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ABSTRACT

THESIS: A Study of Variable Stars in Star Clusters NGC 2808 and NGC 6791

STUDENT: Paul Hettinger

DEGREE: Master of Science

COLLEGE: Science and Humanities

DATE: May 2019

PAGES: 58

Studying the variable stars in star clusters gives us an insight into the early universe that
we might not otherwise have. NGC 2808 has features that set it apart from the majority of other
globular clusters. Understanding why it is different will help us understand the mechanics of
globular cluster formation and evolution. Likewise, NGC 6791 is an unusual open cluster that
may be able to provide insight into stellar evolution. This thesis presents the results from a study
of globular cluster NGC 2808 and open cluster NGC 6791 with a focus on finding new variable
stars. Images were obtained in the R band using SARA consortium telescopes. For NGC 2808
the SARA 0.6 meter telescope at CTIO in Cerro Tololo, Chile was used, and for NGC 6791 the
SARA 1.0 meter telescope at ORM in La Palma, Spain was used. NGC 2808 was observed for
five nights, from March 2017 to March 2018 while NGC 6791 was observed for four nights,
between April 2017 and October 2017. In NGC 2808, 51 variable stars were detected. Of these,
32 had been previously found by Kunder et al (2013), while 19 had not. In NGC 6791, 37
variables were detected of which 8 had been previously found by de Marchi et al (2007) and 29

had not, including 2 exoplanet candidates.
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Chapter 1

Introduction

1.1 Background

Star clusters hold great astronomical significance since much can be discovered by
studying the types of stars that make them up. Since the stars in a star cluster formed from the
same molecular cloud, all the stars in a star cluster are expected to be the same age and distance
from Earth. Variable stars in a cluster are of great interest since these stars can help us better
understand stellar evolution as well as the evolution of the cluster itself. Star clusters are

organized into two categories, globular clusters and open clusters.

Globular clusters are dense collections of stars that are found in the halo of galaxies. Stars
in globular clusters are some of the oldest in the galaxy and likely formed while the galaxy was
young. They are tightly bound by gravity, since there are so many stars close together. Due to
their location in the less populated halo and strong gravitational bond, globular clusters are

ancient relics.

Open clusters are found in the disks of galaxies and are more sparsely populated than
globular clusters. Because they contain fewer stars, they are more loosely bound by gravity. This,
coupled with the fact that they are located in the disks of galaxies means that they are easily
disrupted by other objects. Open clusters cannot usually exist as long as globular clusters and are

much younger on average.

1.2 RR Lyrae Stars

Globular clusters contain a type of variable star called RR Lyraes. They have periods of
less than a day, which allows for a lot of data to be collected in a short amount of time. The

variation in brightness observed in RR Lyraes occurs because they radially pulsate. The
1



pulsations these stars undergo are stable and maintain an average that does not significantly
change (Smith 2004). This steady equilibrium state makes RR Lyrae stars useful as standard
candles to find the distance to globular clusters. Other useful quantities to be found from RR
Lyraes are metallicity and helium abundance. These give information about the chemical history

of a globular cluster.

RR Lyrae stars are categorized by their pulsation modes and consist of three groups:
RRO, RR1, and RR2. The stars that are designated RRO (historically RRab) are pulsating in the
fundamental mode. They have periods around 0.5 days and their light curves are characterized by
a sharp increase in brightness followed by a gradual decrease as seen in Fig 1-1. Stars that
pulsate in the first overtone mode are designated RR1 (historically RRc). These stars have a
shorter period than RRO stars, usually around 0.3 days. Their light curves are more symmetrical
as well, such as the one presented in Fig 1-2. The third category of RR Lyraes, RR2, is called a

double mode since it shows behavior of both the fundamental and first overtone modes.

RRO_
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Figure 1-1 — An example of an RRO light curve. RROs pulsate in the fundamental mode
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Figure 1-2 — An example of an RR1 light curve. RR1s pulsate in the first overtone mode

1.3 Exoplanet Transits

Exoplanets are planets that orbit stars other than the Sun. One of the ways to detect these
planets is visually, by observing stars and looking for periodic eclipses. When a planet crosses
between star and an observer on Earth, the planet blocks a small amount of the star’s light. The
change in brightness is very small (< 0.05 mag) and usually lasts on the order of hours. The
small change in brightness is due to the small size of the planet relative to the star it orbits. High
metallicity stars are more likely to host planets that are detectable (Kindt 2015). Therefore, high
metallicity open clusters are excellent targets for exoplanet searches due to the large number of

stars that can be observed at one time.

There are difficulties that arise when searching for exoplanets. One difficulty is that the
change in the brightness of a star due to an exoplanet is so small. Often the change in brightness
from a transit is on the same level as the noise of the images, rendering it undetectable. Another
difficulty arises from bad pixels on a telescope’s CCD detector. Imperfect telescope tracking
means that light from a star could be distorted if it crosses bad pixels, which would produce light
curves that look like exoplanet transits or eclipsing binaries. Bad pixels are addressed in Chapter

3.



1.4 Targets: NGC 2808 and NGC 6791

NGC 2808 is a globular cluster located in the constellation of Carina, in the southern
hemisphere. It is a very intriguing cluster since it has been determined that the Main Sequence of
the cluster is actually composed of three distinct sequences (Piotto et al 2007). The horizontal
branch has been found to be multimodal as well (Dalessandro et al 2011). These two discoveries
suggest that NGC 2808 underwent three stages of star formation and each stage has a distinct
helium abundance associated with it (D’ Antona et al 2005). This is unusual since it is generally
assumed that stars in globular clusters all formed at the same time and have the same
composition. D’Antona et al (2005) have hypothesized that it is likely that the later generations
of stars were born from mass ejected from intermediate-mass stars of the earlier generation, and

the different helium abundances arose from distinct episodes of star formation.

It is very important to study the RR Lyraes in this cluster since they lie on the horizontal
branch, which is multimodal and not well understood for this cluster. They can give us
information about metallicity and age, aiding our understanding of how the cluster evolved.
However, the RR Lyraes in NGC 2808 have not been studied very much because until recently
few RR Lyraes were found in the cluster. | observed NGC 2808 in the R band with the hope of
finding new RR Lyrae stars and will be comparing my findings to the variable stars found by

Kunder et al (2013).

NGC 6791 is an open cluster located in the constellation of Lyra. It is an odd cluster
because although it is thought to be one of the oldest known star clusters in the galaxy, it is also
one of the most metal rich (de Marchi et al. 2007). Because of its seemingly contradictory nature

it has been the subject of several surveys and has even been imaged by the Kepler Space
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Telescope (Molnar et al. 2016). This cluster was observed with the goal of finding new variables
and detecting exoplanets. My results will be compared to de Marchi et al. (2007) for variable

stars and Montalto et al. (2007) as well as the NASA Exoplanet Archive (2018) for exoplanets.



Chapter 2

Data Acquisition

2.1 SARA Consortium

Ball State University is part of the Southeastern Association for Research in Astronomy,
or SARA. It is a consortium of universities that have remote access to three telescopes: a 0.96 m
telescope at Kitt Peak, Arizona (SARA-KP), a 0.6 m telescope at Cerro Tololo, Chile (SARA-
CT), and a 1.0 m telescope at La Palma, Spain (SARA-RM) (Keel et al. 2017). Both SARA-CT
and SARA-RM were used, allowing for observation of NGC 6791 in the northern hemisphere as

well as NGC 2808 in the southern hemisphere.

2.2 Observations

Images of NGC 2808 were taken in the R band using SARA-CT. It was observed on five
nights spanning March 2017 and March 2018 (Table 2-1). An exposure time of 60 seconds was

used and a total of 1,407 images were collected.

SARA-RM was used to obtain images of NGC 6791 in the R band. The cluster field was
observed on four nights spanning April 2017 and October 2017 (Table 2-1) with an exposure

time of 30 seconds and a total of 1,389 images were collected.

Table 2-1 - Observation Information

Date (UT) Object Location Duration Number of
Images
March 11 2017 NGC 2808 CTIO 6 hr 09 min 358
March 12 2017 NGC 2808 CTIO 6 hr 04 min 353
April 30 2017 NGC 2808 CTIO 4 hr 56 min 278




July 2 2017 NGC 2808 CTIO 0 hr 58 min 58
March 3 2018 NGC 2808 CTIO 6 hr 10 min 360
April 19 2017 NGC 6791 ORM 2 hr 42 min 270

September 8 2017 NGC 6791 ORM 5 hr 19 min 420
September 19 2017 NGC 6791 ORM 4 hr 44 min 404
October 10 2017 NGC 6791 ORM 3 hr 28 min 295




Chapter 3
Data Reduction
3.1 Introduction

The software packages used for this project were The Image Reduction and Analysis
Facility (IRAF), SAOImage DS9 (DS9), Image Subtraction Package (ISIS), Difference Image
Analysis Package (DIAPL) and Period04. IRAF, ISIS, and DIAPL were run in a Linux
environment while Period04 was run in Windows 10. IRAF and DS9 were installed as part of
the Linux Distro Astro distribution®. IRAF was used for all of the image reduction. The reduction
processes involves an overscan strip bias correction, a “zero” bias image correction, a dark image

correction, and a flat image correction.
3.2 Overscan and Bias Correction

The bias refers to the base-level offset on each pixel of the CCD. To correct for this |
subtracted the bias from the other images using two methods. First, an overscan strip was created
in every image during readout, which consisted of several columns of extra pixels added to the
end of lines (Fig 3-1). The overscan gives information about the pixel bias offset value at the
time they are read out. Second, the zero bias image was found from images taken with zero
exposure time. The offset on the pixels will not be uniform across the CCD and often there is a
pattern. Since with zero images only the overall pattern on the CCD matters, a master zero image
can be made that is a median of all of the zero images taken (typically 20). This is better
statistically than only using one zero image and reduces the random error accordingly. An

example of a master zero image is shown in Fig 3-2.

! http://www.distroastro.org/download/



Figure 3-1 - An example of an image with overscan. The dark column on the right side of the image is the overscan.

Figure 3-2 - An example of a master bias frame, created by using the median of all bias frames taken



3.3 Dark Correction

A dark image is the additive noise signal produced while the CCD is building up charges
in the pixels without being exposed to light. The dark images are taken with the shutter closed
for the same length of time as the science images. Ten dark images were taken for each exposure
time. The CCD on the SARA-CT telescope is cooled to a temperature of -110° C, which is cold
enough to make the dark current negligible (Keel et al. 2017). Dark current was still addressed

on the SARA-RM telescope however, which is only cooled to -50° C (SARA, 2018).

3.4 Flat Correction

The images also needed to be corrected based on how the pixels responded to light. The
pixels do not all respond to light exactly the same way due to: 1) the quantum efficiency on each
pixel not being the same as well as, 2) factors related to reflection and transmission through the
mirrors, lenses, and filters. To correct for these, images of fields that are of a uniform brightness
were needed; for this project the sky just after sunset was used. The flat images were kept around
30,000 to 50,000 counts and the telescope was shifted slightly between exposures so that any
stars that may have appeared are not in the same place on each image. After the sets of flat
images were obtained they were combined with a median statistic and normalized to make a
master flat (Fig 3-3), and then the bias- and dark- corrected science frames were divided by this

master flat. After flat correction the science images were ready to be analyzed.

10



Figure 3-3 - An example of a master flat frame. Dark rings are dust particles that have accumulated on the filter
and camera window.

3.5 Data Reduction Process

The tasks used in IRAF were zerocombine, darkcombine, flatcombine, and ccdproc.
For this project three passes through ccdproc were run, with only one or two steps done each

time so that the images could be checked after each step.

The image reduction process began with determining the size of the overscan strip on the
images. The overscan can be identified by a significant drop in counts at the end of the image.
Next, the zero images were combined with zerocombine. At this point the read noise and gain
were set to their appropriate values. For SARA-CT the read noise was set to 9.7 ADU and the
gain was set to 2.0 e/ADU and for SARA-RM the read noise was set to 6.3 ADU and the gain
was set to 1.0 e/ADU. After zerocombine was run and a master zero was produced, the first

pass through ccdproc was run. This subtracted the overscan from each image, trimmed the

11



overscan off of each image, and then subtracted the master zero from dark images, flat images,

and science images.

After the first pass through ccdproc was finished, dark images were combined with
darkcombine. Only dark images with the same exposure times were combined so that there was
a master dark image for each exposure time. After this ccdproc was run for a second time, which

subtracted the master dark from the flat images and science images.

Next, flat images were combined with flatcombine. Only the flats that were taken with
the same filter were combined so that the result was one master flat per filter used. When the

master flats were created ccdproc was run again to divide the science images by the master flat.

The images taken at CTIO contained large columns of bad pixels while the images taken
at ORM had a small streak. If these bad pixels had not been corrected they would have caused a
large number of false detections when the images were subtracted in the ISIS processing step
below. The task fixpix in IRAF corrected the bad pixels by linear interpolation of neighboring

pixels.

12



Chapter 4
Image Subtraction
4.1 Theory

Once all of the images of an object were reduced, difference images were created for the
purpose of detecting variability using the method of “image differencing photometry”. For the
subtraction process, 1SIS? was used. The software package ISIS employs the image subtraction

method developed by Alard (2000).

In image differencing photometry, a reference image is subtracted from all of the science
images. If an object is varying in flux, then that difference will remain after the subtraction.
However, before images can be subtracted, the stars must be matched to the same exact full
width half maximum (FWHM) of their point spread functions (PSF). A star’s PSF describes the
shape of the star image on the CCD, which varies from image to image due to atmospheric
turbulence, tracking errors, and focus changes. By matching the FWHM to that of the reference
image, proper subtraction is ensured since the stars are the same shape in both images. The
solution to this problem involves finding a convolution kernel (K) that will transform the

reference image (R) to fit the given science image (1) (Alard & Lupton 1998), in general
R(x,y) ® K (wv) =1(x,y), (4-1)

where ® denotes convolution. The operation of convolution involves multiplying R at a point x
and y by K at a displacement from that point, u and v, and then integrating over all

displacements. By solving for K it is possible to change the reference image stars’ FWHM to

2 http://www?2.iap.fr/users/alard/package.html
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those of the image being subtracted. In order to find the kernel K, Alard & Lupton (1998)

decomposed K to a sum of basis functions so that
K(u,v) = Y;a;B;(u,v), (4-2)

where a is a constant and B is some basis function. By using this decomposed kernel, the
problem becomes a least-squares problem and the stars’ PSF is approximated by Gaussian
distributions (Alard & Lupton 1998). This is called the “constant kernel solution.” In some
instances this solution does not hold and a ““space-varying kernel solution” must be used instead.
For the space-varying kernel, Alard (2000) changes the constant a to a function a(x,y) so that

Equation 4-2 becomes
K(u,v) = Y;a;(x,y)B;(u,v) . (4-3)

With this space-varying kernel, images can be fit even if the field is sparse or the PSF varies in
different regions of a single image. After the convolution, the object image and the convolved
reference image are ready to be subtracted. After all of the subtracted images are produced, they

are stacked to create an image that shows all of the varying objects found.
4.2 FWHM and Background Level

Before image subtraction was performed, DIAPL? was used to find the average FWHM
of the stars and sky background level of each image. Although ISIS also gives this information |
opted to use DIAPL since | found it easier to find and sort this information. Knowing the average
FWHM of the images is important because it is a measure of how good the resolution is. The
greater the FWHM, the more spread out the stars are, and stars too close together cannot be

distinguished. Since | was looking at star clusters with stars in very close proximity to each

3 http://users.camk.edu.pl/pych/DIAPL/
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other, a small FWHM value was important so that the most stars possible could be identified.
Having a low sky background brightness level is important too. The faintest stars are not much

brighter than the background; so when the background is lower, fainter stars can be detected.

4.3 Alignment

Next, images were aligned with ISIS (Alard & Lupton 1998; Alard 2000). From the lists
of images created in DIAPL, | was able to select an image to use as an “alignment image”, as
well as a list of ten images with the smallest FWHMSs to be combined into a “reference image”.
Since the objects being observed were not exactly in the same place on the CCD due to telescope
drift, all of the images needed to be aligned to one image: the alignment image. It is important
that as well as the image having a small FWHM and background, the science target is centered
on the alignment image. ISIS aligns the science images with the alignment image by first creating
a reference grid as well as a catalogue of stars in the alignment image and the science images.
Then the image catalogues are matched to the alignment catalogue, the offset is found and an
astrometric transform is fitted. Using the astrometric transform, ISIS re-samples the images so

they are all on the same reference grid (Alard 2018).

4.4 Image Subtraction and Variation Detection

After the images were aligned, the ten images with the smallest FWHMSs were combined
to make a reference image. The reference image is the image that is subtracted from all of the
other images. The reference images for NGC 2808 (Fig 4-1) and NGC 6791 (Fig 4-2) are shown

below.

15
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Figure 4-1 - The reference image of NGC 2808 in the R filter created by ISIS
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Figure 4-2 — The reference image of NGC 6791 in the R filter created by ISIS

16



Image subtraction was done using ISIS. | decided to use ISIS rather than DIAPL for the
image subtraction process due to the fact that I am more familiar with running ISIS. Also, when
trying to learn DIAPL | found that some scripts mentioned in the manual that | wanted to use

were not included in the package | downloaded.

After the image subtraction, a detection threshold was set. This threshold compares the
brightness of the stars to the background of the image and is in units of standard deviation
(sigma). This means a high value would represent stars much brighter than the background while
a low value means a star closer in brightness to the background. As the threshold is lowered and
stars’ brightness approaches the background there will be many more false detections. Data files
were created for each detection. For NGC 2808 the threshold was set to 1.0 sigma and produced

10,538 data files. For NGC 6791 the threshold was set to 0.75 sigma and produced 541 data files.

17



Chapter 5
Light Curves
5.1 Magnitude Conversion and Plotting

The data files produced by ISIS give the change in flux, which needed to be converted to
magnitudes before the final light curves could be made. The average flux for each variable was
found for one night and then added to the change in flux from the data files. The flux was

converted to magnitudes
m= —2.5 log,o(F) + C (5-1)

where F is the flux and C is a constant determined using standard stars. Standard stars are stars
that have had their magnitudes measured very carefully. By using the known magnitude of
standard stars in the field of view and the flux received from those stars, the constant C can be
solved for in Equation 5-1. Once C is determined, the magnitude m of any star in the image can
be determined for a given flux. For NGC 2808, standard stars from Alcaino & Liller (1986) were
used. No R photometry for NGC 6791 could be found, so instead an average was taken of the V

and I magnitudes given from Stetson’s standard stars (Stetson 2018).

Besides the change in flux, ISIS also gives the flux uncertainty. These were converted to

magnitude uncertainties using

0, = mz(—fm(%) , (5-2)

18



where F is the instrumental flux and o is the flux uncertainty. The average om for each variable

was added in quadrature to the base magnitude uncertainty to get a total uncertainty or, which is

reported in Chapters 6 and 7.

The data files created by ISIS were used with the python script plot_lc_PC.py (Appendix
C) to make preliminary plots of the light curves. These light curves were then manually
examined and light curves that were variable star candidates were set aside from the false

detections. An example of a false detection and real detection are shown in Fig 5-1 and Fig 5-2.
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Figure 5-1 — A false detection; variation is relatively small (around 600) and mainly centered at 0
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Figure 5-2 — A real detection; variation is larger than the false detection (around 2500) and not centered at 0

5.2 Period04
To find the period of the light curves, the program Period04 (Lenz 2005) was used.

Given a list of times and relative fluxes, Period04 can do Fourier analysis to find the frequency
of the light curve. Using this frequency, Period04 can then create a plot that merges the data
from different nights into one curve. Fig 5-3 and Fig 5-4 give examples of an un-phased and

phased light curve.
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Figure 5-3 — A light curve that has not been phased
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Figure 5-4 — A light curve that has been phased,

Unfortunately there was not enough coverage in the data in time for Period04 to calculate
frequencies reliably. Instead frequencies were visually estimated, and after viewing the phased
light curve they were adjusted accordingly. For variable stars that matched Kunder et al. (2013)
or de Marchi et al. (2007), the periods given were used as a starting point. Phasing of the light
curves was only done for RR Lyraes, Cepheids, and some binaries due to their short periods, and

not done for Long Period Variables.
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Chapter 6

NGC 2808 Results

Table 6-1 and Table 6-2 list my findings. Table 6-1 lists variables found that were
previously found by Kunder et al. (2013) and retain their labels from that paper. Table 6-2
consists of variables that did not match Kunder et al.’s findings. For naming the new variables
“E” denotes eclipsing variables, “L” denotes long period variables, and “N” denotes new RR
Lyrae candidates. The RA and DEC columns are equinox J2000.0. The or column is the average
of all the om from Equation 5-2 added in quadrature to the uncertainty given by Alcaino & Liller
(1986) for their standard stars. The AR column is the magnitude variability range. Figs 6-1, 6-2,

and 6-3 are finding charts for the variable stars detected. Light curves are provided in Appendix

A.
Table 6-1 Known Variable Stars in NGC 2808

Name Type RA (h,m;s) | DEC (°,>,” R Mag OR Period (d) AR

V1 LPV 9:12:20.22 | -64:52:20.5 -- 0.020 -- 1.20
V10 Cepheid | 09:11:56.86 @ -64:53:23.2 15.04 0.023 1.76528 --
V11 LPV 09:12:06.72 | -64:52:40.3 -- 0.020 -- 0.85
V12 RR1 09:11:56.15 | -64:50:09.6 15.02 0.022 0.305776 --
V14 RRO 09:12:13.40 | -64:51:04.0 15.18 0.024 0.598903 --
V16 RRO 09:12:09.11 = -64:52:51.5 15.75 0.035 0.605218 --
V18* RR1 09:12:06.57 | -64:52:17.0 (12.37) 0.020 0.341204 --
V19* RRO 09:12:06.26 = -64:52:10.7 (12.36) 0.020 | 0.5091927 --
V20* RR1 09:12:05.32 | -64:51:26.5 (12.93) 0.020 0.287021 --
V21* RRO 09:12:03.90 = -64:51:25.9 (12.87) 0.020 0.604334 --
V23* RR1 09:12:03.26 = -64:52:19.7 (12.39) 0.020 0.268199 --
V25* RRO 09:11:58.68 = -64:51:27.9 (13.23) 0.021 0.49522 --
V26 RR1 09:11:53.09 = -64:51:30.7 15.65 0.034 0.365099 --
V27 RRO 09:11:53.64 = -64:52:59.7 14.26 0.022 0.573229 --
V28 RR1 09:11:50.58 | -64:51:27.8 14.25 0.021 | 0.2767642 --
\V29* Cepheid | 09:12:00.53 | -64:51:39.2 (12.74) 0.020 | 0.8907099 --
V31 LPV 09:11:57.08 = -64:51:29.7 -- 0.020 -- 0.22
V33 LPV 09:11:59.24 = -64:52:59.2 -- 0.020 -- 0.24
V34 LPV 09:12:01.44 @ -64:51:37.7 -- 0.020 -- 0.14
V35 LPV 09:12:01.69 @ -64:50:33.3 -- 0.020 -- 0.16
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V36 LPV 09:12:02.28 | -64:51:18.5 -- 0.020 -- 0.04
V38 LPV 09:12:04.34 | -64:51:41.5 -- 0.020 -- 0.24
V39 LPV 09:12:06.66 & -64:52:18.2 -- 0.020 -- 0.11
V40 LPV 09:12:08.51 | -64:51:58.4 -- 0.021 -- 0.17
V41l LPV 09:12:11.30 | -64:52:42.2 -- 0.020 -- 0.35
V42 LPV 09:12:14.47 | -64:53:26.7 -- 0.049 -- 1.4
V43 LPV 09:12:16.64 | -64:52:02.9 -- 0.020 -- 0.07
V44 LPV 09:12:18.48 | -64:51:30.7 -- 0.020 -- 0.17
V46 LPV 09:11:50.35 | -64:51:42.2 -- 0.020 - 0.36
V47 LPV 09:12:01.49 | -64:50:49.4 -- 0.020 -- 0.12
V50 LPV 09:12:24.79 | -64:52:08.1 -- 0.020 -- 0.10
V51* Cepheid 09:11:56.86 | -64:53:23.2 (13.13) 0.021 2.10797 --
* denotes blending
Variable stars detected that were previously found by Kunder et al (2013)
Table 6-2 New Variable Stars in NGC 2808
Name Type RA (h,m,s) = DEC (°,’,”) R Mag OR Period (d) AR
El Eclipsing | 09:11:33:4 | -64:51:07.5 10.19 0.020 -- 0.25
L2 LPV 09:11:55.5 -64:53:14.3 -- 0.020 -- 0.12
L3 LPV 09:12:08.1 -64:52:25.6 -- 0.020 -- 0.085
L4 LPV 09:11:40.1 -64:52:18.5 -- 0.020 -- 0.08
L5 LPV 09:12:03.6 -64:51:46.8 -- 0.020 -- 0.4
L6 LPV 09:12:05.6 -64:51:14.6 -- 0.020 -- 0.055
L7 LPV 09:12:02.6 -64:51:13.9 -- 0.020 -- 0.055
L8 LPV 09:12:10.1 -64:50:51.2 -- 0.020 -- 0.055
L9 LPV 09:12:13.2 -64:50:47.0 -- 0.020 -- 0.035
N10* RR 09:12:04.4 -64:52:11.2 (11.90) 0.020 0.487852 --
N11* RR 09:12:04.7 -64:52.04.0 (12.11) 0.021 0.487852 --
N12* RR 09:12:02.7 -64:51:55.6 (11.66) 0.020 0.487852 --
N13* RR 09:12:03.1 -64:51:53.5 (11.51) 0.020 0.487852 --
N14* RR 09:12:02.2 -64:51:52.6 (11.63) 0.020 0.487852 --
N15* RR 09:12:04.8 -64:51:50.5 (12.06) 0.020 0.487852 --
N16* RR 09:12:00.6 -64:51:45.8 (12.74) 0.021 0.487972 --
N17* RR 09:12:03.2 -64:51:37.1 (12.55) 0.021 0.487852 --
N18* RR 09:12:06.4 -64:51:36.3 (12.84) 0.020 0.487852 --
N19* RR 09:12:02.9 -64:51:24.6 (12.64) 0.020 0.487852 --

* denotes blending

Variable stars detected that do not match Kunder et al. (2013) findings. E denotes eclipsing variables, L denotes long
period variables, and N denotes new RR Lyrae candidates.
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Figure 6-1 — Finding Chart for NGC 2808 outer variables

Figure 6-2 — Finding Chart for NGC 2808 cluster variables that match Kunder et al (2013)
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Figure 6-3 — Finding Chart for NGC 2808 new cluster variables

Out of the 11 RRO stars found by Kunder et al. (2013), | found 7. One star, V6, was
outside my field of view, while the other 3 (V15, V17, and VV22) were not detected. | also had a
discrepancy with the period of VV18. While Kunder et al. reported a period of 0.5851455 days, a
period of 0.3412038 fit my light curve better. This shorter period is what would be expected of a
RR1 rather than an RRO, however the shape of the light curve seems more consistent with RROs.
| was able to find all 5 of the RR1s and all 3 Cepheid variables reported by Kunder et al., but did
not discover any more. | was also able to find 17 of the 22 long period variables reported by
Kunder et al., as well as 8 more that were not. One new eclipsing binary was found, with transits
detected 2 of the nights. The light curves for the individual nights are shown in detail in Fig 6-4

and Fig 6-5.
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Figure 6-5 — Second transit observed for E1

Ten RR Lyrae candidates were also discovered (N10-N19 in Appendix A). Due to the

poor temporal coverage they cannot be confirmed for sure. Since all of these variables are in the

crowded inner region of the cluster, there is the possibility that these detections arose from a

systematic error in the image subtraction process. All of these light curves seem to have the same

frequency and the same shape, which cannot be real. While this may stem from problems in

image subtraction, it may just be that these are real and there is too much noise and not enough

phase coverage. Further data are needed to know for sure.
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Chapter 7

NGC 6791 Results

Table 7-1 lists the variable stars found in NGC 6791. The “RA” and “DEC” columns are
equinox J2000.0 equatorial coordinates. The “or” column is the average om value from Equation
5-2 added in quadrature to the uncertainty given by Stetson (2018). The “AR” column is the
change in magnitude. The “known” column gives the name of the star as given by de Marchi et
al (2007). Fig 7-1 is the finding chart for the variable stars detected in NGC 6791. Light curves

are given in Appendix B.

Table 7-1 Variable Stars in NGC 6791

Name Type RA DEC R Mag or | Period (d) AR Known
(h,m.s) ¢,
V1 Contact = 19:20:25.0 37:50:18.8 17.198 | 0.025 | 0.4063059 & -- V7
V2 Eclipsing | 19:20:28.2 | 37:41:14.7 11.815 | 0.002 - 0.24 -
V3 Contact | 19:20:30.8 | 37:52.05.1 14.004 | 0.004 -- 0.87 V38
V4 LPV 19:20:39.8 = 37:44:04.2 -- 0.011 -- 0.24 --
V5 LPV 19:20:42.9 = 37:52:00.3 -- 0.027 -- 0.43 --
V6 LPV 19:20:43.8 | 37:49:57.1 -- 0.001 -- 0.04 --
V7 Eclipsing @ 19:20:44.5 | 37:52:51.1 15.148 | 0.007 -- 0.65 --
V8 Eclipsing = 19:20:44.9 @ 37:46:48.5 13.266 | 0.003 -- 0.19 --
V9 Rotational = 19:20:45.1 = 37:45:09.2 14.466 | 0.004 -- 0.21 ' 03079 9
V10 Eclipsing | 19:20:45.3 | 37:47:52.1 13.907 | 0.004 -- 0.21 --
V11l Eclipsing = 19:20:45.2 | 37:44:46.5 14.200 | 0.003 -- 0.15 --
V12 Contact = 19:20:46.0 37:48:33.5 13.772 | 0.003 -- 0.14 V5
V13t | Eclipsing @ 19:20:46.4  37:51:20.9 12.810 | 0.001 - 0.06 -
V14 Eclipsing = 19:20:46.3 = 37:49:59.0 14.528 | 0.005 -- 0.30 --
V15 Irregular | 19:20:46.8 = 37:44:21.8 15.193 | 0.008 -- 0.57 V83
V16 Eclipsing | 19:20:47.5 | 37:53:04.7 16.346 | 0.013 -- 0.43 --
V17 Eclipsing = 19:20:47.2 @ 37:45:19.6 14.575 | 0.004 -- 0.17 --
V18 Eclipsing = 19:20:47.8 @ 37:51:03.4 15.022 | 0.007 -- 0.41 --
V19 Contact = 19:20:47.6 37:44:42.8 16.019 | 0.014 0.267679 -- --
V20 Eclipsing = 19:20:49.4 @ 37:46:32.0 17.180 | 0.044 -- 0.83 V9
V21 LPV 19:20:52.4 = 37:46:09.6 -- 0.006 -- 0.10 --
V22 Contact = 19:21:02.7 @ 37:49:25.5 14999 | 0.007 = 0.27904 -- --
V23 LPV 19:21:05.3 = 37:43.54.0 -- 0.001 -- 0.03 --
V24 Irregular | 19:21:06.4 | 37:47:08.2 -- 0.002 -- 0.06 V93
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V25
V26t
V27
V28
V29
V30
V31
V32
V33
V34
V35
V36
V37

Eclipsing
Eclipsing
LPV
Eclipsing
Eclipsing
Eclipsing
Rotational
Eclipsing
Eclipsing
Eclipsing
Eclipsing
Eclipsing
Eclipsing

19:21:06.3 | 37:42:10.0 13.677 0.004 -- 0.63
19:21:07.2 | 37:44:36.3 13.990 0.003 -- 0.02
19:21:08.4 | 37:44:58.6 -- 0.009 -- 0.21
19:21:10.1 | 37:50:43.8 14.396 0.004 -- 0.60
19:21:10.6 | 37:50:30.7 13.325 0.003 -- 1.18
19:21:11.6 | 37:51:36.8 14.843 0.006 -- 0.73
19:21:11.1 | 37:45:00.5 13.873 0.004 -- 0.62
19:21:11.8 | 37:52:33.6 14.039 0.004 -- 0.73
19:21:11.4 | 37:42:45.3 12.969 0.002 -- 1.20
19:21:11.8 | 37:46:52.8 14.113 0.003 -- 0.36
19:21:12.7 | 37:50:28.9 15.177 0.008 -- 1.34
19:21:13.1 | 37:49:47.8 14.389 0.006 -- 0.84
19:21:13.0 | 37:42:46.6 14.638 0.006 -- 1.33

* denotes exoplanet candidate

Variable stars detected in NGC 6791
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Figure 7-1 - Finding Chart for NGC 6791
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In total, 37 variables were detected, with only 8 matching variables previously found by
de Marchi et al. (2007). Out of the 5 contact variables found, 2 were not previously found by de
Marchi et al. There were 2 rotational and 2 irregular variables found, all of which were
previously known. The rest of the variables found were eclipsing and long period variables. Only
one of the 22 eclipsing variables were previously found, and all of the six long period variables
were new. Since bad CCD pixels can produce light curves that look like eclipsing binaries, the
variable star locations were visually inspected to make sure they were not the result of bad

pixels.

NGC 6791 is an ideal target to look for exoplanets due to its old age and high metallicity
(Montalto et al. 2007). Two of the variables we discovered, V13 and V26, have light curves that
allow for the possibility that they are planets transiting stars. These candidates were in the Kepler
field of view, however they have not had planets detected (NASA Exoplanet Archive 2018). |
also did not find matches when comparing these planet candidates with the candidates found by

Bruntt et al. (2003) nor Montalto et al. (2007).

The V13 transits were observed three nights; the dates, changes in magnitude, and
durations of transits are recorded in Table 7-2 and the light curves of the individual nights are
provided in Fig 7-2. Something interesting that was observed during the second transit is that the
baseline is gradually getting brighter. Since V13 is very close to a bright star, blending may have
affected the results. Another note is that the change in magnitude for the transits varies each
night, casting some doubt as to if this is actually a planet transit, since one would expect the
same change in magnitude every time the planet transits. The duration of the transits are also
very short, none being even an hour long. The short transit time may be partially due to the angle
of incidence, since it is unlikely the planet was observed passing directly across the center of the
star. Also, the first transit was much quicker that the second and third.
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Table 7-2 Transit Information for V13

Transit Date (UT) HJD AR Duration
1 April 19 2017 2457862.68007 0.04 +0.001 12 min
2 September 19 2017 2458016.471853 0.05 + 0.001 21 min
3 October 10 2017 2458037.38953 0.06 + 0.001 25 min

The transit information for V13 including the transit number, date that the transit occurred, the heliocentric Julian
date at minimum brightness, the change in magnitude during transit, and the duration of the transit

vvvvvvvvv

V13 Transit 2

Figure 7-2 —individual transits observed for V13

For V26 there were two nights where transits were observed; the dates and changes in

magnitude are recorded in Table 7-3 and light curves of individual nights are given in Fig 7-3.

Both nights the change in magnitude were the same, but also barely greater than the noise in the

light curve. This makes it difficult to verify, and more data are needed. The duration of the
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transits for V26 were very short and also different lengths. If it was one planet, the transit

duration would at least be expected to be the same each time.

Table 7-3 Transit Information for V26

Transit Date (UT) HJD AR Duration
1 September 8 2017 2458005.432717 0.02 + 0.004 38 min
2 September 19 2017 2458016.360726 0.02 + 0.004 24 min

The transit information for V26 including the transit number, date that the transit occurred, the heliocentric Julian
date at minimum brightness, the change in magnitude during transit, and the duration of the transit

V26 Tr?nsit 1 | V26 Transit 2
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Figure 7-3 —individual transits for V26, arrows mark possible transits for clarity

It is also helpful to compare the light curves of V26 to the light curve of a confirmed
exoplanet. In Fig 7-4 a light curve of a real exoplanet transit from Mann et al. (2016) is shown.
Below that are close ups of the transits from the exoplanet candidates | detected (Figs 7-5, 7-6,

7-7,7-8, 7-9).
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Figure 7-4 — The exoplanet transit of K2-33 reported by Mann et al (2016).
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Figure 7-5 — Close-up of first transit observed for V13
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Figure 7-9 — Close-up of second transit observed for V26
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Chapter 8
Conclusion

| have presented R photometry for variable stars detected in NGC 2808 and NGC 6791.

These include 19 new variables in NGC 2808 and 29 new variables in NGC 6791.

In NGC 2808 | found one new eclipsing binary (Fig 8-1), 8 new long period variables,
and 10 RRO candidates. In the future more data should be taken to investigate whether the RR
Lyrae candidates are real or systematic error. Besides the R band, images taken in VV and | would

be useful to help verify variables detected.

El

|
2 SeD00 2 Se<000 7 54000
Tirw

Figure 8-1 — New eclipsing variable found in NGC 2808

In NGC 6791, the new variables found were 2 contact binaries, 6 long period variables,
and 21 eclipsing variables (Fig 8-2) that included 2 exoplanet candidates (V13 and VV26). Due to
the relatively large and varying magnitude changes, the evidence points towards neither
candidate actually being an exoplanet. For the other variables detected in the cluster, more data
are needed to get a better idea of long term trends. Images taken over consecutive nights would
be useful for phasing light curves and determining periods of eclipsing variables, while a longer

baseline will help determine the characteristics of the long period variables.
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Figure 8-2 — Collection of new eclipsing variables from NGC 6791
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Figure 8-2 — Collection of new eclipsing variables from NGC 6791
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Figure 8-2 — Collection of new eclipsing variables from NGC 6791
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Figure 8-2 — Collection of new eclipsing variables from NGC 6791
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Appendix A

NGC 2808 Light Curves

Below are the variable stars detected that were previously found by Kunder et al (2013)
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Below are variable stars not previously detected by Kunder et al. (2013)
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Appendix B

NGC 6791 Light Curves

Below are all of the variable stars detected

Not Phased Light Curves
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Appendix C

plot Ic PC.py — script for plotting light curves from ISIS data files

Provided by Dr. Brian Murphy, Butler University

#!/usr/bin/env python

import pylab
from pylab import *
from matplotlib import *

import numpy as np

#copy to directory with all Ic.dat files

#will create all plots in ./lightcurves/

import matplotlib as mpl

import os

import numpy as np

import matplotlib.pyplot as mplplt
#import pyfits

#create list of all created Ic's
os.system('mkdir lightcurves2")
os.system('ls Ic*.data > plot_list.tmp")

plot_list_tmp = open(‘plot_list.tmp", 'r")

plot=False #boolean to determine whether first plot is finished (used to invert axis)

S7



phot_data_xpix, phot_data_ypix = np.loadtxt (‘phot.data’, usecols=(0,1), unpack=True) #loads
pixel coordinates for each Ic*.data

Ic_number =0

for line in plot_list_tmp:

current_lc_dat = "lc"+str(lc_number)+".data"

jd, rel_flux, check_rel flux, col 4, col_5, col_6 = np.loadtxt ("./+current_Ic_dat,
unpack=True)

print Ic_number, current_Ic_dat, phot_data_xpix[lc_number],
phot_data_ypix[lc_number]

mplplt.scatter (jd, rel_flux, c="b’, marker="0")
mplplt.xlabel ('JD")
mplplt.ylabel ('Relative Flux’)

mplplt.title (current_Ic_dat+"\nx, y: "+str(round(phot_data_xpix[lc_number],1))+",
"+str(round(phot_data_ypix[lc_number],1)))

if plot==False: #inverts y-axis for first plot (or else will continue flipping)
oldymin, oldymax = mplplt.ylim()
mplplt.ylim (oldymax, oldymin)
plot=True

mplplt.savefig(‘lightcurves2/'+current_Ic_dat+".png")

mplplt.cla() #clears axis for next plot

Ic_number=Ic_number+1

plot_list_tmp.close()
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