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Variable Star Search Using ROTSE-III Data
In this project, four variable stars have been discovered and catalogued in the
International Variable Star Index (VSX). The process of identifying these variable stars
and their properties is the focus of this report.
Variable stars are stars that change in brightness. These changes in brightness can
range from a thousandth of a magnitude to twenty magnitudes2. The magnitude scale was
first developed in ancient Greece by Hipparcus, who classified stars by their brightness as
he saw them from Earth. In 1856, Norman Pogson proposed that a star of magnitude 1 be
100 times brighter than a star of magnitude 6. Since the eyes detect light intensity
logarithmically, the magnitude scale is logarithmic. Apparent magnitude is the brightness
of the star (on the magnitude scale) as observed from Earth. The issue with apparent
brightness is that it does not take into account the distance between the Earth and the star,
making it difficult to compare stars on the basis of brightness7. Since stars act as point
sources of light, there is an inverse square proportion between the light intensity of the
star and the distance from it. Absolute magnitude is the brightness the star would have at
a distance of 10 parsecs from Earth. The distance modulus, the difference between the
apparent and absolute magnitudes, can be used to calculate the distance to a star. An
important note on magnitude is that it is a unitless value. The celestial coordinate system
is used in this project with the J2000 epoch9. The J2000 epoch is the most recent and
accounts for changes in the celestial coordinate system due to precession of the Earth’s
axis9. The Hertzsprung-Russel diagram is used to compare stars on luminosity,
temperature (Kelvin), absolute magnitude, and spectral class. In the Main Sequence, the
outward radiation pressure of the fusion process is balanced by the inward pull of
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gravitational forces, resulting in a dynamic equilibrium10. Once the hydrogen fuel runs
out, the radiation pressure decreases and the forces are unbalanced, moving the star off
the main sequence. The result of the star after moving off the main sequence is based on
its mass. Many intrinsic variable stars are found in the transition from the main sequence
to the giant branches4. Variable star astronomy is important because variable stars
provide information about stellar properties such as internal structure and evolution2.
Much of this information can only be found through variable star study because they
change in brightness on an observable timescale. Cepheid variables have been
instrumental to calculating the distances to galaxies and determining the age of the
universe. Mira variables are helpful in understanding the sun. It is important to find and
catalogue variable stars for current and future use in understanding stellar processes2.
There are many types of variable stars that fall under two categories: intrinsic and
extrinsic variables3. The variation of intrinsic variables is due to physical changes in the
star or stellar system. Pulsating variable stars decrease in brightness as the star expands
and increase in brightness as the star contracts. The star expands and contracts due to
internal pressures of fusion and gravitation. Eruptive variable stars change in brightness
due to mass ejections or chromospheric activity. The variability of extrinsic variables is
due to the effects of eclipses or rotation. In eclipsing binary systems, two stars orbit
around a common center of mass3. Around 85% of all stars are in multiple star systems.
The following diagram shows a binary system5.
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The light curve is a graph used often in variable star astronomy. The light curve is
a scatter plot with time on the x-axis and the magnitude on the y-axis. Light curves are
very important because these graphs show the raw data collected from the telescopes. In
this project, the raw data comes from the Robotic Optical Transient Search Experiment
III (ROTSE-III) and ROTSE-I telescopes1. These are surveyor telescopes, meaning they
lack the precision of other telescopes but they scan much larger areas of the night sky and
can record dimmer magnitudes (around magnitude 18). Light curves are also very useful
because they are used in conjunction with phase plots to determine the type of variable
star. Phase plots are scatter plots with the phase (fractions of the period of variation) on
the x-axis and the magnitude on the y-axis. The phase plots are developed after
calculating a period to fit the variation of the raw data. This process will be explained
later.
Analyzing the phase plots in terms of shape, amplitude, and period gives
indication of the type of variable star. The goal is to match this information to that of
stars for which the variability type is known3. Eclipsing binary systems have a baseline
brightness from which the brightness dims into minima on the graph, showing the
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eclipse. In systems where the stars are very far apart, there is a clear onset and end of
each eclipse, as well as two distinct minima at different magnitudes. In some binary
systems, the stars are so close to each other and similar in size and mass such that the two
stars share atmospheres. For these systems, the common center of mass is within one or
both stars. The phase plots for these systems have two distinct minima, ellipsoidal
components, and it is impossible to tell the onset of eclipse from them5. For pulsating
variables, there is a clear asymmetry in the branches of the plot – the expansion and
contraction (increase and decrease in brightness) occur at different rates. The period,
amplitude, and rise duration then provide the necessary information to classify stars
further7. The following is a variable star type chart for reference10.
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The following are phase plots for various variable star types for reference.

Type EA, Eclipsing System7.

Type RRC, Pulsating system7.
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Identifying and Preparing Variable Star Candidates
The entire procedure is done through the “Neo” computer at SMU, which stores
all the raw data. The user uses the Linux terminal to ssh into the Neo computer. Once into
Neo, the process of working with the archived data sets uses the Linux terminal and
Interactive Data Language (IDL), which is a programming language used in astrophysics.
The process begins with identifying a candidate from the raw data. For ROTSE-III, the
raw data is stored in .fit files, with one .fit file containing all the data from one night of
observation. This file is called in the IDL program using the
“match=mrdfits(‘filename.fit’,1)” command. Before viewing the light curves of all the
objects (referring to celestial objects) observed in that night, it is important to narrow the
search by only displaying the data of the objects that show an appreciable variation in
magnitude. This is done with the command
IDL>var=find_burst(match,0.1,1.0,minchisq=2.0,rotse=3,log=’NAME'). This is followed
by the command IDL>log=’filname.ps’, which creates a postscript file containing the
light curves of all the objects observed in that night. The following is a page of light
curves from a ROTSE-I postscript file.
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Figure1: Page of light curves from a single night of observation
There is a separate light curve for each object observed. The x-axis of these plots
is in days and the y-axis is magnitude (the smaller the value, the brighter). The
coordinates in the J2000 epoch are listed in the top right, and the object number is in the
top left. This object number is not specific to the coordinates, rather it corresponds to the
spot in the array (that contains all the objects for the night) the specific object holds.
The most probable variable star candidates are those whose light curves show
clear variation without too much noise. In the example page shown, objects 3001, 3172,
3259, and 3320 show appreciable variation without too much noise. Object 2908 shows
some variation but is too noisy to tell for sure, and object 3238 does not show enough
variation to be worth considering. After identifying candidates, their coordinates are
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checked in VSX with a search radius of 0.5 arcminutes to see if the variable star has
already been identified and catalogued.
If not already catalogued, the next step is to gather all the data of that same object
from all the nights. This can only be done by looking for the coordiantes of the object
across nights, not the object number. All the object numbers of the light curves for the
star must be recorded for the next step. Next, the data for the star on each night must be
extracted. This is done in IDL with the commands restore,'filename' and
var=findburst_gd(match,0.1,1.0,minchisq=2.0,objid=####). This prints three columns of
data on the terminal, Modified Julian Date (MJD), Magnitude, Error, which are then
copied into text files. Once all the data have been extracted and copied into text files, they
are concatenated together into a data file (.dat). For simplicity, the process of copying
into text files and concatenating into data files was shortened by copying the data into an
excel spreadsheet then copying the data into a data file. Before proceeding, the data is
reordered by ascending MJD.
After the data from all the nights is stored by ascending MJD in the data file, the
data is ready to be phased. Again in IDL, the command single_phase,'a',max_freq=30 is
used to perform a cubic spline fit on the data. This finds a period for the data such that the
resulting phase plot shows an appreciable curve. If the period is incorrect, the phase plot
will look messy, with ascending branches overlapping descending branches or the plot
not being continuous. Should the cubic spline fit not work, a Fourier analysis is used
using the Period04 program. If this also does not work, Eplot (an Excel spreadsheet built
to plot the graph given a period) is used to manually enter period values until an
appreciable curve is generated. This period can then be manually forced on the
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single_phase command. The single_phase command generates a text file that can then be
plotted using the plot_datfile command. The graph below is an example of the result of
this process. The top graph plots Magnitude versus MJD, which shows when the data
when was collected and is used to find outliers. The bottom graph is the phase plot.

Figure 2: Example phase plot, result of single_phase and plot_datfile commands
The next step is to shift the data to epoch maximum or minimum depending on
the probable variation type. If the graph suggests a pulsating variable, the graph is shifted
to epoch maximum; the maximum brightness (minimum magnitude value) is at the 0
phase. If the graph suggests an eclipsing system, the graph is shifted to epoch minimum;
the minimum brightness (greatest magnitude value) is at the 0 phase. This is done using a
series of awk commands, to set the desired magnitude at 0 phase, then adjust the phase
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values accordingly. The second command in the example shown below adds 2 to the
points that had a negative phase value so that they effectively ‘wrap around’ and appear
of the end of the light curve.
•

awk '{print $1-0.47711" "$2" "$3}' b.txt | column -t > c.txt

•

awk '{if ($1<0) print $1+2.00" "$2" "$3; else print $1" "$2" "$3}' c.txt | column -t
> d.txt
The contents of the “d.txt”, shown above, replaces that of the original text file

created from the single_phase command.
After the ROTSE-III data processing is complete, more sources of data for the
same star are identified. This is for two reasons. First, ROTSE-III is a surveyor telescope,
so if available, more data from other sources increases the precision of the entire data set.
Second, the variation pattern is more clear and reliable with more data points from
different sources. These sources include SuperWASP, the Catalena Real-Time Transient
Survey (CRTS), APASS, ASAS, and the Northern Sky Variability Survey (NSVS). Data
from these sources are transferred to an Excel sheet and then reordered by ascending
MJD. If there are more than 1000 data points (maximum single_phase can handle), a
representative sample containing the variation is selected. This data is then transferred to
a data file and phased using the single_phase command in IDL, with the period found
through the ROTSE-III data forced on the new data set. The rest of the steps through
shifting are the same fro processing this data. The goal of this process is to make sure the
data from the other sources agree with the raw ROTSE-III data. The raw data from these
sources will be used in the next step.
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All the data from all the available data sets are then concatenated into a single
data file. This data is then phased twice: once without a forced period and once with the
ROTSE-III period forced. The data is phased once without forcing the period because the
addition of more data can lead to a better period calculation. Once a suitable phase plot is
generated and shifted (including magnitude shifts to account for different telescopes with
slightly different calibrations), a gnuplot can be made.
The gnuplot plots 3-column data (MJD, Magnitude, and Error on magnitude) of
each data source in different colors on the same axes. This uses the text files that contain
the shifted 3-column data sets of each data source. It is important that the data sets are
already shifted so that they line up properly as they did in the final phase plot. Two
gunplots are made, one with error bars and one without. A label for period and amplitude
are printed on the graph as well as the name of the star, which is the star’s coordinates.
Once the gnuplots are made, the submission process to VSX begins. First, more
names for the same star are found on VizieR. These are the names/coordiantes
established by different telescopes and star catalogues. The ROTSE-III coordinates are
the primary name during submission. After entering this information and the period,
amplitude, rise duration/outburst year, epoch date, variability type, and the gnuplot
without error bars (for clarity), the star can be submitted for revision by the VSX
moderators. Once the submission earns moderator approval, the variable star is officially
catalogued in VSX.
Stars Discovered
In this section, notable differences from the aforementioned procedure and
properties of the four stars discovered in this project will be explained. The four stars
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discovered in this project were J2220009.68+412042.3, J221551.61+412030.1,
J221544.73+402105.4, and ROTSE1 J000916.21+360536.6.
ROTSE-III J2220009.68+412042.3 was the first variable star identified in this
research. This star had 12 nights of data in the SMU database. The following is the light
curve for a single night of viewing of this object. Based off of the clear wave-like
variation in magnitude and relatively small error bars shown in this light curve, this was
chosen as a probable candidate for further processing.

Figure 3: Light curve of a single night of recording of ROTSE3 J222009.68+412042.3
A phase plot was developed after extracting the data from the 12 nights of
observation recorded on this object. Initially, the single_phase command calculated a
period of 0.187243 days and amplitude of 0.461, but the phase plot was too symmetrical
to assume an intrinsic variable. The period was doubled to 0.374486 so that both minima
(assuming an eclipsing system) would be shown within one period. This resulted in a
phase plot, period, and amplitude that very closely matched those of an EW type variable,
so the period of 0.374486 was finalized. Below are the phase plot with a period of
0.374486 and the gnuplot made for submission to VSX.
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Figures 4 & 5: Phase plot and gnuplot of ROTSE3 J222009.68+412042.3
A recurring issue throughout this research was that very dim stars (magnitude 1516) had no other available sources due to their low brightness. The servers for CRTS, the
only outside source capable of observing at those dim magnitudes, were down throughout
this research. For this reason, all three ROTSE-III stars found in this investigation only
have data from the ROTSE-III telescope, but the variation is clear enough with enough
data for successful submission to VSX.
The same process and limitations as discussed with ROTSE3
J2220009.68+412042.3 were present with ROTSE3 J221551.61+412030.1, since both are
type EW stars in a similar magnitude range of magnitude 15-16. The EW classification
means that the variation is extrinsic and that the two stars are so close together such that
they share an atmosphere. This is apparent from the graph because the ascending and
descending branches have similar magnitude of slope – the peaks are symmetrical – and
because there is little difference in the minima. Also, it is impossible to tell the onset of
eclipses from the plot, indicating an EW type.
Besides the lack of other data sources, the same procedure was followed for
J221544.73+402105.4. At first, the star seemed to match the description of an RRAB
type star due to the shorter rise duration than descent, but was reclassified as a type RRC
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after taking into account the scatter of the data at the dim magnitude. RRC-type variables
are RR Lyrae variables, which are radially-pulsating giant A-F stars. ROTSE1
J000916.21+360536.6 was found in the ROTSE-I database and was classified as a
probable Delta Scuti. The phase plots suggest intrinsic variation because of the single fall
and rise in brightness. Both of these stars are pulsating stars with intrinsic variation due to
the unbalanced pressures of thermal expansion and gravitational contraction. When the
star expands, the surface area of the star increase and its brightness decreases, and as the
star contracts, the surface area decreases and the star brightens.
Synopsis
ROTSE3 J222009.69+412042.3 is an EW
type found using ROTSE-III data in the directory
R3Fvsp2218+4034. The period is 0.374486 days
with a magnitude range of 15.45 - 15.95 and
amplitude of 0.50. Its epoch in HJD is
2456521.18, which is August 16, 2013. The star is
found in the Lacerta constellation.

Figure 6: Submission plot ROTSE3
J2220009.68+412042.3

ROTSE3 J221551.61+412030.1 is an EW
type found using ROTSE-III data in the directory
R3Fvsp2218+4034. The period is 0.286444 days
with a magnitude range of 16.6 - 17.2 and
amplitude of 0.56. Its epoch in HJD is
2456512.215, which is August 7, 2013. The star is
Figure 7: Submission plot ROTSE3
J221551.61+412030.1
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found in the Lacerta constellation.
ROTSE3 J221544.73+402105.4 is an
RRC type found using ROTSE-III data in the
directory R3Fvsp2218+4034. The period is
0.301588 days with a magnitude range of 16.0 16.5 and amplitude of 0.50. Its epoch in HJD is
2456539.171, which is September 3, 2013. The
rise duration is 33%. The star is found in the
Lacerta constellation.

Figure 8: Submission plot ROTSE3
J221544.73+402105.4

ROTSE1 J000916.21+360536.6 is a
probable DSCT type found using ROTSE-I data
in the directory sky0046 camera d. The period is
0.172312 days with a magnitude range of 14.19 –
14.37 and amplitude of 0.17. Its epoch in HJD is
2454326.627, which is August 14, 2007. The rise
duration is 40%. The Orphans data is combined
with SuperWASP and NSVS data. The star is

Figure 9: Submission plot ROTSE1
J000916.21+360536.6

found in the Andromeda constellation.
Discussion of Current and Future Work
Two other stars are currently being prepared but have certain complications. One
is a probable EA, which poses the issue of finding an ideal period. EA-types are eclipsing
binary systems in which the stars are relatively far apart. Because of this, there is a
baseline brightness during which the light from both stars is being received. During
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eclipses, there are minima that come off of this baseline. The issue with the EA is that the
period fit is unable to find a period that conserves the baseline while forming the minima.
Upon analysis of the ROTSE-III and SWASP data for J221642.56+403034.0, it is
probable that this is a triple-mode oscillator. This is found by noting the first variation
from the baseline in the second phase plot with period 2.19448 days.

Figures 10 & 11: Phase plots of J221642.56+403034.0 at the periods 0.73288 days
and 2.19448 days, respectively.
The other star that is currently being prepared is a “blended” star. This is because
the light being recorded from those coordinates is actually a blend of the light from
multiple stars in that area. It is known that this is a “blend” case because there are many
stars of similar brightness around the specified coordinates as seen in the Aladin sky map.
The goal of the “unblending” process is to identify which star in that neighborhood of
stars is actually the variable, and this is done by analyzing the data from different
passbands and finding for which star the standard deviation is highest. The procedure
then follows as before.
This project is an accomplishment in that four variable stars have been discovered
and catalogued. It is important that work continues in finding and cataloguing variable
stars because new discoveries are always made that could possibly improve scientific
understanding.
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