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Requirements for the Degree of Doctor of Philosophy
BLUE STRAGGLER VARIABILITY AND LUMINOSITY FUNCTIONS IN GALACTIC
GLOBULAR CLUSTERS
By
Roger E. Cohen
December 2010
Chair: Ata Sarajedini
Major: Astronomy
We have conducted a study of the photometric variability and magnitude distribution
of blue straggler stars in a carefully selected set of eight globular clusters. All of these
clusters, except for two which serve as gauges of our detection capability, have
remained unsearched for variability below their horizontal branches until now. This
ground-based survey has resulted in the detection of zero eclipsing binaries, which
we use to constrain the blue straggler binary fraction, as well as a total of thirteen new
SX Phoenicis pulsators, including a significant population of 10 variables in NGC 6101
comprised largely of fundamental and first overtone radial pulsators.
To place these results in context, we have updated an existing catalog of SX
Phoenicis pulsators in globular clusters with all such variables known to date, nearly
doubling the size of the catalog, and for the first time analyzed the pulsation properties
of the variables in the catalog. We find that these pulsators have a remarkably similar
distribution in period-amplitude space, and that neither their frequency nor their
pulsational properties correlate with any known properties of their host clusters. We
have used our updated catalog to refine a period-luminosity relation which can be
usefully applied to populations without known reddening or metallicity values.
The other facet of our study makes use of the unprecedented photometric database
of Galactic globular clusters acquired using the Advnaced Camera for Surveys on
the Hubble Space Telescope. The precision of this photometry has resulted in a

9

homogenous, internally consistent database of blue stragglers in Galactic globular
clusters which is five times larger than any previous such database. We find that, in
accord with earlier investigations, the luminosity functions of these blue stragglers do not
correlate strongly with any cluster properties. We also use the luminosity functions to
show that, due to the age and metallicity range occupied by Galactic glubular clusters,
there is a 98% chance that the SX Phoenicis pulsators have the same parent distribution
as cluster blue stragglers in general.
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CHAPTER 1
BLUE STRAGGLERS: THE CURRENT SCENARIO AND MOTIVATION
1.1

Blue Straggler Formation

Blue straggler stars (BSS) are members of a stellar population which are bluer
and brighter than the main sequence turnoff (MSTO) for that population. Since their
discovery in M3 by Sandage (1953), they have posed a problem to our basic picture
of stellar evolution. Their location on a color-magnitude diagram (CMD) implies that
they are still fusing hydrogen in their cores after all the other stars at that mass have
exhausted their core hydrogen fuel supply. To explain how a main sequence star could
artificially extend its lifetime, two basic theories of BSS formation have arisen. The
binary merger hypothesis contends that the more massive star in a binary system
accretes material from the secondary via Roche lobe overflow (McCrea 1964), with the
possibility that angular momentum loss causes the two stars to merge into one (Zinn &
Searle 1976). The collisional hypothesis (Hills & Day 1976) involves the chance collision
between two or more stars in a relatively dense environment.
Some of the strongest support for both formation mechanisms is the discovery
of seven Galactic globular clusters (GGCs) with bimodal radial distributions of BSS
relative to other stellar populations: M3, 47 Tuc, NGC 6752, M5, M55, NGC 6388
(D’Alessandro et al. 2008 and references therein), and M53 (Beccari et al. 2008). As
early as the discovery of the first of these in M3 by Ferraro et al. (1993), the bimodality
was touted as evidence that, in these clusters, both mechanisms were likely to be
operating simultaneously, with BSS being produced by collisions in the core, where the
density is high, and being produced by primordial binary mergers in the outskirts of the
cluster, where the density is sufficiently low for those systems to remain unperturbed by
dynamical encounters. Theorists have frequently concurred: Sigurdsson et al. (1994)
successfully reproduced the bimodal radial distribution of M3 using encounters between
single stars and primordial binaries, and more recent dynamical simulations by Mapelli
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et al. (2006) and Lanzoni et al. (2007) also support the notion that the central peak in
the radial BSS distribution is caused by collisions in dense cores and binaries that have
sunk to the center, with the outer enhancement being produced by primordial binary
BSS. These radial enhancements of BSS are seen in these clusters regardless of which
stellar population is used to normalize the BSS frequency - Ferraro et al. (1997) devised
a process of “double normalization” whereby both the number and luminosity of the BSS
and multiple normalizing populations (horizontal branch, subgiant branch, and/or red
giant branch) are taken into account. The gap in between the central and outer radial
enhancements of BSS, known as the “zone of avoidance” (Sigurdsson et al. 1994), is
explained as the radial zone in which all stars with M∼1.2MSun ,an average value for the
BSS mass in GGCs, have sunk to the core of the cluster in a Hubble time (roughly the
upper age limit of the oldest GGCs). Interestingly, there are two known GGCs which
exhibit a flat (non-bimodal) radial BSS distribution, ω Cen (Ferraro et al. 2006) and
NGC 2419 (D’alessandro et al. 2008). These clusters, along with M54, are some of the
most luminous GGCs in the Milky Way (Harris 1996, 2003 revision, hereafter H96), and
their peculiarity has led to the suspicion that they could be the stripped cores of former
satellite dwarf galaxies (e.g. Layden & Sarajedini 2000).
There is much recent observational and theoretical evidence that both basic
mechanisms of BSS formation are operating. On the observational front, several binary
BSS suspected of current or recent mass transfer have been found in GGCs, most
recently a short-period detached or semi-detached system in NGC 6752 (Kaluzny et
al. 2009). The precision and spatial resolution of space-based instruments has also
facilitated discoveries supporting the basic two-formation-channel picture, such as the
two distinct BSS sequences seen in the CMD of M30 (Ferraro et al. 2010), which the
authors explain as the result of enhancement of both the collision rate and binary mass
transfer due to the recent core collapse of that cluster. On the theoretical front, Sills
& Bailyn (1999) combined smoothed particle hydrodynamics (SPH) simulations and
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evolutionary codes to simulate the distributions of BSS produced by single-star collisions
on a cluster color-magnitude diagram. They found that this mechanism could not
successfully reproduce the few brightest BSS in M3, and Monkman et al. (2006) applied
this technique to 47 Tuc, dividing the cluster into three radial zones, and was moderately
successful only for the core of the cluster. This synthetic-CMD-based approach has
been undertaken for primordial binaries by Chen & Han (2009), and they were unable to
reproduce BSS frequencies seen in open clusters, and like the collisional simulations,
were also unable to reproduce the brightest BSS. In all of these cases, the authors
are led to the same conclusion: either formation mechanism by itself is incapable of
producing the observed magnitude range of BSS.
Most marriages of observations and theory come with the caveat that the picture
is not simple. There have been various combinations of the two formation mechanisms
suggested over the years, mostly related to the issue of 3-body or binary-binary
interactions, in which the collisional cross-section is significantly larger (see Leonard
1989 for a discussion as well as a critical review of some of the more far-fetched early
hypotheses of BSS formation). The simulated CMDs of Sills & Bailyn (1999) and
Monkman et al. (2006) still fail to accurately reproduce BSS populations over the entire
radial extent of observed GGCs, implying that binary systems play a non-negligible role,
likely via collisions with each other and with single stars/or via the isolated evolution of
primordial binaries in the outer regions of a cluster.
A purely observational example of the complexity of the situation is the large BSS
population in M80, in which the faint BSS are more centrally concentrated than the
bright ones, leading again to the suggestion that dynamics plays an important but
multifaceted role: A dynamical interaction at BSS formation could send BSS to radii
at which the shorter-lived bright BSS don’t have time to sink back to the core but the
fainter ones do (Dieball et al. 2010). Also, in M53 and NGC 6388, the central density
enhancement drops off well inside the proposed “radius of avoidance”, leading to the
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suggestion that dynamical friction may be less efficient in these clusters for some
reason (Beccari et al. 2008). An interesting suggestion also resulted from the lack of a
correlation between BSS frequency and collision rate in combination with a correlation
with total cluster mass, and, indirectly, with binary fraction (Milone et al. 2008), possibly
implying that all BSS in GGCs can be explained as originating as binaries, although
dynamical encounters can play a role subsequently (Knigge et al. 2009). In a sense,
this hypothesis is a modification of the explanation that all BSS are formed in the core,
largely as a result of collisions with primordial binaries, and the low BSS density in the
zone of avoidance is due to the fact that BSS that don’t get kicked well outside the core
(at the radius of the outer BSS enhancement) sink back into the core relatively quickly
(Sigurdsson et al. 1994).
The current situation is one in which, based on the aforementioned studies, we can
constrain one formation mechanism only by making sweeping generalizations about the
other one. Furthermore, the synthetic-CMD-based approach requires the observational
capability to create a high-precision CMD of the population we are interested in. Sills
& Bailyn (1999) caution that using only one dimension (i.e. color from the ZAMS or
magnitude from the cluster turnoff) to compare observed BSS distributions to synthetic
ones can yield cluster parameters (including mass function and binary fraction) which
are inconsistent with the BSS distribution when viewed two-dimensionally on a CMD.
However, with the goal of understanding distant, unresolved stellar populations, we
may not have the photometric precision to be able to meaningfully compare the exact
observed loci of BSS on a CMD with a set of models. For this reason, rather than
attempt to use the observationally and computationally intensive synthetic CMD
approach, we may look to the more simple but practically applicable methodology of
Bailyn & Pinsonneault (1995), who used a fairly basic set of assumptions to generate
BSS luminosity functions for collisional and primordial binary BSS and examined their
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dependence on assumed mass function (these will also be compared with our results in
Chapter 4).
Rather than attempt to completely disentangle the aforementioned potpourri of
paths by which BSS can be created, our goal is a practical one. We intend to provide
empirical information which will be of use in future studies of stellar populations by
examining trends among BSS in a wide variety of Milky Way GGCs and comparing them
to theoretical predictions for binary vs. collisional BSS formation.
1.2

Motivation

There are several reasons to place observational constraints on BSS populations.
Firstly, their significance is underlined by their ubiquity. BSS are found in the field
(Carney et al. 2005), Milky Way open clusters (Ahumada & Lapasset 2007), Local
Group dwarf galaxies (Momany et al. 2007), and, fascinatingly, every Galactic globular
cluster (Piotto et al. 2004). Clearly, their various formation mechanisms are not, in
aggregate, overly sensitive to environment. Given this fact, an understanding of the
observational contribution of BSS to their host populations is important because they
are relatively luminous members of those populations, second only to horizontal branch
stars and giants, at least at optical and ultraviolet wavelengths. As technology enables
the study of ever more distant stellar populations in the Local Group and beyond, the
contribution of BSS to the integrated light of those populations needs to be quantified.
Xin et al. (2007,2010) demonstrated that the contribution of BSS to the spectral energy
distributions (SEDs) of clusters is significant, obviously moreso at bluer wavelengths.
Schiavon et al. (2002) also found, using 47 Tuc as an example, that BSS significantly
affect spectral line diagnostics used to obtain elemental abundances from integrated
spectra of clusters. Reinforcing this point, Cenarro et al. (2008) found a correlation
between the Hβ indices from integrated spectra and BSS frequencies in a large set of
GGCs, explaining why spectroscopic ages, when calculated from Balmer line indices,
can drastically underestimate the age of a population if BSS are not taken into account.
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Thus, if we cannot quantify the contribution of BSS to a variety of stellar populations,
we are doomed to place a low ceiling on the precision to which we can understand any
distant populations studied via their integrated light.
1.3

Methodology

We have chosen to take a two-pronged approach to further elucidating the role of
BSS in their host populations. Our first approach is to conduct a ground-based variability
survey of BSS in GGCs, intentionally choosing target clusters with a wide variety of
parameters. The details of our target selection and data reduction are presented in
Chapter 2, with the results and their implications discussed in Chapter 3. There are
several reasons for exploring the time domain of BSS populations in GGCs which we will
now summarize, followed by a justification of the second main facet of our study.
1.3.1 Ground-Based Survey
SX Phoenecis (SX Phe) stars are pulsating variable stars located in the instability
strip of a cluster CMD (although, like their prototype, they have also been found in the
field, see the catalog of Rodriguez, Lopez-Gonzalez & Lopez de Coca 2002). They are
the lower-luminosity Pop II cousins of δ Scuti variables, and their luminosity range on the
instability strip is coincident with the BSS region on the CMDs of GGCs. For this reason,
all detected SX Phe in GGCs are generally BSS (including M55, Pych et al. 2001, M53,
Jeon et al. 2003, NGC 5466, Jeon et al. 2004, and many others). They are short-period
(P=0.017-0.4 days), low-amplitude (AV =0.01-0.9 mag, although we discuss their period
and amplitude distributions in detail in Chapter 3) pulsators, and exhibit generally
sinusoidal light curve variations which can result from a fundamental radial pulsation
mode as well as higher radial or non-radial modes. A main goal of the ground-based
survey was to detect SX Phe for two reasons. Firstly, their pulsations can constrain their
formation mechanisms. In this sense, the ground-based survey could potentially yield
valuable detailed information on a star-by-star basis about BSS formation histories. This
information stems from the concept that BSS evolution depends on formation history
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(Iben 1986): Collisionally formed BSS are well-mixed (Lombardi et al. 1995) whereas
BSS produced by primordial binaries will show anomalous surface abundances due to
the accretion of material from deep inside the donor star (Sarna & De Greve 1996). The
most convincing observational confirmation of this method of differentiating formation
histories, predicted by Bailyn (1992), came from the discovery, based on high-resolution
spectroscopy, that some of the BSS in 47 Tuc show anomalous carbon and oxygen
abundances, and these stars occupy a separate region on the cluster CMD and some of
them are known W Ursae Majoris (W UMa) contact or near-contact binaries (Ferraro et
al. 2006).
BSS formation histories, ascertained via SX Phe pulsation periods and amplitudes,
could then be correlated with properties of their host clusters to try and understand the
relationship between, for example, fraction of binary vs. collisionally produced BSS and
cluster observational properties.
The second practical reason for searching for more SX Phe is that they exhibit a
period-luminosity relation analogous to that found in Cepheids. For this reason, they can
yield distance estimates which can serve as checks on other distance determination
methods. These checks are especially valuable in clusters which have sparse (or
nonexistent) observable populations of other pulsating variables commonly used as
distance indicators, such as Cepheids and RR Lyrae. The applicability of the SX Phe
period-luminosity relation and its relationship with cluster properties is discussed further
in the context of the results of our ground-based survey in Chapter 3.
We have chosen to use the time domain and 1-m class telescopes to conduct
our ground-based survey with the goals of ascertaining information about the interiors
of BSS in crowded GGCs as well as testing the SX Phe period-luminosity relation.
The alternative would be to compete for high-resolution spectrographs on the largest
ground- and space-based telescopes, a primary constraint being that spectroscopy is
difficult in the cores of GGCs where many of their BSS lie. The pulsations of the SX
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Phe, via comparison with models (we address three recent sets of pulsational models,
which are described in greater detail in Chap. 3), can give us valuable clues about their
formation histories: For double-mode radial pulsators, the periods, amplitudes, and
period ratio of the pulsations constrains mass and interior heavy element content, while
non-radial pulsators can give information about the interior rotation rate and the extent of
mixing outside the core. Also, SX Phe have the potential to reveal the presence of close
companions via periodic residuals of their main pulsation period (Olech et al. 2005).
SX Phe pulsating in the aforementioned modes are not uncommon among SX Phe in
GGCs. For example, half of the 24 SX Phe in M55 are double-mode non-radial pulsators
(Pych et al. 2001, although double-mode non-radial pulsators are seen in other GGCs
as well), and double-mode radial pulsators which are pulsating in the fundamental and
first overtone mode, making them ideal test cases for the period-luminosity relation
(which is based on fundamental mode pulsations) are not rare either. This type of
variability is seen in 5 of the 9 SX Phe in NGC 5466 and 1 of the 3 short-period SX Phe
in M71 (Jeon et al. 2004).
Another possible result of the ground-based variability survey is the discovery
of eclipsing binary BSS. Light curve fitting of these binaries, in combination with
well-known cluster distances and ages from the ACS survey, could yield the masses
and luminosities of the components. This information, in combination with the radial
locations of these binaries in the cluster, could also be correlated with cluster properties
to constrain binary BSS formation and evolution.
Our target selection and data reduction processes for the ground-based survey
are presented in Chapter 2, and the results of the ground-based survey are analyzed in
Chapter 3.
1.3.2 ACS Luminosity Functions
The other approach which we have taken is a more generalized, global one. The
ACS Galactic Globular Cluster Treasury survey (Sarajedini et al. 2007) provides an
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unprecedented database of high-precision two-color photometry for 65 GGCs. With
the intention of quantifying how the BSS contribute to the integrated light of a cluster
as a function of observable cluster properties, we have used the ACS Treasury Survey
photometry to generate BSS luminosity functions. The reason we have chosen this
over the synthetic-CMD-based approach of Sills & Bailyn (1999) is that our goals are
different. By fitting their CMDs, they can constrain the formation history of cluster BSS
and the mass function in the part of the cluster where the BSS are located cluster
(Monkman et al. 2006), with the major caveat that all the BSS in a cluster are collisional,
so that any inability of their simulations to match an observed CMD could be due either
to purely binary BSS and/or an improper set of initial assumptions regarding input
parameters such as velocity dispersion (interestingly, Sills & Bailyn 1999 found that the
parameter which most greatly affected their predicted BSS color-magnitude distributions
is metallicity). However, our goal is to correlate the BSS luminosity function with other
observable quantities.
Our use of a “one-dimensional” luminosity-function-based approach rather than
the computationally expensive “two-dimensional” synthetic CMD-based technique
used by Sills & Bailyn (1999) and Monkman et al. (2006) for collisional BSS and Chen
& Han (2009) for primordial binaries is justified for two reasons. Firstly, since BSS
generally occupy a narrow color range relative to their magnitude range, the SEDs
should be relatively unaffected by slight differences in the color range occupied by
the BSS in different GGCs. We have chosen to work in units of magnitudes from the
turnoff in order to avoid systematic uncertainties from incorporating distance moduli
and reddening (and their errors) in our calculations. Secondly, as previously mentioned,
the CMD-based approach requires reliable observational CMDs of the population in
question. For GGCs, it is feasible to obtain the necessary multi-color photometry with
sufficient photometric precision and spatial resolution, but this is unlikely to be the case
as we are interested in ever more distant extragalactic populations. Furthermore, the
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sythetic CMD-based approach is fairly dependent on certain assumed quantities, such
as the velocity dispersion or mass function. While these quantities are generally known
for well-studied GGCs, this is unlikely to be the case for distant unresolved targets.
Conversely, our methodology is designed to avoid such restrictions. The properties
which we are correlating with our observed BSS LFs can be measured or inferred via
multiple observational techniques which do not necessarily require high-resolution
photometry, radial velocities or proper motions. These quantities include integrated
magnitude, metallicity, horizontal branch morphology, and several other parameters. Our
goal of correlating the BSS magnitude distribution with observable cluster properties has
the important benefit that one can “run the problem backwards”. If the BSS magnitude
distribution is known, even in a population where the individual BSS aren’t resolved, then
one can use the correlations which we find in the ACS data to infer other properties of
the population in question. The ACS survey, the parameters which we have chosen, and
our generation of the LFs is described in Chapter 4. The resulting relationships between
the LFs and the cluster properties and their implications are discussed in sections
4.5-4.6.
1.4

Summary of Goals

We plan to use GGCs as a laboratory to study the relationship between host cluster
properties and the BSS magnitude distribution and variability properties. Our project has
the following goals:
1.

Use SX Phe pulsation periods and amplitudes to determine their formation
mechanism, and correlate this with cluster properties. For example, does the
presence and location of a binary or collisionally formed BSS make sense in light
of the properties of its host cluster?

2.

If binary BSS are discovered, investigate these questions as well.

3.

Use SX Phe periods and magnitudes to investigate the SX Phe period-luminosity
relation. Theory indicates that it could be a useful distance indicator, but practical
tests of this concept are sparse, especially at the high-metallicity end.

20

4.

Augment the existing SX Phe catalog with SX Phe discovered since its publication
as well as our new discoveries, and explore correlations between variability
properties (period, amplitude, magnitude) and host cluster properties (metallicity,
HB morphology, concentration, integrated magnitude). Compare the SX Phe
luminosity function to predicted collisional and binary BSS luminosity functions.

5.

Use the ACS data to correlate observed BSS luminosity functions with cluster
properties. Using a less deep and precise data set, Piotto et al. (2004) found that
the luminosity functions of the BSS in the most luminous, massive clusters have a
brighter peak and more extended tail - does our data support or refute this claim?

6.

As with the SX Phe, compare observed BSS luminosity functions to predicted
ones for binary vs. collisional BSS. Are there any trends with observable cluster
properties? We are especially interested in the integrated cluster magnitude since
Milone et al. (2008) found a fairly tight correlation between this quantity and cluster
binary fraction in the sense that the least luminous clusters have the highest binary
fraction. What do the observed luminosity functions tell us about observed binary
fraction vs. BSS originating as binaries?

7.

Compare the observed SX Phe luminosity function to the observed BSS luminosity
functions from the ACS data. Is it likely that most BSS are SX Phe and they have
remained undetected because their pulsational amplitudes are extremely small?
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CHAPTER 2
GROUND-BASED SURVEY
2.1 Target Selection
Our eight target clusters were chosen based on the following criteria:
1.

They all have significant (N>10) BSS populations observable with a 1m-class
telescope. This criterion is based on the photometry of Rosenberg (1999), whose
fields of view were significantly smaller than ours, and Brocato et al. (1996), both
of whom used 0.9m telescopes to construct their CMDs. Without knowledge of a
sizeable BSS population, not only is the likelihood of detecting variables among
them smaller, but conclusions based on the fraction of variables are sure to be
hampered by small number statistics.

2.

They have not previously been searched for variables down to the magnitude
range of their BSS (below the HB). We have intentionally included two clusters
which have sizeable known variable BSS populations, M53 (Jeon et al. 2003)
and M55 (Pych et al. 2001). These clusters will serve as gauges of our detection
capability, and will be discussed further in the context of completeness.

3.

They cover a broad range of parameters, including metallicity, concentration, HB
morphology, location in the galaxy, and integrated magnitude.
The positional properties of our target clusters from the Harris (1996, 2003 revision,

hereafter H96) catalog are listed in Table 2-1, including their right ascension and
declination (J2000.0) and heliocentric and galactocentric distances in kpc. In Table 2-2,
we list their observational properties, namely reddening, distance modulus, integrated
absolute V magnitude, horizontal branch type, metallicity, and central concentration.
Table 2-1. Target Cluster Positional Properties
NGC
RA
Dec
RSun RGC
4833 12 59 35.0 -70 52 29 6.5
7.0
5024 13 12 55.3 +18 10 09 17.8 18.3
5986 15 46 03.5 -37 47 10 10.4 4.8
6101 16 25 48.6 -72 12 06 15.3 11.1
6171 16 32 31.9 -13 03 13 6.4
3.3
6352 17 25 29.2 -48 25 22 5.7
3.3
6584 18 18 37.7 -52 12 54 13.4 7.0
6809 19 39 59.4 -30 57 44 5.3
3.9
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Table 2-2. Target Cluster Observational Properties
NGC E(B-V) (m-M)V MV (tot) HB Type [Fe/H]
4833
0.3
15.07
-8.16
0.93
-1.80
5024
0.0
16.31
-8.70
0.81
-1.99
5986
0.3
15.96
-8.44
0.97
-1.58
6101
0.1
16.07
-6.91
0.84
-1.82
6171
0.3
15.06
-7.13
-0.73
-1.04
6352
0.2
14.44
-6.48
-1.00
-0.70
6584
0.1
15.95
-7.68
-0.15
-1.49
6809
0.1
13.87
-7.55
0.87
-1.81
2.2

c
1.2
1.8
1.2
0.8
1.5
1.1
1.2
0.8

Observations

Depending on the target location in the sky, our observations were made either
at KPNO with the WIYN 0.9m telescope, or at CTIO with the SMARTS 0.9m or 1.0m
telescope. All of the detectors used have pixel scales of 0.6 arcsec/pixel or smaller,
and fields of view of at least 13 arcmin per side, large enough to encompass the target
cluster out to more than 3 times their half-mass radii, and in some cases, beyond their
tidal radii. Each target cluster was observed on at least four nights with the goal of
accumulating enough V band time series images to facilitate detection and analysis of
SX Phe pulsators and binaries. For each cluster, exposure times were set to get high
signal-to-noise over the magnitude range of the BSS without saturating them, so that
typically, stars above the horizontal branch were saturated. However, since SX Phe have
been observed with periods as short as 25 minutes, exposure times were shortened
slightly when necessary, so that all of our V band time series exposures had exposure
times of 1200s or less depending on the magnitude of the BSS in the target cluster.
On each night, observations of a given cluster consisted entirely of these V band time
series exposures, supplemented by one or two images taken each night with the B filter
so that CMDs can be constructed to identify BSS in each cluster. In Table 2-3, we list
the site, timespan, and total number of time series observations for each target cluster.
All clusters observed at KPNO were observed with the WIYN 0.9m telescope with the
S2KB 2kx2k detector, which has a field of view of 13.65 arcmin and a pixel scale of 0.4
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arcsec/pix, and all clusters observed at CTIO were observed with the SMARTS 1.0m
telescope and the Y4KCAM 4kx4k detector, which has a 20 arcmin field of view and a
pixel scale of 0.289 arcsec/pix.
Table 2-3. Observations
Cluster
Site
NGC4833
CTIO
NGC5024 (M53) KPNO
NGC5986
CTIO
NGC6101
CTIO
NGC6171
KPNO
NGC6352
CTIO
NGC6584
KPNO
NGC6809 (M55) KPNO

Timespan (days) N(obs)
7.08
31
7.08
53
3.08
20
5.06
43
33.05
41
7.07
41
5.13
33
1.18
51
2.3 Data Reduction

The data for all of the target clusters in the ground-based survey were processed in
the same way. Each raw image was bias subtracted and flatfielded using the ccdproc
package in IRAF. Next, because all of the target clusters are fairly crowded, at least
in their cores, two different reduction techniques were used. The first, PSF-fitting
photometry, was performed with the latest version of DAOPHOT. This program has
the advantage of employing a spatially-varying PSF, and comparisons to aperture
photometry of isolated stars generally indicated that quadratic variations as a function of
position were sufficient (no order higher than 3 was ever used). To construct the CMD
as well as the time series for each cluster, only stars present in more than one third of
the V time series images as well as at least half of the B images for a given cluster were
included. The average magnitudes of these stars in each color were used to create the
CMDs, and instrumental B and V magnitudes were standardized using standard stars in
the field of view from Peter Stetson’s photometric standards database at the Canadian
Astronomy Data Centre. The resulting transformation equations were used to convert
the differential magnitude time series to standard V magnitudes. Frame-to-frame and
night-to-night variations (due to changes in seeing or cloud cover for example) were
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removed using the ensemble normalization technique of Gilliland & Brown (1988). This
technique uses iteratively selected bright, stable stars which are well distributed in
position. Their temporal variations as a function of physical location on the chip are then
used to correct the time series observations.
The other data reduction technique we have employed is optimal image subtraction
using ISIS 2.1 (Alard & Lupton 1998, Alard 2000). There is bountiful evidence in recent
years that image subtraction is capable of producing more accurate light curves than
PSF-fitting methods for variables in crowded fields, particularly low-amplitude variables
(e.g. Alard 2000, Mochejska et al. 2002). The basic methodology of image subtraction
is as follows: Once a series of time-series images are interpolated onto the same
coordinate system, a high signal-to-noise reference image is created. This reference
image is ideally constructed from a subset of the time series images with the best
seeing, and in our case, 10-20% of the time series images were used to construct the
reference image for each cluster. Next, each individual image is subtracted from the
reference image via convolution with a kernel from a spatially varying PSF (again, a
2nd or 3rd order function was used for the spatial variations of the PSF in all cases).
Photometry can then be performed on these “difference images”, yielding fluxes fi
relative to the flux in the reference image fref . To obtain variability amplitudes, these
fluxes must be converted to magnitudes, and to accomplish this, aperture photometry
was performed on the reference image with DAOPHOT. Since DAOPHOT arbitrarily sets
its magnitude zeropoint at 25, the resulting reference magnitude mref can be used to
convert the ISIS differential fluxes fi to differential magnitudes mi in the following way:

mi = mref − 2.5Log

fref − fi
fref

(2–1)

Some of our BSS are detected in the PSF-subtracted DAOPHOT reference images
used to create the CMDs on which our BSS selection is based, but cannot be detected
via aperture photometry of the ISIS reference frame, generally due to crowding. For our
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target clusters, these BSS comprise 24% or less of the total selected BSS population,
and naturally, this fraction is lower for the less concentrated clusters. For these stars, we
cannot determine the reference flux in the ISIS reference frame and therefore we cannot
obtain a reliable flux-to-magnitude conversion to determine their amplitudes. In these
cases, light curves are presented as a function of the ISIS differential fluxes rather than
standard V magnitude (although the mean standard B and V magnitudes are known).
To obtain light curves, we must first use the CMD to determine which stars are blue
stragglers, and we now describe our selection method.
2.4 Blue Straggler Selection
To select BSS to be searched for variability from the color-magnitude diagram, a
similar methodology to that of the ACS survey was employed. Since our ground-based
time series photometry required some sacrifice of photometric precision (i.e. the use of
a smaller telescope) in order to gain a wide field of view and enough time series images
to yield satisfactory temporal resolution, we have modified the ACS BSS selection
criteria slightly, and the procedure that was applied to the CMDs resulting from the
ground-based photometry was as follows:
For each cluster, a “main sequence extension” was created, similar to that in the
ACS CMDs. This main sequence extension is tangent to the main sequence 1 mag
below the turnoff, since this tangent point results in a slope for the main sequence
extension which causes it to run approximately parallel to the ZAMS, as with the ACS
data. To determine the exact location of the main sequence fiducial sequence and
the ZAMS, we used isochrones from Dotter et al. (2008) for the sake of homogeneity
with the ACS data. The reddenings and distance moduli used to fit the isochrones
in the ground-based (V,B-V) CMDs are the best fit parameters from Dotter et al.
(2010), in which the Dotter et al. isochrones were fit to the ACS data in the HST
(F814W,F606W-F814W) plane. Once the main sequence extension and the ZAMS
are added to our CMDs, the scatter in the main sequence (and subgiant branch) is
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estimated based on photometric error. This is done by dividing the CMD into magnitude
bins of 0.1 mag, and estimating the photometric error σB −V in a given bin as the median
photometric error in that bin, and a line 3σ to the blue side of the fiducial is calculated,
to separate BSS from main sequence stars. While selecting BSS from a CMD can be
somewhat arbitrary and subjective, we have attempted to devise a set of criteria founded
as much on the practical astrophysical quantities involved as possible (such as the use
of the ZAMS as a blue limit and the use of the photometric error to set a requirement on
color separation from the main sequence), and applied these criteria uniformly to all of
our target clusters.
In order for a star to be considered a blue straggler and searched for variability, it
must meet the following criteria, illustrated using M55 as an example in Fig. 2-1:
1.

It must be redder than the ZAMS, which is indicated by the black line bluewward of
the cluster fiducial sequence in Fig. 2-1.

2.

It must be bluer than the 3σ line to the blue of the main sequence, indicated (along
with the 3σ line redward of the main sequence) as a red line in Fig. 2-1.

3.

It must be fainter than a bright magnitude cutoff, set to exclude horizontal branch
stars, shown as the upper horizontal line in Fig. 2-1.

4.

It must be brighter than the intersection of the ZAMS and the line 3σ bluer than the
cluster fiducial sequence (the isochrone). This magnitude is indicated by the lower
horizontal line in Fig. 2-1.

5.

It must be bluer than a line which parallels the main sequence extension and
lies 0.2 mag redder than the extension in (B-V). This line is shown as a diagonal
straight black line in Fig. 2-1. This is a similar cut to that made in the ACS data,
and the value of 0.2 is based on the fact that a parallel line 0.2 mag bluer than the
main sequence extension coincides approximately with the ZAMS, and in our case,
the parallel line on the red side of the MS extension serves primarily to exclude
field stars which have similar colors to the main sequence turnoff and subgiant
branch but are several magnitudes brighter.
These criteria have intentionally been devised to be somewhat conservative in the

sense that some stars which are not true BSS may be included. However, for the sake
of a variability search, this strategy is better than making overly rigorous CMD cuts to
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Figure 2-1. CMD of M55 illustrating our BSS selection process. The lines shown here
which demarcate the BSS region are described in the text. All BSS meeting
our selection criteria are plotted in green, and all known variable BSS (from
Pych et al. 2001) are overplotted as blue diamonds.
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select BSS since a more harsh selection process could miss true variable BSS which
are scattered closer to the main sequence. An example of this can be seen in Fig. 2-1,
where we have plotted our ground-based CMD of M55 along with the aforementioned
lines used to select the BSS region. The isochrone which we use as our fiducial (from
Dotter et al. 2008, fit using the parameters from Dotter et al. 2010) is shown in blue.
Also shown in blue is the main sequence extension, tangent to the isochrone 1 mag
below the turnoff. The two red lines indicate the 3σ boundary to the red and blue of the
isochrone. The line to the left of the main sequence extension is the ZAMS, and the
line parallel and to the right of the extension is the extension shifted 0.2 mag redward
in color. The two horizontal lines represent the bright and faint magnitude limits of the
BSS region. If we had chosen harsher selection criteria, as is commonly done for BSS in
studies based only on CMDs, some of the variable BSS would not have been considered
BSS and hence would not have been searched for variability. For example, if we had
required BSS to be 5σ from the cluster fiducial sequence rather than 3σ, several of
the known variables in M55 would not have been selected as BSS due to the breadth
in color of the main sequence caused by the photometric errors. This point will be
addressed further in the context of our artificial star tests in sect. 2.6.1.
2.5

Variable Detection

Once BSS were selected from the ground-based CMDs, they were searched
for variability. The variability search was conducted on the time series resulting
from the DAOPHOT PSF-fitting photometry of the individual frames, as well as the
image subtraction photometry produced by ISIS. However, it has been shown that
image subtraction is generally much more adept at producing useful photometry for
low-amplitude variables in crowded fields (Alard 2000) . In order to obtain light curves
from ISIS, the coordinates of the variables in the reference frame must be input, and
these were transformed from the reference frame of the DAOPHOT photometry (in
which the BSS were selected from the CMD). This transformation is also needed so that
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the standardized magnitudes from the DAOPHOT photometry can be used to shift the
ISIS differential magnitudes (after being converted from differential fluxes as described
above) to standard V magnitudes. This coordinate transformation is done with the
geomap and geotran tasks in IRAF, and the resulting coordinate transformations have
RMS values of under 0.2 pix (under 0.1 arcsec) in all cases.
To search each blue straggler for variability, we employed the ANOVA (analysis of
variance) method (Schwarzenberg-Czerny 1996). This method of detecting periodicities
has several advantages over other techniques such as the Lomb-Scargle (LS)
method (Scargle 1982, Horne & Baliunas 1986) and string-based methods such as
phase dispersion minimization (PDM, Stellingwerf 1978). It uses a set of orthogonal
polynomials rather than sines and cosines to model observed light curves, removing
the bias towards more simusoidally shaped light curves which exists in Fourier-based
methods such as LS. Furthermore, it has been shown to be more successful than LS
and PDM at period detection and removing aliases (Schwarzenberg-Czerny 1989,
1996), and it has a steeper increase of detection significance with signal-to-noise than
LS, as well as the ability to detect the true signal at a lower signal-to-noise value, as
shown in Fig. 1 of Schwarzenberg-Czerny (1996).
For these reasons, in combination with image subtraction, it is the most useful
period-detection method for the types of variables we are attempting to detect:
low-amplitude SX Phe and highly non-sinusoidal eclipsing binaries. To illustrate its
applicability to our data, we show in Fig. 2-2 the ANOVA power spectra of several
variables with the LS power spectra overplotted in red. It is clear that, in addition to its
superior ability to detect a true period, ANOVA yields much better frequency resolution
for a given number of data points, as well as higher significance values for the true
period. Having described our techniques for selecting BSS and searching them for
variability, we will now describe the tests of these techniques which we have conducted
to quantify our ability to detect variable BSS.
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Figure 2-2. ANOVA periodograms for 8 of the variables which we detected in NGC 6101.
For each periodogram, the Lomb-Scargle power spectrum (as formulated for
unevenly sampled data by Horne & Baliunas 1986) is shown in red for
comparison. The periods and period errors resulting from ANOVA as well as
those from Lomb-Scargle are given at the top of each plot for comparison.
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2.6 Completeness
Quantifying the completeness in our ground-based survey can be divided into two
primary steps. The first step is detecting the BSS on the CMD from the DAOPHOT
photometry, or in other words, do we have the photometric precision to detect and
identify all of the BSS in a given cluster? The second issue is whether, once we have
determined which stars are BSS, we can identify variables as such and identify their
periods correctly. We will now answer the first question, and address the second
question afterwards.
2.6.1 Artificial Star Tests
To assess our photometric completeness, artificial star tests were conducted.
We chose to conduct these tests on NGC 6101, since, of all our target clusters, it has
the faintest BSS population, and as a result, the BSS population plagued by higher
photometric errors than other clusters, so that it would give the most pessimistic results.
1250 artificial stars were added to ten pairs of B and V images of NGC 6101, with their
magnitudes and colors corresponding to the locus of the BSS sequence on the CMD
based on the main sequence extension discussed in the context of our BSS selection
process. In order to assess whether the completeness has any color dependence, 1250
additional artificial stars which covered the same magnitude range, but were assigned
the colors of the subgiant branch (based on the isochrone used to represent the fiducial
sequence) rather than the BSS sequence. The artificial stars were placed on the
image in a grid, separated by over four times the PSF radius so as not to contaminate
the resulting photometry of each other (although, importantly, they do lie close to the
actual stars on the image). The magnitudes and colors were randomly assigned within
the two sequences described above so that there is no trend of magnitude or color
with the positions of the artificial stars on the image. These input magnitudes and
colors are shown as red points in Fig. 2-3. Next, the images were reduced identically
to our science images: PSFs were fit, aperture corrections were applied, and each
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set of B and V images was matched. An artificial star was considered recovered if it
was found within 4 pix of its original position (the best seeing in our images) and its
resulting magnitude and color was within 0.15 mag of its input magnitude and color,
corresponding to approximately half the color width of our BSS selection region on the
CMD. The recovered magnitudes and colors of the input stars are shown as blue points
in Fig. 2-3.
We plot the CMD of NGC 6101 in Fig. 2-3, with the input and output magnitudes
and colors of the artificial stars overplotted. We can see from the input and output
magnitudes of the subgiants that the width of the observed cluster sequences is due
solely to photometric error, reinforcing our use of the photometric error as a color
criterion (albeit a conservative one) to separate true BSS from the main sequence
and subgiant branch. Our goal was to quantify the completeness all the way down to
the turnoff, to ensure that stars fainter than the BSS region in the CMD weren’t being
recovered with magnitudes which caused them to masquerade as BSS. To this end, we
have included input stars fainter than our actual faint BSS magnitude cutoff. However,
of the input stars which do meet our BSS selection criteria, over 95% of them were
recovered with output colors and magnitudes also meeting our BSS selection criteria.
We now wish to examine the completeness as a function of magnitude as well as
crowding, so we divided the artificial stars into 4 concentric radial annuli from the center
of the cluster, similar to the method employed with the artificial star tests in the ACS
data. In Fig. 2-4, we plot completeness as a function of magnitude for the BSS, the
subgiants, and both types of stars together.
We can see that, to within the errors, the completeness does not depend strongly
on the B-V colors of the stars. This means that we can apply our completeness for this
cluster to other clusters in which the BSS region of the CMD falls at different observed
colors, due primarily to differences in metallicity and reddening between our various
target clusters (although they all have E(B-V)<0.4). With this result in hand, in Fig. 2-5,
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Figure 2-3. CMD of NGC 6101 showing all real stars inside the cluster tidal radius (black
points), input artificial stars (red), and their recovered colors and magnitudes
(blue).
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Figure 2-4. The completeness of stars in NGC 6101 over the magnitude range occupied
by BSS, determined by averaging the results of 10 completeness tests, each
of which contains 2500 artificial stars. To check for a correlation between
color and completeness, we have plotted the BSS in blue, the subgiants in
red, and both together in black.
we show completeness as a function of magnitude for the BSS only, divided into radial
bins from the cluster center to examine the effects of crowding.
Based on our radial cuts for the artificial stars, one can see in Fig. 2-5 that, although
the stars far from the core tend to be more successfully recovered in general, the faint
end of the BSS magnitude distribution is not preferentially affected by crowding at small
radii from the core. To within the errors, our photometry over the entire magnitude range
of the BSS is at least 80% complete, and this value is significantly higher for stars which
lie beyond a few core radii. Also, these numbers should be viewed as lower limits on the
actual completeness in our target clusters since NGC 6101 was intentionally chosen
because it has the faintest BSS and therefore is the most susceptible to scatter caused
by photometric errors.
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Figure 2-5. Completeness of the artificial BSS, with each of four radial bins chosen
based on the core radius rC plotted in a different color. For clarity, error bars
are only shown for the innermost (r<1.5rC ) and outermost (r>4.5rC ) radial
bins.
2.6.2 Period Detection
2.6.2.1 Variability Criteria
Once we can identify a star as a blue straggler, we must then determine how to
assess whether it is a real variable or not. The time-domain light curves (from ISIS and
from DAOPHOT) were searched for periodicity using ANOVA, over the period range
0.017-0.5d. Observed SX Phe periods range from 0.017 to 0.4 days, and this period
range is in good agreement with what is astrophysically expected based on the two
recent sets of pulsational SX Phe models of Santolamazza et al. (2001, hereafter S01)
and Templeton et al. (2002, hereafter T02). Armed with our ANOVA power spectra, we
calculated the signal-to-noise of the highest peak in the power spectrum for each BSS,
and only those stars for which the highest peak had S/N>5 were considered further as
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candidate variables. For these stars, we then used ANOVA to generate an empirical
false alarm probability (FAP) in the following manner: The magnitude (y-axis) values
of the time-domain light curve were randomly shuffled for each of 1000 iterations per
star, and for each iteration, our period detection program using ANOVA was run on the
“shuffled” time series exactly as on the actual data. We have conservatively defined
our false alarm probability as the percentage of iterations in which the power spectrum
contains a peak at any period which is higher than the actual peak of the best period.
2.6.2.2 Testing Our Criteria
We have used the 24 well-studied SX Phe in M55 (Pych et al. 2001) to test our
detection criteria. We find that all of them except for one meet our initial S/N cut, and
the primary period was identified correctly to within 10% for all 23 of these, to within
5% for 21 of them, and to within 1% for 16 of them. Of the 23 of 24 stars meeting our
initial signal-to-noise cut, 21 of them have FAP< 0.03, and 19 of them have FAP<0.01
(of the other two, one has FAP=0.66 although the period was identified correctly to
within <1%, and the other has FAP=0.158 and is a double-mode variable in which we
measured both periods ∼9% above their true value but their period ratio was correct).
In addition, we were able to identify the closely-spaced second modes (mean period
ratio = 0.97) in 7 of the 12 double-mode variables. Based on both recent, independent
sets of SX Phe models, double-mode variables with period ratios very close to 1 are
not exhibiting low-overtone radial pulsations: S01 and T02 both find period ratios to
the fundamental mode of 0.76-0.80 and 0.81-0.83 for first and second overtone radial
pulsators respectively. Also, the use of our M55 time series to test our detection criteria
is conservative in the sense that it is plagued by an issue which doesn’t exist for any
of our target clusters: The M55 time series are comprised of images with two different
exposure times. Since the image subtraction component of ISIS only performs optimally
using exposures which all have the same exposure time, we had to perform the ISIS
photometry separately on these two subsets and match them manually afterwards.
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Because SX Phe have very small amplitudes, the standardization of the DAOPHOT
photometry cannot be used to do this matching since the uncertainties in the zeropoints
of the photometric transformation coefficients (typically several mmag) are not small
compared to the amplitudes of some of the SX Phe light curves. Because the time
series for our heretofore unstudied target clusters consist entirely of exposures with the
same exposure time, they do not suffer from the additional uncertainty imposed by this
matching process.
Based on the above tests using known variables in M55, we decided that all stars
meeting our S/N cut which have FAP<0.05 warrant further attention and were inspected
individually. While ANOVA is much more adept than the Lomb-Scargle method at
damping aliases, the window function was inspected for each of these variables to
ensure that the peaks in the power spectra of selected variables were not due to
aliases. Also, once a true period was identified, the power spectrum was prewhitened
to search for additional periods. These additional periods are subject to the same
selection process as the primary periods, and only those with S/N>5 and FAP<0.05 are
considered as potentially real.
In summary, we find that we should be able to detect and identify over 80% of
BSS in a given cluster. Furthermore, of the SX Phe there, we can identify ∼87% of
them (21/24) as variables according to our selection criteria. Of the variables which
are successfully identified, we should be able to identify their periods to within 1% for
∼76% (16/21) of them, and to within 10% for all of them. Clearly, the largest difficulty is
in the initial CMD-based BSS selection, although based on our artificial star tests, the
percentage of BSS which we can select successfully is probably closer to 95%: While
the completeness tests reflect the number of stars recovered within a color tolerance of
0.15, our BSS selection region is, in practice, much wider than this in color - its width is
0.2 mag plus the color difference between the main sequence extension and the ZAMS,
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resulting in the fraction of over 95% for input BSS recovered within the BSS selection
region.

39

CHAPTER 3
SX PHE AND THEIR HOST CLUSTERS: RESULTS OF THE GROUND-BASED
SURVEY
3.1 Why No Binaries?
3.1.1 Binary Detection Probability: Simulations
Having failed to detect any eclipsing binaries in our sample, we can use this
information to constrain the frequency of close binary BSS in our target clusters. The
first step in this process is to calculate d, the probability of detecting an eclipsing
binary system as a function of its period. To this end, we have used the binary light
curve modeling and fitting program Nightfall1 to generate synthetic light curves of
binary systems with varying inclinations and periods (or separations, for a fixed mass).
Because the total timespan of the observations for a given target cluster is generally
several days, we restrict our analysis to systems with periods of 10 days or less, and
we will discuss the observed period distribution of binary BSS below in the context
of our simulation results. We also assumed masses of 0.8MSun for the components,
corresponding approximately to the turnoff mass in our target clusters. We performed
the simulations separately for each target cluster since the exact time sampling of
the observations is unique to each cluster. Synthetic light curves were generated
for a grid of inclination angles from 0◦ to 90◦ and periods from 0.1 to 10 days. For
each period, light curves for each inclination were shifted in phase in steps of 0.05
through one full phase, resulting in 100 models per inclination per period value (our
periods were sampled in intervals of 0.05 days). The synthetic light curve was then
sampled with the observing cadence of the actual data for the cluster in question. To
account for photometric error, these data points on the synthetic light curve were then
offset by a random amount drawn from a Gaussian distribution centered on the mean

1

see http://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall.html for
information and a list of refereed publications which have made use of this program
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photometric error at the turnoff magnitude for the cluster in question. The resulting
“observed” light curves were then searched for periodicity using ANOVA as was done
for the SX Phe, and binaries were only considered recovered successfully if they met
our original selection criteria. The detection probability d as a function of period is then
constructed from the number of total models for each period which are successfully
recovered according to our criteria for periodicity in Chap. 2. We show the detection
probability resulting from the simulations as a function of period in Fig. 3-1, where the
result for each individual cluster is plotted as thin lines, and the mean of these individual
functions across all clusters is plotted as a thick line. As a consequence of the observing
cadences used for most of the clusters, features corresponding to integer numbers of
days (most notably 2 days) are visible in this plot.

Figure 3-1. The detection probability d as a function of period, shown as a thin line for
each of our target clusters, and the thick line represents the mean across all
target clusters.
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Once we have calculated d as a function of period, we can then constrain the binary
fraction using a binomial distribution. Following Moni Bidin et al. (2006), the probability
P of detecting zero binaries among a sample of N stars if the detection probability for an
individual star is d and the binary fraction is f can be expressed as:

P = (1 − d f )N

(3–1)

We know N, the total number of BSS surveyed for variability in each cluster,
and since we have calculated d , we can plot this equation as a function of the binary
frequency f, which is shown in Fig.3-2. Clearly, it will have a maximum at f=0, and while
the exact shape of this function depends on the assumed period distribution, the result
regarding the fraction of binary BSS in our target clusters is not particularly sensitive to
the type of period distribution (flat, truncated Gaussian, etc.) which we assume since
the weighted mean d is not very sensitive to the assumed period distribution. Based on
the binary fraction which corresponds to the probability P=0.05, we have found that the
95% confidence level upper limit on the binary fraction is 15% or less for all of our target
clusters except one. This is consistent with the study of Milone et al. (2008), who found
an anticorrelation between binary fraction and total cluster luminosity such that all but
the faintest, most sparse GGCs have binary fractions of under 20%, albeit with some
degree of scatter. The one cluster for which the 95% confidence level upper limit on
the binary fraction is much higher, at 56%, is NGC 4833. This is likely to be an artifact
produced by a combination of the following two effects: Firstly, NGC 4833 has a small
number of observations and a short time baseline compared to our other target clusters.
Secondly, it has a much smaller number of BSS according to our CMD-based selection
criteria, which is the primary factor affecting the extent to which we can constrain the
binary fraction using Eq. 3.1.
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Figure 3-2. The probability P of detecting zero binaries as a function of binary fraction.
The resulting P for each cluster is shown as a separate line. As can be seen
by the binary fraction corresponding to P=0.05, all of the clusters except one
have a 95% confidence upper limit on their binary fractions of 15% or less, in
good agreement with previous estimates of GGC binary fractions.
3.1.2 BSS Binary Fraction: Comparison With Other Studies
One of the difficulties in analyzing binary BSS en masse is that the size of the
existing sample is still miniscule, even compared to the sample of known SX Phe:
There are still under 30 binary BSS known in GGCs, and all of these are close binaries.
Furthermore, they have been found in only a handful of clusters and the vast majority
are in ω Cen. Rucinski et al. (2000) attempted to estimate the fraction of BSS in close
binary systems based on a quasi-random sample of GGC variability surveys available
at that time. They caution that this process contains many assumptions, including the
assumption that all BSS detectable in the survey which detected the binaries were
surveyed for variability, as we have done in calculating the fraction of BSS which are
SX Phe. This number of “total” BSS was then compared with the number of detected
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binaries, and they concluded that there should be one contact system per 45±10 BSS.
Rucinski et al. do give appropriate warning of the dangers of drawing quantitative
conclusions based on such a heterogenous photometric database, but since the
publication of that study, the number of BSS surveyed for variability has increased
significantly (as can be seen by the near-doubling of the SX Phe catalog), while the
number of binary BSS has not. If we re-attempt the analysis of Rucinski et al. (2000),
the updated prediction for the frequency of short-period binaries among GGC BSS is
significantly lower (25/1399), one out of 56±11. Based on the detection probabilities
that we have calculated for our synthetic binary light curves above, the mean detection
probability across all periods under 10 days and all of our target clusters is 0.42. This
value is not high, but implies that if there are multiple close binaries, our observing
strategy should not prevent us from detecting all of them.
Taken at face value, constructing a proportion of surveyed BSS to detected binaries
would predict that out of the 1862 BSS in our ground-based survey, 33 should be
detected as close binaries. There are several reasons why, as Rucinski et al. (2000)
caution, this simplistic approach yields an extremely rough approximation. Firstly, no
attempt is made to account for the varying detection probabilities (due to differences in
the observation window and photometric limiting magnitude) in the different literature
surveys - the data quality varies from deep, precise HST WFPC2 photometry to
pre-CCD surveys with systematic calibration errors approaching 0.1 mag. If we attempt
to restrict our data quality by including only those surveys in the last decade (those
which postdate the Rucinski et al. study), than the number of BSS per contact binary
increases to 100±45. At first, the increase over the last few decades of detector and
data reduction quality would seem to imply that more binaries should be detected,
but this effect is counterbalanced by the ability to identify more BSS as well, both at
fainter magnitudes (closer to the turnoff) and in more crowded cluster cores. The
former lessens the observational bias towards brighter BSS, where binaries would be
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more readily detected because of lower photometric errors. In addition, it is important
to be aware that it is impossible for us to know how many other clusters have been
surveyed for variable BSS but the results remain unpublished because no variables
(eclipsing binaries or SX Phe) were found. For example, the ACS sample contains 65
of an estimated 125-150 existing GGCs, all of which contain BSS (Piotto et al. 2002),
but under 30 of these GGCs have published literature surveys which resulted in the
detection of variable BSS.
In addition to the difficulty in detecting close binary BSS, another reason for
both the low fraction of BSS which have been detected as binaries as well as our
null result regarding binary BSS is that at least some binary BSS in open clusters
are in very long-period systems, and hence are difficult to detect spectroscopically
and near-impossible to detect photometrically. For example, Mathieu & Geller (2009)
found that in the old open cluster NGC 188, 16 of the 21 BSS are in binary systems,
and all but three of these have periods of ∼1000 days. Similarly in M67, five of the
six binary BSS have periods of 800-5000 days (Latham & Milone 1996, Pribulla et al.
2008). Information on whether any binaries in GGCs (rather than open clusters) are in
long-period systems is nonexistent, most likely because GGCs are distant and crowded
enough that multi-object multi-epoch spectroscopy which would confirm or deny the
presence of long-period binary BSS is difficult to obtain compared to a short-timespan
wide-field photometric variability survey. However, often, these photometric surveys
(such as our ground-based survey) are unlikely to detect the long-period systems simply
due to their limited time baselines and/or frequency of observations.
Since there is a wealth of recent evidence that most or all BSS either originate as
binaries, or at the very least that binary systems play a key role in BSS formation (e.g.
Sollima et al. 2008, Knigge et al. 2009, Chen & Han 2009), it is interesting that the
lack of BSS in close binary systems is consistent with the total cluster binary fractions
predicted by Milone et al., which are below 20% for all but the most sparse GGCs. For

45

this reason, more high-resolution space-based spectroscopic surveys of GGCs are
crucial for measuring the true fraction of BSS which are in binary systems.
The remainder of this Chapter is devoted to presenting and placing in context our
results in regards to the SX Phe. We have detected 13 new SX Phe, and we will now
present an analysis of their properties in light of the properties of SX Phe in GGCs in
general and how they relate to each other.
3.2 New Variables
The new variables that we have detected in our target clusters are listed in Table
3-1, where we give their periods, V-band amplitudes, mean colors, mean magnitudes,
and the false alarm probability (FAP) corresponding to the detected period. Amplitudes
are not given for stars for which we could not derive a flux-to-magnitude conversion
(meaning they couldn’t be detected via aperture photometry of the ISIS reference image
due to crowding). Although we give the periods to four decimal places here, their formal
errors are generally somewhat smaller, and are presented in sect. 3.5 along with the
light curves of the variables.
Table 3-1. New SX Phe Variables
Cluster
Star
Period AV
NGC5986 bss1
0.0586 0.04
NGC6101 bss69
0.0531 0.6
NGC6101 bss120 0.0456 0.10
NGC6101 bss176 0.0469 0.3
NGC6101 bss201 0.0547 0.2
NGC6101 bss128 0.0422 N/A
NGC6101 bss140 0.0783 N/A
NGC6101 bss168 0.0251 N/A
NGC6101 bss192 0.0335 N/A
NGC6101 bss205 0.0456 N/A
NGC6101 bss220 0.0382 N/A
NGC6352 bss144 0.1722 0.02
NGC6352 bss183 0.1797 0.15

hBi-hVi
0.654
0.263
0.376
0.354
0.468
0.285
0.475
0.207
0.235
0.329
0.313
0.800
0.718

hVi
19.238
19.047
18.806
19.062
19.140
19.352
19.009
17.994
18.075
19.243
19.065
18.442
17.375

FAP
0.000
0.000
0.000
0.010
0.036
0.001
0.020
0.014
0.000
0.003
0.002
0.001
0.000

Comments
F mode?
F mode
1OT mode
F mode
F mode
F mode
g-mode?
p-mode?
p-mode?
F mode
1OT mode
prob. field star
prob. field star

As can be seen, we have failed to detect any variables in 3 of our previously
unsearched target clusters. Based on the aforementioned completeness tests, the
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chance of a BSS falling outside our selection region is <5%, and the chance of our
missing a true variable among the selected BSS is <13%. To place these results in
context and try to understand why 3 of our target clusters most likely do not harbor any
SX Phe, we now discuss our expectations based on the previously known population
of SX Phe variables. We will revisit all of our new variables individually in more detail in
sect. 3.5.
3.3 Placing Our Results In Context: Properties of SX Phe in GGCs
3.3.1 The Updated SX Phe Catalog
The detection and characterization of SX Phe has become vastly more feasible
in recent years due to the advent of high-resolution digital detectors as well as more
advanced data reduction and variable search techniques such as PSF fitting and image
subtraction. In fact, 25 additional SX Phe in 4 clusters have been discovered by other
authors just since we began this project several years ago. For this reason, our first step
in investigating the currently known GGC SX Phe population was to update the most
recent catalog of SX Phe in GGCs, published by Rodriguez & Lopez-Gonzalez (2000),
with all of the SX Phe in GGCs discovered since its publication. The updated total
number of known SX Phe in GGCs is now 215, so that we have updated the original
catalog of 122 stars with 93 additional SX Phe with known periods and amplitudes
discovered in the last nine years.
Next, armed with a complete-to-date table of properties of SX Phe in GGCs, we
have searched for correlations within their variability properties, including number,
fraction (percentage of BSS which are SX Phe), period, amplitude, and mean magnitude
(relative to the cluster turnoff), and importantly, we have searched for correlations
between these properties and properties of their host clusters, including metallicity, HB
morphology, number of BSS, central concentration, and Galactocentric distance, and we
now discuss our findings.
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Figure 3-3. Amplitude vs. Period for all SX Phe in GGCs with known V-band periods and
amplitudes. For the 4 clusters with the largest number of SX Phe, their SX
Phe have been plotted in a different color for each cluster to illustrate the
uniformity of the SX Phe period-amplitude distribution among GGCs. The
periods used here have been “fundamentalized” so that known first- and
second-overtone radial pulsators have had their periods corrected to the
fundamental-mode period using well-constrained period ratios from recent
models.
3.3.2 Period and Amplitude Distribution
One of the primary issues which the ground-based survey was designed to address
is whether the periods and amplitudes of SX Phe depend perceptably on any properties
of their host clusters. To answer this question, we show the SX Phe period-amplitude
diagram in Fig. 3-3 for the entire catalog of all SX Phe in GGCs. In addition, we have
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Figure 3-4. Period and Amplitude distributions of SX Phe in GGCs normalized to their
total number. The four clusters with the most SX Phe are shown individually
in different colors.
plotted the SX Phe of different host clusters in different colors for the 4 GGCs with the
largest SX Phe populations.
Fig. 3-3 illustrates that SX Phe in different clusters distribute themselves in a
remarkably similar way in the period-amplitude diagram. To further illustrate this point,
we show in Fig. 3-4 the normalized period and amplitude distributions for the 4 most
populous (in SX Phe) clusters individually as well as the mean for all of the SX Phe in
GGCs.
We can see from Fig. 3-4 that, for all GGCs harboring SX Phe, even those with
a small total number of SX Phe, a very small fraction of SX Phe have large (AV >0.2)
amplitudes and long (P>0.07d) periods, and the majority of SX Phe are concentrated
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at the short-period, low-amplitude end of the period-amplitude distribution. This is a
fairly powerful result, since it implies that the pulsational properties of these stars are
not, overall, dictated by global cluster properties such as metallicity or age. To put
it another way, knowledge of cluster properties does not allow one to “window” the
period-amplitude diagram. Rather, the opposite is true: We may predict the SX Phe
period-amplitude distribution without any knowledge of cluster properties since this
distribution is very similar among all clusters with SX Phe. It should be pointed out that
the dropoff at the short end of the period distribution is unlikely to be due to a selection
effect: All three sets of recent pulsational models of SX Phe (Santolamazza et al. 2001,
hereafter S01, Templeton et al. 2002, hereafter T02, and Olech et al. 2005) all predict a
minimum pulsation period for SX Phe of ∼0.016 days.
The observed period distribution can also be compared to model predictions
to gain insight into the physical properties of SX Phe and BSS in GGCs. All of the
aforementioned models predict that at the mass range occupied by SX Phe in GGCs,
their fundamental mode periods should be concentrated below 0.1d. In addition, higher
order radial modes will have periods which are shorter than the fundamental mode,
and this period ratio as a function of mode has been calculated fairly precisely by S01
and others. This is consistent with what we find, since our SX Phe catalog is comprised
largely of fundamental and first overtone pulsators. At first, this seems to be at odds
with the predictions of S01 that SX Phe should be “enthusiastic” overtone pulsators.
However, this is due largely to a selection effect: Higher-order radial pulsations are seen
in many of the SX Phe in our catalog, but in addition to the fact that they are seen in
multi-modal stars in which the fundamental or first overtone mode is dominant (e.g.
Olech et al. 2005), the higher-order radial modes always manifest themselves with a
smaller amplitudes than the first couple of radial modes, making them more difficult to
detect, especially in multi-model pulsators. Also, these higher-order radial modes occur
at periods shorter than the fundamental mode, so they cannot be responsible for the
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very small “tail” towards the bright end of the SX Phe period distribution. Therefore, the
tail must be due to non-radial modes, either p-modes or g-modes, which, based on the
observed period distribution, are relatively rare in these stars.
In regards to the amplitude distribution, SX Phe models are as of yet unable to
predict pulsation amplitudes or generate synthetic light curves as has been done for
more luminous instability strip pulsators. However, the amplitudes of the SX Phe in
our catalog correspond to mostly fundamental and first overtone radial pulsations, as
mentioned above, and these amplitudes are under 0.1 mag for half of the SX Phe in the
catalog. Early studies of SX Phe pulsations (McNamara 1995, 1997) suggested that
fundamental mode pulsators have larger amplitudes, but our results reinforce the insight
of S01 that this was due to a selection effect, and pulsational models have shown that
low-order radial pulsators can have small amplitudes if they are near the red edge of
the instability strip (and conversely, high overtone pulsators can have readily detectable
amplitudes if they are hot enough). Ultimately, our results bolster the claims of other
authors that, in lieu of other information, SX Phe amplitudes should never be used as a
mode diagnostic.
3.3.3 SX Phe Luminosity Function
We may now examine the luminosity function of the SX Phe in our catalog. We
show the luminosity function (LF) for all SX Phe in GGCs in Fig. 3-5, where we use
magnitude from the main-seqence turnoff as our luminosity indicator to avoid systematic
errors caused by uncertainties in distance estimates.
Based on the observed SX Phe LF, SX Phe which lie more than 1.6 mag above the
turnoff are rare. In fact, in this respect, Fig. 3-5 bears a distinct similarity to the BSS LF
in Fig. 4 of Sarajedini (1993) in two respects: Firstly, the dropoff at the faint end of both
LFs is rendered less sharp by a selection effect. In their case, it was due to the similarity
in color between BSS and main sequence stars at the turnoff. In our case, it is due to
the broad metallicity range of clusters with SX Phe causing some spread in estimates of
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Figure 3-5. Luminosity function of all observed SX Phe in GGCs, normalized to their
total number and expressed in units of V magnitude from the turnoff of their
host cluster.
V(SX)-V(TO) between clusters. Specifically, clusters over a broad metallicity range have
varying CMD morphologies around the turnoff and the subgiant branch, some of which
allow a more precise estimate of V(TO) than others. The second similarity is the dropoff
on the bright side of the LF peak, which in both cases occurs 1.6 mag brighter than the
turnoff. Sarajedini (1993) points out that this magnitude corresponds to a mass twice
the typical GGC turnoff mass, fairly independently of chemical composition. In our case,
the SX Phe LF implies that SX Phe pulsating with observable amplitudes (AV >0.01)
have relatively low masses and luminosities, and the bright tail seen on the SX Phe LF
could likely be explained by 3-body interactions between binaries and single stars and
subsequent evolution. We will revisit the SX Phe LF in the context of the BSS LFs from
the ACS survey in Chapter 3.
3.3.4 SX Phe and Cluster Properties
The next step in our investigation was to search for correlations between each
of several cluster properties (metallicity, HB morphology, integrated V magnitude,
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concentration, heliocentric distance, and galactocentric distance) and the presence
of SX Phe, the total number of SX Phe, and the fraction of BSS which are SX Phe
in a cluster. The first step in this analysis is to calculate the fraction of BSS which
are SX Phe in each cluster, which requires estimating the total number of BSS. The
uncertainties on this quantity are generally fairly large, since this fraction is only
meaningful if the number of BSS and the number of SX Phe are calculated from the
same observations. This becomes tricky, as the variability studies resulting in the
detection of SX Phe in various clusters are extremely heterogenous, and in some
cases lack basic information including field of view, exposure time, limiting magnitude,
or number of exposures. Furthermore, even among the studies which did contain
this information, not all of them had CMDs from which the number of BSS could be
estimated - this number is not neccessarily the actual total number of BSS, which can
be found from deep, multicolor ground-based CMDs combined with HST studies for
an ever-growing number of GGCs. Rather, for this fraction to be meaningful, we are
interested in the total number of BSS detected within the same limits in which the SX
Phe were detected. Given these uncertainties, we have placed Poissonian (or larger)
errors on the number of BSS in a cluster as estimated from the observations which
resulted in the discovery of the SX Phe.
The dotted line in Fig. 3-6 represents a fraction of N(SX)/N(BSS)=0.5, and the fact
that four clusters lie exactly on this line is an artifact of the estimation of N(BSS) to be
approximately twice N(SX). It is clear that in all GGCs, SX Phe pulsations are observed
in under half of the BSS, and we revisit this point in the context of the SX Phe luminosity
function later. With regard to correlations between the number of SX Phe and host
cluster properties, we found that neither the fraction nor the total number of observed SX
Phe correlates with any of the aforementioned cluster properties. Next, we investigated
whether the mere presence of SX Phe correlates with any cluster properties. To do so,
we plotted normalized histograms of all GGCs from the H96 catalog with respect to each
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Figure 3-6. The number of BSS vs. the number of SX Phe in all GGCs which have
known SX Phe. As discussed in the text, the number of BSS was estimated
from the study reporting the detection of the SX Phe. The dotted line
represents a fraction of N(SX)/N(BSS)=0.5.
property, and compared them with normalized histograms of only the clusters containing
SX Phe. This comparison is shown in Fig. 3-7
With the caveat that the number of clusters with known SX Phe is still fairly small so
that the Poissonian error bars are relatively large, we see an interesting result, which is
that the distribution of clusters harboring SX Phe is very similar to the distribution of all
the clusters with respect to a given property, such as metallicity or HB morphology. This
implies that, indeed, whether or not a cluster has SX Phe is random rather than being
influenced by any specific properties of the cluster. The only properties for which this
is not the case are heliocentric and Galactocentric distance, due to selection effects:
Because SX Phe are low-amplitude pulsators, they are most easily detected in the
closest clusters, those with the same Galactocentric distance as the Milky Way. Clusters
with very small Galactocentric distances are difficult to survey for SX Phe since they lie
in the direction of the bulge, where field star contamination and reddening can hinder
selection of BSS (or cluster members in general) and photometric precision respectively.
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Figure 3-7. Normalized histograms of all GGCs from H96 vs. 6 different cluster
properties. Normalized histograms of only the clusters containing SX Phe
are overplotted in red, along with the corresponding error bars.
Predictably, this was the case to some extent with our target clusters NGC 5986 and
NGC 6352, and is one of the primary reasons for making our CMD-based BSS selection
process overly inclusive rather than overly exclusive.
3.4 SX Phe Period-Luminosity Relation
A motivating factor behind the ground-based survey is the fact that SX Phe are
known to exhibit a period-luminosity relationship (PLR) akin to that found for Cepheids,
and hence can be used as distance indicators. In fact, it currently appears that SX
Phe, δ Scuti, and classical Cepheids may all follow the same PLR (S01 and references
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therein). SX Phe are fainter than other pulsational distance indicators such as Cepheids
and RR Lyrae, although not always by very much: The bright end of the SX Phe
magnitude range in a given population can be at least as bright as the tail of the
horizontal branch (see Fig. 2.1), rendering SX Phe oscillations detectable in variability
studies of extragalactic populations, such as the dwarf spheroidal galaxies Fornax
(Poretti et al. 2008) and Carina (Mateo et al. 1998, Poretti 1999), and these studies
suggest that extragalactic SX Phe follow the same PLR as that found in GGCs, at least
to within the precision that the observations allow. Increasing the precision of the SX
Phe PLR is useful because it is plausible that, in a given population, RR Lyrae and
Cepheids can be sparse or nonexistent (or saturated in a series of observations targeted
below the horizontal branch), but several SX Phe pulsating in radial modes exist, so that
the SX Phe are the only type of pulsator populous enough to yield a distance estimate.
Since early analyses of the SX Phe PLR (Nemec et al. 1994, McNamara 1997),
there has been a debate as to whether to include a color and/or metallicity term in
the PLR, resulting in a period-luminosity-color-metallicity relation, or PLCZR. This
would reduce the errors of the coefficients (Petersen & Christian-Dalsgaard 1999),
seemingly yielding more precise distances. S01 used pulsational models to formulate
a PLCZR based on theoretical quantities (Mbol , Te , Z) and found that the addition of
the metallicity term reduced the errors on the coefficients by a factor of up to 50%.
However, since they worked in theoretical quantities rather than observational ones,
the precision of these calibrations once they are actually applied to observations would
depend largely on the precision of the color transformation and how well the cluster
metallicity is known, which is required to apply their PLCZR in the observational plane.
T02, motivated by the findings of Pych et al. (2001) that the color term in the PLR is
insignificant (also found recently by Poretti et al. 2008 for the large sample of SX Phe
in the Fornax DSph), used their models to produce a PLR (without color and metallicity
terms). The results of the T02 models are nearly identical to those of S01 despite the
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use of different pulsation codes, evolutionary codes, and color corrections. Since T02
transformed their models to the observational (period-MV ) plane, we shall use them
instead of those of S01. T02 compare their PLR to the SX Phe in M55 from Pych et
al. (2001) and point out that, while the slope of their PLR is in good agreement with
previous observational and theoretical PLRs, the zero point is systematically too low,
which they explain as a consequence of their choice of a purely theoretical quantity for
determining the predicted period for a given model. The most recent SX Phe models
are those of Olech et al. (2005), which were applied to the large and diverse SX Phe
population of ω Cen. Their models show two interesting features: First, the PLR at a
given mass and metallicity is non-linear. Second, metallicity has an effect on the PLR.
Based on these facts, they claim that “the relations depend on the color and the metal
content. Thus, application of SX Phe as standard candles seems problematical”. We
intend to show that this is not the case by generating an empirical PLR capable of
yielding distance estimates to within a well-defined precision.
There have been several previous observational attempts at a broadly applicable
SX Phe PLR. Perhaps the most promising is that of Jeon et al. (2004), who fit a PLR to
observed radial-mode SX Phe in NGC 5466. Their PLR agrees with previous empirical
PLRs as well as the theoretical PLRs of S01 and T02 to within the (relatively large)
errors. In this sense, we have what may be a “universal” empirical PLR from Jeon et al.
(2004), and a “universal” theoretical PLR from T02, neither of which requires knowledge
of colors or metallicities. However, all empirical PLRs have been derived based on single
clusters, which have no significant spread in age or metallicity. This means that they
have been derived over a limited period range, which is why the PLR fits are successful
and their errors are relatively large. Poretti et al. (2008) attempted an empirical SX
Phe PLR using multiple GGCs which yielded coefficients consistent with the Milky Way
and extragalactic δ Scuti PLR. However, their sample consisted of only a subset of the
fundamental-mode SX Phe in ω Cen, they included SX Phe from M55 which are clearly
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non-fundmental-mode pulsators based on the P-L diagram of Pych et al. (2001), and
the rest of their “Milky Way” sample consisted of 23 field δ Scuti variables. We decided
to use our updated catalog to fit a new empirical PLR to all fundamental mode SX Phe
in GGCs and test whether the aforementioned “universal” observational and theoretical
PLRs are consistent with the GGC SX Phe population en masse. If the resulting PLR is
consistent with theoretical predictions, it can then be used to yield distance estimates
without requiring knowledge of the host population reddening or metallicity.
To minimize scatter in the PLR which we are deriving, we have stripped our updated
GGC SX Phe catalog down to only those which, based on the individual variability
studies of the host clusters, are known to be pulsating in the fundamental mode. We
could have chosen any radial mode for this purpose, but across our entire sample of
SX Phe in GGCs, confirmed fundamental mode pulsators are more common than any
other mode. At first this appears contrary to the theoretical predictions of Gilliland et al.
(1998) and S01 that SX Phe in general should pulsate more in higher overtone modes
than in the fundamental mode. However, this discrepancy is due to astrophysical as well
as selection effects: non-fundamental-mode pulsations are distributed over many higher
order radial modes, have period ratios closer to one for higher modes, and generally
have smaller amplitudes. For purposes of a PLR, we need the single mode which can
be most reliably identified and is observed over the broadest period baseline, which is
the fundamental mode.
Our final sample of fundamental-mode pulsators contains a total of 87 SX Phe in 15
clusters, after exluding all SX Phe in NGC 3201 and NGC 4372 due to the differential
reddening in those clusters (Piersimoni et al. 2002, Gerashchenko et al. 1999). These
data are shown in Fig. 3-8, along with the PLR we obtained from a linear least-squares
fit, and we overplot the PLR of Jeon et al. (2004) for comparison. In addition, we show
the fundamental blue edge (FBE) from T02 as well as Olech et al. (2005). The FBE
is the bright magnitude limit as a function of period for a given radial pulsation mode
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Figure 3-8. MV vs. Log Period for all fundamental-mode SX Phe in GGCs. Our PLR,
which is a linear fit to these data, is shown as a solid line. For comparison,
the “universal” empirical PLR of Jeon et al. (2004) is shown as a dashed
line, the theoretical PLR of T02 as a red dotted line, the FBE of T02 as a
blue dotted line, and the FBE of Olech et al. (2005) as a blue dot-dashed
line. Typical uncertainties on individual MV values are ∼0.1 mag.
(in this case fundamental) or in the color-magnitude plane, the blue limit at a given
magnitude. The FBE serves as the principal discriminant between modes, so, for
example, if a star has a period shorter than the FBE (or a color bluer than the FBE,
equivalent to a temperature hotter than the FBE) for its magnitude, it cannot be a
fundamental mode pulsator.
We have already mentioned the zero point offset in the PLR of T02, and it is evident
that the T02 FBE (and that of S01 since they are nearly identical) is also systematically
about 0.2 mag fainter than that of Olech et al. (2005), although for higher-order radial
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modes, the blue edges of T02 and Olech et al. (2005) agree quite well. Also, Olech et al.
(2005) find that metallicity does affect the PLRs and the FBEs, but not hugely at a given
mass: They plot two models, one with Z=0.002 and one with Z=0.0002, and according
to their Fig. 5, the difference between the resulting FBEs and PLRs due to their different
metallicities increases with period. This difference is under 0.05 mag for the FBE and
the PLR at the short end of the SX Phe period range (Log P<-1.5), and has a maximum
value of ∼0.1 mag at long periods (Log P∼-1.0) and low masses (M≤0.85MSun ). The
PLR which we fit to the fundamental mode GGC SX Phe, shown in Fig. 3-8, is:

MV = −0.946 ± 0.227 − 3.015 ± 0.171LogPf

(3–2)

This PLR agrees with those of S01, T02, and Jeon et al. (2004) as well as previous
empirical PLRs based on individual clusters (M55, Pych et al. 2001 and M53, Jeon et
al. 2003) to within its 1σ uncertainties. Regarding the usefulness of our PLR, the 1σ
error on the slope is smaller than that of the Jeon et al. (2004) PLR, so we investigated
whether the remaining scatter is due to an effect of color or metallicity, and we found no
significant correlation with either in the residuals. Bearing in mind that at least some of
the scatter is due to uncertainties in the distance moduli used to convert from V to MV
- H96 estimates a precision of 0.1 mag - it seems that the most likely explanation is the
following: Olech et al. (2005) are correct about the difficulty in using an SX Phe PLR
for distance determination in the sense that mass is the parameter that has the largest
effect on the PLR. However, without a priori knowledge of this quantity, we may still use
our PLR to determine distances, and the penalty we incur is the increased uncertainties
of the coefficients in the linear fit, and hence an increased uncertainty in the resulting
distance. These uncertainties should have a fixed ceiling which is determined by the
effects that mass, temperature, and metallicity have on period over the observed SX
Phe period range. This appears to be the case, as the models of S01 (which result in
nearly identical FBEs and PLRs to those of T02), which cover ranges of M=1.0-1.4MSun ,

60

L=0.6-1.5LSun and Z=0.001 and 0.0001, result in a spread of ∼1 mag at a given period
for fundamental mode pulsators, and this spread decreases with increasing period.
However, in a practical sense, it is unlikely that SX Phe in a given population, even
one comprised of stars with multiple ages and metallicities, will vary over this wide a
range of properties. In summary, the models of Olech et al. (2005) can be used for
mode identification and distance determination if colors and metallicities are known.
Alternatively, with no knowledge of color or metallicity, our PLR can be used to estimate
distances to a precision of <20% for periods under 0.1 days, which is the period range
occupied by the vast majority of SX Phe as discussed in the context of the period
distribution in Sect. 3.3.
Another interesting aspect of the PLR which we find based on SX Phe in GGCs is
its relationship to the PLRs derived by other mode luminous instability strip pulsators.
For example, Majaess et al. (2010) used a V-I Wesenheit relation to show two PLRs
which extend nearly continuously down the instability strip from Chepheids to δ
Scuti variables, where these two relations correspond to metal-rich and metal-poor
populations. For example, classical Cepheids and δ Scuti variables fall on a narly
continuous relation, while Type II (metal-poor) Cepheids and RR Lyrae variables share
another continuous relation. Since these relations appear to intersect at a magnitude
fainter than the δ Scuti variables, we decided to compare our SX Phe PLR with those
resulting from other more luminous instability strip pulsators, which is shown in Fig. 3-9.
The classical Cepheids are Galactic field Cepheids from Fouque et al. (2007),
the Type II Cepheids are from Pritzl et al. (2003), the RR Lyrae are mean values for
30 GGCs from Bono et al. (2007), and the δ Scutis are fundamental mode field stars
from McNamara (1997). The result with respect to the SX Phe is quite interesting,
which is that, while the metal-poor and metal-rich relations intersect in the region of the
diagram occupied by the SX Phe, the PLR which we derive from the SX Phe agrees
remarkably well with that of the Galactic Cepheids, which are metal rich. Furthermore,
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Figure 3-9. Period-Luminosity relations for our fundamental mode SX Phe (Black points,
solid line) compared to the Jeon (2004) SX Phe PLR (dotted line), classical
Cepheids (red), field δ Scuti (green), Type II Cepheids (blue) and GGC RR
Lyrae (black crosses).
no metallicity cut in our SX Phe population would produce a slope consistent with the
metal-poor Type II Cepheid relation, due to the aforementioned lack of a relationship
between the metallicity and the individual (or cluster mean) residuals from our PLR. One
interesting possibility is that the metallicities of at least some of our SX Phe, because
of evolutionary processes resulting in the creation of BSS, are not identical to their host
cluster metallicities as we have assumed. However, such a systematic enrichment of
all of the fundamental mode SX Phe seems unlikely, although further study of individual
pulsators as well as BSS formation and evolution is clearly required.
Having discussed the SX Phe PLR and FBE in light of recent models as well as
observations, we will now apply our PLR as a diagnostic tool in order to characterize the
new variables which we have discovered.
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3.5 Results: Individual SX Phe
The traditional method of identifying the pulsational modes of SX Phe is to use
a period-MV diagram in combination with a CMD. This way, evolutionary tracks and
pulsational models can be compared to the observed loci of the pulsators. We adopt the
basic strategy of Olech et al. (2005), which is to hypothesize that SX Phe follow “normal”
single-star evolutionary tracks, and any discrepancy between the results of the CMD and
the results of the period-luminosity diagram (PLD) indicates that our hypothesis may be
incorrect in that case. However, the assumption that SX Phe evolve normally is a sound
starting point based on evolutionary models of BSS: Sills et al. (2009 and references
therein) point out that for single-star collisions and primordial binary mergers, models
predict that the evolutionary tracks of the resulting BSS are essentially identical to those
of normal single stars with the same position on the CMD.
We present the results for each target cluster as follows: First, we show the ANOVA
power spectra (left side) and the phased light curves (right side) of all the variables.
Next, we show a CMD zoomed in on the BSS region with the detected SX Phe
overplotted. We also overplot the evolutionary tracks from Dotter et al. (2008) which
bracket the cluster metallicity and the mass range of the detected variables. For this
purpose, (m-M)V and E(B-V) values and their errors have been calculated from the most
recent photometric studies of the cluster in question. The typical color and magnitude
uncertainty of this procedure is shown by the error bars in the lower left corner of the
CMD, where the uncertainty in color is a combination of the uncertainty in the reddening
and the photometric error σB −V . The magnitude uncertainty primarily reflects the
uncertainty in the distance modulus since the photometric error σV is negligible on this
scale in comparison. Finally, we show the fundamental (F), first overtone (1OT), and
second overtone (2OT) blue edges (from redder to bluer) from Olech et al. (2005),
shown for the cluster metallicity (although, as discussed above, metallicity has little
influence on the location of the blue edges), to aid in mode identification. Below the
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CMD, we show the PLD, where MV has been calculated using the same distance
modulus as for the CMD, and its uncertainty is shown again on the right hand side of
the plot since the magnitude scale is different than that of the CMD. To help identify
pulsation modes and characterize variables, we show the PLRs of this study (empirical)
and T02 (theoretical) as well as the blue edges from T02 and Olech et al. (2005, again
shown for the cluster metallicity). The blue edge moves to shorter periods as mode
order increases.
3.5.1 NGC 6101
NGC 6101 is the only one of our target clusters which harbors a significant
population of variable BSS. In Figs. 3-10 and 3-11, we show the ANOVA power
spectra and phased light curves of all of the detected SX Phe in NGC 6101. For each
variable, the left plot shows the power spectrum and gives the period, its error, and the
signal-to-noise of the peak in the power spectrum corresponding to the detected period.
The right plot shows the light curve, phased with that period, and gives the number
of the star (assigned arbitrarily based on vertical position on the detector), the period
(again), and the false alarm probability (FAP) corresponding to that period.
In Fig. 3-12, we show our CMD of the field containing NGC 6101, with the locations
of the SX Phe indicated by diamonds. Below that, we show the period-magnitude
diagram, with our variables again plotted as diamonds.
NGC 6101 is the only one of our target clusters which was found to harbor multiple
variables pulsating in the fundamental mode and the first overtone mode. The five
fundamental mode variables are bss69, 128, 176, 201, and 205. Based on their
positions on the CMD, they all have masses in the range 0.85-0.95MSun , and these
masses are consistent with their position on the PLD according to Fig. 5 of Olech et
al. (2005). It is unlikely that bss140 is also a fundamental mode pulsator as well: Its
location on the CMD and the PLD are both consistent with a mass of 0.9MSun and
its period is well determined. This star may be exhibiting a g-mode, which would be
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Figure 3-10. Periodograms (left) and phased light curves (right) for five of the detected
variable BSS in NGC 6101.
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Figure 3-11. Periodograms (left) and phased light curves (right) for the remaining five
variable BSS in NGC 6101.
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Figure 3-12. CMD of NGC 6101 (top) with detected variables overplotted as diamonds.
Evolutionary tracks from Dotter et al. (2008) are shown for the two
metallicities (red and blue) which bracket the cluster value, and the three
parallel lines show the F,1OT and 2OT blue edges from Olech et al. (2005).
In the PLD (bottom), our variables are again plotted as diamonds and
compared with SX Phe PLRs and the first three mode blue edges (BE).
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Figure 3-13. Power spectrum and phased light curve for a second mode detected in
bss205 in NGC 6101, shown after prewhitening.
especially likely since its temperature is not especially high- we find Te ∼7000-7200K
based on the single-star evolutionary tracks.
Of the four remaining variables, bss120 and bss220 are probably radial first
overtone pulsators as they can be seen defining a second sequence parallel to the
fundamental mode and offset by an amount corresponding to the correct period ratio
of the first overtone to the fundamental mode. In this case, they both have masses of
∼0.95MSun , in excellent agreement with Fig. 5 of Olech et al. (2005).
One of the fundamental mode pulsators, bss205, is the only star in our sample
found to be exhibiting any significant additional periods after prewhitening. This star was
found to have a second period, and the corresponding periodogram and phased light
curve (shown after prewhitening of the primary period) are shown in Fig. 3-13. Although
the position of the second period on the PLD appears approximately consistent with
the 1OT sequence, the period ratio is 0.70±0.01, too low for the shorter pulsation to be
radial since all recent models (S01, T02, Olech et al. 2005) find that the period ratio of
1OT/F is at least 0.76, and higher modes have period ratios closer to 1. This period is
probably indicative of a non-radial mode, extremely common in SX Phe, especially in
close proximity to radial overtone modes in frequency space (Olech et al. 2005), in this
case the 1OT radial mode.
The two remaining stars have very short periods and very high luminosities, and
their locations on the CMD imply masses of 1.1-1.2MSun . They are not pulsating in high
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Figure 3-14. Same as for Fig. 3-10, but for variables in NGC 6352.
order radial modes because these modes have period ratios to the fundamental mode
of close to one, so their periods would be longer. The probable explanation is that they
are exhibiting high-order p-modes. This is not uncommon in luminous, short-period SX
Phe and has been seen in several other GGCs, including the SX Phe V221 and others
in ω Cen from Olech et al. (2005) as well as two SX Phe in NGC 3201 seen in the PLD
of Mazur et al. (2003).
3.5.2 NGC 6352
The light curves of the two variables which we detected in NGC 6352 are shown
in Fig. 3-14, and their locations on the CMD and period-magnitude diagram are shown
in Fig. 3-15. Both of these variables are likely too red to lie inside the instability strip
at the distance of this cluster. The positions of the stars don’t provide much of a clue they are both outside the cluster half-mass radius but well inside the tidal radius. Most
likely they are field δ Scuti, which makes sense given the stellar density of the bulge field
superimposed on our images of NGC 6352, and they made it into the BSS sample as a
consequence of our relatively relaxed CMD-based BSS selection criteria.
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Figure 3-15. Same as Fig. 3-12, but for NGC 6352.
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3.5.3 NGC 5986
We only detected one variable among the BSS in NGC 5986, shown in Figs. 3-17
and 3-16. Although it is on the faint border of the fundamental mode PLRs and close
to the red border of the instability strip, the CMD, the PLD, and the models of Olech et
al. (2005) all consistently predict a mass of 0.85-0.9MSun . This, in combination with the
large uncertainty in the distance modulus of NGC 5986, suggests that this star is likely a
fundamental radial mode SX Phe.
3.6 The SX Phe-Blue Straggler Connection
One of the interesting traits of SX Phe in GGCs is that all of those detected (at
least of those observed in more than one color) have been found to be BSS, which is a
motivating factor behind SX Phe pulsation analysis. We decided to determine whether
this is a coincidence or whether it is indeed the case that because of the location of
the instability strip and the age and metallicity range of GGCs, any SX Phe detected
in a GGC must be a BSS. To this end, we have plotted in Fig. 3-18. a color-magnitude
diagram showing all SX Phe in GGCs with known B-V colors and V magnitudes,
corrected for distance and reddening using the cluster distance moduli and reddening
values from the H96 catalog.
In addition, we have overplotted isochrones and zero-age main sequences (ZAMS)
from the Dartmouth stellar evolution database (Dotter et al. 2008) for 2 sets of ages
(8 and 14 Gyr) and metallicities ([Fe/H]=-0.5 and -2.5) which bracket the age and
metallicity range of GGCs. To demarcate the location of the instability strip, we have
also overplotted the blue edges for the first three pulsation modes as in the previous
section to indicate the approximate location of the blue edge of the instability strip.
Multiple studies of SX Phe and δ Scuti pulsators have confirmed that, as with RR Lyraes,
the width of the instability strip is ∼0.3 mag in (B-V), corresponding to 200-300K in
temperature (e.g. McNamara et al. 1997, Poretti et al. 2008). Based on this figure alone,
it appears to be the case that SX Phe are not always BSS and vice versa depending
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Figure 3-16. Same as Fig. 3-12, but for NGC 5986.
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Figure 3-17. Same as for Fig. 3-10, but for variables in NGC 5986.

Figure 3-18. CMD showing all GGC SX Phe with known V magnitudes and B-V colors.
The blue and red lines represent isochrones with [Fe/H]=-2.5 and
[Fe/H]=-0.5 respectively and each pair of isochrones corresponds to ages
of 8 and 14 Gyr. The ZAMS corresponding to the two [Fe/H] values is
shown also. The three parallel lines are the first three radial mode FBEs as
in the previous section, shown to demarcate the blue edge of the instability
strip.
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Figure 3-19. As above, but showing color and magnitude relative to the host cluster
turnoff. The ZAMS are shown as in the upper plot, and the dotted lines are
used to indicate the location of the blue straggler region.
on the age and metallicity of the population in question. For example, if a population is
metal-poor and young, a significant portion of the upper main sequence passes through
the instability strip in the luminosity range of SX Phe. Why, then, have all SX Phe in
GGCs been found to be BSS rather than main sequence stars near the turnoff?
To gain some insight into this question, we replotted the colors and magnitudes
of all of the GGC SX Phe, but this time relative to the turnoff color and magnitude in
their host clusters. This diagram is shown in Fig. 3-19. Bearing in mind that both of
these values typically have systematic errors of at least ∼0.1 mag, a somewhat different
picture emerges. We find that, in the clusters in which they are found, all SX Phe are
probably BSS, meaning that they are all bluer and brighter than the turnoff of their host
cluster so that none are subgiants or main sequence stars. The primary reason for
this is that, in the Milky Way, all of the most metal-poor clusters are old, and only at
intermediate metallicities do some (but not all) GGCs have younger ages (Marin-Franch
et al. 2009, Dotter et al. 2010). If it is the case in other stellar systems that younger
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populations can remain metal-poor, than we should expect to see non-BSS SX Phe
there, but as of yet there is no observational testbed for this hypothesis, at least in the
Local Group.
Fig. 3-19 also sheds some light on why there are so few SX Phe found in metal-rich
GGCs: The BSS in these clusters, even if they lie very close to the ZAMS, must be at
least 0.5 mag brighter than the turnoff to lie within the red edge of the instability strip.
We have seen that the SX Phe luminosity function peaks at about 0.6-0.8 mag above
the turnoff depending on the cluster integrated magnitude. Hence, for metal-rich GGCs,
the majority of SX Phe would need to be significantly redder than the ZAMS in order to
fall within the red boundary of the instability strip. In other words, although a photometric
selection bias would dictate that these brighter BSS, which lie in the instability strip,
would be more easily found, they are also intrinsically more rare, as we will see in
Chapter 4.
In Chapter 4, we will discuss the luminosity functions for all BSS in GGCs
as detected using the ACS Galactic Globular Cluster Treasury Survey, and their
implications for BSS formation and evolution as well as SX Phe.

75

CHAPTER 4
THE BLUE STRAGGLER LUMINOSITY FUNCTION
4.1 The ACS Galactic Globular Cluster Treasury Survey
The data from the ACS Treasury Survey are ideal for examining the BSS luminosity
function (LF) for several reasons. The ACS survey was designed to produce exquisite
photometry down to several magnitudes below the main sequence turnoff for all of
the target clusters, so the signal-to-noise ratio for the BSS, which by definition reside
above the turnoff in their host GGCs, is quite high. Also, the 0.05 arcsec per pixel spatial
resolution of the ACS wide field camera (WFC) is well suited to photometry in crowded
fields such as the cores of some of the target GGCs.
For each target cluster, the data in the ACS survey consist of 4 or 5 long exposures
and one short exposure in each of two filters, F606W and F814W. The long exposures
are set to be long enough to yield photometry with signal-to-noise ≥ 10 for stars with
M≥0.2MSun . The short exposures are designed to detect brighter cluster populations
such as the horizontal branch, red giant branch, and asymptotic giant branch, without
saturating them. A primary advantage of the ACS dataset is that it has been used to
determine many cluster properties homogenously: Isochrones and evolutionary tracks in
the ACS filter system from the Dartmouth stellar evolutionary database are presented in
Dotter et al. (2007), the resulting relative ages are given in Marin-French et al. (2009),
the details of the photometry and artificial star tests can be found in Anderson et al.
(2008), analyses of the cluster mass functions are in Paust et al. (2010), and the cluster
absolute ages are discussed in Dotter et al. (2010).
The first step in constructing the luminosity function for the BSS population of each
cluster consists of identifying the BSS from the CMD. We will now describe the method
used to accomplish this, which was applied to most of the target clusters by A. Moretti
(2008, private communication). However, some of the GGCs in the ACS survey did
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not have preexisting BSS catalogs, and we will describe the application of the target
selection method for those clusters afterwards.
4.2 BSS Selection
For each cluster, an empirical fiducial sequence was defined, running from the
lower main sequence up to at least the subgiant branch. This fiducial was created by
dividing the CMD into bins of 0.1 mag and taking the median point in color in each
bin. This procedure was done iteratively, rejecting stars outside a certain number of
standard deviations in color from the median point in each bin and recomputing the
median, lowering this number until the fiducial point (the median color) in each bin had
achieved convergence, generally at 2.5 sigma. Once the empirical fiducial sequence
was calculated, 5-sigma lines to the red and blue side were also calculated. Next, a line
representing an extension of the cluster main sequence was fit to the empirical fiducial
sequence. Our BSS selection criteria here are nearly identical to the selection criteria
in the ground-based survey with the exception of the difference in color tolerance from
the main sequence and the main sequence extension, and so Fig. 2-1 can be used as
a schematic guide to our selection process here as well. The two aforementioned minor
differences between the ground-based selection process and that used here are due
respectively to the increased photometric precision of the ACS data and the use of a
different filter combination. The selection criteria are:
1.

They are brighter than the intersection of the main sequence extension and the
5-sigma line on the blue side of the fiducial sequence. This means that in some
cases, it is possible for a BSS to be slightly fainter than the cluster turnoff, which
is predicted in certain cases for primordial binaries (Chen & Han 2008), and also
allows for photometric error.

2.

BSS must lie within 0.1 mag in color from the main sequence extension.

3.

BSS must be bluer than the 5-sigma line on the blue side of the fiducial sequence.
The power of the ACS data set is harnessed by applying this method in a

systematic, unbiased, and homogenous way to all of the ACS clusters. However, as
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mentioned previously, there was a small set of clusters for which we applied these
criteria ourselves, and found that they required a slight modification. All GGCs with
[Fe/H]>-0.8 have very red horizontal branches and very short subgiant branches.
Furthermore, most of these clusters lie towards the galactic center. This results in a
large population of field stars visible on the CMD located close to, but visibly separate
from, the BSS sequences in these clusters. Due to the small color difference between
the turnoff and the lower red giant branch in these clusters, we narrowed the color
criterion for the main sequence extension from 0.1 mag on either side to 0.075 mag
on either side. This was done consistently for all of the high-metallicity clusters (based
on the aforementioned [Fe/H] criterion), and failure to do so would have resulted in
significant field star contamination systematically contaminating the BSS luminosity
function in these clusters due to their CMD morphology.
4.3

Completeness Functions

Before we address the luminosity functions themselves, we must address the
completeness of the photometry in the ACS survey. Assessing whether a sample of
BSS in a given cluster is complete is somewhat complicated by the fact that they lie
in the magnitude range which is at the bright (and sometimes saturated) end of the
long exposures’ magnitude range, and towards the faint end of the short exposures’
magnitude range. Since artificial star tests were run for the long and short exposures
separately (Anderson et al. 2008), attempting to combine them would have required
negotiating a discontinuity in the completeness function. Our solution was to use only
the BSS present in the short exposures, since we could use the artificial star tests in
each cluster to accurately assess their completeness. Furthermore, the use of only the
short exposures maintains homogeneity between clusters since the magnitude range
in which the overlap between long and short exposures occurs varies relative to the
magnitude range of the BSS among different clusters. A check on the short exposure
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completeness that we have calculated is provided by the number of BSS is each cluster
that are present in only the long exposures, which is discussed below.
Completeness in a given cluster was shown to vary significantly as a function of
crowding, and hence radius from the cluster center (Anderson et al. 2008). Hence,
when calculating the completeness of each cluster based on the artificial star tests, we
adopted their suggestion of dividing the chip into six radial bins to attempt to minimize
this effect. This number of radial annuli is a compromise between a minimum needed
to track the effect of crowding on completeness and a maximum above which the errors
from the completeness function due to the small number of stars in each bin render a
larger number of radial annuli counterproductive. Also following Anderson et al. (2008),
an input artificial star was considered recovered if its position was within 0.5 pixels of
the input position and the magnitude was within 0.8 mag of the input magnitude. While
the positional cutoff, corresponding to less than 0.1 arcsec, is sufficient to eliminate
misidentified stars, the magnitude cutoff serves to prevent chance superpositions of
faint artificial stars on much brighter real ones or vice versa. Once the completeness
is calculated for each cluster, this completeness function, along with its Poisson errors,
can be used to correct the number of observed BSS, presumably for the ones which are
detected only in the long exposures, and a BSS luminosity function can be created for
each cluster.
4.4 Calculation of the BSS Luminosity Function
The first step in creating the BSS LF for each cluster is to count the number of
BSS present in each magnitude bin for each radial annulus used in the completeness
function. For this study, we chose to use a bin size of 0.2 mag for our completeness
and luminosity functions, again as a compromise between magnitude resolution of the
results and small number statistics. Also, we found through experimenting with different
bin sizes and radial annuli that these choices of binsize do not significantly impact the
resulting LFs or their precision. After obtaining this “raw” BSS LF for each radial bin,
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the LF is then corrected for incompleteness using our completeness function for that
bin, and the precision of the resulting LF is determined by the number of stars in a
magnitude bin as well as the precision of the completeness function as follows: If n is
the number of stars in a bin before being corrected for incompleteness and C is the
completeness fraction in that bin, then the error of the completeness is σ C , the Poisson
noise from the number of stars in that bin resulting from the artificial star tests. The
completeness corrected luminosity function is then N=n/C, and its error is:
r
σN = N

1
σ
( + ( C )2 )
n
C

(4–1)

The final cluster BSS LF is then the result of combining the completeness-corrected
LFs for all of the radial zones. Since we know from the ACS database, which includes
the long exposures, how many BSS are actually present in the cluster but missing from
the short exposures, we can assess how well our completeness function corrects for
missing BSS. In Fig. 4-1, we have plotted the actual total number of BSS in each cluster,
selected from the CMD made from long and short exposures, versus the number of BSS
that we calculate based on the short exposures and our completeness corrections.
We can see that for most of the clusters, the completeness function accounts for
the missing BSS to within ∼10%. However, for one cluster, Terzan 8, the artificial star
tests result in a completeness correction which only accounts for about half of the
missing BSS, and we suspect that this is a coincidence of the selection of long and short
exposure times in this cluster: The magnitude range occupied by the BSS is more than
two magnitudes brighter than the magnitude where the completeness function begins to
decline steadily below 80%, even for the least populated outer radial bin.
We have chosen to express our luminosity functions in terms of magnitudes
from the turnoff in the F606W filter. This choice is advantageous not only because
it minimizes systematic effects from cluster properties due to differences in CMD
morphology, but the ACS clusters all have turnoff magnitudes, reddenings, and distance
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Figure 4-1. Completeness from the artificial star tests vs. the actual fraction of BSS in
the long exposures which are missing from the short exposures.
moduli which were determined using the same methodology from Marin-Franch et al.
(2009). We now analyze the resulting BSS luminosity functions in the GGCs targeted by
the ACS survey, and before we conducted this analysis, several clusters were rejected.
Three clusters were rejected because their CMD morphologies are complicated enough
(generally due to the presence of multiple stellar populations) that selection of a BSS
region is impossible. These clusters are Lynga 7, M54, ω Cen and NGC 2808. In
addition to these clusters, we were forced to reject five additional clusters due to issues
with the original artificial star tests from which completeness corrections are calculated.
These clusters are NGC 6121, NGC 6388, NGC 6397, NGC 6441, and NGC 6624.
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Figure 4-2. Combined normalized luminosity function for all of our ACS target clusters.
4.5 BSS Luminosity Functions: Results
We show the combined normalized BSS luminosity function (LF) for all the ACS
clusters in Fig. 4-2.
The most notable feature of the BSS LF is the downturn near the main sequence
turnoff. In previous investigations, this could be considered a selection effect caused
by the difficulty in separating BSS from turnoff stars at fainter magnitudes, since fainter
BSS are redder in color as well. However, the photometric precision of the ACS data
combined with the homogenity of our BSS selection method has allowed us to identify
BSS reliably even down to the turnoff, so in the case of the ACS data, the downturn
in the BSS LF is unlikely to be a selection effect. There are two possible explanations
for this theory, and it is likely that both play a role. The first explanation is that at least
some of the BSS in GGCs have enhanced amounts of helium. Increasing the amount
of helium in a star with a fixed mass will cause it to be hotter (bluer) and more luminous
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than its “normal” counterpart, which can also cause it to appear more metal-poor than
it actually is. For at least some of the GGCs known to harbor multiple populations,
the observed BSS magnitude and color distributions are consistent with collisions
involving at least one star which is helium-enhanced (Glebbeek et al. 2010). The
second explanation is more mundane, and is a result of the fact that binary systems
can masquerade as a single BSS on a CMD. For example, depending on the CMD
morphology of a cluster, a binary comprised of two upper main-sequence stars can
appear inside the red limit of the BSS selection region on the cluster CMD. This was
first taken into account by Ferraro et al. (1991), who used a photometric deblending
procedure to separate BSS into their individual components on a cluster CMD. However,
they manually selected the small number of stars for which they chose to use this
procedure. In our case, the variety of CMD morphologies and BSS populations seen
in the ACS CMDs are so great that the advantages of this deblending procedure
are likely to be outweighed by the uncertainties inherent in attempting to apply it
homogenously. Furthermore, the high spatial resolution of ACS means that it is, at
least in a relative sense, unlikely to fall victim to photometric blends (although binaries
of which neither component is a BSS can still contaminate our sample). In the case
that these photometric blends do occur, they can be identified via photometry in several
bands, ideally over a large color baseline. We will now discuss correlations between our
observed BSS LFs and cluster properties.
Our primary goal in examining the BSS LFs in such a large homogenous observational
sample is to search for correlations between the LFs and observable properties of the
cluster. These correlations could then be used to generate synthetic BSS LFs which
could be input into SEDs to better account for the contribution of BSS to the integrated
light of unresolved stellar populations. The properties which we have analyzed in
relation to the BSS LFs and their sources are as follows:
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From the H96 catalog of GGCs: Radius from the galactic center, radius from the
Sun, Galactic longitude, Galactic latitude, central concentration and horizontal branch
type.
From Mackey & Vandenberg (1999): Metallicity ([Fe/H]) and integrated V magnitude.
All other recent investigations of BSS LFs in GGCs used the same earlier data set,
which was based on a WFPC2 snapshot survey (Piotto et al. 2002). Piotto et al. (2004)
used these data to create and analyze BSS catalogs and luminosity functions, and the
BSS LFs based on these catalogs were also subsequently analyzed by Leigh et al.
(2007) and Moretti et al. (2008).
We searched for correlations between all of the above cluster properties and the
peak value, median value, and shape (as characterized by the FWHM of the peak) of
the LF. While Leigh et al. (2007) and Moretti et al. (2008), using data from the WFPC2
GGC snapshot survey, found that the BSS LF did not correlate significantly with any
cluster properties, we found that the LF did show a correlation with integrated cluster
(absolute) magnitude. This is important because the integrated magnitude of GGCs has
a fairly well defined linear relationship with the binary fraction in the sense that fainter
clusters have proportionally higher binary fractions (Milone et al. 2008). Hence, the
BSS LF is related to cluster binary fraction. While this correlation is a loose one, it was
found by dividing the ACS clusters into two groups by total integrated cluster magnitude,
making Mv =-8.8 the dividing line. The choice of this specific value is based on the
finding of Davies et al. (2004) that collisions only become important as a BSS formation
mechanism for clusters with Mv <-8.8. The normalized mean LFs are shown in Fig. 4-3,
along with predicted LFs from the simulations of Bailyn & Pinsonneault (1995).
The difference between the LFs of the more and less luminous clusters appears
to be significant at the 2-3σ level, and this is supported by the results of a 2-sided
Kolmogorov-Smirnov test, which finds that a D statistic of 0.296 at an 85% probability
that the cumulative LFs of the more and less massive clusters are from different
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Figure 4-3. Normalized (top) and cumulative (bottom) BSS luminosity functions, divided
into clusters with Vt < −8.8 (black) and Vt >-8.8 (red). The models of BP95
are shown for comparison in blue and brown for high (Z=0.005) and low
(Z=0.0006) metallicities respectively. Their collisional models are plotted as
solid lines and primordial binary models are plotted as dotted lines.
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distributions. We also divided the BSS in each sample by radius, separating them
into stars inside and outside both the core radius and the half-mass radius of their
clusters, and found that, to within the errors, our result was independent of distance from
the cluster center.
Although Leigh et al. (2007) found no strong correlations between the BSS LFs
and host cluster properties, Piotto et al. (2004) and Moretti et al. (2008) did mention a
possible correlation between the cluster LFs and cluster integrated magnitude, but the
correlation they found was in the opposite sense, i.e. the less luminous clusters had a
sharper and fainter peak in their normalized luminosity functions. Either this difference
could be real, or it could be systematic. Possible systematic reasons for a contradictory
result in the ACS data include the following: The WFPC2 survey (Piotto et al 2002)
used for the studies of Piotto et al. (2004), Leigh et al. (2007) and Moretti et al. (2008)
used different filters than the ACS survey (F439W and F555W instead of F606W and
F814W), and Piotto et al. (2004) employed a less rigorous BSS selection method in
creating the BSS catalogs from the WFPC2 photometry than that employed here. These
diffences could result in different stars being selected as BSS in the same clusters.
Another possible reason for the difference in bright vs. faint cluster LFs between our
study and those using the WFPC2 survey is that the sample of 56 clusters in the Piotto
et al. (2004) study is slightly different than that of the 52 clusters which we analyze
from the ACS survey. This is especially important with respect to the luminous clusters
with Vt <-8.8, since these clusters constitute less than one quarter of the clusters
in the ACS survey. Finally, the primary difference between the ACS survey and the
earlier WFPC2 survey is the photometric precision, and hence the ability to reliably
detect and identify BSS. For comparison, the WFPC2 BSS catalogs are comprised
of 2798 BSS in 56 clusters, whereas our ACS BSS catalogs contain 8268 BSS in 52
clusters (not including the five clusters mentioned above for which we could not calculate
completeness-corrected luminosity functions).
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Our result regarding the BSS LF-Vt correlation, taken at face value, may also be
compared to models. Bailyn & Pinsonneault (1995, hereafter BP95) created synthetic
BSS LFs for collisional and primordial binary BSS assuming three different values of
the mass function, and they find that the more the mass function is biased towards
massive stars, the lower the peak in the LFs. For example, their two higher (more
positive) values for the mass function exponent produced peaks in the normalized LFs
with peak values of 0.25 or higher. What we see is that only a mass function which is
fairly strongly biased towards massive stars is capable of reproducing the observed
LFs, whether collisional or binary in origin. This is not entirely unexpected: Their mass
functions are present day mass functions, not initial mass functions, and in the ACS field
of view (the central 3 arcmin of each cluster) it is reasonable to expect that some mass
segregation has occurred. Also, the synthetic-CMD-based approach favors a negative
mass function as well: Monkman et al. (2006) found that in the case of 47 Tuc, collisions
are important in the core, and they could only reproduce the observed loci of BSS in
the cluster CMD of this region by assuming an even more negative mass function (x=-8,
where a Salpeter mass function has x=1.35). In addition, Ferraro et al. (2003) assumed
a mass function with x=-2 which was able to reproduce collisional BSS in the cores of
massive, luminous clusters reasonably well and, as may be expected, failed in the case
of less luminous clusters. For this reason, we only show the BP95 LFs corresponding to
their most massively-biased mass function, with an exponent of -2.
Bearing in mind that Milone et al. (2008) found a fairly tight correlation between
integrated cluster magnitude Vt and binary fraction in the sense that less luminous
clusters have higher binary fractions, our results initially seem somewhat puzzling:
Comparison with the BP95 models implies that the least luminous clusters, those with
the largest binary fraction, have BSS populations which are the least consistent with a
binary origin. However, recent and ongoing studies reveal a different picture. A more
rigorous study of the binary fraction based on the ACS photometry by Milone et al.
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(2010), in addition to confirming the correlation between binary fraction and integrated
magnitude, also found a relation between BSS frequency and binary fraction, in the
sense that clusters with higher binary fractions also have higher frequencies of BSS.
Given our results that it is only the least luminous and sparse GGCs which host BSS
significantly more massive than twice the turnoff mass, it appears that this same subset
of clusters has the highest binary fraction as well. All of this information, taken together,
implies that there is a minimum binary fraction necessary to produce unusually massive
BSS, and based on preliminary results from the Milone (2010) study, quantitatively it
appears that a binary fraction of at least ∼8% is required to produce BSS more than 3
mag above the cluster turnoff.
4.6 SX Phe and the ACS Survey
The ACS survey lacks the temporal coverage necessary to detect or confirm SX
Phe pulsators. However, we may compare the BSS LFs from the high-precision ACS
photometry to the SX Phe LF which we derived in sect. 3.3.3, and this comparison is
shown in Fig. 4-4.
Since the total number of known SX Phe is not large, the error bars on the SX Phe
LF are correspondingly larger than those for the ACS BSS. However, a 2-sided K-S test
shows that the probability that the cumulative SX Phe LF and the cumulative LF for all
the BSS in the ACS data are from different parent distributions is under 2%, although
the D statistic of 0.13 reinforces the limited statistical significance of this figure when
compared to the errors on the SX Phe LF. This supports our hypothesis in Sect. 3.3.4
that, at least among cluster GGCs, there are no cluster properties which dictate whether
SX Phe are present, and their presence, number, and fraction (of BSS) is essentially
random. Given the age and metallicity range of GGCs, it is plausible that SX Phe can
exist in the BSS region of all GGCs. The next logical question is a longstanding one,
namely, why is it that not all stars in the instability strip pulsate. While the pulsation
modes and periods of SX Phe are fairly well understood, their pulsation amplitudes are
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Figure 4-4. Normalized (top) and cumulative (bottom) SX Phe luminosity function (black)
compared to the luminosity function from all ACS BSS (red).
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not (T02). In the case of the SX Phe, it may very well be the case that the majority of
them pulsate with extremely small (a few mmag) amplitudes so that these pulsations
remain undetectable even by extremely recent advanced methods. Indeed, in the case
of planetary transits, variations of this magnitude can be readily detected, but in this
case, we have the advantage that we can constrain the predicted light curve shape fairly
well. In the case of SX Phe, we are not seeking such a sharp feature (relative to the
light curve amplitude) in the temporal variation of the star. Unlike RRL, SX Phe pulsation
models are not yet capable of predicting light curve shapes or amplitudes, so we lack an
important piece of prior information which is exploited to detect exoplanet transits.
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CHAPTER 5
CONCLUSIONS AND FUTURE PROSPECTS
5.1 Ground Based Survey
5.1.1 SX Phe and Host Cluster Properties
We have conducted the only analysis of the variability properties of SX Phe in
GGCs and their relationship to the properties of their host clusters and the cluster
BSS populations. Although the heterogeneity of the variability studies resulting in
the SX Phe discoveries prevents us from making any quantitative statements about
the completeness of this database, we may still draw some conclusions. Firstly, the
presence of SX Phe does not show any correlation with any cluster properties. Indeed,
their presence (at least regarding those with detectable amplitudes) seems to be
completely random. This is supported by two main pieces of evidence: Firstly, the
distribution of clusters with SX Phe mirrors, to within statistical errors, the distribution
of all GGCs in the H96 catalog with regard to all non-distance-dependent cluster
properties, such as metallicity, central concentration, horizontal branch morphology,
and integrated magnitude. Secondly, a two-sided K-S test has shown that the mean
luminosity function of all of the BSS detected in the ACS survey has a different parent
distribution from the luminosity function of the SX Phe at only a 2% confidence level,
although the errors due to small number statistics are admittedly large. This makes
sense since the location of the SX Phe (i.e. lower-luminosity) instability strip is
coincident with the BSS region over the entire age and metallicity range occupied by
GGCs, although for other combinations of age and metallicity, this may not be the case.
5.1.2 SX Phe Period-Luminosity Relation
We have updated a preexisting catalog of SX Phe in GGCs, nearly doubling
its size, and selected only confirmed fundamental-mode pulsators to recalculate a
period-luminosity relation based on these SX Phe. Rather than attempt to include
color and metallicity (or mass and temperature) terms, we have chosen to sacrifice the
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additional precision that these terms may provide in order to make our relation more
robust. Adopting this approach, one does not need knowledge of reddenings, colors, or
ages in order to apply our PLR. Although the scatter in the relation which we derive, and
accordingly the errors on the results, are relatively large compared to PLCZRs, it can be
applied to extragalactic targets lacking, for example, photometry in more than one band,
even if the target in question is comprised of populations with multiple ages.
Perhaps the most intriguing result with respect to the SX Phe PLR is that its
slope and zeropoint is remarkable consistent with that of metal-rich Galactic classical
Cepheids, and inconsistent with similarly metal-poor pulsators such as Type II Cepheids
and RR Lyrae. However, there are several questions regarding these other PLRs
which require detailed investigation before this result can be considered robust. For
example, the question of the dependence of the classical Cepheid PLR on metallicity
is still being hotly debated. A closely related issue is the absolute magnitude scale of
RRL, which remains contested at the 0.2 mag level. Regarding the Type II Cepheids,
mode identification may be difficult, and multiple modes may be contaminating the
period-luminosity relation (as has been seen, for example, with δ Scuti variables in the
Magellanic Clouds). From a methodological standpoint, PLRs at longer wavelengths
tend to show less scatter and metallicity dependence, but because of the relatively
hot temperatures of SX Phe, B-V colors are much more plentiful than V-I or other
near-infrared colors at the present time, although the study of Majaess et al. (2010),
who used a V-I Wesenheit relation, suggests a result consistent with ours, namely
that GGC SX Phe periods are, strangely, more consistent with the PLRs of metal-rich
pulsators than metal-poor ones. However, whether this is due to their use of the LMC
as a calibrating population, our use of a relatively blue color, an actual systematic
enrichment of BSS SX Phe above the host cluster metallicity and/or a combination of the
above related issues with the more luminous pulsators requires detailed investigation of
methods used to establish the distance scale, which is ongoing.
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5.1.3 The Future of SX Phe
There are still clusters which remain unsearched for SX Phe, although in some
cases, these clusters have very few BSS, at least at large enough radii where they can
be photometrically resolved. However, the advent of image subtraction photometry was
the catalyst for a second “boom” in the discovery rate of SX Phe (and other variables)
in GGCs (the advent of CCDs was the first). As we see continual improvements in both
image subtraction techniques (e.g. Bramich 2008) and period-finding algorithms (Kovacs
et al. 2005), it is likely that more SX Phe will be uncovered. These improvements in the
sensitivity to detection of low-amplitude short-period variables will hopefully provide
a more definitive answer to the question of whether it is the case that all stars in the
instability strip pulsate and some have escaped detection thus far due to their low
(<0.01 mag) amplitudes. Among the clusters which remain unsearched for variables,
many are metal-rich bulge clusters which suffer from high and/or differential reddening
and field star contamination. However, with a constantly increasing time baseline for
proper motion studies, these problems are not insurmountable. Our comparison of the
loci of GGC isochrones with the location of the instability strip on the CMD suggests
that these old, metal-rich clusters may harbor fewer pulsators, and younger metal-rich
Galactic open clusters aren’t populous enough to host a significant amount of SX Phe.
In the future, our increasing ability to resolve extragalactic populations with space-based
telescopes should address this question across a broader section of age-metallicity
space if we can acquire time-series observations of both metal-poor and metal-rich
young (<8 Gyr) clusters which are populous enough to host some SX Phe.
The other main stumbling block to a more complete understanding of SX Phe
pulsations and structure, and hence BSS interior structure and formation history,
is that SX Phe pulsation amplitudes are still not well understood. Hopefully as
asteroseismology techniques continue to improve, nearby field SX Phe may become
useful test cases leading to the ability to model SX Phe light curves as has been done,
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for example, with RR Lyrae (e.g. Bono et al. 1997). Extending the RR Lyrae analogy, if
it does turn out that light curve shapes and amplitudes can be used to infer properties
of the SX Phe and hence their host clusters, then the observational efficiency of SX Phe
time series will be greatly enhanced. Rather than the present situation, in which many
epochs of data are needed to gain structural information about the interiors of stars
via, for example, closely spaced rotationally split frequencies, all that would be required
would be sufficient phase coverage and precision to compare the observed light curve to
models via Fourier decomposition, or even template fitting, which has been shown to be
successful in the case of RR Lyrae for 30 or fewer epochs of observation by Kovacs &
Kupi (2008).
5.2 BSS Luminosity Functions From the ACS Survey
As in previous studies, we have found a correlation between the BSS LF and
integrated cluster magnitude. However, the correlation we found is in the opposite
sense as those based on the earlier WFPC2 GGC survey, namely, we found that more
luminous clusters (those with a smaller binary fraction) have a fainter peak in their LF (at
about 0.8-1 mag fainter than the turnoff in the F606W filter) than less luminous clusters.
Furthermore, based on the models of BP95, this means that the BSS populations of the
clusters with lower binary fractions are more consistent with BSS having a binary origin.
However, there are two primary aspects to placing this result in perspective: The first is
whether we believe the previous results that contradict those found here, and the second
is whether our result and its implications, especially the comparison to the BP95 models,
is valid. Addressing the first issue, it would be tempting to invoke the exclusion of the
most luminous GGCs (M54 and ω Cen) from our study (due to the difficulty in selecting
BSS from their CMDs) to explain the difference in the BSS LFs between high and
low-luminosity clusters. However, these clusters were also excluded from the catalog of
Piotto et al. (2002) on which the previous BSS LF studies were based, failing to explain
why we obtained results which are contradictory to those previous studies.
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Regarding the second issue, we point out that the BP95 primordial binary models
assumed that, in all cases, the binaries had eventually coaslesced via accretion from
the secondary onto the primary. We chose to use the LFs of BP95 for comparison
simply because that is the only single study which modeled both collisional and binary
BSS simultaneously. However, in a much more recent investigation, Chen & Han
(2009) used binary evolution models to create synthetic CMDs of BSS originating
in binaries (somewhat analogous to the synthetic CMDs of collisional BSS used by
Sills and collaborators). They considered several modifications to the assumptions of
BP95: Firstly, the secondary isn’t necessarily accreted onto the primary - the opposite
could be the case depending on the masses and ages of the components. Also, and
perhaps most importantly, they considered cases where mass transfer occured but the
binaries had not necessarily coaslesced, and found that BSS resulting from completely
coalesced binaries, rather than those that those seen in binaries which had merely
transferred some material between components, made up a small minority of BSS
originating from binaries. Hence, the BP95 LFs we compare our ACS LFs to in the case
of their primordial binary model is only strictly valid for the very small fraction of “binary”
BSS which result specifically from the complete coalescence of a binary system in which
the secondary was less massive than the primary. Ideally, we wish to compare our LFs
to those of the Chen & Han study, but since their interest lies primarily in open clusters
as testbeds for their CMDs, the age resolution of their models and LFs is poor at the
large ages typical of GGCs. Interestingly, though, the LFs corresponding to the two
greatest ages which they include, 8 and 15 Gyr, show LF peaks which are much more
consistent with our results than the “primordial binary” models of BP95.
The collisional models of BP95 may also contribute to a discrepancy between their
LFs and our data. More recent collisional models show that BSS resulting from collisions
are slightly redder and fainter than those resulting from the “fully mixed” models of BP95
(Sills et al. 2002). Although the observed LFs of the most luminous clusters appear to

95

agree at least as well with BP95’s collisional models as they do with their primordial
binary models, a slight faintward shift of the collisional models would increase the
difference between the collisional models and the primordial binary models. It is also
worth noting that this slight discrepancy between recent theoretical predictions and the
assumption that collisional products are fully mixed has little impact on synthetic CMDs
since BSS formed from collisions follow evolutionary tracks that are nearly identical to
those of single stars on the CMD, rendering assumptions about the exact chemistry
immediately post-collision irrelevant for purposes of predicting their evolution.
One of the most telling results from our investigation of BSS LFs using the ACS
data is that it is only the least luminous, least massive GGCs which are capable of
producing extremely massive BSS, significantly more massive than two turnoff stars.
To put it another way, none of the 27 GGCs in our sample with a binary fraction below
8% has any BSS which are 3 mag above the turnoff. This fact as well as the lack of
correlation between the BSS LF and any cluster properties underscores the extent to
which the binary fraction is the primary (and seemingly only) cluster attribute which
controls the BSS population. On the theoretical side, this picture is supported by
state-of-the art Monte Carlo simulations. These simulations find that in the density
regime of GGCs, the vast majority of BSS (∼80%) result from interactions between 3 or
more stars, and contributions to the BSS populations from isolated primordial binaries
or collisions between two single stars are extremely minor (S. Chatterjee, private
communication).
Fortunately, verification of these results via comparison between simulated
clusters and real ones is in the extremely near future. Also important will be improved
hydrodynamical models which are able to deal with the results from multiple-body
encounters in detail. On a related front, theorists have recently begun to gain a
quantitative understanding of convection and hence the red edge of the instability strip.
As research continues to progress rapidly in these areas, our conclusions regarding the
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relationship between SX Phe pulsators, BSS, and their host clusters will hopefully be
reinforced and more thoroughly understood.
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