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ABSTRACT
ANALYSIS OF RR LYRAE STARS OF THE NORTHERN SKY VARIABILITY
SURVEY

By
KAREN KINEMUCHI

RR Lyrae variable stars are important astronomical objects for the investigation
of the structure and evolution of the Milky Way Galaxy. These pulsating stars are
known to be found in old populations in our Galaxy and have the useful feature that
we can readily derive distances from them. With a large survey of the Galaxy, the
RR Lyrae stars can be used to map Galactic structures.

The Northern Sky Variability Survey (NSVS), whose data was obtained through
the Robotic Optical Transient Search Experiment (ROTSE-I) telescope, provides an
opportunity to study RR Lyraes found near the Sun. The RR Lyrae stars can be
detected up to 7-9 kiloparsecs from the Sun and can probe the inner halo and thick
disk component of the Galaxy. This survey is an excellent complement to other
Galactic surveys of the bulge and halo components.

We have found that almost 90% of the RR Lyraes in the NSVS survey are not
included in the General Catalog of Variable Stars (Kholopov 1985). Our sample of
RR Lyraes consists of approximately 1430 ab-type RR Lyrae and 375 c-type RR
Lyrae candidates. We have determined the periods and amplitudes, and have derived
phased light curves for these stars. Metallicity ([Fe/H]) of these stars was derived from
the photometric data using empirical methods developed by Jurcsik & Kovacs (1996)
and Sandage (2004). To derive distances, we made use of an My -[Fe/H] relation
from Cacciari & Clementini (2003). We have also found that our sample of c-type

RR Lyraes close to the plane is contaminated by other types of short period variable



stars.

RR Lyrae stars of both Oosterhoff I and II groups are present in the field pop-
ulation of RR Lyraes, but we find that the Oosterhoff I is dominant. A metal-rich
group of stars was found in our ab-type RR Lyrae sample. These metal-rich stars
were identified as belonging to the thick disk population. This metal-rich group was
used to find the scale height of the thick disk. The result is approximately 0.4 kpc,
which is lower than many estimates of the thick disk scale height. Our low value may
indicate that a thin disk component may be present in our metal-rich sample. We
have also found evidence for a mix of halo and disk populations for the metal-poorer
([Fe/H] < —1) RR Lyraes sample.

There is a need for additional kinematic information for these stars. The kine-
matics can help clearly associate the stars with their parent Galactic component
population. The sample of the ab-type RR Lyraes used for analysis was restricted to
a magnitude brighter than the actual limit of NSVS. The consequence of using this
magnitude limit is the removal from this study of stars found 5 kpc or further from
the plane of the Galaxy. The fainter RR Lyrae candidates need to be included in

future work for a more cémplete analysis of the inner halo regions.
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Chapter 1

Introduction

Variable stars provide valuable information, not only of the objects themselves, but
of their parent systems, such as globular clusters. Stellar characteristics of variable
stars give clues to physical processes within the stars. These stars have intricate
stellar astrophysical properties that can describe the surroundings in which they are
found (i.e. the structure of a galaxy). Analysis of the chemical composition of these
variable stars also gives information about their histories.

All variable stars are interesting objects for study, and some have particularly
important uses in different fields of astronomy. This dissertation will focus on one
kind of variable star, RR Lyrae stars. Key to their importance is the ability to
determine their distances from their apparent brightness (or magnitude). We will use
the RR Lyraes from an all sky survey and investigate the stellar properties of these
variable stars. From the properties, we investigate the history, or evolution, of the

Milky Way Galaxy.



1.1 The Project

The Robotic Optical Transient Search Experiment (ROTSE-I) was originally de-
signed to look for the optical counterparts to gamma ray bursters (Akerlof et al. 1999,
2000a). The telescope for this experiment sweeps the entire sky from Los Alamos,
New Mexico, and tries to capture the optical flashes of the gamma ray bursters.
While searching for these flashes, the telescope collects vast amounts of data by tak-
ing images of the sky continuously. This particular operation is referred to as “patrol”
mode. The ROTSE team of scientists divided the observable sky from Los Alamos
into 209 areas, which corresponds to —30° in declination (§) to +90°. This telescope
was online 365 days a year, except during inclement weather.

Preliminary results on a variable star survey have been published in Akerlof et al.
(2000b). These results were obtained from only five fields out of the 209, which
corresponds to about 5% of the total sky surveyed by ROTSE-I. Their analysis of
the five fields yielded 299 probable RR Lyraes, of which 89% were not listed in the
General Catalog of Variable Stars (Kholopov 1985). Of these RR Lyrae candidates,
some may have been misidentified (for example, some c-type RR Lyraes could be ¢
Scuti variable stars or other types of variable stars (Jin et al. 2003)). Nonetheless,
any program with the potential to have such large numbers of newly discovered RR
Lyraes can have the potential to reveal important information regarding the structure

and history of our Galaxy.

1.2 Goals of the Dissertation



A large catalog of variable stars can be produced from the Northern Sky Variability
Survey (NSVS), which is created from the observations of ROTSE-I. These variable
stars, in turn, can be used as probes of the Galaxy. The variable star properties can
tell us much about the structure, evolution, and kinematics of the Galaxy. For this
project, RR Lyraes will be used as the diagnostic tool in the investigation of a 5
kiloparsec (kpc) region of the Milky Way Galaxy, centered near our Sun. The actual
limit defined by the RR Lyraes in the survey may extend to 7 or 9 kpcs.

There are two main scientific objectives to this project. The first goal is to produce
a catalog of the RR Lyraes found within the regions ROTSE-I observed. This part
of the project is a collaborative effort with the ROTSE team at both the University
of Michigan and Los Alamos National Laboratory. The second objective for this
dissertation is to use the RR Lyraes from the catalog to probe the disk and inner
halo components of the Galaxy.

One important advantage of the dataset obtained by the ROTSE-I telescope is its
well sampled light curves. This is due to the observations being made from night to
night for a span of a year (1999 to 2000). Most of the variable star candidates in the
northern fields of the ROTSE-I survey have plenty of observations, and thus good
quality light curves. Stars found in the southern fields or near the Galactic plane
have fewer observations. The stars in the southern skies are more sparsely observed
because the southern fields were not up in the sky as long as the northern fields. Stars
in the Galactic plane tend to be underobserved because they have near neighbors or
crowding issues so that photometry could not be cleanly determined.

Once light curve information has been produced for all the candidate variable
stars, several steps must be taken in order to analyze the information the RR Lyraes
can tell us. Due to the size of the dataset, automated methods (written in IDL and

C) were preferred and used. The first major task is to identify all the variable stars



within the survey limits. The second task is to pick out the RR Lyraes from all the
variable stars. Once the RR Lyraes are identified, the properties of these stars such
as periods, brightnesses, and metallicities, must be determined.

The ROTSE-I dataset complements well other surveys. The OGLE and MACHO
surveys cover the Galactic bulge, whereas QUEST and SDSS study the more distant
halo of our Galaxy. The ROTSE-I survey fits in between these surveys of the bulge
and the halo. Because of its coverage of the Galaxy, the ROTSE-I dataset can allow
one can look at the stars in the transition region from bulge to halo, as well as the
thick disk. The properties of those stars should help to clearly associate the stars
with particular galactic populations.

With such a wealth of information locked in the survey, many questions can be an-
swered, as well as generated, about the Galaxy, specifically about its field population,
and about the stars themselves. Do we find support for one particular galaxy forma-
tion scenario over another? Do we find different populations of RR Lyraes within the
region of the NSVS survey? The RR Lyraes should provide tantalizing clues about
the nature of the thick disk and inner halo component of the Galaxy.

The dissertation is organized in the following manner. Chapter 2 will provide an
overview of the RR Lyraes, astronomical terms, and a brief description of the galaxy
formation scenario we will be investigating. The instrumentation and data acquisition
of the ROTSE-I telescope will be described in Chapter 3. Chapter 4 will discuss the
work done to calibrate and to determine the parameters of the RR Lyraes. Chapter
5 will focus on the some of the basic results from the RR Lyraes of the NSVS survey.
Chapter 6 contains an in depth discussion of the results and their implications for
Galactic structure. Suggestions of future projects stemming from this dissertation as

well as problems encountered in the analysis are presented in Chapter 7.



Chapter 2

Background on RR Lyrae Stars

2.1 RR Lyrae Variable Stars

RR Lyrae variable stars are very important objects to study in astronomy. They
are excellent distance indicators since these stars are both luminous and ubiquitous
in the Galaxy. These stars have a periodic change in brightness which makes RR
Lyraes easy to find. RR Lyraes are pulsating stars, which means as there are changes
in brightness, size and temperature of the star.

A Hertzsprung-Russell (HR) diagram, which plots brightness (or magnitude) ver-
sus temperature (or color), shows where RR Lyrae stars are in relation to other types
of stars, both variable and non-variable. Figure 2.1 shows a simple color-magnitude
diagram (CMD), which is a version of an HR diagram. The diagram depicts the evo-
lutionary sequences found in a globular cluster or other old population of stars. RR
Lyraes are low mass (~ 0.7My) Population II objects, which means they represent
an older population of stars (Smith 1995).

In evolutionary terms, these stars have stopped fusing hydrogen in their cores and



are burning helium for the main energy generation. Some amount of energy is also
being produced in a shell of hydrogen burning surrounding the helium burning core.
Generally, if a low mass star is burning helium in the core, this places the star in
the horizontal branch on the CMD. Furthermore, RR Lyraes are only found in one
specific part of the horizontal branch. This location is the “instability strip”, a zone
that crosses the horizontal branch and that contains pulsating stars.

RR Lyrae stars are found in all components of the Galaxy: the bulge, disk, and
halo. They are also found in globular cluster systems as well as extragalactic objects
of the Local Group such as the Magellanic Clouds, dwarf spheroidal galaxies, and
M31. RR Lyrae stars trace the old parent population in which they are found. In
this dissertation, we will be investigating RR Lyraes of the field population (not
associated with a globular cluster) of the thick disk and inner halo in the vicinity of

the Sun.

2.1.1 Subtypes of RR Lyraes

The period of the pulsation cycle can be determined from the time evolution of the
light variation, i.e. the “light curve”. From the light curves, we can also obtain the
amplitude of the change in brightness. These two properties (period and amplitude),
along with temperature and other characteristics are used to classify the RR Lyraes
into subtypes. RR Lyraes can be divided into three main groups: RRab, RRc, and
RRd.

The “ab” and “c” divisions of RR Lyraes are called Bailey types (Bailey 1902).
“RRab” RR Lyraes are the most abundant form of these stars. There are small

differences between Bailey type “a” and “b”, but these stars are usually lumped
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Table 2.1. RR Lyrae properties (Smith 1995)

Property |RRa RRb RRec

Period (days)
Temperature (Kelvin)

0.5 0.6 0.3
6300 | 6100 | 7400

together as “ab”. A Bailey type “a” RR Lyrae has a period around 0.5 days and an
asymmetric light curve shape. The amplitude of the light curve is approximately 1
magnitude in the V passband. The “b” type RR Lyrae periods are slightly longer,
averaging 0.6 days. The light curves are also asymmetric, except the amplitude is
shallower, ranging between 0.5 and 0.8 magnitudes (Petit 1987, Smith 1995). It has
been observed that shorter period RRab stars have larger amplitudes whereas the
longer period ones have smaller amplitudes.

Both the RRa and RRb stars are pulsating in the fundamental radial mode. The
fundamental pulsational mode has a single node in the center of the star. The best
analogy would be an oscillating string attached at one end while the other end is free.
This mode is often referred to as the “breathing” mode. However, the pulsation is
actually negligible at the star’s core and is significant only in the star’s outer envelope.

Bailey type ¢ RR Lyraes have a shorter average period near 0.30 days. The RRc
light curves are more sinusoidal in shape than the RRab light curves, but usually
display some asymmetry. The amplitude of the light curve averages to about 0.5
magnitudes in V. The pulsational mode for RRc stars is the first overtone radial
mode. This mode is characterized as having a node in the center of the star and
another somewhere in the stellar atmosphere. Table 2.1 summarizes the important
properties of RR Lyraes.

The third major type of RR Lyrae is the double mode RR Lyrae or “RRd”. These



are not as numerous as the RRab or the RRc types. The RRd stars pulsate in both
the fundamental and first overtone modes. Hence, their light curves appear to have
more scatter than normal when they are plotted with any single period. One can
deconvolve the light curves to find the corresponding light curves of the fundamental
and first overtone modes. RRd first overtone periods range from 0.390 to 0.429 days
(Smith 1995), and they are often lumped together with the RRc stars.

Another category of RR Lyraes has been recently proposed, the second overtone
RR Lyraes, or “RRe” type (Clement & Rowe 2000, Clement et al. 2001). These RR
Lyraes are even more rare than the RRd stars, and astronomers have disputed whether
they exist or not. They are characterized by short periods, smaller amplitudes than
the RRc stars, and sinusoidal light curve shapes. Because of their low amplitudes
and light curve shapes, it is often difficult to distinguish RRe stars from other types
of short period, low amplitude variable stars.

The MACHO consortium (Alcock et al. 2000) has advocated a new naming con-
vention for the RR Lyraes. Rather than using the Bailey type nomenclature of RRab
and RRc, the new system refers to them as “RR0” and “RR1”, respectively. Double
mode RR Lyraes are designated as RR01, and the second overtone RRe stars as RR2
(Clement et al. 2001). We will not be using this new naming convention for RR
Lyraes.

In the history of observing RR Lyrae variables, a long term secondary modulation
of the light curve has been detected for some of these stars. This phenomenon is called
the Blazhko Effect, after S. Blazhko, who first discovered it in RW Dra (Blazko 1907).
The Blazhko effect can easily be seen in the shape of the light curve. The period of the
star remains the same, but the amplitude of maximum changes. Often it is revealed
because it produces noisy looking light curves when the curves are plotted according

to just the primary period. The period of this secondary modulation can be anywhere



from 11 to 533 days (LaCluyzé et al. 2004). This effect is predominantly seen in RRab
type RR Lyraes, but also has been observed in RRc types. The Blazhko effect appears
to affect roughly 20-30% of the known RR Lyraes in our Galaxy (Kovéacs 2001) and
stars exhibiting the Blazhko effect are found in the field population, in Galactic
globular clusters, and in other nearby galaxies. Unfortunately, the mechanism for
the Blazhko effect is unknown. It has been speculated that the cause of the Blazhko
effect could be related to either magnetic fields or resonance with non-radial pulsation
(Cousens 1983, Moskalik 1986, Kolenberg 2004).

In the CMD, the RRab and RRc stars appear in different regions within the
intersection of the instability strip and the horizontal branch. This is determined by
the temperature of the RR Lyraes. The RRab stars have an effective temperature
of approximately 6100 K whereas the RRc stars are hotter at 7400 K (Smith 1995).
Thus, the RRab stars are located in the red end of the instability strip and the RRc
type stars in the blue end. It has been speculated that RRd stars are those RR Lyraes
evolving from one side of the instability strip to the other. This could explain the
existence of the double mode pulsation observed in RRd stars. However, RRd type
stars are not observed ubiquitously. Some systems contain these stars, while in others

they are absent.

2.1.2 Pulsation Mechanism

The pulsation of a variable star, such as an RR Lyrae, can be described by Ritter’s

relation:

Q=Pyp (2.1)

This relation relates the pulsational period (P) with the density p of the star. Q is
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the pulsational constant. If the constant Q is known (for example, from theory) and
the pulsational period is also known, parameters such as radius, temperature, and
mass of the star can be determined.

Many pulsating variable stars can be best described as driven by the x mechanism.
For this mechanism to work, the star must have a partial ionization zone of an abun-
dant element at the right depth in the stellar envelope. This partial ionization zone
is often referred to as the “Eddington Valve” after Arthur Stanley Eddington, who
first noted the need of such a “valve” to maintain stellar pulsation. This zone can be
comprised of either neutral hydrogen (HI) and singly ionized hydrogen (HII) or singly
and doubly ionized helium (He II). An ionization zone that contains the HI to HII
transition will have a characteristic temperature of 10000 to 15000 K. An He II ion-
ization zone is found deeper in the atmosphere and has a characteristic temperature
of 40000 K (Carroll & Ostlie 1996).

The k mechanism can be described starting with a star being perturbed away
from hydrostatic equilibrium. Usually, such perturbations will damp out in a star in
a relatively short time scale. In order to keep this perturbation, or pulsation, going
some kind of driving mechanism is necessary. Eddington’s valve is just such a driving
mechanism. For the “valve” to work effectively, it must block off the outflow of energy
when the star is at maximum compression. This then leads to a pressure maximum
after the star reaches maximum compression. This provides the star the necessary
“kick” to start it expanding again. At this point, the valve must open and release
the energy. The star then expands and cools.

The opacity (k) in the partial ionization zone contributes to the Eddington valve
driving mechanism. Opacity is a quantity that describes the cross section for pho-

tons (of a particular wavelength) to be absorbed by a given mass of stellar material.
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Usually, in stellar envelopes, the opacity can be described by Kramer’s opacity law:
k= pT ™35 (2.2)

where T is the temperature and p is the density. Kramer’s opacity law can explain
the usual case where the star is most transpafent when it is compressed and at
its hottest. However, this is not what we want for the valve. Rather, the partial
ionization zone should follow an opacity law that scales as pT"~°, where s is smaller
than 3.5 or even negative (King & Cox 1968). Thus, back in the pulsation scenario,
as the star contracts and compresses, the opacity increases in the ionization zone, and
the radiation is essentially blocked. When the stellar envelope expands and cools, the
partial ionization becomes less efficient at blocking the radiation. At this expanded
state, the hydrostatic equilibrium is not balanced. The star will contract again to
achieve this state. Thus, this sets up the cycle for pulsation.

Another way for the partially ionized zone to act as an Eddington Valve is through
the y-mechanism (King & Cox 1968). Essentially, the partial ionization zone will
absorb heat during the compression phase of the pulsation cycle. This phenomenon
can happen because the heat energy going into the zone does not raise the temperature
of the material. Rather, this energy goes into ionizing the gas in the zone. Thus, the
ionization zone can absorb more heat/energy during the compression. Then, at this
point in the pulsation cycle, the pressure in this zone will again approach a maximum
after the minimum volume is achieved from compression. This provides a “kick” to

the outer layers and drives the pulsation.

2.1.3 RR Lyraes as Distance Indicator
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One of the most important characteristics of RR Lyraes is that we can readily
derive their distances. These stars are distance indicators called “standard candles”.

The distance to the objects are calculated from the distance modulus:

m— M =5 X% Logjod — 5 (2.3)

Magnitudes are a logarithmic scale of brightness, where the fainter the object,
the larger the magnitude value. Bright objects can even have negative values. In
Equation 2.3, to determine the distance (in units of parsecs), one must have the
difference in the apparent magnitude, m, and the absolute magnitude, M (or My
if in the Johnson V filter system). The apparent magnitude is simply the observed
brightness. The absolute magnitude is the brightness an object would have if it
were placed 10 parsecs away from the observer. RR Lyraes are an excellent distance
indicator because there is a narrow range of absolute magnitudes for these objects
and because they are comparatively bright stars, visible to very large distances.

Unfortunately, the absolute magnitudes of RR Lyraes are dependent on at least
one quantity, metallicity. Metallicity, or [Fe/H], of a star or celestial object refers
to the relative amount of heavy elements (elements other than hydrogen or helium)
compared to the amount found in the Sun. The value of [Fe/H] is actually a loga-
rithmic ratio of the iron to hydrogen abundance of the star to the iron to hydrogen

abundance in the Sun.

NFe

[Fe/H) = log(17<) - log( 1"

Ny

)o (2.4)

For example, if a star has an [Fe/H] of —2, the Sun has 100 times more iron than
this star. [Fe/H] is often used as a proxy for the overall heavy element abundances

of a star. If the metallicity of a collection of stars in a star cluster or dwarf galaxy is
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known, that metallicity is often assigned to that parent object as its own metallicity.
For the case of this study, the metallicity of the individual RR Lyraes are determined
from an empirical relation, which is discussed in detail in Chapter 4.

Several different methods are used to derive the absolute magnitude as a function
of metallicity and it is, unfortunately, still an issue of some contention. Different
methods of obtaining My have various uncertainties and different systematic errors.
Thus, the published values of My have a range from as bright as 0.45 magnitudes
to as faint as 0.77 magnitudes for a metal-poor RR Lyrae population (Layden et al.
1996, Popowski 2001).

The average absolute magnitude of RR Lyrae stars is usually parameterized as

(My) = a + b|Fe/H] (2.5)

which may be oversimplified. Thus, there are two parameters that need to be deter-
mined: the zero point and the slope of the relation. There is a general agreement
that the more metal rich stars have fainter My values. Some My -[Fe/H] relations are
discussed in Bono et al. (2003), Chaboyer (1999), and Cacciari & Clementini (2003).

Some of the methods of finding My include: trigonometric parallax, statistical
parallax, the Baade-Wesselink method, and the usage of the double-mode RR Lyrae
properties (Benedict et al. 2002). The trigonometric parallax is the simple geometric
measurement of the distance to a star, using the orbit of the Earth around the Sun as a
baseline. Statistical parallax is a more difficult measurement since it needs kinematic
information on these stars, namely proper motions and radial velocities. The Baade-
Wesselink method uses the varying color, light and radial velocity information to
obtain distances and absolute magnitude (Carretta et al. 2000). Other versions of

the Baade-Wesselink method include the surface brightness method and the use of
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infrared flux (Cacciari et al. 1992). Double-mode RR Lyraes, although rare, can
also be used to determine My from the ratio of their fundamental to first overtone
mode periods. This ratio is related to the mass and using a mass-luminosity relation,
absolute magnitudes can be derived (Carretta et al. 2000).

For this dissertation, I will use the My-[Fe/H] relation of Cacciari & Clementini
(2003), which is consistent with most recent results. The Cacciari-Clementini relation

is given below:

My = (0.17 £ 0.04)[Fe/H] + (0.80 £ 0.10)  for  [Fe/H] < -15  (2.6)

My = (0.27 £ 0.06)[Fe/H] + (1.01+£0.12)  for [Fe/H]>-15 (2.7

2.2 Galactic Structure

The luminous part of the Milky Way Galaxy can be broken up into three main
components: the central bulge, the disk, and the halo. Each component has its own
distinguishing characteristics, as defined by its stars and the stellar systems. Numer-
ous surveys have been conducted to investigate the components and their properties
(such as metallicity or rotational velocity). Some notable Milky Way Galaxy vari-
able star surveys are the OGLE and MACHO surveys of the Galactic bulge, and the
SDSS and QUEST surveys of the outer halo. These surveys produced catalogs of RR
Lyraes found in each component of the Galaxy. This dissertation will focus in the
region of the inner halo and thick disk centered around the Sun, which is a region

intermediate to those covered in other surveys. More details about the ROTSE-I
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survey and its database are presented in Chapter 3. Here, we will briefly discuss each
Galactic component, and the reader is directed to Figure 2.2 for a rough diagram of

the Galaxy.

2.2.1 The bulge

The central bulge is often a difficult Galactic component to observe in the optical
wavelengths due to dust obscuration. Often, studies of the bulge, where it is close
to the Galactic center, must be done in the radio or infrared wavelengths, in which
dust is more transparent. Stars of the bulge have a spheroidal distribution, like the
halo component, though studies have shown that a bar may exist in this region as
well. Astronomers have found that the bulge stars are also quite metal rich, averaging
around [Fe/H| = —1. The range in metallicity for the bulge has been observed to be
between [Fe/H] = —1.25 and 0.5 (Binney & Merrifield 1998).

2.2.2 The disk

The disk can be considered to be comprised of two components: the thin disk and
the thick disk. The stars in both the thin and thick disk have a flattened distribution,
with the former more flattened than the latter. Disk stars also generally have circular
rotation around the Galactic center.The thin disk, with its scale height of roughly
300 parsecs, contains a mix of young and old stars. The thin disk is generally more
metal rich (with —0.5 < [Fe/H] < 0.3) than the thick disk (Carroll & Ostlie 1996).
It is generally believed that the thin disk may have had a different origin than the

thick disk, but they have interacted with each other as they evolved.
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The thick disk contains older and more metal poor stars. The thick disk has a scale
height of approximately 1 kiloparsec. The thick disk stars have an average [Fe/H] of
—0.6, but can range down to —2 (Chiba & Beers 2000 Beers, private communication).
Several different scenarios have been developed to describe the formation of the thick

disk. A brief outline of these possible scenarios are listed in King et al. (1990).

2.2.3 The halo

The halo component of the Galaxy is mostly composed of old stars in a roughly
spherical distribution that is symmetric about the Galactic center. Studies have
shown that the inner regions of the halo have a more flattened distribution than the
outer regions (Hartwick 1987, Carney et al. 1996, Sommer-Larsen et al. 1997, Chiba &
Beers 2000). Globular clusters and field stars found within the halo indicate a density
fall off that can be described by a -3 or -3.5 power law with increasing distance from
the Galactic center. The orbits of the halo stars have been observed to be highly
eccentric. Overall, the halo stars appear to have a rotation about the Galactic center
that is much smaller than the disk stars (but see the discussion in section 2.3.3).
Studies of the halo objects have also shown the lack of a metallicity gradient beyond
about 10 kpc from the Galactic center (Rich 1998, Suntzeff et al. 1991). The mean
metallicity of the halo has been estimated to be around [Fe/H] = -1.6, with a spread
of o ~ 1 dex! (Carney et al. 1996). Compared to the disk, the halo must have had a

very different origin and evolutionary processes.

dex is an increment in base 10 logarithm.
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2.3 Galactic Formation Models

One of the big questions in astronomy is how our Galaxy formed. Using the
observations collected in catalogs and surveys, and results of theoretical simulations,
two major models were produced in the early 1960s and late 1970s. Eggen, Lynden-
Bell, & Sandage (1962) (hereafter referred to as “ELS”) described the Milky Way
Galaxy forming from a monotonic collapse of a large protogalactic cloud. Searle &
Zinn (1978) (hereafter referred to as “SZ”) advocated a chaotic merger/accretion
scenario of small sub-galactic “fragments”. Many observational results were used to
develop these models for formation of the Galactic features.

However, the current picture of the Galaxy has made things complicated. Some
astronomers have suggested the existence of a “dual halo” component of our Galaxy
and have required a galaxy formation model that best explains this. Neither ELS
nor SZ alone can explain this feature in the halo. One possibility that has been
supported by many astronomers is a hybrid scenario of the two main models. This
new composite model, coupled with the hierarchical assembly of cold dark matter
(CDM) (Peacock 1999, Longair 1998), has emerged to describe the features found in
the Galaxy’s dual halo.

In this section, the two main “classical” galaxy formation models are discussed
briefly. In the last subsection, a description of the hierarchical assembly scenario and

observational evidence supporting the existence of a dual halo are presented.

2.3.1 Eggen, Lynden-Bell, and Sandage (ELS) Model

The ELS, or the “top-down”, model envisions a proto-Galaxy as a large gas cloud

with some angular momentum undergoing a systematic collapse. This monotonic
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collapse was estimated to occur in a time span of ~ 108 years, which is a rather rapid
collapse comparable to the free-fall collapse time of the proto-Galactic cloud. Stars
formed early during the collapse episode became the observed metal-poor stellar halo
population we see today. These early stars are now observed to have highly eccentric
orbits. The more massive early stars have evolved to the supernova stage during the
collapse episode and helped enrich the interstellar medium. In the radial direction,
the collapse of the gas was stopped by rotation, but it continued in the z direction
(using the sense of cylindrical coordinates). This latter collapse is believed to have
formed the rotating disk. Thus, in the now denser disk, star formation is encouraged
and increased.

The kinematically hot gas in this proto-Galaxy helped to dissipate the collapse
energy and condensed into the central region (now the Galactic bulge). The gas,
and any stars formed from this gas, began to orbit in a circular motion. Meanwhile,
stars in the halo still follow the eccentric orbits from the collapse episode. The old
population of stars observed in the bulge that are metal rich are stars formed from
the enriched gas, due to supernovae deaths of halo stars formed even earlier in the
collapse.

There are certain aspects of the ELS model that are no longer viable. One aspect
is the observed motion of the halo stars and globular clusters. Many of the halo
objects are moving with retrograde motion or have net 0 rotational velocity. Under
the ELS description, all the halo stars and globular clusters should be moving in the
same direction. Even if there were some chaos in the collapsing cloud of this model,
the halo systems would be expected to still have a small net rotation in the same
sense as the disk. Under this model, no substantial halo subsystem would have a
net retrograde motion. The halo stars, under this model, also are expected to have

a correlation between metallicity and the eccentricity of their orbits. As the cloud
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dissipates and the orbits of these newly formed halo stars are less plunging, the cloud
enrichment is also greater. The existence of this correlation has been disputed.

The globular clusters themselves also provide contradictions to the ELS model.
Variations in chemical composition and cluster age have been observed in both the
bulge and halo components. The bulge globular clusters are generally metal-rich and
old (although there are exceptions), whereas the halo population, in general, has a
wide variety of metallicities and a range of ages. The large range in age (several

billion years) indicates that no rapid formation occurred.

2.3.2 Searle and Zinn (SZ) Model

In the SZ model, protogalactic cloud “fragments” gravitationally coalesce to form
the Galaxy. These cloud fragments have masses on the order of 10° to 108 M, and are
assumed to be spherically distributed about the proto-Galaxy. This model assumes
a rapid collapse for the central (and more mass concentrated) region of the proto-
Galaxy. Globular clusters in this region should have roughly the same cluster age.

The outer halo, however, formed more slowly (longer than 10° years). From
collisions and tidal disruptions of the cloud fragments, the outer halo globular clusters
formed. These parent cloud fragments were still in the process of being chaotically
accreted onto the Galaxy when these globular clusters were forming.

SZ proposed that the outer cloud fragments evolve independently of each other and
of the proto-Galaxy. Supernovae self-enrich these fragments. Thus, these fragments
would have their own unique chemical composition, globular cluster systems, and
stars. These evolutionary processes in the fragments are slower than the similar

processes that formed the bulge.
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Kinematically, these cloud fragments become tidally disrupted and accrete onto
the halo, or even the disk. The stars and clusters from the fragments are expected to
retain the eccentric orbits of the parent fragments. The retrograde motions observed
in some of the outer halo stars are best described by this scenario. The chaotic
accretion/merger events also predict a range in age and chemical composition (but
no metallicity gradient) for the stars and globular clusters of the outer halo, which
has been observed. However, the SZ model does not adequately explain the observed
metallicity gradient in the inner halo component. The ELS model with a dissipative

collapse episode predicts this feature.

2.3.3 Hierarchical Galaxy Formation

As larger surveys become available for study of the kinematics and chemical abun-
dances of the stellar population of the Milky Way Galaxy, questions arise over the
results. One wonders which galaxy formation scenario can explain the trends in the
observed properties of various tracer objects in each Galactic component (RR Lyraes,
horizontal branch (HB) stars, etc.). Many investigators have called for a hybrid of the
ELS and SZ models, since neither can completely explain all of the observed trends
(Hartwick 1987, Carney et al. 1996, Sommer-Larsen et al. 1997). These observed
trends, and the discrepancies will be discussed at the end of this section.

Recently, astronomers have tried to apply the hierarchical assembly of CDM model
to explain the formation of the Milky Way (Bekki & Chiba 2001). Since this work
focuses on the thick disk and inner halo of our Galaxy, the model developed by Bekki
& Chiba (2001) is particularly apropos.

The hierarchical assembly of CDM (Peacock 1999, Longair 1998) requires that
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the lowest mass objects form first. These objects, or “clumps” will cluster and coa-
lesce. These processes are influenced by the underlying perturbations in the cosmic
microwave background (CMB). It is expected that the large scale structures in the
universe are built up by these clumps coalescing together. This model has conceptual
similarities with the SZ model and can be applied in larger scales than the Milky Way
Galaxy.

Bekki & Chiba (2001) apply this hierarchical assembly model in their numerical
simulations for the formation of the Galaxy. They describe the Galaxy formation in
the following manner. The proto-Galaxy starts off as in the ELS model, gravitation-
ally collapsing. While this is occurring, subgalactic fragments that have relatively
low mass form in large numbers. The clumps are predicted by the small-scale per-
turbations requisite in the CDM hierarchical assembly model. The clumps merge
into our Galaxy with or without dissipation, and thus gradually build our Galaxy.
In particular, the halo is constructed by these clumps without any dissipation. Dif-
ferent mechanisms are involved in the formation of the inner halo, but essentially, a
dissipative merger of clumps and collapse is required. Additionally, stars will form in
the clumps, and die, thus enriching the environment with metals. The clumps will
merge and become progressively more massive. The largest central conglomeration
will become the bulge. The subgalactic clumps and gas from the halo will continue
to accrete into the bulge and help form the disk of the Galaxy. However, this model
has not been fully tested to recreate all the observed structure, kinematics, chemical
abundance properties, and explicit formation of the stellar Galactic halo.

The Bekki & Chiba (2001) model helps explain a possible dual halo nature in
our Galaxy. Several studies have advocated the existence of a dual halo component
(Hartwick 1987, Norris 1994, Carney et al. 1996, Sommer-Larsen et al. 1997, Chiba &

Beers 2000). An important feature of this dual halo is the stellar distribution. It has
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been observed that the inner halo (R, < 15 kpc) is flattened whereas the outer halo
has a spherical distribution. This has been observed through surveys of RR Lyraes
(Hartwick 1987), blue HB stars (Kinman et al. 1994), and metal-weak stars (Chiba
& Beers 2000).

The inner halo, in addition to its flattened distribution, has interesting features
that are clues to its formation history. A metallicity gradient has been observed
for galactocentric distances less than 10 kpc (Zinn 1993, Sommer-Larsen et al. 1997,
Suntzeff et al. 1991). Kinematically, Sommer-Larsen et al. (1997) report that the
inner halo stars are moving in a more radial direction with respect to the Galactic
center rather than tangentially. One proposed characteristic, a net prograde motion
of the inner halo stars, has garnered some dispute. Norris (1994) found the inner halo
stars to have disk-like properties and to be kinematically “hot” (i.e. having large
velocity dispersions) with a prograde motion. Carney et al. (1996) argue that the
inner halo stars observed in their survey were “cooler” kinematically than Norris’s
results and are rotating about the Galactic center more slowly than the metal-rich
thick disk stellar population. Carney et al. also supported a prograde motion (average
rotational velocity (v,o) = +27+7 km/s) for the inner halo stars. However, Chiba &
Beers (2000) did not find this prograde motion in their kinematically unbiased sample
of metal-weak stars.

Regardless of the kinematic disagreements, all the investigators agree that the
inner halo stars come from a dissipative collapse episode. The gas in this region
dissipates into the bulge and the inner halo distribution flattens. The local (solar
neighborhood) halo stars studied by Sommer-Larsen et al. (1997) appeared to have
similar angular momentum distributions as the bulge stars. This scenario also predicts
the existence of a metallicity gradient for the inner halo, which has been observed.

The outer halo stellar distribution has been observed to be spherical. Metal-
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weak (Chiba & Beers 2000) and blue HB (Sommer-Larsen et al. 1997) stars both
trace out the spherical distribution. The best scenario that describes the formation
of the outer halo may be an accretion/merger model similar to that of Searle &
Zinn (1978). Several observed characteristics support this idea. The absence of a
metallicity gradient has been reported by Norris (1994) and Sommer-Larsen et al.
(1997). This absence is to be expected since each subgalactic fragment (or satellite
galaxy) would evolve separately and have its own metallicity distribution before being
accreted into the Galactic halo. The outer halo stars have a net retrograde motion
((vrot) = —45 £ 22 km/s (Carney et al. 1996)), and Sommer-Larsen et al. (1997)
report this population to have a tangential motion rather than a radial motion with
respect to the Galactic center. Carney et al. (1996) also fit isochrones to the outer
halo star population and found them to be generally younger than the inner halo
stars. This also supports the idea that the merged systems should be younger than

those formed from the dissipative collapse.

2.4 The Oosterhoff Dichotomy

Oosterhoff (1939, 1944) first discovered this unique phenomenon in the Galactic
globular clusters (GGC) that contained RR Lyrae populations. His original work
consisted of a study of five clusters, but today, many GGC’s with RR Lyraes have
been investigated. Oosterhoff noted that the observed properties of the RR Lyraes
separated into two distinct groups. The Oosterhoff dichotomy is defined by the mean
period of RRab and RRc stars ((P,) and (P,;)) and the number ratio of RRc stars
to RRab (or all RR Lyraes) in the cluster. Later, other astronomers investigating the

Oosterhoff dichotomy found correlations with metallicity (Arp 1955) and kinematics
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Table 2.2. Properties of the Oosterhoff I and Oosterhoff II groups (Smith 1995)

Property QOosterhoff I  Oosterhoff II

(Pab) 0.55 0.64
(P.) 0.32 0.37
_fc_ 0.17 0.44
NRRL

(Lee & Carney 1999).

Oosterhoff type I is distinguished by an average period of (P,;) =~ 0.55 days, but
can have a range of 0.52 < (P,;) < 0.58 days (Catelan 2004). The number of first
overtone pulsators (n) to the total number of RR Lyrae stars (Ngge) is 325 ~ 0.17.
Oosterhoff I GGC'’s tend to have more RRab’s than RRc’s or RRd’s. Oosterhoff 11
type clusters have an average RRab period of 0.65 days, but can span from 0.62 to 0.66
days (Catelan 2004). The number fraction for Oosterhoff II clusters is Noer & 0.44,
which shows more RRc stars are expected than in Qosterhoff I clusters. Studies with
metallicity shows that [Fe/H] 2 —1.7 separates the two Qosterhoff groups. Oosterhoff
I RR Lyraes tend to have [Fe/H] > —1.65 while Oosterhoff II have [Fe/H] < —1.6
(Catelan 2004). The zone where RR Lyraes do not populate in period space is often
referred to as the “Oosterhoff gap”. The current description of the Oosterhoff groups
is summarized in Table 2.2.

The existence of the Oosterhoff dichotomy raises the question of its origin and
how it is tied to the formation of the Galaxy. The Oosterhoff dichotomy has been
searched for not only in GGC'’s, but in the field population of RR Lyraes (Suntzeff
et al. 1991, Vivas et al. 2004), in the Large Magellanic Cloud (Alcock et al. 2004),
and in dwarf spheroidal galaxies of the Milky Way.

Kinematically, the Oosterhoff I and Oosterhoff II clusters have been found to
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have different rotational métion about the Galactic center. Lee & Carney (1999)
found that the Oosterhoff I clusters have a slight retrograde rotational motion of
(vrot) = —68 £ 56 km/s, and for Oosterhoff II clusters, they found a prograde motion
of (vyot) = 94 £ 47 km/s. Layden et al. (1996) confirmed these kinematics for field
RR Lyraes.

These results remind us of the studies of outer halo stars by Carney et al. (1996).
Carney et al. (1996) found the outer halo stars tended to have a net retrograde
rotational motion and associated this motion with the scenario of the accretion of
small, subgalactic fragments into the Galactic halo as the Milky Way was forming.
This implies that an Oosterhoff I population is more dominant in the outer halo. As
for the Oosterhoff II, the prograde motions indicate an origin similar to the inner
halo (Carney et al. 1996). Lee & Carney (1999) also found most of the Oosterhoff
II clusters in their sample to populate closer to the disk. Thus, Oosterhoff II trends
may be dominant in the inner halo.

What causes the Qosterhoff dichotomy to exist is not exactly known or clearly
understood. One plausible solution was proposed by van Albada & Baker (1973).
They propose that the existence of the two Oosterhoff groups depends on the evolu-
tion and morphology of horizontal branch stars within the globular clusters. They
postulate that in the region where the RR Lyraes are found on the horizontal branch,
a transitional zone for pulsational modes must exist. In their model, an RR Lyrae
star evolves across this transitional region (or hysteresis zone) starting with one pul-
sational mode and evolves through the hysteresis zone before switching into the other
mode. For example, if the RR Lyrae star starts from the red end of the instability
strip, it will be pulsating in the fundamental mode. If it evolves toward the blue end,
and thus becomes hotter, the star will keep pulsating in the fundamental mode until

it has completely crossed the hysteresis zone. As the star moves out of the hysteresis
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zone and enters the first overtone zone, the pulsational mode will switch. The oppo-
site scenario works for an RR Lyrae star starting on the blue side of the instability
strip and evolving toward the red (cooler) end. The pulsational mode initially starts
out as the first overtone mode. The star will continue to pulsate in the first overtone
mode as it crosses the hysteresis zone, and then change over to the fundamental mode
once it moves out of this zone.

Furthermore, in the van Albada & Baker model, the RR Lyraes evolving from the
red to the blue end will be distributed evenly across the horizontal branch. As the
RR Lyraes evolve from the blue end to the red end, evolutionary processes proceed
faster as the star evolves toward the asymptotic giant branch. Thus, most of the
RR Lyraes should be strongly populating the blue side of the instability strip. This
model was able to describe the number ratios observed in the Qosterhoff groups.

Briefly mentioned in van Albada & Baker (1973) is Sandage’s conclusion that
Oosterhoff II RR Lyraes must be more luminous. In Sandage et al. (1981), this result
is revisited, and it was shown that, at a given effective temperature, the Qosterhoff II
RR Lyraes must be more luminous than the Oosterhoff I stars. According to stellar
pulsation theories, the fundamental period is related to the star’s luminosity, mass,
and effective temperature (i.e. equation 2.1, Ritter’s relation). If we assume the stars
of Oosterhoff I and II have the same masses, the Oosterhoff II stars with the longer
periods have lower densities and larger radii than their Oosterhoff I counterparts of
equal effective temperature. Then using the luminosity equation that relates effective
temperature and radius, Sandage et al. were able to conclude that the Oosterhoff II
stars are more luminous. This conclusion still holds if the masses of Oosterhoff I and II
are not equal, but differ by the amounts suggested by stellar evolution theory. Thus,
the Oosterhoff dichotomy not only shows up in the average quantities of globular

clusters, but also on a star-by-star basis.
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Lee, Demarque, & Zinn (1990) investigated this phenomenon of the Oosterhoff 11
stars being more luminous. With evolutionary simulations of the horizontal branch
stars, they concluded that the Oosterhoff II stars are more evolved than the Oosterhoff
I stars. To explain why the Oosterhoff II stars were more luminous than Oosterhoff
I stars, they found that the Oosterhoff II stars must have evolved off of the zero age
horizontal branch (ZAHB). The Oosterhoff II stars are evolving from initial positions
on the blue horizontal branch toward the red with luminosities higher than their
ZAHB values. The Oosterhoff I stars are closer to the ZAHB and are less evolved.
However, there is some debate whether the Oosterhoff II systems can produce enough
blue horizontal branch progenitors to become the observed number of RR Lyraes (see
discussion in Catelan (2004)).

It should be mentioned here that a third Oosterhoff group has been introduced
by Pritzl et al. (2000). This is based on two metal rich ([Fe/H] ~ -0.5) GGC’s, NGC
6388 and NGC 6441. These clusters are some of the most metal rich globular clusters
to contain RR Lyraes. A peculiar feature of the RR Lyraes in these clusters is their
very long periods - longer than that expected even from Oosterhoff II RR Lyraes.
Particular details of this Oosterhoff class are presented in Pritzl et al. (2000).

An intermediate Oosterhoff class is needed when analyzing the RR Lyraes found
in dwarf spheroidal galaxies of the Milky Way and M31. This intermediate Oosterhoff
class is usually characterized by a average RRab period falling in between those that
define Oosterhoff I and Oosterhoff II, in the Oosterhoff gap. However, Catelan (2004)
emphasizes that this class should be determined by the properties of the individual
RR Lyraes, and not just from average quantities such as (P,;). The danger is that
this class can be misinterpreted if the system has a mix of Oosterhoff I and II RR
Lyraes rather than a true Oosterhoff intermediate population.

One issue we would like to address is whether the Oosterhoff properties can be dis-
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tinguished among the field RR Lyraes. Whether we will see the Oosterhoff dichotomy
or not is not entirely clear for this kind of RR Lyrae sample. In figure 8a of Suntzeff
et al. (1991), an Oosterhoff gap appears in a plot of [Fe/H] versus log P for their
sample of field RR Lyraes. However, Vivas et al. (2004)’s period-amplitude diagram
for RRab stars from the QUEST survey does not show a clean separation between
Oosterhoff I and II groups. We will return to this issue when we have selected our

sample of solar neighborhood RRab stars based on the ROTSE-I observations.
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Chapter 3

Instrumentation and Data

Reduction

3.1 Robotic Optical Transient Search Experiment
(ROTSE)

The Robotic Optical Transient Search Experiment (ROTSE-I) project’s telescope
collected the data used in this dissertation. This telescope is located at Los Alamos,
New Mexico, and collected data from March 1998 until 2001. The telescope is main-
tained by the astrophysicists of Los Alamos National Laboratories and of the Uni-
versity of Michigan. This telescope was originally designed to capture the optical
transients of gamma ray busters. Their only notable detected optical transient of a
gamma ray burster was GRB 990123 (Akerlof et al. 1999).

Due to the daily data collection capabilities of this telescope, ROTSE-I provides

a large photometric dataset. ROTSE-I covers all the sky down to declination (6) of
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—30°. Since this telescope has been in operation year round, all right ascension («)

positions have been observed.

3.1.1 Instrumentation

The ROTSE-I telescope is actually composed of 4 small telescopes arranged in a
2 x 2 array. These telescopes are mounted on a rapidly slewing platform. The entire
telescope is housed inside a military surplus electronics enclosure with a clamshell
cover, which is opened automatically on nights of good observing quality. ROTSE-
I is located on Fenton Hill Observatory, which is part of the Los Alamos National
Laboratory in Los Alamos, New Mexico. The telescope and the data acquisition are
entirely automated.

Each telescope is equipped with a charge-coupled device (CCD) camera with a
Thompson TH7899M chip (Kehoe et al. 2001). The chip contains 2048 x 2048 pixels,
and each pixel is 14 microns on a side. The camera is thermoelectrically cooled,
so removing any dark (thermally-generated) noise is important. The main optical
element of each telescope is a Canon FD 200 mm f/1.8 telephoto lens. Figures 3.2
and 3.3 show the ROTSE-I telescope when it was operational.

The plate scale is 14.4” /pixel for the CCD chips and the setup of this robotic
telescope. This corresponds to 16.4° x 16.4° coverage of the sky or field-of-view. Each
individual telescope had a field-of-view of 8.2° x 8.2° (Akerlof et al. 2000b). Unlike
most regular optical observing programs, this telescope system does not have a filter
system installed. All observations were made without a standard filter set, with the
unfiltered system perhaps being closest to the broad-band Johnson R filter. Calibra-

tion of the data to a standard filter system will be discussed in section 3.2.1. With
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Figure 3.2 ROTSE-I Telescope. The four telephoto lenses and the CCDs are shown.

just the telephoto lenses, the point spread function for stellar objects is approximately
a full width at half-max (FWHM) of 20” (Akerlof et al. 2000b).

For the ROTSE-I project, five Linux PC computers were dedicated to run the
telescope. One main computer controlled the opening of the enclosure, monitoring the
weather, camera status and mount positioning, and received notices from the Gamma
Ray Burst Coordinates Network (Kehoe et al. 2001). The other four computers were
each dedicated to a camera. Some preliminary data processing was done at the site
and is discussed in the data reduction section of this dissertation. All the data is
currently being stored at the Los Alamos Computing Division Mass Store System.
This mass storage system has a petabyte capacity, which is more than adequate for
the amount of data generated for this project. The dataset used for this dissertation

is approximately 4 terabytes, which includes the processing and calibration files.
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Figure 3.3 ROTSE-I telescope enclosure at Los Alamos National Laboratory, Fenton
Observatory
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3.1.2 Observational Program

As mentioned previously, the ROTSE-I telescope was originally designed to ob-
serve the optical transients of gamma ray bursts (GRBs). GRBs are outside of the
scope of this dissertation and will not be discussed in detail. Due to the short life-
times of the optical counterparts to GRBs, a requisite of the telescope was an ability
to slew quickly to the position of the detected GRB. GRBs were monitored from two
satellites orbiting around the Earth. When a GRB was detected, this information was
distributed throughout the GRB astronomy community by the the GRB Coordinates
Network (GCN). ROTSE-I received the notices from the GCN and positioned itself
to the GRB location, if it was visible from its Los Alamos site. This is the higher
priority mode of the ROTSE-I telescope, as well as the next generation of this project,
ROTSE-IIIL.

The lower priority mode of ROTSE-I, which is basically the main observing pro-
gram for most nights, was sky patrol mode. During sky patrol mode two images are
taken of each part of the sky that is visible. The sky was divided up into 206 square
fields (see Figure 3.1). On most nights, ROTSE-I was able to obtain two sets of field
images, resulting in four images per field. Exposure times for the dataset obtained
between April 1999 to March 2000 were 5, 20, and 80 seconds. Most of the calibration
images have the shorter exposure times. The object images are taken at 80 second
exposure times with a little over a minute between pairs. Sky patrol occurred on most
nights except during precipitating weather or if mechanical maintenance was being
performed.

From the sky patrol observations, the resulting dataset can be used in a survey of

variable stars. This dataset is ideal for some kinds of variable stars since it spans a
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year and there are multiple observations per night. For long period variables, often
only part of the light curve can be observed. RR Lyrae variable stars can be picked
out from this dataset from their distinct characteristics and light curve shapes. Other
auxiliary stellar astronomy projects are being developed for a wide variety of objects

ranging from supernovae to flare stars (Akerlof et al. 2000b).

3.2 Data Reduction

Observations obtained from ROTSE-I go through two iterations of reductions
before the data can be used. The first data reduction step is done on-line and au-
tomatically at the telescope. In this first step a bias, dark, and flat field correction
are performed. Additionally astrometry and calibration are also done. Details of the
first reduction step are outlined in the following subsection. These “reduced” data
are moved to the mass storage system. At a later date, a more thorough relative
photometric correction is done, as described in subsection 3.2.2. The resultant data
from the two reduction phases can then be used for variable star work. This section
will outline and describe each of the reduction steps taken from the exposure at the

telescope to the production of light curves.

3.2.1 First Pass Data Reduction

The raw data are processed through the basic data reduction steps each night.
This online processing makes it possible to quickly find GRBs. For each night that
observing was possible, multiple dark images are obtained. These are images taken

at the same exposure time as the object images, but with the shutter, or in this
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case the clamshell, closed. This will provide the mean level of thermal noise that is
contaminating each object frame. Several of these darks are taken and averaged to
create a reference dark frame to be used in reducing the data.

The next important calibration frame that must be created is the flat. These
frames help correct for any sensitivity variations on the camera chip. The preferred
method in creating a useful flat for ROTSE-I data is to use object frames that have
the dark level subtracted out and have been median-averaged (Kehoe et al. 2001).
These flat frames were most useful in correcting vignetting, as seen in the corners
of each well exposed image. Vignetting is the obstruction of the light due to the
instrument itself.

Once these processing steps are completed on the images, the data are run through
an external software package called Source Extractor, or “Sextractor” (Bertin &
Arnouts 1996). This program finds and classifies stellar or galactic sources from
images. The resultant product from running Sextractor on the dataset is a list of
objects, or “cobj files” for all the fields. After these steps are completed on the raw
data, the calibrated data are moved to the mass storage system at Los Alamos.

ROTSE-I was operational and started observing in 1998, but it was determined
that data obtained between April 1, 1999, and March 31, 2000, are the optimal
dataset. Early in the life of ROTSE-I, many of hte images were not optimized for
study. Later, after 2000, the telescope was beginning to degrade and the quality of
the images became poorer. For this time interval’s worth of data, the raw images were
extracted from mass storage and was re-reduced carefully in 2001. The entire dataset
was divided into thirds and distributed to three workers, including myself. The same
basic reduction steps are completed — dark subtraction and flat-fielding correction.
Sextractor is still used as the main software package to distinguish the stellar and

galactic sources, as well as providing the calibrated object lists (cobj files). During
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this reduction phase, it was noted that Sextractor had problems with fields near the
Galactic plane, since there are many more stars in these regions. Another problem
encountered in this phase, and flagged, is the misidentification of the cameras. This
misidentification is known as “flipped” fields where camera A was identified as camera
C and camera B as camera D. This error occurred mostly in fields near the Galactic
North Pole.

Astrometry was also performed on the dataset. Astrometry is the science of ac-
curately identifying the positions of astronomical objects. For the ROTSE-I dataset,
the Tycho catalog of stars is used as the main calibration reference. The Tycho cat-
alog is a product from the European Space Agency’s Hipparcos Space Astrometry
Satellite (Hoeg et al. 1997). The Tycho catalog was produced in conjunction with the
Hipparcos catalog. It has been estimated that within one ROTSE-I field, one would
expect roughly 1500 Tycho catalog stars.

The magnitude range of the Tycho catalog stars matched that of the ROTSE-I
telescope, which is between an instrumental magnitude, m, = 9.0 and m, = 15.0
(Akerlof et al. 2000b). Another advantage in using the Tycho catalog is the addi-
tional photometric information of the stars. The Tycho stars have measurements
in the Tycho magnitude system for Br and V3 magnitudes and color, (Br — V7).
Cross referencing can be done to obtain standard Johnson magnitudes from the main

Hipparcos/Tycho catalogs (van Leeuwen et al. 1997).

3.2.2 Second Pass Data Reduction

The second data reduction phase for the dataset is the relative photometry cor-

rection. For this step, a relative photometry correction factor is derived for each field.
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The relative photometry correction factor scales each image of each field to the field
template. This accounts for any clouds or unwanted external light-polluting sources
that may affect the photometric measurements.

The relative photometry correction factors are derived by taking the residuals of
the photometric measurements of a star to the same star found in the template field.
Template fields were chosen with the criteria of good seeing and transparency. Each
image of the field is compared to this template by dividing both images into macro-
pixel boxes of a predetermined size. All the stars in the macro-pixel boxes are cross
identified with the template stars. Their residuals, i.e. the difference between the
instrumental magnitude of the image and the template image, are recorded. Those
instrumental magnitude residuals are averaged to a value, which becomes the relative
photometry correction factor for that macro-pixel box. This effectively scales the
boxes to the same photometric level as the corresponding macro-pixel box of the
template image.

In this portion of the data reduction, problems with the image are also identified.
These are set as flags and stored in the headers of the each frame’s file. Common
problems identified are nearest neighbor stars that may contaminate photometric
measurements of the target stars, blended stars (two stars overlapping in the image),
saturation, and stars found near the edge of the frame. Typically, if these flags are set,
their measurements can be thrown out for further analysis. Other problems flagged
are related to errors occurring during relative photometry correction. Regardless, all
measurements are kept, but corrupt or problem images can be excluded by checking

these flags prior to analysis.
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3.3 Data Analysis of ROTSE-I Observations

Once the relative photometry correction has been finished, and problem flags have
been set, light curve information is available. For this portion of the data reduction,
Interactive Data Language (IDL) software is used. All the data is stored in a FITS
(Flexible Image Transport System) file format. This programming language is ideal
for reading, writing, and manipulating FITS-format files. Throughout the reduction
steps, all the data is stored in FITS format.

The program actually performs several analysis steps before light curves can be
generated. First, the observation date and time must be converted from the modified
Julian date to heliocentric Julian date. Next, the variability index is calculated for
each star. And finally, for the variable star candidate, the period is determined. The
variability index calculations will be discussed in the following subsections. Period

searching algorithms are described in Chapter 4.

3.3.1 Heliocentric Julian Dates

For variable star work, the Julian dates must be corrected to heliocentric Julian
dates. Originally, all observedd epochs were identified by a “modified” Julian date.
This is the Julian date with a constant of 2400000.5 days subtracted. Essentially,
we want all the epochs to reflect observations done as if at the Sun’s position (hence
heliocentric) rather than on the orbiting Earth. A correction is added to the Julian
date to reflect this. The shift in time and location is calculated by using the star’s
positional coordinates (right ascension and declination) and other solar orbital ele-

ments (such as mean solar anomaly). These new dates are stored in the FITS header
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files of each frame.

3.3.2 Variability Index

Estimating from the nine fields analyzed in Akerlof et al. (2000b), we extrapolated
the approximate number of variable stars to be found in the total ROTSE-I dataset.
The full survey has over 19 million objects for the fields observed by the ROTSE-I
telescope. On the order of 30000 periodic variable stars are expected to be contained
in these fields. For the RR Lyraes, we expected on the order of 3000 RR Lyraes from
the entire ROTSE-I survey.

The variability index is a diagnostic tool for finding variable stars from photomet-
ric data. Those stars with large variability indices have a high likelihood of being a
real variable star. This index also should not discriminate too much between pulsat-
ing and non-pulsating (eclipsing) variable stars. The algorithm used to calculate the
variability index was incorporated into the light curve extraction program.

The variability index algorithm used for the analysis of the ROTSE-I dataset is
a modified version of the Welch & Stetson method (Welch & Stetson 1993, Stetson
1996). All the variability indices described in Stetson (1996) are computed, but the
Stetson L index is primarily used in this analysis. The L index is a composite of
two other Stetson indices, J and K, which are described in detail in the following
subsections. This particular method of finding variables was chosen because the
variability index is optimized for pairs of observations. This method also allows us
to weight spuriously bright or faint measurements and to avoid misidentifying non-

variable stars.
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J Index

The calculation of the index requires the computation of the weighted mean mag-
nitude from each star’s observations. The observational measurement (magnitudes)
and their uncertainties are also necessary for the calculation. The first variability

index calculated is the Stetson J index (Stetson 1996).

I Y k=1 wksgn(Pi)y/ | Pl
Zz:l Wy

(3.1)

This is used for pairs of observations. For each observation, wy is the weighting
factor. The factor changes for the case of either a pair or single observation. In
the case where both observations of a pair are good and included in the variability
index calculation, the weighting factor for that pair is assigned a value of 1.0. If only
one of the observations in the pair is of good quality and is used in the calculation,
wy is assigned a weight of 0.5. The expression Py is a product of residuals of two
observations, i and j (Stetson 1996). The function “sgn” is a sign function that returns
either 1, 0, or -1. If the numerical value or expression going into the sgn function is
positive, the result is one. If the input is negative, the output value is -1.

P, =4, 6;

i (3.2)

ik
The residual or the “relative error” of each observation, §;,, is defined (for a

particular band pass, in this case the visual band, v) as:

V; — U n
5 = o <\/n—1’ (3.3)

where n is the total number of observations that go into the calculation of the weighted
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mean magnitude, 7.

Most of these indices were designed for paired observations in two filter band-
passes. The indices can be adapted for observations taken in one filter. This is the
case for the ROTSE-I survey and all the variability indices are modified for paired
observations in one filter. For the J index, the P, expression is different for the cases
where a single or pair observation is good. If a pair of observations are used, then
the P; expression (Equation 3.2) is correct. For single observations, P is defined as

(Stetson 1996),

P = 53k -1 (3.4)

This expression comes from statistical arguments for a random dataset with single

observations instead of pairs. This is fully explained in Stetson (1996).

K Index

The K index, or kurtosis indez, can be used in place of the J index or used in
conjunction with the J index to form the L index (see next subsection). This index
is ideal for datasets where the number of observations is small and the number of
bad data points can affect the outcome of any analysis (Stetson 1996). Again, the

“relative error”, ¢, is used in the K index. It is constructed as follows:

& =N, 18]
VEEN, 82

where N is the number of observations without regard to pairing of observations. For

K= (3.5)

our analysis of the ROTSE-I dataset, the K index calculation is an intermediate step

in the final determination of the main variability index.
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L Index

As mentioned in the K index description, the combination of the J and K index

gives a more robust variability index, L. The L index is:

= () () 39

The value 0.798 in the denominator comes from the statistics of the K index. If we
consider the K index in the limit where the range of the variable star’s variation is
larger than the o’s of each observation, then for a Gaussian-like magnitude distribu-
tion, K — \/g = 0.798 (Stetson 1996). Thus, if the magnitude distribution is truly
Gaussian, the L index reverts back to the definition of the J index with an additional
weighting factor multiplied.

The weighting factor to the L index is included for the cases where the star does
not appear in one of the images. This can be an important problem in survey work.
Many spurious variable candidates can be found if the star happens not to be present
on one or several frames. This “disappearance” of the star can be attributed to
technical issues, such as the star being on the edge of the frame (it might be left off of
the frame if the telescope moves and returns to the original field, but slightly offset)
or it can be near a cosmetic blemish on the CCD chip. As the telescope moves from
object to object or field to field, and cycles through again, there is no guarantee that
the camera will be pointing in the same exact location of the sky. Thus, stars can
“fall off” the edge of the frame or “fall into or out” of CCD blemishes.

However, in the case of the ROTSE-I survey, there is a reasonable amount of
overlap between fields, so “edge dropoffs” are not a problem and potential candidates

are not lost forever. Multiple observations of the same star can occur, if there are tiny
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differences in the astrometry assignment. This particular problem was documented
in Wils (2001).

In this analysis of the ROTSE-I survey, a flag system is instituted for various
problems associated with the astrometry (Sextractor) and the photometry. For the
calculation of the variability index, all these flags are checked for each star in all the
frames. Thus, if the star is found near the edge of the frame or near a blemish on the
CCD, it is flagged. Those flagged observations can be excluded from the variability
index calculations. Therefore, the need for the weighting factor on the L index is
unnecessary. All the “good” observations of the stars are used for the calculation,
so the weighting factor will be unity. The set of optimal flags for the best data are
described and listed in Wozniak et al. (2004).

Thus, the final variability index used in this work is a modified L index:

L=t (3.7)

In a previous, preliminary work on variable stars in the ROTSE-I survey (Akerlof
et al. 2000b), Equation 3.7 was used to find the variable candidates. For the ROTSE-
I fields in this study, this index also provided the greatest number of real variable star
candidates. However, in early tests, this index also chose stars that would have one
or two bright outlier observations. These could be possible flare stars, as described
in Akerlof et al. (2000b), but may also be stars with undetected problems in the
photometry. Periods were sought for these stars, but none were cleanly found. By
our best guess, these stars are not the variable candidates we would like to include
for a general variable star catalog and will be subsequently ignored.

To help weed out these spurious candidates, a special weighting factor was im-

plemented (Stetson 1996, 1987). This weighting factor reduces the influence of any
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outliers of a set of measurements. The weighting factor is:

o 14 (9)T 59

where a = b = 2 (Stetson 1996). Again, ¢ is the relative error definition, Equation
3.3. This weighting factor is used in the calculation of the mean magnitude, which
is then used in determining the variability indices. Those magnitude measurements
with large uncertainties or that are unusually bright or faint, are given a smaller
weight in the calculation of the mean. With the new weighted mean magnitude, the
variability indices are less sensitive to the flare-type stars and pick out more small
amplitude, short period variable stars. Equation 3.8 is iterated a minimum of five

times in order for the mean magnitude to stabilize in value.

3.3.3 Identification of Candidate Variable Stars

To pick out the variable star candidates, a cutoff value had to be chosen for the
range of L indices calculated. Those candidates with large L indices are generally
considered to be highly probable in being a variable star. In Akerlof et al. (2000b),
this cutoff value was determined from a Gaussian fit for the L indices per magnitude
bin. The magnitude range of the ROTSE-I dataset was binned. For each magnitude
bin, a Gaussian was fitted for the variability index values of the stars in that bin
(McKay, private communication). A mean and standard deviation were calculated.
The standard deviation was used to determine the L index cutoff value, which was
4.750.

However, this coefficient of 4.75 was chosen ad-hoc. Akerlof et al. (2000b) had

chosen the best observed fields from ROTSE-I and only used paired observations
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for analysis. Thus, this affects the quality of the light curves and the calculation of
the variability index. For the analysis in this work, a more rigorous and conservative
approach was used to determine the L index cutoff. Two test fields were used to check
the validity of this method as well as the quality of the variable star candidates’ light
curves.

The variability index should have some dependence on magnitude and position
in the éky (as opposed to position on the CCD chip) due to its dependence on the
magnitude uncertainty. The positional dependence comes from the number of obser-
vations taken as well as from crowding in the Galactic plane. More observations of
the ROTSE fields were done in the polar regions compared to the southern regions.
The dependence on magnitude comes from the formal and systematic errors of each
observation. Tests showed that the formal errors were overestimated for the brighter
magnitudes (about 10th magnitude and brighter) and underestimated for the fainter
(about 15th and fainter). This in turn, affects the resultant value of the L index. To
account for both effects of the position and magnitude on the variability index, the
cutoff values are determined for each field. Within each field, the cutoff value is cal-
culated per magnitude. Breaking up the sky into the small fields helps to determine
any local changes to the index rather than having a large global value, which may or
may not be the optimal cutoff value.

All the stars in a test field, per camera, were binned by magnitude. The bin
size was one magnitude, but the calculations overlapped the bins by 0.5 magnitudes.
In each magnitude bin, the median and 95th-percentile of the variability index were
calculated. The range of magnitudes is from 9th magnitude (bright end) to 16th
magnitude (faint end), so 13 values were calculated. The 95th-percentile value of the
L indices were then fitted by an IDL polynomial fitting routine (POLY_FIT.PRO).

This provided the cutoff value for the L variability index with respect to magnitude.

48



Galactic Planar Region
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Figure 3.4 95th-Percentile L index trend with magnitude in the Galactic planar region.

Figure 3.4-3.6 show the trend of the cutoff value with respective low, mid and high
latitude Galactic regions. One thing to note is that stars brighter than 10th magnitude
were considered to be saturated. For stars found to be brighter than 10th magnitude,
the cutoff value at 10th magnitude was used to determine whether the star was a

variable candidate or not.
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Mid Galactic Latitude Region
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Figure 3.5 95th-Percentile L index trend with magnitude in the mid Galactic latitude
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