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1 Introduction

2 Project Description

The overall purpose of the summer research experience was observation and data mining with robotic
telescopes in order to discover and study variable
stars. This included data from SMU’s Robotic Optical Transient Search Experiment – I (ROTSE–I), in
order to search for the undiscovered variable stars [4].
Once a suspected variable was successfully analyzed,
it was then submitted for classification and discovery to the International Variable Star Index (VSX), a
database sanctioned by the International Astronomical Union and created by astronomers for the purpose
of maintaining a globally accessible catalog of discovered and suspected variable stars. Once submitted,
a star would wait for approval by a moderator. The
VSX moderators had the ability to accept the variable
star as a new discovery, or reject it with the justification that the data or analysis required improvement.
After spending some time with the ROTSE–I’s four
camera fields, the goal was to move onto the new
ROTSE–III telescope and use its unanalyzed raw data
contained on SMU’s High Performance Cluster to create files that others could use to discover additional
variable stars, while discovering stars of my own as a
proof–of–concept [1].
In order to analyze the data used to discover variable stars, a working knowledge of some computer science was first required. The archived data for ROTSE–
I is stored in the SMU physics department on computers that run Linux as an operating system. Data
manipulation occurred through the use of the programming language known as the Interactive Data
Language (IDL), which is popular in the fields of astronomy and atmospheric physics, and is adept at
handling large amounts of data. Some of the files
used during the variable star analysis contained thousands of lines of information, which catered towards
Mentors: Dr. Robert Kehoe & Farley Ferrante, Dedman College, heavy use of IDL. Once in the correct Linux directory
SMU
where the files where contained, IDL could be used

In the observable universe, it is estimated that there
are on the order of a trillion galaxies, which may contain up to a trillion stars each. In total, there may be
1024 stars in the universe, 50% or more of which are
variable stars: stars that change in brightness over
time. There are many types of these stars in existence
throughout the universe: Mira type variables are a
class of pulsating red giants that are in the late stages
of stellar evolution and could come to emulate the
end of our Sun’s life cycle. Binary stars such as nova–
like Cataclysmic type variables form accretion disks
and can help us study the traits of larger scale accretion physics, such as in neutron stars, white dwarfs
and even black holes. SN Cataclysmic variables, also
known as supernovae, can provide an accurate measurement for cosmic distances along with Cepheid
variables. Studying the multitude of variable stars
that exist can help astronomers understand the mechanics of physics in foreign environments, and can
help map our surrounding galaxies. The analysis of
variable stars provides specific information about the
stars, such as their mass, luminosity, temperature, internal and external structure, composition and evolution. Because the number of variable stars is so large,
with each star requiring dedicated observation time,
the community of researchers is also large and diverse, consisting of several ground based telescopes,
as well as hundreds of physicists and professional
or amateur astronomers. SMU studies variable stars
and other celestial phenomena through the use of our
own robotic telescope and the efforts of undergraduates, graduate students, and professors in the Physics
department.

to create postscript files (.ps) that allowed for visual
data analysis. These .ps files contained a multitude of
plots, each of which displayed an object’s brightness
versus observation time, as shown in Figure 1.
On the y–axis of each graph is the star’s magnitude,
which is a logarithmic measurement of its brightness.
It is built on an old system introduced by Hipparchus
circa 130 BCE: stars visible to the naked eye were divided into six classes or magnitudes, in accordance
with their brightness [3]. The brightest stars were
placed into the first class and thus were given a magnitude of one. The dimmest stars were classified as
sixth magnitude, which means that they were the
limit of human vision in perfectly dark conditions
without a telescope. The system was updated in 1856,
when astronomer Norman Pogson defined that a sixth
magnitude star was 100 times dimmer than a first
magnitude star. Thus, in accordance with
p the logarithmic scale established, each star is 5 100 ⇡ 2.5
times brighter than the star of a magnitude before it.
Because a larger magnitude value indicates a dimmer
star, it is important to note that in the graphs of Figure 1, a star gets dimmer as it moves downward on the
y-axis, and brighter as it moves up on the axis. These
graphs displayed are known as light curves, they are
used to visually inspect variations in brightness over
time. Each graph has its respective observation object number and spatial coordinates listed above it.
The coordinates used are taken from the equatorial
coordinate system, where objects are given a position
based on their angular distance from a geocentric
reference point. The first number is known as the
object’s right ascension (↵) and it corresponds to the
east/west direction, whereas the second number, declination ( ), measures north/south direction. Right
ascension specifically measures the angular distance
to an object eastward along the axis of earth’s equator,
beginning from the vernal equinox. It is measured in
hours, minutes and seconds. Declination measures
the angular distance of an object perpendicular to
the axis of the earth’s equator. It holds a positive
value to the north, and a negative value to the south.
Declination is measured in degrees, arcminutes and
arcseconds. As a convention, coordinates in names
are specified down to two decimal places in right ascension, and only one in declination. The equatorial
coordinate system can be used to search for specific
stars in a variety of web services, such as VSX, SIMBAD, and Aladdin. Thus, before pursuing an in depth
analysis of a possible variable, sources that show variation in brightness have their coordinates entered into
VSX’s database to check if they have been previously
discovered. For example, in Figure 1, the bottom right
image clearly demonstrates a variation in brightness

over the 0.4 day observation period. This makes it
a promising candidate for variable star status. Thus
we enter its coordinates into VSX to see if it has been
discovered or not. Entering 122103.89+361651.8 into
VSX shows that this specific star was discovered in
2005; this pushes analysis of the star back, as priorities
are given to undiscovered variables.
If the coordinate search of a promising light curve
returns a page with no discoveries listed, then the
star is listed on the ROTSE website for pending discoveries and further analysis is pursued. The first
step in the process is to check for the same coordinates in the remaining nights of observations in order
to see if the star made it into the images taken by
the ROTSE telescope. If the star’s coordinates are
listed in several nights, with each night’s light curve
showing some sign of variation in brightness, then
a phased light curve can be built for the star. IDL
is then used to extract three columns of data from
each observation through the use of the command
find burst, which outputs data based on cuts given
by the user. These cuts manipulate specific statistical processes, namely the variation in brightness
magnitudes ( m), the significance of the maximum
variation ( max ), and the chi-squared value ( 2 ) with
respect to a constant brightness. The variation in magnitude parameter, m, is the difference between the
brightest observed magnitude and the dimmest for
the light curve. This cut is typically selected to be
0.1. The significance of the maximum variation
( max ) is the difference in magnitude divided by the
estimated uncertainties on the magnitude summed
in quadrature:
max

m
=p
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where m refers to magnitude, while ✏ refers to the
the estimated uncertainty in magnitude. The significance in maximum variation cut attempts to determine if an observed variation is significant by checking to see if it is large compared to the uncertainties
on the measurement. It is usually restricted to be 3.
The chi-squared value ( 2 ) is a measurement of the
agreement between an observed distribution of measurements and the Gaussian distribution expected for
the measurements:
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The summation is performed over all measurements k, while the m and parameters denote the
magnitude and estimated uncertainty in magnitude

Figure 1: A sample .ps file that displays the light curves of some celestial objects.

for each measurement, respectively. The average magnitude, m, is taken over the entire light curve. This
process rejects light curves where just a single measurement is bad. If the star recorded is not a variable,
the chi-squared valued will be ⇡1. In find burst, the
chi-squared selection is usually set at 2.0 [2].

folded light curves also allowed the variable star’s
period and amplitude of variation to be determined,
as shown in Figure 2. This single phase command
was especially important, as we learned that our cubic
spline fit did not always produce the correct period
for the variable star. Instead, the given period sometimes halved or doubled the true period, and would
The find burst command gives three data columns require a search for correct period values using the
as output: the date the observation was recorded, the CRTS and LINEARb telescope’s phasing tools found
brightness of the star, and the error on the brightness on their respective websites.
value. The date system that astronomers use is called
the Julian Date system (JD), and it is simply a conFigure 2 is composed of two distinct graphs. The
tinuous count of days and their fractions since noon upper half displays the variation and magnitude
Universal Time on January 1, 4713 BCE [9]. Because of range of observations from each individual night. The
the large amount of time that has elapsed since the be- lower portion shows the light curve, which is a plot
ginning of Universal Time, the Julian Date time is now of brightness versus phase or period. Each integer
in the area of 2.5 million days. As such, astronomers value on the phase axis (1.0, 2.0, etc) denotes a full
introduced the Modified Julian Date (MJD) in the period of variation for the star. Also displayed on
late 1950s, defining it as MJD = JD 2400000.5, which the light curve are the period and amplitude values
shortens the amount of numbers necessary to describe for the variable star, with the period value listed in
a date, and changes the “start” of the day to midnight days. These numbers are important in defining cerin conformance with civil time reckoning [10]. Once tain properties of variables stars, and are necessary
the three columns of data were extracted from each for submission to VSX. The moderators at VSX do not
night of observations by IDL, they were then com- just want SMU’s folded light curves for submission,
bined sequentially in accordance with the MJD dates they prefer additional data sets plotted in conjunction
into one large file. This large file was run through the with ROTSE data in order to confirm our initial findsingle phase command, which combined the light ings. These data sets can be found on the websites of
curves from each night into a single “folded light telescopes that have publicly released data sets, such
curve” using a cubic spline fit algorithm [4]. These as SuperWASP, Catalina Real-Time Transient Survey

Figure 3: A combined Phase
J000459.91+233315.0

Figure 2: A
Folded
Light
J000459.91+233315.0.
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(CRTS), LINEARb, or Northern Sky Variability Survey (NSVS). These websites often have data available
in the three column format of date, magnitude and
error on the magnitude, so the analysis process for
each telescope was nearly identical to that of standard ROTSE variables. Once these data sets were run
through IDL commands such as single phase, they
had their own folded light curves produced. If the
period values differed by a large amount around the
fifth decimal place in the two light curves, then the
data sets were combined and then run through IDL
analysis together in order to produce a lightcurve that
used average data from multiple data sets, thus creating a more accurate plot. Once an accurate period
was achieved, a separate software called gnuplot was
invoked to produce the final light curve that would
be submitted to VSX. Figure 3 displays SMU’s ROTSE
dataset plotted on top of a SuperWASP dataset to
show that both follow the same trend in variation.
Submitting variable stars for discovery to VSX requires more than just a phase plot, period and amplitude of a star. VSX also requires the type designation
of the star, the magnitude range, additional names
or catalog designations of the star, and other references. The type designation of the star depends on

Plot

for

ROTSE1

the star’s amplitude, period and shape of the light
curve. There are a large amount of classification possibilities for variable stars, with each sub–type having
its own characteristic light curve or period and amplitude values. The star in Figure 3 was classified as
an ELL variable, which denotes a binary system with
ellipsoidal components, which varies its brightness
due to changes in emitting area towards an observer.
The light curve shape is indicative of rotating variable
and its amplitude not exceeding 0.1 magnitudes in
variation helps classify it as an ELL [6]. After classifying the type of variable star, additional observation
sources are required. These can be found through
the clearinghouse of astronomical catalogs known as
VizieR, which maintains a record of astrometric observations and references gathered from a plethora
of surveys. Once these categories have been completely determined, the new variable discovery can
be submitted to VSX and sent to the moderators for
approval.

3 Results
As a result of the summer research project, SMU had
its first variable stars discoveries of 2015. The first star
I discovered was ROTSE1 J114708.82+383602, which
was listed as an EW. EW stars are W Ursae Majoris–
type eclipsing variables, with brightness variation
periods shorter than one day. This means that the
two stars in the system complete an orbit around
their common center of mass in less than a day, which
shows just how close to each other, and how fast these
objects are moving. Ursae Majoris type variables are
contact binaries, and as a result, change brightness
levels due to the stars eclipsing each other twice ev-

ery period. The second discovery of the summer was
the star ROTSE1 J112206.29+375441.9, also listed as
an EW due to the shape of the light curve and due
to the period staying below the threshold of one day.
The third object to come out of the ROTSE–I field was
not a discovery, but a type update. NSV 19084 was a
variable star discovered in 1959, however, very little
data was made available about the star itself. The
star’s type, period, amplitude, maximum magnitude
values and even phase plot were absent from the VSX
catalog. ROTSE–I was used to update the variable
star’s entry in VSX and thus filled in the missing data
sets. The star itself was classified as an RRAB, which
means it is a pulsating RR Lyrae type variable, characterized by asymmetric light curves. The pulsating
classification denotes a star that is periodically shrinking and expanding in size, which causes it to change
in brightness. After the pulsating star was updated in
VSX and approved by the moderators, another pulsating star was found, this time having been previously
undiscovered. ROTSE1 J232708.22+371216.9 was determined to be a HADS, a high–amplitude Delta Scuti
variable. These stars are radial pulsators with asymmetric light curves and amplitudes less than 0.15 magnitude in variation. Delta Scuti variables, sometimes
called dwarf Cepheids, are important standard candles that have been used to establish the distance to
the Large Magellanic Cloud, as well as the Galactic
center [5]. The last ROTSE–I discovery was ROTSE1
J115159.50+371801.3, an EA variable which denotes
a semi–detached binary system with a characteristic light curve that enables viewers to determine the
moment that eclipses begin merely at a glance.
After spending a large portion of the summer analyzing ROTSE–I data, the project shifted focus to the
more recent ROTSE–III telescope. The variable star
discovery process was lengthier with ROTSE–III than
with ROTSE–I, as the recent telescope had not yet undergone a formal set up for large scale variable star
analysis at SMU. This means that the only data files
that existed were the actual raw images taken by the
ROTSE–III telescope during its observation nights,
thus additional analysis techniques were necessary
to create the light curves (such as in Figure 1) and
data readouts used in the ROTSE–I processes. The
ROTSE–III variable star identification processes began by cutting the pictures taken by the telescope
into smaller sections that contained less data, which
were then more manageable with the algorithms used.
The images taken each night contained too many stars
as it was determined that the algorithms could only
deal with 1000 stars at a time, which in turn decided
the size of our sub–images. The process for making these sub–images involved first selecting a star

Figure 4: A sub image created with IDL and viewed
through RPHOT. The centered reference star is
circled in green.

to center the image around. This could be done by
viewing the image files through a program named
SAOImage DS9, which gave the right ascension and
declination values of any point in the image that the
computer mouse cursor hovered over. Once the coordinates were recorded, IDL could be used to make
the sub image of a pre-defined size using the command make rotse3 subimage. One such sub image is
displayed in Figure 4.
Upon completion, the IDL command that created a
sub image would output two types of files: .fit files
and .cobj files. Cobj files are calibrated object lists
that contain information about the properties of each
object contained within the subfield. FITS stands for
A Flexible Image Transport System; these files contain match structures, which are compiled data sets
that are matched by the position of objects within
various images [8]. The .fit files were used in the next
step of the ROTSE–III analysis through the use of
a relative photometry program (RPHOT) in IDL [7].
RPHOT used the first of the sub images created beforehand to allow the user to input the coordinates of
the centered star chosen previously. After doing so,
the program would use the remaining stars in the im-

age as references against the centered star. RPHOT’s
analysis would cycle through each observation until
it ran through the entire night, with each observation
creating a point on the final light curve for each object.
After running RPHOT, a new .fit file would be created
that could be used to create light curves such as in
Figure 1 through the use of IDL and the find burst
command. After finishing analysis in RPHOT, the
variable star identification and submission process became the same as with ROTSE–I. The main goal of the
ROTSE–III portion of the project was not necessarily
to discover variable stars (though several were identified), but to create a large amount of sub images and
.fit files so that variable star analysis could be easily
approached by future and current students working
on the project. As a result of searching through the
created sub–images, several ROTSE3 variables were
accepted for discovery. ROTSE3 J222210.88+404033.4
was an EW variable that was accepted for discovery with its only supporting data set coming from
CRTS. This established a trend, as most variable candidates from ROTSE3 would end up having little to
no supporting data sets from other telescopes. The
second ROTSE3 discovery is referenced in Figure 5,
and is listed in VSX as an EW type variable under the
name ROTSE3 J222125.07+403412.9. In addition to
searching for new ROTSE3 discoveries, I also began
the task of clearing out the ROTSE discovery backlog. Throughout the years of running data analysis
with multiple undergraduates and graduate students,
several stars got stuck in a limbo state known as discovery pending. This usually meant that they were
submitted for discovery and subsequently rejected
by the moderator due to errors in presentation, star
classification or data analysis. One of these stars was
ROTSE1 J110157.57+460657.9, which was originally
submitted in 2012 with incomplete data analysis. It
was an EA type variable, which meant that it was
more complicated to phase than the usual EWs that
ROTSE finds. After reworking the data with additional information from supporting telescopes, a new
period and phase were obtained and an updated light
curve was submitted and accepted for discovery. Two
stars remain in the pending list, and are currently
being worked for resubmission.
Throughout the process of creating the sub–images
in the ROTSE3 image fields, several interesting variable star candidates were obtained. However, none
of them had enough continuous nightly data in order
to create a complete and distinct lightcurve. Through
the use of the RPHOT process, specific stars could be
singled out for comparison to other stars in the field,
and thus have additional data generated for the purpose of creating lightcurves. This method allowed

for additional stars to be pulled from the ROTSE3
image fields and thus a process was established for
extracting discoveries from datasets that did not feature frequently reappearing stars. The submission
of stars from these data fields often required more
moderator input from VSX than with previous submissions, as the fields are more sensitive to dim stars
than with ROTSE1 and thus are less likely to have supporting datasets from other telescope systems such
as SuperWASP and CRTS. This creates an emphasis
on finding stars that have several observation periods
with clean data, as the variability trends need to be
clear and distinct in order to provide evidence for
variable star classification on their own.
The last portion of the variable stars project involved writing a guide with a twofold purpose: firstly
to establish a set process for variable star analysis, and
also to consolidate every piece of relevant information
that was originally spread out through various documents. The guide took information from emails, text
files, various websites and even feedback from VSX
moderators and combined it into a convenient report
that could be referenced by other students working on
the project in the future. The guide is written to cover
ROTSE1 and ROTSE3 processes, and will continue to
expand into other areas as needed in the remaining
weeks of the Engaged Learning project.
Table 1 summarizes entirety of variable star discoveries during the summer of 2015 and the 2016 school
year.
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Figure 5: A ROTSE3 discovery that used ROTSE data exclusively.
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ROTSE3 J221822.13+400218.0
ROTSE3 J221904.59+395132.3
ROTSE3 J222027.50+395316.8

Constellation
Pegasus
Andromeda
Ursa Major
Ursa Major
Ursa Major
Ursa Major
Andromeda
Lacerta
Lacerta
Ursa Major
Andromeda
Pegasus
Andromeda
Andromeda
Andromeda
Pegasus
Pegasus
Pegasus
Hercules
Lacerta
Lacerta
Lacerta
Lacerta
Lacerta
Lacerta
Lacerta

Type
ELL
EW
EW
EW
EA
EW
HADS
EW
EW
RRAB
EW
EW
EW
EW
EB
EB
EW
EW
EW
RRAB
EW
EW
EW
EW
EW
EW

Magnitude Range
11.97 - 12.07 (R1)
13.15 - 13.38 (R1)
13.46 - 13.61 (R1)
13.21 - 13.32 (R1)
13.16 - 13.45 (R1)
14.25 - 14.70 (R1)
12.84 - 12.99 (R1)
14.61 - 14.80 (R1)
15.31 - 15.67 (R1)
11.32 - 11.47 (V)
12.85 - 13.06 (R1)
12.63 - 12.78 (R1)
13.09 - 13.28 (R1)
12.42 - 12.61 (R1)
12.86 - 13.12 (R1)
12.94 - 13.17 (V)
13.25 - 13.38 (R1)
12.78 - 13.07 (R1)
12.21 - 12.40 (R1)
14.40 - 15.20 (R1)
13.03 - 13.60 (R1)
15.56 - 15.91 (R1)
10.63 - 10.79 (R1)
14.15 - 14.37 (R1)
16.35 - 16.70 (R1)
15.92 - 16.23 (R1)

Period [Days]
0.389094
0.358822
0.296779
0.27908
0.518288
0.417234
0.084457
0.36902
0.371922
0.689474
0.3943
0.43808
0.413161
0.319604
0.613404
0.700826
0.38081
0.3019
0.455322
0.489555
0.328687
0.264
0.477485
0.40805
0.302588
0.331788

Table 1: ROTSE–I and ROTSE–III Variable Star Discoveries. The separating line divides the table into two groups: first
those listed with the author as primary discoverer, and the second group with updates or those with the author
listed as secondary discoverer.
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