was
GAIA, it was subsequently renamed Gaia when a
direct imaging measurement system was selected
over an interferometer-based system. The direct
imaging method allows the satellite to be selfcalibrating. Initial reference frames were calibrated
with Hipparcos-Tycho sources. From then on, wide
field multi-source fitting for parallax and proper
motion from over 70 epochs of measurement at every
location in the sky have been used to establish a new
visually band-based Gaia reference frame.

3. Gaia Data Release 2
To date DPAC has made two major catalog
releases. Each catalog is the result of efforts by more
than 450 scientists and computer software experts.
They take millions of raw images and calibrate,
correlate, process them, reducing them into a set of
tabular catalogs that together constitute a data
release. DPAC is broken down into 9 separate
Coordination Units [CUs], each with specific
responsibility.
CU1 – Software Design And Strategy
CU2 – Data Simulation
CU3 – Deriving Astrometry and Poper Motion
CU4 – Solar System Bodies, Binaries, Doubles..
CU5 – Photometry
CU6 – Spectroscopy and Radial Velocity
CU7 – Variable Stars
CU8 – Object Classification
CU9 – Validation and Releases
These working groups are sited at scientific centers
throughout Europe.

Table 1 shows the staggering size of the effort.
The data set contains billions of entries and covers
about 1 percent of the stars in our galaxy.

4. Accessing The Catalog
It is possible with enough disk space and
bandwidth to own your own copy of DR2. The
separate tables can be downloaded directly from the
ESA at https://gea.esac.esa.int/archive/, or from other
mirror sites. But once you get the data, you need to
be somewhat of a database expert to load all the
tables into a relation database, generate the right
queries and cross link all these tables on the
appropriate fields in order to tease insights out of this
mountain of data. Fortunately, there are other
options.

5. The Art Of Queries
For the past two decades the astronomical data
centers around the world have been collecting,
archiving and distributing catalogs. As a group, they
have evolved common standards and access protocols
to allow researchers to search for and retreive data.
The acronyms and jargon can be intimidating, but
when you work through them, the rewards are
tremendous. Here are some of the key concepts:
TAP stands for “Table Access Protocol”. This is
a network based communications standard used to
access records from catalogs at distributed locations.
ADQL stands for “Astronomical Data Query
Language”. It is a database query language that is an
extension of the common SQL relational base query
language. It includes syntax extensions for expressing
geometrical relation commonly needed for
astronomical searches. These extensions include
such notions as “within a circular radius R of
posistion X”. An introduction to constructing ADQL
queries can be found at:
http://tapvizier.u-strasbg.fr/adql/help.html

Table 1: Gaia Data Relase 2 By The Numbers

3
th

SAS/AAVSO 39 Annual Symposium Proceeding

Figure 6. Vizier Gaia Catalog List

VO stands for “Virtual Observatory”. It is a
term used to describe a family of tools that can be
used to perform “Cone Searches” of large distributed
astronomical datasets.
Cone Search encapsulates the concept of starting
with sky aperture and gathering all the available data
on it and then selective winnowing down the
collection by adding successive contraints until what
remains is only the information that is germain to
your investigation.
To make constrained queries on Gaia data from
the web, the best place to start is with the Vizier
catalog service:
http://vizier.u-strasbg.fr/
Mirrors:
http://vizier.cfa.harvard.edu/vizier/
http://vizier.ast.cam.ac.uk/vizier/index.gml
http://vizier.hia.nrc.ca/vizier/index.gml
Vizier support TAP, ADQL and VO queries in
addition to an interactive web interface. From the
main Vizier web page, type “Gaia DR2” into the
search box and press ENTER. You will be rewarded
with the screen displated in Figure 6.
The leftmost column contains the Vizier catalog
identifier. Move your mouse over the magnifying
glass next to table I/345. You will see a popup
window, a portion of which is displayed in Figure 7.

Figure 7. Gaia DR2 Subtables and Field

This window shows all of the sub-tables in the
data release and the fields that they contain. On the
right are a collection of buttons showing you
different ways to access the data. The Vizier button is
for interactive browser access. Click on the Vizier
button next to table I/345. This gives you access to
the whole table collection for Gaia DR2.
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Figure 9. TOPCAT Main Menu
Figure 8. Table Query Form

At this point you will see a long list of fields, one
for each column in each sub table. On the left are
check boxes for the fields you wish to be returned in
your search. Additionally, you can sort the returned
table on one of the columns by clicking on the sort
button for that field. Next to each field name is a box
where you can type a constraint on the records
returned. By clicking on the highlighted
“Constraints” hyperlink at the upper left of the
screen, a quick tutorial on the syntax for constraints
can be viewed. The records returned must match
ALL of the constraints. On the far left a
“Preferences” box allows you to select how many
matching records you wished returned and in what
format you wish to receive your results. When you
are ready, click the “Submit” button and the search
will begin. Do not be surprised if it takes several
seconds to a minute to start returning results.
This is the way you might want to search for all
pulsating variables with a period of 0.3 to 1.5 days at
Declinations above –10 degrees with an amplitude
greater than Magnitude 0.3 with an apparent
Magnitude between 5 and 12.5.
Should you want to merge data from Gaia with
other catalogs, visualize data graphically, or work
with complex proper motion relations, etc., you are
going to need a more sophisticated search tool. My
recommendation is to start with TOPCAT (Tools For
Operating on Catalogues and Tables).
TOPCAT is an interactive Java based program
developed at Bristol University in the U.K. to extract
data from various catalogs to build and download
linked sub-catalogs for subsequent queries and
manipulations. Being Java based, it runs on virtually
any machine with a Java runtime interpreter.

Figure 9 shows the options available when the
virtual observatory menu drop-down is selected.
Among the choices are cone searches, an interactive
interface to Vizier services, TAP queries with ADQL
and several other network-based access methods.

Figure 10. M45 Proper Motion Scatter Plot

An example of the power of this kind of tool is
seen in the series of figures 10 through 14. Initially, a
cone search for the Gaia DR2 catalog is made by
selecting all stars within a 4-degree radius of the
center of M45 the Pleiades Cluster. In 30 seconds, it
returned a sub catalog of 446469 stars. From this sub
catalog, a scatter plot is made showing all stars by
their RA and Dec proper motions. The results are
shown in Figure 10. Zooming in shows a cluster of
stars with a different motion than the mean general
motion that is likely caused by our Suns movement
relative to the Milky Way.

5
th

SAS/AAVSO 39 Annual Symposium Proceeding

Figure 11. Selected Co-Moving Stars

TOPCAT allows this a sub-catalog to be created
by interactively drawing a boundary around the
region interest on the plot. The next step is to plot the
distribution of the new sub-catalog of stars as a
function of their parallax.

Figure 13. M45 Candidate Stars Sky Chart

Figure 13 shows TOPCAT’s plot of the
candidate members as a finder chart. It shows the
Pleiades Cluster to have many more faint members
than we anticipated.

Figure 12. Selecting Member At A Similar Distance

Next graphically create another sub-catalog
containing only stars that have similar parallax
values. This should leave us with a sub catalog with a
sub-catalog with only members of the Pleiades. This
winnows the sub-catalog down from approximately
450000 stars to 1295 cluster members.

Figure 14. Distribution of M45 Magnitudes

Figure 14 shows TOPCATs plot of the
distribution of apparent Gaia G magnitudes in M45
candidates. Since, we have both total flux and
parallax in our sub catalog it is trivial to apply the
mass/luminosity laws and determine the exact
distribution of stellar masses in the relatively new
cluster. The magnitudes demonstrate that the
brightest members that we see visually in the night
sky are but a tiny fraction of this young cluster.
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6. A World Of New Projects
Unless you can afford a satellite, Astronomy
remains an observational, not an experimental
science. New discoveries are made by finding where
conditions in the universe test your particular
hypothesis and observing it. With key physical
parameters for over 2 billion stars in our own galaxy,
searching where in universe to find the conditions
you need to test new theory and ideas just got a lot
easier.

Figure 15. Our Warped Galaxy

Figure 15 illustrates this potential. It was made
by merging Gaia data with radio data to synthesize a
new view of our galaxy. It shows that the galactic
disk is not flat as has been modeled for years but is
warped. This was likely caused by past close
encounters with the Large and Small Magellanic
clouds.
For the small telescope scientist, Gaia is a boon
to campaign design and seeking answers to some
larger questions. Below are some examples of
questions and techniques that have occurred to me in
contemplating the possibilities.
1) Identifying new spectroscopic binaries. The
RVS instrument can identify multiple lines in the
near IR. Follow on observation will be needed to
confirm and measure the period, stellar types and
masses of the components.
2) Check the WDS catalog against Gaia parallax
data. It will quickly determine which doubles stars
are likely binary systems. Additionally, the parallax
data will provide precise distances and hence allow
the orbit diameter to be directly determined. Finally,
if enough of the orbital period is covered during the
Gaia mission, the inclination of the orbit can be
determined from the Radial Velocity Spectrograph
data.
3) Selecting classes of stellar objects for a study.
Many studies need specific classes of stars. For
example, the study young stellar objects, Ae and Be
stars will help unlock the physics of star formation.

Queries of Gaia will allow easy location of targets
suitable for your instrumentation that are positioned
for observation.
4) Modeling Eclipsing Star Systems without
radial velocity. The mass of eclipsing systems can
now be solved based on photometry and parallax
information. Solve the mass ratio and star
temperatures from the photometry, Then, using
parallax working backwards to compute absolute
luminosities and solve for the component masses.
5) Understanding Cluster formation and
evolution becomes easier. With Gaia data, cluster
members can now be quickly separated from random
field stars. Generating an HR diagram and precisely
measuring member stars, the main sequence turnoff
and age of the cluster can be easily found. The mass
of each cluster member can be from parallax and flux
data. Summing the mass weighted proper motion for
all cluster members creates a vector back along its
line of travel in the galaxy. This in turn can be run
backwards for age of the cluster and the location
where it formed can be found.
6) Where are the Sun’s siblings? Now that we
know our place in the galaxy, the approximate
trajectory of the sun relative to the galaxy, its age and
metallicity, can we find near stars strung out along
our path with similar ages and metallicity that would
point towards our solar system’s origin?
7) Stellar Seismology in the instability strip of
the HR diagram. Gaia DPAC groups are working
hard to find all the pulsating variables they can to
improve their use as standard candles. With a large
catalog of pulsating stars, it should be possible to
select a population with identical initial masses and
metallicity that are in different phases of their
evolution. These can then be studied to better
understand the population’s evolution continuously
as its members move back and forth across this
region.
8) Looking for cooling white dwarfs. The galaxy
should be littered with these worn out embers.
Finding them with Gaia and then measuring their
effective temperatures combined with parallax
information will allow us to measure their surface
area and mass. That information should help build an
estimate of their ages. Based how many are found
and estimates of the rate of star formation in the
galaxy’s past, we should be able to estimate how
many more exist but have cooled below our detection
thresholds.
9) Where are the missing brown dwarfs? The
distribution of stellar masses created in a star forming
region shows that every young cluster should also
produce a large number of brown dwarfs. Do they
become unbound and float randomly through the
galaxy or do they remain gravitationally bound to
7
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some member of the proto-cluster? Gaia is throwing
away anomalous flux amplitude transients in their
processing pipeline. Does anyone one want to stare at
some of the stars with these seemingly “one time”
events. It may take some time but catching brown
dwarf transits would be a big deal.
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7. Conclusions
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Historically, astronomical research has been asking
insightful questions and devising an observation
program to gather the data to answer them. Gaia and
surveys to follow are still going to require the
construction of imaginative hypothesis, but the first
order test of those theories will be vetted by querying
a vast storehouse of survey data, followed by focused
observational follow up. Don’t mothball your
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Beyond the Milky Way: Comparison Stars for Photometry
in M31 and M33
John C. Martin
Henry R Barber Observatory, University of Illinois Springfield
Springfield, IL
Jmart5@uis.edu

Abstract
th

At the start of the 20 century, professional astronomers had not imaged individual stars in the great spiral
nebulae of Andromeda (M31) and Triangulum (M33). Present day, non-professional astronomers have the
capability to regularly image individual luminous stars in both galaxies, attempting science that Edwin Hubble
himself would have only dreamed of a century earlier. But obtaining calibrated photometry from images of M31
and M33 is significantly hindered by having too few reliable faint photometric comparison stars. We present an
th
updated list of comparison stars fainter than 12 magnitude that the University of Illinois Springfield Luminous
Stars Survey uses to measure photometry for luminous stars in M31 and M33. The list is derived from the
AAVSO Photometric All Sky Survey (data release 10) and checked for accuracy and stability over the eight years
of imaging in our survey. The list reliably yields ensemble photometry with better than 0.1 magnitude error for 20
x 20 arcminute fields covering the spiral arms of both galaxies.
1.

Introduction

At the start of the 20th century astronomers raced
to define the nature of and identify stars in the spiral
nebulae. Searches for novae and variables in the
Triangulum spiral (M33) using plates made at
Yerkes, Lick, Lowell, and Heidelberg had limited
success (Duncan, 1922; Wolf, 1923). Then at the
33rd Meeting of the American Astronomical Society,
Edwin Hubble reported using the 100-inch telescope
at Mount Wilson to resolve Cepheid variables in M31
(Andromeda) and M33 (Triangulum) (Hubble,
1925a). This and the publications that followed
(Hubble, 1925b; Hubble, 1926) were the first
confirmation of variable stars in those galaxies. The
work by Hubble and his team was a marvel of
technology and patience; accomplished with long
photographic exposures over many nights using the
largest aperture telescopes. Over the past century the
tools available to Hubble have been improved,
supplanted and made commercially available. Today
anyone can invest in equipment to reproduce
Hubble’s seminal work in their backyard (Templeton,
et al. 2011).
While non-professionals focus a majority of their
effort on stars brighter than 15th magnitude, most
possess the capability and motivation to push the
envelope and go fainter. The nearby galaxies M31
and M33 present inviting targets for northern
hemisphere observers to discover novae and/or study
luminous stars (the progenitors of stellar eruptions
supernovae and other exciting behavior).
One way that the American Association of
Variable Star Observers (AAVSO) encourages non-

professionals to observe targets is by providing charts
with comparison stars which can be used to reliably
measure brightness of targets. For a history of
AAVSO chart making see Malatesta & Scovil
(2006), Malatesta et al. (2007) and Crawford (2019).
Good charts include stars of comparable brightness
with accurate photometry in close proximity to the
target.
Since 2007 the AAVSO has generated charts via
an automated process (Crawford, 2019). While the
Variable Star Index (VSX) (https://www.aavso.org/vsx/)
lists dozens of variables ranging from 14 – 22
magnitude in both M31 and M33, the AAVSO
automated chart making tool (Variable Star Plotter,
https://www.aavso.org/apps/vsp/) often does not produce
good charts for those targets.
There are no
comparison stars in the AAVSO Comparison Star
Database (CompDB) for M33. Ten targets in M31
have comparison stars: AF And, AE And, PT And,
M31 V1, plus six recent novae and transients. But
large swaths of the spiral arms of M31 have no
comparison stars nearby. Without easily available
charts and comparison stars most observers
understandably move on to projects that require less
groundwork to get started.
The chart making tool SeqPlot (Beck, 2020)
reveals a large number of possible comparison stars
in the fields around targets in M31 and M33. It is
certain the AAVSO Sequence team would, if asked,
diligently produce charts for every target requested as
they have since 2009 (Crawford, 2020). But charts
for targets this faint normally require additional
observations and follow up to ensure accuracy,
especially when they are being constructed for CCD
9
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photometry (Price et al., 2004). Templeton et al.
(2011) establish a list of fainter comparison stars to
measure the brightness of M31 V1 (M31 V0619) but
that list took special effort and covers only 1/50 th of
the angular area of M31.
The AAVSO Photometric All-Sky Survey
(APASS) (Henden, et al., 2016) includes photometry
for stars 10 - 16.5 magnitudes. Its photometric
accuracy is an improvement over other all sky
catalogs of similar density, making it an ideal catalog
for the selection of comparison stars. But it is a raw
list which needs thoughtful curation to be used
effectively for CCD photometry. Combining this
input catalog with the photometry from imaging of
the fields around fainter targets, can identify the best
comparisons in each field.
At past Society for Astronomical Sciences
symposia there was interest in tools and guidance to
observe targets in M31 and M33. Previous work
(Martin 2018, Martin 2019) presented targets ranging
from 14 - 20 magnitudes in both galaxies. This work
describes the development of an improved list of
comparison stars for CCD photometry that is used by
the Luminous Stars Survey at the University of
Illinois Springfield (Martin & Humphreys, 2017;
Martin, 2018). Comparison and check stars in the list
are selected from the 10th data release (DR10) of the
AAVSO Photometric All-Sky Survey (APASS)
(Henden, et al., 2018) and vetted for quality using
more than 750 BVRI images of M31 and M33 from
the Luminous Stars Survey.
This is a work in progress. Further data releases
of APASS will be made and fields continue to be
imaged for the M31 and M33 Luminous Stars
Survey. That work will continue to refine and
improve the list provided here.
The next section is an overview of the Luminous
Stars Survey. Section 3 outlines the selection of the
comparison stars. Section 4 discusses the quality of
the photometry obtained in the survey using the
comparison stars.
2.

The Luminous Stars Survey

The Luminous Stars Survey at the University of
Illinois Springfield is the longest running continuous
photometric survey of M31 and M33 (Martin &
Humphreys, 2017). Initiated with National Science
Foundation Grant AST-1108890 in September 2012,
its goal is to catalog the long-term photometric
behavior of the most luminous stars in the two
galaxies to better understand their evolutionary states
and observe the lead up to dramatic evolutionary
changes (e.g. S Doradus eruptions, supernova
impostors, or supernovae). The survey is conducted
with the F/13 20-inch (0.51 m) telescope at the

University of Illinois Springfield Henry R. Barber
Observatory located at a modestly dark site near
Pleasant Plains, IL.
Imaging is done through
Astrodon Johnson B, V, and Cousins R and I filters
with a back illuminated E2v CCD42-40 chip which
captures a square area about 19.4 arcminutes on a
side with a pixel scale of 0.57 arcseconds per pixel.
It takes 11 - 15 pointings to cover the targets in M31
and 4 - 6 pointings to cover the targets in M33. The
images are 600 second exposures typically reaching a
SNR of 20 at 19.5 magnitude in B and V and 19.0
magnitude in R and I, depending on atmospheric
seeing which varies between 1.5 – 4.0 arcseconds.
The survey targets include many classifications
of luminous stars (e.g. LBV, B[e]sg, Of/WN, yellow
supergiants, and warm hypergiants). The target list
has grown over time. An up-to-date list of targets
can be found in the online catalog:
http://go.uis.edu/m31m33photcat
Each target is imaged in BVRI a minimum of
once a year. Fields are imaged in Johnson V and at
least one other filter each visit. Therefore, to get the
required coverage in all four filters, at least two
epochs will be imaged for each target over the course
of the year. Targets that attract attention by notably
changing in brightness are imaged more often as time
allows. The survey also serendipitously captures
thousands of additional stars. Their photometry is
archived, and the data can be mined on request.
M31 and M33 contain many crowded fields
where the star PSFs overlap so that normal aperture
photometry is not adequate for measuring the
brightness of stars on the image. The survey
measures instrumental magnitudes from images using
the DAOphot PSF fitting package in IRAF (Stetson,
1987) and a customized input catalog based on
Massey et al. (2016). Details of the process are
described in Martin & Humphreys (2017). This
approach yields results consistent with aperture
photometry for unblended stars (Martin, 2018).
The cadence of this survey requires comparison
stars that remain constant in all four bands over long
time scales. The survey was designed to produce
photometry with a precision of 0.1 magnitude
(sufficient to detect S Doradus eruptions or other
significant evolutionary changes). As discussed in
sections 3 and 4, the survey has exceeded those
expectations.
The Survey photometry for targets with AAVSO
UIDs is submitted to the AAVSO International
Variable Star Database.
Non-professionals can
contribute by observing targets more frequently than
the cadence of the Survey and submitting their own
photometry. More frequent observation of these
targets will complement the work of the Survey and
may reveal additional information about the targets.
10
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3.

Selection of Comparison Stars

The inaugural five years of the survey (Martin &
Humphreys, 2017) used AAVSO Seqplot (Beck,
2020) to identify comparison stars from the AAVSO
Comparison Star Database around each target
following the prescription of Toone (2005). Since
the targets are mostly between 14 - 20 magnitude, the
comparison star list heavily favored photometry from
APASS DR9 (Henden, et al. 2016).
Every
comparison star had a Johnson V magnitude and at
least one BRI magnitude. The list of comparisons
was further refined by rejecting stars which were
consistently 2.5 standard deviations or more offset
from the derived photometric zero points.
The inaugural list of 256 comparison stars (Table
3 in Martin & Humphreys, 2017) yielded photometric
errors of 0.05 - 0.08 magnitude for targets brighter
than 18, with somewhat higher errors, not exceeding
0.15 mag, for fainter targets. This surpassed the
original goal and also raised hope that even better
could be achieved.
Data Release 10 (DR10) of APASS (Henden et
al., 2018) provided an opportunity to further refine
the comparison star list. Three more years of
imaging (2017 - 2019) in the Luminous Stars Survey
also more than doubled the number of images that
could be used to select the most accurate comparison
stars.
Stars with magnitudes in all four bands (BVRI)
were selected from APASS DR10 following Toone
(2005): V > 12.0 and 0.0 < (B-V) < 0.8. The
photometry of the stars selected from APASS DR10
was measured from the Luminous Stars Survey
images (using the old comparisons for the
photometric solutions). The average and standard
deviation of those magnitudes were computed, and
stars were kept in the list if their average magnitudes
were within 1-sigma of the APASS DR 10 magnitude
-and- if the standard deviation of their photometry
was < 0.05 mag in three bands but not > 0.07 in the
fourth band. (The fourth band with the larger
standard deviation was almost always B or I.) Price
et al. (2011) recommend that CCD comparison stars
have accuracies better than 0.02 mag. Comparison
stars with smaller standard deviations were favored
but following a stricter guideline would have left too
few stars in this list.
Fifty-eight (58) stars in the 2017 comparison list
did not make it into the new comparison list. Thirtynine (39) were either not in APASS DR10, too bright,
too red, or lacked a B and/or I magnitude. Eight (8)
from the inaugural list were too far from the center of
M33 to be useful and did not appear on any of the
survey images. The remaining eleven (11) from the

2017 list failed to make the cut when they were
checked for accuracy in the Luminous Star Survey
images.
The new list of comparison stars was further
refined by using it to perform photometric solutions
for each image. Those comparison stars that were
consistently more than 2.5 standard deviations from
the photometric zero-point were rejected. Almost all
those stars rejected in the final cut were fainter than
V > 16.0.
A list of check stars fainter than V > 15.0 was
also developed. The check stars meet all the same
criteria but were rejected as comparisons because
they did not have magnitudes in all four bands and/or
their average brightness derived from the Luminous
Star Survey images significantly differed from the
APASS DR10 magnitude while still having a small
sigma in the Luminous Star Survey images (< 0.05
mag). The check stars were run with the improved
comparison list to ensure that they did not exhibit
variability above 0.05 mag over the epochs covered
by the survey.
A list of the 317 comparison stars and 66 check
stars appear in Tables the end of this publication
(M31: Tables 2 & 4; M33: Tables 3 & 5) -or- can be
found in electronic form at:
http://go.uis.edu/m31m33photcat/compsnchecks.html
The identification numbers (ID) for the
comparisons and checks are generated from the V
magnitude (V) and right ascension (RA) in decimal
degrees using the following formula:
𝐼𝐷 = INT((𝑉 − 10) × 10 + 0.5) + INT((𝑅𝐴 −
10) × 100 + 0.5) /1000
A star with a V magnitude of 17.238 and RA of
10.0836 degrees has an ID number of 72.008.
4.

Quality Checks

Figure 1 and Table 1 show the quality of the
photometric solutions computed with the new
comparison list for 769 images in the Luminous Stars
Survey. Zero-point errors are calculated from the
standard deviation of the zero-points for the
individual comparison stars in the ensemble
photometric solution. Almost all the photometric
solutions for the BVR images have a precision better
than 80 millimagnitudes with more than half having
precision better than 50 millimagnitudes.
On average the precision of the I photometry is
significantly worse than the errors in other bands.
There are two factors that contribute to this:
generally higher errors for I magnitudes in APASS
and fringing in the survey images. A back thinned
11
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CCD is vulnerable to wave interference when the
thickness of the absorption depth is comparable to the
wavelength of light (> 700 nm). Sharp lined natural
night sky emission in the I-band combined with this
effect causes a shifting interference pattern to appear
on the CCD images taken through the I filter.
Attempts to model and remove the pattern from
Luminous Star Survey images have been
unsuccessful.
The new comparison list is not significantly
better than the 2017 list for V and B. It shows
modest improvement of the average for R and I. The
new list has fewer outliers and provides more

consistent photometric solutions across all the fields
in both galaxies. However, when using the new
comparison list there are fewer of the highest
precision solutions (zero-point error < 30
millimagnitudes). The release notes for APASS
DR10 warn, “The photometric errors appear to be
worse in DR10 than in DR9.” The notes also state
that there is room to improve APASS in crowded
fields. This indicates that there is potential for
further improvement with future data releases of
APASS.
Figure 2 and Table 1 show the errors for 18,087
photometric measurements of targets and check stars
in the Luminous Stars Survey using the new
comparison stars. The photometric errors plotted
combine the influence of the zero-point error in the
photometric solution and the error in the instrumental
magnitude from the image. The average error for the
photometry of both brighter (m < 18.0) and fainter (m
> 18.0) targets and checks is marginally better with
the new comparison stars. The improvement is more
significant for RI than for the VB.
For fainter targets (m > 18), the quality of their
photometry is limited by the quality of the images.
When the SNR of the flux in a target is high, the
zero-point uncertainty is the most significant
contributor to the photometric error. But the fainter
the target gets, the larger the instrumental magnitude
error becomes until it is comparable to and then

Figure 1. Histograms of the zero-point errors from the
Luminous Stars Survey images. The zero-point errors
with the old comparisons are plotted in gray and those
computed with the new comparisons are black.

V
B
R
I
Average Error in Photometric Zero Point
N Images

301

186

164

118

New Comps

0.042
(0.012)

0.046
(0.015)

0.045
(0.011)

0.059
(0.016)

Old Comps

0.043
(0.014)

0.049
(0.019)

0.053
(0.018)

0.070
(0.026)

Average Photometric Error for Stars m < 18
N Stars

5208

2894

3464

2209

New Comps

0.048
(0.013)

0.055
(0.017)

0.054
(0.019)

0.071
(0.022)

Old Comps

0.048
(0.019)

0.060
(0.025)

0.060
(0.023)

0.078
(0.036)

Average Photometric Error for Stars m > 18

Figure 2. The computed error in magnitude as a
function of magnitude in each filter for the Luminous
Stars Survey. The magnitudes computed with the old
comparisons are plotted as gray points and the
magnitudes computed with the new comparisons are
plotted in black.

N Stars

1815

1558

625

314

New Comps

0.077

0.077

0.081

0.137

Old Comps

0.080

0.085

0.088

0.143

Table 1. Statistics comparing the photometric solutions
with the new comparison stars to those computed with
the old comparison stars. Standard deviations are given
in parentheses.
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100 millimagnitude precision goal for the survey.
We anticipate that future data releases of APASS will
improve the photometric solutions derived with these
comparison stars.
6.

Figure 3. Histograms for each filter of the difference
between the magnitude for a check star and its average
value across all epochs of observation. The narrow
gray bars are photometry done with the old
comparisons and the wider black bars are the
photometry done with the new comparisons.

surpasses the size of the zero-point error. As a result,
the photometric errors of fainter targets (m > 18) are
dominated by the SNR of individual images. Figure
2 clearly shows this effect as an upward curve in the
envelope of the photometric errors at fainter
magnitudes. Higher errors that sometimes occur in
the 17 – 18 magnitude range are caused by lower
quality images with brighter limiting magnitudes.
Figure 3 shows that the new list of check stars
performs well with both the old and new
comparisons. The check stars have magnitudes 15 >
V > 18 and the variance in their derived photometry
is consistent with the zero-point errors and the
photometric errors for brighter targets (m < 18).
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15.311
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15.540
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15.616
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0.018
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0.023
0.021
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0.049
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0.127
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0.034
0.031
0.034
0.026
0.035
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0.022
0.027
0.029
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0.031
0.037
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0.039
0.042
0.043
0.034
0.061
0.040
0.063
0.050
0.033
0.059
0.048
0.042
0.025
0.052
0.049
0.048
0.054
0.061
0.057
0.026
0.040
0.035
0.045
0.141
0.046
0.050
0.047
0.035
0.045
0.038
0.056
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0.073
0.039
0.045
0.050
0.058
0.079
0.060
0.041
0.047
0.053
0.048
0.065
0.069
0.064
0.080
0.075
0.065
0.060
0.085
0.143
0.049
0.087
0.049
0.080
0.090
0.072
0.032
0.054
0.070
0.074
0.072
0.060
0.080
0.083
0.107
0.070
0.129
0.100
0.072

14.298
14.324
14.252
14.258
14.274
14.309
14.272
14.253
14.321
14.334
14.339
14.311
14.251
14.267
14.398
14.446
14.449
14.352
14.404
14.479
14.489
14.485
14.458
14.516
14.490
14.472
14.511
14.538
14.622
14.648
14.649
14.591
14.646
14.607
14.636
14.657
14.668
14.700
14.710
14.717
14.677
14.700
14.707
14.733
14.720
14.706
14.691
14.804
14.805
14.791
14.825
14.758
14.792
14.769
14.903
14.850
14.891
14.910
14.957
14.969
14.958
15.010
15.015
15.021
14.974
15.014
14.950
15.050
15.088
15.136
15.069
15.089
15.186
15.229
15.238
15.257
15.319
15.327
15.264
15.292
15.257
15.404
15.489
15.468
15.522
15.457
15.474
15.524
15.507
15.599
15.570
15.618
15.565
15.647
15.788
15.815
15.799
15.902
15.942
16.049
15.981

0.030
0.026
0.016
0.028
0.045
0.033
0.037
0.043
0.045
0.041
0.089
0.064
0.073
0.064
0.030
0.035
0.036
0.037
0.043
0.029
0.030
0.028
0.026
0.033
0.037
0.038
0.051
0.065
0.032
0.015
0.028
0.059
0.033
0.043
0.056
0.038
0.030
0.026
0.027
0.028
0.028
0.070
0.032
0.028
0.035
0.045
0.085
0.032
0.041
0.033
0.030
0.049
0.036
0.094
0.034
0.035
0.034
0.047
0.027
0.020
0.034
0.039
0.038
0.038
0.043
0.048
0.018
0.032
0.031
0.028
0.045
0.047
0.031
0.059
0.049
0.046
0.043
0.070
0.054
0.049
0.047
0.072
0.033
0.041
0.029
0.068
0.070
0.057
0.037
0.035
0.043
0.011
0.110
0.034
0.059
0.046
0.071
0.031
-0.004
0.039
0.075

13.895
13.944
13.909
13.881
13.850
14.001
13.912
13.811
13.888
13.900
13.942
13.968
13.847
13.921
13.976
14.057
14.048
13.984
14.049
14.044
14.088
14.098
14.018
14.284
13.945
14.100
14.199
14.156
14.261
14.239
14.226
14.265
14.254
14.235
14.272
14.233
14.194
14.286
14.309
14.295
14.208
14.258
14.258
14.327
14.314
14.345
14.242
14.370
14.356
14.417
14.416
14.364
14.443
14.294
14.525
14.471
14.503
14.508
14.548
14.546
14.592
14.605
14.558
14.549
14.581
14.555
14.605
14.678
14.655
14.730
14.660
14.695
14.744
14.789
14.893
14.795
14.940
14.929
14.846
14.972
14.786
15.017
15.204
15.027
15.123
15.071
15.119
15.122
15.188
15.178
15.190
15.302
15.164
15.168
15.378
15.404
15.463
15.557
15.492
15.652
15.589

0.055
0.045
0.037
0.042
0.058
0.053
0.056
0.071
0.066
0.058
0.124
0.093
0.119
0.099
0.050
0.063
0.061
0.064
0.071
0.042
0.054
0.047
0.060
0.058
0.067
0.055
0.069
0.096
0.053
0.020
0.048
0.082
0.070
0.063
0.093
0.059
0.052
0.043
0.048
0.059
0.060
0.085
0.057
0.040
0.066
0.069
0.123
0.064
0.062
0.055
0.045
0.066
0.079
0.134
0.053
0.057
0.053
0.082
0.043
0.042
0.062
0.046
0.052
0.063
0.083
0.073
0.114
0.060
0.056
0.043
0.069
0.077
0.072
0.098
0.114
0.078
0.072
0.096
0.072
0.089
0.087
0.088
0.052
0.065
0.052
0.114
0.084
0.085
0.109
0.098
0.060
0.160
0.132
0.063
0.107
0.082
0.113
0.130
0.110
0.085
0.120

13.517
13.587
13.586
13.527
13.453
13.710
13.574
13.397
13.483
13.494
13.570
13.645
13.468
13.595
13.581
13.692
13.672
13.638
13.715
13.637
13.712
13.735
13.606
14.063
13.437
13.751
13.905
13.797
13.922
13.856
13.830
13.958
13.886
13.886
13.930
13.836
13.751
13.898
13.933
13.900
13.770
13.844
13.838
13.946
13.933
14.006
13.822
13.964
13.936
14.066
14.033
13.994
14.115
13.850
14.170
14.115
14.139
14.131
14.165
14.150
14.248
14.225
14.131
14.108
14.212
14.126
14.280
14.329
14.250
14.349
14.277
14.325
14.330
14.377
14.568
14.363
14.584
14.556
14.454
14.670
14.346
14.654
14.934
14.614
14.749
14.709
14.785
14.745
14.887
14.784
14.833
15.004
14.788
14.720
14.994
15.019
15.147
15.232
15.071
15.280
15.221

0.079
0.074
0.059
0.080
0.077
0.073
0.075
0.109
0.098
0.083
0.176
0.125
0.169
0.136
0.082
0.083
0.103
0.093
0.104
0.056
0.083
0.078
0.095
0.105
0.102
0.088
0.100
0.138
0.091
0.061
0.075
0.116
0.108
0.092
0.134
0.083
0.072
0.064
0.068
0.080
0.106
0.107
0.091
0.064
0.096
0.103
0.174
0.091
0.083
0.088
0.081
0.093
0.125
0.183
0.096
0.094
0.089
0.115
0.089
0.080
0.094
0.068
0.075
0.101
0.119
0.103
0.158
0.120
0.098
0.080
0.115
0.127
0.099
0.145
0.173
0.117
0.120
0.154
0.098
0.143
0.136
0.157
0.108
0.114
0.119
0.186
0.128
0.141
0.181
0.145
0.144
0.217
0.187
0.129
0.178
0.146
0.150
0.183
0.160
0.186
0.227

60.073
60.093
61.000
61.013
61.119
62.014
62.036
62.090
62.118
62.180
62.987
63.128
65.121
66.041
67.181
69.136

10.7338
10.9348
10.0024
10.1278
11.1850
10.1427
10.3617
10.9006
11.1849
11.8041
9.8676
11.2763
11.2065
10.4125
11.8060
11.3646

41.6923
41.1167
40.3952
40.3270
41.2515
41.1399
40.7811
41.2962
41.8023
42.3521
40.3649
41.4939
41.5175
41.1814
42.2468
41.9251

16.535
16.576
16.876
16.755
16.822
16.991
16.675
16.809
16.886
16.855
16.984
17.114
17.163
17.205
17.378
17.638

0.078
0.114
0.117
0.127
0.069
0.067
0.057
0.136
0.103
0.215
0.139
0.094
0.080
0.063
0.190
0.125

15.954
16.018
16.108
16.117
16.097
16.204
16.162
16.205
16.235
16.156
16.320
16.296
16.486
16.630
16.707
16.882

0.089
0.111
0.056
0.091
0.079
0.057
0.053
-0.005
0.077
0.073
0.068
0.070
0.095
0.029
0.170
0.068

0.111
0.147
0.096
0.128
0.102
0.105
0.139
0.126
0.122
0.159
0.103
0.113
0.187
0.163
0.209
0.127

15.154
15.199
15.124
15.392
15.159
15.302
15.469
15.184
15.458
15.377
15.434
15.124
15.504
15.836
15.606
15.998

0.155
0.246
0.146
0.169
0.193
0.177
0.212
0.177
0.218
0.312
0.173
0.163
0.290
0.211
0.321
0.236

Table 2. The list of comparison stars for M31 generated
as described in this work. Right ascension, declination
and magnitudes and errors listed are taken APASS
DR10.
ID

RA deg

Dec deg B mag

B err

V mag

V err

R mag

R err

I mag

I Err

24.348
26.319
27.359
27.367
29.328
30.355
30.382
31.346
32.331
33.343
34.364
34.372
35.370
36.307
36.336
36.338
36.345
37.375
38.342
38.363
38.365
38.365
39.347
40.371
41.371
42.326
42.352
42.369
42.373
42.379
43.310
43.324
43.340
44.332
44.374
45.355
45.360
45.362
46.314
46.332
46.344
46.352
46.369
47.325
47.340
48.324
48.332
48.332
48.333
48.340
48.374
48.376
49.343
49.368
51.358
51.364
51.378
52.360
52.373
53.359
54.322
54.341
54.365
56.328
56.347
56.350
56.359
56.360
56.362
56.362
56.364
56.377
57.334
57.337
57.356
57.369

23.4756
23.1907
23.5869
23.6688
23.2834
23.5457
23.8155
23.4566
23.3129
23.4330
23.6379
23.7197
23.6971
23.0678
23.3589
23.3781
23.4457
23.7521
23.4191
23.6330
23.6513
23.6535
23.4743
23.7081
23.7149
23.2629
23.5201
23.6895
23.7344
23.7864
23.1022
23.2392
23.4028
23.3169
23.7438
23.5500
23.5967
23.6240
23.1433
23.3192
23.4366
23.5169
23.6868
23.2527
23.3957
23.2424
23.3167
23.3158
23.3301
23.3987
23.7395
23.7618
23.4306
23.6843
23.5792
23.6413
23.7796
23.5960
23.7345
23.5880
23.2185
23.4125
23.6482
23.2791
23.4700
23.5005
23.5882
23.6019
23.6165
23.6238
23.6386
23.7722
23.3384
23.3749
23.5641
23.6935

30.8115
30.7910
30.7995
30.6652
30.7702
30.4152
30.5358
30.6109
30.9336
30.5859
30.9650
30.4700
30.9409
30.5925
30.9517
30.8455
30.7715
30.7518
30.3202
30.6420
30.3572
30.8826
30.5725
30.4892
30.8747
30.5748
30.9533
30.9153
30.4975
30.6111
30.6355
30.3831
30.8521
30.4681
30.7309
30.4686
30.9213
30.4813
30.6768
30.7361
30.9369
30.4130
30.8290
30.7093
30.7650
30.4012
30.9203
30.6767
30.5633
30.9650
30.8093
30.5360
30.8869
30.4955
30.3438
30.3731
30.7034
30.6957
30.5092
30.5904
30.4008
31.0017
30.8966
30.4366
31.0027
30.4904
30.6114
30.4224
30.6426
30.9202
30.7123
30.5742
30.4408
30.9598
30.9805
30.8781

0.126
0.156
0.121
0.103
0.117
0.093
0.098
0.106
0.048
0.108
0.164
0.090
0.154
0.054
0.135
0.129
0.126
0.116
0.097
0.102
0.094
0.154
0.108
0.098
0.162
0.117
0.116
0.158
0.119
0.101
0.034
0.119
0.140
0.124
0.105
0.107
0.151
0.093
0.035
0.115
0.113
0.123
0.105
0.126
0.126
0.111
0.149
0.121
0.112
0.233
0.118
0.123
0.097
0.094
0.162
0.116
0.120
0.092
0.140
0.144
0.134
0.205
0.166
0.182
0.136
0.136
0.179
0.154
0.116
0.108
0.116
0.155
0.138
0.169
0.124
0.177

12.266
12.521
12.605
12.587
12.848
12.897
12.945
13.028
13.141
13.202
13.287
13.283
13.361
13.452
13.467
13.457
13.526
13.583
13.742
13.693
13.706
13.722
13.758
13.935
13.953
14.139
14.132
14.063
14.052
14.128
14.241
14.203
14.244
14.287
14.290
14.365
14.431
14.376
14.452
14.499
14.514
14.498
14.470
14.614
14.560
14.703
14.662
14.707
14.739
14.737
14.694
14.687
14.836
14.761
14.994
15.032
14.996
15.058
15.142
15.244
15.265
15.348
15.265
15.512
15.469
15.508
15.485
15.527
15.468
15.503
15.476
15.512
15.574
15.562
15.575
15.551

0.099
0.099
0.101
0.098
0.095
0.083
0.102
0.101
0.059
0.112
0.092
0.086
0.097
0.046
0.098
0.103
0.098
0.099
0.077
0.099
0.085
0.097
0.089
0.093
0.088
0.085
0.069
0.091
0.092
0.098
0.056
0.089
0.100
0.081
0.097
0.094
0.109
0.111
0.047
0.113
0.084
0.076
0.085
0.093
0.101
0.077
0.100
0.091
0.087
0.117
0.094
0.107
0.091
0.076
0.087
0.100
0.101
0.074
0.095
0.095
0.092
0.104
0.162
0.092
0.095
0.130
0.118
0.073
0.082
0.096
0.085
0.116
0.115
0.086
0.163
0.098

11.797
12.165
12.225
12.284
12.497
12.541
12.560
12.655
12.664
12.847
12.793
12.969
12.904
13.072
13.036
13.014
13.150
13.282
13.307
13.350
13.328
13.315
13.378
13.553
13.513
13.770
13.734
13.604
13.540
13.971
13.798
13.857
13.893
13.830
13.901
13.952
14.001
13.850
14.128
14.082
14.022
14.056
14.008
14.246
14.110
14.224
14.180
14.324
14.400
14.246
14.402
14.174
14.567
14.386
14.583
14.589
14.640
14.661
14.753
14.822
14.849
14.926
14.858
15.099
15.029
15.121
15.085
15.099
15.079
15.090
15.109
14.984
15.162
15.083
15.109
15.147

0.135
0.136
0.136
0.125
0.133
0.111
0.128
0.135
0.101
0.146
0.121
0.110
0.127
0.057
0.133
0.142
0.132
0.132
0.106
0.127
0.110
0.132
0.124
0.119
0.121
0.123
0.114
0.122
0.119
0.123
0.072
0.119
0.138
0.116
0.126
0.123
0.137
0.138
0.057
0.148
0.127
0.107
0.116
0.143
0.142
0.113
0.140
0.134
0.122
0.160
0.122
0.131
0.137
0.109
0.125
0.129
0.127
0.121
0.129
0.136
0.128
0.149
0.195
0.134
0.150
0.176
0.157
0.121
0.115
0.135
0.124
0.154
0.156
0.149
0.206
0.147

11.359
11.830
11.868
11.998
12.167
12.206
12.199
12.305
12.218
12.513
12.332
12.673
12.477
12.715
12.632
12.599
12.797
12.998
12.900
13.027
12.973
12.933
13.021
13.194
13.101
13.423
13.361
13.175
13.062
13.819
13.383
13.531
13.563
13.403
13.536
13.565
13.598
13.359
13.823
13.691
13.562
13.642
13.576
13.900
13.689
13.776
13.730
13.964
14.081
13.787
14.126
13.695
14.312
14.034
14.198
14.174
14.305
14.289
14.388
14.427
14.459
14.531
14.476
14.712
14.617
14.758
14.710
14.698
14.714
14.703
14.764
14.491
14.776
14.635
14.673
14.768

0.176
0.178
0.176
0.156
0.175
0.145
0.162
0.170
0.151
0.182
0.156
0.139
0.162
0.065
0.170
0.186
0.171
0.162
0.144
0.158
0.140
0.171
0.165
0.144
0.156
0.170
0.175
0.161
0.147
0.148
0.089
0.155
0.190
0.156
0.157
0.162
0.166
0.167
0.074
0.181
0.183
0.153
0.149
0.180
0.189
0.154
0.180
0.180
0.169
0.249
0.164
0.158
0.183
0.149
0.185
0.167
0.156
0.166
0.173
0.181
0.168
0.205
0.241
0.200
0.212
0.290
0.197
0.179
0.172
0.197
0.171
0.198
0.204
0.207
0.247
0.211

12.962
13.026
13.154
13.005
13.357
13.466
13.550
13.638
13.815
13.648
14.009
13.708
14.090
14.116
14.177
14.058
14.057
14.019
14.320
14.197
14.198
14.293
14.416
14.422
14.656
14.710
14.744
14.750
14.844
14.355
14.932
14.668
14.682
14.987
14.876
14.928
15.099
15.166
15.090
15.038
15.302
15.059
15.149
15.177
15.158
15.475
15.396
15.218
15.233
15.321
15.069
15.476
15.187
15.294
15.613
15.539
15.567
15.641
15.692
15.931
15.845
15.845
15.873
16.059
16.225
16.005
16.075
16.130
16.012
16.019
15.999
16.144
16.270
16.135
16.295
16.200

15
th

15.541
15.595
15.599
15.743
15.612
15.738
15.805
15.677
15.834
15.754
15.862
15.689
15.978
16.220
16.137
16.425
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57.380
58.337
58.363
58.363
59.340
59.356
59.359
60.321
60.366
61.353
61.356
61.369
62.336
62.370
63.321
63.326
63.369
63.371
64.336
65.362
66.306
66.345
66.365
69.320
71.360

23.7954
23.3744
23.6259
23.6341
23.4030
23.5633
23.5893
23.2128
23.6590
23.5258
23.5636
23.6893
23.3619
23.6952
23.2131
23.2610
23.6893
23.7141
23.3579
23.6235
23.0624
23.4531
23.6469
23.2012
23.6042

30.6355
30.3603
30.5678
30.9724
30.9556
30.4062
30.5383
30.4280
30.6471
30.8277
30.9119
30.4700
30.9901
30.4391
30.7456
30.7793
30.4896
30.5430
30.4440
30.3752
30.7033
30.3120
30.8839
30.4026
30.4577

16.297
16.093
16.154
16.499
16.240
16.512
16.386
16.390
16.522
16.694
16.755
16.335
16.815
16.734
16.846
17.008
16.835
16.882
17.037
16.988
17.081
17.226
16.980
17.427
17.510

0.139
0.141
0.165
0.192
0.137
0.218
0.169
0.189
0.210
0.178
0.210
0.214
0.228
0.161
0.191
0.161
0.127
0.227
0.242
0.145
0.416
0.278
0.078
0.240
0.126

15.555
15.706
15.726
15.732
15.754
15.832
15.834
15.928
15.901
15.984
15.964
15.998
16.148
16.080
16.249
16.243
16.209
16.195
16.257
16.391
16.527
16.542
16.484
16.772
16.958

0.066
0.156
0.086
0.093
0.095
0.104
0.155
0.103
0.094
0.113
0.115
0.129
0.127
0.109
0.129
0.153
0.090
0.134
0.138
0.143
0.050
0.125
0.064
0.180
0.066

15.096
15.301
15.387
15.177
15.409
15.361
15.409
15.412
15.468
15.492
15.537
15.613
15.782
15.537
15.730
15.779
15.604
15.745
15.810
15.925
16.077
16.006
16.115
16.246
16.299

0.112
0.188
0.138
0.155
0.147
0.163
0.207
0.144
0.134
0.162
0.173
0.174
0.211
0.155
0.175
0.234
0.168
0.193
0.199
0.182
0.191
0.221
0.192
0.247
0.123

14.667
14.921
15.068
14.660
15.084
14.921
15.011
14.930
15.063
15.032
15.137
15.252
15.438
15.031
15.246
15.345
15.041
15.324
15.392
15.489
15.656
15.506
15.768
15.755
15.686

72.058
73.097
74.055
74.069
74.120
76.010

0.181
0.237
0.207
0.220
0.233
0.219
0.285
0.239
0.193
0.243
0.241
0.264
0.362
0.223
0.236
0.331
0.245
0.277
0.291
0.256
0.261
0.332
0.402
0.311
0.208

ID

RA deg

Dec deg B mag

B err

NB V mag

V err

NV R mag

R err

NR I mag

I Err

NI

55.121
61.109
61.110
61.121
62.142
64.101
65.087
66.077
67.115
67.122
68.126
68.140
68.141
68.179
69.051
69.063
70.086
70.091
70.09A
70.109
70.984
70.992
72.008

11.2136
11.0865
11.1020
11.2137
11.4237
11.0092
10.8719
10.7728
11.1521
11.2243
11.2564
11.3969
11.4061
11.7939
10.5122
10.6292
10.8630
10.9141
10.9131
11.0875
9.8434
9.9218
10.0836

41.9942
41.9185
41.8576
41.5140
41.7910
41.7610
41.4467
41.6076
41.8592
41.8814
41.8459
41.5440
41.7794
42.2669
40.7390
41.7577
41.8820
41.8602
41.7664
42.0178
40.5151
40.5566
40.5224

0.017
0.037
0.011
0.036
0.017
0.013
0.031
0.040
0.019
0.034
0.030
0.020
0.022
0.043
0.021
0.014
0.031
0.035
0.018
0.037
0.027
0.029
0.035

16
14
16
13
2
11
14
12
17
18
18
12
5
6
5
6
11
11
14
17
10
15
23

0.031
0.039
0.022
0.023
0.024
0.020
0.038
0.030
0.023
0.027
0.021
0.014
0.026
0.029
0.036
0.020
0.026
0.028
0.025
0.030
0.029
0.032
0.042

26
26
29
24
3
20
24
22
31
30
31
21
9
7
6
12
19
20
22
27
15
21
32

0.028
0.041
0.018
0.019
-0.014
0.043
0.036
0.021
0.032
0.023
0.014
0.030
0.029
0.037
0.004
0.029
0.032
0.022
0.029
0.022
0.028
0.040

14
14
14
13
1
10
9
9
16
15
15
11
4
5
4
4
11
11
13
15
9
15
19

0.032
0.028
0.026
0.030
-0.020
0.024
0.047
0.038
0.039
0.035
0.031
0.069
0.007
0.034
0.033
0.032
0.041
0.027
0.037
0.042
0.035
0.038

7
10
10
10
0
6
7
10
10
10
11
8
2
2
3
6
6
7
9
9
6
9
16

15.467
16.607
15.992
16.428
16.519
16.535
16.555
16.847
16.431
16.996
16.594
16.827
16.899
16.909
16.688
17.024
17.397
17.338
17.066
17.018
17.200
17.102
17.483

15.067
16.220
15.620
16.067
16.195
16.153
16.100
16.441
16.103
16.569
16.198
16.441
16.409
16.441
16.056
16.594
16.819
16.972
16.619
16.620
16.794
16.710
17.106

14.681
15.776
15.232
15.707
-15.785
15.647
16.062
15.775
16.147
15.809
16.055
15.999
16.030
15.539
16.210
16.291
16.598
16.215
16.225
16.392
16.345
16.745

41.6623
41.8836
40.9215
41.7421
41.4495
41.1347

17.373
17.792
18.565
18.163
18.098
18.229

0.018
0.040
0.051
0.027
0.043
0.056

4
8
13
13
13
7

17.420
17.200
17.841
17.522
17.505
17.652

0.036
0.031
0.031
0.033
0.025
0.033

8
14
19
23
24
12

17.387
16.831
17.406
17.088
17.141
17.298

0.041
0.039
0.039
0.030
0.027
0.044

3
9
11
9
13
7

17.381
16.644
17.019
16.645
16.783
16.959

-0.432
0.026
0.030
0.062
0.021

1
4
7
10
10
4

Table 4. The list of check stars for M31 generated as
described in this work. Right ascension, declination
and magnitudes and errors listed are the Luminous
Stars Survey.

Table 3. The list of comparison stars for M33 generated
as described in this work. Right ascension, declination
and magnitudes and errors listed are taken APASS
DR10.
16.118
17.224
16.552
16.997
16.979
17.164
17.268
17.464
16.930
17.678
17.214
17.412
17.694
17.641
17.746
17.701
18.302
17.927
17.824
17.645
17.879
17.690
18.070

10.5808
10.9670
10.5451
10.6866
11.2030
10.0995

ID

RA deg

Dec deg

B mag

B err

NB

V mag

V err

NV

R mag

R err

NR

I mag

I Err

NI

52.314
58.313
58.367
59.370
60.334
60.339
60.372
61.344
61.372
62.328
62.360
63.313
63.325
62.32A
64.338
64.357
65.354
66.335
67.352
67.382
68.332
68.334
68.348
68.349
68.361
69.349
69.360
70.332
70.366
71.310
71.373
72.359
73.347
73.362
74.340
75.340
77.344

23.1437
23.1262
23.6687
23.7007
23.3377
23.3859
23.7166
23.4404
23.7158
23.2773
23.5982
23.1314
23.2510
23.2812
23.3768
23.5710
23.5360
23.3461
23.5234
23.8208
23.3184
23.3356
23.4809
23.4863
23.6131
23.4860
23.5952
23.3206
23.6588
23.0953
23.7264
23.5867
23.4710
23.6231
23.3991
23.3958
23.4380

30.7639
30.7072
30.5505
30.6240
30.4525
30.3204
30.5807
30.3783
30.6639
30.7742
30.9384
30.6688
30.3902
30.8120
30.3540
30.8934
30.7029
30.8573
30.5542
30.6213
30.3850
30.8171
31.0025
30.8912
30.4583
31.0040
30.6776
30.8242
30.4996
30.5227
30.4542
30.9525
30.3236
30.9126
30.3590
30.4275
30.8522

15.824
16.286
16.241
16.352
16.654
16.511
16.678
16.786
16.474
16.748
17.116
16.867
16.840
16.564
16.965
16.980
17.095
17.219
17.294
17.137
18.458
17.336
17.042
17.814
17.412
16.793
17.417
17.528
17.423
17.978
17.665
17.728
18.016
17.923
17.830
17.929
17.932

0.031
0.020
0.029
0.034
0.028
0.028
0.029
0.019
0.037
0.024
0.027
0.019
0.024
0.018
0.023
0.012
0.049
0.028
0.025
0.029
0.029
0.035
0.025
0.033
0.038
0.022
0.041
0.027
0.039
0.045
0.038
0.023
0.033
0.025
0.026
0.042
0.033

9
9
19
17
13
8
17
10
18
14
13
7
11
6
10
9
21
7
20
8
7
11
3
8
14
3
18
11
16
8
5
6
8
9
10
12
14

15.159
15.724
15.720
15.792
15.936
16.064
16.043
16.094
15.954
16.125
16.360
16.170
16.228
16.495
16.252
16.418
16.420
16.558
16.484
16.591
16.988
16.709
16.730
16.699
16.758
16.725
16.813
16.921
16.790
16.885
16.945
17.037
17.565
17.128
17.170
17.258
17.169

0.026
0.014
0.021
0.024
0.020
0.018
0.020
0.016
0.027
0.024
0.030
0.022
0.022
0.022
0.016
0.030
0.036
0.021
0.027
0.021
0.025
0.027
0.029
0.032
0.038
0.023
0.030
0.033
0.021
0.031
0.029
0.024
0.036
0.025
0.015
0.026
0.026

13
13
27
25
21
14
25
16
26
18
18
10
16
14
16
13
28
12
30
11
12
17
6
12
22
6
26
17
23
14
6
8
14
12
16
18
19

14.692
15.331
15.351
15.400
15.465
15.686
15.627
15.600
15.580
15.703
15.873
15.719
15.822
16.364
15.730
16.019
15.974
16.120
15.956
16.193
15.852
16.269
16.474
15.939
16.304
16.553
16.411
16.486
16.363
16.151
16.462
16.567
17.172
16.630
16.672
16.791
16.620

0.039
0.027
0.023
0.022
0.026
0.021
0.022
0.026
0.028
0.017
0.030
0.027
0.029
0.022
0.017
0.024
0.025
0.025
0.027
0.024
0.026
0.033
0.013
0.031
0.030
0.019
0.033
0.040
0.028
0.020
0.053
0.030
0.050
0.021
0.023
0.037
0.033

6
5
18
17
17
9
16
11
18
7
9
7
8
10
11
10
20
8
20
9
8
11
5
7
13
5
18
11
14
7
4
7
9
9
11
14
13

14.284
14.945
14.973
14.990
15.042
15.329
15.219
15.155
15.286
15.302
15.446
15.271
15.420
16.212
15.252
15.636
15.576
15.686
15.461
15.845
14.547
15.843
16.202
15.306
15.870
16.343
16.005
16.083
15.939
15.582
16.068
16.104
16.756
16.192
16.230
16.323
16.100

0.036
0.031
0.040
0.026
0.021
0.018
0.030
0.012
0.313
0.011
0.026
0.023
0.033
0.033
0.014
0.047
0.037
0.036
0.025
0.035
0.012
0.029
0.009
0.031
0.049
0.015
0.039
0.028
0.059
0.028
0.096
0.035
0.039
0.024
0.024
0.038
0.037

5
4
9
9
8
5
9
5
12
5
5
8
5
4
5
8
15
6
12
3
3
6
4
8
9
4
12
6
7
6
3
6
5
9
5
7
10

Table 5. The list of check stars for M33 generated as
described in this work. Right ascension, declination
and magnitudes and errors listed are from the Luminous
Stars Survey.
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Towards the Flux Calibration of Small Telescope Spectra
Wayne Green1, Anthony Rodda2, & Clarke Yeager1
1. Boulder Astronomy and Space Society, Boulder, CO 80503
2. British Astronomical Society, London, England

Abstract
We present a set of reference resources and machine-ready spectral data covering optical bands from UVA
through 8000+ Angstroms, based on our literature/informatics search of bright spectro-photometric calibration
sources suitable for small telescope investigations. These data are made available as “.dat” ASCII
-1
-2
whitespace/column data with absolute units of ergs s cm Å. These catalogs have been translated and
augmented for small telescope spectroscopy using additional data from SIMBAD, GAIA and other references to
produce a PostgreSQL database. We include a generic telluric line table and files suited to popular
planning/operational planetarium programs. We discuss the salient aspects of each library reviewed. We include
methodology to acquire spectral measurements of filters and lamp sources common with photometry and
spectroscopy. These data and scripts are available through an MIT open source license via GitHUB/Docker and,
to the extent possible, are platform agnostic.
1.

Introduction

The Next Generation Spectral Library (NGSL)
Version 1 (Heap and Lindler, 2007), and NGSL
Version 2 (Heap and Lindler, 2010) are published
collections of 377 spectra of sources taken with the
Hubble Space Telescope’s (HST) Space Telescope
Imaging Spectrograph (STIS). The reported vacuum
wavelengths span 0.2-1.0 μm at an effective
resolution R~1000. These spectra represent the
energy distribution as seen from Hubble’s orbit,
without any Earth-based telluric contamination,
corrections for radial velocity, line-of-sight extinction
or any modeling-based adjustments. Wavelength
calibrations were done with the star’s features and are
in the star’s rest frame. This calibration approach
maximized the satellite’s throughput and negates the
Earth’s and satellite’s velocities.
We converted the FITS tables to ASCII tabular
“.dat” files suitable for both IRAF and for small
telescope scientists’ tools†. To assist with planning
and ancillary reduction techniques, we added and
integrated SIMBAD information to the fullest extent
possible. We present a technique to develop the
spectral profiles of common photometric and other
filters that may be used by the community when
applying
photometric
observation
technique
described by (Bessell, 1983) to estimating overall
absolute flux of spectra.
Preliminary tests of this new reference material
consist of observing sets of stars and comparing
“one-against-the-other”. We plan to compare other
catalogs popular in the community as well. Poor
weather and other conditions prevented completing

these tests. This paper is an announcement and first
report on the project. The UV coverage and more
exact representation of the flux from these targets are
suited to direct observation and use by the Small
Telescope community.
Inexpensive spectrographs such as the LowSpec2 (Rodda et al., 2020) and LowSpec-3 (Gerlach,
2019) provide an excellent response over a 36007800 Å wavelength range. The newer UVEX
3D/Mechanical spectrograph (Buil et al., 2019)
pushes the lower limit below 3200 Å. The UVEX
instrument shows promise for research into Earth’s
physical and aerosol atmospheric characteristics
using ground based astrophysical techniques
(Pagnutti, 2020).
We have also included an ASCII .dat table of
Earth’s telluric lines taken from (Ulmer-Moll et al.,
2019) to assist with the identification of these
features in small telescope data. The strength of these
vary over intervals of just a few minutes and cannot
be relied upon for energy. They are in the observer’s
rest frame and make for high-reliability wavelength
references where they occur. This is useful with Hα
observations by small Littrow and echelle
instruments in the R~10000-20000 range.
Publication consists of extended electronic
appendices at GitHub‡. The documentation is at
ReadTheDocs.io ‡‡. The appendix consists of the raw
files, a Dockerfile and other resources needed to
reproduce a working copy of the database. The
database has been augmented with current SIMBAD
information to provide a consistent overview of each
target for planning of observations and reduction of
data.
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This collection is part of a continuing effort to
provide complete lower resolution references for
faint-magnitude work with SNe and classical novae
and higher resolution work with bright emission stars
as well as planetary nebulæ work by (Le Dû et al.,
2018).
Accurate spectro-photometric references are
critical when producing an instrumental correction
curve. Small telescope spectroscopy takes place at
lower altitudes than professional observations under
more polluted skies. Since these observations are
attracting attention from the Earth aeronomy and
atmospheric scientists, extended records of the
meteorological information in FITS headers is
recommended.

Figure 1: Magnitude Distribution out of 377 total stars
of questionable NGSL Reference Candidates. Created
with complex logic within
PostgreSQL and
Python/Matplotlib. One T-Tauri star omitted.

2.

Methods

Currently we are only working with the NGSL
catalog. Other catalog are in progress and their issues
inform our general approach. PostgreSQL treats each
database as an isolated entity.
Inter-database
communications
are
complicated.
However,
PostgreSQL schema partition a single database into
well managed sub-datasets. Each catalog is
maintained in its own schema. The FITS spectra
archives are located, downloaded and the FITS file
headers are captured into a master ‘raw’ database
table using the provided Python3/Astropy
“fits2psqlraw” based capture program (Astropy
Collaboration et al., 2013, 2018). Multiple FITS
HDU headers are preserved verbatim as a single
PostgreSQL JSONB field type and basic additional
data is gleamed and preserved using fits2psqlraw’s
switches.

PostgreSQL “Materialized Views” and other
stored procedures are used to isolate complicated
logic and “join expressions” to facilitate general use.
Both the name of a star and its position are not
sufficient to find a star’s data within the database.
Target synonyms, misspellings, abbreviations,
truncations of star names, different epochs and small
errors in reporting complicate tying a spectrum to an
exact star.
These data represent a broad survey of stars of
interest to the modeling community and do not serve
as great photometric reference stars. It is important to
remove stars that have their own issues. We have
found double stars may not be a problem provided
the offending companion can be kept away from the
slit to prevent significant signal contamination.
Variable stars are identified in SIMBAD’s
“alltypes” table group in roughly 28 different
ways. SIMBAD’s spectral types are of average to
poor quality but sufficient to rule out ‘complicated
stars’, such as emission stars and cool giants, as not
suited for use as reference stars.
Currently, the Washington Double Star Catalog
(Mason et al., 2001), as retained by VizieR and
therefore directly accessible via TOPCAT by the
broad community, is downloaded and maintained in
its own PostgreSQL schema.
A double star example: SIMBAD has a synonym
for WDS J04076+3804AB, where the WDS catalog
itself omits both the “WDS”, the “J” and the “AB”.
The WDS to SIMBAD name translation is achieved
through SQL by:
concat(‘WDS J’,wds.coord,wds.comp).
It is often the case with FITS header’s OBJECT
names that the approach to abbreviations differ
within the same collection of files. Since the number
of FITS files are small, manual editing is acceptable
in order to make a consistent database. This paper
presents tricks for manual editing in the electronic
appendix.
Discordance between FITS headers and
SIMBAD’s collection includes conditions like:






Correct Names (we prefer SIMBAD’s
main_id name).
On average, 30 synonyms as popular name
are often more widely used by the
community.
All SIMBAD Fluxes aid in estimating the
overall blackbody and for first-order flux
calibration. Missing fluxes factor into our
confidences.
Position in crowded fields, together with the
magnitude offer strategies to choose
references. Some NGSL stars are in clusters.
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Spectral classification helps to match
reference star to target stars
Combining an instrument’s response curve
and spectral classification together with
fluxes helps to predict overall exposure
times to match SNR requirements.
Reference stars with companions or
background contamination unknown at the
time the FITS files were produced. The
WDS catalog (separation, pa, etc.) with
150,803 stars is included. Our extended
release will include background stars from
GAIA data:
resolved - wide pairs are fine
unresolved - close pairs with close
magnitudes are an issue
the Vizier ID for WDS is “B/wds/wds”
The SIMBAD nomenclature for variability
has numerous types that require a complex
test.
Hotter stars with small features are preferred
for reference stars.
Other peculiar aspects of the star. emission,
nebula lines, peculiar nebula, etc.

of all separations in the hierarchical structure of the
target star is necessary.
Example from our PostgreSQL database is in
Table 1 below.

8.1 Risk of contamination by a close

companion
HD 25893 has two components with small
separation and relatively the same brightness. This
star is not suited for spectrographic comparison.
Assessing the impact of the background
contamination requires a bit of logic. Here HD 25893
A component is the one studied, with close proximity
to the B component. The AC separation is large, and
while the CD separation is close -- that problem is
well away from the main star and capable of being
ignored. The fail for this star is on the AB pair’s
separation and comparable brightness.

8.2 Other methods

Figure 2: NGSL Basic Workflow: 1) Get the WDS catalog
once; 2) Find and download the FITS archive; 3) Export
‘raw’ file with single/multiple HDUs into database
schema; 4) Use TOPCAT to create raw tables of with
SIMBAD/Other data; 5) Materialized Views and external.

The 150,803 stars of the Washington Double
Star Catalog was acquired via a TOPCAT query of
VizieR’s “B/wds/wds”. The star “HD 25893”
indicated “bad”. A query of the WDS (Table 1)
shows a close companion to the main star and a close
companion of a widely separated star. The AB
companion case rejects this star as a decent reference
star -- but the CD companion case, while close, is not
related to the A component. Complete consideration

TOPCAT will return data with the occasional
0x00 bytes. While designated as “NULL” in the
ASCII table, PostgreSQL will fail during a TOPCAT
upload operation. The TOPCAT data is repaired by
saving to a local CSV file, running a Unix command,
“< bad.csv sed -e ‘s/\o000/NULL/g’ >
good.csv” loading the good.csv file and resuming
the upload attempt.
FITS files consist of one or more “Header Data
Units” (HDU). Each HDU consist of three fields
(KEYWORD, VALUE, [optional comment]). The
new standard provides for continuation cards.
Historically, COMMENT and HISTORY cards may
be used. The Python/Astropy program “fits2psqlraw”
is given a set of FITS files and produces a textual file
suitable for directly loading into PostgreSQL. There
are times where the older HDUs may be written
inconsistently with Astropy’s wrapped version of
cfitsio (Pence, 1999, 2020). While Astropy is
forward-looking, there is no easy way to ameliorate
the problems.
The database is designed to be extensible to meet
local users’ needs. Tools like Aladin (Nebot GomezMoran et al., 2020) are interoperable with TOPCAT
(Taylor, 2020) and SAOImage/ds9 (Joye and
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Mandel, 2005) to assist with the program
development, planning, reduction and publication.
3.

Usable stars

The disambiguation of usable stars using
SIMBAD data has complicating issues. Testing the
database against other resources, like Aladin, the
WDS catalog, etc. shows care must be exercised with
each star.
For example, HD 28978 with SIMBAD ‘otypes’
of - X |* |UV |IR - a spectral classification of
A2IV with a confidence level of ‘C’. The otypes of
NGSL database lists 57 X-Ray sources (otype of X).
While SIMBAD offers an XMM observation number
of 0143630901, casual use of Aladin’s offers of
XMM images show no strong evidence of X-rays
from this star’s position. There is a near-by target:
Mrk 1506, a Seyfert 1 Galaxy that is quite bright.
Additional follow up is required.

wishes to use this approach may consider measuring
their exact filters.
Yeager undertook examining filters with the
LowSpec-2 spectrograph with an eye towards
‘science-in-the-city’. This was extended to include
additional photometric filters. The data were taken in
a closed room using a ZWO 1600mm-cooled camera
and filter wheel pointed at a tungsten light source.
The exposure times were varied, and levels of noise
were determined for the detector. The exposures were
calibrated in the usual manner using a Ne/Ar Relco
bulb. Results were published in a presentation made
to a local astronomy group.

Summary: A deeper investigation of the X-ray
reference attached to this star, contained in the
associated “otypes” from SIMBAD is in order.
A second example is a deep-dive into the double
star HD 25893, from the database (Table 1 below).
HD 25893 shows the need for a containerized
database, accessible from a more traditional
programming language like Python 3 or SWI-Prolog.
This permits complex logic to be applied using an ifthen-else structure or the judicious use of triggering a
green-cut operator when the target is too close to a
contaminating source.
Summary: We need to rely on larger datasets
for raw information related to targets or reference
sources. The container offers ease of access without
un-necessary impact on the analysist’s operating
system resources.

4.

Measuring Photometric filters

Flux data was added to the NGSL database to
assist with rough estimates of exposure times, SNR,
and for first-order absolute flux calibration. Bessel
(Bessell, 1983) describes a technique using
photometric observations of spectrographic targets
for a first-order absolute flux calibration fit. In order
to use this technique for small telescope work, it is
necessary to have a good understanding of the filter
being used. Modern birefringent filters have different
response curves. The small telescope scientist that

Figure 3: Example of some common filters measured.
(a) shows how visual filters are not suited to science
observations; (b) measured narrow band filters suited
for science work; (c) spectrum of a LED house lamp
bulb brighter in the blue; (d) alignment of narrow
passbands with the pollution lines.

The spectrum for an EL panel is in Figure 4
below.
The critical issues for flux calibration include: 1)
the state-of-affairs of the observer’s local atmosphere
and current solar activity’s nightly contributions to
telluric lines; 2) engineering aspects including the
telescope/spectrograph’s combined point-spreadfunctions, deflection and thermal expansion; 3)
operational aspects including planning and
scheduling reference star observations and applying
parallactic angle for observations; 4) reduction of the
data under necessary attendant subjective decisions;
and 5) the need to provide a meaningful audit trail of
reduction steps. Many of the pressing issues for large
professional telescopes are lost in the noise for
R~1000
low-resolution
small-telescope
(ST)
community but remain for the R~10000/20000
spectrographs.
The small telescope community works closely
with projects and individual researchers to collect and
publish spectra. Each project has its area of emphasis,
perspectives and priorities. Every reduced spectrum
carries inherent noise. This makes it mandatory to
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retain all images related to spectra that we publish.
Today’s routine small telescope patrol image is
tomorrows pre-discovery image.
5.

Conclusion

The need for flux-calibrated bright stars to
support small telescope spectroscopy is needed. All
white dwarfs are too faint for practical use. A followup program of monitoring the handful of NGSL stars
that meet the selection criteria under different
conditions and over a given period can be achieved
by simply collecting all attempts together and
performing the necessary statistical analysis. We
strongly
support
“piggy-back”
multi-band
photometric observations be made concurrent with
the spectral imaging. This will provide a wealth of
photons of these bright stars and fews of millimag
photometry will be possible. Future work will include
refining this technique and applying it to several
other catalogs we uncovered during the research for
this work.
6.
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From WDS
SIMBAD Name
First
Separation

Lasl
Separation

Primary
Magnitude

Secondary
Magnitude

WDS J04076+3804AB

3.4

3.4

3.4

3.4

WDS J04076+3804AC

239.8

239.8

239.8

239.8

WDS J04076+3804AE

746.1

746.1

746.1

746.1

WDS J04076+3804CD

1

1

1

1

Table 1: Local PostgreSQL database results show the tight separation between C and D components are not an
issue, as C is well away from the primary. However, the separation between A and B is an issue.

Type

SIMBAD Abbreviation

Count

ALgol Stars

Al*

2

EB stars

EB*

2

SB stars

SB*

57

Double SB
Variable
Stars

** not V* or SB*

123

V*

117

Total:

301

Table 2: Combinations of SIMBAD “otype” abbreviations that suggest bad candidates.
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Figure 3:
Example of some common filters measured. (a) shows how visual filters are not suited to science
observations; (b) measured narrow band filters suited for science work; (c) spectrum of a LED house lamp bulb
brighter in the blue; (d) alignment of narrow passbands with the pollution lines.

Figure 4: Electroluminescent flat-panel for spectral flats.
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Abstract
Anthony Rodda, following Paul Gerlach's LowSpec design, introduced this team to the power of 3D printing for
astronomical purposes at the AAVSO Fall Conference in 2018. This was reinforced at the Sacramento Mountain
Spectroscopy Workshop (SMSW-2) in Las Cruces, NM in February 2019. We have created a shared repository
which contains results, videos and other resources in support of 3D spectroscopy located on GitHub. This paper
offers considerations about calibration lamps, thermal expansion issues related to ABS, PETG and other 3D
media, optics, automation, telemetry, communications and adapting to other focal-lengths.

1. Overview
During the SAS 2019 Symposium, Foote (Foote
et al., 2019) presented the results of an international
collaboration of small telescope scientists working to
replicate, explore and adapt the LowSpec-2 project
(Gerlach, 2020) for 3D printing an R~1000
spectrograph. This paper details the collaboration’s
efforts with the LowSpec-3, leading to a new and
improved LowSpec-NA1 device that incorporates
remote robotics and ancillary devices. The LowSpec
design is in its third iteration and we use that
platform as the basis for our developments.

Figure 1 shows the original LowSpec-2 layout. This
is the spectrograph that started our investigation. The
layout of the latest version, LowSpec-3, is shown in
figure 2. LowSpec-3 upgraded the camera lens to a
100 mm lens and provided a removable mechanically
improved turntable/grating holder.

The aim of this initiative remains to provide a lowcost reliable and stable spectrograph capable of
performing a wide variety of observations under
remote control, covering low to medium resolutions.
This will provide an instrument for astronomers
wishing to produce professional grade science
contributions.
Whilst it is likely that the LowSpec and other 3D
printed spectrographs will undergo further
development elsewhere, the authors have identified a
rich list of enhancements which now form the
specifications for the LowSpec-NA1 described
below.

Figure 1 - The LowSpec 2 optical layout. (Credit: Paul
Gerlach -- LowSpec-2 Manual)

Figure 3- Relco Neon/Argon emission.

Figure 2- LowSpec3 (Credit: Paul Gerlach -- LowSpec-3
Manual)

Other general issues under consideration for
development include the orientation of the
spectrograph to correct for parallactic angle,
improved guiding, an inbuilt calibration unit, using
more than two cameras at the same time with one
computer, the cabling associated with the
instruments, length of the cables required for larger
diameter OTAs, and several aspects of focusing the
instrument. The ultimate aim is to achieve full
robotic automation.

2. Areas Addressed
2.1 Calibration Lamp
The LowSpec-3 design does not, at present,
include an inbuilt calibration unit.
The group experimented with local Ne/Ar ballast
lamps from fluorescent lights which provided usable
blue as well as red calibration lines. This expanded
the useful range of calibration lines across the whole
visual spectrum from 380nm to 850nm.
After experimenting, our group decided to utilize
the Relco bulb, commonly available in UK/Europe,
which contains both the Argon and Neon gases to
accomplish spectral calibration within the abovementioned range. If this bulb is energized correctly it
glows with emission lines of the two gases. (See
Figure 3 for a plot of Relco Ar/Ne emission lines.) It
is designed to operate on 50Hz 240VAC.
Rodda placed the bulb directly adjacent to the
Schmidt Cassegrain Telescopes' (SCT) secondary.
This moves the weight from the payload to the OTA

Figure 4. Modified calibration lamp circuit using either
the American or European transformers as a buildoption derived from Walker’s circuit.

and provides repeatable calibration spectra. The
small size of the power unit developed by the authors
allowed it to be easily hidden behind the SCT
secondary mirror.
Walker (Trypsteen and Walker, 2017) published
a 555 timer/transformer circuit (see Figure 4) using a
German transformer made by Block. Green and
Yeager located a transformer more readily available
in the US and Yeager adapted the circuit and
produced a preliminary Printed Circuit Board (PCB).
The design runs the transformer backwards by
applying 6-12 switched DC to the secondary, causing
a 250 VAC output on the primary. This circuit seems
to provide the best energizing of the Relco lamp
when operating at about 500Hz.
Experiments were done with respect to the shape
of the input beam into the slit of the spectrograph.
The premise assumed a converging beam that more
closely matched the converging beam of the
telescope would be best. Foote and Smith devised a
motorized device to lower a mirror into place and
allow the selection of Ne/Ar or flat tungsten lamp
light input. The device uses a small stepper motor
driving a threaded rod with a mirror on the end. This
rod can be advanced into the incoming light path
from the telescope just in front of the slit. The lamps
are positioned on the opposite side of the LowSpec
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2.3 Thermal Shifts

Figure 5. Calibration injector.
such that their light hits the mirror and then is
reflected into the slit. This injection screen provides
good illumination without forcing a match of the
calibration light to the f-ratio. This can be seen in
Figure 5.
Previously, injection of the calibration and flat
bulbs directly into the incoming light cone was
attempted using a reversed Off Axis Guider. This was
ultimately not successful because the direction of the
light was not in the same plane as the incoming light
cone, so as it exited the slit, it did not hit the main
objective mirror or the grating. This can be seen in
Figure 1.

2.2 Mechanical and Optical Flexure

Calibration shifts
The authors also experimented with introducing
flexure into the instrument by propping up a corner.
This also demonstrated a shift in the position of the
calibration lines shift with respect to orientation is an
issue.
Most spectrographs are developed along the
optical axis. This places the camera at a position
farther from the back of the OTA and poses a
clearance issue with fork mounted scopes. For the
LowSpec-2 this is not an issue.
Even though the 3D printing process (plastic
material) can print the T2 threads, the authors found
that the coupling between the telescope and camera
needed to be improved and decided upon standard
metal fittings.

Yaeger discovered calibration discrepancies with
the LowSpec-2 under thermal loads encountered
during the winter conditions in Colorado, USA. This
led to using an Arduino and Maxim/Dallas 18B20
temperature sensors to monitor differential
temperatures
while taking exposures. The
spectrograph was not moved between exposures to
rule out flexure and other aspects. The conclusion is
that a shift was observed in the position of the
calibration lines on the CCD sensor due to
temperature over a duration matching a nominal
exposure sequence.
The southern part of the United States
experiences large shifts in diurnal temperature. The
expansion coefficients of the printing plastics are on
the order of 50μm per meter per K. The coefficients
for aluminum/brass and steel are on the order of 21
and 9 μm/m/K respectively. The current layout of the
LowSpec-3 allows different areas to come to thermal
equilibrium at different rates, introducing torque on
the optical axis. Other observers, located in Northern
Europe and the UK, for example, do not experience
these fast/large temperature swings.
An analysis of the component layout of the
LowSpec designs revealed the source of the
wavelength shift. Initially it was thought that the
angle between incoming collimated beam into the
grating and the outgoing collimated beam into the
camera lens was the cause. A location diagram
followed by controlled thermal expansion testing
revealed that the angle doesn’t change.
It was found that the temperature-induced
wavelength change was due to the LowSpec
micrometer and arm which are part of the 3D printed
grating stage. As such, when the temperature
changes, these dimensions change thus altering the
grating angle.

2.4 Focus
Due to the thermal expansion of the 3D-printed
LowSpec body, focus drift over a night's run is a
problem. Additionally, due to the simple achromatic
camera lens there is a curved focal plane at the
camera. This curved plane puts the red and blue ends
of the spectra out of focus when the center of the
dispersion is in sharp focus. This effect is more
noticeable when operating at low R values. Part of
the automation effort involves being able to refocus
the spectrograph between runs. This involves both
mechanical drives as well as software capable of
rapidly determining FWHM of the calibration
emission lines.
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2.7 The Slit and Slit Assembly

2.5 Guiding
The current spectrograph optics produce a less
than optimal image with poor peripheral star images
such that only the central third of the guide image is
usable. It should be stated that this is common in
mass produced spectrographs. Increasing the
diameter of the guide camera lens resulted in better
star images.
A LED added inside the spectrograph
momentarily illuminates the slit to establish its
orientation with respect to the guider’s sensor. This is
also helpful for positioning the target star on the slit.
The field of view of the guide camera has to be
large enough to allow guiding software to function
and to allow use of an off-slit star when the target star
is too dim to correctly center it on the slit and guide
with it.

2.6 Gratings and Grating Orientation
The working dispersion range is controlled by
the focal length of the “camera'' lens as well as the
number of lines per mm of the grating. Orientation of
the grating is critical to avoid order-overlap at low
resolution. The current implementation allows for
gratings to be quickly changed without the need to
dismount the entire spectrograph, further enhancing
the usefulness and flexibility of this system.
The authors have developed a motorized remotecontrolled grating turntable that enables remote
alignment and wavelength selection. As alluded to in
the thermal analysis section, rather than using a
micrometer pushing on an arm to adjust the grating
angle, the grating holder was fitted with a gear. This
gear was then driven by a high-resolution stepper
motor with a spring bias to take up any gearing slack.
Positioning the grating by having the motor
approach from the same rotation direction, biases the
lash in a repeatable fashion, keeping the grating angle
to within 1 minute of arc. Further, any thermal
expansion of the rotation system does not change the
gearing ratio and thus does not change the grating
rotation angle.
One might think that an accuracy of less than one
minute of arc would not be sufficiently accurate for
the spectrograph, however, the purpose of changing
grating angle is only used to center the wavelength of
interest on the camera. Calibration frames are always
taken for every spectra group and the important
criteria is that the calibration doesn’t change during
the run.

The slit assembly of the LowSpec-3 uses the
Ovio slit which we have found convenient due to the
wide selection of widths from 10µm to 500µm in 12
steps. We have investigated motorizing the slit width
selection so that this can be changed depending on
the object or conditions.

2.8 Camera and Instrument Remote

Control
A key desire of the project is the need for remote
control and full automation. This involves mounting
small computers on the mount or optical tube and
using open interfaces.
John Hoot (Hoot, 2019) introduced the idea of
using an ODroid XU4 Single Board Computer (SBC)
with an eMMC flash drive and running a ARM
Cortex-A53 processor with Ubuntu 18.04 OS. The
heart of the main software suite includes KStars,
Ekos, and INDI capable of controlling 2 USB
cameras. The SBC is small and light enough to be
attached to the OTA. The SBC requires only Power,
Ground and an ethernet cable and is remotely
controlled through X-Windows protocols. The
software suite has been augmented by compiling
SAOImage/ds9 (Joye and Mandel, 2003, 2005) from
source on the SBC, adding Sextractor (Bertin and
Arnouts, 1996; Bertin et.al., 2015) and
Astrometry.net (Lang et al., 2010, 2012) with a
subset of the index files as required for the field size.
The ds9 program assists with focus.
Images are acquired and stored on the SBC and
may be simultaneously written via SMB or NFS
protocols to a remote computer. The SBC also
supports a distributed MQTT broker service and
handles telemetry reports from various additional
instruments discussed herein.
See Figure 6 below for a high-level logic
diagram.

2.9 Telemetry
A major benefit of the remote-control approach
is the greatly simplified wiring connections needed
for operation. It is envisaged that a single ethernet
cable and one separate power lead will be required
for all spectrograph and camera control operations.
The heart of the communications is a distributed
round-robin multi-drop serial communications
protocol where several devices share a common
Rx/Tx line with a “master/host”. A master polls a
suite of peers -- the peer recognizes its address and
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transmits the proper response. MQTT is implemented
as a TCP/IP “publish/subscribe” architecture sending
“real-time” “state-of-affairs” telemetry to the
network. In MQTT, a “subscriber” registers its
address together with a “topic”. Each sensor/datasource prepares information to pass along as a
fragment of a larger topic. This concept can be used
for automation of multiple instruments or, indeed,
observatories., For example: “Pier-1” has a sensor
that monitors the temperature of the back of a grating
within its payload named “ATM_Monitor”. An
example
MQTT
Topic
might
be:
“SMTNet/Strausburg/Pier1/ATM_Monitor/Focuser/...” where requests for
information or commands are “published” and
accepted, and responses are likewise “published”
responses/acknowledgements/data may be returned.

Python classes are available. See the electronic
appendices for this paper provided in public GitHub
and documentation repositories. They may be found
at:
https://github.com/The-SMTSci/NGSL
MQTT Banks et al., 2020; Light, 2017) is a
Publish/Subscribe protocol. Messages are simple but
may include embedded text-only JSON structures.
Each sensor may publish its data and many
subscribers may receive the messages. The sensor
module may subscribe to a topic as well and receive
instructions. A non-MQTT out-of-band serial control
structure has been developed to allow one or more
Arduino devices to take sensor readings, perform
basic actions, etc. in a distributed manner.
Overall, the MQTT is well known and well
supported. Control can be by special code modules or
via the Node-RED (O’Leary and Conway-Jones,
2013) web-based mechanism and a simple browser.

3. New Directions

Figure 6. Shows only two cables, power and LAN cable
connecting the mount to off-site PC.

The serial port nature of single-board-computers
(SBC) makes it necessary to use a larger RaspberryPi/ODroid computer with Ethernet capability to serve
as one of possibly many “Brokers” in the system. The
Broker polls each SBC, aggregates the responses and
“publishes” the messages. In the larger system, a
PostgreSQL database
is a subscriber -- adding “persistence” to the
messages. Persistence provides a logging mechanism
and provides machines that drop-out and recover the
chance to review the recent state-of-affairs of the
system.
The Arduino Nano 33 BLE Sense is a single
board microcontroller with a number of sensors on
the card. The main sensors are a microphone, a 3-axis
accelerometer, a 3-axis magnetometer, a 3-axis
gyroscope providing a 9-degree of freedom (DOF)
IMU, temperature sensors and light sensors. The
Arduino computers use a subset of C++ and classes
have been written to adapt each sensor to the small
telescope spectroscopy needs. Telemetry is
``published'' by the Arduino and managed by a
MQTT broker running on the ODroid. C++ and

In keeping with the design philosophy of the
LowSpec, any new design must be easy to fabricate
and keep the cost low. Toward this end the 3D
printed spectrograph body is being replaced with a
commercially available die-cast aluminum box. This
requires some machining but delivers enhanced
mechanical strength, light insulation and lower
thermal expansion. Clever hand tools and additional
printing can be employed. The optical layout is
achieved with printed parts to hold each of the
components. In addition, a larger collimating lens
reduces edge effects and improves focus along the
dispersion axis. The camera lens was replaced with a
commercial photographic lens of 100 mm focal
length. These lenses have been designed to maintain
focus out to the edge of the field of view, which
keeps the red and blue end of the spectra in sharp
focus. It might be thought that using a commercial
lens negates the “low cost” portion of the LowSpec
design, however commercial lenses on the secondary
market are usually less than a new achromatic lens. A
first pass layout of the LowSpec-NA1 can be seen in
Figure 7 below.

4. Results to Date.
General results from the LowSpec spectrograph have
been very encouraging. Figure 8 shows a full optical
spectrum of a Miles catalogue standard star taken
recently with a LowSpec-3 using a 300 lines/mm
grating overlaid with the library reference plot.
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Figure 9. A solar spectrum taken using a LowSpec-3.
Processed using BASS software.
Figure 7. Concept layout of LowSpec-NA1.

5. Conclusions
Initial findings and investigations gained from
the LowSpec-NA1 spectrograph warrant further
development for automation and mechanical and
control enhancements. The authors have undertaken
several initiatives that, they believe, will render a
fully automated spectrograph capable of science
grade observations.
Exploring 3D printing capability led the authors
to collaborate biweekly via Zoom on an 18-month
project resulting in a GitHub repository for public
consumption:
https://github.com/dxwayne/SAS_3D_2020 and
https://SAS_3D_2020.readthedocs.io.
Figure 8. HD142373 Miles Catalogue star comparison.
Plot produced using ISIS (Buil, 2020) software.

HD142373 is an F9 main sequence star at 4.62 mV.
As can be seen, this is a good representation and
achieves an R value of around 800.
This
performance is achieved using low grade lenses and
the ‘restricted’ 80mm focal length camera lens. The
loss of sensitivity in the blue region is due, in part, to
the poor blue-end performance of the science
camera’s sensor.
Figure 9 below shows bench results from the
same LowSpec-3 reduced using BASS software
(Pareskeva, 2019) but this time using an 1800
lines/mm grating. This solar spectrum achieves an R
value well in excess of 8,000. This will improve with
the intended 100mm focal length camera lens.

The authors continue to collaborate on an
ongoing basis that has proven to be highly
educational and fun.
One issue that still needs to be resolved is the
guide image size and quality. As stated above the
guide image needs to be large enough to show
sufficient stars for plate solving and have good
enough star images quality to allow guiding on a star
that is in the field but not on the slit.
We have shown that the LowSpec-3 is a capable
design that lends itself to improvements and
automation while still maintaining the original design
philosophy.
A number of mechanical and control approaches
were developed in response to using 3D printed
spectrographs for collection of scientific data in the
field. We added a LED using microcontroller control
behind the slit to visualize the slit remotely.
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8. Appendix

The science case calls for three basic payload
scenarios and some additional instrumentation.
Case 1: the science goal calls for photometry -using a science camera/filter-wheel and a guide
camera. This maxes out the general rule of 2-cameras
per CPU and will utilize all three USB ports for a
ODroid XU4. This configuration does not have
sufficient USB ports to support a rotator or a focuser.
Case 2: the “spectroscopy” case -- with a science
camera (spectrograph) and a guide camera. In
addition to this case, a way to introduce high voltage
/ high frequency power to a gas discharge lamp
(Relco) and a bright “flat” lamp is required. This may
be utilized with a special power block and messaging.
Case 3: a compelling case, whereby photometry
is acquired from the field of study during the required
long
spectrographic
exposures
to
provide
photometry-band flux to assist with absolute flux
calibration of images. Case 3 requires 2 ODroid
computers. The CMOS Finder, shown above is a
USB connection that cannot be used with one ODroid

in Case 1, but may be used with the addition of a
ODroid for that case.
With so many computers on the OTA a small
switch will be required. However, the number of
physical wires from the pier to the OTA is still at a
minimum
The additional case calls for placing small
Arduino Pro-Mini or Nano 33 BLE elsewhere on the
OTA to minimize heat and balance issues. The
Arduino Small Board Computers (SBC) utilize serial
communications.
Summary: The two ODroids have enough USB
to support focal plane focuser, guider, spectroscopy
science camera, filter wheel, a high voltage power
source for calibration and flat lamps, and a piggyback photometry system.
Note: Some focal plane focusers share the USB
to support a rotator.
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9. Addendum: Larger-size Figures

Figure 1 - The LowSpec 2 optical layout. (Credit: Paul Gerlach -- LowSpec-2 Manual)
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Figure 3- Relco Neon/Argon emission

Figure 4. Modified calibration lamp circuit using either the American or European transformers as a build-option
derived from Walker’s circuit.
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Figure 6. Shows only two cables, power and LAN cable connecting the mount to off-site PC.

Figure 7. Concept layout of LowSpec-NA1.
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Abstract
The recently published ATLAS Reference Catalog 2 contains Gaia astrometry, including proper motions and
neighboring-star flags, as well as high-precision photometric data, cross-calibrated over the entire sky, on 105
million stars to 16th magnitude. In the present approach to asteroid lightcurve generation from raw images, we
gather all ATLAS comparison star candidates within a telescope’s field of view, then automatically screen them
for: magnitude range, magnitude uncertainty, color range, and absence of neighboring stars. The implementing
software generates simple statistical plots to help the observer identify and optionally exclude: outlier comp stars,
outlier individual comp observations, image-to-image zero-point fluctuations, and comp stars suspected of
variability. This approach uses every fully qualified comp star in the asteroid’s field of view--these typically
number 30-80. The approach is rapid and so far has yielded lightcurves of high quality and has eliminated most
need to adjust nightly zero-points.

1. Introduction
Certain new star catalogs offer advanced amateur
astronomers new opportunities in both astrometry
and photometry. The present work develops one such
opportunity: applying the publicly available ATLAS
refcat2 catalog to asteroid photometry, whose results
may be applied to asteroid period determination and
shape estimation, and over time to estimation of
Yarkovsky and YORP effects.
The ATLAS catalog’s GAIA-based astrometry
helps identify comparison stars more accurately and
helps exclude comparison stars that are interfered
with by too-close neighbor stars. The catalog’s
PanSTAARS-grounded photometry and its excellent
all-sky calibration help the observer build nightly
asteroid lightcurves that can be joined into apparition
lightcurves with little or no need to adjust nightly
zero-point values.
In this document we summarize a new
photometric workflow and give lightcurve examples
obtained from that workflow.

2. The ATLAS Catalog
The ATLAS All-Sky Stellar Reference Catalog
(hereafter “ATLAS”) version 2, released 2018,
combines astrometry from GAIA Data Release 2 with
photometry from the Pan-STARRS sky survey as
supplemented by selections from the APASS, GAIA
DR2, SkyMapper, Tycho-2, and Yale Bright Star
datasets. The catalog appears to be 99% compete to

19th magnitude and practically 100% complete to 16 th
magnitude.
The author finds that the ATLAS catalog offers
the best of both the astrometric and photometric
worlds. All-sky astrometry from GAIA includes
parallax, proper motions, and flags for nearby
interfering stars at 3 distinct radii. These interference
flags are especially useful in retaining only isolated
comp stars for use in aperture photometry. The allsky catalog magnitudes benefit in reliability from
multiple scans of the sky by most contributing
datasets, and from cross-validation between the
datasets. ATLAS Photometric entries are given in
Pan-STARRS g, r, i, and z passbands, which are very
close to Sloan passbands of the same name and are
designed to be interchangeable with them. ATLAS g,
r, i, and z magnitudes have been tested against
synthetic magnitudes from STScI and found to agree
within 0.005 magnitude. Magnitudes in Gaia G and
2MASS J, H, and K passbands are also available but
perhaps of less direct interest to most asteroid
photometry.
The completeness of the ATLAS catalog allows
the observer to begin with very many potential
comparison stars (“comp stars”) and then discard the
unsuitable ones; this is by contrast to the traditional
practice of selecting one or more comp stars from a
candidate pool and trusting that the chosen stars are
both suitable and representative.
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3. The Current Workflow
A bit of scripted automation simplifies and
makes almost instantaneous the gathering of very
many comp stars for each asteroid session. The
current workflow makes maximum use of this by
gathering and screening dozens to hundreds of comp
stars per photometry session (field of view), in an
attempt to minimize systematic and random errors.

guiding. All stars whose sky positions on the night of
imaging fall within the defined sky section are read
from a local copy of the ATLAS catalog, corrected in
position for proper motion on the imaging night, and
then required to pass several screening criteria before
acceptance:




3.1 Planning the session and imaging
For the example lightcurves in this work,
asteroids were chosen from target lists in the Minor
Planet Bulletin. For each night, asteroid observations
were scheduled to fill phase gaps in its lightcurve for
the current apparition, a process greatly aided by
graphical scripts when the period is known. Exposure
times targeted asteroid aperture-photometry S/N of
200 and so were typically 50-300 seconds. Cadence
(the interval between image mid-times) typically
targeted 1/60 of the period when the period known. If
the estimated duty cycle (the sum of exposure plus
image overhead, divided by the cadence) was
significantly below 100%, two or more asteroids
were usually scheduled to image in alternation.
Images for this work’s example lightcurves were
acquired at Deep Sky West Remote Observatory
(northern New Mexico, altitude 2210 m, IAU V28)
with a 0.35 meter SCT at f/7.7, SBIG STXL-6303E
camera cooled to -35C, and PlaneWave L-500 directdrive mount, all automated by ACP software (DC-3
Dreams). Exposures longer than 120 seconds were
auto-guided. Image series were often interleaved by
cycling between the positions of 2-4 asteroids, as
facilitated by the direct-drive mount’s rapid slew and
settling rates. Time basis was continuously
standardized by Meinberg NTP service and monitor
(Meinberg, 2020) against 5-7 remote NTP servers to
within about 10 milliseconds.
FITS images were plate-solved by PinPoint (DC3 Dreams) and calibrated by MaxIm DL Pro
(Diffraction Limited) using median-averaged dark
images and recent flat images using a flux-adjustable
flat panel, with CCD temperature matching that of all
light images.

3.2 Gathering and Selecting Comp Star
Candidates
The photometry workflow described in this work
begins by defining a (spherically) rectangular sky
section matching the images’ field of view for each
asteroid, extended by 3% to cover star proper motion
and any errors in mount pointing, tracking, and



Magnitude appropriate to target
asteroid’s expected magnitude,
Color index (r-i) appropriate to the
target asteroid’s known or assumed r-i
color, and
Absence of other catalog stars nearer
than the photometric sky aperture.

No limit whatever to the number of comp stars is
applied; all that pass the screens are automatically
included; for asteroids in or near the Milky Way,
comp stars often number in the hundreds.
When an asteroid moves slowly enough and the
field of view is large enough, the asteroid may be
imaged at the same sky position for two (or more)
consecutive nights. The same comp stars would then
be retrieved from the ATLAS catalog, and in
principle exactly the same comp star set could be
used for the consecutive nights. However, to get the
desired suppression of star-selection error, the
observer must also ensure that the same comp stars
are actually included for both nights.

3.3 Automated Aperture Photometry
Before aperture photometry, we exclude every
image that fails any one of several tests:






Clouds, poor star profiles, stray light, or
other artifacts, by visual inspection;
Interference with an asteroid’s aperture
or sky annulus caused by a star,
satellite, or deep sky object, by visual
inspection; or
Plate solution outlier results, including
plate scale, position angle, etc.

From two retained images in which the asteroid
appears distinctly—one early and one late in the
series—the observer identifies the asteroid, verifies
its location with a MPES (MPC, 2020) ephemeris,
and records the asteroid’s pixel location in each.
Using plate solutions and exposure mid-times, a
python script interpolates the asteroid’s sky location
for each image and back-converts to asteroid pixel
locations in each image. This seemingly circuitous
approach reliably identifies the target asteroid in each
image, especially when the images’ centers wander in
sky position, as is often the case when interleaving
asteroid observations with those of other targets.
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Using python scripts adapted from the author’s
ongoing variable-star photometry program (Dose,
2019), source-minus-sky aperture photometry is
performed upon the target asteroid and every comp
star, on every retained image.
The next, distinctive step in the workflow is to
keep only comp stars represented in every image.
This step discards fewer comp stars than one might
expect, and it removes error in final asteroid
lightcurve magnitudes caused simply by differing
comp star sets between images.

3.4 Mixed-Model Regression
The curated comp-star observation data are then
fit by mixed-model regression (Gelman and Hill,
2006) as implemented in the python package
statsmodels. The linear model’s independent variable
is simply raw instrumental magnitude computed from
the log of asteroid aperture flux, net of scaled sky
annulus flux.
Fixed dependent variables in the mixed model
(for which the fitted parameter value is fixed across
all comp star observations) always include: nightly
zero point magnitude, catalog r magnitude, and
catalog r-i color index. Optional fixed variables are:









Airmass, to fit nightly extinction in r as a
fixed parameter (if omitted, the
observer may specify an extinction
value suitable to the observing site,
season, and weather);
“Vignette” (an aperture’s scaled
distance squared from image center in
pixels2), accounting for residual
vignetting
from
imperfect
flat
calibration;
“X” and “Y” (distance from center in the
x and y CCD direction), to account for
small, uncorrected linear gradients,
rarely needed, and
“JD_fract” (fraction part of image Julian
Date), to account for drift in zero point
during the imaging session.

For all examples in this work, the dependent fixed
variables were: zero-point, catalog r magnitude,
catalog r-i magnitude, vignette, and JD_fract.
The model’s sole dependent random variable is a
distinct feature of mixed-model regression. This
variable is non-numeric and categorical, that is, an
arbitrary tag that is uniform for all observations from
one image but distinct between images. The resulting
fitted parameter value is not fixed across the
regression but is specific to observations of a single

image, and it thus accounts for modest pseudorandom image-to-image variations in model zeropoint. In the end, photometric results are numerically
the same as those from differential photometry, but
with the advantageous plotting of zero-centered zeropoint adjustments vs image JD to yield a “cirrus
plot,” a valuable diagnostic tool not offered by
traditional differential photometry. Asteroid r-i color
may be measured from Sloan or (with transforms)
Johnson-Cousins photometry, or may simply be
estimated, ideally while accounting for the asteroid’s
composition or class when known.
Also resulting from the regression results are
numerous diagnostic plots, as described in section
3.5. These plots guide the refinement of image
selection, comp-star selection, and model settings.

3.5 Iterative Refinement via Diagnostic Plots
While the preceding steps have been strictly
sequential, the remaining steps described in this
section form one iteration of a convergent cycle.
Each cycle offers plots to guide the observer in
removing images, comp stars, or individual comp star
observations—first categorically with applied limits
on magnitude, color, catalog mag error, etc., then on
outlier individual data points as the observer sees fit.
Probably because the ATLAS catalog stars are so
numerous and of such high quality, the author has
repeatedly found that even when committing small
inconsistencies in setting limits on magnitudes,
colors, and errors, in judging comp stars and points to
be outliers, and in adjusting regression settings, the
final photometric results vary remarkably little. The
next steps outlined for each refinement iteration may
appear daunting, but: (1) the diagnostic plots usually
make obvious which refinement is needed next, (2)
refinements can be reversed simply by undoing the
latest changes made to the control text file, and (3) if
general guidance offered herein is followed, specific
inconsistencies in discretionary culling of input data
will probably matter very little to the final results.
For each iteration of model refinement, the
following categories of plots should be examined,
ideally in the order of the following subsections:
3.5.1. Comp Star Variability Plot
For each comp star retained in the regression
model, its fit residual vs JD is plotted (examples in
Figure 1). These are in fact jackknife residuals,
calculated against a regression that includes all other
comp stars. Any strong trend in residuals suggests
that that comp star is variable or that its color index is
an outlier; large and consistent residuals indicate that
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Figure 1. Examples of comp star variability plots,
October 28 2019 session observing asteroid (1130)
Skuld. mMag is millimagnitudes.

the comp star’s flux differs from that expected from
the catalog, possibly because of a neighboring star. In
either case, that comp star probably should be
excluded.
The example plots of Figure 1 represent 12 of the
36 comp stars included in the photometric reduction
of October 28 2019 observations of asteroid (1130)
Skuld. In this example, no comp star shows evidence
of significant variability, but comp star 207 is
sufficiently erratic that an observer might remove it
at his discretion.
3.5.2. Comp Star Residual Plots
The workflow’s nine residual plots (of which
Figure 2 shows three) help the observer check for
systematic errors in the regression fit, as well as to
screen comp stars by their ranges of any or all of:

Figure 2. Example of comp star residual plots, October
28, 2019 session observing asteroid (1130) Skuld.

catalog r mag, raw instrumental mag, catalog r-i color
index, airmass, sky flux (aperture background), and
CCD horizontal or vertical displacement from center.
In the example plots of Figure 2, the r-i color
index range has already been restricted to match and
bracket the estimated color of the target asteroid (red
40
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3.5.3. Catalog and Time Plots
These nine plots (of which Figure 3 shows four)
help the observer to check for additional systematic
errors and then to restrict the set of comp stars if
needed.
Catalog plots help the observer limit comp stars
to ranges of catalog magnitude uncertainty and color
index. “Cirrus plot” (image differential zero-point vs
JD) and sky flux (background brightness) plots can
signal passing weather or even equipment instability.
Plots of signal FWHM and instrument magnitude
uncertainty plots (vs JD) can signal problems with
focus, weather, or tracking.
In the example plots of Figure 3, the instrument
magnitude shows the usual trend with catalog
magnitude, and the cirrus plot suggest cirrus clouds
early in the session. The sky flux plot shows the usual
trend as the target crosses the meridian, and the onenight lightcurve is already taking shape.
Residuals for the target asteroid are plotted in a
contrasting color. Restricting the comp star set to
colors near to and centered on the asteroid color
serves to cancel, to a first order, any inaccuracies in
extinction coefficient or color transform.
3.5.4. Comp Star Q-Q Plot

Figure 3. Example of catalog and time plots, October 28
2019 session observing asteroid (1130) Skuld.

point). There is no trend with airmass, so extinction
effects appear to be canceled already. There is also no
trend of residual with comp star distance from the
CCD center, which confirms that vignetting has been
accurately flat-calibrated. The last plot confirms
absence of trend in comp-star residuals with time.

This statistical plot (example in Figure 4) gives
the shape of residuals of all retained comp stars, with
each point an average for one comp star over all
retained images. Q-Q plots help the observer evaluate
how random (normal, or Gaussian distribution) are
the residuals in question, as well as to identify
individual deviants from a normal distribution. That
is, outliers are indicated as a deviation from a
distribution, in context, rather than simply as an
excessive deviation from the mean value. Q-Q plots
are constructed by sorting the residuals in ascending
order, computing the t-values for an equally spaced
normal probability curve with n as the number of
residuals, and then plotting these t-values on the x
axis and the residual values themselves on the y axis.
Bona fide outliers should of course be removed,
especially when there the observer has external
evidence for the cause. But in practice the author
finds that careful use of the variability, residual,
catalog, and time plots mentioned above typically
leaves very few or no remaining outliers. That is, the
mean comp star residuals usually fall very nearly
over on the reference line of slope one, which in a QQ plot indicates that the residuals are normally
distributed and that no outlier comp stars remain.
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residuals slopes decrease, indicating negative kurtosis
rather than individual outliers; this is more common
than might be expected, especially when outliers
have been removed either implicitly (e.g., through
restricting magnitude or color ranges) or explicitly
(by removing comp stars or observations directly).

3.6 Convergence and Final Session Results

Figure 4. Example of Comp Star Q-Q Plot, October 28
2019 session observing asteroid (1130) Skuld.

Along with the diagnostic plots, predicted
asteroid magnitudes and their uncertainties are also
generated from each iteration’s regression model and
instrument magnitudes and color index values for the
asteroid. Asteroid magnitudes and uncertainties are in
fact the goal of the entire workflow, but in all
iterations but the last they are discarded.
Only when the observer judges that all
regression parameter values and diagnostic plots
appear satisfactory do the iterations stop; the latest
predicted asteroid magnitudes and uncertainties are
accepted as the workflow’s end results. These final
asteroid magnitudes and uncertainties represent the
input to higher-level asteroid studies, especially for
lightcurve analysis usually to determine rotation
period and possibly to estimate asteroid shape.

4. Example Lightcurves from the
Workflow
Figure 5. Example of Comp Star Observations Q-Q Plot,
October 28 2019 session observing asteroid (1130)
Skuld.

In the example plot of Figure 4, no comp stars
appear as outliers, and the residuals fall close to the
reference line, which always has intercept of zero and
slope giving the standard deviation.
3.5.5. Observations Q-Q Plot
This plot is similar to the Q-Q comp star plot
(Figure 4) except much denser, as it generally
includes a thousand or more comp star observations.
Again, typical such plots are usually very nearly
linear. Outliers are rare but are labeled when they
exist to aid in their accurate removal. Standard
deviation in observation Q-Q plot are often 5-20%
higher than in comp star Q-Q plots, because here the
observations of each comp star are no longer
averaged.
In the example plot of Figure 5, a clear majority
of the observation residuals fall within perhaps 5
millimagnitudes of the reference line, indicating that
they appear to be normal in distribution and are
absent outliers. Indeed, at the high and low ends the

We present two recent lightcurves determined
via the workflow described above. Canopus version
10 software was used to make distance adjustments
to the magnitudes resulting from the present
workflow to yield “reduced” magnitudes, to make
light-travel adjustments to the observations times to
place times on an asteroid-reflection basis to estimate
the synodic rotation period, and to generate the phase
and split-period plots for asteroids (1130) Skuld and
(39197) 2000 XA.

4.1 (1130) Skuld
Bright asteroid (1130) Skuld was observed in
clear filter during five October-November 2019
sessions. The present photometric workflow and
period estimation from Canopus 10 yielded the
phased lightcurve of Figure 6.
Of the five nights, zero-point adjustment was
needed for only the second night, whose observations
were brighter by 50 millimagnitudes than expected
from H-G adjustments (Harris, 1989) using any
reasonable value of G. That night’s sun-asteroidobserver phase angle was an extraordinarily low
0.17º, so close to zero that one might well expect
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Figure 6. Phase Lightcurve for asteroid (1130) Skuld.

measurable deviations from traditional H-G phaseangle formulas that were designed for higher phase
angles, just as earlier applied to this same asteroid
(Buchheim, 2010).
The excess asteroid brightness observed very
near zero phase angle may be caused by
retroreflection from asteroid surface crystals having
right angles, and at slightly wider phase angles may
be enhanced by spheroid glass-like beads from
impact melt.

4.2 (39197) 2000 XA
Fainter asteroid (39197) 2000 XA, observed in
clear filter for five nights in October-November
2019, yielded the phased lightcurves of Figure 7.
The example plots of Figure 7 were assembled
without nightly zero-point adjustments.
Though (39197) 2000 XA’s rotation lightcurve is
thought to be bimodal, in Figure 7 there is little to
help decide between the unimodal and bimodal
possibilities. No synodic periods have been reported
from dense-cadence lightcurves for this asteroid
(Warner, 2020) in the Lightcurve Database LCDB
(Warner et al, 2009). A sole lightcurve from sparse
observations (Waszczak et al, 2015) reports a synodic
period of 5.221 hours, a clearly bimodal
interpretation and in close agreement with the present
result if bimodal.
The split halves phased plot of Figure 8 favors
neither a bimodal nor unimodal interpretation, to
within the low RMS uncertainty of the individual
points.
Especially in the very common case where a
single night’s images can cover only about half or

Figure 7. Phase Lightcurves for asteroid (39197) 2000
XA.

less of the asteroid bimodal period, the ability to
interpret split-halves phase plots is greatly enhanced
by the availability of numerous accurate comp stars
as in the present workflow, so that multiple nights’
lightcurves may be joined as in Figures 7 and 8
without the need to judge and apply zero-point
adjustments.

5. Conclusions
With appropriate software and a comprehensive,
high-precision, easily accessible star catalog such as
ATLAS refcat2, starting an asteroid photometry
workflow with all possible comparison stars within
the images’ field of view is unexpectedly
straightforward and arguably less arbitrary than is the
popular practice of manually selecting a few comp
stars.
Beginning with dozens to hundreds of comp star
candidates allows the observer to restrict the adopted
comp star set to only those comp stars reasonably
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2018) for their generous description of details of the
ATLAS refcat2 release catalog and joins them in
acknowledging the many contributors and supporters
of that catalog effort as listed near the end of their
paper.
Software for this project was written in python
language, whose interpreter is provided without cost
by the Python Foundation. This project also made
extensive use of several supporting packages also
provided without cost, notably the pandas, ephem,
matplotlib, requests, and statsmodels packages; the
author thanks the package authors as well for their
significant effort and offerings.

7. References
Figure 8. Split Halves Phased Plot for asteroid (39197)
2000 XA.

matching the asteroid in brightness and color index.
A broad variety of diagnostic plots aids in comp star
selection, including recognition and removal of
variable or outlier candidates. Indeed, the author
finds that mapping the comp star set and regression
model through the set of more than 20 diagnostic
plots eases rather than complicates the model
refinement process, and final convergence can be
declared with confidence. When carried out carefully,
the workflow has produced nightly lightcurves that
can be assembled into a multi-night apparition
lightcurve needing few or no discretionary zero-point
adjustments.
Fully automatic aperture photometry is aided by
the catalog’s offering precise GAIA sky positions and
proper motions, so that stars can be identified
automatically with very high confidence. If the
images’ plate solutions also contain accurate
distortion parameters in an open standard format such
as SIP, then the catalog’s parallax entry for each star
could be used as well. The catalog’s radial flux
values should be used as well, to exclude candidate
comp stars at high risk of overlapping apertures.
Finally, the author notes that recent advanced
star catalogs, including the ATLAS refcat2,
increasingly adopt the Sloan passband standards over
legacy Johnson-Cousins and related passbands; the
author’s asteroid photometry program will be based
upon Sloan passbands from the outset.
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Vetting The MOTESS-GNAT 1 Catalog
John E. Hoot
SSC Observatories
1303 S. Ola Vista, San Clemente, CA 92672
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Abstract
This paper presents a summary of the results of a five years study by SSC Observatories [SSCO] of short period
variable star candidates in the MOTESS-GNAT 1 Catalog. It presents confirmation, light curves and classification
of 73 previously unconfirmed variable stars. Additionally, it merges SSCO’s confirmations with other observers’
confirmations to develop statistics on the predictive quality of MG1. It also presents a revised version of the
catalog that includes updated periods, confirmation and classification information from SSCO and other
published sources designated as the Vetted-MOTESS-GNAT Candidate Variables Catalog [VMGC 2020].

1. Introduction
In September 2015, with completion and first
light for the latest of SSC Observatories’ [SSCO]
robotic telescope, a program was initiated to follow
up on candidate short period variable stars in the
MOTESS-GNAT 1 catalog [MG1], Kraus, et al
(2007). The MG1 catalog was created by reanalyzing observations made by the MOTESS
Survey, Tucker (2007). MOTESS consisted of 3
fixed telescopes that, using time delay integration, or
drift scanning, monitor a 48 arc minute high strip of
sky at a fixed declination. This design was optimized
for the discovery, monitoring and tracking of
asteroids, comets and other moving transients. By
staggering the three scopes in right ascension at a
common declination, moving objects could be easily
found via automated data analysis.
It was apparent to MOTESS’s creators that more
rigorous automated processing could also detect
transients and variability in the luminosity dimension.
To this end, several years of observational data from
the MOTESS program were processed to generate a
catalog of probable variable stellar sources. The
resulting catalog contains 26,402 candidate variable
stars.
Each candidate is listed with position,
instrumental V magnitude a computed period,
instrumental amplitude of variation and a probability
that the source is indeed variable.
The authors of the catalog verified that a high
percentage of know variables were identified by their
processing pipeline. They did not however follow up
on any significant number of their candidate stars.
When searching for a worthy project for the
SSCO’s automated telescopes, vetting under-sampled
candidate short period variable stars in the MG1
catalog was selected for one of the initial campaigns.

The campaign commenced with observations
beginning in November of 2015 and continues
through the present.
Results of the initial four and half years of this
campaign are summarized in this paper.

2. Instrumentation
The bulk of the program utilizes SSCO’s 0.254m
Schmidt Cassegrain telescope at the Center For Solar
Systems Studies [CS3]. The telescope operates at f6.3
and currently is equipped with a ZWO ASI 1600m
CMOS camera with photometric filters. For the first
three years of the campaign, the scope used SBIG
CCD cameras with photometric filters. The telescope
system operates fully autonomously. It opens the
roof, monitors weather, focuses, points, plate solves,
guides, images, parks and shuts down autonomously.
Typically, it lingers on one or two targets a night,
alternating V and Rc band exposures while the
targets remain above 2 airmasses. At the end of each
session calibration images are taken and all data is
uploaded to SSCO’s office for processing.
During the course of the campaign SSCO’s 0.4m
scope at CS3, SSCO’s 0.3m telescope and the Las
Campanas Remote Observatory’s 0.3m telescope
have been employed to fill in during maintenance on
the 0.25m telescope and to break aliasing of periods
near multiples of 8 and 12 hours.

3. Data Reduction and Analysis
Depending on the target’s brightness, exposures
typically range between 1 and 8 minutes. With
photometric filters, targets at magnitude 16.0 can be
measured to 0.015 magnitude precision. That was
near the practical limit for most targets selected. For
the past three years the entire data reduction pipeline
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has been implemented on a CUREA Virtual
Machine, Hoot (2018a). The virtual machine can be
hosted by almost any x86 based computer. The
virtual machine is a Linux Ubuntu system using
UREKA, Hist et al (2014), scripts to calibrate a
session. It takes about five to ten minutes to calibrate
a typical night’s data that ranges from 50 to 400
images. Photometric measurements are then made
with SSCO’s Large Ensemble Photometry package
[LePhot], Hoot (2018b). The entire process typically
takes under 30 minutes.
The LePhot package is also used to do period
solving, plotting and exporting observing sessions in
CSV, Tab Delimited, or AAVSO report formats.
From the campaign’s inception through 2017
data from the calibration pipeline was analyzed using
the MPO Canopus software package, Warner (2016).

candidates, but some, and most notably CSS, were
providing period and complete period coverage.
To prevent duplication of effort, in addition to
the above selection steps, each target was also
checked with SIMBAD and VIZIER of CDS to be
sure the candidate had not been worked before
scheduling it for photometric observation.

5. Results
Since its inceptions, SSCO campaign has
observed on 722 nights in 785 target sessions. A total
number of images reduced now exceed 53,00 images.
Raw data for all sessions is save on DVDs and
portable hard disk drives for archival purposes.

4. Candidate Target Selection
Methodology
Over the course of the campaign, the target
selection process evolved as the idiosyncrasies of the
MG1 catalog became better understood. Initially,
targets were selected if
1) The star’s Right Ascension was within 1
hour of the LST at local midnight at the
observatory site.
2) The catalog period was below several days.
3) The “Probability of False Detection” was
near 0.
This methodology led to monitoring many
candidates that showed no variability. Examination of
the target fields led to discovery that many nonvariable stars were flagged if they were part of
double or multiple stars. The probable cause for their
inclusion in the MG1 catalog is that seeing
modulation during the survey, combined with drift
scanning on a 1-day cadence, causes the measuring
aperture to capture difference portions of the
companion star’s PSF. This triggered false detections
by the MG1 catalog generator software.
As a result, an additional step was added to
target selection. After the initial selection process
above, each target field was first examined using
images from Aladin, DSS, or SDSS, before
scheduling sessions on a candidate star.
After about a year of the program, it was realized
that SSCO was not alone in the vetting of MG1
candidates. While logging “new?” discoveries, it was
found that the Catalina Sky Survey[CSS] Drake et.
Al. (2014) and subsequently other surveys were
confirming sources in the MG1 catalog. Many
surveys simply noted the variability of MG1

Table 1: MG1 Vetting Campaign Statistics
Over the course of the campaign 110 candidate
variable stars have been observed. Of those targets,
73 variable stars have been confirmed. Of the
confirmed variables, 35 are new confirmations. All
but 19 new confirmations have complete light curves.
Observations of 22 candidate variables confirmed by
other observers have been made and light curves
created. Alternate periods are proposed for 2 of these
previously confirmed targets. Additionally, based on
SSCO’s light curves, the campaign suggests
reclassifying the variable type of 5 previously
reported variables.
Sixteen candidate stars have been observed and
have been determined not to be variable stars. The
remaining 20 targets do not have sufficient period
coverage to yet make a determination of whether or
not they are variable.
This breaks down to an average of 181 nights of
observations per year over the last 4.25 years.
Appendix A of this paper contains a table
summarizing the results of measurements of all 110
targeted stars.
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Appendix B of this paper contains light curves
for all newly confirmed, or reclassified variable stars
measured to date.

6. Release of the Vetted MOTESS
GNAT Candidate Variable Star
Catalog
As SSC’s observations and confirmations from
other sources have become more numerous, SSCO
has created a new reversion of the MG1 catalog. It
contains all of the original MG1 candidate stars and
merges SSCO’s results with those found in AAVO’s
VSX, Panstarrs and GAIA. The new catalog,
designated “Vetted MOTESS GNAT Candidate
Variable Star Catalog” [VMG 2020] is published by
SSCO’s website at:

variations will be recorded in contaminated stars
as brightness variations.


Moon light scattering during transits of the
Moon that vary during the lunar orbit cycle
modulate sky background with a period of the
lunar cycle and can trigger false variable
detections of stars near saturation, or stars
operating in nonlinear ranges of the detectors.
This led to avoiding vetting candidates brighter
than 14th magnitude



Similarly, night to night variation in seeing can
make bright stars move in and out of saturation.
This was yet another reason, candidates brighter
than about Magnitude 14 were avoided.



As noted earlier, close multiple stars combined
with night to night variations in seeing can
contaminate the photometric apertures. Nearby
sources such a faint companion stars or
background galaxies led to false candidates
being included in the catalog.

http://www.ssccorp.com/Observatory/VMG-2020.

7. Analysis
Over the course of the vetting campaign several
sources of systematic error in the MG1 survey have
come to be recognized:

Figure 2: Ratio Catalog Periods to Confirmed
Periods

Figure 1: Example of MOTESS Blooming,
Tucker(2007)


Figure 2 shows a quirk of synodic sampling. It aliases
variable stars with periods that are near integral
multiples of 3 and 4 hours leading to imputed periods
many multiples of the actual period.

CCD blooming as shown in Figure 1, in both the
horizontal rows and vertical columns by bright
sources near the target corrupted photometry
measurements. The horizontal blooming being
due to the nature of the saturated source during
drift based integration. Stars in the boxed areas
are examples of targets that are contaminated. As
the amount of blooming will vary with the bright
sources PSF and sky background level, these
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of variability. Clearly, stars with assigned
probabilies of variabilty betterh thsn 96%, of
prove to be truly variabe. The scattering of
detections at probabilites below 50% is puzzling.
More data is needed to understand what is
happening there. The problem being that in
general spending observering resources on these
candidates is not a profitable use to time.
SSCO’s most likely guess is that these detections
are eclipsing systems that simply dance between
the synodic sampling period. They are thus
detected as transient events, and hence included
in the catalog, but since no period could be
confidently measured by the MG1 catalog
generator, they were assigned a low probability.


Apparently the MG1 source filter misidentified a
number of small galaxies and Quasars. These
have found their way into the MG1 catalog. This
is yet another reason to check DSS and other
sources before starting a session on a candidate.

8. Conclusions
Figure 3: Catlog Periods vs. Confirmed Periods


Figure 3 highlights another impact of the MG1
survey’s synodic period of observation. The
synodic period leads to under-sampled data for
periods shorter than several days. For confirmed
short period variables, the MG1 catalog shows
no period of less than 24 hours. While confirmed
periods are dominated by RR Lyrae type
variables with a smattering of eclipsing
variables.



This campaign has been a foretaste of what we
can expect as many larger surveys come online in the
coming decade. We can expect many detections of
variation and transients whose true periods and
natures can only be resolved by continuous long time
series observation; these are the type of activities
where small telescope science excels.
Further, these results emphasize the importance
of surveys randomizing the period between revisiting
the same fields. It is key to allow data analysis
pipelines to more accurately estimate and classify
variable sources.
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Figure 4: Distribution of Confirmations vs MG1
Probablity Estimates


Figure 4 shows the number of confirmed
variable stars as a function of MG1’s probability
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Appendix A: Campaign Results For 110 Candidate Variable Stars

50
th

SAS/AAVSO 39 Annual Symposium Proceeding

51
th

SAS/AAVSO 39 Annual Symposium Proceeding

Apendix B: New Or Reclassified Variable Light Curves
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This paper describes the ongoing development of an automated array of small telescopes (APPOL) for the
th
multicolor, time series measurement of polarized light from Blazars and similar cosmological sources. At 14
magnitude and below, and often exhibiting rapid variation, these objects are challenging polarimetric targets with
relatively few published multicolor observations.
The observing system is distributed across two piers located 2m apart. It contains two 35cm optical telescopes
equipped with self-guiding dual beam polarimeters and two 20cm co-mounted photometric imagers. These are
supplemented with instruments to measure the polarization, brightness, clarity, and spectra of the target sky
region. Observations can be made across the optical spectrum from 400nm to 900nm. Target acquisition, data
reduction, and the time synchronized operation of 12 cameras is coordinated by a custom software system.
One of the polarimeters features a novel optical assembly that provides simultaneous two-color dual beam
polarimetry within a single imager. This technique may also be useful for two color photometry of transient
objects.
This work has been done in conjunction with the Ax Center for Experimental Cosmology at UCSD. It is
envisioned as a pathfinder experiment for a future large telescope test of Lorenz Invariance across cosmological
distances.
APPOL achieved first light in late 2017. The first paper based upon this work appeared in Physical Review D in
early 2019.

1. Introduction
This paper describes a small telescope observing
system that has been built as part of a collaboration
between the authors over the past three years.
Extensive theoretical work done at the Ax Center
for Experimental Cosmology directed by Brian
Keating, Chancellor’s Professor of Physics at UC San
Diego, has indicated that polarization measurements
of AGN will help constrain models of space-time,
provide new tests of Lorentz Invariance, and perhaps
reveal hints of new physics.
Our initial paper (Friedman, et.al.1), discussed
how measurements of wide band polarization in these
objects constrain alternatives to the Standard Model
of Cosmology.
As the theory has become better understood, the
required observations to test it have evolved.
Whereas the first work was based upon total
wideband polarization, we are now concerned

principally with the measurement of Rho (𝜌), which
is defined as the slope of the variation of Theta (𝜃)
(the angle of linear polarization) with respect to
wavelength.
This slope is expressed in units of degrees per
Angstrom. Determining Rho (𝜌) on objects with
time variable polarization requires either large
telescope spectropolarimetry or simultaneous
multicolor broadband polarimetry.
Unfortunately, the vast majority of existing
polarimetry on these objects has been done in a single
color. Thus, new observations are required.
While Rho (𝜌) is properly considered to be a
spectropolarimetric result, work done by Roman
Gerasimov in Keating’s group has shown that, for
these objects, it can be well approximated using
widely separated bands of broadband polarimetry.
The desire to obtain such measurements has led
to the construction of an automated telescope array
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containing synchronized polarimeters, photometric
imagers and sky monitors.
Using this equipment, we have begun to observe
a small number of the brightest objects of this class.
We expect that the results of this work will serve
as steppingstones for a large-scale survey later in this
decade.

2. Blazars
Blazars are Active Galactic Nebula (AGN)
whose black holes eject radiation in an intense beam
that by chance illuminates the Earth. This makes
them visible at extreme distances.
Many of these objects emit polarized light in the
optical domain. It is the propagation of this light
across cosmological distances that is the subject of
interest in this research.
These objects are generally below 14th
magnitude and variable in brightness, percent
polarization and polarization angle, sometimes over
short timescales.
By way of example, during a single evening at
the beginning of 2018, an APPOL observation of the
object B716+714 showed the angle of polarization
Theta (𝜃) change by nearly 100 degrees over three
hours.

3. Dual Beam Polarimetry

4. Array Polarimetry
Two separate observations (Q & U) are needed
to determine the polarization of a source. But there is
no reason that these need to be made by the same
telescope so long as they are made at the same time.
This is the basic idea behind Array Polarimetry.
Moreover, a total flux from a pair of telescopes
equipped with mutually calibrated polarimeters will
provide results equivalent to those from a somewhat
larger instrument.
So far as the authors are aware, this work is the
first to use array polarimetry in research.
There are two fundamental ways to use a twoelement array polarimeter. Both are implemented in
the APPOL system.
Integrated Mode. One telescope measures Q (045) while the other measures U (22-67) using
synchronized exposures and a common bandpass.
This provides the effective flux of a 1.4x larger
telescope which may be used to double the cadence
of observation or increase the S/N of the
measurement.
Parallel Mode. Both telescopes preform standard
four frame polarimetry with synchronized exposures.
This allows simultaneous measurement in very
different band passes. This is the primary method
used for the current work.

5. Waveplates

Polarization is a vector quantity requiring two
observations of relative brightness to determine the
polarization state of a source.
The Stokes
Parameters2 Q and U which define linear polarization
are measured along and at a 45-degree
counterclockwise angle to the lines of declination by
IAU convention.
The dual beam method for measuring the
polarization of star-like sources uses a rotating
waveplate preceding a birefringent crystal of calcite
to create a double image of the target on a CCD
sensor.
Four exposures at 0, 22.5, 45 and 67.5-degree
relative waveplate angles yield 8 intensity values
from which Q and U values can be derived. These are
combined to calculate percent polarization and Theta
(𝜃).
Instrument design and data reduction are
discussed by Masiero3, Tinbergen4 and Berdyugin5.
The advantage of dual beam polarimetry is its
immunity from effects of atmospheric scintillation.

As mentioned previously, the standard form of a
CCD polarimeter uses a waveplate, more properly
called a “half wave retarder”, to modulate the
polarization of the light coming from the telescope.
For this work we use achromatic waveplates
manufactured by Bolder Vision, Inc. These are stacks
of five polymer layers that provide acceptable
retardance over a range of ~300nm.
APPOL normally operates with a visible band
achromatic waveplate (420-720nm) on the West
telescope and an NIR band (650-950nm) waveplate
on the East telescope. This provides an effective
range of ~500nm for the determination of Rho.
Standard stars are used to align the waveplates to
produce measurements in the standard system.

6. APPOL Hardware Overview
APPOL as shown in Figure 1, is an assembly of
two telescope subsystems designated simply as East
and West. It has been extensively upgraded since
achieving first light in late 2017.
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AC power is distributed though a UPS to a
WebPowerSwitchPro™ at each pier to provide 8 AC
outlets under HTTP control. There are many
transformers at each pier to power individual devices.
The array draws ~250W when observing.
A Dual Core 2014 Mac Mini with 16GB and 3
TB SSD is the platform for all operations. This
connects with two monitors and the external devices.
The ST-I spectrograph’s local cpu connects over WiFi.
The goal of the APPOL system design is to fully
automate the selection, measurement, and reduction
of data from a list of selected targets.
As a backyard observatory, startup and shutdown
and weather protection need manual action, but once
started the system runs without operator intervention.

7. APPOL Software Overview

Figure 1. The Array Photo-Polarimeter. The West Pier
with the MultiPOL assembly is in the foreground.

The East pier assembly consists of an AstroPhysics AP1200 mount, a Celestron C14 for
polarimetry, two Celestron C8 telescopes for
photometry, and a wide field imager.
An Optec waveplate carousel and 4-way
Perseus™ instrument selector transfer the output of
the C14 to its instruments. The operation of the
primary instrument, called the Compact Guiding
Polarimeter (CGP), is described in a later section.
Two spectrographs, not used in this work, are also
attached to the instrument selector.
The West pier assembly is built on a Celestron
CGE PRO™ mount. It supports another C14 that
feeds a four-camera instrument assembly named
“MultiPOL” for both imaging and polarimetry.
A sky background polarimeter, sky spectrograph,
and e-finder are mounted at the front of the West
C14.
Note: Both C14 telescopes use Optec secondary
mirror focusers. This allows the instrument
assemblies to be directly attached to the telescope
frames.
Each pier has powered USB and IP hubs and
Antaira® STE 502-C Serial to IP converters.
A total of 16 USB and 12 Serial-over-IP devices
are connected to the computer over 40 feet of onground cabling.

MacOS™ runs the Parallels Desktop™
virtualization application. Parallels Desktop, in turn,
hosts seven Windows XP™ virtual machines (VM).
These VM’s host the device control programs
(CCDSoft™, TheSkyX™ et.al.) and the custom
scripts that operate the telescopes and instruments.
The VM’s communicate with each other via the
shared MacOS file system. Each VM has a set of
pre-assigned devices and a virtual desktop.
The benefit of distributing the software over so
many virtual machines is twofold.
First is the simplification of the individual
processes. Each is responsible for the operation of
only a few devices.
Second is the ability to use off the shelf software
for camera and mount control.
Using multiple VM’s allows the coordinated
operation of as many as 12 cameras and two mounts
with straightforward programming and standard
drivers.
Each VM controls a specific set of equipment.
This system was originally developed for a single
automated multi-instrument telescope system. It was
extended to support array operation by adding
additional VM’s and making relatively small code
changes for coordination.
All of the operations are controlled using text
files interpreted by programs written in VBScript.
These VBScript programs use the CCDSoft™ and
TheSkyX™ and other API’s to interact with the
mount and camera hardware.
Custom function written in Visual Basic™
preform image processing and serial device control.
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Figure 3. A Block Diagram of the MultiPOL Assembly

Figure 2. The Compact Guiding Polarimeter

8. East: The Compact Guiding
Polarimeter
In the first two years of this project, targeting
and polarimetry on the east telescope were done by
using a single multifunction imaging and polarimetry
camera supported by an external guider. To allow
longer exposures, a new instrument incorporating
focal plane guiding was constructed in the fall of
2019.
The CGP is 7x6x12 inches and weighs 8 lbs. It
mounts on the upper port of the instrument selector
and is mechanically connected to the telescope frame
to suppress flexure.
Figure 2 shows the components of this
instrument assembly on the telescope. The operation
proceeds as follows.
Incoming light from the C14 passes through
either a visible or near-infrared half wave achromatic
polymer waveplate. The waveplates are mounted in a
5-way waveplate carousel built by Optec, Inc. for this
observatory.
The modulated beam is reflected by the
instrument selector into the 20arc/min field of the
ST8XE acquisition camera. Repeated imaging and

plate solving cycles are used to put the targeted
object’s image at a preset field position.
The instrument selector then rotates to redirect
the light through the upper port and the telescope is
refocused.
A Chroma™ beam-splitter directs 10% of the
light at 90 degrees though a focal reducer to the 15
arc/min field of the ST8XME guide camera.
The remaining 90% of the light transits either a
Johnson/Cousins Ic filter for NIR operation or a
luminance filter for visual band operation.
The focused f/12.4 central point light cone, now
2mm in diameter, reaches a fixed position 12mm
thick, 10mm square calcite Savart Plate. This
separates the single light cone into two parallel cones
that emerge from the crystal ~1 mm apart. The
crystal is mechanically oriented so as to put the two
images along the columns of the science CCD.
This science camera has an internal filter wheel
with B and V filters that can be used for visual band
polarimetry and a clear filter used for NIR
polarimetry.
Finally, the double image of the target (and any
everything else in the ~5 arc/min field of view)
arrives in focus at the KAF-402ME sensor of the
science camera.
The science and guide cameras are mechanically
mounted to be optically parfocal. Slight adjustments
of the ST8 focal reducer are used to fine tune this
relationship.
A typical observation acquires 4 to 6 datasets.
Each dataset is comprised of four, typically eightminute exposures. The automated control process is
discussed in a later section.
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9. West: The MultiPOL Assembly
The MultiPOL assembly preforms both guided
imaging and three different methods of dual beam
polarimetry. See Figure 3.
MultiPOL incorporates four cameras, three
Savart Plates, three filter wheels, a rotating
waveplate, a motorized flip mirror and two beam
splitters. It weighs ~20lb (9kg), It extends 16 inches
(40cm) from the back of the C14. Several bracing
bars prevent flexure.
The Waveplate
The MultiPOL light path begins with a visible
band achromatic waveplate located within an Optec
Pyxis™ waveplate rotator.
The Guiding Assembly
A 1 mm thick, ¼ wave uncoated 50mm BK7
window tilted 45 degrees illuminates the guide
camera by Fresnel reflection. Each of the two
reflected images contain about 4% of the total signal.
A filter wheel on the guide camera contains
several clear windows of varying thickness. This is
used as a focusing mechanism to accommodate the
very slightly different focal positions of the various
modes of the downstream cameras.
The Bandpass Filters
Following the beamsplitter is a 2” Optec IFW
selector containing VBR photometric and clear
filters.
The Dichoric Assembly
A programmable flip mirror directs the light up
to the dichoric assembly or allows it to enter the
Primary Camera. More detail is found in a later
section.
The Primary Camera Assembly
A focal reducer mounted in the front of the
primary camera filter selector creates an f/9 light
cone for the ST10XME imager.

10. Target Acquisition & Dual Beam
Polarimetry
The primary camera has three optical elements in
its attached filter wheel for imaging, single, and twocolor polarimetry.
The Imaging element is an optical flat whose
thickness (12.5mm) was chosen so imaging would be
parfocal with polarimetry. A 15 arc/min FOV
enables target acquisition and positioning. Once the
target is in the proper position, guiding is enabled and
the desired science optics are moved into position.
The Polarimetry element is a 10x10x12 mm calcite
Savart with a stacked luminance filter. This creates
two focused images of the target object separated by
~1 mm. It illuminates about 30% of the CCD field.

Figure 4. SPP Imaging of Blazar B716+714. 480sec.

11. SPP: Spectro-Photo-Polarimetry
SPP is new method developed by the authors for
dual beam two color simultaneous polarimetry within
a single imaging camera.
The SPP element consists of a 12x12x10mm
calcite Savart Plate stacked with an Astronomik™
CLS™ two band light pollution filter and a 100 line
per millimeter Star Analyzer™ diffraction grating.
This 12.6 mm thick optical assembly is mounted
in a filter cell. The grating is ~24mm from the CCD.
The combination forms a miniature dual beam
spectropolarimeter with a dispersion of ~30A/ST10
pixel and 0.9 mm spectra separation.
The filter transforms the very low-resolution
streak spectra into two pairs of slightly elongated star
images whose intensity can be measured using
standard aperture photometry to determine
polarization in each color.
The CLS filter transmits in two bands: a) 450nm550nm and b) 650nm+. An upstream filter limits the
red band to 720nm for waveplate compatibility.
Because photometric processing is used on
spectropolarimetric data, we have named this process
Spectro Photo-Polarimetry. (SPP). Note that without
the Savart and waveplate, this technique could be
used for multicolor photometry.
Limitations
a) The available signal is reduced by the ~65%
efficiency of the grating as light is lost to
other orders.
b) The images of the target can overlap other
field stars or their spectra. The original
implementation incorporated a camera
rotator so the relative position of the
spectra could be adjusted to minimize
overlap.

79
th

SAS/AAVSO 39 Annual Symposium Proceeding

Edmund C mount. It reflects all light below 570nm
and transmits all light above 610nm. The crossover is
at 590nm. See Figure 6.
Two cameras (an ST7XME and an ST-402XME)
are very closely coupled to outputs of the
beamsplitter. The optical path from the front of the
Savart to each CCD sensor is ~70mm. The close
coupling allows the small Savart plate to fully
illuminate the identical small format sensors. The
mechanics have been arranged so that both cameras
are parfocal with the ST10 and the guider.
This instrument is used in conjunction with a
400-720nm luminance filter to constrain the bands to
the waveplate limits. Simultaneous imaging in both
cameras captures the full flux of the telescope with
very little loss. The field of view is ~3x5 arcmin.

13. Photometric Instruments

Figure 5. Rear View of Dichoric Polarimeter

Figure 6. Dichoric Beamspitter Transmission Curve

12. Dichroic Polarimetry
Dichoric polarimeters and photometers are
widely used by professionals to obtain multi-color
data on large instruments. The DIPOL instrument,
described by Berdyugin6, was the model for our
device.
Figure 5 shows the details of our simplified twocamera adaptation of the DIPOL design.
After a target has been acquired by the primary
camera, the motorized flip mirror is lowered to direct
the light upward through a 10x10x12mm Savart Plate
which is mounted within the entrance of the box that
holds the dichoric plate beamsplitter.
The current beamsplitter is an Edmund Optics
35mm Cyan dichoric filter. It is mounted in an

Two 8-inch telescopes are mounted on the East
C14, one on top and the other below that OTA. Each
is equipped with a focal reduced camera and
photometric filter selection. The field of view is
relatively large, about 40 arcmin for the upper scope
and 27 for the lower.
A VM is dedicated to the operation of these
cameras. The choice of exposure times and filters is
specified in the target’s task description and passed to
the photometry control software at the beginning of
the observation session.
During the time that the telescope is acquiring
the target, the photometric cameras are focused and
cooled so as to be ready for observation.
Dark and flat images are pre-stored for all filters
so no additional setup is needed. The telescopes are
mechanically aligned so that the target will be within
the center of the field.
The exposure time is selected so that the
photometric exposures will end a few seconds before
the polarimetric ones, avoiding the need for explicit
confirmation of completion.
The software allows the exposure time in each
cycle to be split among two filters. In this way three
color photometry can be obtained if desired. Note
that polarimetry requires much more flux than
photometry of the same precision, so the smaller
telescopes are quite suitable to measure any target
accessible to the larger ones.

14. Sky Instruments
APPOL collects polarization and photometric
data from each target. At the same, four additional
instruments collect data about the sky.
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One of these is an SBIG AllSky 340™ camera
whose use was the subject of a previous paper7.
Three other devices operate monitor the sky in
the immediate area of the target.
The first of these is a wide field (~6 degree)
imager on the East pier. The ST2000 f/3.5 camera
images provide a record of local sky obstruction as
well as of the satellites and aircraft passing though
the target area during the observation.
The second instrument is an SBIG ST-i
spectrograph which is configured to sample a onedegree slice of the sky near the target. This camera
takes a series of 5-minute images over the duration of
the observation.
The total signal from the individual images is
graphed to show changes in sky brightness.
A spectrum of the light pollution in target area is
produced from the integrated signal of all of the
images taken during the observation.
The last of these instruments is the Sky
Background Polarimeter. In this instrument, the
sensor is an SSP3a solid state aperture photometer.
A wire grid polarizer mounted in an Optec Pyxis
rotator modulates light from a 12.5cm telescope
operating at f/5.

15. Array Operation
In array mode, the West Pier primary virtual
machine idles until the East Pier scheduling process
chooses a target. Once the target is selected, both
telescope systems operate independently until they
reach the point when they are ready to take the first
polarimetry exposure.
What begins as a one-line science task
description cascades into activity on all of the VMs
as follows:
The east scheduler chooses the task and splits the
description into east and west component parts.
Both schedulers now interpret their task
descriptions in parallel to create scripts which will
position their respective telescopes and make the
specified observations.
These primary scripts begin execution within a
few seconds of one another but operate
independently. If either encounters a fatal error
condition (such as being unable to find the target)
both scripts are aborted and a new task is chosen.
The east script creates an “Array Observation
Index” (AOBS) for the observation and an “Array
Plan” file for each telescope.
The AOBS is used to record session parameters
and the file names for every science image. It
becomes the input of the data reduction process.

The Array Plan specifies the waveplate positions,
data set numbers, and synchronization points to be
used in the science observations.
The east script now initiates activity in the
virtual machines dedicated to the east guider and
wide field camera. The guiding process is described
in the next section.
The east script also initiates activity in the
virtual machine used for the two C8 photometric
cameras. Once started, those control programs
connect and cool the cameras, set the filters, and set
focus. Once ready, they wait for their synchronization
triggers.
The west script starts operations in the virtual
machine dedicated to the west guider, sky
background polarimeter, and sky spectrograph.
If the task specifies dichroic polarimetry, the
west script also initiates a camera control process in
the virtual machine shared with the free-running
AllSky camera.
When preliminary steps (focusing, camera
selection, etc.,) are complete, both scripts execute a
target centering procedure which runs until the
target object has been moved into the field position
required for the science observation.
Once the target has been acquired, each script
notifies its associated guide process to begin guide
star selection.
Once guiding has been successfully engaged the
actual observation process will be started.

East guider image from sputter coated Chroma 10/90
and West guider image from an uncoated BK7 window.

16. Beam-splitter Guiding
Each telescope has a focal reduced ST8XME
guide camera with a ~15 arc/min field of view and a
dedicated VM for its guiding software.
Each star in the guide field has a ghost image
created by a back-surface reflection.
There are three phases to the guiding process.
Phase I: Initialization.
While the telescope is positioned, the guide
software connects to the guide camera and waits for it
to cool. Then, three dark frames and a bias frame are
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taken. The dark frames are median combined and
recorded for the session. It then waits for a “start
guiding” notification.
Phase II: Selecting a guide star.
A 15 second, 3x binned, dark subtracted full
frame image is taken of the guide field. The brightest
star from the full frame image is selected as the
potential guide star.
The potential guide star is then reimaged in a
very small window to verify its existence and
measure its intensity.
If not found, a different star will be selected from
the original image until one is found that can be
validated. This process prevents a cosmic ray hit,
satellite track or another one-time image defect from
being selected as the guide star.
The software selects the shortest exposure that
will provide sufficient brightness for reliable guiding
using the just-measured intensity.
Note: While the target object is within the guide
field, it will usually be too faint to use for guiding.
At this point a notification is sent to the
controlling VM telling it that guiding is engaged.
If the guide process has not found a guide star, it
sends a failure notification that aborts the entire array
observation.
Phase III: Guiding
Each guider runs at a rate of from 3 to 20 cycles
per minute depending upon the required exposure
time. A cycle begins by taking a dark subtracted
image and creating an inventory of objects in that
image. Ghost images are removed by identifying star
pairs with specific relative positions.
The software uses both the position and
brightness information obtained in the previous guide
cycle to locate the position of the guide star in the
frame. This allows it to ignore cosmic ray hits,
emerging hot pixels, and satellite tracks which may
be brighter than the guide star itself.
Once this position is determined, a mount
correction is made. If the guide star cannot be found
in frame, no correction is made. If this problem
persists it sets an abort notification and terminates.
Haze is the most common reason for early
termination.

17. Synchronized Imaging
With both telescopes guiding on the target, the
cameras, filters, and waveplates are configured on
each scope for the first science exposure.
When this is done, the science programs begin an
exchange of “flags” to coordinate observations.
Flags

In the context of this work, “flags” are files in
the shared file system whose existences are used to
co-ordinate actions between scripts in different VMs.
To raise a “flag” a program simply creates a file
of a particular name. Deleting that file “drops” the
flag. To wait for a flag, the software asks the
operating system whether a file of that name exists,
and if it does not, waits for a 500-1000ms before
asking again. As soon as the flag is found it is
deleted to prevent confusion.
There are two primary flags that synchronize
the APPOL system: READY and SYNC.
READY is set when the West software is ready
to take an exposure.
SYNC is set when the East software begins a
CGP exposure, which is done only and immediately
after it finds the READY flag.
Four SYNC flags are set at the same moment.
These trigger the start of the west polarimeter, the
two C8 photometric imagers, the Sky Background
Polarimeter, and the wide field camera.
Since the science exposures are typically from 2
to 8 minutes in length, for practical purposes all of
the primary instruments are recording data
simultaneously.
As each science exposure is completed, a record
is written into the Array Observation Index in the
general form: keyword=filename. This keyword
associates the dataset number, waveplate position,
and filter settings with the file name of the image so
it can be accessed by the reduction software.
The READY-SYNC cycle continues until the
desired number of images has been obtained or some
error interrupts the process.
For our Rho(𝜌)
measurements the typical observation is about 3
hours.

18. Signal Extraction for Polarimetry
The results of a bright star calibration provide
estimates of the location of the target object within
the images. These estimates are used to find the
actual positions from the first science frame of each
camera. These now highly accurate positions are
passed though the Array Index to the signal
extraction code.
Signals are measured using the method of
aperture photometry. A curve of growth technique is
used to set the measurement aperture to account for
variations in focus and guiding from night to night.
Since good background estimation is critical, the
“background annulus” values are compared with and
sometimes replaced by values from nearby “empty
regions” of similar size.
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19. Data Reduction
The Array Observation Index contains all of the
information required for data reduction including the
file names of every science image.
Photometric reduction is done first by plate
solving the images to find the location of the target
and comp stars for signal extraction.
The magnitude and error for the target and the
comp for each color and each frame are written back
into the Array Index.
The polarimetric reduction then extracts signal
values from both star images in each of the 4 frames
in each dataset.
It then computes percent polarization and Theta
(𝜃) values for each color for each of the individual
datasets and for the entire observation.
The polarization and photometric results are then
combined into a single spreadsheet file.

20. Survey Definition
The current phase of this research began in the
fall of 2019. An initial set of 27 AGN targets was
chosen from a catalog of some 1300 objects prepared
by Dr. Keating’s group.
The selected objects are North of the celestial
equator, 15th magnitude or brighter, and have at least
2% polarization measured at some time.
For each object, an AAVSO APASS database
query was used to find an appropriate comparison
star within the fields of the photometers.
The target list is transformed into two project
files called the Flux Project and the Science Project.
Each project file contains a task for every object.
The Flux Project
Flux tasks take less than 10 minutes to run. They
acquire the target and determine the net flux. An
embedded rule compares the flux with a threshold to
set the enablement tag for the object.
The Science Project
A multi-hour array task is defined for each
target. This task specifies the enablement tag, the
array mode, the instrument settings (exposure time,
mode, filters) for both telescopes, and comparison
stars for photometry.

The Science Project tasks have the highest
priority, but only those that are enabled can be
chosen, and then only if the sky is 19th magnitude or
better.
These conditions focus the system on
observations likely to produce useful results.
Flux Project tasks are run when no science tasks
are available. An integrated rule evaluation process
allows the brightening of an object to immediately
enable a science observation of that object.

22. Survey Progress
The current survey was begun in October of
2019 using V-Ic and SPP-Ic methods while the
instruments were being debugged.
Reasonable
quality Rho (𝜌) results were obtained for two targets,
and data of lesser quality for several others before
winter arrived.
A mild 2020 spring has allowed the construction
and software integration of the dichoric polarimetry
subsystem. While testing, we have obtained three
color data for two additional targets and significantly
higher signal levels than previously seen.
With the engineering work now all but complete,
we expect to observe most of our target list during
the upcoming year.
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Abstract
In 2018 I reported to the SAS on a new Optical SETI Camera incorporating evolutionary improvements to the
original instrumentation used at the Owl Observatory. This device represented the last cycle of improvement
available without incorporating newer solid-state single photon detectors still not available to the amateur at a
reasonable price point. So I decided the next improvement would necessarily be a significantly larger telescope
optimized for Optical SETI. This paper will detail the design and construction of a 24” Cassegrain reflector
designed for Optical SETI using a combination of novel and traditional design elements. As of this writing the
telescope is 95% complete and is scheduled for deployment at a new location in New Mexico in October of this
year.

1. Design Requirements and
Specifications
The Optical Seti Camera only requires a small
field of view. The science is done with the principal
ray and target acquisition requires only a 5-arc
minute radius. This allows some compromise in the
optical specifications. A faster than optimal primary
and system focal length was used to minimize the
length of the optical tube. This allows the completed
telescope to fit inside a 12-foot dome. Minimizing the
observatory footprint and dome size was desirable to
reduce the difficulty of construction and the total cost
as dome prices begin to escalate rapidly beyond 12
feet.
Another important requirement is the payload
capacity. The existing instrumentation is larger and
heavier than a commercial CCD camera. A very
heavy-duty fork mount was designed to carry the
weight and also provide adequate clearance between
the fork and primary back plate.
Basic Optical Specifications:
System Type: Classical Cassegrain
Primary Diameter: 24.0 inches
Primary Focal Length: 81.5 inches
Secondary Diameter: 6.5 inches
System Focal Length: 288 inches
System F/L ratio: 12.00
Back Working Distance: 16 inches

Figure 1
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Mechanical Specifications:
Mount Type: Alt/AZ Fork with open truss
Primary Mirror Mount: 18 Point Whiffle Tree
Drive Type: Worm Gear and Servo Motor
Focus: Motorized Secondary Mirror

2. Description of the Primary Mount
An 18 point wiffle tree style mount with 6
independent support triangles is used to support the
relatively thin 24 inch mirror. Each triangle pivots on
the corresponding support bar using a polished
tooling ball registered in a hemispherical socket
machined in the triangle. In turn the support bar
pivots on Teflon pads. The radius of support and the
spacing of the points of contact on the mirror were
based on a FEA analysis of the mirror/support
structure. Edge support is provided by six radial
support blocks positioned by an assembly composed
on an aluminum center support and Invar rods
radiating out to the support blocks. The combination
of the coefficient of expansion of aluminum and the
near zero expansion of Invar compensates for the
dimensional change of the borosilicate mirror and
maintains the edge clearance nearly constant over a
wide range of temperature changes.

Figure 2. Bottom View of the Primary Mount

Figure 3. View of the Wiffle Tree Assembly

The entire primary assembly is attached to the
remainder of the structure with three studs. Large die
springs separate the primary mount from the
structure. The three brass nuts on the exterior of the
back plate can be tightened or loosened as needed to
collimate the primary system. The studs pass through
holes in the back plate that have been elongated in
such a way that a kinematic arrangement is created.
In this way each degree of freedom is restrained only
once. This prevents distortion as the individual parts
experience dimensional change due to temperature.
The primary baffle assembly is separate from the
primary mount and is attached to the structure using
the same basic idea of three studs and die springs.
Collimation is done from the external side of the back
plate and does not require access behind the mirror.
Figure 4. Top View of the Primary Mount
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Figure 5. View of the Primary Baffle Assembly

3. Description of the Focus Mechanism

Figure 6.
plates

View of the focus mechanism and spider

The focus mechanism is a larger version of an
existing design that I used on an earlier 16-inch
telescope built in the 90’s. This time tested device is
based on a hard anodized aluminum cylinder with 4
flats machined along the long axis at 90 degree
intervals. A total of 8 precision ball bearings support
the cylinder at two different elevations. At each
station two bearings are fixed and two are spring
loaded into contact with the flat surface on the
cylinder. In this way the cylinder is free to translate
axially while being firmly restrained in the X and Y
directions.
Axial translation is controlled by a preloaded ball
screw driven by a stepper motor. An electric brake is
attached to the stepper so the position is locked when
the power is removed from the motor. In most
applications steppers remain energized to hold
position. When used this way the motor becomes
quite hot and could produce damaging air currents.
So in a telescope application the brake is the better
option. The 6.5-inch secondary mirror and baffle
assembly are attached to the focus mechanism in a
similar way to that used on the primary. Studs and
springs are used for collimation. A linear transducer
is installed to measure the secondary mirror position
throughout the 25mm of travel. There are both hard
and soft travel limits implemented by software and
micro switches.

Figure 7. Cross Section View of the Focus Mechanism
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The drive unit is fastened to the bearing package
on the exterior side of the fork. On the interior side
the encoder and limit switch package is fitted. The
encoder is an optical pickup head mated to a 200mm
encoder ring. The taper fit on the ring allows
differential torque to the numerous mounting screws
to adjust the run out to factory specifications. The
back side of the encoder ring is fitted with dogs that
work against end of travel limit switches. These will
prevent the telescope from being driven against the
floor in the event of a controller failure.

Figure 8. View of the secondary ring and focuser

The secondary ring is fabricated and welded
from 2 x 2 x 1/16 steel tubing and is fitted with
attachment points for the focuser and balancing
weights. Spider plates are also cut from thin steel so
the expansion coefficients are the same throughout.

4.

Description of the Altitude Axis

Figure 9. View of the Worm Drive Unit

Each side of the optical tube assembly is
attached to the fork with a heavy duty bearing
assembly. The drive side is additionally equipped
with the altitude drive unit consisting of a 15-inch
precision worm wheel and gear assembly. The
bearing assemblies utilize preloaded back to back
precision roller bearings to support both the radial
and thrust loads.
The worm wheel drive system utilizes a
subassembly containing the worm gear, worm gear
bearings and the servo motor. The entire subassembly
pivots on one end and is spring loaded into worm
wheel on the other end. The pivot shaft rotates in a
robust bearing so as to fix the subassembly rigidly in
all directions except rotation. This permits the spring
to load the gear into the wheel but does not introduce
any play in the X or Y directions. A gate mechanism
similar to an automotive gear shifter restricts the
allowable gear separation to a small amount thus
preventing the worm from separating from the wheel
and allowing unrestricted motion of the telescope. In
addition the gate also has an open position offering
complete separation of the gears when needed for
manually positioning the telescope or adjusting the
balance weights when the instrumentation is changed.

Figure 10. View of the Encoder Package
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The encoder arrangement is also very similar to
the altitude axis and is mounted on a large flange that
connects the drive shaft to the fork assembly.

Figure 11. View of the Worm Drive Assembly

Figure 13. General View of the Azimuth Axis

Figure 12. Section View of the Altitude Drive

5.0 Description of the Azimuth Axis
The azimuth axis consists of a box structure built
up from a group of one inch aluminum plates. The
upper end is fitted with the azimuth encoder and
bearing assembly and the lower end hosts a drive unit
basically the same as the altitude axis.
The upper bearing assembly utilizes two very
large roller bearings in a back to back configuration
with enough space between the bearings to ensure the
stiffness of the azimuth axis. All thrust and radial
loads are taken with this set of bearings. Another ball
bearing is fitted at the opposite end of the azimuth
drive shaft to take the radial load associated with the
worm drive assembly. Additionally the drive shaft
has been gun drilled throughout the entire length.
This will allow passage of the control and instrument
wiring without a cable handling assembly.

Figure 14. View of the Azimuth Encoder Assembly.
Note the adjustable brackets for the readout head
Plexiglas covers allow visibility of the status LED
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Figure 15. View of the upper bearing package and
hollow shaft.

Figure 17. Box Cross Section

6.0 Box and Fork
The box and fork are fabricated and welded
principally from 1/8 carbon steel plate.
Reinforcement is added where required in the from of
angles, shapes and tubing. Attachment points for the
various structural elements are machined from cold
rolled steel and welded in place. All attachment
points have been machined to final specifications
after the welding was completed.

Figure 18. Fork Assembly

Figure 16. Box with Mirror Mount and Baffle
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Figure 20. View of complete Observatory
Figure 19.
Fork Cross Section showing tubing
reinforcement

6.0

Observatory

The complete telescope will be fitted to a
conventional observatory consisting of a 13 foot
square building topped with a 12 foot Ash Dome.
The building is tall enough so that a person les than
6’2” tall can enter standing upright. The observation
floor is approximately 3 feet from the grade.. The
telescope will be fastened to a cement pier 24” wide
x 32” long and extending 48”into the ground.

Figure 21. Sectional View of the Observatory
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Abstract
We observed and investigated the open cluster NGC 1662. Images of NGC 1662 were requested in multiple
filters from the Las Cumbres Observatory and reduced using aperture photometry from the Our Solar Siblings
Pipeline. We queried the stars’ proper motions and parallaxes from Gaia Data Release 2 to ascertain cluster
membership, and looked up their APASS catalog magnitudes. Using the ADU counts of the stars in our images,
we calibrated the blue and visual counts of NGC 1662’s stars relative to reference stars. These calibrated
magnitudes were used to create a Color Magnitude Diagram (CMD) consisting of the visual magnitudes on the
vertical axis and the difference between the blue and visual magnitudes on the horizontal axis. The bluest star in
the cluster was in the Type A spectral class, implying that any hotter stars with shorter lifespans had already
died. Based on the life span of A type stars, we determined that the open cluster NGC 1662 is less than 400
million years old, which confirms the findings of a previous study of this cluster.

1. Introduction
An open cluster is a group of stars, ranging in
quantity from twenty to a few thousand, that were
formed at the same time by the same molecular
cloud. The features of such clusters are used to refine
models of the origin and evolution of our galaxy. For
example, by measuring the age, spectral
characteristics, and proper motion of a cluster, we
can infer the chemical composition and approximate
position of its progenitor gas cloud at the time of its
birth (Stipp, 2018). Researching clusters of different
ages, sizes and stages of development allows
astronomers to get a sense for the origin, structure,
and migration of gas clouds within our galaxy (von
Hippel et. al, 2005). Clusters are especially suited to
this because the stars within them can be assumed to
be of similar age and chemical make-up.

This study used images of the open cluster NGC
1662, which has a right ascension of 04h 48m 27.0s
and a declination of 10° 56´ 12". The cluster is
located in the constellation of Orion and can best be
viewed in December, though it was still visible at the
time of our study in February, 2020. It is
approximately 1400 light years from Earth and
contains approximately 50 stars.
Images were obtained from the Las Cumbres
Observatory Global Telescope Network in blue (B)
and visual (V) filters. Photometry from Our Solar
Siblings pipeline was used to create a Color
Magnitude Diagram (CMD) of NGC 1662 and
determine its age.

2. Past Research on NGC 1662
Along with four other open clusters, NGC 1662
was studied by Reddy to compare the elemental
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abundances of its stars with those of local field stars
(Reddy et. al, 2015). Reddy’s paper measured red
giants because of their high luminosities and because
their spectra can be used to infer the elemental
abundances present at the time of the cluster's
formation. The paper made use of two red giants
labeled in the starfield in Figure 1 and pictured in the
CMD of Figure 2.
Reddy et. al. found greater abundances of heavy
elements in young open clusters than in local field
stars. NGC 1662, with an age of around 400 million
years old, is relatively young, and had moderate
abundances of heavy elements in its stars. The paper
found that the red giants in NGC 1662 contained
Zirconium, Barium, Sodium, Lanthanum, Cerium,
Neodymium, Samarium and Europium, and that the
stars in the cluster had similar chemical compositions
(Reddy, 2015). Therefore, we can conclude that these
elements were likely to have been present in the gas
cloud from which the cluster was born.

3. Target Selection
We chose cluster NGC 1662 because it met our
criteria for relevance and size in a number of ways.
NGC 1662 was sufficiently bright to image with the
0.4m LCO telescopes. Moreover, it was up in the sky
at the time of our study and had less than 100 stars,
which made it a feasible target to investigate.

4. Instruments Used
Images were taken using multiple exposure times
by several of the Las Cumbres Observatory 0.4-meter
telescopes, and selected for use based on image
quality. The images used for this study were a 120second blue filter exposure from Sutherland, South
Africa, and a 45-second visual filter exposure from
McDonald Observatory in Texas. These images had
round stars that were well-separated and not
saturated. All of the LCO telescopes we used have
identical specifications: the aperture is 0.4 meters, the
focal length is 3251mm (f/8), the field of view is 19 ×
29 arcminutes, and the camera is an SBIG STL-6303.
The selected images were reduced by the OSS
pipeline using aperture photometry (Fitzgerald,
2018). The ADU counts of the stars in the images
were calibrated using the APASS catalogue
magnitude of four different reference stars, as will be
discussed in the next section.

5. Brightness Calibration

Figure 1. NGC 1662, as imaged by the 0.4m Las
Cumbres Observatory telescopes in February 2020 (45s
exposure, V filter) with red giants circled and four
reference stars labeled R1, R2, R3, and R4.

Figure 2. Isochrone fit to the BV color–magnitude
diagram of cluster NGC 1662 by Reddy et. al. with red
giants highlighted by number “1” and “2” (Reddy, 2015).

The four reference stars used for calibration are
labeled R1, R2, R3, and R4 in Figure 1 below. In
order to calibrate, the following procedure was used.
1) Pick a reference star that is relatively bright,
well-separated from other stars, and that has blue and
visual magnitudes listed in the APASS catalog.
2) Apply (– 2.5 𝑙𝑜𝑔 (𝑐𝑜𝑢𝑛𝑡𝑠)) to convert the
ADU counts of each star in the cluster from the B and
V filter images into instrumental magnitudes.
3) Compare the instrumental magnitude of the
reference star chosen in step 1 and calculated in step
2 with its B and V magnitudes from the APASS
catalog.
4) Add the difference between the reference star
instrumental magnitude and its APASS catalog
magnitude to the instrumental magnitudes of the
other stars in our images.
As an example, for reference star R1 located at
04:48:16+11:01:05, the B instrumental magnitude
was 25.6 units less than the APASS catalog listing,
and the V magnitude was 25.3 units less than the
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APASS catalog listing. By adding these values to the
instrumental magnitudes of the other stars in our data,
we calibrated the brightnesses of the stars in the
images. Using calibrated star magnitudes, it is
possible to create a CMD of a star cluster (Kalirai et.
al, 2004). A CMD has Vmag, or brightness,
measured on the vertical axis and the B-V value, or
color, of each star on the horizontal axis.
We used the three other reference stars to
confirm the appearance of the CMD. The plots are
shown in Table 1 below. The stars appearing in
these plots were checked for cluster membership
using their Gaia parallax and proper motion
measurements and were also corrected for reddening,
as will be described in the next section.

6. Analysis of the CMD’s and the Age of
NGC 1662
The RA, declination, proper motion, and GAIA
parallax allowed us to check whether the stars in our
images were within the cluster. The RA of the cluster
stars was between 71 and 72 and the declination was
in the 10-11 range. The parallaxes of the stars varied
between
0.16
milliarcseconds
and
4.58
milliarcseconds. Although this corresponds to a wide
range of radial distances from Earth, these small
parallaxes are close to the accuracy limit of the GAIA
telescopes. Therefore, the proper motion (PM) of the
stars gives a more accurate representation of which
stars belong to the cluster. The PM of the stars stayed
close to -1mas/year for motion in right ascension and
-4 mas/year for motion in declination. We removed
some outliers with PM values of over 20 and under 20.
We also corrected for interstellar reddening,
which happens when interstellar debris such as dust
preferentially scatters blue wavelengths of light,
thereby reddening the light that we see through our
telescope from Earth. We used the WEBDA database
to find the appropriate correction factor for NGC
1662, which was 0.304. We subtracted this value
from all of our B-V mag values (Paunzen et. al.
2020). The calibrated and corrected CMD’s are
shown in Table 1.
In order to determine the age of the cluster, we
found the spectral class of the bluest remaining star.
The hottest, bluest stars (Type O) have shorter
lifespans than cooler stars. Therefore, the age of the
cluster can be approximated by the lifespan of the
bluest remaining star. From the calibrated and
corrected CMD, the bluest star remaining had a BVmag value of about -0.18. Using the conversion
equation in Figure 3, this translates to about 13,000
degrees Kelvin. This temperature corresponds to a

spectral Type A star. Since A-type stars have
lifespans of about 400 million years, we conclude
that NGC 1662 is also about 400 million years old
(Australian Telescope National Facility, 2019).
From this, we can infer that a gas cloud present
400 million years ago contained an abundance of
heavy elements and was the origin of the NGC 1662
(Reddy et. al, 2015).

Figure 3. Equation used to convert B-V mag values into
temperature in kelvin.

7. Future Work
Our understanding of the origin of NGC 1662
might be extended using spectra of the red giants in
the cluster in order to confirm past work.
Alternatively, photometry from additional LCO
filters could be input into Pysochrone, a stellar
modeling program from Our Solar Siblings. This
would give further information about the composition
of stars in the cluster. Additionally, it would be
interesting to investigate the impacts of red giants and the capacity for black holes - within open
clusters.
Similar studies can also be done in order to reach
broader conclusions about open clusters in our
galaxy. All clusters are different, so it would be
interesting to compare the population of NGC 1662
to that of another open cluster.

8. Conclusion
Using images requested from Las Cumbres
Observatory and photometry obtained from Our Solar
Siblings pipeline, we observed and investigated the
open cluster NGC 1662. The GAIA and APASS
catalogues were used to calibrate our star magnitudes
and to confirm cluster membership using the parallax
and proper motion values of the stars. We created a
representative Color Magnitude Diagram (CMD),
which revealed the spectral classes of the stars within
NGC 1662 as well as the cluster’s age. This work
can inform further research on the composition of
stars in this cluster and the gas cloud from which it
formed. We compared our research to what was
previously known about our cluster, confirming the
age of NGC 1662 through the spectral class of its
hottest star.
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Coords

APASS
Mags

ADU
Counts

B: 9.47
V: 9.30

B: 2765470
V: 2615687

B: 11.53
V: 11.08

B: 393429
V: 408844

B: 11.09
V: 10.72

B: 613158
V: 599275

CMD of NGC 1662

R1
04:48:16+
11:01:05

R2
04:48:27+
10:49:49

R3
04:48:42+
10:59:33
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R4
04:48:01+
10:57:11

B: 10.49
V: 10.14

B: 1040577
V: 1001197

Table 1: The coordinates, APASS magnitudes, and image ADU counts of the reference stars used.
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Abstract
Double stars with a dim, high delta-magnitude companion are difficult to resolve and measure, and are therefore
often neglected despite their high abundance in the galaxy. We measured fourteen of these dim, high deltamagnitude doubles, some from the WDS and some discovered by Gaia but never studied before. Although all of
our systems’ components have similar parallax and proper motion, many have only a few observations other
than what is presented here, making them historically neglected. To resolve the systems, we use PixInsight and
AstroImageJ to perform image stacking. Using the measurements from Gaia Data Release 2, we present an
escape velocity estimate to assess the likelihood of a system being gravitationally bound. A Monte Carlo method
is employed to characterize the error associated with this calculation.

1. Introduction
Double stars containing red dwarfs are
interesting because their abundance within our solar
neighborhood implies a similar abundance within the
galaxy (Wasson, 2020). Because the component stars
often differ greatly in brightness, they can be difficult
to capture in the same image. We studied 14 such
systems, identified by the GDS1.0 tool as double
stars with similar parallax and proper motion (Rowe,
2018).
For each of the systems studied here, we assess
the likelihood that its components are gravitationally
bound by comparing the system escape velocity to
the relative velocity of the stars. However, both
escape velocity and relative velocity are approximate
because of the many estimates involved (Caputo,
2020). Therefore, in order to evaluate the error on
both escape velocity and relative velocity, we sample
the input variable distributions using a Monte Carlo
technique.

2. Imaging
Our 14 pairs were imaged using a ZWO ASI
1600mm camera attached to a 6-inch classical
Cassegrain along with an Astronomik IR pass 742nm
filter. To increase the signal to noise of the
secondary star without increasing exposure time, the

images were aligned relative to a reference starfield
using PixInsight, imported into AstroImageJ, and
stacked before measuring. Each pixel in the
composite image has the average brightness of the
pixels in the component images. Because brightness
fluctuations due to noise are random, this has the
effect of averaging out the noise without making the
stars themselves appear brighter, as shown in Figure
1.

Figure 1: Image of a pair at 03h12m05s +65d05m04s with
magnitudes 7.3 and 12.3, before and after stacking in
AIJ.

3. Escape and Relative Velocities
With Gaia DR2 parallax, proper motion (PM),
and radial velocity measurements available for many
systems, we can evaluate the probability that two
stars are gravitationally bound by comparing the
system escape velocity to the three-dimensional
relative velocity of the stars. Escape velocity is
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2𝐺𝑀

calculated as √

𝑅

, where R is the three-dimensional

separation of the stars and M is the total mass of the
system (estimated from the mass-luminosity
relationship). Relative velocity is computed from
proper motion, parallax, and radial velocities where
available.
As an example, one of our targets was STF
326AB. Its relative velocity (3060 m/s) exceeds its
escape velocity (1100m/s) by approximately a factor
of 3, implying that its component stars do not have a
gravitational relationship. However, STF 326AB
actually does have a decent chance of being bound,
as will be shown below.

4. Monte Carlo
To evaluate the error on escape and relative
velocity, 1,000,000 values for each input parameter
(separation, parallax, proper motion, radial velocity,
and luminosity) were selected randomly from their
corresponding distributions. For STF 326AB, the
primary and secondary stars have parallaxes 44.37 ±
0.05 mas and 44.38 ± 0.07 mas. Because the identity
of the star closer to Earth occasionally switches
between the primary and the secondary, the
distribution of separations has a spike for small
separations, as shown in Figure 2.

difficult to measure, such as red dwarf binaries, and
evaluating their likelihood being gravitationally
bound using a Monte Carlo error analysis.
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The distributions of escape velocity and relative
velocity
are
also
often
similarly
asymmetric. Because of this, the region of overlap
between the 95% confidence intervals of escape
velocity and relative velocity is determined by
ordering the values output by the Monte Carlo and
taking the center 95% of the distribution. STF
326AB has a significant overlap of its escape velocity
and relative velocity distributions, implying that it
might be bound despite the seemingly large
difference between these values. This analysis was
applied to all 14 of our systems.

5. Conclusion

Figure 2: STF 326AB Distribution of Separations

These methods provide a means of observing
double star systems that previously have been
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Recovery of Asteroids Using Synthetic Tracking and
Modern GPU Hardware
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Abstract
Approximately 2100 Near Earth Objects (NEOs) are discovered each year. Nine out of ten are discovered at
magnitude 19 and fainter. The conventional wisdom for those interested in discovering such objects has been
that aperture is king. However, a relatively new concept -- synthetic tracking -- enables the discovery and
recovery of such objects even with amateur-class telescopes. At the time of its introduction in 2013, it was
largely dismissed as impractical due to the required computing power. Fast-forward seven years later to 2020,
and graphics processing unit (GPU) hardware is now 10x faster at half the cost. Furthermore, the amateur
astronomer now has access to full frame CMOS cameras that permit short exposures with low read-out noise.
Finally, the new Rowe-Ackermann Schmidt Astrograph (RASA) telescopes offer an optimal pairing with the
smaller pixels commonly encountered in modern CMOS cameras. Combining all three of these recent
advancements leads to an exciting new frontier in the world of minor planet research and discovery.

1. Introduction
On January 22, 2020 an amateur astronomer
discovered 2020 BW8, a Near Earth Object (NEO)
approximately 21 meters in size within ten lunar
distances of the Earth (MPEC 2020-B194). This was
a full three days before it was reported by the
professional surveys. At the time of discovery, it was
observed at magnitude 19.8 and moving at 4.8
arcseconds per minute (“/min). The setup was that of
a C14 telescope in Hyperstar configuration, and
synthetic tracking was performed on 60 exposures
taken of the same field, with each exposure being 60
seconds in duration. Of additional note is that this
astronomer had just received a Minor Planet Center
(MPC) observatory code one month prior to the
discovery.
The concept of synthetic tracking as it relates to
the discovery of minor planets can be traced as far
back as 2013 when Dr. Shao of the Jet Propulsion
Laboratory (JPL) published a paper detailing how
one could conduct a blind search using the “shiftand-add” technique that is more commonly used for
asteroid recovery (Shao, 2013).
Shift-and-add refers to the concept of taking a
sequence of images and “shifting” them a certain way
and then stacking (or “adding”) them together. It is
most commonly used to recover objects having
known motion. But with synthetic tracking, a
sequence of exposures can be shifted and stacked in
thousands of different ways to detect objects having a
wide range of motion. As might be expected, this
process is rather computationally intensive, and noted
as such in the 2013 paper. But the GPU used at the

time was a Tesla K20c, which cost $3200 and
achieves a score of only 12k on the CUDA
benchmark. In contrast, today one can acquire an
RTX 2080 Ti GPU for around $1200 that achieves a
score of 162k on the CUDA benchmark –
approximately 13.5x faster.

Figure 1. 2020 BW8, Discovered with Synthetic Tracking

Another paper published in 2015 by Dr. Heinze
demonstrated the efficacy of synthetic tracking
(referred to as “Digital Tracking” in the paper) in
discovering main belt asteroids (Heinze, 2015). In
this example, 215 asteroids were found over a twonight period using the 0.9m WIYN telescope.
However, the software they used worked with CPU
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(Central Processing Unit) rather than GPU
algorithms, and consequently took 50 days to process
the data at a rate of 8.1x1011 vector-pixels per hour.
For comparison, a single RTX 2080 Ti achieves a
processing rate of 1x1014 vector-pixels per hour, or
120 times faster.
In 2018, a single night of observing time was
rented on a 127mm refractor. Even with this small
telescope, it was possible to detect over 281 asteroids
in a single 3x3 degree field of view, using synthetic
tracking on a set of 50 three-minute exposures
(Parrott, 2019b). The SNR improvement enabled the
detection of very faint asteroids, including one that
was detected at magnitude 20.8 – which is quite good
for only 127mm of aperture. For comparison, using
the conventional technique (which detects moving
objects from four exposures), only 53 asteroids were
detected.

extracting all objects from each of its (typically four)
exposures and has to then determine if there is
consistent motion from one frame to the next for each
extracted object.
The result is that even the professional surveys
avoid crowded star fields such as those near the
galactic plane. But synthetic tracking does not have
this shortcoming – it processes the entire field on a
per-pixel basis independent of the number of stars in
the image.
Processing time is only one factor for crowded
fields. The actual ability to detect the moving objects
is another. In a crowded field, the probability that a
moving object will pass in front of a star is much
higher than otherwise. This reduces the likelihood
that it will be detected by the conventional technique
when it is indistinguishable from a star on one (or
more) of the four frames.

2. Concept
Those who have used the “shift-and-add” (or
track-and-stack) technique to recover faint asteroids
should be familiar with the improvement in signal-tonoise ratio (SNR) achieved with the process. When
the motion of the asteroid is known in advance, the
images are simply aligned accordingly and then
subsequently stacked. The resulting stack shows a
nicely recognizable object compared to what would
otherwise appear to be noise on a single exposure.
The motivation behind synthetic tracking is to extend
this concept one step further so that one can improve
the SNR of objects having unknown motion. On the
surface, one simply generates thousands of “trial
stacks”, with each stack exploring a different motion
vector. One then iterates over these trial stacks and
extracts candidate detections.
Finally, these
candidate detections are then sorted by a quality
metric.

Figure 2. Trial Stacks of the Same Object.

3. Comparison with Conventional
Technique
The clearest advantage of synthetic tracking is
that it offers a massive improvement in SNR.
Whereas the conventional technique is limited to the
SNR of a single exposure, synthetic tracking can
dramatically improve the SNR of an object by
selecting the optimal trial stack generated for that
object. And the selection of optimal trial stack is
done automatically, without the need for user
intervention.
Another advantage for synthetic tracking is that
it is much less impacted by the number of stars in the
image. The conventional technique operates by

Figure 3. Average Combine in Crowded Field.
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tracking algorithm, and it is able to clearly show a
moving object while suppressing the interference
from stationary objects.
For an astrometry program, the ability to detect
objects is only one part of the equation. The other
aspect, and just as important, is the ability to
accurately measure the objects.

4. Evaluation of Astrometry
Measurements
Astrometry is concerned not just with the
position of an object but also its associated time
information.
Therefore, in order to accurately
evaluate the quality of the measurements generated
by the Tycho software, one must have a dataset that
takes into account both position and timestamp data.
One such dataset was generated by examining a set of
25 NEOs imaged by four different observers. Each
of these NEOs were originally measured using
another astrometry program (Astrometrica). Then,
the data were reprocessed in Tycho and new
measurements were generated. This provides the
basis to evaluate the quality of the measurements on
objects having a wide range of position and timing
information. Refer to Figure 6.

Figure 4. Single Exposure, Same Field.

Figure 5. Synthetic Tracking, Same Field.

In comparison, with synthetic tracking, the trial
stacks that it generates are quite effective at filtering
stationary objects, thus allowing it to perform much
better at identifying moving objects even in crowded
fields.
As one example, consider the typical “average”
combine that one might ordinarily perform with the
‘track and stack’ approach. An example of this is
shown in Figure 3. With this stack, it is virtually
impossible to detect the moving object due to the star
interference. Also compare with that of a single
exposure, shown in Figure 4. Again, the object is
indistinguishable from the stars in the image.
Finally, consider the stack shown in Figure 5.
This is a trial stack generated by the synthetic

Figure 6. Measurements of 25 NEOs.

In order to evaluate the quality of a
measurement, a residual is computed. Residuals
indicate how far the measurement deviates from the
expected value. In order to more accurately compute
the expected value, the measurement, along with
those produced by other observers of the same NEO,
are combined into a single file. This file is then
loaded into the FindOrb software (developed by Bill
Gray) which is then able to compute the residuals for
each measurement. The chart shown in Figure 6
indicates the residuals associated with the
measurements generated by both Astrometrica and
the Tycho software. As three measurements were
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generated for each of the 25 NEOs, the highest
residual is selected among the three. The unit is that
of an arcsecond; thus, a residual indicates the
deviation from the expected value in arcseconds, and
therefore a lower residual is preferred. As can be
seen from Figure 6, the Tycho software is able to
produce very accurate astrometry measurements,
especially in relation to the Astrometrica software
which is also considered a sort of “gold standard”
among those in the field.

As before, the same image data is presented to
both programs. Figure 7 presents a histogram of the
delta magnitudes achieved with the Astrometrica
software, and Figure 8 presents a histogram of the
delta magnitudes achieved with the Tycho software.
Both programs produce comparable histograms,
indicating that the Tycho software is able to produce
photometry information that is on par with the
Astrometrica software.

6. Dwell Time and Limiting Magnitude

5. Evaluation of Photometry
Measurements
While the astrometry portion of an asteroid
measurement is critical information, it is also
desirable to achieve good photometry information
when possible.
In this test, an evaluation of the photometry
measurements is achieved by taking an image and
sampling hundreds of catalog stars. Thus, one is
aware of the true magnitude, and the corresponding
measured magnitude. From this one computes the
delta magnitude, and similar to the residual described
earlier, a lower value is preferred.

Figure 7. Delta Magnitude, Astrometrica.

Figure 8. Delta Magnitude, Tycho.

A 2018 paper by M. Shao et al indicates that a
28cm telescope can achieve a limiting magnitude of
approximately 20.5 using a sequence of 100
exposures, each five seconds in duration (Shao,
2018).
A 36cm telescope would yield a 0.5
magnitude improvement, and in conjunction with 790
seconds total exposure versus 500 seconds, it would
therefore achieve an overall limiting magnitude of
21.5.

7. Economic Comparison
Synthetic tracking outperforms the conventional
technique not just in terms of detection but also in
economic terms. In order to detect fainter objects
with the conventional technique, one must increase
the aperture of the telescope. As is known, the cost
of aperture increases exponentially with the diameter
of the mirror.
But with synthetic tracking, one can (to a point)
increase the dwell time on the field to detect the
fainter objects. Again, this is not the same as simply
increasing exposure time (as otherwise the asteroids
would streak), but instead amounts to taking more
exposures to increase overall dwell time. Discussion
of the limits of dwell time can be found in the paper
by Heinze, where it is shown that one can improve
SNR by a factor of ten with synthetic tracking
regardless of orbit class (NEO, MBA, or TNO).
Having increased the dwell time per field, the
immediate downside is that sky coverage is reduced.
However, it is more economical to have an array of
smaller telescopes than it is to have one giant
monolithic telescope. In order to fully appreciate
this, some numbers are provided.
As an example, the Catalina Sky Survey operates
three telescopes. Telescopes G96 and 703 are used
for survey purposes, and I52 is used for follow-up.
Since G96 outperforms 703 in discoveries, it will be
used as the comparison telescope.
It takes G96 approximately 120 seconds to
capture four 30-second exposures, each centered on
the same field. Each field is 5.0 square degrees of
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sky coverage.
The limiting magnitude is
approximately 21.5. The efficiency of this system
can be said to be 120 seconds/5.0 square degrees or
24.0 seconds per square degree of sky coverage.
For comparison, a RASA 14 telescope paired
with an IMX455 sensor can cover 4.5 square degrees
and reach the same limiting magnitude (21.5) in 790
seconds (refer to section “Dwell Time and Limiting
Magnitude”). Thus, it has an efficiency of 790
seconds/4.5 square degrees or 176 seconds per square
degree.
It can be seen from these numbers that the
synthetic tracking system can achieve comparable
efficiency by having an array of 8 small telescopes
(from 176/24). The cost for each telescope subsystem is derived from that of a mount ($10k), the
RASA telescope ($14k), and camera ($6k). This
brings the initial cost for the array of telescopes to
$240k. Computer resources, including the GPU
hardware, are required to process the data, so one can
budget $15k of hardware per subsystem, bringing the
total to $360k. A roll-off roof can also be used to
house the 8 telescopes, thereby avoiding the large
expense of an observatory for each subsystem and
distributing the cost of the structure across the 8
instruments. This could be budgeted for $500k,
bringing the total to approximately $860k.
The above outlines the cost for a synthetic
tracking system that would achieve the same sky
coverage and limiting magnitude as that of G96, one
of the most efficient survey systems based on data
from 2019. Given that G96 is a 1.5m instrument
paired with a custom 111 mega-pixel camera, its cost
likely exceeds that of the above by a factor of ten.
An additional point of comparison is F51, which
held the number one spot in 2019 with just a few
more discoveries than G96. F51 is also more
commonly known as PanSTARRS, or alternatively
PS1, since there is also F52 which provides a second
survey instrument. Regarding F51, it has a slightly
larger mirror than G96, 1.8m versus 1.5, and it
reaches a limiting magnitude of 22.7 versus 21.5. It
also has a slightly larger field of view at 7 square
degrees compared to 5 square degrees. Sources
indicate a cost of $25 million per instrument for the
PanSTARRS survey (Beatty, 2010). Accordingly,
this would make a synthetic tracking survey
approximately 25x more cost-effective, since at
$860k it would deliver results that are on par with
G96 and by extension F51. This also means that a
synthetic tracking survey could be scaled up to
deliver an order of magnitude more discoveries at
comparable cost.
In addition to the cost-effectiveness described
above, an array comprised of commercial off the
shelf (COTS) telescopes offers additional advantages.

For one, it can be scaled up easily, and the roll-off
structure could be designed to accommodate more
than just 8 instruments. Alternatively, one could
install multiple 8-instrument surveys across different
geographic locations with different weather patterns
to offer better coverage. Finally, one could also
optimize different segments of the array for different
classes of targets depending on object speed, rather
than using a single exposure time with a “one-sizefits-all” approach. For example, PanSTARRS maxes
out at 10 degrees per day, equivalent to 25”/min (Do,
2018).
As a side note, Figure 9 also shows the
importance of limiting magnitude. Even though the
703 survey telescope at Catalina has a significantly
larger field of view than G96 (20 square degrees
versus 5), it also has a much lower limiting
magnitude at 19.5 versus 21.5. Consequently, it
ranks #4 at only 161 discoveries compared with 901
discoveries for G96. Thus, the ability to reach
magnitude 21.5 using COTS hardware is a key part
of what makes synthetic tracking an optimal survey
technique.

Figure 9. Comparison of Survey Performance.

8. Discovery of Comets
A survey comprised of an array of smaller
telescopes would also be more adept at discovering
comets. This is because comets are generally
discovered near the Sun. Consider the following
excerpt (Walthert, 2015):
“That is because, for all their power, the big
professional telescopes do have limitations that
amateurs do not. For example, the big scopes cannot
examine objects that are too close to the Sun, which
could damage their sensitive (and expensive) optics.
Amateurs, on the other hand, can do whatever they
want with their telescopes without worrying about
damage to $100 million instruments—the expected
cost for the four Pan-STARRS scopes.”
Combined with synthetic tracking, the smaller
instruments would be able to simultaneously achieve
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comparable sensitivity to that of the larger
instrument, while also being more immune to
saturation that could damage their optics, thus
permitting discovery of comets that are fairly close to
the Sun.
A further advantage is that because synthetic
tracking uses a series of dozens of exposures per
field, as opposed to just three or four that are used by
the conventional process, a single bad exposure does
not render the field unusable. Contrast this with the
conventional technique, where each of the four
exposures must be of good quality for the detection
algorithm to return valid results. This is becoming of
increasing importance with the advent of satellite
constellations.

9. Hardware Implementation
One can implement synthetic tracking in a
number of ways. From a hardware standpoint, there
are three main different approaches. The first of
which is to design the algorithms purely for central
processing unit (CPU) support. This offers the
slowest approach as mentioned earlier. Second, one
can use graphics processing unit (GPU) hardware
which offers, at minimum, a 20x improvement in
speed. Finally, one could also implement it with a
field programmable gate array (FPGA) system, which
is also faster than CPU, but not typically faster than
GPU at the same price level.
The latter approach has been tested by a team in
Japan by Yanagisawa, using a Nallatech H101PCXM FPGA board.
According to the paper
(Yanagisawa, 2019), it was able to process 2.2e12
vector-pixels in 14 minutes, or approximately 9e12
vector-pixels per hour. Modern GPU boards are able
to process at a rate of approximately 1e14, or about
ten times faster.
A modern FPGA would likely achieve better
performance numbers (the H101 uses an older
Virtex-4 FPGA), but also at much greater cost. It is
not uncommon for the higher-end FPGA boards to
cost in excess of $8000, whereas a top-end GPU such
as the RTX 2080 Ti costs around $1200.
Finally, GPUs are also more flexible than
FPGAs. Adopting a different algorithm is as simple
as loading a different code file. But with an FPGA,
the logic gates have to be designed and configured to
suit a particular algorithm, which is a project in itself.
However, this specialized design does give FPGAs
one advantage, which is that they are typically more
power efficient than GPUs.
In brief, a GPU offers the highest performance at
lowest cost, while also providing the greatest
flexibility. Consequently, it is preferable to use
GPUs for synthetic tracking, as processing time must

be minimized to enable quick follow-up of NEO
detections.

10. Stacking Technique
Another aspect of synthetic tracking that bears
mentioning is the stacking algorithm itself. While it
has been discussed at a high-level throughout this
paper, the actual stacking process is a detail that can
greatly impact the results.
In the Shao paper, they use “add and mean”,
which delivers a stack comprised of images that have
been added together, producing an average pixel
value.
In comparison, both Heinze and Yanagisawa use
median combine. This delivers a much better result
because it can eliminate false positives much more
effectively. This is also the approach that Tycho
uses, in a slightly modified form so as to further
improve detection of moving objects compared to
that of stationary objects (refer to Figure 5).

11. Using Synthetic Tracking for Object
Recovery
Another advantage with synthetic tracking is that
it offers an improvement in the recovery of objects
where the ephemeris information has high
uncertainty. Whereas the standard “track and stack”
approach explores only one motion vector, synthetic
tracking automatically evaluates hundreds of motion
vectors so as to identify the optimal vector associated
with the object. This is particularly useful when
there is high uncertainty in the motion of the object.
This can occur when the object is discovered on one
night and then the subsequent night has poor weather
conditions, causing a delay in acquiring an improved
set of orbital elements, leading to increasing
uncertainty.
Thus, the ability to automatically
generate and evaluate candidate detections from a
wide number of motion vectors can prove immensely
useful in the recovery of otherwise “lost” objects.
Even when the motion of the object has low
uncertainty, synthetic tracking still has yet another
advantage in that it will automatically extract all
objects having that particular motion and rank them
by quality. Consequently, it is not necessary for the
user to manually scan the image.

11.1

Recovery Example #1: 2019 MX1

2019 MX1 is a Mars Crosser asteroid found in
June of 2019 with a 127mm refractor using synthetic
tracking. While it was later linked to a previous
discovery in 2008, it was not known at the time that
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this asteroid had been observed previously -- the
Minor Planet Center “MPChecker” tool indicated no
known previous detections.
It was therefore
desirable to acquire follow-up observations of the
object to further refine its orbit.
A follow-up took place on June 27, 2019. Using
observations from June 4, the resulting ephemeris
indicated an expected motion of 0.93”/min at a
position angle of 340 degrees. It also placed the
object 21 arcminutes away from its actual position,
such that any effort to follow-up the object would
involve scanning a fairly wide area. This may be
acceptable when the object is reasonably bright, but
when it is a faint object, doing such manual scanning
is a challenging endeavor. Figure 10 shows the
recovery of the object, made possible with synthetic
tracking. It can also be seen that the object passed in
front of a star in this field. Despite this, it was still
possible to generate accurate observations due to the
specialized median layer generated by the tracker.
As shown in Figure 11, three observations were
generated of the object, one for each sub-stack. The
highest residual is 0.35” which is well within
tolerance. The residuals were determined by loading
the three observations alongside all other
observations of the object known to date, ensuring an
accurate orbit determination. As before, the FindOrb
software was used for orbit fitting, which is able to
compute orbital elements from a series of
observations formatted in either MPC1992 or ADES
format.

Figure 11. Residuals of June 27 Observations.

11.2

Recovery Example #2: 2019 RC

2019 RC is a Near Earth Asteroid that was found
by ATLAS in 2019. At the time of follow-up, only
the original four observations were known. These
four observations resulted in an ephemeris that
indicated a speed of 3.61”/min and a position angle
of 80.4 degrees. It also placed the object 15
arcminutes away from its true position. But even
manual scanning would have failed, as the indicated
motion was dramatically different from that of its
true motion of 3.16”/min and position angle of 86.4
degrees. Figures 12, 13, and 14 show the detection of
2019 RC using three different motion vectors.
The first detection shown in Figure 11 is that of
the object with its true motion, found only by
iterating over hundreds of candidate motion vectors.
The second detection uses the same position angle
but a speed of 3.3”/min. The object is becoming
unrecognizable. Finally, the third detection is that of
the object using a speed of 3.6”/min. It is no longer

Figure 12. Detection at speed of 3.16”/min

Figure 13. Detection at speed of 3.30”/min
Figure 10. Recovery of 2019 MX1
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synthetic tracking there was no difficulty in detecting
and measuring it.

12. Conclusion

Figure 14. Detection at speed of 3.60”/min

recognizable. This is the same speed computed by
the ephemeris when using the original four
observations of the object. As such, it was not
possible to identify the object using the conventional
“track and stack” technique.
Instead, it was
identified using the synthetic tracking method.

11.3

Recovery Example #3: 2018-103B

2018-103B is the booster used for the Chinese
lunar probe in the Chang’e 4 mission. Images of the
object were taken on September 16, 2019.
Ephemeris generated from observations of the object
one day prior indicated an expected speed of
13.1”/min and position angle of 161.8 degrees.

In a short timeframe, several advancements have
taken place that dramatically improve the viability of
the synthetic tracking technique, both for discovery
as well as recovery. As most of the larger (and
brighter) asteroids have already been discovered, it
becomes clear that one must adopt an approach that
enables the detection of increasingly fainter asteroids.
Furthermore, due to the economics of telescope
aperture, it is optimal to select an approach that can
make use of moderate-sized instruments.
As has been shown, synthetic tracking enables
the detection of very faint objects even when using
such moderate-sized instruments. It also improves
upon the utility of the standard “track and stack”
technique by automatically evaluating thousands of
different motion vectors, enabling the detection of
very faint objects even when the motion is not known
in advance.
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Abstract
SpaceX’s Starlink satellite network promises world-wide high-speed internet access. With up to 42,000 satellites
to be deployed, however, the Starlink satellite network may significantly degrade ground-based astronomical
research and imaging due to trails (e.g., light reflections or emissions) from passing satellites. The difficulty of
removing the effects of satellite trails on night sky images is recognized because accurately identifying satellite
trails is challenging and satellite trails effect not only the brightness measurements of stars they pass in front of
but also the brightness measurements of stars in the vicinity of the satellite trails. Novel algorithms were
developed and coded to accurately identify and remove satellite trails and reduce their effects on photometry.
Platesolving is used to identify stars within an image, and an algorithm is used to determine the radius of each
star identified. Identified star brightnesses are replaced with median nearby image brightness values. Satellite
trails are identified by examining each possible line traversing the image, with recursive sizing using area
interpolation implemented for large images to reduce processing time. Area and/or cubic interpolation is
employed to optimize satellite trail modeling. The code returns to the original image with stars, and a Gaussian
brightness profile is developed for the satellite trail to account for satellite trail effects across the entire image.
The satellite trail is removed by applying the additive inverse of the fitted Gaussian to every pixel in the image.
Significant reductions in the effects of satellite trails on images captured using Earth-based equipment are
observed while improving image photometric accuracy. Additional novel solutions for preserving star
brightnesses directly under the satellite trails are explored.

1. Introduction
SpaceX plans to launch up to 42,000 satellites
into orbit in support of Starlink, a network which will
provide high speed internet access to most locations
on Earth, Bowler (2019). Astronomers are deeply
concerned about the impact of these satellites on
astronomical observations and research, Siegel
(2019). Indeed, some have predicted that the Starlink
network will be the “end of Astronomy,” Hall (2019).
The American Astronomical Society has engaged
SpaceX in efforts to mitigate the effects of such
satellites, but remains concerned:
The American Astronomical Society notes
with concern the impending deployment of
very large constellations of satellites into
Earth orbit. The number of such satellites is
projected to grow into the tens of thousands
over the next several years, creating the
potential for substantial adverse impacts to
ground- and space-based astronomy. These
impacts could include significant disruption
of optical and near-infrared observations by
direct detection of satellites in reflected and
emitted light. EarthSky (2019).
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The present research proposes to mitigate the
effects of satellite trails by developing and
implementing novel algorithms in a Python program
for detecting satellite trails in images and removing
these trails.

2. The Effect of Satellite Trails on
Photometry
If a satellite passes through the field of view of
an imaging telescope, it can result in inaccurate
astronomical measurements for that image.
Particularly affected is image photometry. The
satellite produces a line through the image with a
brightness that is normally distributed as a function
of distance to the center of the line. The trail is
superimposed with all other objects in the image,
causing the image to appear brighter than normal.
However, because the brightness of the trail at a
given pixel in the image varies with respect to the
position of that pixel relative to the trail, some
objects in the image appear artificially brighter than
others.
Since satellite trails alter exactly what
photometry seeks to measure, these trails can
significantly impact photometry measurements.
Generally, if a satellite is observed in an image, the
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image must be discarded. This is an extremely
inefficient use of images, especially as the number of
satellites increases, and is what this paper seeks to
address.

3. Program Overview
The program is divided into segments which are
performed sequentially. The first segment identifies
and removes stars and hot pixels in an image. With
the stars and hot pixels removed, the second segment
identifies the path of the satellite through the image.
The third segment employs the identified path of the
satellite and the original image (with stars) to
determine a Gaussian function that best fits the
brightness of the satellite trail. Finally, the fourth
segment removes the satellite trail from the original
image based on the identified path and Gaussian
brightness function of the satellite trail.
These four segments are described in more detail
below. Several Python packages are used: AstroPy,
Robitaille (2013) and Price-Whelan (2018), and
AstroPy coordinated packages such as Astroquery
and Photutils, Bradley (2019), and packages from the
SciPy ecosystem, Virtanen (2020), such as NumPy,
van der Walt (2011), and Matplotlib, Hunter (2007).

3.1 Removing Stars and Outliers from
image
3.1.1 Star Removal
The first segment of the program begins by
locating and removing the stars in the image. This
step is critical to success. Satellite trails may be
extremely dim relative to the surrounding star field.
Further, because the stars are randomly distributed,
they often appear to form along lines. As a result of
these two factors, the total signal brightness along a
line passing through several bright stars can often
exceed the total signal brightness along the satellite
trail. This makes it difficult to detect a satellite trail
instead of a line of stars, as shown in Figure 1.
Rather than attempting to detect a satellite trail
from within the star field, the present approach
removes the star field and then detects the trail.
A star removal algorithm first identifies the stars
in an image and then iterates through each identified
star and removes it. The program offers users three
options for identifying the stars in an image:
1. Platesolve the image by sending it to the
Astrometry.net server, Lang (2010), and receive a file
from Astrometry.net containing the locations of all of
the identified stars in the image.

Figure 1: An incorrectly identified satellite trail when
stars are not removed. The vertical line indicates the
“trail” the program detected. The line running roughly
diagonally through the image is the true satellite trail.
Note the extremely bright star that the incorrectly
identified trail passes through. This star outshines the
entire true satellite trail, so the algorithm identifies it as
part of the trail.

2. Platesolve the image by sending it to the
Astrometry.net server and receive a file from
Astrometry.net specifying the image’s location and
orientation in the sky. In this case, the program uses
the Astroquery package to query the Gaia star
catalogue for the locations of stars in the image. This
produces many more stars than the previous method,
and is the star removal algorithm’s default method.
3. Accept an already platesolved image. In this
case, the program once again uses the Astroquery
package to query the Gaia star catalogue for the
locations of stars in the image.
The star removal algorithm then iterates through
each recognized star. It first determines the radius of
each star in pixels. To do so, it begins with a radius r
= 1 and continually increments the radius by 1. For
each r, it selects 50 equally spaced points a distance
of r from the center of the identified star. These 50
points are defined by:
𝑘𝜋
𝑘𝜋
(𝑥𝑘 , 𝑦𝑘 ) = (𝑥𝑐 + 𝑟𝑐𝑜𝑠 ( ) , 𝑦𝑐 + 𝑟𝑠𝑖𝑛 ( )),
25
25
𝑘 = 0, 1, 2, … , 50,

where (xc, yc) is the center of the star. The algorithm
finds the closest lattice point to each (xk, yk)
coordinate pair and calculates the median brightness
of the pixels corresponding to these lattice points. If
this median brightness is greater than the median
brightness of the entire image, the algorithm
concludes that r is smaller than the radius of the star
and continues to increment r. If on the other hand, the
median brightness of the 50 points is less than or
equal to the median brightness of the entire image,
the algorithm determines that the current radius
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Figure 2(a). An example image with each star identified.
Each identified star is surrounded by a circle marking
the detected extent of the star. The two large covered
regions are galaxies.

Figure 2(c). The image from Figure 2(a) with the
potential outliers discovered in the first stage of outlier
detection. Note that the entire satellite trail is marked as
an outlier.

3.1.2 Outlier Removal

Figure 2(b). The image from Figure 2(a) with the
detected stars removed.

marks the edge of the star, and records that the star
has radius r. Figure 2(a) demonstrates an example of
the algorithm’s star fits.
Once the algorithm has determined the radius of
a star, it sets the brightness of all pixels which are a
distance of less than r+1 from (xc, yc) to the median
brightness of nearby background pixels. This process
is repeated for each star identified in the image.
Figure 2(b) shows an example resulting image with
the stars removed.
Note that the median brightness of the image is
used as an estimate of the background brightness of
the image. This is a reasonable assumption, because
the majority of pixels in most astronomical images
are a part of the background.

There are often hot pixels in the image which can
outshine the satellite trail in the same manner as
bright star fields. Thus, it is important to remove
these outlier pixels as well as the stars. The outlier
removal routine used in this program has two stages
of outlier detection. (Note that the stars within the
image have been removed prior to outlier
identification and removal.)
The first stage of outlier detection finds outlier
candidates by determining the number of standard
deviations each pixel is from the mean pixel
brightness. If this brightness difference is more than 4
standard deviations, the pixel is marked as an outlier
candidate. Figure 2(c) shows the flagged pixels
during the first stage of outlier detection.
An issue with this approach to outlier removal is
that the satellite trail may also be very bright
compared to the mean pixel brightness. Accordingly,
the satellite trail is often marked as an outlier and
removed if only the first outlier detection stage is
employed. To remedy this, the outlier candidates
found in the first stage are fed to a second stage.
The second stage of outlier detection determines
which of the outlier candidates are truly outliers. It
does so by comparing each candidate to only those
pixels in the immediate vicinity of the candidate as
opposed to all pixels. For each outlier candidate, the
second stage selects a 5 by 5 grid of pixels (including
the candidate at the center) and computes the average
pixel brightness of this grid, as well as the grid’s
standard deviation. If the candidate’s brightness is
more than 3 standard deviations from the grid’s mean
pixel brightness, the candidate is determined to be a
true outlier. The threshold for the second stage is
lower than that of the previous stage because normal
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3.2
3.2.1

Figure 2(d). The image from Figure 2(a) with the
confirmed outliers shown in blue. Note that the second
stage of outlier detection no longer recognizes the trail
as an outlier.

Detection of Satellite Trails
Trail Detection Algorithm

In the second segment of the program, once the
stars and outliers from the image have been removed,
the image with no stars or outliers is fed into a trail
detection algorithm, which detects the satellite trail in
the image. This algorithm takes advantage of a
unique characteristic of satellite trails: they typically
traverse a large portion of an image. This property of
satellite trails means that although a satellite trail may
not be as bright as other objects in the image field,
the mean brightness along the path of the satellite
trail is likely to be greater than the mean brightness
along any other line through the field, once stars and
outlier pixels have been removed. This observation is
the basis for the following three step trail detection
algorithm:
1. Iterate through each possible line through the
image by selecting an “entrance point” and an “exit
point” for the line. Possible entrance and exit points
can be specified as either each edge pixel or as
evenly spaced edge points which fall between pixels.
Each combination of entrance point and exit point is
fed into step 2.

Figure 3: The image from Figure 2(a) with stars and
outliers removed. Note that the satellite trail clearly
stands out as the most pronounced feature of the
image.

pixels should be close in brightness to their
surrounding pixels, but not necessarily close to the
mean brightness of the entire image. For example, a
pixel in a satellite trail may be much brighter than the
mean brightness of the image but not significantly
brighter than neighboring pixels along the trail. On
the other hand, if the same pixel is much brighter
than its neighboring pixels, then it is likely an outlier.
Figure 2(d) shows a sample image with outliers
confirmed after the first and second outlier detection
stages.
Finally, for outlier removal, the true outliers are
set to the median nearby pixel brightness, in the same
manner as the stars. Figure 3 shows the image with
both stars and outliers removed.

2. Compute the mean and median brightness for
each line corresponding to a combination of entrance
and exit points. If the slope of the line is less than or
equal to 1, the program takes pixel-size steps in the x
direction along the line. If the slope is greater than 1,
the program takes pixel-size steps in the y direction
along the line. The program then averages the
brightnesses of pixel steps along the line to find the
mean and median line brightness. Finally, the
program sums these two values.
3. The program selects the line with the
maximum sum of mean and median brightnesses as
the satellite trail.
The median brightness term is an extra
precaution for hot pixels and bright star fields that are
by chance not removed. A line through two stars or
hot pixels would have a very low median brightness,
making median brightness a good differentiator
between true satellite trails and combinations of
bright areas.
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substituted into the polynomial and the result is
returned.

3.2.3

Figure 4. A Gaussian distribution (1) modeled through
linear interpolation (2) and cubic interpolation (3). Cubic
interpolation better approximates the shape and
maximum location of the Gaussian distribution.

3.2.2

Interpolation

When taking pixel size steps along a line, one
often does not arrive at a pixel, but instead at a point
between pixels. Linear interpolation may be
employed between pixels. However, the Gaussian
distribution of a satellite trail is not accurately
approximated through linear interpolation. In
particular, if the peak of a Gaussian is between two
pixels, linear interpolation will suggest that the peak
is at one of the two pixels (see Figure 4). This can
lead the identified line to be biased toward lattice
(pixel) points. To fix this issue, the program more
accurately determines the brightness of non-lattice
points using cubic interpolation (Figure 4).
Cubic interpolation is performed as follows. The
program contains a PiecewiseCubic class to hold all
interpolation. This class has an __init__ function that
iterates through all possible 4x4 squares of pixels.
Each pixel is assigned coordinates (x, y) with 0 ≤ x ≤
3 and 0 ≤ y ≤ 3. The pixels in each square are used to
find the bivariate polynomial,
𝑝(𝑥, 𝑦) = 𝑐1 + 𝑐2 𝑥 + 𝑐3 𝑦 + 𝑐4 𝑥 2 + 𝑐5 𝑦 2 + 𝑐6 𝑥𝑦 +
𝑐7 𝑥 3 + 𝑐8 𝑦 3 + 𝑐9 𝑥𝑦 2 + 𝑐10 𝑥 2 𝑦 +
𝑐11 𝑥 2 𝑦 2 + 𝑐12 𝑥 3 𝑦 + 𝑐13 𝑥𝑦 3 + 𝑐14 𝑥 3 𝑦 2 +
𝑐15 𝑥 2 𝑦 3 + 𝑐16 𝑥 3 𝑦 3 ,
(2)
that exactly fits the brightness of the pixels in the
square. This polynomial is found using the
numpy.linalg.solve function. The __init__ function
ends by storing all of these polynomials in a 2D list.
After the program creates a PiecewiseCubic, it
can call that object’s call function with points it
wishes to interpolate. The __call__ function first
determines which polynomial to employ. It selects
the polynomial corresponding to the 4x4 square of
pixels that is most nearly centered on the desired
point. Finally, the desired point coordinates are

Recursive Scaling

The satellite trail detection algorithm described
above is time consuming when applied to images of
more than 1000000 pixels. Consider a 1000 by 1000
pixel image, which is still much smaller than most
images. For such an image, 6 · 10002 = 6 · 106 lines
are examined. Assuming that on average the program
examines 500 points per line, in total the brightness
of 500 · 6 · 106 = 3 · 109 points are computed. Each
point requires evaluating a 2-dimensional cubic.
Examining all lines can take several hours on a
standard processor.
To improve speed, the program employs
recursive scaling. If an image includes more than
90000 pixels, the image is scaled down by a factor of
4 on each side. If the resultant image is still too large,
the program scales down the original image by a
factor of 16 on each side. The program continues in
this manner, scaling down sequentially by powers of
4, until the resultant image is less than 90000 pixels.
Then, the program finds the satellite trail in the
reduced-size image using the satellite trail detection
algorithm described above. Next, the program scales
the determined endpoints so that they correspond to
the second smallest image. The program then checks
all lines near the scaled-up trail from the previous
image. The mean brightness of all possible lines are
compared against each other (the median brightness
is no longer needed to ensure that the trail is found).
This rescaling process is repeated until the trail is
identified in the original image (with stars removed).
Sometimes, a bright star or hot pixel may be
located near the corner of an image. In such cases, a
line passing through the corner may appear to be a
satellite trail, as that star or hot pixel creates a high
mean brightness for a line passing through it. To
combat this, the program does not allow lines which
are less than or equal to 40 pixel steps in length.

3.3

Fitting of Satellite Trails

In the third segment of the program, once a
satellite trail has been detected in the starless image,
the program returns to the original image with stars
and determines several properties of the trail. As
discussed in Section 2, the brightness of a satellite
trail is normally distributed as a function of the
perpendicular distance to the trail, with a standard
deviation that does not change significantly along the
length of the trail. The brightness as a function of
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distance along the trail can vary and may be modeled
by a polynomial 𝑏(𝑑∥ ).
Thus, the photon count, 𝑐(𝑑∥ , 𝑑⊥ ), at a point can
be expressed as
2

2

𝑐(𝑑∥ , 𝑑⊥ ) = 𝑏(𝑑∥ )𝑒 −𝑑⊥/(2𝜎 ) ,

(3)

where 𝑑∥ is the distance parallel to the trail, 𝑑⊥ is the
distance perpendicular to the trail, and σ is the
standard deviation of the normal distribution. A
satellite trail can also wobble around a central line of
the trail. This wobble can be fit by a function f
computed using a Fast Fourier Transform, and can be
factored into the transformation from xy coordinates
to 𝑑∥ and 𝑑⊥ (as described further in section 3.4.1).
To fit a Gaussian to the detected satellite trail,
three key modules and four basic steps are employed.
The modules are:

the trail. This means the light from a satellite trail
must be approximated by a complex Gaussian-type
distribution. To simplify this fit, the program first
determines the orientation (see Section 3.2) and
wobble (see Section 3.5.1) of the trail and then
applies a curvilinear coordinate transformation to
convert (x, y) pixel coordinates to the coordinates 𝑑∥
and 𝑑⊥ . These new coordinates represent the
distances from the y-intercept of the satellite trail to a
point, in directions parallel to and perpendicular to
the satellite trail, respectively. This coordinate
transformation advantageously allows the path of the
satellite trail to be described by the simple formula
𝑑⊥ = 0, making subsequent Gaussian fitting
significantly easier.
First assume that the satellite trail has no wobble
and can be approximated by a straight line passing
through the image. Given a line l of the form y = mx
+ b, the transformation to determine 𝑑∥ and 𝑑⊥ is

1. A curvilinear transformation module for trail
wobble and slant.

𝑑∥ =

2. A Fast Fourier Transform module to compute
a fit for the trail wobble as a sum of sines and
cosines.
3. A module with a set of functions to ignore
pixels near identified stars and to interpolate the
desired values of data near these ignored pixels.
Additionally, the piecewise cubic discussed
above is used extensively in the third program
segment.

𝑑⊥ =

2. Compute a more accurate value for the image
background near the trail;
3. Compute and fit a polynomial to the trail
brightness; and
4. Compute the standard deviation of the trail.

𝑦 − 𝑚𝑥 − 𝑏
√1 + 𝑚2

𝑑∥ =

3.4

𝑑⊥ =

Key Modules

(5)

𝑑∥ = 𝑦

(6)

𝑑⊥ = 𝑥 − 𝑥0 .

(7)

𝑥 + 𝑚𝑦 − 𝑚𝑏

(8)

√1 + 𝑚2
𝑦 − 𝑚𝑥 − 𝑏
√1 + 𝑚2
𝑦 − 𝑚𝑥 − 𝑏

Curvilinear Transformations

=

A satellite trail can pass through an image in any
orientation and can wobble around a central line of

and for a vertical line,

√1 +

𝑚2
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Now, suppose that the satellite trail wobbles
around a central line. Instead of having the satellite
trail’s location given by the equation 𝑑⊥ = 0 as it
would if the trail were a straight line, the trail is now
determined by 𝑑⊥ = f(𝑑∥ ), for some function f that
represents the trail wobble. This however defeats the
purpose of having the satellite trail be along 𝑑⊥ = 0.
To remedy this, the program simply subtracts f(𝑑∥ )
from the expression for 𝑑⊥ . For a non-vertical line,

Each of these modules and steps is explored in
greater detail in the following sections.

3.4.1

(4)

√1 + 𝑚2

However, if the line is vertical, m = ∞, which
means that the program cannot use these equations
for vertical lines (without taking limits). If a vertical
line is given by x = x0 , the coordinates are given by

The four basic steps are:
1. Compute and fit a function to the trail wobble;

𝑥 + 𝑚𝑦 − 𝑚𝑏

SAS/AAVSO 39 Annual Symposium Proceeding

− 𝑓(𝑑∥ )
−𝑓(

(9)

𝑥 + 𝑚𝑦 − 𝑚𝑏
√1 + 𝑚2

).

𝑑∥ = 𝑦

(10)

𝑑⊥ = 𝑥 − 𝑥0 − 𝑓(𝑑∥ )
= 𝑥 − 𝑥0 − 𝑓(𝑦)

(11)

This new curvilinear transformation satisfies the
desired condition that the curve 𝑑⊥ = 0 represents the
path of the trail.
The inverse transformation, which converts 𝑑∥
and 𝑑⊥ to x and y is given as follows:
𝑥=

𝑦=

3.4.3

𝑑∥ − 𝑚 (𝑑⊥ + 𝑓(𝑑∥ ))

(12)

√1 + 𝑚2
𝑚𝑑∥ + 𝑑⊥ + 𝑓(𝑑∥ )
√1 + 𝑚2

+ 𝑏.

(13)

These transforms are stored in a module known
as GenerateTrail.py.

3.4.2

Fourier Transform Curve Fitting

In the process of determining a 2D Gaussian fit
for the trail, particularly while fitting wobble and trail
brightness, the program must fit a function to data of
an unknown form. Further, the trail wobble oscillates
rapidly and unpredictably, making it unsuited for a
polynomial fit. At the same time, because of the noise
inherent in images, a standard Fourier transform,
which fits data exactly with no smoothing, also is not
appropriate for the task. As a result, the program
employs a variation on a Fourier transform which
strategically discards frequencies in order to smooth
the fit without losing valuable data.
The program includes a modified Fourier
transform module that first performs a Fast Fourier
Transform (FFT) using NumPy’s FFT module. Then,
using the returned frequencies and amplitudes, the
modified FFT module synthesizes a function which
fits the given data exactly. Next, to remove negligible
terms, the modified FFT module removes all terms
involving a sine or cosine with amplitude less than a
predetermined value (e.g., 0.0000001).
To smooth the exact fit, the modified FFT
module weights each term, with amplitude A and
frequency f, according to the equation
𝑤=

small amplitude are often either unimportant for the
overall fit or only relevant when combined with a
number of other small amplitude terms to create
abrupt changes in the data. Neither of these
contributions is beneficial to a smooth fit. Second,
terms with high frequency are often used to exactly
fit noise and so are undesirable for a smooth fit. The
0.00001 term in the denominator is simply to avoid
division by zero errors which occur with the constant
term in the synthesized fit, which is represented as a
cosine function with frequency 0.

𝐴
.
𝑓 + 0.00001

Functions for Ignoring Stars

During the several fitting procedures used to
create a Gaussian brightness profile for the satellite
trail, stars or hot pixels can interfere with the
brightness fits because they often outshine the
satellite trail. To remedy this, the program uses a
function which detects which points are influenced
by nearby stars or hot pixels.
This function uses the list of stars in the image
found employing the Gaia catalogue. For each star
and each point in question, the function determines if
the point lies within a user specified minDist from the
edge of the star. Similarly, the program determines
which points lie within minDist of any detected hot
pixels. If a point is too close to a star or a hot pixel,
the function marks it false in a separate array.
Further, because some of the trail fitting functions
examine points outside of the image frame, this
function also marks any points outside of the image
frame as false as well. The function then returns the
list of which points are affected by stars or hot pixels,
or are outside the image frame.
For some purposes, such as fitting a Gaussian,
affected pixels can simply be removed. However, a
Fast Fourier Transform requires that its input be
evenly spaced data. To remove the effects of stars or
hot pixels while keeping data evenly spaced, the
program uses a second function, interpolateSignal, to
linearly interpolate between the unaffected values on
both sides of a region with a star or hot pixel.
Figures 5a and 5b show the significant noise
reduction that occurs as a result of detecting and
ignoring points with stars or hot pixels.

(14)

The modified FFT module then removes a user
selected number of terms with the smallest weights.
The weighting balances two factors. First, terms with
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Figures 5(a) (left) and 5(b) (right). Side-by-side
comparisons of trail values before (left) and after (right)
points near stars and hot pixels are ignored.

3.5
3.5.1

Trail Fitting

heavily on the modified FFT module’s ability to
smooth the noise appropriately.
A second approach for determining the location
of a trail at each step appears more robust. Instead of
taking the brightest pixel, the code first computes a
Gaussian cross-correlation integral and then picks the
point with the highest cross-correlation. This
approach examines the same points as the previous
approach. However, it examines them differently. It
first computes a Gaussian with peak 1 and standard
deviation set by the user (default set to 2),
𝑔(𝑥) = 𝑒 −𝑥

2 ⁄2𝜎 2

,

(16)

for x values given by

Fitting Trail Wobble

𝑥 = 𝑑𝑠𝑡𝑒𝑝 𝑗 − 𝑥𝑟𝑎𝑛𝑔𝑒

The code to fit the trail wobble examines equally
spaced steps along the identified satellite trail. The
number of steps is given by the number of pixels in
the larger edge of the image. At each step, the code
uses an algorithm, discussed below, to determine at
what distance from the central line the center of the
satellite trail lies. Once this distance has been
determined, the code invokes the previously
described function (Section 3.4.3) to remove data
points influenced by stars and hot pixels and to
interpolate between points. Finally, the modified FFT
module (see Section 3.4.2) determines a fit for the
wobble function 𝑓(𝑑∥ ) of the trail.
The method for determining the location of a
trail in each step is the essential part of the function
to fit trail wobble. Two approaches were explored. In
a first approach, the method examines points on the
perpendicular to the trail. A discussed above, the
program takes equally spaced steps along the trail. At
each step, given by equally spaced values of 𝑑∥ , this
method examines points with varying 𝑑⊥ . In
particular, it examines the points given by
𝑑⊥ = 𝑑𝑠𝑡𝑒𝑝 𝑖 − 𝑑𝑏𝑜𝑢𝑛𝑑
2𝑑𝑏𝑜𝑢𝑛𝑑
0≤𝑖≤
,
𝑑𝑠𝑡𝑒𝑝

0≤𝑗≤

2𝑥𝑟𝑎𝑛𝑔𝑒
𝑑𝑠𝑡𝑒𝑝

,

(17)

where 𝑥𝑟𝑎𝑛𝑔𝑒 , chosen by the user (default set to 2),
marks the range of x values at which the Gaussian is
evaluated. Next, for each 𝑑⊥ , the program evaluates
2𝑥𝑟𝑎𝑛𝑔𝑒
𝑑𝑠𝑡𝑒𝑝

𝑐𝑜𝑟𝑟(𝑑⊥ ) = ∑ [𝑏(𝑑∥ , 𝑑⊥ − 𝑥𝑟𝑎𝑛𝑔𝑒 + 𝑑𝑠𝑡𝑒𝑝 𝑗)
𝑗=0

∙ 𝑔(𝑑𝑠𝑡𝑒𝑝 𝑗 − 𝑥𝑟𝑎𝑛𝑔𝑒 )].

(18)

This numerically approximates the cross-correlation
integral of the trail brightness and 𝑔(𝑥). Finally, for
each 𝑑∥ , the program selects the 𝑑⊥ with the highest
cross-correlation.
Figure 6 shows the computed wobble and
wobble fit for a sample image.

(15)

or, in other words, equally spaced points between
−𝑑𝑏𝑜𝑢𝑛𝑑 and 𝑑𝑏𝑜𝑢𝑛𝑑 , separated by a distance 𝑑𝑠𝑡𝑒𝑝 .
The user may pick 𝑑𝑏𝑜𝑢𝑛𝑑 and 𝑑𝑠𝑡𝑒𝑝 , but their default
values are 5 and 0.1, respectively. The code then
selects the brightest point as the location of the trail,
and uses (𝑑∥ , 𝑑⊥ ) as a data point for the curve fitting.
While this method works, the inherent noise in
images makes the estimated position of the trail at
each step noisy. As a result, the approach relies

Figure 6. The determined wobble for the image in Figure
2a with its corresponding fit (shown in orange)
computed using Fourier synthesis.
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3.5.2

Background Approximation

The background approximation employed in
previous steps is too inaccurate to be used to
determine trail brightness. As a result, after fitting
trail wobble, the program more accurately fits the
image background. To do so, the program performs a
curvilinear transformation on all pixels in the image,
and then chooses the points with 10 ≤ 𝑑⊥ ≤ 20. Next,
the program removes the pixels which are too close
to stars and hot pixels. The program then averages
the brightness of all of these pixels to determine a
more accurate value for the image background.
Figure 7 shows the computed background pixels
and mean background for a sample image.

Figure 8. The determined trail brightness for the image
in Figure 2(a) with its corresponding fit (shown in
orange).

Another alternative being explored to reduce
noise is use of a Gaussian cross-correlation approach
similar to that for fitting the trail wobble.

3.5.4

Figure
7:
The
determined
background
pixel
brightnesses and overall background estimation (light
blue line) for the image in Figure 2(a).

3.5.3

Brightness Fitting

Next, the program determines a function that
approximates the peak brightness of the trail. To do
so, it performs an inverse transformation on the curve
defined by 𝑑⊥ = 0 to determine the points directly on
the satellite trail. It then takes as many equally
spaced steps along the trail as there are pixels in the
larger edge of the image. Then, at each step, the
program measures the brightness and stores the
brightness and 𝑑∥ as a data point. Finally, the
program identifies and interpolates over points that
are affected by stars or hot pixels, and fits a fifth
degree polynomial, 𝑏(𝑑∥ ), to the brightness.
Figure 8 shows the computed trail brightness and
brightness fit for a sample image.

Standard Deviation Fitting

After brightness fitting, the program determines
the standard deviation of the satellite trail. To do so,
the program performs a curvilinear transformation on
all pixels in the image, and then chooses only the
points with 𝑑⊥ ≤ 5. Next, the program removes the
pixels which are too close to stars and hot pixels.
Then, the program divides each pixel brightness by
b(𝑑∥ ), the fitted polynomial brightness calculated in
Section 3.5.3. Finally, the program fits a Gaussian in
𝑑⊥ with peak height of 1 to the pixels and determines
the fitted value of σ.
Figure 9 shows the determined trail pixels and
Gaussian fit for a sample image.

Figure 9: The Gaussian fit (shown in light blue) for the
satellite trail from the image in Figure 2(a).

3.6 Removing Trail
Finally, in the fourth segment of the program,
after fitting the trail wobble 𝑓(𝑑∥ ), the trail brightness
𝑏(𝑑∥ ), and the trail standard deviation σ, the program
coordinate transforms each pixel in the image using
wobble function 𝑓(𝑑∥ ). The program then computes
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the brightness of the trail at each pixel according to
the formula
𝑐(𝑑∥ , 𝑑⊥ ) =

𝑑2
− ⊥2
2𝜎
𝑏(𝑑∥ )𝑒
.

(19)

Finally, the code subtracts the calculated
brightness pixelwise from the image.

4
4.1

Results
Astrophotography Results

Figures 10(a) – 10(d) demonstrate a comparison
of images before and after satellite-trail removal
using the program described in this paper. Visually,
the code is effective at removing signs of satellite
trails in images.

Figure 10(c). A second image with a satellite trail.
(Courtesy of Ryan Caputo).

Figure 10(d). The image of Figure 10(c) with the satellite
trail removed using the program described in this paper.
Figure 10(a). A first image with a satellite trail. (Courtesy
of Ryan Caputo).

Figure 10(b). The image of Figure 10(a) with the satellite
trail removed using the program described in this paper.

4.2

Photometry Results

Whether or not the program preserves image
photometry is a key indicator of the program’s
effectiveness for scientific purposes. To test
photometry, two images of the same region of the sky
were examined: one image with a satellite trail, and
one image without a trail (taken before the satellite
traversed the star field). The satellite trail removal
program described above was applied to the image
with the satellite trail to generate a third image with
the satellite trail removed. Next, the photometry of
stars near the satellite trail in all three images was
determined and compared using aperture photometry.
Although the current version of the code is still
in development, the previous version, which did not
fit trail wobble, proved very effective at improving
image photometry (see Figure 11). Accounting for
wobble should further improve the result below.
To compare the three images discussed above,
the percent photometry error between the image with
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the trail and the image without the trail was
determined for nine stars. Similarly, the percent
photometry error between the image with the trail
removed and the image without the trail was
determined. Figure 11 shows a comparison between
the two photometry errors.

Figure 11: The percent photometry error for both an
image with a satellite trail and the same image with the
satellite trail removed. Note that the mean percent error
is 9 times less for the image with the trail removed than
for the image with the trail, and the standard deviation of
the percent error is 2 times smaller for the image with
the trail removed than for the image with the trail.

As shown in Figure 11, the mean percent error is
9 times less for the image with the trail removed than
for the image with the trail. This demonstrates that
the program significantly reduces photometric error
caused by satellite trails. Similarly, the standard
deviation of the percent error is 2 times smaller for
the image with the trail removed than for the image
with the trail. Although less direct, this demonstrates
greater photometric precision for the image with the
trail removed.
A more detailed test of the code’s functionality is
to determine the error in the photometry with no trail
and whether the photometry of the image with the
trail removed is within that expected error. This
typically requires multiple images without a satellite
trail to determine the intrinsic photometric error, and
these images were not available at the time of testing.

5. Further Research
There are several avenues for further research
which focus on improving different parts of the
program:
• The program to fit the trail standard deviation
and the program to remove the satellite trail could be
modified to use an integrated Gaussian, instead of a
standard Gaussian. This is a more realistic fit,
because the satellite trail is Gaussian at the sub-pixel

level. The use of integrated Gaussians is discussed in
the documentation for Bradley (2019).
• The code to remove stars and outlier pixels
may be upgraded to address galaxies. While
removing circular portions of an image works well
for stars, it is less optimal for galaxies. Galaxies are
rarely face-on and circular; instead they appear
elliptical. Adding functionality to the star removal
code which specifically searches for known galaxies
in the image and removes them using ellipses, could
further improve the ability of the program to find
satellite trails.
• Code to more carefully remove the effects of
very large galaxies and nebulae may be implemented.
Removing galaxies and nebulae by replacing the
relevant pixels by the median brightness of the image
is extremely effective for small deep-sky objects.
However, if galaxies or nebulae fill most of an image,
replacing these objects by the median brightness
could remove most of the satellite trail. An algorithm
which addresses such images by determining a
brightness profile for each galaxy or nebula using
either deep learning or a polynomial fit may greatly
improve the code’s functionality for these types of
images.
• Functionality may be added which addresses
satellite trails that do not pass fully through the
image.

6. Conclusion
Algorithms have been implemented in Python
code that automatically detect and remove satellite
trails from night-sky images. In processed images,
evidence of satellite trails is difficult to detect
visually, and photometric accuracy is significantly
improved. Notably, only a single image is required
for satellite trail removal.
The program first preprocesses a given image by
removing stars and hot pixels. Second, the program
determines the location of the satellite trail in the
image by examining each line in the image and by
using recursive scaling to improve processing speed.
Third, the program fits the satellite trail wobble,
brightness, and standard deviation using Gaussian
cross-correlations, curvilinear transformations, and
Fourier Transforms. Fourth, the program computes
the values of the fitted trail Gaussian for all pixels
and subtracts these values from the image pixels.
Key aspects of the program include:
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Removing stars and hot pixels from the
image to greatly improve satellite
detectability.
Testing all possible lines through the image
for satellite trails.
Using a piecewise bivariate cubic fit for
interpolation instead of linear interpolation
for more accurate Gaussian approximation.
Recursively scaling images to greatly reduce
processing time.
Fitting satellite trail wobble using Gaussian
cross-correlation to reduce fit noise.
Using a modified Fast Fourier Transform for
improved fits.
Using curvilinear transformations to flatten
the satellite trail.
Ignoring points influenced by stars or hot
pixels to improve trail fits.

Although the current version of the code, which
adds satellite trail wobble fitting, is still in progress, a
previous version has been shown to significantly
improve image photometry. Accounting for satellite
trail wobble should further enhance photometric
results.
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Abstract
Due to the efforts by NASA's Kepler and TESS and numerous ground-based surveys, there will be hundreds, if
not thousands, of transiting exoplanets ideal for follow-up spectroscopic atmospheric characterization. However,
over time their ephemerides could become so increasingly uncertain that significant overhead would need to be
added to an observing run to ensure the detection of the entire transit. As a result, follow-up observations to
characterize the atmospheres of these exoplanets would necessitate less- efficient use of an observatory's time
— particularly for large platforms such as JWST, ARIEL, Astro2020 Decadal mission, and any other large
observatory where minimizing observing overheads is a necessity. Here we demonstrate the power of citizen
scientists operating smaller observatories (≤1-m class) to keep ephemerides "fresh", defined here as when the
uncertainty in the mid-transit time is less than half the transit duration. We advocate for the creation of a
community-wide effort to perform ephemeris maintenance on transiting exoplanets by citizen scientists. Such
observations can be conducted with even a 6-inch telescope, which has the potential to save up to 358.66 days
for a 1000- planet survey. A network of small telescopes dedicated to ephemerides maintenance (rather than
exoplanet discovery) could rapidly observe high-priority targets, freeing up time on larger observatories to
monitor, e.g., Earth-sized objects transiting dim M-dwarf stars. Observations with this network could also provide
the opportunity to resolve stellar blends, follow-up long-period transits in short-baseline TESS fields, and search
for new planets or measure the masses of known planets with transit timing variations. This presentation is
based on work performed as part of the NASA's Universe of Learning project and is supported by NASA under
cooperative agreement award number NNX16AC65A. The NASA's Universe of Learning (NASA's UoL) project
creates and delivers science-driven, audience-driven resources and experiences designed to engage and
immerse learners of all ages and backgrounds in exploring the universe for themselves. The competitivelyselected project represents a unique partnership between the Space Telescope Science Institute, Caltech/IPAC,
NASA Jet Propulsion Laboratory, Smithsonian Astrophysical Observatory, and Sonoma State University, and is
part of the NASA Science Mission Directorate Science Activation program.

This is a presentation of a paper previously published in the Publications of the Astronomical Society of the
Pacific (Zellem et al. 2020, Pub. Astron. Soc. Pacific, 132, 4401., http://doi.org/10.1088/1538-3873/ab7ee7)
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Abstract
During the last two years we have received long time-series photometric observations of bright (V mag < 8)
main-sequence A- and B-type stars observed by the NASA TESS spacecraft and the Austria-Poland-Canada
BRITE satellites. Using TESS observations of metallic-line A (Am) stars having peculiar element abundances,
our goal is to determine whether and why these stars pulsate in multiple radial and nonradial modes, as do the 
Scuti stars in the same region of the H-R diagram. The BRITE data were requested to investigate pulsations in
bright (V around 6 mag) A- and B-type stars in the Cygnus-Lyra field of view that had been proposed for
observations during the now-retired NASA Kepler mission.
Of the 21 (out of 62 proposed) Am stars observed by TESS so far, we find one  Sct star and two  Sct /  Dor
hybrid candidates. Of the remaining stars, we find three  Dor candidates, six stars showing photometric
variations that may or may not be associated with pulsations, and eight stars without apparent significant
photometric variability. For the A- and B-type stars observed by BRITE, one star (HR 7403) shows low
amplitude low frequency modes that likely are associated with its B(emission) star properties; one star (HR 7179)
shows SPB variability that is also found in prior Kepler data, and two stars (HR 7284 and HR 7591) show no
variability in BRITE data, although very low amplitude variability was found in TESS or Kepler data. For the
TESS and BRITE targets discussed here, follow-up ground- and space-based photometric and spectroscopic
observations combined with stellar modeling will be needed to constrain stellar parameters and to understand
the nature of the variability.

1. Introduction
Stars of nearly every type and evolutionary state
show pulsational variability (Aerts, ChristensenDalsgaard, and Kurtz 2010). The pulsation properties
can be used to infer the internal structure and

processes in stars, and validate stellar model physics
and theoretical interpretations. This paper focuses on
several types of main-sequence (core hydrogenburning) variable stars that pulsate in one or more
radial and nonradial pulsation modes, namely the 
Doradus,  Scuti, Slowly Pulsating B-type (SPB)
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stars, and  Cephei variables. Greek letters, such as
 = beta,  = gamma, and  = delta, are used to refer
to the brightest stars in a constellation in order of the
Greek alphabet, and many variable star types are
named after their prototype star.
Here we show results of searches for pulsations
using photometric data obtained by the Transiting
Exoplanet Survey Satellite (TESS) as part of their
Cycle 2 Guest Investigator Program, and by the
BRITE-Constellation satellites.

2. Am Star Results from TESS Guest
Investigator Program
The NASA TESS spacecraft was launched on
April 18, 2018 and is in an elliptical 13.7-day lunar
resonance orbit around Earth. Its main mission is to
search for transiting exoplanets around nearby G, K,
and M spectral type stars using the transit method.
The TESS spacecraft has four CCD cameras aligned
in a vertical strip to view a 24° by 90° section of the
sky (called a ‘sector’) continuously for 27 days
before moving to the next (partially overlapping)
sector. The sky below the ecliptic plane (negative
declination) was observed in 13 sectors for the first
year of operation (Cycle 1), and observations are in
progress for 13 sectors at positive declination above
the ecliptic plane (Cycle 2). Because the sectors
overlap, targets nearer the north and south ecliptic
poles will be observable for up to a year. Data
products include full-frame images with a 30-minute
cadence, as well as 2-min cadence light curves for
several hundred thousand stars in each sector. As of
this writing (May 2020) TESS data is available from
the Mikulski Archive for Space Telescopes (MAST)
(https://archive.stsci.edu/) for sectors 1 through 23;
this paper includes analysis of observations through
sector 22.
Catanzaro et al. (2019) used high-resolution
spectroscopy + Gaia DR2 parallaxes to determine
stellar parameters and detailed abundances for 62
metallic-line A (Am) stars. These stars show
significant underabundances of Ca and Sc, and
enhanced abundances of Ti and Fe-group elements.
Catanzaro et al. showed that many of these stars are
located in the  Sct and  Sct/ Dor hybrid regions of
the Hertzsprung-Russell (H-R) diagram. For Cycle 2
of the TESS Guest Investigator Program, we
requested two-minute cadence observations of these
stars (See Guzik et al. TESS GI program G022027 at
https://heasarc.gsfc.nasa.gov/docs/tess/approvedprograms.html), most of which have magnitudes 7-8,
to determine whether these stars pulsate.
The  Sct variables are main-sequence variables
about twice the mass of the Sun and pulsate in

multiple radial and nonradial modes with periods of
about 2 hours, or frequencies about 12 cycles/day
(Aerts et al. 2010, Breger 2000). The cause of their
pulsations is believed to be the ‘kappa’, or opacity
valving mechanism, named for the Greek letter 
(kappa) used to represent opacity. Opacity is a
measure of how ‘opaque’ or resistant the stellar
interior plasma is to transfer of photon radiation
through the layer. Figure 1 shows the opacity versus
interior temperature from a 2 solar mass model. For
the  Sct stars, the increased opacity region labeled
He+ where the second electron of helium is ionizing
at 50,000 K in the stellar envelope is at an optimum
location to block radiation, causing this layer to
absorb heat, expand, and then cool and contract in a
feedback loop to produce the pulsations. For the
more massive  Cep and SPB stars that we discuss
later, the opacity “Z-bump” at 200,000 K, where
electron transitions in iron-group elements are
inhibiting radiation transfer, is at the right location in
the stellar envelope to cause -effect pulsation
driving.

Figure 1. Opacity vs. interior temperature for 2 solarmass main-sequence stellar model. In this plot, the
stellar interior corresponds to higher temperatures to
left of the x-axis, while the stellar surface is toward the
right. The opacity enhancement at around 50,000 K
(labeled He+) where the second electron of helium is
being ionized is responsible for driving  Sct pulsations.
In the more massive SPB and  Cep stars, the opacity
increase at around 200,000 K (labeled ‘Z bump’) caused
by electronic transitions in Fe-group elements is
responsible for driving pulsations.

The  Dor variables are about 1.5 times the mass
of the Sun and pulsate in nonradial gravity modes
with periods of 1 to 3 days (Kaye et al. 1999). The
convective blocking mechanism at the base of the
envelope convection zone (Guzik et al. 2000) is
proposed to drive the pulsations. The pulsation
126

th

SAS/AAVSO 39 Annual Symposium Proceeding

driving arises because the pulsation period is shorter
than the local convective timescale at the base of the
envelope convection zone, and so the convection
cannot adapt quickly enough during a pulsation cycle
to transport the radiation emerging from the stellar
center, causing radiation flow to be blocked
periodically.
Before the high-precision long time-series
photometric observations made by the Kepler
spacecraft (Borucki et al. 2010; Gilliland et al. 2010),
theory and stellar models for the most part explained
the locations of the  Sct and  Dor instability regions
in the H-R diagram, and hybrid variables pulsating in
both low- and high-frequency modes were found in
the overlapping region between these two instability
regions (see Fig. 16). However, the Kepler data
showed hybrid stars scattered throughout both
instability regions, and even beyond the edges
(Grigahcene et al. 2010; Uytterhoeven et al. 2011).
Therefore, we do not necessarily expect that pulsators
found in the TESS Am star data will be located in the
pre-Kepler defined instability regions.
For the Am stars, the diffusive processes
responsible for the abundance peculiarities are also
expected to cause helium to settle out of the pulsating
driving region, making the  Sct pulsation driving
mechanism ineffective (Breger 1970; Kurtz 1976).
Nevertheless, some Am stars do show pulsations,
raising questions about whether another pulsation
mechanism is responsible (Smalley et al. 2017).
Other pulsation driving mechanisms also are being
explored to explain the prevalence of hybrid stars
throughout the  Dor and  Sct instability regions.

2.1 TESS Light Curves and Amplitude
Spectra
So far, 21 of the 62 Am stars in the Catanzaro et
al. (2019) sample have been observed in 2-min
cadence during TESS Cycle 2, many during
observations in more than one sector. The data is
publicly available from the MAST database. Below
we show some of the light curves and amplitude
spectra (produced using a Fourier transform of the
time series data). Figures 2-5 show results for hybrid
candidates, Fig. 6 shows the spectrum of a  Sct star,
Figs. 7-10 show results for  Dor candidates, Fig. 11
shows the light curve of an eclipsing binary, and
Figs. 12-15 show light curves with large amplitude
variations (4 to 15 parts per thousand) and only one
or at most two significant periodicities in the
amplitude spectra that may be caused by rotation and
magnetic activity.

Figure 2. TESS light curve for TIC 248946257 observed
in sector 3.

Figure 3. TESS amplitude spectrum of TIC 248946257, a
hybrid  Sct/ Dor candidate. Both low frequency  Dor
pulsations (around 1 cycle/day) and higher frequency 
Sct pulsations (near 5 and 10 cycles/day) are apparent.

Figure 4. Three-day zoom-in of TESS light curve for TIC
393801722 observed in sector 22.
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Figure 5. Amplitude spectrum for TIC 393801722,
revealed as a hybrid  Sct /  Dor candidate.

Figure 8. Amplitude spectrum of TIC 21162252, revealed
as a  Dor candidate.

Figure 6. Amplitude spectrum of TIC 331066260, a low
amplitude  Sct star observed by TESS in sectors 16 and
17.

Figure 9. Amplitude spectrum of TIC 445666347,
revealed as a  Dor candidate, observed by TESS in
sector 18.

Figure 7. TESS light curve for TIC 21162252.

Figure 10. Amplitude spectrum of TIC 328745733,
revealed as a  Dor candidate, observed in by TESS in
sectors 16 and 17.
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Figure 11. TESS light curve of TIC 268380299, a
previously known eclipsing binary with a  Dor
component discovered using Kepler data (Çakırlı 2015).

Figure 12. TESS light curve for TIC 209945493, showing
large amplitude variation.

Figure 14. 3-day zoom-in of TESS light curve for TIC
267813367, showing large amplitude variation. Data are
available from sectors 15, 16, 17, 20, and 21.

Figure 15. 3-day zoom-in of TESS light curve for TIC
310922962, showing large amplitude variation. Data are
available from sectors 14, 15, and 21.

2.2 Summary of TESS Results

Figure 13. TESS light curve for TIC 380794470, showing
large amplitude variation.

Table 1 lists the 21 stars from the Catanzaro et
al. sample observed by TESS to date, along with their
TESS Input Catalog (TIC) numbers, HD catalog
number, TESS magnitude, effective temperature and
luminosity as derived by Catanzaro et al. (2019),
variable-star type prediction based on the star’s
location in the H-R diagram relative to the instability
strip boundaries, and the variable-star type results
from TESS data.
Out of the 21 Am stars observed so far by TESS,
we find: two hybrid candidates, one  Sct star, and
three  Dor (candidates). The eclipsing binary, also
known as V2094 Cyg, was previously discovered
from Kepler data to have a  Dor component (Çakırlı
2015). We also find eight ‘constant’ stars showing
no apparent photometric variability, as well as four
stars with high amplitude (4-15 parts per thousand)
variations and two with low amplitude variations of
unknown origin. These variations may be due to
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Table 1. Summary of TESS GI results through sector 22.
The Teff, log L/Lsun, and variable star type prediction
based on H-R Diagram location are from Catanzaro et al.
(2019).

rotation and magnetic activity, or actually may be 
Dor pulsation modes, or may be the result of the
orbital motion of a close interacting binary. The
binary interpretation is doubtful because Catanzaro et
al. (2019) screened the sample to remove
spectroscopic binaries. Because the rotation periods
and  Dor pulsation periods can be similar, it is
difficult to distinguish between these possibilities,
which is the reason that the  Dor and hybrid stars are
referred to as ‘candidates.’
Figure 16 shows the 21 TESS objects plotted on
the H-R diagram, along with the theoretical blue edge
and observed red edge of the  Sct instability strip
from Breger and Pamyatnykh (1998) and the
theoretical  Dor instability strip boundaries from
Warner et al. (2003). Not unexpectedly, there are
many Am stars within the  Sct instability regions
that do not show pulsations. There is one  Sct star
that lies within the  Sct IS. One of the hybrid
candidates is located in the overlapping region of the
two instability strips, but the other hybrid candidate is
in the middle of the  Sct IS. The three  Dor
candidates all have temperatures of 8500 K, too hot
to be expected to be  Dor stars.
Catanzaro et al. (2019) predicted, based on
location in IS regions of the H-R diagram, 18  Sct,
no  Dor, one hybrid, and three constant or nonpulsating stars. The TESS results have in common
with this prediction the one  Sct, one hybrid, and
two constant stars.
th

Figure 16. Location in H-R diagram of 21 Am stars
observed by TESS (black dots), based on Teff and
luminosity (L) determinations by Catanzaro et al. (2019.
Also shown are the theoretical blue edge and
observational red edge of the  Sct instability strip
(dashed lines) from Breger and Pamyatnykh (1998) and
the theoretical red and blue edges of the  Dor instability
strip (solid lines) from Warner et al. (2003). The stars
labeled are  =  Sct,  =  Dor candidate, H = hybrid
candidate, and B = binary, as determined from the TESS
data.

3. BRITE Observations
The Bright Target Explorer (BRITE) satellites
were launched in 2013-2014 by a consortium of
universities in Austria, Canada, and Poland. These
satellites target the brightest stars of about 6th
magnitude or less.
The five-satellite constellation includes three
satellites with red filters and two with blue filters.
The third blue-filter satellite, BRITE Montreal, did
not separate from the upper rocket stage. The
satellites are in low-Earth orbits between 600 and 800
km elevation. The BRITE fields of view are about
24° in diameter and are observed for up to 180 days
continuously for at least 15 min during each orbit.
The properties of the photometric time series are
constrained by the camera exposure time for bright
stars and are in the range of 1 to 5 seconds, collected
about 3 to 4 times per minute, for 15 to 35 minutes
per orbit.
In 2016 we proposed to observe with BRITE
three B-type stars and one A-type star in the original
Kepler field of view in the Cygnus-Lyra region. All
four stars had been proposed for Kepler Director’s
Discretionary Time observations. Kepler data were
taken for two stars, the A-type star HR 7284 in short
(1-min) cadence, and the B-type star HR 7591 in long
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(30-min) cadence. Of the other two stars, one of
them, HR 7179, has since been observed by TESS in
2-min cadence.
In addition to the puzzles surrounding the
pulsations of A-type variable stars discussed in
Section 2, there are also interesting questions for the
more massive and luminous B-type main sequence
pulsators, the  Cep and Slowly Pulsating B-type
(SPB) stars and their hybrids. The  Cep stars are 720 times the mass of the Sun and pulsate in radial and
nonradial pressure modes with periods of several
hours. SPB stars are 3-9 times the mass of the Sun
and pulsate in nonradial gravity modes with periods
0.5 to 5 days. See Aerts et al. (2010) and the VSX
(https://www.aavso.org/vsx/index.php?view=about.vartypes) and
AAVSO (https://www.aavso.org/vsots_betacep) websites for
descriptions of these variable star types.
The TESS and Kepler data discussed below are
obtained from the MAST archive. The Pre-search
Data Conditioning (PDCSAP) flux with artifacts
removed was used for the analysis. The amplitude
spectra for the data are processed with fwpeaks
(Developed and written by Waldemar Hebisch
(Institute of Mathematics, Wrocław University),
Zbigniew Kołaczkowski and Grzegorz Kopacki
(Astronomical Institute, Wrocław University,
Poland)) to determine significant frequencies and
signal/noise (S/N) ratio.

Figure 17. HR 7591 light curve from Kepler 30-min
cadence data.

3.1 HR 7591
HR 7591 is a B2III star with magnitude V= 5.89.
It was classified as a  Cep candidate based on line
profile variation observations (Telting et al. 2006).
Figures 17 and 18 show the Kepler 30-min cadence
light curve and amplitude spectrum. Some low
frequency variability is evident, with the highest
frequency peak at 2.25 cycles/day having a S/N ratio
of 22.
Figure 19 shows the decorrelated BRITE light
curves from the BTr (BRITE-Toronto) and BHr
(BRITE-Heweliusz) setups for this star. In the
figure, the colors represent data from BTr2 (light
blue), BTr3 (orange), BHr1 (violet), and combined
BHr2 and BHr3 (green). The BTr1 curve was very
short and was removed. In the BTr observations,
some instrumental effects remain because of a
significant increase in CCD chip defects for this
satellite, and so these data show more scatter than the
BHr data. Figure 20 shows the amplitude spectrum
from the BRITE data. No significant frequencies are
seen, probably because the noise level near 1
millimag is comparable to the amplitude of the
largest peak in the Kepler data (one part per
thousand).

Figure 18. HR 7591 amplitude spectrum from Kepler 30min cadence data. The highest peak at 2.25 cycles/day
has S/N ratio 22.

Figure 19. HR 7591 light curve data from observing runs
from two BRITE satellites: BTr2 (light blue), BTr3
(orange), BHr1 (violet), and combined BHr2 and BHr3
(green).
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Figure 22. HR 7179 TESS amplitude spectrum showing
SPB pulsations.

Figure 20. HR 7591 BRITE amplitude spectrum showing
no significant pulsation frequencies.

3.2 HR 7179
HR 7179, also known as V543 Lyr, a B3V star
with magnitude V=6.18, is a candidate  Cep
variable (Stankov & Handler 2005). Figure 21 shows
the TESS 2-min cadence light curve from sector 14;
the amplitude spectrum (Fig. 22) shows low
frequency SPB-like pulsations; the Fourier transform
program also detects some higher frequencies (not
shown) typical of  Cep pulsations with S/N level
only 4-5 that may be revealed by pre-whitening the
spectrum. Figure 23 shows the decorrelated and
combined BRITE BHr light curves. The amplitude
spectrum (Fig. 24) shows SPB-like frequencies in the
same range as in the TESS data.

Figure 21. HR 7179 TESS 2-min cadence light curve from
sector 14 observations.

Figure 23. HR 7179 light curve from BRITE data.

Figure 24. HR 7179 amplitude spectrum from BRITE data
showing SPB pulsation frequencies similar to those
seen in the TESS data.
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that such frequencies are artifacts, multiple
frequencies around 1 and 2 cycles/day also were
found for this star in the Kepler data by Pope et al.
(2019a) in their campaign to extract light curves from
unsaturated halo pixels around bright stars. More
work is needed to understand the origins of HR
7403’s variability.

3.4 HR 7284
HR 7284 is an A3V star with magnitude V=6.18.
This star has many similarities to the A-type star HD
187547, for which Antoci et al. (2014) proposed that
some of the higher frequency pulsations observed in
Kepler data are driven by turbulent pressure in the
hydrogen ionization zone (see also Smalley et al.
2017). Figure 27 shows the light curve from 6
months of 1-minute cadence Kepler data. The
Fourier analysis of this light curve (Fig. 28) shows a
rich spectrum of low-amplitude pulsations in the 
Sct frequency range. Analysis is under way to
determine whether HR 7284 also shows modes that
could be driven by the proposed turbulent pressure
mechanism.
Figures 29 and 30 show the HR 7284 BRITE
BHr light curve and amplitude spectrum. The noise
level in the amplitude spectrum is 0.6 to 1 mmag, too
high to show the low-amplitude (<70 ppm) peaks
seen in the Kepler data. The highest peaks in the
amplitude spectrum have S/N level < 4, considered
too low to be significant.

Figure 25. HR 7403 light curve from BRITE data.

Figure 26. HR 7403 amplitude spectrum from BRITE data
showing significant frequencies at around 1 and 2
cycles/day.

3.3 HR 7403
HR 7403 is a B3Ve (emission) star with
magnitude V=6.34. Be stars are named for their
intermittent Hydrogen Balmer line emission thought
to originate from material that has been ejected from
the star; these stars may also show nonradial
pulsations and rotational variability (Rivinius et al.
2013).
Figure 25 shows the decorrelated BRITE BHr
light curve. Figure 26 shows the amplitude spectrum,
with two significant frequencies very near 1
cycle/day (S/N 7.9) and 2 cycles/day (S/N 5.8), in the
range typical for a Be star. While one might suspect

Figure 27: HR 7284 light curve from Kepler 1-min
cadence data.
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Figure 28. HR 7284 amplitude spectrum from Kepler data
showing many frequencies in the  Sct range.

Figure 30. HR 7284 amplitude spectrum from BRITE
data showing noise level at 0.6-1 mmag and no
significant frequencies.

Regarding the BRITE observations, for two
stars, HR 7274 and HR 7591, prior Kepler and TESS
observations with lower noise levels revealed lowamplitude variability that is not visible in the BRITE
data. The BRITE observations did uncover lowamplitude peaks in the Be star HR 7403 that may be
useful in combination with observations from other
sources to further understanding of the complex
processes in this type of star. BRITE observations of
HR 7179 are able to detect SPB pulsations that were
seen in earlier Kepler data.

5. Future Work

Figure 29. HR 7284 light curve from BRITE data.

4. Conclusions
Of the 21 Am stars in the 62-star Catanzaro et al.
sample observed by TESS so far, we find one  Sct
star and two  Sct/ Dor hybrid candidates.
However, the stars in the sample are not necessarily
expected to show  Sct pulsations because the
diffusive processes responsible for the peculiar
element abundances also should deplete helium from
the pulsation driving region and inhibit pulsations.
There are also three  Dor candidates that do not lie
near the theoretical  Dor instability region and six
stars showing photometric variations that may or may
not be caused by pulsations that require explanation.
th

All of the stars discussed here are bright and
amenable to ground-based photometric and
spectroscopic observations, including observations by
amateur observers. Some possibilities include timeseries spectroscopy and multicolor photometry,
useful for mode identifications and distinguishing
between causes of variability, and to determine
whether amplitudes or frequency content changes
over time.
We could also examine the TESS 30-min
cadence target pixel files from the full-frame images
available for many of the stars. In addition, the
Kepler full-frame images, including haloes around
saturated pixels, could be mined for variability
information. Pope et al. (2019a,b) have already used
such data to reconstruct light curves for hundreds of
stars, including HR 7403 as discussed above, that
were too bright to have been targeted by Kepler.
These data will provide key constraints for stellar
evolution and pulsation modeling studies, and for
revealing stellar interior structure and processes via
asteroseismology.
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Abstract
We compared two star clusters, NGC 1513 and NGC 2420, using images of each cluster taken by the Las
Cumbres Observatory 0.4-meter telescopes in blue and visual filters. We reduced the images using AstroImageJ
and Our Solar Siblings pipeline photometry, and looked up the magnitudes of the stars, where available, from the
SIMBAD and APASS catalogs. Color-Magnitude Diagrams (CMD’s) were created using the magnitudes of
reference stars in each cluster. The diagrams were corrected for reddening that occurred due to dust or other
particles. The lowest B-V values in each CMD were then used to determine the spectral type of the hottest stars
in each cluster. NGC 2420’s hottest stars were type A, while NGC 1513’s hottest stars were type O. Because the
stars in NGC 1513 are hotter than the stars in NGC 2420, we can conclude that NGC 1513 is younger than NGC
2420.

1. Introduction
A star cluster is a group of stars, whose numbers
can range from tens to thousands. All of the stars in a
cluster are approximately the same distance from the
Earth and have the same age, because they are
thought to have formed as a consequence of the same
event (Gieles 2011). To find the age of a star cluster,
photometry from images in various filters can be
used to generate a Color-Magnitude Diagram (CMD).
A CMD is a variation of an Hertzsprung–Russell
(HR) diagram with visual magnitude on the vertical
axis and blue filter magnitude minus visual filter
magnitude (B-V) on the horizontal axis. A CMD is
used because the star temperatures and luminosities
that would be needed to construct an HR diagram
cannot be directly measured. Therefore, color is used
as a proxy for temperature while magnitude is used as
a proxy for luminosity.
The color is represented as B-V magnitude. The
bluer a star, the hotter it is. Since brightness increases
as magnitude decreases, a lower B-V value denotes a
bluer, hotter star. Therefore, if B-V is plotted such
that it increases from left to right on the horizontal

axis, bluer stars will appear on the left and redder
stars will appear on the right of the CMD.
In general, magnitude would not work as a proxy
for luminosity, because luminosity is an intrinsic star
characteristic that does not depend on the star’s
distance from Earth. Magnitude, on the other hand,
does depend on distance, because it measures the
brightness of the star as it appears from Earth’s
vantage point. In the case of star clusters, however,
magnitude is an appropriate proxy for luminosity,
because all of the stars in the cluster are
approximately the same distance from Earth.
The age of the cluster can be determined from
the main sequence star in the cluster with the lowest
B-V value. This is because star lifespans vary
inversely with temperature. The hottest and brightest
stars have the shortest lifespans, because they burn
through their fuel more quickly than cooler, dimmer
stars. A star cluster is at least as old as the star within
it that has the shortest lifespan. Therefore, the CMD
of a cluster can be used to identify the hottest mainsequence star and put a lower limit on the cluster’s
age (Fitzgerald 2015). Star cluster NGC 1513 was
chosen because it was visible at our time of study,
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and the pre-existing articles on this cluster were
sparse. Another star cluster, NGC 2420, is also
analyzed as a comparison.

2. Procedure
Images were requested in the B and V filters
from the Las Cumbres Observatory Global Telescope
network (LCOGT). The LCO telescopes are Meade
RCX 0.4m aperture, f/8 telescopes with a 3251mm
focal length. The cameras are SBIG STL-6303.
Camera SBIG STL-6303. After the images were
returned, the reference magnitudes of several of the
stars in each cluster were found using AstroImageJ
(AIJ). AstroImageJ displayed the magnitudes and
intensities in the B and V filters, where available,
from the SIMBAD database. However, some of the
stars in the image did not have recorded magnitudes
in SIMBAD. For these, we measured the stars’ ADU
counts, calculated the instrumental magnitude, and
calibrated this using the known magnitudes of the
reference stars. The reference stars used are shown
in Figures 1 and 2. Their image ADU counts and
reference APASS catalog magnitudes are tabulated in
Table 1 (at end after the references).
To choose the size of the aperture for measuring
ADU counts of each star, we found the largest star in
the image and placed a circle around it that
completely covered it. If the option shown in Figure
3 was checked in the aperture selection tool of AIJ,
then clicking on the star centroid opened a browser
tab showing the corresponding SIMBAD database
entry. The B-V measurement could be calculated by
subtracting the V magnitude from the B magnitude.
We plotted these points with the B-V as the
horizontal axis and the V magnitude as the vertical
axis.

Figure 1. 60-second exposure of NGC 1513 in the V
filter, taken by the LCOGT 0.4m telescopes, with
reference star centroided in green.

Figure 2. 60-second exposure of NGC 2420 in the V
filter, taken by the LCOGT 0.4m telescopes, with
reference star centroided in green.

Figure 3. The arrow points to the button that was
checked in AstroImageJ in order to find the magnitude
of the star in the correct filter.

Prior to automating our analysis, we first created
the CMD’s for subsets of stars manually using a
spreadsheet. First, the average intensity count of the
background was found by averaging the counts for 20
points in the image where there were no stars. This
average was subtracted from the intensity count of
each star. Then each star’s instrumental magnitude
was calculated as -2.5*log10(ADU counts). To each
instrumental magnitude, we added the difference
between the instrumental magnitude of a reference
star and its catalog magnitude. After performing this
calibration, we compared the resulting calculated
magnitudes to their catalog values as shown in the
plot of Figure 4.
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Figure 4. CMD for NGC 1513 created from the manually
calibrated instrumental star magnitudes (blue),
compared to the SIMBAD magnitudes (red).

Figure 5. CMD for NGC 1513 using OSS aperture
photometry, corrected for reddening.

A negative B-V value is correlated with a lower
visual magnitude because hotter stars on the main
sequence are also brighter. These hotter, brighter
stars burn out more quickly, so they have shorter
lifespans. The stars with a positive B-V value are
dimmer and cooler, so they have longer lifespans. A
cluster as a whole is at least as old as the star within it
that has the shortest lifespan. Therefore, the lifespan
of the hottest main sequence star in the cluster can be
used to approximate the age of the cluster.
The B-V value of the hottest stars in each cluster
were used to find those stars’ spectral classes. Based
on these spectral classes, NGC 1513’s hottest stars
are Type O and NGC 2420’s hottest stars are Type A.
Therefore, NGC 1513 is a younger star cluster than
NGC 2420, because type O stars are hotter and
brighter and therefore have shorter lifespans than
type A stars. To find the approximate age of the star
cluster, the relation Age = Mass / Luminosity can be
used (Van der Veen, 2020). Because L = M3.5 for
stars on the main sequence, we can infer that
𝑀
1
1
1
𝐴𝑔𝑒 = 3.5 = 2.5 = 2.5/3.5 = 0.7143 .
𝑀
𝑀
𝐿
𝐿
The luminosity was found by using the star with
the lowest B-V value and approximating the
luminosity based on the position of the corresponding
spectral class on the main sequence of an HR
diagram. Based on this relationship, NGC 1513 is
close to 10 million years old and NGC 2420 is about
100 million years old.

3. Conclusion
From the CMD’s, we can conclude that the stars
in the NGC 1513 cluster are mostly hot stars, and that
the cluster as a whole is about 10 million years old.
By contrast, the stars in NGC 2420 are cooler and
dimmer, and the cluster is older (around 100 million
years old). The aperture photometry from the OSS
pipeline facilitated the process of plotting the CMD
from images taken by LCO.
Figure 6. CMD for NGC 2420 using OSS aperture
photometry, corrected for reddening.

Once we were satisfied that magnitudes of the
stars in our images were being calibrated correctly, a
Python script was used to automate the analysis using
aperture photometry from the Our Solar Siblings
(OSS) pipeline (Fitzgerald, 2018). This allowed for
more stars to be measured and plotted. The B-V
magnitudes were corrected for reddening using the
Webda database reddening correction values
(Paunzen, 2020). The resulting CMD’s are shown in
Figures 5 and 6.

4. Future Work
One interesting feature of the two clusters that
were compared in this study is that NGC 1513 seems
to contain a higher proportion of hotter stars. It
would be interesting to investigate how this
difference might have resulted from the different
circumstances under which the two star clusters
formed. It would also be interesting to explore how
the size of the star cluster affects its stellar
population.
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Reference Star
Coordinates
Cluster

RA (deg)

APASS
Magnitude

DEC (deg)

ADU Count

B

V

NGC151
3

62.577
82

49.4815
8

11.9
4

4

NGC242
0

114.62
25

21.4798

11.8
6

1

B

V

B

V

11.

222,0
05

226,
413

120

60

11.

149,1
57

521,
893

60

60

Table 1: The coordinates, APASS magnitudes, and image ADU counts of the reference stars used.
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Abstract
The Prairie View Observatory complex (PVOc) was completed early this year, 2020. The PVOc consists
two separate piers aligned east-west. A dedicated solar observatory is located just to the south (Prairie View
Solar Observatory (PVSO) which began operation in 1999 and renovated in 2017). The west (18-ft) and south
(16-ft) domes are Ash domes, while the east dome (20-ft) is an Astrohaven clamshell dome. The two new piers
reach 24 ft above ground level and have a vibration amplitude not to exceed 0.485 arc sec, allowing for high
(pixel) resolution imaging. The current primary instruments of PVOc include a PlaneWave 24-in CDK
telescope in the west dome, a Meade 16-in Cassegrain in the east dome, and PVSO's 35-cm Vacuum Solar
Telescope in the south dome. In addition, an observing pad providing power and internet is located on the east
end of the complex. The observatory building features a two-story visitor's center, flanked on both the east and
west sides by workrooms on the ground level and control rooms and access to the domes on the mezzanine
level. The solar observation program that had been carried out for so many years with the PVSO has resumed,
and since January of this year we have been conducting routine solar observations from the east dome with our
16-in telescope as well. In addition to daytime solar observations, the east dome has seen many evenings of
activity as we work to test and build the capabilities of the instruments and imaging system. Once the PVOc is
fully online, it will be capable of a wide array of astronomical projects that will involve faculty, students, and
the public. We have one additional 16-in Meade and one 14-in Meade, along with several other telescopes for
outside, ground-level viewing. Finally, in collaboration with NASA-JSC over the past ten years we developed
cameras for advanced astro-imaging. We are also equipped with a state-of-the-art, low-light calibration source
manufactured by LabSphere. This system provides an extremely uniform low-light source for calibrating
imaging systems.
We present our first light images from our PVOc along with a few calibrated images with our cameras
developed for astro-imaging.

1. Introduction
As reported in the 2019 proceedings of the
Society for Astronomical Sciences (Cudnik et al.
2019), the Prairie View Observatory complex has
been built and the telescopes have been installed and
work is underway to prepare them for long-term use.
We have already made use of the East Dome facility
with solar observations by day and deep sky
observations during the evening. The efforts of CRIRaISE (Chancellor’s Research Initiative-Radiation
Institute
for
Science
and
Engineering,
www.pvamu.edu/raise) continue to fuel the
development of this facility.

The current project began with the upgrade of
the building facilities of the historic Prairie View
Solar Observatory during the second half of 2017.
Ground was broken for the Solar Observatory
Addition project (i.e. the construction of the second
building with the two domes) in the early fall of 2018
and work proceeded into the early months of 2019.
The telescopes were installed in each dome in May
2019 and were tested, balanced, and calibrated that
summer. The first images from the East Dome were
obtained during the summer of 2019, and basic
imaging continued into the fall 2019. Formal
construction work was completed on the new
building in early 2020.
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We hosted our first group of visitors during the
summer of 2019 during “Science Day” where we
introduced the facility to some 40 elementary school
girls with their teachers, mentors, and parents during
their visit on campus. Informal visitors were received
during the fall semester of 2019 and the early spring
2020. Routine solar observations began in January
2020 but were halted by the current (April / May
2020) coronavirus pandemic.
Once reopening proceeds (early June 2020), we
will continue to develop our facilities to resume
regular observations, produce high-quality images
and science, and host additional groups of visitors as
well as students taking our physics and physical
science classes. The process has been and will
continue to be slow in the near-term given the current
world events, but we are planning to resume work in
the early summer.

2. The Observatory’s Main Instruments
The Prairie View Observatory complex (PVOc)
consists of three domes and three piers, each with one
telescope mounted. The historic Prairie View Solar
Observatory, or South Dome, features a 35-cm
Vacuum Solar Telescope (VST, Figure 1) imported
from Nanjing, China. From 1999 through 2015 this
telescope had served as the primary instrument for
daily, regional observations of solar active regions in
H-alpha. The Lead Author played a significant role in
the solar observation program of PVSO from 1999
through 2001. The dome is a 16-foot Ash Dome
which is equipped with a sun sensor to track the sun
throughout the observing day, allowing the telescope
to have an unobstructed view of the Sun, with no user
intervention, for this extended time period. A number
of papers in refereed journals were published with
observations made with the VST, including how
sunspot groups tended to cluster along common solar
longitudes during Solar Cycle 23 (Pojoga and
Cudnik, 2003); the evolution of active regions over
more than one rotation (Huang, et al. 2000);
individual solar flare events (Cudnik, et al. 2000);
and the optical properties of planetary transits of the
Sun, specifically ingress and egress (Cudnik, 2004).
The East and West domes of the Solar
Observatory Addition each contain a pier that reaches
24 feet above ground level (and burrows to 16 feet
below ground level) and have a vibration amplitude
less than 0.485 arc seconds. This will allow, along
with favorable seeing conditions, high resolution
imaging with advanced astro-imaging cameras
developed over the past decade in collaboration with
NASA-Johnson Space Center. The West dome is an
18-foot Ash dome with an extra wide opening to
allow for future installation of larger instrumentation;

Figure 1. 35-cm Vacuum Solar Telescope in the South
Dome of the PVOc (Formerly, Prairie View Solar
Observatory). All images in this paper were taken by
Brian Cudnik except where otherwise indicated.

currently a PlaneWave 24-inch CDK telescope is
installed in this dome. The telescope is affixed to a
Taurus fork mount to prevent the need for meridian
flips; however, this has delayed the first light of the
instrument as ongoing issues with balance and other
considerations are still being addressed as of this
writing.
The East Dome is an Astrohaven 20-foot
clamshell dome, which enables access to part or all
the sky at once. The instrument there is currently a
16-inch Meade f/8 telescope, equipped with a
commercial SBIG STT-1603 camera. In addition, a
Daystar 0.3 Å H-alpha filter is used by day for solar
imaging and has been the setup for routine solar
observations that were carried out from early January
through early March of this year. Besides the daytime
solar observing, nighttime imaging in unfiltered
monochrome of a variety of deep sky objects were
collected, to investigate the capabilities of the system
with the existing skies (Bortle class 5), along with
some lunar and planetary imaging.
Additional detectors that will be used with these
instruments include more advanced SBIG cameras
and filter wheels with four narrow-band filters for
deep sky imagery and four-color filters for color
imaging. The East dome Meade will soon make use
of an SBIG 8300 camera with filter wheel equipped
with SII, OIII, H-alpha and H-beta along with LRGB
filters. The west dome is equipped with an SBIG
STX 16803 camera and filter wheel with the same
selection of filters. We are working on purchasing
two sets of Johnson-Cousins photometric filters
(UVBRIc) for multi-color photometry work. Finally,
we have two LHiRes spectrographs for basic
spectroscopy work (both instructional and researchoriented) with the Meade and the CDK telescopes.
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3. Outreach and Classes

4. Solar Observations

The PVOc is well-equipped for public outreach
events and science classes. The visitor’s center is
equipped with three large monitors which can
broadcast presentations, pictures, and other multimedia to the visiting public and students. The
monitor on the west wall of the observatory will be
able to display the output of a video camera affixed
to the CDK 24-inch; the east wall monitor will be
similarly equipped with video feed from the Meade
telescope. Visitors can view what each telescope is
displaying, whether lunar, planetary, or deep sky
objects, with these setups. These telescopes may each
have a different sequence of targets to access for a
given presentation and acquire these targets, allowing
for many people to view each target at once while a
presenter describes what is being observed.
For those who prefer direct visual eyepiece
views, we have ten 10-inch Meade telescopes that
will be equipped with portable mounts to allow them
to be wheeled out to the extra-wide sidewalk going
west of the complex. In addition, we have a 16 foot
by 16 foot observing pad (with power and internet)
just east of the complex. We can set up several
telescopes on the pad for informal observation. The
events may take on the form of public events, events
hosting area astronomy clubs, events that welcome
visiting schools, and more.
Academic use of the facility includes the use of
the visitor center and telescopes for science labs,
specifically our introductory physical science labs
and classes. These classes serve many students of all
majors and provide an opportunity to present
astronomy in a multi-disciplinary way. We host many
education majors who may take what they experience
at the observatory and eventually share these with
their own class, whether the activity is some specific
activity or an arrangement to visit the facility with
their class for an exercise in astronomy. Our physics
and science majors will benefit from the observatory
as this facility is equipped for a wide variety of
astronomical observing projects that can be carried
out in conjunction with their classes or senior
research projects. These research projects may
include imaging of various types, video astronomy,
photometry (we have a classical photo-multiplier
tube in our inventory) and basic spectroscopy.
Interested faculty and staff members can also
participate in observing and research projects, with or
without students. Some of the projects that we have
been planning for, and have begun to do in some
cases, are discussed in the next sections, in
conjunction with what is being done presently and
has been done recently.

th

Beginning in early January the East Dome
carried out daily observations of the sun in H-α. The
field of view (FOV) of the Meade 16-inch and
camera setup is 14 arcmin x 9 arcmin, so only part of
the Sun can be imaged at a time. Some examples of
images can be viewed at https://www.pvamu.edu/pvso/solarobservations/, which also includes a few lunar and
daytime planetary images. The setup includes a
yellow energy rejection filter (ERF) made for the 16inch installed over the aperture, the Daystar 0.3 Å Hα, a neutral density filter (NDF) that reduces the
intensity of the incoming light by 90%, and the
SBIG-STT-1603 camera. The setup is controlled with
TheSky X.
The current observing program focusses on the
evolution and flaring activity of solar active regions
(sunspot groups), since the FOV can easily contain a
large (or several near one another) active region (s).
However, this year has been incredibly quiet in terms
of solar activity, with more than three-quarters of the
days of 2020 being days where the Sun is without a
single spot on its Earth-facing disk. With little
activity happening, we have been limiting our
observations to high-resolution mosaics of the solar
disk, usually one mosaic in the morning and one in
the afternoon hours. Typically, observations start
mid-morning with a set of sun flats, followed by the
first set of images, which are obtained by
systematically working from one end of the disk (east
or west) to the opposite end, capturing images of
each sub-region in sets of three. At the end of the
morning session the dome is closed, and telescope
parked, and 30 bias frames are taken with the camera
at the same operating temperature as was used during
the program imaging. This process is repeated one or
more times during the afternoon.
Depending on the level of activity of an active
region, there may or may not be a mosaic set
obtained as the current focus of the observations rest
primarily with imaging an active region, following its
short-term evolution. When an energetic event (a
flare) takes place, the region can be imaged with a
cadence of one second or less, following the progress
of the event. If there are multiple active regions, the
probability of activity (flaring potential) will dictate
which one receives more scrutiny, but each would be
followed throughout the day. In addition to active
regions, filaments and prominences of interest can be
followed, tracking any changes in their appearance
and behavior.
Sun flats are obtained by imaging the center of
the Sun’s disk, then offsetting or dithering about 5
arcminutes in each direction from the original. Five
images are obtained which are later combined to
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Figure 2. Hα Image of the quiet sun limb. North is right,
east up in this image taken 20:55 UT, 5 March 2020.
Image covers 14’ x 9’ angular dimension.

Figure 3. Hα Image of the quiet sun disk center. North is
right, east wup in this image taken 20:43 UT, 5 March
2020. Image covers 14’ x 9’ angular dimension.

make the master flat. The program and flat field
images are each 0.09 second exposures; and each is
automatically dark subtracted on site by the
observing system. The program images are later
calibrated (bias and flat correction) with MaxIM DL
and archived in our data base of images. Two
examples of our images are provided in Figures 2 and
3 and depict a very quiet Sun at image time.

5. Lunar and Planetary Observations
Mosaic images of the Moon (single frame,
Figure 4) have also been collected from time to time,
usually during the afternoon or early evening. With
the Daystar filter removed, the ERF and NDF
components are left in place to reduce the intensity of
light entering the camera. Exposures of 0.09 seconds
are made of parts of the Moon’s disk, starting from
one end, and continuing to the opposite end
(depending on phase) until the entire Moon has been
imaged. We take five sky flats with the same filters in
place to correct the lunar images. Possible future
applications of this technique that promise to be

Figure 4. Image of the waxing gibbous Moon taken late
afternoon 6 March 2020. Image is 9’ x 14; East is up,
north is right.

useful include imaging the earthshine to document
Earth’s reflectance, similar to what has been done at
Big
Bear
Solar
Observatory
(http://www.bbso.njit.edu/Research/EarthShine/index.html), and
images of the totally eclipsed Moon to document the
opacity of the upper atmosphere of the Earth.
Daytime images of Venus, Mars, Jupiter, and
Saturn have been collected with a similar setup and
calibration procedure as was used with the Moon.
These are low-resolution images, primarily made to
examine the capabilities and limitations of our
imaging system. In future work, video imaging of the
Moon, planets, and possibly the Sun will be done to
capture higher-resolution images of these objects. We
can also use the high-resolution CMOS cameras
developed by co-author Doug Holland of Holland
Space LLC to obtain higher-resolution images of
these solar system objects. While the 0.09 second
exposure is rather short, it still allows for seeing to
blur the images. This blurring can be mitigated by
video (or shorter exposure) along with a framegrabbing program that can grab the sharpest images
from the video stream and combine them to form a
composite sharp image, similar to what expert
imagers like Christopher Go have used to create their
spectacular images of the planets.
We are also putting together a program for
monitoring the moon for the impacts of meteoroids.
We have several types of instruments available for
this program, and three Watec 902H low light video
cameras available for data acquisition. The Meade
and the CDK24 would be used for regional
observations; that is, to focus on a section of Moon
known to have a high flux of meteoroid studies
(based on the results of various long-term observing
programs such as that of the Meteoroid Environment
Office Lunar Meteor Monitoring program, operating
out of NASA Marshall Space Flight Center). We
have several Takahashi short focal length refractors
on hand for full-disk lunar meteoroid observations.
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The regional studies would focus on the fainter
impacts and the full disk observing would look at as
much of the dark part of the lunar disk as possible but
would be limited to brighter impacts. Students as well
as faculty could be involved in a sustained program
done monthly, as well as observing sessions centered
on annual meteor showers where the Moon is
favorably placed for observations. The latter would
likely be put in place well before the former.

6. Deep Sky Imaging
We have done imaging sessions on several
nights in late 2019 and early 2020. The primary
purpose of the imaging was to become familiar with
the process and performance of the system as well as
the limitations and capabilities of imaging under a
bright Bortle 5 sky. All such images taken to date are
unfiltered, monochromatic images acquired with the
SBIG camera referenced above. Subjects of the
imaging sessions have included bright galaxies,
nebulae, open and globular star clusters, and comets.
Examples are shown in Figures 5, 6, and 7. Flat fields
were collected at twilight during the short window
from when the sky became dark enough to image to
when the stars began to interfere with the imaging.
Although little science may be derived from
these initial images, it was useful to obtain them to
build up a collection of images obtained at PVOc and
to use these images in classroom instruction during
our physical science classes. Future applications of
this include allowing the students to obtain images of
their own remotely (once the remote capabilities are
in place) and giving them the opportunity to calibrate
and process them on their own. We will soon add the
filter wheel to the imaging train of the Meade 16-inch
and do narrow-band and color-imaging of the same
objects that we have already imaged, and more. One
project related to this is to build up a catalog of
narrow band images of various emission nebulae. We
would be limited to those that could fit within the 14’
x 9’ field of view; mosaicking would be prohibitive
in terms of the required long exposure times.
Once we procure the Johnson-Cousins
photometric (UBVRIc) filters, we will be able to
begin a program of photometrically monitoring
variable stars of many types for the AAVSO. Like
our other projects, we can involve students in this
work, which will likely lead to unique research
projects involving some of the more unique stars
being followed by observers for AAVSO.
Photometric projects may also include, but not
limited to, eclipsing binary stars, asteroid rotation
curves, exoplanet transits, and comet dust production
rates.

Figure 5. Unfiltered image of Comet PanSTARRS (C/2017
T2) taken 1:43UT on 6 March 2020. Exposure time is 30
seconds.

Figure 6. Unfiltered image of the Trifid Nebula, M20,
acquired 10 October 2019. Exposure time is 30 seconds.

7. Conclusions: Working Toward Full
Capability
Once we address the issues delaying first light
for the CDK 24, we can start preparing the scope to
be able to have full go-to capability. This is possible
after a pointing model is constructed, once this is
done and the scope is synched with the dome, we will
proceed with imaging in a similar manner as we have
done with the Meade 16-inch. We will start with
monochromatic images to explore the capabilities
and limitations of the system and sky then proceed
quickly into the color imaging of various deep-sky
objects. We will also do lunar and planetary imaging
as well but will not be using this instrument for solar
work. We hope to achieve at least basic go-to and
imaging capability by the end of the summer or early
part of the fall this year. We will also be using the
advanced NASA imaging cameras (more on these
immediately below) with this and the Meade
telescope and explore the system’s capabilities and
limitations as well.
To aid in the scientific quality of our
observations, we will be making use of the
LabSphere uniform source calibration system. This
was used initially to calibrate, through a series of flat
field images at different exposures and intensities, the
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Figure 7. Unfiltered image of the Eagle Nebula, M16,
taken 25 October 2020. Exposure time is 30 seconds.

Figure 8. Narrowband composite of the Eagle Nebula,
taken by co-author Doug Holland from Holland
Observatory.

Figure 9. LRGB composite of reflection nebula M78,
taken by Doug Holland from Holland Observatory.

PlaneWave and Meade telescopes, with their
respective SBIG cameras, before lifting them in
position on their mounts in the domes. All of the
calibration data will be analyzed as we look for novel
ways of flux calibrating photometric targets in the

night sky. This particular project is still in the very
early stages of development, but we will proceed
with it more earnestly later this year (2020). More
information on this system can be found by following
the link at the end of the references.
We plan to bring the Vacuum Solar Telescope
(VST) to full service as we expand our solar
observation program. Like the Meade 16-inch solar
setup in the East Dome, the VST has a limited field
of view, a circular region about 8 arcminutes in
diameter, enough for a single active region. We are
considering another filter, such as Sodium-D or white
light filter, which will complement the Meade 16inch H-alpha imaging. At first it will require at least
two people to carry out this expanded program, but
once remote capability is developed, we may
eventually be able to control both facilities from one
location within the complex. In addition, we have a
Meade 14-inch at ground level that can be equipped
with a Calcium-K filter (the filter and associated ERF
was made for this particular telescope), rolled out to
the observing pad, and utilized along with the other
instruments.
The advanced cameras for astro-imaging are
specialized cameras developed in collaboration with
NASA-Johnson Space Center and the co-author S.
Doug Holland. These are CMOS-based cameras that
have already been used in radiation research and have
been designed with capabilities enabling them to be
used in astronomical applications. These instruments
will be incorporated into the observing program at
PVOc and examples of what such images may look
like are presented in Figures 8, 9, and 10. Figures 7
and 8 are a comparison with early imaging (30
second total exposure) capabilities and expected
narrow-band imagery results (SII filter, 15x10 min
per frame; Hα filter, 12x10 min per frame; OIII,
10x10 min per frame; taken with 20-cm Newtonian
f/5 and SC285 CCD camera). Figure 9 is a color
image of reflection nebulae which necessitated the
use of LRGB filters (L filter, 11x5 min; R filter, 4x5
min; G filter, 5x5 min; B filter, 7x5 min; same
telescope and camera as the Eagle color image). Each
of the color images by Mr. Holland were taken with
commercial CCD cameras.
The PVOc will be capable of a wide array of
astronomical projects, from narrow band imaging to
spectroscopy to photometry, that will involve faculty,
staff, students, and the public. At ground level, we
have one additional 16-in Meade and one 14-in
Meade, that can be used for public viewing as well as
supplementing existing observing programs. In the
near term, once we are fully operational, several
programs will be taking place in parallel. The solar
observation program will continue during the day.
Narrow-band imaging of select nebulae will be
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obtained to build up a catalog of such objects, which
will include planetary nebula, emission nebulae, and
super nova remnants. Video astronomy will take
place in one of the domes (either the 16 or 24 inch,
depending on the target), and this will include
imaging of the planets, monitoring of the planet
Jupiter for meteoric activity, and observing asteroid
occultations in conjunction with existing efforts
(through IOTA) to do such observation. Eventually
the 16-inch will be replaced with a 1-meter telescope,
which will further expand our capabilities. Although
the skies above PVOc are not the darkest, there are
still many projects that can be done that will produce
meaningful scientific and educational activities for a
wide variety of audiences.
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Figure 9: LRGB (L, 7x5 min; R, 4x5 min; G, 5x5 min; B,
6x5 min) composite of spiral galaxy M81, taken by Doug
Holland from Holland Observatory.

More on the LabSphere calibration system can be
found at this website:
https://www.labsphere.com/labsphere-productssolutions/virtual-technology-demos/helios-virtualdemo/
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Abstract
With the large number of surveys currently in operation there are many new potential variable stars discovered.
These include programs such as TESS, KELT, ATLAS, ASAS-SN, and others. Each of these has a different
cadence which might impact the classification assigned to each potential new variable star. Using our current
group of robotic telescopes, we are able to obtain high cadence follow-up observations to check the published
period and classification of these targets. The current group of telescopes consists of four telescopes on our
campus observation deck; 0.13-m, 0.2-m, 0.25-m, and the 0.3-m. Recently we have added a 0.61-m PlaneWave
CDK24 telescope to our campus dome which will provide high density data and data on fainter targets. This
th
th
group allows us to follow-up on pulsating variables from about 4 to 14 magnitude. We will show a range of
variables and a comparison of the periods from the original surveys with periods from our high-density light
curves.

1. Introduction
The campus observatory dome and observation
deck on the Eyring Science Center at Brigham Young
University (hereafter BYU) have undergone a fair
number of changes over the years. However, some of
the biggest changes have happened in the last three
years. We have made major changes to the deck and
dome facilities in an effort to make them better suited
for use in teaching astronomical research techniques
to our undergraduate students and to push for more
robotic operations. These changes have allowed the
campus facilities to complement our other telescopes
at the BYU West Mountain Observatory.
BYU has a long tradition of variable star studies
with that work providing ideal projects for student
research efforts. Two major efforts that use a great
deal of our telescope time are the study of very short
period pulsating variables and follow-up observations
of potential transit planets. In this paper we will focus
on the short period pulsating stars.
A major research effort is underway to more
fully understand short period pulsating stars such as
delta Scuti variables. We are using telescopes that
range from 5” to 1.8-m, in a number of locations, to
provide photometric, spectroscopic, and spectropolarimetry observations of a large sample of stars.
These data provide measurements of temperature,
luminosity, radius, and magnetic field strength as a
function of time. However, there are two concerns.
First, some of the telescope time is fairly limited so
only a small number of targets can be followed for a
significant amount of time. Second, some well-

studied stars have preconceived ideas from years of
research. What we would like to find is a set of highquality targets with limited prior data to start with a
clean slate.
In the modern era of astronomy there are a large
number of surveys that look for variable or transient
events. These projects will often find a large number
of variable stars that are not their primary targets.
That is where we have started our search. We have
looked at data from the ATLAS program (Asteroid
Terrestrial-Impact Last Alert Survey) (Heinze et al.
2018), the TESS satellite (Transiting Exoplanet
Survey Satellite), the KELT program (Kilodegree
Extremely Little Telescope) (Pepper et al. 2007),
ASAS-SN (All-Sky Automated Survey for
Supernovae) (Jayasinghe et al. 2018), and others.
However, at this point we encounter an
interesting issue. The data from these programs are
taken for their intended targets. In other words, the
data is not taken at a cadence that is conducive for
generating full light curves of short period pulsating
stars. Most of the programs listed above take a few
frames a night and then at a non-regular interval of
nights thereafter. Or they have a slow cadence. The
question we must ask is how reliable are the periods
generate by the search methods for each program?
Can we use their values to select a high-quality target
list for our larger research program?
In this document we will address the question of
how well we can repeat the published periods using a
team of undergraduate observers to obtain data at a
much higher cadence, using a group of robotic
telescopes. We will focus on two parts at this point:
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1) the new telescope systems, and 2) a preliminary
set of targets from the ATLAS program.

the dome telescope. This is always taken into account
when selecting targets.

2. Preliminary Target Selection
To select targets from the ATLAS program we
used their search engine to obtain all the stars listed
as PULS or MPULS, with periods less than 0.2 d.
The stars in the PULS list are those where a single
period can provide a clear definition of the curve.
The MPULS targets are multi-periodic in nature. We
have done two searches that either include a color
term in the selection process or not. This would
hopefully separate the potential delta Scuti variables
from the beta Cephei. The lists generated were then
sorted into order based on magnitude in the roughly
V filter, which were then numbered in order.
Therefore, we have a list of ATLAS targets and a
MATLAS list.
After a few preliminary observations we realized
there could be a bias in the MPULS list. The search
algorithms used to determine the period would
consider two, or more, cycles as a single cycle of
pulsation, due to the amplitude differences. This
meant that the periods could be multiples of the real
period. Therefore, in the MPULS list we include
periods up to 0.6 d in our search parameters.
In the end we generated a target list of 1157 stars
brighter than 18th magnitude for the PULS list and
375 stars brighter than 14th magnitude for the
MPULS list. Given the large number of targets in the
PULS list it was felt that we didn’t need to go as deep
in the MPULS list in order to test the data set.

3. Telescope Details and Observing
The Orson Pratt Observatory at Brigham Young
University has gone through a lot of renovations over
the years since the original dome was installed as part
of the building construction in the 1950's. The
campus observatory sits at 4600 ft. above sea level,
compared to our West Mountain Observatory at
nearly 7000 ft. However, the campus is at a fairly
high altitude compared to most campus observatories.
There are two portions to the campus
observatory facilities. We have a dome 22 ft. Ash
dome that is the highest point on the building and a
newly remodeled observation deck. Figure 1 shows
an image from the front of the building. The
observation deck would be to the right in this picture.
At the end of this paper are two panorama images of
the deck and the surrounding building (see Figures 2
and 3). You will note that there is a nearby building
that can block part of the northern sky, especially for

Figure 1. Front Entrance of the Eyring Science Center

The building has had a number of observation
deck structures over the years. It has ranged from a
wooden deck to a soft bouncy material. These
surfaces were just marginally useful for public nights
and labs for the descriptive astronomy class. In about
2015 we started discussions of what would make a
much more useful observation deck for research,
classes, and the public.
The new observation deck was finishing in 2017
and provides eight heavy pedestals that are built onto
the beams of the building and provide stability, even
with people walking right next to the telescopes on
the paver stones. Each of the eight primary positions
has power and data that runs under the deck into a
nearby control room. Of the eight pedestal positions
five were designed for permanently mounted robotic
telescopes to be used for student research projects
and our observational astronomy class. The
remaining three positions were meant for mobile
telescopes that would be moved out for public nights.
At this point in time we have four operational
telescopes on the observation deck and one in the
dome. We began in 2018 with an 8" telescope on a
Paramount MYT. Then we added a 10", 5", and 12"
to the deck, in that order. Figure 4 shows the 8”
(foreground), 5” (left), and 10” telescope (right).
These all run on some type of Paramount (MYT or
ME II). The 12" is our newest telescope and is an
TPO telescope system (shown in Figure 5). Each
system has a range of filters and we run each at near
1 arcsec per pixel. Right now plans call for the 5" to
be replaced with a shorter 6" telescope for balance
issues, replacing the 10” with an RC Optical 16”
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telescope, and we are still working on funding to
finish the 5th deck position in the near future.

range of most of our robotic systems. In addition to
our campus sample, six fainter targets were observed
using the West Mountain 36” telescope. These targets
were in the 15th to 16th magnitude range. Exposures

Figure 4.
Three robotic telescopes; an 8” in the
foreground, a 5” to the left and a 10” to the right.

Figure 6. PlaneWave CDK24 (24”) telescope.

Figure 5. TPO 12” Telescope on Paramount ME II Mount

In February 2020 we installed a new 24"
PlaneWave telescope, on a L600 mount, in the
campus dome. We have been slowly getting the
systems running for fully automated observing. So
far we have obtained preliminary data on a few
pulsating variables and a number of transiting planet
candidates. Figure 6 shows an image of the new
telescope.

4. Mono-periodic Variables

from all systems range from about 20 seconds up to
at most three minutes. Therefore, we have excellent
time coverage for all the data curves.
As a quick summary of results for the monoperiodic stars, we found: 1) for higher amplitude
systems the periods tend to be correct within errors,
2) as the amplitude decreases the error in the period
increases. One target from the faint sample was about
half the published period. Below we show example
light curves from mono-periodic pulsating variables.
In all cases we recovered the approximate period
suggested by the ATLAS program. Figures 7 to 10
show light curves for ATLAS 70, ATLAS 87,
ATLAS 58, and ATLAS 34 respectively. We note
that ATLAS 58 is mislabeled as MATLAS 58 and
that data for ATLAS 34 was obtained with the 8”
telescope.

5. Multi-periodic Variables

We began the process of cadence testing by
selecting targets from the ATLAS archive that were
labeled as PULS or MPULS. These would be
considered either mono-periodic or multi-periodic in
nature. Below we show a number of examples from
the mono-periodic list. These targets are in the range
of 12th to 13th magnitude, which is well within the

For the Multi-periodic stars (MPULS) we found
a slightly different situation. Let's take the case of
MATLAS 2 as shown below in Figure 11. In the
ATLAS archive this target is listed as V=12.79 with a
Period = 0.328471 d. The curve below appears to be
about one complete cycle. But that entire timeline of
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this light curve is 0.1392 d. This is not an uncommon
pattern when we examine targets from our MATLAS
list. The multi-periodic nature makes finding the
shortest possible periods more difficult.

6. Conclusion
After examination of a sample of approximately
20 stars that are listed in the ATLAS online database
as being short period pulsating stars, we find that the
periods reported are not always correct. For mono-

Figure 7. ATLAS 70 – V=12.73 and Period=0.086504 d
Figure 9. ATLAS 58 – V=12.58 and Period=0.112472 d

Figure 8. ATLAS 87 – V=12.74 and Period=0.074288 d

Multi-periodic targets with shorter periods in the
0.08 d to 0.14 d range seem to be accurately
characterized by the ATLAS program. However, the
majority of the targets we have examined in the 0.3 d
to 0.4 d range turn out to have much shorter period,
and these periods are not necessarily an exact
multiple of the published period.

Figure 10. ATLAS 34 – V=12.03 and Period=0.082129 d

periodic targets the error in the period is most closely
related to the amplitude of the pulsation. High
amplitude systems generally have correct periods
reported. The lower the amplitude the more likely
that you will find the true period is a multiple of the
published period. For stars that are listed as multiperiodic in the ATLAS we find that a significant
fraction of stars with period in the 0.3 d to 0.4 d
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range are actually shorter period pulsating stars. This
has implications for work on variable objects from
any large-scale survey. This will be especially true in
the era of the LSST Telescope of the Rubin
Observatory. To truly study short period pulsating
stars, it is best to use a cadence that provide sufficient
coverage of each pulsation cycle.
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Figure 3. Deck Panorama #2
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Abstract
The ability for citizen scientists to analyze image data and search for exoplanets using images from small
telescopes has the potential to greatly accelerate the search for exoplanets. Recent work on the Exoplanet
Transit Interpretation Code (EXOTIC) enables the generation of high-quality light curves of exoplanet transits
given such image data. However, on large image datasets, the photometric analysis of the data and fitting light
curves can be a time-consuming process. In this work, we first optimize portions of the EXOTIC codebase to
enable faster image processing and curve fitting. Specifically, we limited repetitive computation on fitting
centroids with various apertures and annuli. Moreover, this speedup is scaled linearly based on the number of
FITS files. After testing on existing HAT-P-32 b data and newer HAT-P-23 b data, our best demonstration was
approximately a 5x speedup, though that factor increases given a larger number of FITS files. Utilizing the
accelerated code, we analyzed transits of HAT-P-23 b, Qatar-1 b, WASP-2 b, and WASP-33 b using data
captured by the 16” SRO telescope operated by Boyce-Astro.

1. Introduction
Exoplanets are planets outside of our solar
system. Two common methods of discovering these
planets are the transit method and the radial velocity
method; however, in this work, we use the transit
method. Specifically, by plotting the relative
brightness of the star against a comparison star over
an exoplanet’s transit (when a planet passes in front
of a star), in what is known as a light curve, a dip in
flux can be measured, possibly indicating the
existence of an exoplanet. A comparison star is used
to ensure that atmospheric/external variability doesn’t
have an impact on the dip. The mid-transit time is the
time in which the exoplanet is in the middle of its
transit (tracked by the NASA Exoplanet Archive
Akeson et al. (2013). The mid-transit time error
increases over time due to the uncertainty in the
period of the exoplanet. Because of this error,

freshening transit midpoints, or continuously
observing light curves of the exoplanet to see the
transit midpoint, is necessary for accurate transit
times (Zellem et al. 2020).
EXOTIC is a codebase that takes in FITS files or
a pre-reduced text file and creates a light curve. After
specifying the x and y pixels for the target and comp
stars, EXOTIC runs its own photometric algorithm.
From there, EXOTIC would run a Markov Chain
Monte Carlo (MCMC) to best estimate the light
curve parameters. The two most time-consuming
portions were the MCMC and the photometry. To
increase efficiency, edits were made to the
photometric
algorithm
to
avoid
repetitive
computation, and the MCMC was tested with
multiple CPUs and a GPU on the Google Cloud
Platform (GCP).
First, we will overview the targets selected, and
data sources used. We chose to analyze four
155

th

SAS/AAVSO 39 Annual Symposium Proceeding

exoplanets HAT-P-23 b, Qatar-1 b, WASP-2 b, and
WASP-33 b. Within our analysis of these planets, we
worked with uncalibrated and calibrated data.
Additionally, we worked with two planets containing
a meridian flip, Qatar-1 b and WASP-2 b (a meridian
flip occurs when the star crosses the meridian and the
telescope mount needs to be rotated 180 degrees). We
will then discuss the optimizations made to the
EXOTIC photometry. Lastly, we will present the
light curves and the estimated transit parameters of
the analyzed planets.

2. Target Selection
We analyzed 4 exoplanets: HAT-P-23 b, Qatar1 b, WASP-2 b, and WASP-33 b. We chose to use
these exoplanets because the data was previously
unanalyzed. We used the uncalibrated data to test
EXOTIC’s use of calibration frames and to compare
the difference in quality between the calibrated and
uncalibrated light curves.
Within our observations, things we hoped for
included optimal parameters for analysis using
EXOTIC; specifically, we looked at high expected
transit depths and short transit durations in addition
to short periods; see Table 1 (at end of paper). We
chose WASP-33 b to test if EXOTIC could plot an
exoplanet without a given transit depth or midpoint in
the NASA Exoplanet Archive Akeson et al. (2013).
We received our image data from Pat Boyce of
the SRO Observatory. Sierra Remote Observatory
(SRO) is located in the California Sierra Mountains
at an elevation of around 1400m. Additionally we
utilized Gaia data release 2 to see if comparison stars
were variable and the NASA Exoplanet Archive
Akeson et al. (2013) to compute phase differences
and obtain various stellar/planet traits. See Table 2
for exposure settings.

3. Methods
3.1 How Exotic Works
Information on running EXOTIC in more detail
can be seen in Zellem et al. (2020). The GitHub can
be seen here Rzellem (2020). To run the FITS files
on EXOTIC, the data were first downloaded to a
directory on the local machine only for consistency,
though it is possible to run EXOTIC through Google
Colab. If accessible, calibration files (darks, flats, and
biases) would be applied to the FITS files to clear
camera noise and create clearer images. Using a FITS
file viewer, the image pixel coordinates (known as a
centroid) of the target star, as well as the centroids of
up to 10 comparison stars, were entered into
EXOTIC. Out of the comparison stars inputted,
EXOTIC selects the best comparison star based on
the lowest residual scatter. EXOTIC then took the
coordinates of the target and comparison star to fit an
aperture and annulus for both stars. To ensure the
centroid is always in the center of the star, EXOTIC
would calculate the shift of the star throughout all the
FITS files. Finally, EXOTIC plots the relative flux
between the target star and comparison star to
account for atmospheric fluctuations. The light curve
is constructed based on these fluxes and uses four
parameters: the mid-transit time, the ratio of the
planet to the star, and 2 airmass constants. To find the
correct parameters for the light curve, a Markov
Chain Monte Carlo (MCMC) sampling method is
used.

3.2 Running Exotic
For HAT-P-23 b, we were able to calibrate the
data to make a calibrated light curve to compare our
uncalibrated light curve to. We included the
uncalibrated light curve to see the extent to which the
calibration frames would improve the light curve and
to see if EXOTIC would have similar predicted
fluxes. We chose a specific set of darks, flats, and
biases based on the exposure time and binning of our
images. The uncalibrated light curve can be seen in
Figure 1(a) and the calibrated light curve can be seen
in Figure 1(b).

Table 2. Exposure settings for exoplanets used
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Figure 1s. Uncalibrated light curve of HAT-P-23 b
uncalibrated.

Figure 2b. The uncalibrated full transit.

Figure 1b. Calibrated light curve of HAT-P-23 b. The
calibrated data models the line of fit more clearly with
significantly less scatter.

Figure 3a. We see the uncalibrated light curve made
from just a portion of the full transit.

Figure 2a. The uncalibrated light curve of the smaller
portion of the transit.

Figure 3b. Depicts the complete uncalibrated transit.
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For WASP-33 b, when using the data initially,
we only had a portion of it due to an error in
downloading the files. We ran EXOTIC with what
data we had in the beginning, as seen in Figure 2(a)
and later downloaded and ran the full dataset seen in
Figure 2(b).
For Qatar-1 b, we initially ran into the issue of
only having a partial series of images like WASP-33
b; nevertheless, EXOTIC was still able to reduce that
data and complete a light curve as seen in Figure
3(a). After sorting out data problems, we ran the full
dataset, only to see that there was a meridian flip in
the data. A meridian flip rotates a large part of the
images causing EXOTIC to lose the location of the
target/comparison star as the pixel coordinates of
both will be very different after the flip. When this
happens, EXOTIC runs on only the FITS files prior
to the meridian flip, producing a partial transit light
curve. To account for this, we ran all images before
and after the flip separately such that EXOTIC
would give us the text

file with the normalized fluxes. Both files were then
combined, and the combined file was then inputted
into EXOTIC as pre-reduced data. This became what
we see in Figure 3(b).
WASP-2 b also had a meridian flip and similar
to Qatar-1 b, we were able to depict the light curve
from before the flip and from after separately as the
first part is seen in Figure 4(a) and the second part is
seen in Figure 4(b). Our comparison star parameters
can be seen in Table 3 (at end of paper).

3.3 Speed Up of EXOTIC
Although given clean data EXOTIC will
correctly interpret the transit, one drawback is how
time-consuming it can be. Some of the most timeconsuming sections include the photometry aspect
and the curve fitting with the Markov Chain Monte
Carlo (MCMC). Part of this work includes speeding
up the photometric reduction aspect and exploring
ways of possibly making the MCMC faster using
GPUs on the Google Cloud Platform (GCP).
3.3.1. Centroid Fitting and Photometry

One part of the code that was time consuming
was the centroid fitting loop. Once EXOTIC receives
the initial pixel coordinates of the star on the FITS, it
runs all combinations of apertures and annuli while
adjusting the centroid coordinates to account for
shifts of the star throughout the FITS files. The loop
was nested such that EXOTIC would set one aperture
and one annulus, then do calculations to adjust the
centroid coordinates. The drawback was that it then
would do these same calculations for every
combination of aperture and annulus, which is
Figure 4a. Here we see in the uncalibrated light curve of
unnecessary given that it was done on the first
WASP-2 b till the meridian flip.
iteration for every image. We edited the codebase to
store the coordinates of the centroid into a dictionary
could be referred to for the following apertures and
annuli, instead of having to recalculate the same
adjustments every time.
The current build of EXOTIC has this
photometry speedup implemented and specific
speedups can be seen in Table 4 (at end of paper).
The updated speed is seen in Equation 1. This
leads to a speedup of a factor seen in Equation 2.
Also, this means the total speed improvement is
Equation 3. The best speedup displayed in this work
is approximately a factor of 5, though the speed up
factor on the photometry increases linearly based on
the number of apertures and annuli and the total
speedup scales linearly with the number or images.
An advantage to this is the ability to now go through
Figure 4b. Here we see in the uncalibrated light curve
many more comparison stars quicker to have the best
beyond the meridian flip.
possible comparison star of many more options.
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4. Observations

3.3.2. Speed Up Equations
For the following calculations, let N = the
number of images, Ap = the number of apertures to
be tested, An = the number of annuli to be tested, Tc
= the time to fit the centroid, and Tr = the time to
register a translation.
Current Photometry Time = N ∗Tr + 2Tc

(1)

Photometry Factor Speedup = Ap∗An
Photometry Speed Improvement
= N ∗Tr + 2Tc∗Ap∗An− 1

(2)
(3)

3.3.3. Markov Chain Monte-Carlo
One of the lengthiest and processor heavy
components of EXOTIC is the MCMC fit. The
MCMC randomly samples to obtain the best value
for the mid-transit time, the ratio of planet to star, and
2 airmass constants. These four parameters are the
basis for constructing a light curve. To obtain these
parameters, the MCMC algorithm randomly chooses
a mid-transit time, ratio of planet to star, and 2
airmasses, and then calculates the least squares
residual value with this combination of parameters. It
then selects a large, predetermined number of random
combinations to eventually find the combination that
gives the smallest error. It randomly jumps between
parameter sets with probability p, where p is how
well the params fit the data.
To speed up this process, we attempted to use
multiple CPUs and a P100 GPU, all of which were on
a GCP Virtual Machine instance. Overall the CPUs
didn’t have a significant impact, likely due to the fact
that the sampling caps out at a max of 4 cores. We
thought using a GPU would speed up the process
because it seemed that the MCMC could be easily
parallelized, especially considering that it used
Theano tensors which are GPU compatible.
However, the GPU did not have a significant
improvement and slowed down the MCMC in some
instances as seen in Table 5. When testing the GPU
versus the CPU on the cloud, the number of cores
used when sampling was fixed to 1 to avoid some
issues the GPU would have when increasing the
number of cores. Though, Table 5 clearly shows that
the GPU was not significantly better, in fact it
appears it was worse, than the CPU, indicating that
one should generally stick to regular CPUs when
running the MCMC in EXOTIC.

One of the lengthiest and processor heavy
components of EXOTIC is the MCMC fit. The
MCMC randomly samples to obtain the best value
for the mid-transit time, the ratio of planet to star, and
2 airmass constants. These four parameters are the
basis for constructing a light curve. To obtain these
parameters, the MCMC algorithm randomly chooses
a mid-transit time, ratio of planet to star, and 2
airmasses, and then calculates the least squares
residual value with this combination of parameters. It
then selects a large, predetermined number of random
combinations to eventually find the combination that
gives the smallest error. It randomly jumps between
parameter sets with probability p, where p is how
well the params fit the data.
To speed up this process, we attempted to use
multiple CPUs and a P100 GPU, all of which were on
a GCP Virtual Machine instance. Overall the CPUs
didn’t have a significant impact, likely due to the fact
that the sampling caps out at a max of 4 cores. We
thought using a GPU would speed up the process
because it seemed that the MCMC could be easily
parallelized, especially considering that it used
Theano tensors which are GPU compatible.
However, the GPU did not have a significant
improvement and slowed down the MCMC in some
instances as seen in Table 5. When testing the GPU
versus the CPU on the cloud, the number of cores
used when sampling was fixed to 1 to avoid some
issues the GPU would have when increasing the
number of cores. Though, Table 5 (at end of paper)
clearly shows that the GPU was not significantly
better, in fact it appears it was worse, than the CPU,
indicating that one should generally stick to regular
CPUs when running the MCMC in EXOTIC.

4.1 Observations of HAT-P-23 b
During our analysis of HAT-P-23 b, light curves
were made of raw/uncalibrated data, and calibrated
data using darks/flats/bias. Figure 1(a) shows the
light curve without any additional calibration frames
whereas Figure 1(b) shows the light curve including
calibration frames. Visually, we can see EXOTIC
was able to fit a curve with less scatter in general
with the calibrations. This is confirmed as we see in
Table 6 that both the transit depth uncertainty and the
scatter in the residuals are significantly less than that
of the uncalibrated light curve.
Additionally, it appears that both light curves
have stale transit midpoints due to the midpoint being
slightly off to the right rather than in the center.
However, when compared to an existing confirmed
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Table 6. Difference between calibrated and uncalibrated
data for HAT-P-23 b. The calibrated data produced a
higher quality light curve as seen in the lower residuals
and uncertainty values.

transit midpoint of 2454852.26599 (BJD), we see a
phase difference of 23.871 minutes indicating that the
midpoint was slightly stale. See Table 7 (at end of
paper).

4.2 Observations of WASP-33 b
Throughout our analysis of WASP-33 b we
made light curves of a partial series of raw images,
and the full set of raw images. Our partial transit light
curve is depicted in Figure 2(a) whereas our full
transit light curve is depicted by Figure 2(b).
Additionally, it was interesting to see that even with a
partial series of images, EXOTIC was able to have a
decent estimate for the transit midpoint and depth,
while also capturing the transit duration well.
Phase difference in mid-transit = ((EXOTIC
mid-transit – Expected mid-transit)/Period) (Mod 1)
(4)
EXOTIC’s
mid-transit
time
was
2458027.7444759 whereas a previous mid-transit
time was 2454590.17948. This yields a phase
difference of over 1000 minutes which is very odd.
It’s likely that this large difference was either due to
noise in the data or a misfit by EXOTIC. See Table 7.

4.3 Observations of Qatar-1 b
Over the course of our analysis of the Qatar-1 b,
light curves were made with the raw, uncalibrated fits
files, calibrated data, data containing a meridian flip,
and partial transits. Figure 3(a) shows a 50-image
section of the transit near the transit midpoint. This
plot was made due to initial missing data, though the
transit depth seems quite close to the expected 2.14%
as seen in Table 1. This leads us to believe that
EXOTIC correctly fit the data although there was a
substantial amount of noise.
The final complete raw data light curve can be
seen in Figure 3(b). It’s likely that the fit is accurate
as the transit depth from EXOTIC was 2.3% which
was very similar to the expected 2.14% in addition to
this data being uncalibrated. On the note of using

darks/flats/bias to calibrate these images, the
provided calibration frames were offset and threw an
error with EXOTIC at the point of the meridian flip,
and so the fluxes in the light curve after the flip were
incorrect. Since we couldn’t obtain any normalized
flux values from the calibrations on both sides of the
flip (as the calibrations were not impacted by the
flip), we couldn’t use them.
EXOTIC’s
mid-transit
time
was
2457960.85276157 whereas a previous mid-transit
time was 2456234.10322. This yields a phase
difference of close to 40 minutes. Like HAT-P-3 b,
this was slightly stale. See Table 7.

4.4 Observations of WASP-2 b
During our analysis of WASP-2 b, we looked at
data before and after the meridian flip. Since we
couldn’t use text files containing the normalized flux
from before and after the flip due to errors with
comparison stars not being measured properly, we
just plotted both sides separately. Figure 4(a)
illustrates the light curve until the 40th image
whereas Figure 4(b) illustrates the light curve from
the 40th image to the end.
EXOTIC’s
mid-transit
time
was
2457955.9070491 whereas a previous mid-transit
time was 2458339.00342. This yields a phase
difference of over 2500 minutes. Again, it’s very
likely that this large difference was either due to
noise in the data or a misfit by EXOTIC. See Table 7.

4.5 Summary of Results
On the note of freshening mid-transit times, we
saw that the mid-transit phase differences for HAT-P23 b and Qatar-1 b were 20 minutes and 40 minutes
respectively. WASP-2 b and WASP-33 b both had
extremely high differences pointing toward a
miscalculation by EXOTIC or noise in the data.
These values can be seen in the first 4 columns of
Table 7.
Overall, EXOTIC’s transit depth predictions
were pretty accurate as the average depth difference
between HAT-P-23 b, Qatar-1 b, and WASP-2 b was
approximately 0.193%. There was, however, a
substantial difference between the EXOTIC transit
depth and the expected transit depth for WASP-33 b
as seen in the final column of Table 7. Although the
transit depth was overestimated by EXOTIC, the
light curve in Figure 2(b) does display a clear dip.
This dip may have been incorrect however, possibly
linked to the strange mid-transit phase difference.
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5. Conclusion
We were able to successfully produce a
calibrated light curve for HAT-P-23 b and saw a clear
decrease in uncertainty and residuals using
calibration frames, although the meridian flip in our
Qatar-1 b and WASP-2 b data created errors
when running the calibrations. It appears that
using calibration frames with EXOTIC significantly
reduces transit depth uncertainty and scatter in the
residuals. To run Qatar-1 b data uncalibrated, the data
before and after the flip were separated, converted to
pre-reduced text files and fed back into EXOTIC,
which worked well enough to produce fairly good
light curves. By combining the pre-flip and post-flip
text files, we were able to produce a full light curve
for Qatar-1 b. In the case of WASP-2 b, the
combined text file was not producing a proper curve,
so we had to only use the data before and after the
meridian flip to create two light curves of partial
transits. Finally, although running the MCMC using a
GPU didn’t significantly speed up the code, rewriting
portions of the EXOTIC program to avoid
unnecessary recalculations of the centroid
adjustments decreased the total run time of the
photometry linearly.
Based on our measurements, HAT-P-23 b and
Qatar-1 b had their mid-transit times freshened by 20
minutes and 40 minutes respectively. WASP-33 b
and WASP-2 b had extremely large phase
differences, and their light curves were quite noisy
and were strange during the fitting process. Based on
that, it’s possible that the calculated phase differences
for them are incorrect so we will say that their
freshened transit properties are unclear.

6. Future Work
Due to the meridian flip of the FITS files of
Qatar-1 b and WASP-2 b, EXOTIC could not create
accurate light curves without having to split the data
apart into before and after the meridian flip. This
created complications in producing the light curves
especially for the calibrated light curves. We would
like to add code to the centroid fitting section in
EXOTIC that could account for data with meridian
flips, and alter the pixel coordinates depending on the
degree of the rotation of the images. We could
possibly look into plate solving the images first also.
The MCMC sampling still takes up a large
portion of the EXOTIC run time due to the huge
number of samples and the completely random
selection. We would like to experiment with a
gradient descent algorithm that, instead of randomly
selecting parameters, would create a function that

outputs the error of a given combination, and slowly
adjust the parameters to arrive at a global minimum
of this error function. This way, instead of having to
always select a set number of combinations and run
the residual calculations every time, the gradient
descent algorithm would be able to find the smallest
residual much faster by learning from the residual
values of previous parameter combinations
We had trouble producing quality light curves
with the flats, darks, and bias calibrations for all of
our exoplanets except for HAT-P-23 b. These
calibrations seemed to have increased the quality of
the light curve when we were successful in running
the data calibrated, however we were not able to run
Qatar-1 b and WASP-2 b due to persistent errors. We
hope that we will be able to solve these errors and run
these calibrations successfully in the future.
We also would like to obtain more pre-reduced
text files from an external pipeline to observe any
increase or decrease in the quality of the light curves.
These files differ from the FITS files because they
contain information for a specific photometry
method. EXOTIC has its own photometry method
that is run and is what was used to produce all the
light curves shown. It would be interesting to see if
the various photometry have any effect on the quality
of the light curves for these data.
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that yielded the least residual scatter.
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Table 4. Comparisons between the times of the original photometry and our edited version.

Table 5. Average Iterations per second at different points of the MCMC for both the GPU and CPU.

Table 7. Differences in major parameters between EXOTIC and what was expected. The phase differences in red may
have been due to noise or an incorrect fit as obtaining that numerical value is unlikely.
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Abstract
Images of exoplanet hosts KPS-1 and Qatar-8 were requested from Las Cumbres Observatory Global Telescope
Network. Lightcurves were generated by performing differential photometry and fit using the EXOplanet Transit
Interpretation Code. KPS-1b has a well-defined transit midpoint, despite the fact that the observations did not
fully sample the planet’s egress from the eclipse of its host. The lightcurves from Qatar-8b are too noisy to draw
a definitive conclusion, even after applying six different photometric reduction methods. Lastly, pre-existing
scientific definitions are used to define a new “Habitability Index,” quantifying the habitability of an exoplanet
based on its properties. Predictions based on this habitability index are compared to those of existing metrics.

●

1. Introduction
“Hot Jupiters” are large exoplanets, typically
having deep transit depths and periods of less than 10
days (Dawson & Johnson 2018). For a sufficiently
bright host star, these exoplanets can be detected
transiting across the face of the star using small
telescopes (Zellem et al., 2020). We present
lightcurve fits of time series images for two such
targets: KPS-1b and Qatar-8b, imaged with the 0.4-m
telescopes of the Las Cumbres Observatory. In
addition, we consider the habitability of these and
other known exoplanets.

●

●

2. Target Selection
The targets in this study were selected by
introducing several constraints to reduce and refine
the list of potential targets in the NASA Exoplanet
Archive. The following criteria were employed:
● A short orbital period was desirable so that
the images would be taken promptly and
could be retaken if necessary. The period
was constrained to be less than 5 days.

●

A visual magnitude of less than 15 ensured
that the system would be bright enough to be
imaged by the 0.4-m telescopes available to
us from the Las Cumbres Observatory
(LCO) Global Telescope network (Brown et
al., 2013).
A large exoplanet radius (relative to the
host) ensured a transit depth greater than
1%, so that the dip in the lightcurve would
be easily discernible.
A cooler host of type G2 or later was less
likely to be on the instability strip of the
Hertzsprung-Russell diagram, making it less
likely to display intrinsic variability such as
pulsation or mass resonance. Potential
targets were checked by plotting their
positions
on
a
Hertzsprung-Russell
Diagram.
A right ascension (RA) of 5h to 15h
facilitated imaging at the time the study was
conducted. This interval was selected by
finding the RA of the zenith at midnight
from February to April 2020 using
Stellarium, an online star map.
The
declination was allowed to vary, since the
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LCO network has telescopes in both
hemispheres.
After reviewing the exoplanet systems listed in
the NASA Exoplanet Archive that satisfied the
requirements listed above, options were narrowed
down to five systems with spectral type G2V, which
corresponds to the Sun’s spectral type. Two systems,
HD 75732 and HD 115617, had exoplanets with
relatively short periods (0.7 days and 4.2 days,
respectively), so these two systems were chosen as
our initial targets. However, shortly after starting our
research into these, we discovered that the transit
depth, duration, and midpoint were not listed in the
NASA Exoplanet Archive and were unconfirmed in
other databases, so the search for targets began again.
This time, candidates without defined transit
midpoints and durations were eliminated from the
start of the search.
Using a filtered list from the NASA Exoplanet
Archive and a list of targets identified as upcoming
space telescope mission priorities by Zellem et al.
(Zellem et al. 2020), two new hot Jupiter hosts were
selected, Qatar-8 and KPS-1. Although the transit
depths for their planets are not listed directly in the
NASA Exoplanet Archive, they were listed in other
recent research papers (Zellem et al. 2020, Burdanov
et al. 2018). Both have a transit depth of > 1%, a
period of < 5 days, an RA between 5 and 15 hours,
and an effective temperature less than 5800 K. Since
they satisfied the conditions listed in the introduction,
they were ideal candidates for our research.
In the course of searching for a target, several
additional exoplanets were identified that would
make promising targets for a future study. These are
compared to KPS-1b and Qatar-8b in Table 1.

3. Imaging Process
It is not always possible to image a system
during its next upcoming transit, due to the
availability and locations of the telescopes on the
LCO network. The “ExoRequest” python script
written by Michael Fitzgerald was used to search for
the next upcoming transits of our targets that would
be visible (Sarva, 2020).
KPS-1 was imaged using the McDonald
Observatory in Texas, USA, and Qatar-8 was imaged
using the Teide Observatory in Tenerife, Spain. Both
McDonald and Teide have 0.4-meter telescopes
operated by Las Cumbres Observatory.
These
telescopes have a focal length of 3251 mm and use an
SBIG STL-6303 CCD camera. The CCD detector
pixel count is 2048 x 3072 (width and height) pixels,
and each pixel size is 9 x 9 microns.

th

The images were returned to us via the Our Solar
Siblings (OSS) pipeline, which performs six types of
photometric reduction on them. The six types of
photometry automated by the OSS pipeline are
aperture photometry (APT), PSFEx (PSX),
SourceExtractor (SEX), SourceExtractor Kron
(SEK), DAOPhot (DAO), and DOPPhot (DOP).
These are described in the references below
(Fitzgerald, 2018; Bertin, 2011; Bertin and Arnouts,
2018; Laher et al., 2012, Schechter and Mateo, 1993;
Stetson, 1987). The images were all checked for
saturation before analysis and were found to have
appropriate exposure times.
While checking the images for anomalies, it was
noted that the first image of KPS-1 had slightly
oblong stars; this can be due to movement of the
camera during imaging or an aberration in the optics.
The rest of the KPS-1 images displayed clear,
circular stars, so the oval shape was confined to the
start of the series. Given the clear lightcurve that will
be described in the next section, it appears that the
initially oblong stars did not compromise the
photometry of the target. There were no
corresponding anomalies in the Qatar-8 images.

4. Creating Lightcurves
EXOTIC (EXOplanet Transit Interpretation
Code) was used to reduce the images into a
lightcurve (Zellem et al., 2020). Based on the listings
in the LCO observation portal and site directory, the
observation date, telescope latitude and longitude,
and elevation were input into the software. Other
necessary parameters included the exoplanet name,
pixel coordinates of the target (x, y), and pixel
coordinates of at least one comparison (comp) star.
If multiple comp stars are specified, EXOTIC
chooses which comp to use based on the residuals of
a quick preliminary lightcurve fit. Using differential
photometry, the variation of the target brightness is
compared to that of the comp star. This controls for
atmospheric and environmental effects which can
influence the photometry of the target.
The pixel coordinates for the target and comp
stars were found using AstroImageJ (AIJ). EXOTIC
only requires the pixel coordinates of the first image
in the series; it will then “follow” the stars through
subsequent images, despite potential field drift. The
pixel coordinates were found by centroiding each star
and noting AIJ’s listing of the “FITS X” and “FITS
Y” for the corresponding centroid, as shown in
Figure 1. The parameters for our two targets are
listed in Table 2. The pixel coordinates listed in the
table correspond to the comp star coordinates (in AIJ)
that EXOTIC chose as the “best” comps when
generating the original lightcurves.
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Figure 1: The pixel coordinates of KPS-1 being found
manually in AIJ under, “FITS X and Y.”

KPS-1

Qatar-8

2020-02-14

2020-02-11

McDonald
Observatory: TX,
USA

Teide
Observatory:
Tenerife, Spain

Latitude and
Longitude

+40.5 N, -104.02 W

+28.3 N, -16.5 W

Elevation
(meters)

2070

2330

Exoplanet Name

KPS-1b

Qatar-8b

Right Ascension

11 h 00m 40s

10h 29m 39s

Declination

+64d 57m 50s

+70d 31m 37s

Target Star Pixel
Coords
(x, y)

1521, 967

1494, 975

Comp Star Pixel
Coords
(x, y)

1610, 1153

1877, 1003

Observation
Date
Location

Figure 2: Image of Qatar-8b, with target in a red
aperture, and five new comp stars in green apertures.

Qatar-8 displayed an incomplete lightcurve with
relative flux around 0.994 at the eclipse minimum,
meaning the transit depth was 0.6%. This is about
half of the previously recorded value, 1.0153%
(Zellem et al. 2020). Moreover, the transit midpoint
found for Qatar-8 was 2458890.6152 BJD, which is
about 1.2 hours different from the expected transit
midpoint that evening. Its lightcurve is asymmetric.
Because of the unusual nature of Qatar-8b’s
lightcurve, new comparison stars were chosen.

5. Selecting New Comp Stars

Table 2: Information used for KPS-1 and Qatar-9, when
generating light curves in EXOTIC.

Lightcurves of KPS-1 and Qatar-8 are shown in
Figures 2 and 3. KPS-1 showed a relative flux of
0.987 at the eclipse minimum, indicating a transit
depth of around 1.3%, which is equal to the
value found previously (Burdanov et al., 2018). The
observed transit midpoint of KPS-1b was
2458893.8969 BJD, which was around 17 minutes
different than the expected transit midpoint that
night. This difference may be due to the lack of
baseline images following the egress of the planet
from the eclipse of its host.
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In order to perform reliable differential
photometry, comp stars must be within a small
angular separation of the target star and have a
relatively high ADU (Analogue-to-Digital units)
count. AIJ was used to identify close, bright stars.
The new comp stars are surrounded by green
apertures in Figure 2.
To find the catalog designation of each comp
star, the target and comp coordinates were input into
the Sky Atlas Aladin v10, operated by Strasbourg
University. The NASA IPAC Extragalactic Database,
which is operated by the California Institute of
Technology, was also referenced. The stars are listed
in Table 3 (at end of paper).

6. Photometry
The original lightcurve for Qatar-8b (shown in
Figure 3), was generated using comp star WISEA
J102942.56+702801.3. To see whether a different
photometric reduction technique might clean up the
noise in the curve, additional lightcurves were
generated using this comp with the OSS photometric
reduction pipeline. As shown in Figure 4 (at the end
of the paper), all of the resulting lightcurves were
fairly noisy, though DOP photometry showed the
most promise. Since EXOTIC can run on pre-reduced
photometry, new lightcurve fits were performed
using DOP pre-reduced photometry on the five comp
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stars identified in the preceding section. The results
of the corresponding lightcurve fits are shown in
Table 4 and displayed visually in Figure 5 (and end
of paper). As is evident from the high uncertainties
and large differences between the observed and
expected transit midpoints in Table 4, the results are
too discrepant to be reported with confidence.

7. Mathematical Assessment of
Habitability: Defining a New Metric
Table 5 presents data on KPS-1 and Qatar-8
sourced from NASA’s Exoplanet Archive and from
Gaia DR2 on the VizieR catalogue. Each target has
one known exoplanet. KPS-1b orbits its K1 mainsequence host 264.6 parsecs from Earth and has a
planetary radius of 1.03 Jupiter radii. Qatar-8b has a
planetary radius of 1.285 Jupiter radii, and orbits its
G2 main-sequence host 276.7 parsecs from Earth.

Figure 3.
EXOTIC

A new way to assess the habitability of these and
other exoplanets was desired. Factors currently used
to evaluate habitability were considered in designing
a new metric (Jagadeesh et al. 2018, Lingham et al.).
Our metric quantifies habitability in a single number
within the closed interval of 0 and 1, where 1
represents a system habitable by humans, and 0
represents no chance of habitability by humans. The
5 factors considered are as follows:
 The atmospheric retention ability of the
planet is the minimum atomic mass of
particles that can remain in a planet’s
atmosphere over time. Although there are
many mechanisms of atmospheric loss, we
consider only the effect of thermal
processes. Due to the high-end tail of their
speed distributions, gaseous particles tend to
escape over geologic time scales when their
average speed is greater than one-sixth of
the planet's escape velocity (Zahnle and
Catling, 2009). Therefore, the minimum
atomic mass that can be retained is given by
the expression shown in Equation 1.
According to this, any gaseous atom or
molecule with atomic mass greater than 2
amu will be retained on the Earth for at least
a few million years, with greater atomic
mass particles being retained for a
proportionally longer time.
Over the
lifespan of the solar system, the cutoff
would change such that any gas whose
average speed is greater than one-tenth of
the planet’s escape velocity will be lost
(Gallagher, 2020).

Lightcurve of Quatar-8b generated with

Target Name

KPS-1

Qatar-8

Mass (M☉)

0.892

1.029

Spectral Type

K1V

GOV

Radius (R☉)

0.907

1.318

Radial Velocity (km/s)

Unconfirmed

5.57

-0.2769

0.2289

12.643

11.524

Visual Magnitude

Equation 1. The minimum atomic mass of any gas that
can remain in the atmosphere is a measure of the
atmosphere’s retention ability.



Table 5: Visual magnitude, mass, and other star data
shown for KPS-1 and Qatar-8.

The temperature of the exoplanet at its
surface has a major impact on its
habitability. In addition to influencing the
average velocity of atmospheric gas
particles as shown above, a hospitable
temperature is essential for the existence of
liquid water, and life as we know it. A
planet’s temperature depends on the
temperature of its host star, the size of the
host star, and the semimajor axis of the
planet’s orbit, according to the relation
shown in Equation 2.
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Equation 2: The surface temperature of a planet (Tplanet)
as a function of the temperature of a star in Kelvin (Tstar),
the star’s radius (Rstar), and its semimajor axis (a).



The eccentricity of the planet’s orbit
measures the distortion of an exoplanet’s
orbital path relative to a perfectly circular
orbit, as shown in Equation 3. Greater
eccentricity decreases the likelihood of
habitability because it introduces large
climate variation over the course of the
planet’s orbit around its host.

Equation 3: Eccentricity is calculated as the difference
in orbital radii at the two extreme apsis points of the
ellipse traced out as it orbits its host, divided by the
sum of these axes.



The stellar irradiance, or the brightness of
the star at the planet’s orbital radius, is
important because life needs an input of
energy to organize materials and avoid
biological entropy. The standard relationship
between stellar flux, luminosity, and
distance, is shown in Equation 4.

Equation 4. The inverse-square scientific relationship
between brightness, distance, and luminosity.



Lastly, the mass of the exoplanet is
considered. More massive planets are
generally gaseous, which does not provide
optimal conditions for life (Bryan et al.
2016). In our habitability metric, the mass
relative to Earth’s mass will be in the
denominator for massive planets, and in the
numerator for less massive planets.

The Earth Similarity Index (ESI) developed by
Jagadeesh incorporates a planet's radius and irradiant
flux (Jagadeesh, 2018). For this study, we extended
Jagadeesh’s work to incorporate the other
considerations discussed above. This was a complex
undertaking due to the interdependent nature of
several of the factors and required much trial and

error before we arrived at a metric that modeled
habitability in an intuitive way.
Equations 5 and 6, which are presented below,
show our Habitability Indexes.
Equation 5 is
intended for exoplanets of less than one Earth mass,
and Equation 6 is intended for exoplanets with a mass
greater than that of Earth. The constant 0.8 and the
units in the fraction at the right are employed to
normalize the Habitability Index of the Earth at a
value of 1 and make it dimensionless. The
habitability expression makes physical sense, as a
larger eccentricity, irradiance, and planetary mass
decrease the chance of habitability. A balance of all
the factors is ideal for a habitable environment.

Equations 5 and 6. Our Habitability Metric for exoplanets
greater and less than 1 MEarth, respectively. In this
metric, u is the minimum atomic mass that can remain in
the atmosphere in amu (u is used instead of m to
differentiate this from the planetary or solar mass). Note
that the denominator has MEarth/Mplanet for H1 but
Mplanet/MEarth for H2. Also, B is equal to the irradiance of
the host in units of solar brightness multiplied by the
solar constant, 1373 W/m2.

The stellar flux decays as the inverse square of
an exoplanet’s distance to the host and will
eventually become disproportionate because it is in
the denominator of the Habitability Index. Testing of
the metric revealed that influence became significant
beyond orbital radii of 10±2 AU, resulting in
abnormally large Habitability Indexes. The
Habitability Index was found to be most accurate
when applied to “Hot Jupiter” or Earth-like systems,
which orbit relatively close to their hosts. Similar to
the ESI, the Habitability Index fails to differentiate
Earth and Venus. A comparison of the ESI and the
Habitability Index is shown in Table 6 (at the end of
the paper) and graphed in Figure 6.
The exoplanets that lie above the line in Figure 6
have a greater ESI than Habitability Index, and the
targets below this line have a greater Habitability
Index than ESI. Despite slight discrepancies, the R²
value of 0.64 indicates a broad similarity of purpose
and function between the two metrics.

8. Habitability Evaluation of Our
Targets
Qatar-8b is a “Hot Jupiter” exoplanet, and scores
only 0.00679 on our Habitability Index, compared to
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0.0641 on the Earth Similarity Index. It has an
equilibrium surface temperature of around 1450 K.
At this temperature, most life forms of the type with
which we are familiar would ignite on fire. The solar
flux of the host star, 1.029 x 106 W/m2, would
dangerous to any un-combusted life forms, even if
they survived the heat.
Additionally, Qatar-8b is a massive, gaseous
planet with no solid surface and a mass of around 118
MEarth. An exoplanet of great mass such as this is less
conducive to life, since the organisms we can
imagine are not adapted to survive in such a high
gravitational field. Generally, exoplanets of lower
mass have less extreme, more Earth-like conditions,
and are therefore better candidates for human
habitability (Arnscheidt et al., 2019). In conclusion,
all evidence suggests that Qatar-8b is not a habitable
exoplanet, under any circumstances.
KPS-1b is a “Hot Jupiter” exoplanet with
similar, hostile conditions. It scores 0.0032 on our
Habitability Index and 0.078 on the Earth Similarity
Index. It has an equilibrium temperature of 1459 K,
where water would evaporate completely. At this
temperature, all cells and human organs responsible
for respiration would burn. Therefore, although KPS1b could be expected to retain all known atmospheric
gases, it is highly unlikely that this planet would
show evidence of any bio-signature gases such as
oxygen or methane. KPS-1b has an orbital radius of
twice the tidal disruption radius, or the “Roche
Limit” shown as Equation 7, and thus is moderately
vulnerable to coronal mass ejections and tidal
locking, which would further decrease its
habitability.

Figure 6 The Earth Similarity Index plotted as a function
of the Habitability Index for a sample of the above
exoplanets.

Equation 7. The Equation describing the Roche Limit
radius of an exoplanet orbiting a host.

9. Conclusion
In this study, two target exoplanets were imaged:
KPS-1b and Qatar-8b. KPS-1b had a clear transit
midpoint, though the accuracy of this may have been
compromised by the lack of baseline measurements
at the end of the series. but the photometry for Qatar8b was too noisy to draw a definitive conclusion,
despite applying six photometric reduction methods.
Lastly, pre-existing scientific definitions were used to
define a Habitability Index, which was applied to our
targets as well as other planets. This index describes
the habitability of an exoplanet using a number
between 0 and 1, with 1 being perfectly habitable by
humans. Compared to the Earth Similarity Index, our
Habitability Index scored planets within our solar
system generally lower, as it was a measure of the
likelihood of habitability rather than a measure of
how similar the planet’s physical properties were to
the Earth’s. Also, the ESI did not account separately
for the planet’s atmospheric conditions, temperature,
and mass. This may explain the slight discrepancies
in the scores, though they showed overall general
agreement.
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Exoplanet
Name

Right
Ascension

Declination

Period
(d)

Transit Midpoint
(JD)

Transit
Depth (%)

Transit
Duration (h)

WASP-160 b

05h 50m 43.06s

-27d 37m 23.4s

3.7684

2457383.65494

1.663

2.8442

WASP-64 b

06h 44m 27.61s

-32d 51m 30.2s

1.5732

2455582.60157

1.522

2.39976

XO-5 b

07h 46m 51.97s

39d 05m 40.5s

4.1877

2456864.3129

1.08±0.01

4.1877558

WASP-104 b

10h 42m 24.58s

07d 26m 06.1s

1.7554

2456406.11126

1.474

1.76208

KPS-1 b

11h 00m 40.18s

64d 57m 50.5s

1.7062

2457508.37019

1.30

1.68

WASP-83 b

12h 40m 36.50s

-19d 17m 03.3s

4.9712

2455928.8853

1.04

3.365

WASP-39 b

14h29m 18.41s

-03d 26m 40.3s

4.0552

2455342.9688

2.11

2.8032

HAT-P-27 b

14h51m 04.18s

05d 56m 50.5s

3.0395

2455407.9088

1.43

1.680

Qatar-8b

10h29m 38.962s

70d 31m 37.50s

3.71495

2458210.8398

1.0153

4.027

Table 1. A list of data concerning possible exoplanet targets gathered from NASA that satisfied our criteria and had
known transit information.

Comp Star Designation

Angular Sep
from Target
(arcmin)

ADU
Counts

Right Ascension

Declination

2MASS 1029491 +7032555

4.339

123400

10h 28m 49.286s

+70d 32m 55.92s

WISEA J103032.10 +703238.3

4.544

262300

10h 30m 30.152s

+70d 32m 38.47s

TYC 4387-1166-1

3.612

516700

10h 28m 42.626s

+70d 28m 01.82s

GALEXMSC
J103005.92+703709.8

4.613

83220

10h 30m 03.045s

+70d 37m 28.60s

TYC 4837-1409-1 (High PM)

6.651

288500

10h 29m 53.575s

+70d 25m 05.66s

Table 3. The table shows catalog designations of the 5 new comp stars for Qatar-8b, the angular separation between
the comp and the target, and the ADU count for the first image in our series.
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Figure 4. Sample lightcurves generated from OSS Pipeline photometry for WISEA J102942.56+702801.3, using six
different photometric methods.

Transit
Midpoint (JD)

Transit
Midpoint
Uncertainty

Right Ascension

Declination

Transit
Midpoint
Difference
(days)

2MASS 1029491
+7032555

2458890.6094

+/- 0.026426

10h 28m 49.286s

+70d 32m 55.92s

0.0666

WISEA J103032.10
+703238.3

2458890.6267

+/- 0.011165

10h 30m 30.152s

+70d 32m 38.47s

0.0493

TYC 4387-1166-1

2458890.6112

+/- 0.007617

10h 28m 42.626s

+70d 28m 01.82s

0.0648

GALEXMSC
J103005.92+703709.8

2458890.6269

+/- 0.01633

10h 30m 03.045s

+70d 37m 28.60s

0.0491

TYC 4837-1409-1

2458890.6135

+/- 0.010983

10h 29m 53.575s

+70d 25m 05.66s

0.0625

Comp Star/ Target

Table 4. The transit midpoint and uncertainty, the observed transit midpoint difference from the expected, and the RA
and Declination for the five selected comp stars.
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Figure 5. Light curves made from pre-reduced OSS pipeline DOPPhot photometry of Qatar-8b’s image through
EXOTIC, using the five comparison stars.
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Radius of
Effective
Minimum
Planet
Mass
Irradiance Temperature Equilibrium Atomic
(Earth
(Earth
(Solar
of the Host Temperature
Mass
Habitability
Exoplanet Name
Radii)
Masses) Eccentricity Brightness)
(K)
(K)
(amu)
ESI
Index (HI)
WASP-160 b
12.22
88.4
0
236.9
5298
1119
1.11E+00
9.08E-03 7.71E-02
WASP-64 b

14.25

388

0.054

852.8

5400

1689

4.46E-01

2.06E-03

6.45E-02

XO-5 b

12.43

332

0.021

419.6

5430

1230

3.31E-01

2.41E-03

7.40E-02

WASP-104 b

12.74

403

0.015

876.8

5475

1516

3.44E-01

1.99E-03

7.12E-02

KPS-1 b

11.5

346

0

725.9

5165

1459

3.48E-01

2.32E-03

7.80E-02

WASP-83 b

11.66

96.9

0.12

261.9

5510

1120

9.68E-01

8.28E-03

7.97E-02

WASP-39 b

14.34

89.3

0.048

262.2

5400

1166

1.34E+00

8.99E-03

6.70E-02

HAT-P-27 b

11.43

196

0.028

356.7

5300

1211

5.07E-01

4.09E-03

8.00E-02

Qatar-8 b

14.4

118

0

752.2

5738

1457

1.28E+00

6.79E-03

6.41E-02

Jupiter

10.97

318

0.0489

0.03692

5778

109.9

2.72E-02

7.09E-03

1.18E-01

Saturn

9.14

95.2

0.0565

0.011

5778

81

5.59E-02

4.67E-02

1.05E-01

Mercury

0.383

0.0553

0.2056

6.639

5778

439.6

2.19E+01

6.98E-02

3.90E-01

Venus

0.95

0.815

0.0067

1.911

5778

735.2

6.16E+00

9.29E-01

7.78E-01

Earth

1

1

0.0167

1

5778

277.8

2.00E+00

1.00E+00

1.00E+00

Mars

0.532

0.107

0.0935

0.433

5778

226.1

8.07E+00

3.98E-01

6.47E-01

KIC 5951458 b

6.6

35.4

0

0.581

6258

243

3.25E-01

2.95E-02

4.46E-01

KIC 3558849 b

6.75

38.1

0

1.178

6175

290

3.69E-01

2.48E-02

4.72E-01

K2-13 b

2.7

4.23

0

11.408

5698

511

2.34E+00

1.95E-01

3.24E-01

TRAPPIST- 1 h

2.4

9.5

0.06

55.06

5175

759

1.38E+00

8.51E-02

2.59E-01

Qatar-8 b

14.4

118

0

752.2

5738

1457

1.28E+00

6.79E-03

6.41E-02

K2-141 c

7

7.4

0

38.11

4599

700

4.76E+00

1.10E-01

1.45E-01

TOI 216.02

7.69

30

0.132

24.048

5026

628

1.16E+00

2.72E-02

1.52E-01

KELT-8 b

18.2

210

0.04

47.11

5754

1675

1.04E+00

3.91E-03

7.23E-02

GJ 1132 b

1.43

1.66

0.22

18.65

3270

529

3.27E+00

4.95E-01

3.53E-01

WASP-117 b

11.9

95

0.302

198.43

6040

1001

9.01E-01

8.45E-03

7.97E-02

K2-155 c

2.6

7.27

0

11.09

4258

583

1.50E+00

1.14E-01

3.31E-01

K2-155 b

1.8

3.89

0

31.41

4258

708

2.35E+00

2.09E-01

3.06E-01

CoRoT-24

5

28

0

41.48

4950

850

1.09E+00

2.90E-02

1.78E-01

HD 219134 c

1.511

4.36

0.062

64.979

4699

782

1.95E+00

1.85E-01

2.99E-01

Kepler-32 f

0.82

0.477

0

344.995

3900

1100

1.36E+01

3.84E-01

2.94E-01

HAT-P-3 b

10.5

207

0

327.55

5185

1170

4.26E-01

3.87E-03

8.61E-02

Kepler-42 d

0.57

0.13

0.02

10.115

3068

450

1.42E+01

1.35E-01

3.89E-01

Proxima-Centauri
b
Kepler-62 f

1.07

1.27

0.35

0.658

3050

234

1.42E+00

8.14E-01

8.52E-01

1.41

1.5

0

0.407

4925

208

1.40E+00

7.32E-01

6.79E-01

Table 6: A list of data used to assess the habitability of the potential targets from NASA, as well as data to compare
for the Solar System and the exoplanets listed in (Zellem, et al., 2020). Note that solar irradiance is in terms of the
Sun’s irradiance at Earth and should therefore be multiplied by the solar constant (1373 W/m 2) prior to insertion into
Equations 5 and 6.
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Abstract
Images of the exoplanets TOI 717.01, Qatar-8 b, and HAT-P-3 b were requested in the w-filter from the Las
Cumbres Observatory 0.4-meter telescopes. Of these requests, images were taken of TOI 717.01 and HAT-P-3
b and were reduced using the EXOplanet Transit Interpretation Code (EXOTIC) software, as well as 6
photometric algorithms from the Our Solar Siblings pipeline. HAT-P-3 b’s transit midpoint was found to be
2458907.6205, which is 20.2 minutes different from its expected midpoint that night. For TOI 717.01, the transit
was not discernible, likely due to its low transit depth of 0.1%. It is possible that one of the comparison stars in
the TOI 717.01 field is variable.

1. Introduction
Exoplanets are planets that orbit stars outside of
our solar system, and many exoplanets have been
detected using the transit method. This involves
plotting the apparent brightness of the host star
against time and looking for periodic decreases in
that brightness which correspond to planet
occultations. The uncertainty of a planet’s mid-transit
time increases with time since the last measurement
due to propagation of the uncertainty of its period.
Because of this, continually observing and updating
exoplanets’ mid-transit times, also known as
freshening the midpoints, is needed in order for
predicted transit times to remain accurate (Zellem et
al., 2020).

2. Target Selection
To select suitable exoplanet candidates for this
study, we looked for planets that had the highest

likelihood of being observed by the James Webb
Space Telescope, the ARIEL mission, and the
Astro2020 mission. High priority targets for these
missions have atmospheric and thermal properties
that make them especially interesting. Without
repeated freshening, the target planets’ mid-transit
times are in danger of becoming uncertain before
launch. Zellem et al.’s depiction, reprinted in Figure
1, illustrates the extent to which this uncertainty
might affect the ability of these missions to optimize
telescope time allocation. In addition to examining
priority targets for upcoming space missions, we also
looked for possible targets in the NASA Exoplanet
Archive that would be observable by the 0.4-m LCO
telescopes to which we had access.
The planets that were visible during the spring
were identified using the LCOGT’s seasonal
visibility checker, which shows whether the
LCOGT’s telescopes are able to image the target
within a given time frame. Figure 2 gives an example
of the visibility of two different targets.
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made simply by dividing the mmag measurement by
ten (Still, 2013). However, despite the fact that we
could not discern this transit in our data or freshen
TOI 717.01’s midpoint, we were able to make some
interesting observations about other stars in its field,
as will be discussed below.

3. Instruments Used

Figure 1. Uncertainty of mid-transit time increasing with
the number of years since the most recent transit
observation. Planets with smaller orbital radii and
shorter periods tend to become stale more quickly
(Zellem et al., 2020).

Figure 2. LCO visibility checker: (a) displays that the
target HAT-P-3 b is visible throughout the season,
whereas the exoplanet K2-155 b in (b) is only
sporadically visible during the first part of March.

The selection of targets was further constrained
to favor those with deep transit depths and short
periods. A deep transit depth, usually of 1% or
greater, is required for the LCOGT’s 0.4-meter
telescopes to see it. Additionally, short periods are
necessary, as the project needed to be completed
within a single semester, and it often takes multiple
image requests before a complete transit is obtained.
Because of this, the search was narrowed to planets
with periods less than five days.
Based on these parameters, three targets were
selected. Information on each host star and orbital
parameters of the systems can be seen in Table 1 (at
end of paper). TOI 717.01’s transit depth was given
as 1 millimagnitude (mmag) in the NASA Exoplanet
Archive; we were initially unsure what this depth
corresponded to in terms of a depth percentage. As it
turns out, mmag to percent depth conversions can be

The Las Cumbres Observatory 0.4-m telescopes
were used to obtain images of the targets. All of these
telescopes have the same specifications: the aperture
is 0.4m, the focal length is 3251mm (f/8), and the
field of view is 29.2 x 19.5 arcminutes. All images
were taken using a Pan-STARRS w-filter. The SBIG
STL-6303 cameras have a 0.571 arcsecond pixel
scale, and a 14-second overhead per frame. Because
of the identical specs, the images were directly
comparable even when they came from different
observatories. Specifically, for the full HAT-P-3
dataset and the first TOI 717.01 dataset, images were
returned from the Teide Observatory in Tenerife,
Spain. For the second TOI 717.01 dataset, images
were returned from Cerro Tololo in Chili. For the
third TOI 717.01 dataset, images were returned from
Haleakala in Maui. Eight separate Qatar-8 b requests
were made, but all of these expired, meaning that the
images could not be taken during the specified time
windows. This can happen due to weather, telescope
maintenance issues, or other astronomers’ conflicting
image requests.

4. Methods
Image requests were facilitated by Michael
Fitzgerald’s ExoRequest script (Sarva et. al., 2019).
This script identifies the time to schedule an image
request by calculating the predicted transit midpoint
in conjunction with the epoch of the transit and the
time prior to ingress and after egress for which
baseline images are desired. In all cases, a window of
60 minutes on either side of the expected midpoint
was requested. The script uses the host star’s
magnitude to identify an appropriate exposure time.
The exposure times for TOI 717.01, HAT-P-3, and
Qatar-8 b were 68 seconds, 24 seconds, and 26
seconds respectively.
The images received from the LCOGT were prereduced using the Our Solar Siblings (OSS) pipeline
(Fitzgerald, 2018).
In the OSS pipeline, six
photometric algorithms are used to find the
brightness’s of stars in an image from the
brightness’s of their constituent pixels. The six
algorithms include three types of aperture
photometry: Aperture Photometry Tool (APT),
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Image
(a)
(b)
(c)
(d)

EXOTIC
Midtransit
(BJD 245000)
8890.35698
8890.36797
8903.56677
8903.59338

Mid-transit
Uncertainty
(days)
0.025408
0.001271
0.033836
0.013823

Difference
From
Expected
Midtransit
(minutes)
10.2
26.0
76.1
37.8

Table 2. TOI 717.01 Mid-transit times.

Source Extractor (SEX), Source Extractor Kron
(SEK). In addition, they include three types of pointspread function photometric algorithms: DAOphot
photometry (DAO), DOPhot photometry (DOP), and
PSFEx photometry (PSX). Details of the algorithms
appear in the references below (Bertin, 2011; Bertin
and Arnouts, 2018; Laher et al., 2012, Schechter and
Mateo, 1993; Stetson, 1987).

5. Observations of TOI 717.01
Using the LCOGT images and the EXOplanet
Transit Interpretation Code (EXOTIC) (Zellem et al.,
2020), light curves of TOI 717.01 were generated
using several different comparison stars (comp stars).
Figure 3 (at end of paper) shows the lightcurves from
EXOTIC using different comp stars on the three
datasets, and Table 2 shows the corresponding fitted
mid-transit times with their uncertainties. In Figure 3,
(a) comes from images taken at Teide on February
11th, 2020, (b) and (c) come from images taken at
Cerro Tololo on February 24th, 2020, and (d) was
from images taken on Haleakala on March 9th, 2020.
The difference between the observed transit midpoint
and that listed on the NASA Exoplanet archive was
divided by the period to compute the number of
periods that had passed since the listed transit
midpoint. The decimal part of the number resulting
from that operation was the difference in phase
between the observed and expected transit midpoint;
this was converted into minutes for inclusion in Table
2. The changes in position and depth of the fitted
transit between these sets of images confirm that the
transit of TOI 717.01 causes a smaller dip than can be
detected using the LCO equipment.
Table 3 (at end of paper) shows the comp stars
used for differential photometry of TOI 717.0. The
brightness variation over the course of the Teide
images, which are labeled (a) in Figure 3, may be
evidence of variability in the corresponding comp
star, even though the comp is not marked as a
variable star in the Gaia DR2 or SIMBAD databases.

The comp star used in the Haleakala images, which
are labeled (d) in Figure 3, was a red giant, so the
slight protuberance near phase 0.05 of (d) might be
evidence of stellar activity in the comp corresponding
to its stage of life.

6. Observations of HAT-P-3b
Lightcurves of the HAT-P-3 b system were
constructed using EXOTIC. In Figure 4 (a) and (b)
(at end of paper), which used EXOTIC version 0.6.5,
the transit appears to be in process at the beginning of
the fit, even though images in the series included a
one-hour window before and after the transit.
However, after removing certain faulty images and
running them through EXOTIC version 0.6.9, we
obtained the light curve seen in Figure 4 (c) which
shows a clean transit with a clear dip. The faulty
images that were removed included the first image,
which contained a strange image header and had a
different appearance from the other images. The 57th
image in the series was also removed, because of a
warning message from EXOTIC about a drifting
comparison star in that image. It is likely that the
updated software version and also the removal of the
corrupted images contributed to the cleaner
appearance of the light curve in Figure 4 (c). As seen
in Table 4, EXOTIC reported a mid-transit time of
2458907.6298, corresponding to a phase difference
of approximately 0.01645 (23.683 minutes).
As a comparison, EXOTIC was run on prereduced data from the six different LCO photometric
reduction algorithms. The corresponding light curves
are seen in Figure 5 and Table 4 (at end of paper).
Values for the transit midpoint, depth, and
uncertainty vary widely among different photometry
types, with SEK photometry showing the lowest
residual scatter and lowest transit depth uncertainty.
However, running EXOTIC directly on the images
produced lower residual scatter and transit depth
uncertainty than any of the other the photometry
types.

7. Conclusion
For HAT-P-3, we measured a transit midpoint of
2458907.6298 BJD using EXOTIC. Running
EXOTIC directly on image files had a lower residual
scatter than running it on pre-reduced data from other
photometric algorithms. It is possible, but not
confirmed, that a comparison star used for TOI
717.01 was variable. Our data for both HAT-P-3 b
and TOI 717.01 have been uploaded to the American
Association of Variable Star Observers (AAVSO)
website.
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Orbital
Period
(Days)

Transit
Depth

Transit Midpoint (BJD)

Transit
Duration
(hours)

Apparent
Magnitude

Stellar
Temperature

TOI 717.01

0.5079

1 mmag

2458518.26611

1.238

11.44

3427

Qatar-8b

3.715

1.01%

2458210.83890

4.027

11.34

5738

HAT-P-3b

2.899

1.24%

2454856.70118

2.075

11.58

3185

Target

Table 1. Planetary, stellar, and transit properties of
exoplanet target candidates.
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Figure 3. Light curves of the TOI 717.01 system using EXOTIC directly on FITS files received from LCOGT, with image
(a) from the first set of data, images (b) and (c) from the second set of TOI data, and image (d) from the third set of
data.

Lightcurve

Comp RA

Comp Dec

Apparent
Mag

(a)

09:51:57

02:07:01

12.74

Parallax
Angle
(mas)
28.76

(b)

09:51:57

02:07:01

12.74

(c)

09:51:55

02:09:16

(d)

09:51:27

02:05:20

Absolute
Magnitude
10.03

No

28.76

10.03

No

13.67

11.01

8.88

No

11.84

0.64

0.86

Yes

Table 3. Comparison Star information regarding Figure 3.
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Figure 5. EXOTIC light curves of HAT-P-3 b using FITS files.

Reduction
method

Transit
Depth

Depth
Uncertainty

Transit Midpoint (BJD)

Midpoint
Uncertainty
(Days)

Scatter in
Residuals
(%)

Fits Files

0.911

0.059

2458907.6298

0.001447

0.354

PSX

2.15

0.294

2458907.6267

0.002886

0.774

SEX

1.126

0.115

2458907.6268

0.002876

0.446

SEK

0.972

0.109

2458907.6205

0.003552

0.51

APT

2.14

0.2584

2458907.6199

0.004547

1.169

DAO

3.617

1.246

2458907.5456

0.0572

2.115

DOP

3.8396

1.256

2458907.5699

0.009163

7.324

Table 4. Information on transit properties for the HAT-P-3 light curves.

Figure 4. Light curves of HAT-P-3 b using the SEX (a), SEK (b), PSX (c), APT (d), DAO (e). and DOP (f) photometry. The
graphs in conjunction with Table2depict that the SEK and SEX photometry types generally had lower uncertainties
and were closer to the expected transit depth.
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Looking for Transit Timing Variations in TrES-1
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Abstract
For exoplanets that transit between their host star and Earth, periodic variations in mid-transit time can indicate
another planet's gravitational influence. We investigate 31 transits of TrES-1 b observed from 6-inch telescopes
in the MicroObservatory network. The EXOplanet Transit Interpretation Code (EXOTIC) is used to fit light curves
and find transit midpoints. Our analysis did not indicate the existence of other planets affecting the orbit of TrES1 b.

1. Introduction
Observation of transiting exoplanets by small,
ground-based telescopes helps to maintain their
ephemerides, thereby allowing upcoming space
telescope missions such as James Webb and Ariel to
optimize time allocation in imaging these targets.
Meta-analysis of a collection of transit
measurements can also be useful for studying transit
timing variations (TTVs), which might constitute the
signature of another planet in the system (Fowler et
al., 2020). The typical TTV period is several years,
which is longer than the typical period of a known
planet whose transits are accessible to small
telescopes (Cortes-Zuleta et al, 2020).

2. Data Collection and Reduction
We obtained 10 years of TrES-1b transit
observations from the 6-inch robotic telescopes of the
Harvard & Smithsonian Center for Astrophysics |
MicroObservatory (Sadler et al, 2001). TrES-1 b is a
hot Jupiter exoplanet with a period of 3.03007 days
(Bonomo et al., 2017). The starfield is shown in
Figure 1, with the target in green and three
comparison stars labeled in red.
Eighty sets of images were processed using
EXOTIC, the EXOplanet Transit Interpretation Code
(Zellem et al., 2020). Of these, 31 showed clean
lightcurves like that in Figure 2, with C2 minimizing
residuals in 12 cases, C3 in 14 cases, and C4 in 5
cases.

3. Transit Timing Variations

EXOTIC. Based on Zellem’s equation for calculated
midpoint uncertainty (Zellem et al., 2020), the
uncertainty of each O - C (observed minus
calculated) value is:
√𝛥 𝑇𝑜𝑏𝑠 2 + 𝐸 2 ⋅ 𝛥𝑃2 + 2 ⋅ 𝐸 ⋅ 𝛥𝑃 ⋅ 𝛥𝑇0 + 𝛥 𝑇0 2 .
The O – C plot for 31 transits of Tres-1b is
shown in Figure 3. Assuming 30 degrees of freedom,
the reduced 𝜒2 value compared to O - C = 0 is 0.648,
suggesting that the observed and calculated transit
midpoints are consistent.
A Lomb-Scargle period analysis, which is suitable
for unevenly-sampled time-series data, can be used to
check for a periodic trend among observed residuals
of the O – C plot (VanderPlas, 2018). The
periodogram in Figure 4, which was produced by the
astropy Lomb-Scargle procedure, shows multiple
peaks, indicating that the data do not follow a
periodic trend.

Conclusions
TTV analysis based on 31 transits of TrES-1b
did not show sufficient periodic variation to suggest
the existence of another planet. However, it will
allow us to update the ephemeris of this planet.
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For a planet in Keplerian motion, the expected
transit midpoint time is a published midpoint time T0
plus the product of the period P and an integer
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Observation of Gaia (DR2) Red and White Dwarf Binary
Stars in the Solar Neighborhood
Rick Wasson
Orange County Astronomers
ricksshobs@verizon.net

Abstract
The Gaia satellite combines astrometric, parallax, photometric and spectroscopic measurements of stellar
properties - with greater accuracy than ever before. In 2018 Gaia Data Release 2 (DR2) made preliminary but
consistent data available for an extraordinary number of stars: 1.3 Billion!
Red and White Dwarf stars are intrinsically very faint – only the nearest and brightest are visible in the eyepiece
of a small telescope. Although many can be recorded in long exposure images, they are less well studied than
brighter stars. Red Dwarfs are the most common type, but are faint because of their small size, slow nuclear
fusion and cool red color; White Dwarfs are hot but very small and relatively rare. Even in the Solar
Neighborhood, between 10 and 100 parsecs (33-326 light-years), all the stars of these two types have not yet
been found.
In 2019 a campaign was begun to identify and observe “new Gaia binary” candidate systems containing a red or
white dwarf star. Binaries offer the chance to define stellar properties more completely by deriving masses from
their orbit. The Orange County Astronomers 22-inch Kuhn Telescope was used, together with Speckle
Interferometry techniques, to achieve higher resolution than either the Gaia satellite or large deep surveys. The
goals of this project were:
1. Confirm new binary systems discovered by Gaia and add measurements of their orbit.
2. Discover possible new red dwarf components in multiple star systems.
New red dwarf binary candidates are defined as not listed in the Washington Double Star (WDS) catalog. A
“data mining” search of DR2 was made with the following Gaia parameters: two stars with separation < 10,
parallax greater than 10 mas (i.e., within 100 parsecs of the Sun), similar proper motion, and at least one
component with Gaia color index (Bp-Rp) > 2.0 (i.e., late K or M spectral type).
More than 800 Gaia candidate binaries have been identified within 100 parsecs in the northern sky; about ¾ of
them have a Red Dwarf component, and a handful of White Dwarfs are also included. Thirty-five of the brighter
systems have been observed so far; about half of these do not appear in the WDS Catalog and are thus believed
to be “new” Gaia binaries. Observation methods and results are presented and discussed.

Slides for the presentation are given on the following pages.
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New Life for the Bright Star Monitors
Arne A. Henden
ahenden@gmail.com

Abstract
In 2009, the AAVSO created the Bright Star Monitor (BSM), an inexpensive CCD system optimized for stars
brighter than 8th magnitude. Over the next few years, several more of these robotic systems were installed at
urban sites around the world. Thanks to long-term equipment loans from the Tzec Maun Foundation and the
availability of low cost CMOS cameras, we have upgraded this network and expanded its capabilities. Free to
AAVSO members, this network contributes about a half-million images per year to the astronomical
community. I will describe the new hardware configuration and some upcoming software improvements, as well
as some photometric results from the network

Full article to appear later in the Journal of the American Association of Variable Star Observers (JAAVSO).
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Identification and Analysis of Pulsating Red Giants
Misclassified by ASAS and ASAS-SN
Kristine Larsen
Central Connecticut State University
1615 Stanley St., New Britain, CT 06050
larsen@ccsu.edu

Abstract
Pulsating red giant stars (PRG) pose a particular challenge for automated classification algorithms due to their
complex and quasiperiodic behavior, leading to their possible erroneous designation as “miscellaneous” class
variables (MISC). A subset of variable stars identified as MISC by the All-Sky Automated Survey (ASAS) with
extremely long period (over 1000 days) was analyzed. The AAVSO’s VStar statistics program was applied to the
stars’ data from ASAS and the All-Sky Automated Survey for Supernovae (ASAS-SN). Examples of several
types of PRG behavior were identified, and limitations of several automated classification algorithms made
apparent.

1. Introduction
Of the nearly 1.44 million stars cataloged on the
AAVSO’s International Variable Star Index (VSX),
more than 28,000 are listed as “miscellaneous”
(MISC) type. The vast majority of these (nearly
25,000) are stars from the All-Sky Automated Survey
(ASAS). The original ASAS Catalog of Variable
Stars (ACVS) (Pojmański 2002) only classified a
quarter of its more than 50,000 variable stars into
discrete categories; the majority were simply listed as
MISC (Richards et al. 2012).
Previous work has demonstrated that a
significant number of stars classified as MISC by the
ASAS automated algorithms can, in fact, be assigned
more accurate periods and identified as belonging to
well-defined variable types via Fourier and wavelet
analysis using the AAVSO’s VStar statistics program
(Johnson & Larsen 2015; Larsen & Hoover 2016;
Quinonez & Larsen 2016). Many of these stars
belong to various pulsating red giant (PRG) subtypes.
Variability appears to be a universal trait of all
late-K to M spectral class giants and supergiants
(Kiss & Percy 2012). In the General Catalogue of
Variable Stars (GCVS) PRG are divided into larger
amplitude (usually >2.5 magnitudes) Mira (M) type
and smaller amplitude semi-regulars (SR), with
subdivisions including SRa (giants with more
obvious periodicity) and SRb (giants with less
obvious periodicity). Those with irregular variations
are classified as L (Kholopov 1985). Mira and SR
stars are located on the asymptotic giant branch
(AGB) of the HR diagram; unravelling their complex
variability patterns will lead to further understanding
of this important later stage in the evolution of stars
(Kiss et al. 1999).

For example, long secondary periods (LSP) are
found in at least a third of all variable red giants; this
unsatisfactorily explained periodicity (generally 5-10
times longer than the main pulsation period) features
less-than-regular light variations that are prone to
varying minima depths between subsequent cycles
(Nicholls et al. 2009). Percy and Khatu (2014) found
similar variations (with periods of thousands of days)
in the light curves of red supergiants.
Semiregular variables often show other
multiperiodic behavior. In addition to LSP bimodal
stars can pulsate in various combinations of
overtones, including fundamental mode and first
overtone and first and second overtones (Kiss et al.
1999; Percy 2020).
PRG can undergo significant changes in their
behavior, not only demonstrating linear, sinusoidal,
or seemingly random and abrupt changes in their
period over time scales of decades (Percy & Colivas
1999), but sometimes converting from Mira-like to
SR-like patterns within only a few periods
(Templeton, Mattei & Willson 2005). Pulsating
giants and supergiants are also prone to changes in
amplitude of up to an order of magnitude (Percy &
Abachi 2013; Percy & Khatu 2014). Mira and SR
type variables can also develop “humps” in their light
curves on the ascending branch that can appear and
disappear over time (Marsakova & Andronov 2007).
Semiregular variables are, as the name implies,
only marginally periodic; the
well-known
“wandering” in their periods and other irregularities
mean that their phase plots will be messy, providing a
challenge for any automated algorithm (Percy &
Fenaux 2019). It is for this reason that these stars are
well-suited for analysis by a human eye and brain.
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For example, Percy and Fenaux (2019) noted
problems with the automated period determination
and classification algorithms of the All-Sky
Automated Survey for Supernovae (ASAS-SN)
database (Kochanek et al. 2017). In particular,
ASAS-SN periods were found to often be multiples
of the true period, or to represent the star’s LSP while
ignoring the shorter primary pulsation period.
Statistical analysis of stars that have less than
clockwork periodicities are complicated by wellknown problems with harmonic periods, alias
periods, and spurious periods (Percy 2015). These are
exacerbated by the existence of gaps in the data,
including seasonal gaps that are especially notable for
stars near the ecliptic (Percy & Qiu 2019).
For these reasons a manual analysis of MISC
stars utilizing both ASAS and ASAS-SN data would
not only aid in the proper classification of these stars
but also potentially shed further light on the
limitations of these classification algorithms as
applied to PRG.

Figure 1. DCDFT period analysis using VStar of ASAS
J110325-6228.8

2. Procedure
ASAS-named stars with published V-band
amplitudes and listed periods between 1000-2500
days classified as MISC in VSX were selected for
this current study. This period range was chosen due
to the high probability that these published periods
were either (1) spurious because very few types of
variables have periods this long (Otero et al. 2020) or
(2) represent interesting long period physical
behavior, including long secondary periods. Based on
past experience, it was expected that many of these
173 MISC stars would be identified as PRG with
actual periods one order of magnitude smaller than
the published value. Fourier and wavelet analysis
using VStar was performed on all 173 stars (Benn
2012), and this paper presents the results for 20 stars
with reliable periods and relatively unambiguous
interpretations.
It is not feasible to directly combine ASAS and
ASAS-SN data as there is a roughly 1500-day gap
between the data sets. However it is instructional to
apply VStar analysis to each data set independently,
in order to verify any periodicity and potentially
determine changes in the star’s behavior over time.
Following the studies of Percy and Abachi
(2013) and Percy and Khatu (2014) the data was
analyzed using the Fourier (DCDFT) and wavelet
(WWZ) analysis routines; the default values for the
decay time (0.001) and time division (50 days) in
WWZ were adopted, and a period range of
approximately 0.9-1.1 times the “standard” or
presumed period was searched as needed to verify
period “wandering.”

Figure 2. WWZ Period versus Time analysis using VStar
of ASAS J093750-5910.1

As seen in Figure 1, DCDFT (Date Compensated
Discrete Fourier Transform) analysis can yield a
forest of closely spaced peaks due to cycle-to-cycle
variations in the pulsation period (Kiss et al. 1999).
An example of an oscillation in period is seen in
the WWZ (weighted wavelet z-transform) analysis
for ASAS J093750-5910.1 (Figure 2).
Following the convention of Percy (2000;
2020a), periods are reported here to the nearest two
tenths of a day (or less), rather than the typical seven
or eight significant digits often cited in VSX or
ASAS-SN, as all periods are approximate at best
(generally only averages good to a few days, with
sometimes even larger variations). The power spectra
are often very complex, and in some cases exact
periods were not always discernable.
Tables 1-4 first give the preliminary
classification and period(s) suggested from
independent VStar analysis of the stars’ ASAS data
(linked through VSX) and ASAS-SN data available
through the ASAS-SN Variable Stars Database
(https://asas-sn.osu.edu/variables); the latter is given
in parentheses for clarification. The next column lists
the classification and period found in the Machinelearned ASAS Classification Catalog (MACC),
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ASAS #

Figure 3. Phase Plot for ASAS-SN data for ASAS
J102112-5735.6

J084822
-1619.1
J102112
-5735.6
J082436
-3728.2
J070011
-4116.0
J113545
-5823.4
J110325
-6228.8

Figure 4. Combined ASAS/ASAS-SN light curve for
ASAS J070011-4116.0

which reclassified the ASAS stars using an
automated calibrated probabilistic classification
system with a claimed classification error of less than
20% (Richards et al. 2012). MACC classifications for
PRG include Mira, small amplitude red giants
(SARG_A and SARG_B) and semiregular pulsating
variables (here denoted SR_RV). The final column
gives the classification and period of the star posted
on the ASAS-SN database (calculated by the ASASSN automated algorithms using the survey’s data).

3. Results
As noted in Table 1, the MACC and ASAS-SN
algorithms were able to pick out the same period as
the author’s VStar analysis for the first four single
period stars. The slight differences between the three
sources are mainly due to natural wandering in the
period of the stars. For the fifth and sixth stars,
wandering in the period creates a forest of peaks in
the DCDFT analysis; this potentially fooled the
ASAS-SN algorithm. For the seventh star, MACC
erroneously reported a period close to one day, a
well-known bias in variable star data. It is noteworthy
that the MACC algorithms still classified the star as a
SR even with a period that is clearly too short for that
type of star.
As seen in Figure 3, the VStar phase plot for the
ASAS-SN data set of ASAS J102112-5735.6 is an
excellent example of a star with a stable period (at
least for this time period) but obvious amplitude and
mean magnitude changes.

J085535
-3838.6

VStar ASAS
(ASAS-SN)
Type
Per. (d)
SR
83.87 (85.03)
SR
124.85
(124.82)
SR 297.09
(292.21)
M
490
(494.23)
SR
55.82
(56.14)
SR
52.28
(52.48)
SR 139.43
(142.19)

MACC
Type
Per. (d)

ASAS-SN
Type
Per. (d)

SARG_B
84.02
SR_PV
124.58
LSP
297.18
Mira
513.06

SR
85.59
SR
128.70
SR
300.80
M
496.80

SARG_B
55.84

L

SARG_B
52.36

SR
287.21

SR_PV
0.996

SR
140.41

Table 1. Single Period Stars

ASAS #

J094432
-3802.0
J093338
-4229.1
J092340
-3329.6

VStar
ASAS
(ASAS-SN)
Type
Per. (d)
[PS/PL]
SR
29.81/41.05
(29.73/41.87)
[0.73 (0.71)]
SR
125.62/218.67
(126.02/222.24)
[0.57 (0.57)]
SR
156.21/303.97
(162.46/305.03)
[0.51 (0.53)]

ASASSN
Type
Per. (d)

SARG_A
29.81

L

SR_PV
126.22

SR
123.52

SR_PV
304.24

SR
310.83

Table 2. Bimodal (non-LSP) Stars

Two of the single period stars, the carbon stars
ASAS J082436-3728.2 and ASAS J070011-4116.0,
show evidence of ascending branch “humps” that are
more prominent in the later ASAS-SN data set
(Figure 4).
As expected, the automated algorithms had
significant difficulty in discerning the more
complicated periodicities of bimodal stars, both those
with and without long secondary periods. MACC
successfully picked up one of the two periods in all
three non-LSP bimodal stars listed in Table 2, while
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ASAS #

J112405
-5357.8
J093750
-5910.1
J095547
-6009.6
J125456
-5220.7
J091813
-3139.4
J104012
-6637.3
J091806
-6426.1

VStar ASAS
(ASAS-SN)
Type
Per. (d)
[PL/PS]
SR/LSP
45.3/441.19
(46.14/585.25)
[9.7 (12.7)]
SR/LSP
109.51/1076.06
(113.42/-)
[9.8 (-)]
SR/LSP
59.44/556.1
(59.84/605.71)
[9.4 (10.1)]
SR/LSP
112.14/902.35
(110.36/881.55)
[8.0 (8.0)]
SR/LSP
37.94/336.62
(37.68/308.32)
[8.9 (8.2)]
L/LSP
-/659.13
(-/683.08)
L/LSP
-/714.06
(-/694.21)

MACC
Type
Per. (d)

ASASSN
Type
Per. (d)

ASAS #

SARG_B
45.27

L

LSP
1129.10

SR
112.39

LSP
553.18

L

J132720
-6454.8

LSP
960.44

SR
555.67

Table 4. Complex Stars

LSP
338.03

L

LSP
660.00

SR
540.12

LSP
716.74

L

J162745
-5654.0
J173545
-3615.9

VStar ASAS
(ASAS-SN)
Type
Per. (d)
[PL/PS]
or
[Ps/PL]
SR/LSP
92.65/844.9
(90.67/895.34)
[9.1(9.9)]
L/LSP;
-/1887.31
(-/-)
L/LSP
-/1141.63
(124.77/219.58)
[- (0.57)]

MACC
Type
Per. (d)

ASAS-SN
Type/Per.
(d)

SR
1310.1

L

RCB
1769.25

L

SR
1163.28

SR
203.5

Figure 5. Combined ASAS/ASAS-SN light curve for large
amplitude LSP star ASAS J091806-6426.1

Table 3. Long Secondary Period (LSP) Stars

the ASAS-SN algorithm was successful in detecting
one period each in two of the three stars.
Note in Table 2 that the ratios of short-to-long
periods (given in brackets []) agree with the trends
reported by Percy (2020) that stars with periods over
100 days tend to have ratios of about 0.5 (leading to a
confusion with the first harmonic period), while
shorter period bimodal stars have ratios of around
0.7.
While most LSP have amplitudes of only a few
tenths of a magnitude (and since extremely small
amplitude LSP could easily go undetected they could
be ubiquitous), Percy and Fenaux (2019) identified
ASAS-SN stars with large LSP amplitudes of a
magnitude or more. The last four stars in Table 3 all
fit into this category. Figure 5 gives an example of
one such light curve.
Similarly, MACC successfully identified six of
the seven LSP candidates in Table 3 as belonging to
that group. For ASAS J112405-5357.8 MACC only
identified the shorter period (which was missed by
ASAS-SN), while MACC successfully identified a

Figure 6. ASAS light curve for ASAS J173545-3615.9

long period (although not always the best fit period)
and no short period for the rest of these stars. Definite
short-term periodicities were not detectable for the
last two LSP (ASAS J104012-6637.3 and ASAS
J091806-6426.1) using VStar, and it is possible that
they are L type stars with LSP (similar to objects
identified by Percy [2020a]). The ASAS-SN
algorithms largely failed to identify either periodicity
for these stars
Similar behavior was noted in the three stars
designed as “complex” (Table 4). All three
demonstrate LSP behavior that was missed by ASASSN and problematic for MACC. ASAS J1627455654.0 has an approximately 90 day period identified
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by VStar in both the ASAS and ASAS-SN data and a
longer-term period of between 800-900 days; the
former was missed by MACC while the latter was
listed as 1310.1 d. ASAS J173545-3615.9 (Figure 6)
has irregular short-period/low amplitude variations
and an impressive 2.4 magnitude long secondary
period of over 1800 days. MACC incorrectly
classified this as an R Coronae Borealis type variable
(RCB), probably due in part to the large amplitude. In
a related case, Percy and Qiu (2019) noted Z UMi
was misclassified as a Mira when it was actually an
RCB.
ASAS J132720-6454.8 demonstrates a 1100+
day long secondary period that was reasonably
identified in the ASAS data by both VStar and
MACC. No unambiguous short-term periodicity was
identified by VStar in the ASAS data. In the later
ASAS-SN data set, VStar analysis found two peak
periods of nearly equal power at 219.58 and 124.77
d. The short-to-long period ratio of 0.57 is reasonable
for a bimodal star in this period range. This star has
perhaps been caught in the act of changing its favored
pulsation modes. Similar behavior was possibly seen
in the bimodal star ASAS J094432-3802.0; in the
earlier ASAS data set the shorter period has the
higher power in the DCDFT analysis while the longer
period had the higher power in the later ASAS-SN
data

Johnson, J., & K. Larsen (2015). "Discovery of Five
Previously Misidentified BY Draconis Stars in ASAS
Data." JAAVSO 43, 106.
Kholopov, P.N., ed. (1985) General Catalog of
Variable Stars, 4th ed., Moscow.
Kiss, L.L., K. Szatmáry, R.R. Cadmus Jr., & J.A.
Mattei (1999). “Multiperiodicity in Semiregular
Variables.” A & A 346, 542-555.
Kiss, L.L., & J.R. Percy (2012). “Non-Mira Pulsating
Red Giants and Supergiants.” JAAVSO 40, 528-538.
Kochanek, C.S. et al. (2017) “The All-Sky
Automated Survey for Supernovae (ASAS-SN) Light
Curve Server v1.0.” PASP 129, 104502.
Larsen, K., & C. Hoover (2016). "Identification of
ASAS Ellipsoidal Variables Misclassified as
Miscellaneous in VSX." JAAVSO 44(2), 197.
Marsakova, V.I., & I.L. Andronov (2007).
“Variability of Long-period Pulsating Stars. III.
Changes in the Parameters of Humps at the
Ascending Branch.” Astrophysics 50(1), 76 – 82.
Nicholls, C.P., P.R. Wood, M.-R.L. Cioni, & I.
Soszyński (2009). “Long Secondary Periods in
Variable Red Giants.” MNRAS 399, 2063-2078.

4. Conclusion
All these stars appear in the AAVSO
International Variable Star Index as MISC category
stars with periods of over 1000 days, based solely on
the ASAS automated algorithm. Only a single star in
this study – ASAS J132720-6454.8 – has a verified
period relatively close to the published ASAS value
(1159.77 d). In agreement with the results of Percy
and Fenaux (2019), this study also found that the
automated ASAS-SN algorithms struggled with
classifications and periods of PRG.
While the Machine-learned ASAS Classification
Catalog (MACC) appears to be a marked
improvement over the original ASAS algorithms in
terms of ascertaining both reasonable classifications
and better periods for some of these stars, the
analysis done in this study demonstrates that there
still remain problems and uncertainties with
automated algorithms that are avoided by the pattern
recognition prowess of the human eye and brain.
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The photometric and spectroscopic development of the
2019 eruption of the Recurrent Nova V3890 Sgr followed
with small telescopes
Forrest Sims
forrest@simsaa.com

Abstract
V3890 Sgr is one of 4 known symbiotic-like recurrent novae (Red Giant donor and White Dwarf
th
gainer). Detection of the most recent eruption was reported on August 27 , 2019 by A. Pereira at a visual
magnitude of 6.7. In less than 21 days V3890 Sgr dropped to magnitude 12, after another 40 days it had
reached near magnitude 16. Previous outbursts occurred in 1990 and 1962.
We present the development of this outburst from photometric and spectroscopy measurements obtained with
amateur equipment. Shortly after discovery, the visible spectrum at low resolution (R~500) showed only weak
emission features for H and H, but with FWZI indicating H velocities in excess of 8,000 km/sec. Increases in
the strengths and changes in the line profiles were recorded on a near daily basis. V filter data derived from
AAVSO observations were used to flux calibrate spectra. We highlight how the spectral changes reveal the
passage of the ejecta through the wind of the companion red giant through its shock dynamics and radiative
precursor and ionization front.

1. Introduction
The symbiotic-like recurrent nova (SyRN)
V3890 Sgr consists of a white dwarf (WD) and a red
giant (RG) star. Similar systems include V745 Sco,
RS Oph, T Crb and V407 Cyg. SIMBAD lists
V3890 Sgr as a Long Period Variable Star.
Evidence of an outburst in V3890 Sgr was first
detected by A. Pereira on 2019-08-27.87 UT when
the V filter magnitude was observed to be 6.7. See
(Atel#13047). The exact time of the eruption is not
known. A previous CCD observation on August 5 th,
2019 reported the magnitude at 16.413 and a later
visual measurement on 2019-08-27.521 at less than
15.2 which narrows the eruption to an 8 hours
window. SIMBAD then and now, lists the V
magnitude as 15.944. For reference, the distance to
V3890 Sgr appears to be greater than 4.5kpc.
Previous outbursts of V3890 Sgr occurred on
June 2nd, 1962 and again on April 27th, 1990 which
are all separated by approximately 28 years. Alerts
announcing the current eruption were put out from a
number of sources including Robin Leadbeater who
alerted the Astronomical Ring for Access to
Spectroscopy (ARAS) community with a notice on
the ARAS forum on August 27, 2019. P. Dubovsky
was the first in the ARAS community to acquire low
resolution spectrum of the eruption followed shortly
by a medium resolution spectrum taken by J. Guarro.
Low-resolution spectrographs were ideally suited
to this target. They were able to acquire spectra of
the object when it was very luminous just after the

eruption, down to near 15th magnitude a month later.
Many other ARAS observers were also able to take
both low- and medium-resolution spectra of V3890
Sgr throughout the outburst event providing
unprecedented coverage.
Relative intensity spectra can be quite useful in
determined the internal processes of an eruption.
Even more information can be teased out of the data
when the spectra are flux calibrated. Flux calibrated
spectra particularly as viewed over time allow one to
measure the change in energy/flux in the continuum
and in emission lines. In view of this desire to flux
calibrate the spectrum, the method used here in this
paper required knowing the V magnitude of the
Target at the time the spectrum was acquired. Ideally
this would require V magnitude measurements be
taken at the same time as the spectrum acquisition.
In the absence of simultaneous measurements, the
next best scenario is to interpolate a V magnitude
from the closest available photometry observations.
For this, AAVSO observation data were used.
The model in Figure 1, based on analysis of the
most recent outburst of RS Oph may help to develop
an understanding of the nature of V3890 Sgr
symbiotic-like recurrent nova environment. It shows
the relatively dense solar wind from the RG
completely surrounding the WD. The mass of the
RG in this system is unknown because the orbit is
unknown but not thought to be a low mass RG. The
wind accreting WD is approximately 1.2 M Sun, close
but under the 1.4 MSun Chandrasekhar limit (1 solar
mass = 1 MSun). The RG companion, thought to be
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Figure 2. V3890 Sgr V filter CCD photometry from
AAVSO database. Over 3,000 observations were made
by over 70 observers during this period. Note that the
points on this graph are raw and have yet to be
“selectively pruned”. Data from AAVSO database.

2.2 Spectroscopy
Figure 1. A model of Symbiotic-like Recurrent Novae
(SyRN). A key difference between the classic symbiotic
nova model and a (SyRN) is that the mass of the (WD) in
a (SyRN) is much greater, between 1.2 and 1.4 M Sun, very
near the Chandrasekhar limit, which in part contributes
to the short time of reoccurrence. Classical symbiotic
stars have an WD with a mass closer to 0.5 MSun. Image
courtesy of Steve Shore by private communication.

an M4 III, has an estimated mass loss rate of ~ 10 -7
MSun yr-1.
Results of 3D modeling described in (Walder et
al, 2008) determined that the accretions disk
surrounding the WD in RS Oph is densest in the
plane between the two stars. At the same time due to
hydrodynamic forces, the disk extends poleward,
although at a lower density. It is in this complex and
relatively dense wind that the ejecta from the
eruption event plows into as it expands away from
the WD.

2. Observations
2.1 Photometry
Immediately prior to the eruption, R. Stubbings
on 2019-08-27.521 visually estimated the brightness
as less than 15.2mag. See (Stubbings, 2019).
Estimates vary as to the peak eruption brightness
between V = 7.17 (See Atel #13050) and 6.7.
Figure 2 shows 100 days of V filter photometry.
The pre-eruption V filter magnitudes as well as the
intensely monitored period following the eruption.
As described later in this paper, interpolated AAVSO
V filter photometry data were used for this paper to
match with the times of spectroscopic measurement.

Nine ARAS observers participated in this
campaign. Spectra of V3890 Sgr were collected by
the author at the Desert Celestial Observatory (DCO)
on 17 nights from September 3, 2019 through
October 5, 2020. These spectra were submitted to the
Astronomical Ring for Access to Spectroscopy
(ARAS) database and to the British Astronomy
Association (BAA) spectroscopy database. Small
telescope scientists in observing this eruption of
V3890 Sgr, submitted a total of 60 observations to
the ARAS database through the end of September
2019.

2.3 Observing Equipment and Software
The DCO is equipped with a low-resolution
R=1000 Shelyak LISA spectrograph fitted with a 23micron slit. The science camera is an Atik414ex with
a 16-bit low noise Sony ICX825 CCD sensor and was
used at Binning =1. Chip size is 1391 X 1039 pixels
each of which is 6.45um square. When mated to the
CDK14 described below, this produces an image
scale of 0.365 arcsec/pixel. Typical seeing at the
DCO is poor at 3.5 to 4 arc-sec/pixel, primarily due
to being located in a Phoenix suburb. A Starlight
Xpress Lodestar X2 CCD camera with a FOV of 8’ x
6’ arcsec is used for guiding and target identification.
The spectrograph is attached to an Optec rotator
which is rigidly attached to a PlaneWave CDK14
permanently mounted on an Astro-Physics AP1100
GTO in a roll-off roof observatory.
This
configuration currently produces spectrum with a
wavelength range from about 3750Å to 7250Å.
However due to sensitivity of the CCD and the optics
of the Shelyak LISA, the SNR is typically quite low
below 3900Å.
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Astro-Physics APPC Pro provided the pointing
and tracking model.
MaximDL was used for
spectrum acquisition with PHD2 providing the
guiding. ISIS 5.9.6 was used for all data reduction.
PlotSpectra and Python user written code was used
for graphics.

2.4 Calibration Data
ISIS was used to create a master bias image from
50 individual bias exposures taken at 0C and binning
=1. Similarly, a master dark image was created from
11 individual 600 sec dark exposures taken at 0C and
binning = 1. This master bias and master dark set
was used for the entire V3890 Sgr campaign. A
sequence of (11) twelve second flats, taken at 0C and
binning=1, using the tungsten lamp in the LISA
calibration module were taken each night,
immediately prior to the Reference star.
A single 30 second Neon/Argon (Ne/Ar)
calibration exposure, using the Ne/Ar lamp in the
LISA calibration module was taken immediately
prior to the first Reference star exposure and another
immediately before the first Target star exposure.
Another 30 second Ne/Ar calibration exposure was
taken after the last in the sequence of Target
exposures. The second calibration exposure for the
target was taken in the event that a large temperature
change or some flexure in the mechanical/optical
systems occurred, during the up to an hour period
since the first Ne/Ar exposure was taken.

midpoint of the exposure sequence.
Further
qualifications for HD175892 include that it has a
main sequence profile, is not known to be a variable
star, and has a magnitude such that 30 second
exposures would not saturate the star image on the
slit. For practical reasons, the author prefers, if
possible, to be able to use a Reference star that does
not require a pier flip to slew to the Target star.
Each night, a sequence of (7) guided 45 second
Reference star exposures were taken.

2.7 Target Star
The Target star V3890 Sgr (RA 18:30:43.29
DEC -24:01:08.95) sequence consisted of 9
exposures. The early observations while the Target
was bright, began with exposure times of 180 sec.
By the last observation, exposure times had increased
to 420 seconds. The H ADU count being the
brightest line, was checked in a test exposure to be
sure it was not saturated, which allowed determining
an appropriate exposure time. Early observations
were accomplished by guiding with the Target star
placed on the center of the spectrograph slit. As the
Target dimmed, it was no longer possible to guide
with the target star on the spectrographic slit, so later
observations were accomplished by autoguiding on a
nearby star.

3. Analysis Methods
3.1 Photometry

2.5 Parallactic Angle
The Optec rotator was used for all Reference and
Target star images to rotate the spectrograph slit in
the LISA such that it was orientated perpendicular to
the horizon during the spectrum acquisition. For
more information see Green, W., Sims, F. (2019).

2.6 Reference Star Selection
A Reference star was used to determine
instrument and atmospheric transmission correction.
When all observers implement good practice in
determining instrument and atmospheric transmission
correction for their equipment and observing night,
the results are then much easier to share and
compare. HD175892, a magnitude 6.141 star (RA
18:58:24.83 DEC -22:31:46.18) was used as the
Reference star for 16 of the 17 observing runs.
(HD207673 was used on the night of 2019-09-24).
HD175892 was chosen from a set of MILES
stars having an airmass at time of observation being
very near to the airmass of the Target star at its

V Filter photometry data were used to flux
calibrate the Target spectra. Since it was not possible
to collect simultaneous V filter measurements for this
event, AAVSO V filter data were used to estimate the
likely V magnitude at the date and time each target
observation was made. The work of downloading,
pruning outliers and fitting a curve to the data thus
allowing the estimation of a V magnitude at the
midpoint of each spectroscopy observation was
performed by François Teyssier. See Figure 3. The
black triangles at top of the graph indicate dates on
which ARAS acquired spectra.

3.2 Spectroscopy
3.2.1. Spectral Processing
All processing of Reference and Target star
spectra was accomplished using standard procedures
with ISIS 5.9.6 software. This is a tool developed by
Christian Buil (see Buil, C.) and widely used in the
small telescope scientist community. Exposures were
bias, dark and flat corrected. A cosmetic file was
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Figure 3. The black triangles at the upper margin
represent spectra submitted to the ARAS database.
Graph from ARAS 2019-Q3 Eruptive Stars Information
Letter. See 2019ESIL...43...19T.

used to remove the impact of “bad actor” pixels and
cosmic rays were removed where possible.
Raw Reference star spectrum files were first
processed to produce a 1D fits file. The ratio was
then taken between this spectrum and the Miles
reference star using ISIS in order to calculate a
transmission correction curve. The transmission ratio
correction curve is commonly referred to as a
response curve. The response curve was then
reapplied to the Reference star 1D spectrum for
validation purposes.
The Target star raw spectrum files were
processed using the same procedure as for the
Reference star to produce a 1D fits file, but with the
additional step of applying the response curve
correction. The result is what we would expect to see
if we were able to take the spectrum of our Target
star outside the earth’s atmosphere. With a carefully
determined response correction curve applied we
have a spectrum that we can confidently share and
compare with other observers.
3.2.2. Flux Calibration
Flux calibration of each Target spectrum was
accomplished using two different calculation
methods. One was using ISIS Tools and the V
magnitude value extracted from the table created by
François Teyssier from the AAVSO data. This was
done interactively, one spectrum at a time. With a
need to improve efficiency in flux calibrating many
spectra at one time, a second method was developed
by David Boyd using Python code he developed.
The Python code read the V magnitude table created
by François and applied a method described by
David. (2019ESIL…43…19T) page 94 to flux
calibrate a series of spectra from the ARAS database.
Flux calibrated results were found to be identical
using the two methods with the clear performance
edge to using the new tools developed by François
and David.

Figure 4. Spectrum of PU Aur, a red giant of type M4 III.
Taken by Forrest Sims 1/26/2019.

4. Results and Discussion
It is important to keep in mind that an SyRN like
V3890 Sgr is different than other eruptive variable
stars. Here we have a nova event in an environment
that has a strong contribution from the gas in the
solar wind surrounding the RG. The eruption is not
free to expand ballistically but will expand at
different rates depending on the density of the gas it
encounters in the RG wind. As the shock from the
eruption propagates outward it also decelerates as
more gas from the RG is swept up. These factors can
lead to an asymmetry in some of the line profiles
over time.
Prior to the eruption, the spectrum in the visible
wavelengths is a combination of the cool RG and
cooling WD. Figure 4 show the spectrum of the M4
III red giant star PU Aur, as an example of what the
spectrum of the RG in V3890 Sgr might look like,
pre-eruption. (See Schaefer, B. 2015 and Sekiguchi,
K.) When we are looking at the spectrum in the early
period of the eruption, we are seeing it through the
cool wind of the RG. Thus, there are absorption lines
from the RG in the spectrum of the eruption, but we
may not be able to easily detect them.
Perhaps the best way to show the progress of the
eruption is to graph a time series of spectra. Figure 5
shows the H spectral line of V3890 Sgr with
medium resolution spectra taken during the first 24
days following the outburst. One of the first things
when viewing the time series of spectra in Figure 5
that the reader might notice is the full width zero
intensity (FWZI) of the H line profile. Calculations
indicate velocities exceeding 8,000 km/sec when
measured on the H lines. (Similar results were
found for H.) This high value for FWZI indicates
the presence of the shock. (For an explanation of the
physics behind this event see the Notes from Steve
Shore in, 2019ESIL…43…96S, Page 96).
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Figure 5. Spectra of the H line (each plot is
logarithmically scaled) taken by U. Sollecchia at a
resolution of R=2000+. Note that this plot is scaled in
velocity on the X-axis. Amazingly, the FWZI stays nearly
constant at about 8,000 km/sec.

The spectrum in the early part of the eruption is
ejecta dominated. Later the spectra are dominated by
the ionized wind. The red line in Figure 6 serves as a
visual aid to draw your attention to this evolving
nature of the eruption event. Earlier in the event,
below the red line, there are few lines identifiable at
low resolution and they are quite broad. Looking

above the red line, you can see many lines “forming”
and growing in strength as the shock decelerates and
weakens. Many of these lines in the visible spectrum
are Fe II and [Fe II] lines. Note also during this time
period the V magnitude has continued to decrease to
below 10. See Astronomers Telegram #13108 for a
more detailed discussion of the changing shapes of
the Balmer lines and the emergence of Fe and He,
etc. lines.
Later in the event, the ionized wind dominates
the spectral lines while the shock impact on the lines
diminishes. This is a continuous process rather than
having discrete stages. During later observations
shown above the red line, V3890 Sgr dimmed further
from around V magnitude 10.0 down to magnitude
12.5 by 24 days after the initial outburst event. As
time goes on and the shock rapidly decelerates and
weakens as it plows into the wind from the RG, a
greater percentage of the photons received by our
telescopes are from the slow-moving RG wind that
make up the narrow component of the lines. This
transition is clearly exhibited by inspection of the
Balmer H and H lines beginning about 10 days
after the outburst, in Figure 6 (at end of the paper).
See the narrow peaks beginning to form on top the
broad profile shoulders and even wider wings. This
feature is sometimes referred to as a Prussian Helmet.
Figure 9 also shows a good example of what this
feature looks like.
Another thing to note when looking at the lines
in the early stages of the outburst is how symmetrical
the lines are. This is because the shock is still deep in
the RG wind, still close if you will to the WD and as
such the velocity of the shock has not been slowed
appreciably yet as it expands into regions of the wind
with different densities.
Fe II lines were apparent in the first spectrum
taken after the outburst. Fe II ions are created by the
photoionization of Fe by the X-rays created by the
shock. Note that the wind is not completely ionized,
so we could see emission lines from lower ionization
states. These ionized regions initially advance at the
speed of light before stalling and forming a classical
HII region as depicted in Figure 1 above. The RG
wind is irradiated far away in advance of the coming
shock, creating many permitted Fe II multiplets as
well as forbidden lines.
Figure 7 (at end of paper) shows a log of the
observations with the observer, date of observation,
resolution, etc.
There are two components dominating the
spectrum during the eruption.
The radiative
precursor and the shock from the outburst. In the
absence of strong emission from the WD, the X-Rays
produced by the shock are sufficient to produce the
ionization lines we see in the spectrum. For example,
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Figure 8. Shows a snapshot of the change in strength of
the forbidden emission line {Fe X] 6374Å over just a few
days. Note at R=1000 the line is a blend.

Figure 9. H taken within a day of the outburst. The
FWHM of the narrow emission line is 61km/sec. Note the
Prussian Helmet appearance in this spectrum.
Spectrum taken by J Guarro.

the forbidden emission line [FE X] at 6374Å. This
line is clearly visible in low resolution spectra in
Figure 6 as early as 7 days after the eruption. It’s
strength then increases rapidly on a daily basis. See
Figure 8 where you can see the increase in the [Fe X]
6374Å line in an expanded view. Forbidden lines are
only formed if the gas is sufficiently rarefied.
If the emission line is broad, then it is formed in
the gas traversed by the advancing shock but if it is
narrow then it is formed in the wind of the RG. It
could be expected that we would see some [Fe X]
emission from both shocked gas and RG wind.
See Figure 9 shows a medium resolution
spectrum of the H line taken about a day after the
beginning of the eruption. See the broad shock
induced base and wings with the narrow flash
ionization of the RG wind precursor line protruding
above.
Figure 10 shows the emergence of the narrowforbidden line [Fe XIV]. This line formed at least in
low resolution spectra around 9 days after the
outburst. At R=1000 the line core is not fully

Figure 10.
Clearly shows the appearance of the
forbidden line [Fe XIV] 5303Å.

resolved so there could be a contribution by [Ca V]
5309Å. This line appears to have a narrow profile
which implies it is photoionization and not shock
induced.
By the time V3890 has decreased to magnitude
12, many lines can be clearly identified in the
spectrum show in Figure 11a-c (at end of paper).
Approximately 20 days into the eruption, the
spectrum shows high ionization forbidden lines along
with Balmer, He I, He II, single ionized metals (Fe,
Si, Ti). The coronal lines are strong, [Fe XIV]
5303Å, [Ar X] 5535 Å, [Fe X] 6374 Å, blended with
Si II 6371 Å and Fe II 6384 Å, [Ar XI] 6919 Å. We
identify the possible feature at 6828 Å as Raman
OVI. Note it is concerning that the expected
companion 7080 Å Raman line is absent.
Figure 12 using flux calibrated spectra at R =
1000 shows the change in energy in ergs/cm2/sec/Å.
Note the daily change in the shape and flux of the H
and He I 5015.68 Å / Fe II 5018 Å blended lines.
Higher resolution spectra would better resolve and
aid the study the H line. But that becomes difficult
as the target decreases in magnitude with the typical
small telescopes operated by our ARAS community.
It is also interesting, for example, to view the
flux calibrated H line in velocity space as is show in
Figure 13. Higher resolution spectra would allow
more accurate measurement of the line velocities.

5. Conclusions
This eruption of V3890 Sgr was the first time
that small telescope scientists across the globe had
the hardware and software technology to provide near
daily comprehensive coverage of an eruption of
V3890 Sgr. One of the intents of this paper is to
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Figure 6. Low and medium resolution flux calibrated spectra of V3890 Sgr from the ARAS database for Days 2 to 24
after the outburst. Each individual spectrum in the graph is logarithmically scaled to better exhibit the line profiles
and then each spectrum is plotted with a vertical offset for clarity in seeing the daily changes. Graph from
(2019ESIL…43…19T)
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Figure 7. Log of V3890 Sgr observations, by observer submitted to ARAS. Graph from (2019ESIL…43…19T).
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Figure 11a, b, c. V3890 Sgr spectrum taken by the author on September 16th, 2019.
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Abstract
Betelgeuse is nominally one of the ten brightest stars in the sky, known to vary irregularly between roughly
magnitude 0.3 and 0.8. During December of 2019, it became apparent that it was approaching a historically faint
minimum, and at a faster than usual rate of descent. V-band observations at Command Module Observatory
commenced on January 12, 2020 and were carried out on 40 nights through April 19, 2020. Since the star is far
too bright for measurement with the 32cm telescope and sensitive CCD detector, an aperture mask and
defocusing were required to achieve acceptable ADU counts. Errors associated with shutter timing and
scintillation due to the necessarily short integrations were combated by taking multiple exposures of the target,
comparison, and check stars. The resulting light curve captured not only the time of minimum, but also showed
nightly fluctuations in brightness whose validity appears to be supported by the stability of check star
magnitudes.

1. Introduction
Semi-regular variable stars are late-type giants
that exhibit predictable periods ranging from one
month to many years. Subtypes further refining the
type of periodicity and spectral types range from SRa
through SRd (Kukarkin 1960).
As a supergiant of Spectral Type M, Betelgeuse
is an example of an SRc variable. It is a star full of
superlatives, being 700 times as large and 30,000
times as luminous as the sun (Minor and Guinan
2016). Its distance is still poorly known, at 195 +/45 pc (Nance 2018). The rotation rate has recently
been narrowed down to 36 +/- 8 years (Kervella
2018).
Observations of its variability were made before
the dawn of modern astronomical literature. Schaefer
(2018) argues that Aboriginal Australians noted
variations in Betelgeuse. Magnitude estimates by
astronomers date as far back as those of John
Herschel in 1836 (Baxendell and Plummer 1911).
More recently, Guinan and Wasatonic (2019)
have monitored the brightness of Betelgeuse in
several bands for more than 25 years. Their
“Astronomer’s Telegram” from 2019 December 8
was the first formal announcement of the
unprecedented fading of the bright star.
As the star continued to fade through January,
photometric observations through a V filter began at
Command Module Observatory (MPC V02) in
Tempe.
Between January 12 and April 19,
measurements were made on 40 nights.

The telescope and CCD detector in its usual
mode of photometry of asteroids and faint variable
stars was unsuited for the task of measuring a 1stmagnitude star. Measures that were taken to ensure
valid data acquisition and reduction are described in
this paper. Also discussed is the resulting light curve,
with comparisons to that of Tom Calderwood
(AAVSO 2020), whose expertise in photoelectric
photometry is the gold standard for bright targets.

2. Image acquisition, calibration, and
data reduction
The equipment at V02 consists of a 0.32-m f/6.7
Modified Dall-Kirkham telescope and an SBIG
STXL-6303 CCD camera with BVRI filters,
producing an image scale after 2x2 binning of 1.76
arcsec/pixel.
Images were calibrated using a dozen bias
frames. Since the images were very short exposures
of only individual bright stars, dark and flat frames
were not taken. Image calibration and alignment was
performed using MaxIm DL software (Diffraction
Limited 2018).
The ideal instrument for bright-star photometry
is a photoelectric photometer. Use of a CCD camera
involved some tricks to reduce the peak intensity to
fall in the linear range of the detector. An aperture
mask with four 1 ¼” holes was constructed, as shown
in Figure 1. The holes are tangent to the diameter of
the primary mirror. This ensures that the beam
convergence remains at the native value of f/6.7, and
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Star

Name

Dist. (deg)

V

B-V

Target
Comp
Check

Betelgeuse
Aldebaran
Phi 2 Ori

21
-5

Variable
0.87
4.08

1.8
1.54
0.96

Table 1. Target, comp, and check star information

Time range

Group 1
3:57-4:00

Figure 1. Aperture mask for 32cm telescope
Group 2
4:02-4:06

Group 3
4:08-4:11

Instrumental V
Betelgeuse
Phi2 Ori

Aldebaran

Betelgeuse

Derived V
Phi2 Ori

-1.679
-1.670
-1.666
-1.671
-1.673
-1.656
-1.669
0.008

-4.896
-4.906
-4.888
-4.899
-4.921
-4.872
-4.897
0.017

1.709
1.694
1.736
1.661
1.712
1.701
1.702
0.025

4.094
4.100
4.072
4.093
4.099
4.100
4.093
0.011

0.87
0.87
0.87
0.87
0.87
0.87

-4.047
-4.048
-4.015
-4.039
-4.066
-4.053
-4.045
0.017

-1.663
-1.665
-1.660
-1.684
-1.638
-1.674
-1.664
0.015

-4.918
-4.885
-4.879
-4.882
-4.887
-4.899
-4.892
0.015

1.705
1.698
1.729
1.693
1.679
1.700
1.700
0.016

4.089
4.081
4.084
4.048
4.107
4.079
4.081
0.019

0.87
0.87
0.87
0.87
0.87
0.87

-4.043
-4.037
-4.046
-4.053
-4.037
-4.026
-4.040
0.009

-1.654
-1.640
-1.682
-1.651
-1.703
-1.671
-1.667
0.023

-4.898
-4.859
-4.855
-4.873
-4.889
-4.890
-4.877
0.018

1.683
1.683
1.677
1.668
1.707
1.733
1.692
0.024

4.072
4.080
4.041
4.070
4.041
4.088
4.065
0.020

0.87
0.87
0.87
0.87
0.87
0.87

Image #

Aldebaran

1
2
3
4
5
6
Average
Sigma

-4.909
-4.893
-4.847
-4.889
-4.883
-4.900
-4.887
0.021

-4.064
-4.076
-4.002
-4.103
-4.060
-4.055
-4.060
0.033

1
2
3
4
5
6
Average
Sigma

-4.846
-4.867
-4.868
-4.842
-4.862
-4.866
-4.859
0.011

1
2
3
4
5
6
Average
Sigma

-4.814
-4.840
-4.851
-4.829
-4.859
-4.888
-4.847
0.026

Aldebaran

Table 2. Instrumental and derived magnitudes

Figure 2. Profile of defocused image of Aldebaran

the interference filter would remain on band.
Defocusing was done iteratively, until the peak count
for brightest of the three stars (program, comparison,
and check) was maintained comfortably below
40,000 ADU. Despite these measures, exposures still
needed to be kept at 1.5 seconds. Figure 2 shows the
four profiles that result from the defocused star.
Due to the brightness of Betelgeuse, the
comparison and check stars would necessarily be in
different fields. Suitable comparison and check stars
should roughly match the red color of Betelgeuse,
and be stable over a long observation interval. The
selected comparison star is Aldebaran. It is 21
degrees away from Betelgeuse, but imaging at a
strategic time ensured that it was at a similar altitude.
Phi 2 Orionis was chosen as the check star. Table 1
summarizes magnitudes and color indices for the
three stars. Stebbins (1931) reported no variations
greater than 0.02 mag for these two stars over a 20year period.
Short exposures lead to concerns about shutter
timing and atmospheric scintillation. A half dozen
exposures of each the three stars were taken,
bookending the program and check stars with

comparison star observations.
The following
sequence was employed: Aldebaran-Betelgeuse-Phi 2
Ori-Aldebaran. The cycle was repeated three times,
yielding 36 images of Aldebaran, 18 images of
Betelgeuse, and 18 images of Phi 2 Ori. This
approach allowed for an adequate statistical sample
size while cutting only 16 minutes from the night’s
observing program. Through the second week of
March, it was possible to image at the same sidereal
time, when all three stars were at similar altitudes.
Instrumental magnitudes were measured in
MaxIm DL, using a 40-pixel (70 arcsec) measuring
aperture. The large aperture was required to fully
contain the light of the greatly defocused stars.
These 72 values were transcribed into a spreadsheet.
They are shown as the italicized numbers in Table 2.
Averages and standard deviations for each of the
blocks of a half dozen values were computed by the
spreadsheet.
Also computed are the derived
magnitudes.
The equation for star “A” using
comparison star “COMP” is simply:
A(der)=COMP(cat)-COMP(inst)+A(inst)

where der = derived, cat = catalogue, and inst =
instrumental
Per Table 1, the comparison star magnitude is V
= 0.87. The derived check star magnitude is
compared against a catalogue value of V = 4.08.
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Betelgeuse

Airmasses
Phi2 Ori

Aldebaran

Extinction correction (V)
Betelgeuse
Phi2 Ori
Aldebaran

Extinction-corrected V
Betelgeuse
Phi2 Ori
Aldebaran

1.112
1.112
1.112
1.112
1.112
1.112

1.098
1.098
1.098
1.098
1.098
1.098

1.094
1.094
1.094
1.094
1.094
1.094

-0.004
-0.004
-0.004
-0.004
-0.004
-0.004

-0.001
-0.001
-0.001
-0.001
-0.001
-0.001

0.000
0.000
0.000
0.000
0.000
0.000

1.705
1.690
1.732
1.657
1.708
1.697
1.698
0.025

4.093
4.099
4.071
4.092
4.098
4.099
4.092
0.011

0.87
0.87
0.87
0.87
0.87
0.87

1.112
1.112
1.112
1.112
1.112
1.112

1.100
1.100
1.100
1.100
1.100
1.100

1.103
1.103
1.103
1.103
1.103
1.103

-0.002
-0.002
-0.002
-0.002
-0.002
-0.002

0.001
0.001
0.001
0.001
0.001
0.001

0.000
0.000
0.000
0.000
0.000
0.000

1.703
1.696
1.727
1.691
1.677
1.698
1.699
0.016

4.090
4.082
4.084
4.049
4.107
4.079
4.082
0.019

0.87
0.87
0.87
0.87
0.87
0.87

1.113
1.113
1.113
1.113
1.113
1.113

1.103
1.103
1.103
1.103
1.103
1.103

1.111
1.111
1.111
1.111
1.111
1.111

0.000
0.000
0.000
0.000
0.000
0.000

0.002
0.002
0.002
0.002
0.002
0.002

0.000
0.000
0.000
0.000
0.000
0.000

1.683
1.682
1.677
1.668
1.707
1.733
1.691
0.024

4.074
4.081
4.043
4.072
4.043
4.090
4.067
0.020

0.87
0.87
0.87
0.87
0.87
0.87

Figure 3. Light curve of Betelgeuse

Table 3. Extinction-corrected magnitudes

Despite the stars typically being observed at high
altitudes, atmospheric extinction corrections are
made, using:
E = k * Airmass

(2)

where E = extinction and k = extinction coefficient
The number of airmasses is obtained from the
FITS header and is a function of only altitude.
Table 3 shows the computed extinction values
relative to Aldebaran. Assuming a V-band extinction
coefficient of 0.2, the differential extinction between
the comp, target, and check stars is typically only
several thousandths of a magnitude. These extinction
corrections are applied to obtain the magnitudes in
the last columns.
A summary table like the example in Table 4
gives results for each of the three image groups, and
statistically computes magnitudes using all of the
data. In rare cases, individual or groups of a half
dozen instrumental magnitudes were discarded from
the calculations when it was noted that they were
anomalous. Always, an awareness of meteorological
conditions was beneficial. Any cloudiness in the
vicinity of the three stars could contaminate
measurements.

3. Results – V-band magnitudes for
Betelgeuse and check star
A total of 40 observations were gathered
between 2020 Jan 12 and Apr 19. Figure 3 is a light
curve extending from 2019 Nov 2 through 2020 Apr
19. Tom Calderwood’s points are plotted as open
circles, and the points from V02 are filled triangles.
The first point gathered at V02 was encouraging,
as it correlated well with Calderwood’s data. During
subsequent weeks, however, the data departed on a

Group

Time range

1
2
3

3:57-4:00
4:02-4:06
4:08-4:11

All

Betelgeuse
Magnitude
Sigma

1.698
1.699
1.691

0.025
0.016
0.024

4.092
4.082
4.067

0.011
0.019
0.020

1.696

0.021

4.080

0.020

Table 4. Summary table for a single night

steeper slope toward minimum, mismatching
Calderwood’s point by typically being 0.08
magnitudes fainter. As Betelgeuse brightened, the
V02 data again showed a steeper slope, crossing the
Calderwood curve before roughly matching it. After
considering the many possible sources of errors, this
behavior has remained unexplained.
Figure 4 shows a 3rd-order fit to the V02 data,
which results in a date of minimum of roughly JD =
2458886 (2020 Feb 7). This is five days earlier than
the result obtained by fitting Calderwood’s data.
Perhaps the most interesting result of this
relatively dense photometry is the frequent, rapid
changes in night-to-night brightness, sometimes even
reversing directions against the overall trend. While
the instinctive conclusion is that these are
instrumental errors, a look at the behavior of the
check star suggests otherwise. Though at odds with
Calderwood’s data, the measurements of the check
star imply that these variations are indeed valid.
Figure 5 is a plot of derived magnitudes of
Betelgeuse and Phi 2 Ori with offsets applied to
enable plotting on the same scale. Rather than
following a smooth, parabolic shape, the light curve
of Betelgeuse exhibits sharp inflections. If these
were instrumental in nature, one would expect similar
behavior from the check star. In fact, the night-tonight variations of the check star are typically less
than 0.03 magnitudes, and do not correlate with the
behavior of Betelgeuse.
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A light curve of only Phi 2 Ori appears in Figure
6. Note that it is stable until the last few data points,
when the altitude at evening twilight was reduced,
and the V magnitude typically matches the catalog
value of 4.08 within 0.02 magnitudes.
It is informative to view run charts of the
instrumental magnitudes of the comparison and
check stars, looking for trends or differences between
the two. Figure 7 presents nightly instrumental
magnitudes with error bars for Aldebaran and Phi 2
Ori. The jump of 0.3 magnitudes on February 9 was
a result of cleaning optics, which was necessary to
increase the signal to noise on faint asteroids that
were being observed during this observing interval.
Not shown on this plot are three nights that were
rejected due to clouds and operator errors; their
instrumental magnitudes are well outside the vertical
range of these plots.

Figure 4. Curve fits showing dates of minimum

-1.20

-1.00

-0.80

4. Conclusions

Delta V

-0.60

-0.40

Betelgeuse (offset by 1.6 mag)
Phi 2 Ori (offset by 4.08 mag)

-0.20

0.00

0.20
2458840

2458860

2458880

2458900

JD

2458920

2458940

2458960

2458980

Figure 5. Offset derived magnitude of Betelgeuse and
Phi 2 Ori

During the historical minimum of Betelgeuse,
high-cadence V-band photometry was used to
compute 2020 February 7 as the approximate date of
the deep minimum. Fluctuations in both directions of
as large as 0.05 magnitudes per night appear to be
overlaid on the smooth, parabolic curve fit.
Despite a large telescope and CCD camera being
largely unsuited for the task of photometry of such a
bright star, data-acquisition methods involving an
aperture mask, defocusing, and multiple exposures
were successfully used to acquire usable data. A
statistical data reduction technique validated the
results.
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Figure 6. Derived magnitude of Phi 2 Ori
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