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SEARCHING FOR RR LYRAE IN DISTANT GALACTIC FIELDS
USING ULTRAVISTA AND SUDSS

Búsqueda de RR Lyrae en campos distantes de la Galaxia utilizando UltraVISTA y SUDSS

Buscamos estrellas tipo RR Lyrae en zonas distantes del halo de la Vía Láctea utilizando
datos ya existentes: UltraVISTA, una campaña con observaciones en el infrarojo cercano
diseñada para obtener imágenes profundas del campo COSMOS, y SUDSS, una extensión
del Dark Energy Survey (DES) que añade observaciones en los extremos del tiempo de obser-
vación de DES en varios filtros, con la finalidad de observar las curvas de luz de supernovas a
alto redshift. Los resultados de la búsqueda de RR Lyrae con estos datos fueron nulos. Ante
estos resultados realizamos observaciones simuladas de RR Lyrae, bajo las mismas condi-
ciones de los datos observados, demostrando que la cadencia utilizada en las observaciones
no permite la identificación del período de las estrellas RR Lyrae.

Finalmente probamos el método desarrollado con datos de HiTS (High Cadence Tran-
sient Survey), una campaña dedicada a detectar transientes en el óptico, principalmente las
primeras horas de las explosiones de supernovas. Luego de responder favorablemente a las
observaciones simuladas, logramos identificar en los datos de HiTS 2015A un total de 106
RR Lyrae—7 de las cuales se encuentran a una distancia mayor a 100 kpc.
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Chapter 1

Introduction

1.1 Variable stars

Variable stars are stars whose apparent brightness changes over time. The General Catalogue
of Variable Stars (GCVS) (Samus et al., 2017) lists more than 100 types and subtypes of
these stars. Variable stars are mostly characterized by their light curves, a curve that shows
the variation of apparent magnitude in time. For better visualization of periodic variables,
they are usually shown with their phased light curves, in which the magnitude is shown
against phase instead of time. For a variable star of period p, the phase Φ is defined as:

Φ =
t

P
−
⌊
t

P

⌋
(1.1)

Where Φ is the phase, t the time and P the period. bt/P c is the floor function of t/P .
Usually two or three phases are shown for visual clarity. Examples of light curves for different
types of variable stars are shown in Figure 1.1.

Variable stars can be classified in various types using different criteria. When classified
by the mechanism of their variability, variable stars can be separated in two groups: intrinsic
variables, which vary in brightness due to an internal physical process, and extrinsic variables,
which vary due to external factors, such as being eclipsed by other objects. The subdivisions
of these categories are shown in Figure 1.2.

The focus of this thesis is on RR Lyrae stars, a type of pulsating variable star. Pulsating
variables are a type of intrinsic variable stars that vary in brightness due to a periodic change
in their size, which is caused by the expansion and compression of the outer layers of the star
in a process known as the κ-mechanism or opacity mechanism (Catelan and Smith, 2014;
Carroll and Ostlie, 2017). The opacity κ depends on density and temperature as shown in
Kramers’ Law (Equation 1.2):
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Figure 1.1: Examples of light curves from different kinds of variable stars: Mira variables
(MIRA), eclipsing binaries (EB), Cepheid variables (fundamental mode (FU) and first over-
tone (FO)), and RR Lyrae (RRab and RRc). (Figure from Deb and Singh (2009))
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Figure 1.2: The different types of variable stars, classified by the mechanism of their vari-
ability.

κ̄ ∝ ρ/T 3.5 (1.2)

Where κ̄ is the mean opacity, ρ is the density, and T the temperature. When the layers
of a star are compressed they rise in both density and temperature, but temperature has a
higher effect on opacity. Thus, in most cases, opacity decreases with compression. However,
in the partial ionization zones of a star, part of the energy gained with compression goes
towards ionization instead of raising temperature. With a lower increase in temperature
compared to the increase in density, the opacity increases. Conversely, as the star expands,
ions recombine with electrons and release energy, so the decrease in temperature is lower.
Thus, opacity decreases with decreasing density.

This behavior of the opacity law in partial ionization zones, mainly the He II partial ion-
ization zone, makes the layers of the star act like a valve. As the layer compresses, opacity
increases and energy flowing to the surface is dammed inside the star, pushing the layers
outward. When the star expands, opacity decreases and energy can escape the star. Losing
pressure, the layer falls inward due to gravity to begin another pulsating cycle.
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Figure 1.3: Location of the Hydrogen and Helium partial ionization zones for stars of different
temperatures. The vertical axis shows the logarithm of the fraction of the star’s mass lying
above that point. The bars on the left and right show stars that are either too cold or too
hot to drive stellar pulsations. The bar in the middle shows the location of the H and He
partial ionization zones in a pulsating star. (Figure from Carroll and Ostlie (2017))

Whether a star pulsates will be determined by the location of the partial ionization zones
within the star (Figure 1.3). If the star is too hot, the partial ionization zones will be too
close to the surface of the star, and there will not be enough mass to drive stellar pulsations.
If the star is colder, the partial ionization zones will be located deeper inside the star. How-
ever, energy transport via convection becomes more effective at lower surface temperatures,
and in cooler stars this convection dampens the pulsations.

Thus, pulsating stars can be found in a specific range of surface temperatures, where
partial ionization zones are located deep enough to drive stellar pulsations, but also have a
surface temperature high enough to not have the pulsations damped by convection. This is
shown in the Hertzprung-Russell (H-R) diagram (Figure 1.4) as the instability strip. Stars
from different stellar populations can be found accross the instability strip, when they inter-
sect in the H-R diagram. Some examples of pulsating star types are Cepheids, W Virginis
and RR Lyrae.

An important feature of the instability strip is that it lies at a nearly constant temperature.
The luminosity of a star can be estimated using the Stefan-Boltzmann law:

4



Figure 1.4: The instability strip in the Hertzsprung-Russell diagram. In this area, stars are
in a range of temperatures sufficient for the κ-mechanism to take place. The intersection
of the instability strip with the different stellar populations leads to the different types of
pulsating stars. (Credit: Wikimedia Commons. https://commons.wikimedia.org/wiki/
File:HR-diag-instability-strip.svg. Accessed: 2018-10-23)
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L = (4πR2)σT 4
e (1.3)

Where L is the luminosity, R is the star’s radious, σ is the Stefan-Boltzmann constant,
and T is the star’s effective temperature. At nearly constant temperature, the luminosity of
a star will mostly depend on its size, and hence, on its density. Additionally, the pulsating
period of a star can be estimated by how long it takes a sound wave to cross the diameter
of a star of radius R and constant density ρ. From this we can define a period-mean density
relation as:

Π ≈
√

3π

2γGρ
(1.4)

Where Π is the period, γ is the adiabatic index of the star, G is the gravitational con-
stant, and ρ is the star’s density. From Equations 1.3 and 1.4, and considering a nearly
constant temperature, the period-density relationship of the star can be translated into a
period-luminosity relation. This period-luminosity relation makes pulsating stars important
standard candles, as explained in Section 1.2.

1.2 On RR Lyrae

RR Lyrae are old, low-mass horizontal branch (HB) stars that fall in the instability strip.
They have relatively short periods (between 0.2 and 1.0 days), absolute visual magnitudes
of ∼ +0.6, and effective temperatures from 6000 to 7250 K (Catelan and Smith, 2014). RR
Lyrae are easily identifiable by the characteristic shape of their light curves and their short
periods, which allow to observe them in short time intervals.

The prototype of this star is the star RR Lyrae, discovered by Williamina Fleming in 1901
(Pickering et al., 1901), which is also the brightest RR Lyrae star to date. It has a period of
0,56 days and a mean apparent magnitude of MV = 7.195.

RR Lyrae are classified by the shape of their light curves into different subclassifications
known as Bailey types (Bailey, 1902). RRa and RRb (commonly grouped together as RRab)
stars have an asymmetrical sawtooth shaped light curve, an average period of 0.5 days, and
a larger amplitude. RRc stars have a more symmetrical (sinusoidal) light curve, an aver-
age period of 0.3 days, and smaller amplitudes. This difference in period and amplitude for
different Bailey types can be seen in a period-amplitude diagram (also known as a Bailey
diagram), such as the one in Figure 1.6.

Bailey types are also related to the modes of oscillation of the stars: RRab are known to
pulsate in the fundamental mode, while RRc pulsate in the first overtone (Figure 1.5). There
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are also RRd stars, which pulsate with in both the fundamental mode and first overtone. An
example of representative RRab and RRc light curves in different filters is shown in Figure 1.7.

Figure 1.5: Direction of sound waves in a star for the (a) fundamental mode and (b) first
overtone. The dashed line represents the nodal line of the sound wave, and the arrows show
the motion of the gas particles. (Figure from Carroll and Ostlie (2017))

Figure 1.6: Period-amplitude diagram for RR Lyrae from globular cluster M15. The group
of stars on the left side are RRc, while the stars on the right side are RRab. (Figure from
Smith et al. (2011))

Some RR Lyrae do not have identical light curves over time, showing cycle-to-cycle varia-
tions. This is known as the Blazhko effect, first observed by Sergei Blazhko in the RR Lyrae
star RW Dra (Blažko, 1907). This effect is present in nearly 50% of RRab stars (Jurcsik
et al., 2009), including RR Lyrae itself (Shapley, 1916). Although this phenomenon has been
known for over a century, there is still no agreement to its cause.
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Figure 1.7: Light curves of RRab and RRc stars in the ugriz filters used by the Sloan Digital
Sky Survey (Figure from (De Lee, 2008))

One of the main characteristics that make RR Lyrae an interesting object of study is that
they are standard candles. Using the star’s period-luminosity relationship one can obtain
its absolute magnitude M , and from that calculate the distance d using the expression in
Equation 1.5, where µ is known as the distance modulus, m is the apparent magnitude, M is
the absolute magnitude, and d is the distance to the star in parsecs.

µ = m−M = 5 log10 (d)− 5 (1.5)

Period-luminosity relationships, as well as the light curves of RR Lyrae, change for dif-
ferent bands. The amplitude of the light curves increases at smaller wavelengths (as seen
in Figure 1.7), reaching up to 4 magnitudes in the ultraviolet range (160nm, Downes et al.
(2004)). In the V photometric bandpass the HB is nearly horizontal in the area of the in-
stability strip, so all RR Lyrae in the same stellar population have about the same visual
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apparent magnitude. Moving to the infrared there is a well-defined period-luminosity relation
(Catelan et al., 2004). Longmore et al. (1986) found a linear relation between the mean K
magnitude and the logarithm of the period of the form logP ∝ 0.45MK , which is less af-
fected by interstellar reddening and extinction compared to observations in the optical range.

Finding zero points to calibrate the expressions for period-luminosity or period-luminosity-
metallicity relations for RR Lyrae is a challenging task, as even the closest stars of this type
are too distant for accurate parallax measurements from ground-based observations. Bene-
dict et al. (2011) determined parallaxes for near RR Lyrae stars using the Hubble Space
Telescope (HST), with which they obtained calibrations for K-logP and MV -[F e/H] rela-
tions. More accurate calibrations are currently being done with the astrometry done by Gaia,
such as Muraveva et al. (2018).

1.2.1 RR Lyrae in Galactic Astronomy

The Milky Way is the most studied galaxy in the Universe and it provides astronomers with
insight on the physical processes of galaxies in a broader context. Its halo is a region of
particular interest, as its current observable properties such as the distribution of stars can
be used to reconstruct the Galaxy’s merger history (Johnston et al., 2008).

The Λ Cold Dark Matter model (ΛCDM, with Λ being the cosmological constant) is
currently the most accepted cosmological model, as it explains properties like the cosmic mi-
crowave background, the large-scale structure in the distribution of galaxies, the abundances
of hydrogen and helium, and the accelerating expansion of the Universe. However, this model
shows discrepancies at smaller scales, such as the one between the number of dark matter
subhalos predicted by simulations of the ΛCDM model and the number of satellite galaxies
known to exist in the Local Group. This is usually referred to as the missing satellites prob-
lem. The most popular interpretation of this problem is that dark matter halos that are too
small will not form stars, but recent discoveries of ultra-faint dwarf satellites point out at the
possibility that there might be many dwarf galaxies that are too faint to have been detected
with current observations.

Whatever the solution to this problem is, current models for the Milky Way’s structure,
dynamical properties, and formation history depend heavily on its total mass and mass pro-
file. However, the total mass of the Galaxy is currently known only within a factor of two
(Eadie and Harris, 2016; Ablimit and Zhao, 2017). Most of the Galaxy, especially its outer
region, is comprised of dark matter, which is not possible to observe directly. The most
reliable way to estimate the amount of dark matter in the Galaxy is by observing the effect it
has on baryonic mass, such as the outer rotation curve of the Galaxy, and the kinematics of
distant tracer objects such as globular clusters, dwarf galaxies, stellar streams, and halo stars.
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In this context, RR Lyrae—old, Population II, low-mass stars—are key tracers for both
globular clusters and dwarf galaxies in the Milky Way halo, as they are easily identifiable,
have short periods, and give reliable distances. Over 80% of all variables known in globular
clusters are RR Lyrae (Clement et al., 2001), and at least one RR Lyrae has been found
in every Milky Way dwarf galaxy that has been searched for them (Vivas et al., 2016)—
including the least luminous Milky Way satellite, Segue 1 (Simon et al., 2011). At the same
time, distances to RRL can be estimated with a precision of 6% with optical data (Sesar
et al., 2013). Therefore, RR Lyrae can trace faint Milky Way satellites that would otherwise
be very difficult to find with other methods, making them an invaluable tool for Galactic
astronomy. In the same vein, RR Lyrae stars represent the best opportunity to identify
distant mass tracers in the outer halo.

1.3 This work

Searching for distant RR Lyrae in the Galactic halo is of great use to the study of the Milky
Way, as explained in Section 1.2.1. There are currently no deep, large area surveys looking
for tracers such as RRL in the outer regions of the Galactic halo (> 100kpc), but there are
other surveys which also work with time series in these fields, whose existing data can be
used to search for RRL as well.

In this thesis I use data from three existing surveys in the infrared and optical: Ul-
traVISTA, SUDSS, and HiTS, to search for RR Lyrae in distant galactic fields using the
generalized Lomb-Scargle periodogram. Although these surveys are not originally designed
to search for RRL, they have characteristics, such as photometric depth and location, that
make these datasets worth studying. However, in two of these surveys the results are null,
which leads to an analysis of the impact that cadence has on searching for periodic variables
like RR Lyrae.

Chapter 2 describes the methods used in this work: the generalized Lomb-Scargle peri-
odogram and the use of bootstrapping for significance checks. Chapter 3 describes the data
from the UltraVISTA survey, analysis and results. Chapter 4 covers the work done with data
from the Search Using DEcam for Superluminous Supernovae (SUDSS). Chapter 5 describes
the data from the High Cadence Transit Survey (HiTS) on its 2015A campaign. In Chapter
6 the obtained results are discussed.
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Chapter 2

Methods

2.1 The Lomb-Scargle periodogram

Many techniques have been developed for determining periodic signals in astronomical time
series. They generally include running a series of trial periods and measuring the goodness of
fit of each, to find the model that best estimates the observed signal. Some of these methods
include the use of the Fourier transform and power spectra, least squares methods, and the
use of Bayesian probability.

For this work I am using a version of the Lomb-Scargle periodogram, a method which is
mostly Fourier-based but can also be seen as a least squares method, and derived from a
Bayesian approach (VanderPlas, 2017). The classical Lomb-Scargle periodogram, as defined
in Lomb (1976), is shown in equations 2.1 and 2.2.

p(ω) =
1

Σiy2i

(
[Σi yi cosω(ti − τ)]2

Σi cos2ω(ti − τ)
+

[Σi yi sinω(ti − τ)]2

Σi sin2ω(ti − τ)

)
(2.1)

Where τ is a normalization parameter such that Σi cosωti sinωti = 0. It is obtained as:

tan 2ωτ =
Σisin2ωti
Σicos2ωti

(2.2)

This method is equivalent to fitting a sine function of the form y = acos(ωt)+bsin(ωt) to a
set of points (ti, yi), where ω = 2π/p is the trial frequency for a trial period p (in days). From
here we obtain an estimate Fourier power for each frequency of oscillation—a way to measure
the goodness of fit of a sinusoid with said trial frequency to the measured data. This will
show as peaks in the periodogram, with better fits having the highest peaks. However, there
are some shortcomings with the original Lomb-Scargle periodogram. This method doesn’t
account for measurement errors, and it assumes that the mean of the observed data is the
same as the mean of the fitted sine function - which is a poor estimation in cases where the
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faintest points of the lightcurve cannot be observed, as is the case in the example of Figure 2.1.

For this work I am using the generalized Lomb-Scargle periodogram as described in Zech-
meister and Kürster (2009), implemented in the AstroML module for Python (Vanderplas
et al., 2012). This periodogram accounts for irregular time intervals and measurement errors,
works with a floating mean, and is less susceptible to aliasing (see Section 2.1.1).

Figure 2.1: A comparison of a standard periodogram and one with a floating mean model.
The left panel shows the data points taken for a star in which magnitudes higher than ∼ 17
are not observed (denoted by the grey area). The standard Lomb-Scargle periodogram, shown
in the lower right panel, fails to detect the original period, as seen by the grey line in the
left panel. The floating mean periodogram, shown in the upper right panel, accomplishes to
recover the original period and gives a more accurate fit, as shown by the black line in the
left-side panel. (Figure from VanderPlas (2017))

2.1.1 Window function and aliasing

Since the Lomb-Scargle periodogram is motivated by a Fourier approach, one must consider
the effect the observing window will have on trying to find the true period.

The observed signal gobs(t) can be described as a pointwise product between the real
signal, g(t), and a window function W (t), which is a step function that equals 1 at the times
of observation and 0 elsewhere. Taking this to the Fourier plane, the Fourier transform of the
observed signal will be the convolution of the real signal transform and the window transform:

gobs(t) = g(t)W (t) (2.3)

F(gobs) = F(g) ∗ F(W ) (2.4)
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Figure 2.2: An example of how the observing window affects the observed signal and its
respective Fourier transform, for a series of regularly-spaced observations. The left side
shows the original signal, the window function, and the pointwise product of the two, which
is the observed signal. The panels on the right side show the Fourier transform of panels on
the left side. (Figure from VanderPlas (2017))

An example of this is shown in Figure 2.2. For an observation done in regular intervals,
it is clear to see how the convolution between the Fourier transform of the signal and the
window function creates a series of aliases of the signal transform, with a spacing of 1/T .
However, when a time series has irregular sampling, the window function’s transform is no
longer regular, and aliasese make the real signal harder or impossible to detect. An example
of this is shown in Figure 2.3.

2.1.2 Bootstrapping and significance checks

In order to verify that the results obtained by the Lomb-Scargle periodogram are significant
enough (that is, that the probability that they have been obtained by chance is low), I run a
bootstrap analysis of the results yielded by Lomb-Scargle using lomb_scargle_bootstrap,
also available from the AstroML module.

Bootstrapping is a statistical method that falls under the class of resampling methods.
It works by doing resampling with replacement from a known sample, to infer about an un-
known population. From this we can estimate a level of significance, which can be used to
reject the null hypothesis (that there’s no periodic signal and any detection is only due to
noise or sampling conditions). In this case, the bootstrap analysis determines the likelihood
of a certain power level being exceeded just by chance.

All periodograms in this work are shown with cuts for 10% and 5% significance, which
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Figure 2.3: Another example of how the observing window affects the observed signal, now
for an irregular observing time. The irregular observing window makes the window transform
more noisy, which difficults finding the true signal in the observed convolution. (Figure from
VanderPlas (2017))

means that the peaks that cross these thresholds only have a 10% or 5% probability to be a
result of noise or sampling conditions alone.
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Chapter 3

UltraVISTA

3.1 Data

The UltraVISTA survey (McCracken et al., 2012) is an Ultra Deep near infrared (NIR) survey
of the COSMOS field, covering an area of 1.5deg2. It is done using the instrument VIRCAM
(Dalton et al., 2006) in the VISTA Survey Telescope of the European Southern Observatory
(ESO) (Sutherland et al., 2015). VIRCAM works with 16 independent infrared detectors
(Figure 3.1). The data used were taken from December 2009 to April 2014, in which UltraV-
ISTA imaged all of the COSMOS field repeatedly in 5 different bands (YJHKs and NB118).
The pixel scale of the images is 0.34 arcsec/pixel. The data reduction pipeline is done by the
Cambridge Astronomy Survey Unit (CASU) (CAS). This process includes dark subtraction,
flat-fielding, sky-subtraction, astrometric and photometric calibration.

UltraVISTA is a survey focused on obtaining deep and ultra deep images of the COSMOS
field (Figure 3.2), and the final product of this survey are stacked images along with their
corresponding weight maps in each band. We will work with the individual Observation
Blocks in each band, which are images corresponding to 0.5 or 1 hour of exposure. They
were produced by CASU and provided by the survey team for the light curve construction
in Sánchez et al. (2017)

The average 5σ magnitude limit for each band is 23.3, 23.1, 22.2, and 22.1 for the Y, J, H
and Ks bands respectively. The average error of the images is 0.15 mag in the Y band, 0.15
mag in J, 0.17 mag in H and 0.16 mag in Ks. This survey covers a small section of the sky,
but it reaches high magnitudes, which makes it interesting to search for distant RR Lyrae.
This survey only covers 1.5 deg2 and, based on results from previous surveys (Zinn et al.,
2014; Drake et al., 2013b), we can estimate to find around 3 RR Lyrae in this area. However,
considering the magnitude limits of the survey, it could find RRab stars up to 260 kpc away.
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Figure 3.1: VIRCAM’s pawprint. VIRCAM has 16 separate infrared detectors, which are
placed separate from eachother due to technical constraints. (credit: ESO. https://www.
eso.org/public/images/vcam_cc/. Accessed: 2018-10-23)

Figure 3.2: Schematic of the area covered by UltraVISTA on its deep and ultra-deep regions
(Figure from McCracken et al. (2012)
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3.2 Photometric calibration and light curve construction

In this section I describe the calibration and construction of light curves from UltraVISTA
data, carried out in their entirety by Sánchez et al. (2017). UltraVISTA images consist of
16 separate images, one per detector (Figure 3.1). Detector 16 was not considered, as it was
known to have an unstable gain. After the initial photometric calibration done by CASU,
a PSF homogenization was performed on the images to avoid false variability detections by
differences in seeing. Images with a seeing worse than 1.0" were discarded.

The catalogs were generated with the public package SExtractor (Bertin and Arnouts,
1996), a photometry software that generates catalogs from FITS formatted images. It takes a
set of input parameters from the user (such as background estimation parameters, weight im-
ages, detection tresholds, and others), and exports a catalog with a filetype (FITS, VOTable,
ASCII) and outputs (flux, magnitude, errors, pixel or world coordinates, among others) de-
termined by the user. After the catalogs were generated, photometric errors were calculated
with a method similar to the one implemented by Gawiser et al. (2006), to ensure there is
no false variability due to these errors.

A Ks-selected catalog of the COSMOS/UltraVISTA field by Muzzin et al. (2013) was used
to check the quality of UltraVISTA photometry, particularly the contamination parameter,
which indicates when an object’s photometry has been contaminated by a nearby bright star.
Only those sources with a contamination parameter equal to zero were saved for this work.

To produce the calibrated catalogs, the catalogs generated by SExtractor were cross-
matched with the UltraVISTA Data Release 3 (DR3) catalog in each band. The sources se-
lected to generate light curves are those that SExtractor had classified as stars (CLASS_STAR
≥ 0.9) with good photometry (FLAGS = 0). Then an additional photometric calibration was
done using a linear fit similar to Cartier et al. (2015) (detailed in Section 4.1.1), to account
for possible non-linearities in the detectors.

Finally, the calibrated catalogs were cross-matched to generate preliminary light curves.
A σ-clipping process was applied to clean these preliminary light curves from outliers that
might give false variability detections, and those with three epochs or more left after the
σ-clipping were saved as final light curves.

The UltraVISTA project did not observe the same number of epochs in every photometric
band. On average the Y band has 39 epochs, the J band has 40, the H band has 64 and the
Ks band has an average of 75. Figure 3.3 shows the distribution in the number of epochs per
light curve for each photometric band. The light curves used in this work were calibrated by
Sánchez et al. (2017), and are used with their permission.
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Figure 3.3: Histogram of the number of epochs per light curve in each photometric band.
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3.3 Variability criteria

In order to find possible candidates for RR Lyrae, I separated those objects from the Ultra-
VISTA sample that could be classified as variable. To do this I used the Pvar and excess
variance σ2

rms parameters.

Pvar (McLaughlin et al., 1996) is related to the probability of a source being variable. It
is defined from the χ2 value of the light curve as:

χ2 =

Nobs∑
i=1

(xi − x̄)2

σ2
err,i

(3.1)

Where xi is the magnitude at each epoch, σerr,i is its error, x̄ is the mean magnitude and
Nobs is the number of epochs of the observed object. Pvar = P (χ2), and it measures the prob-
ability that a χ2 lower or equal to the one observed could occur by chance for a nonvariable
object. Therefore, Pvar shows the probability of the object being intrinsically variable.

The excess variance σ2
rms (Nandra et al., 1997; Allevato et al., 2013; Cartier et al., 2015)

measures the probability amplitude. It is defined as:

σ2
rms =

1

Nobs x̄2

Nobs∑
i=1

[(xi − x̄)2 − σ2
err,i] (3.2)

err(σ2
rms) =

SD

x̄2N
1/2
obs

(3.3)

S2
D =

1

Nobs

∑
i=1

Nobs[(xi − x̄)2 − σ2
err,i]− σ2

rmsx̄
22 (3.4)

When the intrinsic amplitude of the variability, corrected by photometric errors, (σ2
rms −

err(σ2
rms)) is larger than zero, the object is classified as variable.

Following the procedure done in Sánchez et al. (2017), an object will be classified as in-
trinsically variable if Pvar ≥ 0.95 and (σ2

rms − err(σ2
rms)) > 0. This classification is shown

for each band in Figure 3.4, where the points marked in blue have been classified as variable
and the ones in red as nonvariable.
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(a) Y band (b) J band

(c) H band (d) Ks band

Figure 3.4: Classification of variable objects from the UltraVISTA dataset for the Y, J, H,
and Ks bands. The horizontal axis shows the mean magnitude of each object, while the
vertical axis shows the standard deviation of the object’s magnitude. The line in black shows
the median of the standard deviation of the objects’ magnitudes for each magnitude bin,
while the line in green shows the median of the error of the objects’ magnitudes. Objects in
blue are considered as variable according to the method explained in Section 3.3.
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3.4 Results

To search for RR Lyrae on this dataset, I developed a code using the Lomb-Scargle peri-
odogram as described in Section 2.1. After being tested with successful results recovering
the periods from Medina et al. (2018), I ran the same process with the light curves from
UltraVISTA.

Figure 3.5 shows the distributions of the estimated periods obtained in each band. They
show a clear peak in very specific periods, which is a result of aliasing (see Section 2.1.1).
This aliasing is more prominent in the brighter end of the sample, as seen in Figure 3.6.

Unfortunately, no RR Lyrae were detected when running the periodograms to search for
periodicity. Some of the periodograms obtained, with their respective folded light curves, are
shown in Figure 3.7. These periodograms show clear peaks and a consistent periodic pattern,
but none of the folded light curves resemble those of an RR Lyrae in their respective filters.
If an RRL population was to be found, it is expected from the literature that most of them
will be RRab (Smith, 2004). However, the only light curves that could resemble those of a
variable star were more symmetrical, closer to the light curve of an RRc, but since it does
not match the expected distribution they were not considered.

3.4.1 Simulating RRL observations to test UltraVISTA cadence

In light of the null results obtained when analyzing UltraVISTA data, I test whether the
cadence of the data we have is suitable for detecting RR Lyrae. For this I ran a series of
simulated observations of RR Lyrae and their following analyses using the Lomb-Scargle pe-
riodogram.

For these simulated observations I use a template of an RRab Lyrae light curve - DX Del,
as observed in the H, J, and K bands (Skillen et al., 1989), chosen as a random example from
the templates available at the VVV Templates Project (Angeloni et al., 2014) (Figure 3.8).
This template, which is in phase, will be used to generate artificial RRL light curves with
different periods, with periods sampled at random from a period distribution of known RR
Lyrae taken from the Catalina Survey (Drake et al., 2013b).

With this I simulate an observation of the generated light curves by using the same ca-
dence as one of the real UltraVISTA observations, which is also chosen at random. This
simulated sampling is then put through the Lomb-Scargle periodogram, to test if the original
period can be recovered.

21



(a) Y band (b) J band

(c) H band (d) Ks band

Figure 3.5: Distribution of the periods estimated by the Lomb-Scargle periodogram. The
specific peaks that deviate from the general distributions are a result of aliasing.

Figure 3.9 shows an example of the aforementioned simulations where the period is recov-
ered. On the top left is the RR Lyrae light curve template I am using, to which a period
taken at random from the Catalina Survey RR Lyrae period distribution will be assigned.
On the top right corner is the simulated data sampling - the blue line shows the magnitude of
the observed RR Lyrae changing with time, while the red dots indicate the data collected by
the simulated sampling - which in this case uses the same cadence as one of our UltraVISTA
light curves, chosen at random. A fixed error of 0.05 magnitudes is given to each observed
magnitude.

The bottom right corner of the figure shows the Lomb-Scargle periodogram of the simu-
lated data sampling, with the dotted lines representing the 10% and 5% significance levels
obtained from a bootstrap analysis (see Section 2.1.2). On the bottom left is the recovered
folded light curve, using the best period estimat-ed from the Lomb-Scargle periodogram and
the observed magnitudes.

After estimating a period of all simulated observations using the Lomb-Scargle peri-
odogram, I compare the final period distribution with the original one from the Catalina
Survey. In Figure 3.10 is the period distribution of 500 RR Lyrae sampled at random from
the Catalina Survey (in blue). This distribution peaks around 0.6 days, the average period
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(a) Y band (b) J band

(c) H band (d) Ks band

Figure 3.6: Distribution of the periods estimated by the Lomb-Scargle periodogram, sepa-
rating bright stars from faint stars.

for RRab types, the most common type or RR Lyrae.

On the left side of Figure 3.10, the distributions in red show the periods obtained by the
simulated observations of these stars, using the cadence from 500 UltraVISTA light curves
chosen at random. This distribution shows two different peaks, with the highest one being
between 0.2 and 0.3 days. This matches the aliasing that is shown in Figure 3.5.

On the right side of Figure 3.10, the distributions in red are only the periods obtained
in the simulations that recovered the original RRL period. Here we consider a period as
recovered when the period with the highest peak and the original period have a difference
of |pbest − poriginal| < 0.01 days. The fraction of periods recovered was 32.4% in the J band,
34.4% in the H band, and 39.8% in the Ks band. Although no RRL were found in the actual
sample, this recovery rate shows that they could have been found if the survey covered a larger
area in the sky. Another point to consider is the exposure of the images from UltraVISTA,
which goes from 0.5 to 1 hour of exposure. Having a high exposure might hinder a search
for variables with short periods (from 7 to 14 hours).
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Figure 3.7: Some of the periodograms obtained from UltraVISTA data in the J, H and Ks
bands. Above each periodogram is a folded light curve using the observed magnitudes and
the period estimated by the Lomb-Scargle periodogram.
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(a) J band (b) H band (c) K band

Figure 3.8: The light curves of RR Lyra star DX Del in the H, J and K bands. (data taken
from the VVV Templates Project (Angeloni et al., 2014))

Figure 3.9: An example of a simulated observation of an RR Lyrae template light curve.
The top left panel shows the original light curve used from the template. The top right
panel shows the light curve repeating periodically in time, with the red dots representing the
simulated observations that are taken with the cadence from UltraVISTA. The bottom right
panel shows the Lomb-Scargle periodogram that results from the simulated data mentioned
previously. Finally, the bottom left panel shows the simulated observations shown in phase,
using the estimated period from the Lomb-Scargle periodogram. Since the original period
is recovered, we can see a resemblance between the light curves in the bottom and top left
panels.
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(a) J band (all) (b) J band (recovered)

(c) H band (all) (d) H band (recovered)

(e) K band (all) (f) K band (recovered)

Figure 3.10: A histogram of period distributions. In blue is the distribution of 500 known RR
Lyrae from the Catalina Survey. The distribution in red are the periods from our simulated
observations of said stars.
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Chapter 4

SUDSS

4.1 Data

The Search Using DECam for Superluminous Supernovae (SUDSS) (Scovacricchi et al., 2016)
is an extension to the Dark Energy Survey (DES (The Dark Energy Survey Collaboration,
2005)) supernovae program. It adds extra epochs at either side of the nominal DES season,
and nearly eight months to the original observing window. This is done in order to alleviate
some of the temporal edge effects that occur in SNe observation with DES, in which high
redshift SNe light curves can be extended to a period longer than the observing window of
the survey.

The instrument used for SUDSS is the Dark Energy Camera (DECam), which is mounted
on the Blanco 4m telescope at the Cerro Tololo Inter-American Observatory (CTIO). DE-
Cam has an array of 62 CCDs arranged in an hexagonal pattern (Figure 4.1), which are
specifically designed to observe red light from distant galaxies (DEC). Together, these CCDs
cover an area of 3deg2. The pixel scale of the images is 0.26 arcsec/px. DECam works in 8
filters (ugrizY, wide VR, and narrow N964), but for SUDSS data we only have observations
in the g and r bands.

SUDSS covers 5 different fields with a total of 8 pointings: E1, E2, C3, X3, Cosmos1,
Cosmos2, NSF1 and NSF2. I am working with observations from the Elais (also called E )
field in the g and r bands, since it is the field with more observations at long exposures, and
is also present in the DES Gold Catalog for a better calibration (see Section 4.1.1). This
field has multiple observations with exposures of 100, 130, and 180 seconds in the g band,
while on the r band it has observations with exposures of 135, 200 and 250 seconds. SUDSS
has two pointings observing the E field (from here on referred to as E1 and E2), detailed in
Table 4.1.

All observations from SUDSS used in this work are publicly available in the NOAO Science
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Figure 4.1: The CCD array used in the Dark Energy Camera

Field RA (h) DEC (h) RA (deg) DEC (deg)
E1 00:31:29.86 -43:00:34.6 7.87440 -43.0096
E2 00:38:00.00 -43:59:52.8 9.50000 -43.9980

Table 4.1: Pointings used to observe the E field in SUDSS

Archive (NOA). The images were flux and astrometrically calibrated by the NOAO pipeline.

4.1.1 Catalogues & Calibration

Catalogs of each observations were made using SExtractor (Bertin and Arnouts, 1996) (see
Section 3.2), from which I also obtained instrumental magnitudes. These instrumental mag-
nitudes are normalized by exposure time, so images with different exposure times can be
compared. To calibrate the photometry of these catalogs, I used the method explained in
Cartier et al. (2015), which corrects for possible non-linearities using a linear fit as a function
of g, as it is shown to be a better fit than a constant zeropoint. The fit is defined as:

g − gDES = α + β × g (4.1)

Where g is the instrumental magnitude, gDES is the magnitude from the DES Gold Cat-
alog (DES), and α and β are constants used for the linear fit. When making this linear fit
I exclude sources that are too bright or too faint to avoid distortions in the fit, using only
those sources in the middle of each filter’s magnitude range (Table 4.2) where no significant
distortions can be found. I also sigma-clip the fit to eliminate outliers from the calibration.
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(a) before sigma-clipping (b) after sigma-clipping

Figure 4.2: Linear fit used for σ-clipping calibration (Equation 4.1)

Exposure time Objects used
100 s 14 < g < 18.5
130 s 15.5 < g < 21
180 s 17 < g < 22
135 s 17 < r < 21
200 s 18.5 < r < 22
250 s 19 < r < 22

Table 4.2: Magnitude ranges used for photometric calibration.

4.1.2 Catalog matching and construction of light curves

To construct the light curves, I match the calibrated catalogs to the DES Gold Catalog
(DES). Measurements that have been flagged by SExtractor when creating the catalogs (for
errors in the photometry, bad or saturated pixels, among other things) are not considered
when constructing the light curves. When calibrating the catalogs I also calculate the χ2

ν and
standard deviation σf it of the linear fit (following the procedure described in Cartier et al.
(2015)). Catalogs with χ2

ν < 20 or σf it < 0.1 are discarded. Since multiple observations are
needed to do a time series analysis, only objects with over 10 epochs are exported as light
curves to ensure there are enough data points to analyze with the Lomb-Scargle periodogram.

For star-galaxy classification, I use the MODEST_CLASS classification in the DES Gold Cat-
alog (Jarvis et al., 2016), a classification that is a mix of the star-galaxy classification from
SExtractor and the SPREAD_MODEL measure from Desai et al. (2012). For here onwards I only
work with stellar objects (that is, MODEST_CLASS = 2). This cut can be seen in Figure 4.3,
which shows the noise in the data from the g band as it reaches higher magnitudes. This
cut leaves out 19461 objects of the original sample of 33267. The number of epochs for each
resulting light curve after all the cuts mentioned above is shown in Figure 4.4.

To focus this search for RR Lyrae even further, a color cut is done at approximately
g − r ≤ 0.25, leaving a final sample of 2106 objects to analyze. This cut is shown as the
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Figure 4.3: All the matched objects with over 10 epochs. Points in teal are classified as
galaxies, while points in purple are classified as stars. Stars in the upper left section of the
diagram are saturated stars and are not considered for this work.

turquoise area in the color-magnitude diagram of Figure 4.5.
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Figure 4.4: Histogram of the number of epochs per light curve in each photometric band, for
the light curves selected after the process described in Sections 4.1.1 and 4.1.2.

Figure 4.5: A color-magnitude diagram of all observed stars. Stars in blue are selected to
look for RR Lyrae.
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4.2 Results

After constructing the light curves and selecting the possible RR Lyrae candidates, I search
for periodic signals using the Lomb-Scargle periodogram. Given the coverage of the obser-
vations, and based on previous surveys (Medina et al., 2018; Drake et al., 2013b), ∼ 8 RRL
were expected to be found in the observed area. However, no RR Lyrae were found.

A distribution of the estimated periods obtained in each band is shown in Figure 4.6. This
distribution does not show any specific peaks caused by aliasing. There are more individual
peaks in the distribution for the r filter, which are probably spurious peaks due to the r band
having less epochs in general (see Figure 4.4)

Figure 4.6: Distribution of the periods estimated by the Lomb-Scargle periodogram in the g
and r bands.

Figure 4.7 shows some examples of periodograms obtained with SUDSS light curves. These
periodograms appear to be more noisy than those obtained with UltraVISTA, with no clear
peaks to be found. Most periodograms obtained have many peaks that are considered signif-
icant by the bootstrapping analysis. This is probably driven by the lower number of epochs
of these light curves, which allows for better fits at many different periods.
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4.2.1 Simulating RRL observations to test SUDSS cadence

In order to investigate the null results I test whether the cadence from the SUDSS light
curves is suitable for searching for RR Lyrae. For this I run the test described in Section
3.4.1. The distributions obtained for 500 objects in the g and r bands are shown in Figure
4.8. The distributions show that using the cadence from SUDSS, the original periods are
not recovered. While the original distribution from the Catalina survey shows a clear peak
around the period of 0.6 days, the distribution recovered by Lomb-Scargle is more or less
uniform with no clear peaks on both the g and r bands.

The right side of Figure 4.8 shows, in red, the distribution of the recovered periods. Only
3.8% of the original periods were recovered in the g band, while 3.0% were recovered in the r
band. This is consistent with the periodograms seen in Figure 4.7, where there are no clear
peaks and so it becomes less likely to find the original period.
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(a)

(b)

(c)

Figure 4.7: Examples of Lomb-Scargle periodograms obtained for different SUDSS objects
in the g band. Each periodogram is on the left side. On the right side are the phased light
curves for the 3 highest peaks of the periodogram. The dotted lines in the periodogram show
the 10% and 5% significance levels.
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(a) g band (all) (b) g band (recovered)

(c) r band (d) r band (recovered)

Figure 4.8: Histograms of period distributions. In blue is the original distribution from
the Catalina Survey, while the distribution in red is what is recovered when simulating
observations with the same cadence as 500 SUDSS objects (in the g and r bands, respectively)
chosen at random.
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Chapter 5

HiTS

In this chapter I introduce a third dataset, which uses data from HiTS 2015A. Here I test
the cadence of this survey with simulated observations, and then proceed to analyze the real
data in search of distant RR Lyrae.

5.1 Data

The High cadence Transient Survey (HiTS) (Förster et al., 2016) is a survey carried out dur-
ing 2013 to 2015. It is done in the optical range, using the Dark Energy Camera (DECam,
see Section 4.1). The original purpose of HiTS is to detect and follow-up optical transients,
most specifically the earliest hours of supernovae explosions (shock breakouts).

The cadence of this survey is defined by the characteristic timescales of its main science
goal: SNe shock breakouts. SBO timescales range from seconds to a few hours (Kistler et al.,
2013), but HiTS is focused on the longest scales among these events: SBOs originated from
red supergiant (RSG) stars, which have characteristic timescales of an hour or more. There-
fore, the cadences used go from 1.3 to 2 hours (4, 5 or 6 epochs per night).

The campaign consisted mostly in observing blindly selected fields that met certain re-
quirements (such as overall low airmasses and remaining visible throughout the entire night).
Cluster and supercluster fields were only observed when they were adjacent to the blind
fields, to optimize telescope time. The observed fields are shown in Figure 5.1. In this work
I use data from the 2015A campaign.
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Figure 5.1: The fields observed by HiTS in the campaigns 2013A, 2014A and 2015A, from
Förster et al. (2016).

5.1.1 Calibration and light curve construction

HiTS worked with a custom process that was designed to run in real-time in order to mod-
ify their observational strategies as needed, and to follow-up with other telescopes on the
same observing night when new transients were found. This process included readout time,
data transfer, expanding the images into individual CCDs, running the DECam community
pipeline (Valdes et al., 2014) for preprocessing (electronic bias calibration, cross-talk cor-
rection, saturation masking, bad pixel masking and interpolation, bias calibration, linearity
correction, flat-field gain calibration, fringe pattern subtraction, bleed trail and edge bleed
masking, and interpolation), a CRBlaster filter to remove cosmic rays (Mighell, 2010), and
the image subtraction pipeline that detects candidate transients.

The calibration and light curve construction described in this section were carried out
entirely by Medina (2017), and the resulting light curves are used in this work with their
permission. First, catalogs were created from each image using the SExtractor photometry
software. Then these catalogs were aligned with each other, doing a pixel-to-sky coordinate
conversion using one of the epochs as a reference frame (the third epoch for 2015A data) and
the transformation constants from the HiTS pipeline. The aligned catalogs were then cross-
matched to generate light curves, and the measured fluxes were converted into instrumental
magnitudes as:

g = −2.5 · log10(
counts

sec
)− ag − kg · A− bg · ((g − r)− 0, 53) (5.1)
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Where A is the airmass, a is the photometric zeropoint in the respective band and CCD, b
is the instrumental color term coefficient—one for each CCD—and k is the first-order extinc-
tion. This calculation of instrumental magnitudes also accounts for the different exposure
times used in the observations.

Finally, these instrumental magnitudes were compared to the reference frame. After fil-
tering those objects within 2σ, the median value of this magnitude difference was used as the
zeropoint for photometric calibration ∆grel as:

gref = gstd + ∆grel (5.2)

5.2 Results

First I ran the test described in Section 3.4.1 for 500 objects selected randomly, to test
whether the cadence of these observations was suitable for searching for RR Lyrae. The
recovered distribution is shown in Figure 5.2. In this case it is clear that the original pe-
riod distribution is accurately recovered. Checking individual simulations, it is seen that the
original periods are recovered on 92.8% of the simulations done using the HiTS data cadence.

After successfully testing the cadence, I searched for RR Lyrae using the real HiTS data.
Figure 5.3 shows an example of the resulting periodograms. Compared to the two previous
datasets, these periodograms show clear peaks that pass the significance threshold, any many
of them show folded light curves that clearly resemble those of RR Lyrae.

We found a total of 106 RR Lyrae. A list of all the RRL, their characteristics and light
curves, are detailed in Appendix A. Of all the RR Lyrae found, 84 of them are RRab (79.25%)
and 22 are RRc (20.75%), which matches with the distribution expected from the literature
(∼ 90% RRab and ∼ 10% RRc) (Smith, 2004). The period-amplitude diagram for these
stars is on Figure 5.4, where the expected separation between RRab and RRc stars is clearly
defined.

The absolute magnitude values Mg of the found RR Lyrae were computed using the PLZ
relations from Sesar et al. (2017):

M = a log(P/Pref ) + b ([F e/H]− [F e/H]ref ) +Mref + ε (5.3)

Where the values Mref , Pref , [F e/H]ref , a, b, and ε are parameters that are constrained
in the same work. Note that for the PLZ relation to be applied on RRc stars, its period has
to be "fundamentalized" (Dall’Ora et al., 2004) as:
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Figure 5.2: A histogram of period distributions. In blue is the original distribution from the
Catalina survey, while the recovered distribution using the cadence from HiTS data is shown
in red.

Figure 5.3: An example of one the periodograms obtained with HiTS data, next to their
respective phased light curves for the highest peaks.
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Figure 5.4: Period-amplitude diagram for the RRL found with HiTS data. RRab are shown
in blue, and RRc are shown in red.

logPF = logP + 0.128 (5.4)

Where PF is the fundamentalized period used in the PLZ relation, and P is the original
period of the RRc. Once the absolute magnitude Mg has been obtained, I estimate the
heliocentric distances using the distance modulus (Equation 1.5), accounting for the effect of
extinction on the measured apparent magnitude:

d = 10(m−M−Aλ+5)/5 = d′10Aλ/5 (5.5)

Where Aλ is the extinction in magnitudes, and d′ is the estimated distance neglecting the
effect of extinction.

Figure 5.5 shows the position of the 106 RR Lyrae found in this work, color coded by
their heliocentric distance (these distances are listed individually in Appendix A). RRL from
the Sextans dSph can be identified around RA ' 153.3◦, DEC ' −1.7◦ and dH ' 80kpc, in
accordance to the results in Medina et al. (2018).

Of all the RR Lyrae found in this work, 19 were found at a distance of over 90kpc (what
can be considered "distant RR Lyrae"): 17 RRab (89.47%) and 2 RRc (10.53%). Of these 19
stars, 7 were found at distances greater than 100 kpc—5 RRab (71.43%) and 2 RRc (28.57%).
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Figure 5.5: Distribution of the found RRL, color coded by heliocentric distance.

Figure 5.6: Histogram of the heliocentric distances of the found RRL.
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Chapter 6

Discussion

The main goal of this work was to search for RR Lyrae beyond the usual limit of d ∼ 100 kpc
where their density seems to drop drastically (Drake et al., 2013a), with the primary aim of
building a catalog of distant mass tracers of the Milky Way. For this purpose we exploited
three different photometric surveys; UltraVISTA, SUDSS, and HiTS, all deep enough to un-
cover RRL out to ∼ 250 kpc, should they exist.

The null results from UltraVISTA and SUDSS—and their respective simulated observations—
show that, despite having good data (observations with small errors and high magnitudes),
cadence plays a vital role when analyzing time series to search for RR Lyrae. The cadence in
these observations caused a larger amount of noise in the Lomb-Scargle periodogram, which
made it impossible to find the true period of the stars observed (if they were, in fact, periodic).

More successful was the search using the HiTS database. In this catalog we found 106 RR
Lyrae, 7 of which were detected at distances greater than 100kpc, with the most distant one
located at ∼ 220 kpc. These results prove that HiTS is an unprecedented probe of the outer
areas of the Milky Way halo. Looking at the position of the found HiTS RRL in the sky they
are spread out in a roughly uniform way, which is consistent with the preliminary results of
Medina (2017). We also find a considerable number of RRL from the Sextans dSph, seen as
an overdensity in the amount of RRL in the RA ' 153.3◦, DEC ' −1.7◦ and dH ' 80kpc
area.

Finding RRL at these distances is a major breakthrough in the context of solving some of
the issues posed in Chapter 1.2.1, such as estimating the mass of the Milky Way by tracing
the kinematics of these distant stars. It also shows that faint satellites could be detected by
observing overdensities of RRL, which opens the possibility of faint Milky Way satellites that
have not been found yet to be discovered with this technique.

The RRL detected at large distances correspond to a density of 0.05RRL/deg2 beyond
100 kpc, similar to the results from Medina (2017), which estimate 0.06RRL/deg2 beyond
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100 kpc. These numbers suggest that there be could up to ∼ 2000− 2400 total RRL in the
outskirts of the Milky Way (d > 100 kpc), greatly improving our prospects of finding very
distant mass tracers.

In this context, studies like this one are an important predecessor for the advent of the
Large Synoptic Survey Telescope, LSST (LSST Science Collaboration et al., 2009). LSST
aims to have a deep, wide coverage of the sky, using a 9.6 deg2 camera to survey up to
20, 000 deg2 over its 10-year run. This survey will be able to observe Milky Way satellites at
up to ∼ 400 kpc (Ivezic et al., 2008; Oluseyi et al., 2012). Current works searching for RR
Lyrae will help develop the techniques necessary to take on the large amounts of data that
will come with LSST.
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Conclusion

RRL are variable stars, key for distance estimations and studies of old stellar populations.
They can be found by obtaining light curves and estimating their periods with the Lomb-
Scargle periodogram.

This work considered data sets from 3 different surveys: UltraVISTA, SUDSS and HiTS.
UltraVISTA worked in the near infrared and reached up to an average of 22 magnitudes, with
a small variation for each band. Possible candidates were selected by a variability criteria
based on the χ2 value of the light curves and the excess variance σ2

rms. However, no RRL
were found due to the cadence of the survey not being suitable for this search. The effect of
aliasing could be observed in the distribution of periods, particularly around 0.25, 0.3 and 0.5
days. By simulating RRL observations we recovered between 32.4 and 39.8% of the periods,
depending on the band. However, this was not enough to find RR Lyrae in the real dataset,
which only covered 1.5deg2.

The second dataset was from SUDSS, an extension of DES with observations in the op-
tical g and r bands. Star-galaxy classifications and color cuts were used to constrain the
sample for RRL candidates. However, in this case the simulated observations done to test
the cadence recovered only 3.8 and 3.0% of the periods in the g and r bands, respectively,
proving unusable to search for RR Lyrae.

The last analyzed dataset was from HiTS (this work only used data in the g band), based
on the work of Medina (Medina, 2017). In this case 92.8% of the periods are recovered in the
simulated observations, proving the cadence is adequate to search for RR Lyrae. Analyzing
the data from HiTS 2015A we find a total of 106 RR Lyrae—84 RRab and 22 RRc. Of these
RRL, 7 are at distances larger than 100 kpc, proving to be consistent with what we expect
from the literature. Some of these stars belong to the Sextans dSph, located at a distance of
∼ 80 kpc. These findings—especially those of distant RR Lyrae—are proof that distant halo
stars can be found with these methods, allowing us to advance in some of the issues currently
discussed in Galactic Astronomy, and paving the way for the work to be done with bigger
surveys coming in the near future.
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Appendix A

HiTS 2015a RRL

This appendix contains the full list of RRL found from HiTS data (Chapter 5) and their
respective light curves.

Table A.1: RRLs found with HiTS 2015a

ID RA (deg) DEC (deg) <g> period amplitude dH type
HiTS100351+00917 150.5274 1.3755 16.88 0.73 0.94 17.84 ab
HiTS100432+020044 150.6485 3.0067 16.08 0.61 0.94 11.58 ab
HiTS100853-022658 151.2805 -3.3987 17.67 0.51 0.91 22.40 ab
HiTS100907-033731 151.361 -5.0597 20.18 0.62 0.69 75.35 ab
HiTS101357-037597 152.0363 -5.6396 18.08 0.55 1.10 27.65 ab
HiTS101376-015158 152.064 -2.2737 20.62 0.70 1.04 95.73 ab
HiTS101529-028056 152.2946 -4.2084 17.98 0.38 0.76 24.37 c
HiTS101654+010244 152.4815 1.5367 20.67 0.62 0.50 94.93 ab
HiTS101659-013322 152.4899 -1.9983 20.58 0.65 1.00 91.16 ab
HiTS101694-014783 152.5415 -2.2175 20.49 0.67 0.69 89.08 ab
HiTS101696-008941 152.5445 -1.3412 20.43 0.68 0.89 86.40 ab
HiTS101706-01347 152.5594 -2.0205 17.03 0.56 1.00 16.84 ab
HiTS101764-012116 152.6473 -1.8174 20.46 0.73 0.65 89.50 ab
HiTS101824-0237 152.7361 -3.555 19.99 0.64 0.76 70.50 ab
HiTS101844-014503 152.7664 -2.1755 20.54 0.59 0.90 87.53 ab
HiTS101861-016466 152.7918 -2.4699 20.43 0.31 0.63 69.93 c
HiTS101896-010914 152.8445 -1.6372 20.64 0.61 0.72 91.31 ab
HiTS101908-015394 152.8622 -2.3092 20.53 0.71 0.62 92.99 ab
HiTS101911-010746 152.8674 -1.612 20.57 0.59 0.99 87.80 ab
HiTS101970-017327 152.9559 -2.5991 20.30 0.64 0.94 81.34 ab
HiTS101970-017327 152.9559 -2.5991 20.30 0.64 0.94 81.34 ab
HiTS102038-0112 153.0578 -1.68 20.75 0.61 0.67 95.06 ab
HiTS102040-012147 153.0612 -1.8221 20.51 0.66 0.73 88.79 ab
HiTS102057-010836 153.0855 -1.6255 20.62 0.71 0.89 93.89 ab
HiTS102070-011477 153.1054 -1.7216 20.52 0.57 1.23 83.97 ab
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Table A.1 – continued from previous page
ID RA (deg) DEC (deg) <g> period amplitude dH type
HiTS102073-010746 153.1106 -1.612 20.50 0.59 1.10 83.53 ab
HiTS102118+0157 153.1776 2.355 20.73 0.53 1.20 91.62 ab
HiTS102146-004480 153.2195 -0.6721 20.29 0.65 1.05 80.33 ab
HiTS102224-026239 153.3361 -3.9359 18.88 0.58 0.95 40.89 ab
HiTS102340-010972 153.5107 -1.6458 20.52 0.54 1.21 83.81 ab
HiTS102369-011906 153.5544 -1.7859 20.51 0.61 0.93 87.31 ab
HiTS102370-010063 153.5563 -1.5095 20.61 0.64 0.68 92.31 ab
HiTS102375-012664 153.5629 -1.8997 20.42 0.61 1.23 83.68 ab
HiTS102381-013232 153.5725 -1.9848 20.66 0.59 1.12 92.56 ab
HiTS102395-009706 153.5938 -1.4559 20.54 0.34 0.56 75.97 c
HiTS102413-005135 153.6205 -0.7703 20.56 0.63 0.66 89.82 ab
HiTS102463-009711 153.6953 -1.4567 20.63 0.37 0.64 81.12 c
HiTS102529-008714 153.7947 -1.3071 20.27 0.73 0.59 82.70 ab
HiTS102530-009666 153.7954 -1.45 20.60 0.61 1.02 90.50 ab
HiTS102543-008536 153.8151 -1.2804 20.45 0.73 1.29 89.83 ab
HiTS102576-008546 153.8643 -1.2819 20.42 0.57 0.88 81.48 ab
HiTS102604+015966 153.9073 2.3949 15.84 0.31 0.64 8.42 c
HiTS102640-012923 153.9606 -1.9385 20.31 0.32 0.62 66.97 c
HiTS102739-028552 154.1091 -4.2828 17.54 0.75 0.57 23.69 ab
HiTS102832+017026 154.2481 2.554 16.18 0.57 0.70 11.57 ab
HiTS102927+001485 154.3912 0.2228 20.51 0.37 0.61 76.86 c
HiTS103266-009768 154.8997 -1.4652 17.11 0.63 0.55 17.69 ab
HiTS103291-009649 154.9373 -1.4474 20.51 0.72 0.87 89.15 ab
HiTS103352-041316 155.0288 -6.1975 18.36 0.62 0.80 32.33 ab
HiTS103479-026482 155.2185 -3.9723 17.51 0.30 0.39 17.84 c
HiTS103780+006644 155.6709 0.9967 16.40 0.35 0.58 11.13 c
HiTS103954-044728 155.9321 -6.7092 18.40 0.65 0.44 33.82 ab
HiTS103974-037973 155.9623 -5.696 15.90 0.65 0.96 10.61 ab
HiTS104125+002762 156.1888 0.4144 22.44 0.30 0.94 171.54 c
HiTS104861+000352 157.2918 0.0528 17.83 0.64 0.63 24.93 ab
HiTS105007-032005 157.5108 -4.8008 16.41 0.56 1.13 12.80 ab
HiTS105041-033561 157.5626 -5.0342 17.16 0.30 0.74 15.37 c
HiTS105278-00574 157.9172 -0.861 17.60 0.29 0.60 17.84 c
HiTS105493-044139 158.2403 -6.6209 15.67 0.62 1.07 9.41 ab
HiTS105493-044139 158.2404 -6.6209 15.85 0.61 0.99 10.18 ab
HiTS105570+011907 158.3561 1.7861 18.04 0.68 0.86 29.05 ab
HiTS105672-04233 158.5085 -6.3495 15.76 0.55 0.96 9.41 ab
HiTS105818+00647 158.728 0.9705 17.88 0.45 1.48 22.90 ab
HiTS106071-011894 159.1078 -1.7842 16.39 0.60 1.23 12.54 ab
HiTS106226+012918 159.3392 1.9378 16.19 0.65 1.10 12.36 ab
HiTS106624-015336 159.9369 -2.3005 21.23 0.71 0.68 124.67 ab
HiTS106692-043672 160.0389 -6.5509 21.08 0.64 0.64 114.16 ab
HiTS914413-004312 137.162 -0.6469 17.22 0.37 0.48 17.18 c
HiTS917015-033704 137.5523 -5.0557 15.79 0.54 1.24 9.71 ab
HiTS917966+012282 137.695 1.8424 18.56 0.60 0.94 36.10 ab
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Table A.1 – continued from previous page
ID RA (deg) DEC (deg) <g> period amplitude dH type
HiTS918062-03992 137.7094 -5.988 19.69 0.65 0.47 61.78 ab
HiTS918599-042513 137.7899 -6.377 18.50 0.57 0.85 34.07 ab
HiTS925276-036652 138.7914 -5.4979 20.67 0.62 0.97 94.54 ab
HiTS925773-028830 138.866 -4.3246 16.57 0.39 0.62 12.89 c
HiTS932915-000216 139.9373 -0.0324 16.26 0.61 1.05 12.49 ab
HiTS932973+007806 139.946 1.171 16.70 0.66 1.14 15.86 ab
HiTS932988+014520 139.9482 2.1781 16.75 0.29 0.60 12.82 c
HiTS935079+011737 140.2619 1.7606 17.00 0.62 0.82 17.64 ab
HiTS941816+012231 141.2725 1.8347 18.17 0.34 0.53 25.10 c
HiTS942243+012855 141.3365 1.9283 18.49 0.27 0.77 26.91 c
HiTS948784-023860 142.3177 -3.5791 18.58 0.29 0.44 29.31 c
HiTS949078-039408 142.3618 -5.9112 21.19 0.58 1.05 116.66 ab
HiTS951161-015866 142.6742 -2.38 17.74 0.59 1.13 24.03 ab
HiTS951568+013094 142.7353 1.9642 18.45 0.59 0.86 31.11 ab
HiTS955289-000689 143.2934 -0.1034 17.53 0.62 1.20 22.40 ab
HiTS956703-046427 143.5055 -6.9641 22.96 0.30 1.08 222.31 c
HiTS957527-024481 143.6291 -3.6722 19.29 0.56 1.10 48.05 ab
HiTS961774-029154 144.2661 -4.3732 17.70 0.59 0.89 23.65 ab
HiTS961856-000491 144.2785 -0.0737 18.73 0.60 0.77 37.85 ab
HiTS963526-006207 144.5289 -0.9311 20.96 0.61 0.83 109.38 ab
HiTS964643-04009 144.6965 -6.0135 20.99 0.59 0.85 109.39 ab
HiTS965048-006730 144.7573 -1.0096 16.15 0.60 1.10 11.71 ab
HiTS965356-042138 144.8035 -6.3208 17.33 0.53 1.23 19.58 ab
HiTS966385-009178 144.9578 -1.3768 15.94 0.54 0.64 10.41 ab
HiTS967424-045813 145.1136 -6.872 17.10 0.63 0.69 18.65 ab
HiTS967562+014466 145.1344 2.1699 17.53 0.60 0.71 21.65 ab
HiTS968574+010144 145.2862 1.5216 17.06 0.31 0.34 14.07 c
HiTS971177+012898 145.6766 1.9347 18.71 0.52 1.00 34.63 ab
HiTS971784-040078 145.7677 -6.0118 17.27 0.54 1.28 18.94 ab
HiTS972749-046786 145.9124 -7.018 16.79 0.55 1.17 15.36 ab
HiTS977694-024690 146.6542 -3.7036 17.32 0.39 0.59 17.97 c
HiTS978730+000333 146.8096 0.05 16.54 0.54 0.48 11.41 ab
HiTS981178-028954 147.1767 -4.3431 16.68 0.66 1.14 15.15 ab
HiTS983814-042208 147.5721 -6.3312 17.98 0.26 0.44 20.38 c
HiTS986923-011562 148.0385 -1.7344 16.91 0.52 1.20 15.55 ab
HiTS989747-042410 148.4621 -6.3616 16.37 0.56 1.08 12.24 ab
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Figure A.1: Phased light curves of RR Lyrae found from HiTS 2015a (1/11)
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Figure A.2: Phased light curves of RR Lyrae found from HiTS 2015a (2/11)
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Figure A.3: Phased light curves of RR Lyrae found from HiTS 2015a (3/11)
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Figure A.4: Phased light curves of RR Lyrae found from HiTS 2015a (4/11)
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Figure A.5: Phased light curves of RR Lyrae found from HiTS 2015a (5/11)
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Figure A.6: Phased light curves of RR Lyrae found from HiTS 2015a (6/11)
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Figure A.7: Phased light curves of RR Lyrae found from HiTS 2015a (7/11)
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Figure A.8: Phased light curves of RR Lyrae found from HiTS 2015a (8/11)
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Figure A.9: Phased light curves of RR Lyrae found from HiTS 2015a (9/11)
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Figure A.10: Phased light curves of RR Lyrae found from HiTS 2015a (10/11)
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Figure A.11: Phased light curves of RR Lyrae found from HiTS 2015a (11/11)
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