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Resumen

Contexto: El Bulbo es la componente de nuestra Galaxia mas antigua. Por ende, es
esencial estudiar diferentes objetos en el Bulbo Gal4ctico, para entender la formacion y
evolucion de la Via Lactea.

Objetivos: Nuestro principal objetivo es detectar y estudiar nuevos planetas extrasolares
en el Bulbo Galactico. Posteriormente, nosotros encontraremos los pardmetros estelares
y planetarios, para poder caracterizar los exoplanetas encontrados.

Metodologia: Mediante el método de trdnsito nosotros buscaremos planetas extrasolares
usando los datos de la mision K2, de la campana 9 y 11. Nosotros calcularemos un
periodrama Box Least Squares, para detectar una sefial periodica. Luego de este pro-
ceso, nosotros realizamos una inspeccion visual para descartar falsos positivos. Ademas,
aprovecharemos los datos del infrarrojo cercano del VVV survey que se superponen con
los datos de K2, para descartar falsos positivos, especialmente objetos que se combinan.
Resultados: Nosotros reportamos el descubrimiento de cinco exoplanetas candidatos de-
tectados en el Bulbo Gal4ctico. Dos de estos candidatos podrian ser planetas de baja masa
y tres de ellos podrian ser gigantes gaseosos. Gracias al VVV survey, nosotros buscare-
mos la variabilidad de las estrellas pertenecientes a los cimulos globulares del bulbo NGC
6528, NGC 6553 y NGC 6569, los cuales son parte del estudio de Muioz et al. (2018)
y Muioz et al., (2019, en preparaciéon). Encontrando en cada uno de ellos una estrella

variable candidata.
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Abstract

Context: The Bulge is the oldest component of our Galaxy. Therefore, it is essential
to study different objects in the Galactic Bulge, to understand the formation and evolution
of the Milky Way.

Aims: Our main goal is to detect and study new extrasolar planets in the Galactic Bulge.
Later, we determine the stellar and planetary parameters, in order to characterize the exo-
planets found.

Methods: Through the transit method we search for extrasolar planets using the K2
database from campaigns 9 and 11. We calculate a Box Least Squares periodogram,
to detect a periodic signal. After this process, we perform a visual inspection to discard
obvious false positives. Additionally, we take advantage of the near-infrared data from
the VVV survey that overlapped with the K2 data, to discard false positives, specially
blended object.

Results: We report the discovery of five exoplanet candidates detected in the Galactic
Bulge, two of which could be low mass planets, and three could be giants gaseous plan-
ets. Thanks to the VVV survey, we search for variability in stars belonging to the Bulge
Globular Clusters: NGC 6528, NGC 6553 and NGC 6569, which are part of the study of
Muioz et al. (2018) and Muioz et al. (2019, in preparation). We detected in each of the

globular clusters one candidate variable star.
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Introduction

Our Galaxy is a spiral galaxy mainly composed of three parts: the bulge, the disk and
the halo. Also, we can find different types of stars, which can be classified according to
the metallicity content. These can be divided into three types: population I stars have
large metallicities, population II stars have relatively low metallicities and the population
III stars theoretically have zero metallicity. These populations are distributed throughout
the Milky Way, so the disk is composed of both, population I and II stars while the halo
contains population II stars. In addition, we can observe a variety of astronomical ob-
jects in these populations. For instance, the high metallicity of Population I stars makes
them more likely to contain planetary systems that the other two populations, because
the metallicity plays an important role in planet formation (Buchhave et al., 2014). The
population II stars, have a spherical distribution. Globular clusters for example are typical
representatives of population II stars. Presumably, the center of the globular cluster dis-
tribution is the center of the galaxy. For this, we need to find the distances to the clusters
and a good distance indicator are the variable stars as Cepheids and RR Lyrae.

In this thesis, we study different objects in the galactic bulge. We are searching for
extrasolar planets. That is possible, because the K2 mission in 2016 observed for the first
time the center the Milky Way during the campaign 9, in order to study gravitational mi-

crolensing events. At the end of that year, K2 observed the bulge again with the campaign
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11, collecting a total of approximately 15.000 light curves. We take advantage of the high-
precision photometry of the K2 database to search for exoplanets, finding five exoplanet
candidates (see Caption 2), two of which could be low mass planets, and three could be gi-
ant gaseous planets. Thank to the multi-band near-IR photometry of the VVV survey and
2MASS we can measure accurate physical parameters for the host stars. With the VVV
survey also we can obtain multi-epoch observations in K, band, which is very useful for
studying variable stars. For this reason, we search for variability in three Bulge Globular
Clusters: NGC 6528, NGC 6553 and NGC 6569. These clusters were part of the study
of chemical characterization using high-resolution spectroscopy from FLAMES-UVES.
Muiioz et al. (2018) and Muioz et al. (2019, in preparation) analyzed stars on the red
giant branch and obtained chemical abundances of light elements, iron-peak elements, a
elements, and heavy elements. We search for variability in these stars, and we detected in

each of the globular clusters one candidate variable star (see Caption 3).

1.1 Exoplanet Detection Techniques

Different methods have been developed for the detection of extrasolar planets: radial ve-
locity, astrometry, microlensing, transit, and direct imaging. The figure 1.1, show that
these methods are based on two principles: indirect methods, which measure the influ-
ence that the planet causes on its host star and the direct methods, that detect the signals
that come directly from the planet. Each of these techniques have observational incom-
pleteness, as shown in Figure 1.2 the radial velocity and transit methods detect planets
preferentially that orbit closer to their host stars, and these planets are larger in mass
and size. In another hand, the planets detected with microlensing, astrometry, and direct
imaging have larger orbital distances. There are so far 3903 planets confirmed with these
methods in 2909 systems, with 647 systems that have more than one planet. Although
the thesis was focussed on the science and usage of the transit method, in this section we

describe the different detection techniques.
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Figure 1.1 Detection methods for exoplanets.

Source: Own elaboration.
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Figure 1.2 Planetary mass vs. semi-axis major. The different colors shows the method
used to detect the planet. The data is taken from exoplanet.eu. Source: Own elaboration.
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1.1.1 Radial Velocity

The radial velocity method or Doppler spectroscopy is an indirect method, that is used
to measure the gravitational influence that an orbiting planet induces on a star. This
technique was implemented by Campbell et al. (1988) finding evidence that the binary
system y Cephei has a very low mass companion of 1.7 M, which was later confirmed by
Hatzes et al. (2003). After finding the first exoplanet Pegasi 51 b (Mayor & Queloz, 1995)
with radial velocity method and thanks to the improvement of the Doppler precision, with
this method there are 785 exoplanets discovered so far.

Using the Doppler effect it is possible to measure the variation of the projected ve-
locity. The method consists (see Figure 1.3) in the measurement of the wavelength of
emitted light from a source when this is moving toward the observer (blueshift) and when

it is moving away (redshift). The measured radial velocity of the star, V, is represented by

V.(t) = K[cos(w + v(t)) + e cos(w)] (1.1)

where w is the longitude of periastron, e the eccentricity, v(t) the angle used to charac-
terize an observational orbit and for definition, the radial velocity semi-amplitude of the

sinusoidal oscillation (K) is:

21 a,sini

K=Z
P (1-e?)7

(1.2)

where G is the universal gravitational (6.67x107'![m?Kg~'s72]), P is the orbital period,
a, is the semi-major axis of the stellar orbit around the system barycenter and i is the
inclination of the orbit plane. An alternative expression for this equation without a, is

described by Cumming et al. (1999), Eq. (1):

27G\'? M, sini 1
K:(" ) pSin! (1.3)

P (M, + M)*? \T— g

where M, is the planetary mass and M, is the stellar mass.
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For a circular orbit with M, < M,, the stellar velocity variations are sinusoidal with

amplitude (Cumming et al. 1999, Eq. 2):

P\ Y3 M sini\ (M, \ 3
K = 28.4ms~ [—— p AT (2% (1.4)
lyr M, M,

With the observational parameters: velocity semi-amplitude (K), orbital period (P)
and eccentricity (e), it is possible calculate a minimum of the planet mass (M, sin i) with
the stellar mass (M,) previously determined. It is not possible to determine the true
planetary mass, because of the inclination of the orbit is unknown.

The radial velocity has an observational bias. It is for this reason that the majority
of the detected planets have high masses and short orbital distances, for example: one of
the exoplanets with the shortest period detected is EPIC 248435473 b (Rodriguez et al.,
2018) with P= 0.6585 days and the most massive is HD 87883 b (Fischer et al., 2009)
with M=81.9 M,.

One of the observational parameters that we obtained from the radial velocity is the
eccentricity, for example: the planet with highest eccentricity €=0.92 is HD 20782 b
(Jones et al., 2006) and has a=1.36 AU and the exoplanet with circular orbit is HD 156668
b (Donnison, 2010) with a=0.05 AU. There is a relationship between the eccentricity and
the semi-major axis, therefore the planets with circular orbits are closer to their host star,
while planets with a large eccentricities are farther away.

To search exoplanets with the radial velocity method there are different spectrographs,
some of them are: CORALIE (Queloz et al., 2001) installed at 1.2m “Leownard Euler”
Swiss Telescope with precision 3 m/s, HARPS (Mayor et al., 2003) at the Silla 3.6m
telescope with a precision 1 m/s and ESPRESSO (Pepe et al., 2010) mounted on the ESO
VLT with a precision < 10 cm/s.

1.1.2 Astrometry

The astrometry technique is an indirect method that measures the changes of the position

of the star on the sky because of the gravitational influence of the companion.
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HOST STAR

EXOPLANET

Figure 1.3 Radial Velocity scheme described the blueshift when the star moves towards
us and the redshift when it moves away from us. Source: European Southern Observatory
(ESO).

The path of a star orbiting the star-planet barycenter appears projected on the plane of
the sky as an ellipse with angular semi-major axis « given by

| Mpa
C M,d

@ (L.5)

where a is the semi-major axis of the planet orbit, d is the distance, and M, and
M, are the mass of the planet and the star, respectively. According to this equation, the
astrometric method is sensitive to detect high mass planets and large orbits.

Figure 1.4 shows the astrometric signature that the planets of the solar system produce
on a solar-like star located at 10 pc, therefore a very high precision is necessary to find an
extrasolar planet. We can deduce that is difficult to find exoplanets through astrometry,
and for this reason, there are few exoplanets discovered by this technique (see Figure
1.1). Another difficulty is the turbulence in the Earth’s atmosphere when we perform
observations from the ground, although it can be reduced (Lazorenko & Lazorenko, 2004;
Cameron et al., 2009; Shao & Colavita, 1992). The space astrometry avoids the effect of
the Earth’s atmosphere and improves the precision of the astrometric measurement.

Figure 1.4 shows the astrometric precision for three missions: the Hipparcos satellite
that operated between 1989 to 1992 measured the position, proper motions and direct

distances for more than 100.000 stars with a precision of 1 milli-arcsecond (Perryman
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Figure 1.4 Minimum astrometric signature vs orbital period. The grey circles represent
570 planets discovered with other techniques. The red circles are a reference of the as-
trometric signature that the solar system planets cause on a solar-like star at 10 pc. The
green, yellow and blue areas show the precision of the Hipparcos, HST and GAIA mis-
sions, respectively. Source: From Eduardo Bendek (Meeting ExoPAG10') adapted from
Fischer et al. (2014).

etal., 1997), HST has a precision of 0.25 milli-arcsecond (McArthur et al., 2010) and the

Gaia satellite which is mapping a billion of stars with a precision of 0.01 milli-arcsecond.

1.1.3 Microlensing

Microlensing is an indirect method, which occurs when two stars are aligned and the
gravitational field of a star acts like a lens, magnifying the light of a distant background
star. Although the majority of the exoplanets found with this method have a large mass
(see Figure 1.2), as is the case of OGLE-2016-BLG-0693L b with M =49 M, (Ryu et al.,
2017), this technique is more sensitive than others to detect small planets. The first planet
found was OGLE 2003-BLG-235/MOA 2003-BLG-53 with M = 2.6 M, (Bond et al.,
2004) in 2003 by the OGLE and MOA survey. The Figure 1.5 represents the geometry

of a microlensig event. From the source star (S) the light is bent by the lens star (L),

1https://exoplanets.nasa. gov/exep/events/13/exopag-10/
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therefore the observer (O) sees the image (I) of the source instead of the truth. When the
source is perfectly aligned with the lens and the observer, it produces a ring known as

Einstein ring, whose radius is described as:

(1.6)

o.D, — |4GMLDs = Dy 12
r -_— -_—
E EXL C2 DS
where O is the angular Einstein radius, Dy is the source distance, D is the lens
distance and M, is the lens mass. During a microlensing event, the brightness of the

source is amplified by

2
_ W%Jf)m (1.7)

where u is the angular separation between the lens and the source in units of the
Einstein radius. If the observer, the lens and the source are aligned, u = 0 and A = oo.
Thus, the point of infinite magnification is known as caustic. When the source crosses a
caustic produced by the planet, it is possible to detect the planet. One advantage of this
technique, is that it is the only method capable of detecting planets in other galaxies (Dai
& Guerras, 2018).

Different surveys have been used to detect exoplanets, for example, OGLE project
(Udalski et al., 1992), for which the main goal is to study microlensing events in the Mag-
ellanic Clouds and the Galactic bulge, due to a large number of background stars that are
potential targets for microlensing. For their development, a telescope was constructed (1.3
m Warsaw Telescope) located in the Campanas Observatory. MOA (Bond et al., 2001) is
another project focussed in observing dark matter, exoplanets and stellar atmospheres us-
ing the microlensing technique, with a 1.8m reflector telescope. The Korea Microlensing
Telescope Network (KMTNet, Park et al. 2012) projects focus is to discover exoplanets,

principally earth-mass planets in the habitable zone with the gravitational microlensing

technique. This project consists of three telescopes located at: SAAO, CTIO, and SSO.
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Figure 1.5 Schematized geometry of microlensing. Source: Own elaboration.

1.1.4 Transit

When a planet crosses in front of a host star, it blocks some of the star light during the
eclipse (transit) and creates a periodic drop in the brightness of the star. This definition
is represented in Figure 1.6, where the dashed lines show the first to the fourth contact
points, AF is the transit depth, 4, 1s the transit duration between the first and fourth
contact and f4, 1s the duration of the flat part of the transit, in the interval between the
second and third contact. Through this method it is possible to determine the planetary
radius, semi-major axis and the inclination (see Section 1.2.1). The first exoplanet dis-
covered with this method was HD 209458 b (Henry et al., 1999; Charbonneau et al.,
2000) with a radius of 1.38 R; and a semi-major axis of 0.0475 AU. Since then, with
this method 2870 planets have been discovered. Despite the large number of exoplanets
found, we only can observe a transit when the planetary orbit is aligned with the line of
sight. The probability for transit to be observable is

Prans = ot B (18

a a

From the equation, we deduce that the probability that a transit happens depends on

the semi-major axis (a) and the stellar radius (R,). Therefore, the probability decreases
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Figure 1.6 Schematized geometry of the transit. Source: Own elaboration.

when the semi-major axis is higher. This analysis is represented in Figure 1.2, when
the majority of the exoplanets found with this method have a small semi-major axis in
comparison with other methods. In order to catch extrasolar planets is necessary to scan
the sky, following a large number of stars for a long period. For this reason, different
surveys have been developed. From the ground-based, some project are: HATNet (Bakos
et al., 2004), TrES (Alonso et al., 2004), XO (McCullough et al., 2005), SuperWASP
(Pollacco et al., 2006), KELT (Pepper et al., 2007), NGTS (Chazelas et al., 2012) and
QES (Alsubai et al., 2013). As we mentioned previously, observe from the space, have
many advantages. Therefore, have been employed several space mission: e.g. Kepler
(Borucki et al., 2010a), CoRoT (Barge et al., 2008), TESS (Ricker et al., 2009), CHEOPS
(Broeg et al., 2013) and PLATO (Rauer et al., 2014).

1.1.5 Direct Imaging

In comparison with the other methods described previously, direct imaging is a direct
method. This means that we observe the planet directly, in spite of the planets being a
faint light source in comparison with the stars. Therefore it is possible to detect planets

through the reflected light from the host star (using visible wavelength) or by its thermal
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emission (using infrared wavelength). As we can see in Figure 1.2 this method is sensitive
to planets with wide orbits (a > SAU), this is due to the difficulty obtaining an image of a
planet, which is outshined by its host stars light. For this reason, this technique represents
a great challenge. By way of example, if a star like the Sun and Jupiter, the brightest planet
in our Solar System, were located at a distance of 10 pc from us, the planet would have
only 10~ of the optical flux of the host star, with an angular separation of 0.5 arcseconds.
For extrasolar planets are expected to range from 107> in infrared to 10~!° in the optical.

In 2004 the first extrasolar planet found with this method was 2M1207b (Chauvin
et al., 2004) with a mass of 4 M, orbiting at 46 AU around a brown dwarf that was dis-
covered using adaptive optics NIR instrument NACO (NAOS/CONICA, Lenzen et al.
2003) mounted on UT4 telescope of the ESO VLT located in Paranal, Chile. After this
discovery, the direct imaging detected 106 planets (see Figure 1.1), for which we show
some of the most important discoveries. 51 Eridani b (Macintosh et al., 2015) was dis-
covered using GPI (Gemini Planet Imager, Macintosh et al. 2012), which consists of a
high-order adaptive optics system, a coronagraphy, a calibration interferometer, and an
integral field spectrograph. GPI was mounted on the Gemini South Telescope at the Las
Campanas Observatory in Chile. The importance of this discovery, in addition to being
the first exoplanet discovered with GPI, is that this planet is a million times fainter than
its host star and was the first extrasolar planet that shows the strongest methane signature,
giving additional clues as to how 51 Eridani b formed.

Another important discovery is the detection of the first multiplanet system with this
technique using angular difference imaging, which combined many short exposures to
reveal faint features (see Figure 1.7). Three giant planets were directly observed orbiting
the A5V star HR 8799 (Marois et al., 2008), using telescopes at both the Keck Observatory

and Gemini Observatory.
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Keck H—band July 14, 2004UT N Gemini CH45 Oct. 17, 2007UT N

Figure 1.7 Three giant planets around HR 8799 discovered with direct imaging. Source:
From Marois et al. (2008).

1.2 The Transit Method

In Section 1.1.4, we explained that when a planet crosses in front of its host star, it is
possible to appreciate a drop in the brightness. We can visualize this behavior in the light
curve (see Figure 1.6), which is a graph of the flux, as a function of the time. With the
help of the light curve, we can derive information about the physical characteristics, that
we will describe in Section 1.2.1.

Although the transit method is known as an efficient technique to detect an extrasolar
planet, we need to be careful, because the only way to confirm the candidates is through
the combination with other techniques, like radial velocity. Therefore, if we only count
with photometric data, we need to discard all the possible astrophysical mimics, which

will be discussed in Section 1.2.2.
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Figure 1.8 The geometry of a transit. (a) Schematic representation of the impact parame-
ter. (b) Schematic representation of the Pythagoras’s theorem. Source: Own elaboration

1.2.1 Transit Theory

As we explained previously, through the planetary transit measured in the stellar light
curve, we can obtain different physical parameters. First we make the following assump-
tions (Seager & Mallén-Ornelas, 2003):

1-. The planet is in a circular orbit.

2-. The stellar intensity is uniform across the stellar disk.

3-. The planet is dark compared to the central star.

4-. The light comes from a single star.

In Figure 1.6, we can see that when a planet crosses in front of the star, it blocks
some of the starlight during the eclipse. That decrease in the flux called the transit depth

depends on the size of the star and the planets, described by the following equation:

2
F* - Ftransit RP
AF = ——— =|— 1.9
L (2] (1.9

Where F, is the flux measured from the star, F.,,; 1S the flux estimated when the
planet crosses in front of the star, Rp is the planet radius and R, is the stellar radius. With
this equation, we can immediately estimate the size of the planet, in terms of the size of

its host star.
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Through Kepler’s third law, we can obtain the semi-major axis of the orbit, described

y =)

where P is the orbital period, G is the universal gravitational, M, and Mp are the

2 1/3
G(M, + Mp)) (1.10)

stellar mass and the planetary mass, respectively.
With the period measured from observations and the semi-major axis calculated pre-
viously, it is possible to deduce the orbital speed given by
2na

V=7 (1.11)

Also, in Figure 1.6 we can observe that it is possible to determine the time of the
transit from the first contact until the four contacts. But if the planet crosses the center of
the stellar disc the transit duration is longer than if the planet crosses the star with another
inclination. This orbital inclination i is related to the impact parameter b (see a) in Figure
1.8), defined as the projected distance of the center of the planet to the center of the star,

given by the following equation:
_acosi

b =
Ry

(1.12)

We can deduce the path length that the planet takes when crossing the disk of the star (see

b) Figure 1.8) from the Pythagoras’s theorem, given by:

= R, +Rp)? — (bR, )? (1.13)

From the length, / it is possible to derive the transit duration, as illustrated in Figure
1.9. The extrasolar planet moves from A to B around its orbit, creating the angle « in
radians. The arc length produced by these points is aa, and the distance along a straight

line between A and B is 2/. The distance around an entire orbit is 2ra. From the points
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To observer

Figure 1.9 Schematized geometry of the orbital of an exoplanet in transit. Source: Own
elaboration

A, B and the center of the star we obtain sin(a/2) = [/a, thus:

iransic = — arcsin (1.14)
n

P (R, — Rp)> — (acosi)*\'
2

Finally, we can derive the shape of the transit light curve by calculating the ratio of

the duration of the flat part to the total transit duration:

(1.15)

iransit

[ ) (1) - (eosi)

1.2.2 False Positives

When we observe a light curve, and that shows the typical transit shape, we must take into
consideration that it is not always a planet. We can be in the presence of a false positive.
A scheme of the different imposters identified that could mimic the transit shape is shown
in Figurel.10 listed below are the main false positives:

e Blended eclipsing binary: This false positive happens when a third star dilutes the
light of transiting binary system (see a) in Figurel.10). The third star can be part of a

hierarchical system associated with each other or can be an isolated star blended with
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Figure 1.10 Scheme of false positives: a) Blended eclipsing binary. b) Grazing eclipsing
binary. ¢) Planet-sized stars. Source: Own elaboration.

an eclipsing binary, because they are at different distances along the same line of sight.
Therefore, the third star dilutes the eclipse depth and produces a shallow dip comparable
to a planetary transit.
¢ Grazing eclipsing binary: We can distinguish easily the depth that the eclipsing binary
stars produce because these are deeper in comparison with the dips created by the transit
of a planet. As we mentioned before, the depth of the transit is described by the ratio
of radii of the host star and the planet. But this equation assumes that the entire disk of
the planet is inside the disk of the host star. But when two stars have a misaligned orbit
with respect to our line of sight and one star grazes the limb of the other star, the depth is
comparable to a planetary sized companion (see b) in Figurel.10).
o Planet-sized stars: If in a binary system the secondary star is smaller than the primary,
for example, a white dwarf star or a brown dwarf star. These stars have the same size
as gas giant planets (see c¢) in Figurel.10), but these planets are less massive than the
brown dwarf or white dwarf stars. In addition, the transit shape is identical in these three
cases to the planetary transit scenario. Therefore with photometric measurements, we can
not discriminate between these different possibilities. One way to know the nature of the
system is through spectroscopic measurements.

Other possible false positive can be given due to the photometric variability through
atmospheric variations, the variability of the star or noise produces for instrumental ef-

fects.
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1.3 Stellar Formation and Evolution

The stellar formation happens when interstellar gas clouds are massive enough to col-
lapse under their own gravitational pull. The gas is heated, thanks to this collapse that
transforms gravitational energy into thermal energy. During this process, approximately
half of the gravitational energy liberated is converted into thermal energy and the other
energy is emitted by radiation. When the mass collapses, the gravitational binding energy
is increased. This process liberates energy within the star. Therefore the system becomes
more stable. If the mass of the collapsing body is larger than 0.08 M., its gravitational
energy is sufficient for the central temperatures to reach the critical value necessary for
the fusion of hydrogen and a star is born. When the star is in the process of formation,
we called it a protostar. Once the star is born, it is located on the zero-age main sequence
(ZAMS). The ZAMS curve in the Hertzsprung-Russell (H-R) diagram represents the po-
sition of the stars when the hydrogen fusion triggers in their center. While on the main
sequence the hydrogen is progressively fused into helium in the center of the star, the
structure of the stars readjust and they slowly move away from the ZAMS. We can ob-
serve that the main sequence has a certain width in the H-R diagram, even if the stars have
the same mass, this is due to a different age or stellar composition. According to the mass,
the stars follow different evolutionary paths in the H-R diagram, as explained below:

e Low-mass stars: this kind of stars with masses lower than approximately 0.5 M do not
have enough gravitational energy to heat their core to temperatures required for helium
fusion. Very low-mass stars are completely convective for a large period of their lifetime
because the hydrogen of the surface layers can be brought to the core, a large part of the
hydrogen in these stars can be burned during their stay in the main sequence. Therefore
the time in which these stars are in the main sequence is longer. Stars with masses, lower
than 0.16 M, would fall (after a long time in the future) from the main sequence directly
to the white dwarf branch. The white dwarfs are remnant stars where the nuclear energy
is no longer produced. Consequently, these objects cool off with the time.

¢ Intermediate mass stars (Our Sun): These stars begin their lifes on the main sequence
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while burning hydrogen in their core. When the hydrogen is fused into helium, the center
of the star slowly contracts. This contraction produces an increase of the central temper-
ature, and the hydrogen then burns at a faster rate and can also begin to burn in regions
outside the core where before the temperature was too low to maintain the fusion. This
process generates an increase in the luminosity of the star. When the amount of hydro-
gen gradually depletes in the star’s core, the hydrogen burns in a growing shell outside
the center. The energy produced in this shell-burning phase leads to the outer part of the
star to expand, forming a red giant star. Meantime, the core keeps contracting, causing
an increase in its temperature, which generates a greater nuclear energy production from
helium fusion. The critical temperature for helium fusion is approximately 10% K. Due to
this production of energy, the temperature increases and does not affect pressure. There-
fore the core continues to collapse. This produces an increase in the central temperature
and the energy production rate. This has an uncontrolled effect that produces a huge rate
of helium fusion, called helium flash. This phase is short-lived, and the star’s luminosity
is greatly increased. Then comes a phase in which the core and the star stabilize, which
is called the horizontal branch. In this phase, the star burns helium in its core and the
hydrogen is burning in a shell outside the helium-burning core. After about 10® years in
the horizontal branch, in the star’s core the helium is finished, and now it is composed of
carbon. Then, the core of the star contracts while the radius of the star increases, as a con-
sequence, the star climbs the asymptotic-giant branch in the H-R diagram and becomes a
supergiant. In the center of the star, a white dwarf composed of carbon is forming, where
finally the star enters a phase called a planetary nebula. In this phase the outer layers con-
tinue to expand, allowing to observe the central white dwarf. This remnant star does not
produce any nuclear energy. Thereafter this star cools of and become a cold inert object
called black dwarfs.

e Massive stars: When we refer to massive stars, we are talking about stars with a mass
greater than 10 M. In the same way than the others stars, they begin their lives on the
main sequence while burning hydrogen. In the star’s core the hydrogen is exhausted,

then the star evolves and starts to burn helium to produce carbon and oxygen. Finished
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this phase, the core contracts and successively burns carbon, neon, oxygen, and silicon.
During each burning phase, the fusion from the previous phase happens in a shell outside
the core. When silicon burning ceases, the core contracts and the central temperatures
increases. Contrary to the previous phases of evolution, the iron can no longer produce
thermonuclear energy. Therefore, the contraction continues until the temperatures in the
core are so large that there exist photons of energy sufficient to destroy iron nuclei by
photodisintegration reaction. Finally, the core collapses, causing a supernova and creat-
ing a new astronomical object called a neutron star. If the mass of this star is more than
approximately 3 M, the neutron star becomes a black hole. This upper limit is called

Tolman-Oppenheimer-Volkoff.

1.4 Planetary Formation and Evolution

When the first extrasolar planet was discovered, our ideas about the planetary system
changed, because since then, we only knew our Solar System, where the rocky planets
are close to the host star, and gas giant planets have larger orbital radii. But as we de-
scribed previously, many of the exoplanetary systems discovered have giant planets with
an orbit very close to their host stars. The most accepted theory about the formation of
giant planets is the core accretion model (described below), where the planets are formed
in a region cool enough of the protoplanetary disk, where the water, methane, and ammo-
nia are condensed into solid ice grains. This region called snowline lies beyond about 4
AU from a solar-mass protostar. In this way, the core of the giant planets form, because
they accumulate a massive envelope of gaseous material. As we can see, the giant planets
are formed at a considerable distance from their stars, but many of the exoplanets found
are very close to their stars. It is believed that the giant planets migrate inward because of
gravitational interactions with the remaining protoplanetary disk material. The formation
and migration of giant planets happen within the first 1-10 million years after the forma-

tion of the host star and the formation of terrestrial planet occurs 10-100 million years
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after the star formed. Then, we describe the process of planetary formation:

¢ Planetesimal Formation: The planetesimals are bodies typically of a radius of the or-
der of 10 km. In the study of the planetesimal formation, the aerodynamic forces between
solid particles and the gas disk are important, because these forces dominate the evolution
of particles in the wide size range that lies between dust and solid rocks. The efficiency
with which the particles coagulate in a collision environment is also essential.

e Terrestrial Planet Formation: Then when the planetesimals have formed, the mutual
gravitational interaction controls their further growth. In the formation of terrestrial plan-
ets, the only additional role the gas disk plays, which is to give a modest degree of aero-
dynamic damping of protoplanetary eccentricity and inclination. Although the physics
involved, which is Newtonian gravity, is well-understood and straightforward, to form the
Solar System’s terrestrial planets is a challenge, because there are necessary about 4x10°
planetesimals with a radius of Skm.

e Giant Planet Formation: Contrary to the case of terrestrial planet formation for the
formation of massive planets two theories have been proposed: the core accretion and the
disk instability, that we describe below.

Core accretion theory is supported under the assumption that a core grows through two
body collision rapidly enough to be able to overcome a certain critical mass before the
dissipation of the gas disk. Thus, the core triggers a hydrodynamic instability producing a
rapid gas accretion on to the core. With a typical critical core mass of the order of 10 M,
this can result in a giant gaseous planet that is heavy element enriched. The four phases
(see Figure 1.11) for the formation of giant planets are:

1-. Core formation: the core grows through two-body collisions, until obtaining a suffi-
cient mass to retain a significant gaseous atmosphere or envelope.

2-. Hydrostatic growth: There is a release of energy, due to the impact on the core and for
the gravitational potential energy liberated when the envelope itself contracts, that must
be transported across the envelope for radiative diffusion or convection before it loses the
protoplanetary disk gas. The core and the envelope grow until the core exceeds a critical

mass.
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Figure 1.11 Phases of the core accretion theory for the formation of gas giant planets.
Source: Armitage (2010).

3-. Runaway accretion: The runaway phase of gas accretion happens when the critical
mass is exceeded. In this phase, the supply is limited and defined by the hydrodynamic
interaction between the growing planet and the disk.

4-. Termination of accretion: When the amount of gas is exhausted, due to the dissipation
of the protoplanetary disk or by the planet opening up a local gap in the disk, the accre-

tion tails finish, and the planets begin a phase of cooling and quasi-hydrostatic contraction.

Disk instability theory rests on the assumptions of the fragmentation into massive plan-
ets. It is the result of instabilities that occur in the gaseous protoplanetary disk that was

massive enough to be unstable to the instabilities that arise from its own gravity.
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1.5 Milky Way Bulge

The Milky Way is a spiral galaxy composed of three parts: the bulge, the disk, and the
halo. The bulge is the oldest component of our galaxy. Therefore, it is essential to study
different objects in the galactic bulge, to understand the formation and evolution of the
Milky Way. We can define the galactic bulge as an over-density that swells up from the
plane of the disc. The theories about the formation of the bulge are: the merger-driven
bulge scenario that happens during the early stage of the Galaxy, where a bulge is formed
violently and quickly by the gravitational collapse or hierarchical merging of sub-clumps
of dark matter carry baryons and gas (Abadi et al., 2003; Elmegreen, 1999) and the sec-
ular evolution scenario that happens when the bulge structure is born from the dynamical
evolution of the stellar Galactic disc (Norman et al., 1996; Athanassoula, 2005). The
Milky Way has a box/peanut bulge morphology, which was confirmed directly using the
composite IR image from WISE (Ness & Lang, 2016). The bulge shows a metallicity
gradients, which has been measured through spectroscopy along the minor axis (Zoccali
et al., 2008; Ness & Lang, 2016; Zoccali & Valenti, 2016) and photometrically with a
metallicity map covered by the VVV survey (Gonzalez et al., 2013). We have seen some
of the observational properties of the galactic bulge, now we focus on the kinematics. The
Bulge Radial Velocity Assay survey (BRAVA, Howard et al. 2008; Kunder et al. 2012)
presented the mean radial velocity and velocity dispersion with different Bulge latitudes
as a function of longitude. As a result that shows a cylindrical rotation of the bulge, which

is characteristic of box/peanuts.
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Figure 1.12 Box-shaped functions. Source: Adapted from Zijlstra (2014)?.

1.6 Periodogram algorithms

Some astrophysical phenomena like stellar variability, eclipsing binaries and transiting
planets, can produce periodic time series data. To identify and extract this periodic signal,
we used the periodogram. Therefore, a periodogram estimates for different frequencies
the significance to identify any intrinsic periodic signals.

In the next sections, we explain three periodogram algorithms: Box-fitting Least

Squares, Lomb-Scargle and Phase Dispersion Minimization.

1.6.1 Box-fitting Least Squares

The Box-fitting Least Squares (BLS) algorithm was introduced by Kovacs et al. (2002)
in order to search in the stellar photometric time series the periodic transits caused by
exoplanets. This algorithm has the following assumptions:

1-. The light curve contains a periodic signal with period P

2-. The transit phase only has two discrete values, H and L. This ignores the gradual
ingress and egress phases of the transit (see Figure 1.12).

3-. The time spent during the transit phase L as qP, where q is the fractional transit length
(small number ~0.01 - 0.05).

4-. The epoch of the transit e, which is the position of the transit within a period.

With these assumptions, the BLS algorithm finds the best model from a given set

Zhttps://www.math.leidenuniv.nl/scripties/BSC-Zijlstra.pdf
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of data points using five parameters: P,q,L,H, and e. The algorithm needs to be fast
and efficient, considering that we search for planetary transits in a large number of stars.
Therefore BLS ignores the gradual ingress and egress phases of the transit (from the first
to the second contact and third to four contacts, shown in Figure 1.6), because the lengths
of these phases are short compared to the flat part. According to Kovécs et al. (2002)
this omission does not affect the results of the search, because we are not interested in
the shape properties of the transit. Therefore, now the transit duration (#;,.,s,) equals to
the duration of the flat part of the transit (¢54,). Thus, the algorithm uses this box-shaped
function to fit the transit data.

Before working with this algorithm we need to center the data set. We can do this
subtracting the arithmetic average. This data centering no causes modifications to the
structure of the time series. In order to estimate the period P, the BLS algorithm makes
use of the technique of data folding, which is using a trial period to fold the time series.
Clearly, this parameter is unknown, but we can estimate this parameter based on the pre-
vious detections of extrasolar planets to reduce the range from which one chooses the
trial period. If the folded time series is very scattered, this is because the trial period has

a large deviation with respect to the correct period.

1.6.2 Lomb-Scargle

The Lomb-Scargle (L-S) algorithm (Lomb, 1976; Scargle, 1982) detects and character-
izes periodic signals in unevenly-sampled data. This periodogram is optimized to identify
in the time series data a sinusoidal-shaped periodic signal. Therefore, this algorithm is
not optimal for transiting exoplanets, because the shape of the periodic light curve is not
sinusoidal. L-S is a variation of the Discrete Fourier Transform (DFT), where the time
series i1s decomposed into a linear combination of sinusoidal functions. Therefore, the al-
gorithm consists in transforming the data with sinusoidal functions from the time domain
to the frequency domain. L-S is composed of a set of formula for the transformation co-

efficients that is similar to the DFT in the limit of evenly spaced observations. In addition,
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an adjustment of the values used to calculate the transform coefficients has been made to
make the transform insensitive to time shifts.

However, the Lomb-Scargle does not take into account the measurement errors and
a constant term in the fit of the wave function. The solution to these shortcomings is
the Generalized Lomb-Scargle periodogram (GLS) developed by Zechmeister & Kiirster
(2009), which produces more precise frequencies, is less affected to aliasing and provides

better determination of the spectral intensity.

1.6.3 Phase Dispersion Minimization

The Phase dispersion minimization (PDM) developed by Stellingwerf (1978) is useful for
non-sinusoidal variations for data sets with few observations irregularly spaced.

As in the BLS periodogram, the PDM algorithm folded the time series using a trial
period. Once we have the folded data, PDM divides into a series of bins and computes
the variance of the amplitude within each bin. If necessary, we can improve the coverage
of the phase, overlapping the bins. Then, we combined the bin variance and compared to
the overall variance of the data set. We found a true period when the ratio of the bin to
the total variances will be small. For a false period, this ratio is close to unity. A plot of
these ratios versus the trial periods gives an indicator of the best candidates for periodic

components.

1.7 Data

1.7.1 K2 mission

For our study, we used the K2 database, which provides high-precision photometry on
the 1 and 30 minute timescales. The Kepler magnitude (K, ) refers to an AB magnitude,
ranging from 425 to 900 nm. The Kepler photometer consists of multi CCD modules,
and each module covers 5 square degrees on the sky. The observations of K2 consist of a

series of observation field “Campaigns” distributed in the plane of the ecliptic.
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Figure 1.13 K2 campaign fields. Source: The Kepler & K2 website.

Campaign 9 consisting of 19 CCD modules (Figure 2.1, left) covered part of the
Galactic Bulge and was dedicated to a microlensing study. In order to increase the data
storage, the campaign 9 was split into two parts (campaign 9a and 9b), with a three-day
gap from May 19 to May 22, 2016. The campaign 9a is centred at RA=270.3544823 de-
grees, DEC=-21.7798098 degrees and was observed between April 22 and May 19, 2016.
The campaign 9b that was observed between May 22 and July 1, 2016, and is centred at
RA=270.3543824 degrees, DEC=-21.7804700 degrees. For our study, we considered
only targets from the microlensing super apertures (green area in the Figure 2.1, left ), in
which 3.3 million pixels were dedicated on five CCD channels.

The campaign 11 consists of 18 CCD modules, due to the loss of CCD module 4.
This campaign is centred at RA=260.3880064 degrees, DEC=-23.9759578 degrees (Fig-
ure 2.1, right) and covers part of the Galactic Bulge. This campaign was split into two
parts with a three-day gap from October 18 to October 21, 2016: the campaign 11a that
was observed between September and October 2016 during 23 days and the campaign

11b was observed between October and December 2016 during 48 days.

1.7.2 The VISTA Variables in the Via Lactea Survey

The VISTA Variables in the Via Lactea (VVV) survey (Minniti et al., 2010; Saito et al.,

2012) that covers a bulge area of 300 square degrees between —10° < / < +10° and
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Figure 1.14 VVV survey area. Source: From the VVV survey website.

—10° < b < +5° is divided into 196 tiles.

This survey provides near-infrared photometry in five broad-band filters: Z (0.87 um),
Y (1.02 um), J (1.25 um), H (um) and, K; (2.14 um). We used the VVV photometric
catalogue that was obtained from the Cambridge Astronomical Survey Unit (CASU) ? in

different tiles in the galactic bulge. The K2-VVV areas of overlap are shown in Figure 2.1.

3http://casu.ast.cam.ac.uk/vistasp/



Search for Exoplanetary Transits in the

Galactic Bulge

The content of this chapter has been accepted in Monthly Notices of the Royal Astro-
nomical Society (arXiv:1811.09174) as “Search for Exoplanetary Transits in the Galactic
Bulge” by C.C.Cortés, D. Minniti and S. Villanova.

2.1 Abstract

A search for extrasolar planetary transits using the extended Kepler mission (K2) cam-
paigns 9 and 11 revealed five new candidates towards the Galactic bulge. The stars EPIC
224439122, 224560837, 227560005, 230778501 and 231635524 are found to have low
amplitude transits consistent with extrasolar planets, with periods P = 35.1695, 3.6390,
12.4224,17.9856, and 5.8824 days, respectively. The K2 data and existing optical pho-
tometry are combined with the multi-band near-IR photometry of the VVV survey and
2MASS in order to measure accurate physical parameters for the host stars. We then
measure the radii of the new planet candidates from the K2 transit light curves and also
estimate their masses using mass-radius relations, concluding that two of these candidates

could be low mass planets, and three could be giant gaseous planets.

28
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2.2 Introduction

The Kepler mission (Borucki et al., 2010b, 2011) was a clear success and a revolution
for extrasolar planet studies. The main mission lasted four years and the data collected is
still producing extrasolar planets, that are now counted by the thousands. The extended
Kepler mission called K2 consisted of several campaigns, with multiple fields observed
along the ecliptic plane since 2014. Among a variety of studies, K2 has discovered more
than a hundred transiting extrasolar planets up to now (Montet et al., 2015; Schlieder
et al., 2016; Van Eylen et al., 2016; Johnson et al., 2016; Adams et al., 2016; Sinukoff
et al., 2016; Barros et al., 2016; Pope et al., 2016; Dressing et al., 2017a,b; Petigura et al.,
2018; Wittenmyer et al., 2018; Mayo et al., 2018; Yu et al., 2018; Crossfield et al., 2018;
Livingston et al., 2018).

We are interested here in the data from campaigns 9 and 11 (hereafter K2C9 and
K2C11), that observed the Milky Way bulge. This is a crowded and reddened region
of our Galaxy, but of great interest, because it overlaps with our ongoing VVV survey,
that has been mapping the whole bulge in the near-IR since 2010 (Minniti et al., 2010;
Saito et al., 2012). The challenge is the large Kepler 4 arcsec pixel scale, as discussed
extensively elsewhere by Henderson et al. (2016) and Zhu et al. (2017). We use our
higher resolution VVV images (with 0.3”/pixel scale) in order to weed out bad candidates
(usually blended objects). In particular, Henderson et al. (2016) describe in detail the
goals, difficulties, and procedures of the K2C9.

We started a project to detect and study new transiting exoplanets in the Galactic
Bulge, using K2 mission and VVV survey data. We report here the discovery and char-
acterization of five exoplanetary candidates in the bulge. This is organized as follows,
in Section 2.3 discusses our search. In Section 2.4.1 and 2.4.2 we give the physical
parameters for the sample stars and planets, respectively. The discoveries are discussed

in turn in Section 2.5.
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2.3 Light Curves Analysis

For the exoplanet candidates search, we used 875 light curves from the campaign 9 and
13.607 light curves from the campaign 11, that were extracted by Vanderburg & Johnson
(2014). Both campaigns were split into two parts, therefore we normalized the flux of the
light curve for part a and b (see section 1.7.1) using a cubic spline function. We choose
the order of the polynomials according to the light curve. After the fitting, we removed
upwards outliers, which are caused by cosmic rays or asteroids and also, we removed the
downward outliers making sure that the transit was not removed. After flattening the light
curves, we calculated a Box Least Squares (BLS)' periodogram Kovécs et al. (2002), to
detect a periodic signal. We used the definition of Vanderburg et al. (2016) to perform the
period search ranging from 2.4 hours to half the length of the campaign and the spacing

between periods expressed as:

AP =[F
NXTtot

where AP is the spacing between periods, P is the period tested, D is the transit duration
at that period, N is an oversampling factor and 7}, is the total duration of the campaign.

After this process, we cleaned our catalogue by applying some restrictions. From the
analysis described by Vanderburg et al. (2016), we considered targets that in the BLS
periodogram have at least one peak with S/N > 9. Also, we eliminate objects whose
duration is greater than 20% of the detected period, and we considered only detections
that have two or more transit events.

Even when an object passes these tests, there is the possibility that it is a false positive.
For this reason, we performed a visual inspection to discard obvious false positives such
as spurious detections, eclipsing binaries and any other astrophysical false positives.

Additionally, we take advantage of the near-infrared data from the VVV survey that
overlapped with the K2 data (see Figure 2.1), to discard false positives, specially blended
objects, because with this photometry we can constrain the contaminant stars with a dif-

ferent colour than the target.

Thttps://github.com/dfm/python-bls



2.4. Physical Properties 31

K2 Campaign 9 K2 Campaign 11

Eﬁ%&g Dyt

HD 156 ﬁ
@ m Saturn
~20 < Titan
B B Enceladus
s 4
@ g 24
Q Q

oy O
cEesir il i Nesianer
w - V767 591 ===36 Ophje NGC 6293

278 276 274 272 270 268 266 264 262 268 266 264 262 260 258 256 254 252
RA [deg] RA [deg]

5
£
Ny
£

a
3

Figure 2.1 The figure shows the two K2 campaign fields: campaign 9 (left) and campaign
11 (right), in which we perform the search for extrasolar planets. The red stars represent
the position of the exoplanet candidates that we found in our study with their respective
numbers (see table 2.3). The green area in campaign 9 represents the microlensing super
apertures. The overlapped coloured region corresponds to the region mapped by the VVV
survey. This plot is taken from the Kepler & K2 website.

Our final catalogue contains five planet candidates (see table 2.3). The planetary pa-

rameters estimation is explained in section 2.4.2.

2.4 Physical Properties

2.4.1 Stellar Properties

The stellar parameters of the host stars of our exoplanet candidates are summarized in
Table 2.1. Based on previous studies, the host star 224439122 was catalogued as a variable
Weak T tau (Prisinzano et al., 2012) with a period 5.8775 days (Henderson & Stassun,
2012).

The stellar parameters for our exoplanet candidates were estimated through Gaia DR2
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(Andrae et al., 2018), whose information was extracted from Gaia Archive? (Gaia Col-
laboration et al., 2016, 2018). The radius of the host star 231635524 cannot be derived
from data in Gaia DR2, because stars with fractional parallax uncertainties greater than 20
percent are not reliably inverted to yield distances. This particularly affects distant and/or
faint stars (Andrae et al., 2018). For the host star 231635524, the fractional parallax un-
certainty is 450 percent (Bailer-Jones et al. 2018 infer a distance in excess of 10 kpc with
large errors). It is most likely this host star is at least a giant, since this star is too bright
to be a dwarf, given the likely very long distance.

We classify our host stars by calculating the reduced proper motion, after properly cor-
recting for extinction. For the passbands in the VVV survey, we measured the extinction
using the reddening maps of Gonzalez et al. (2012) by the tool BEAM (Bulge Extinction
And Metallicity) calculator® using the Cardelli et al. (1989) extinction law. In the case
of filters in the 2MASS catalogue, we used Schlegel et al. (1998) maps through the tool
Galactic DUST Reddening & Extinction*. The photometric parameters are summarized
in Table 2.2.

With the proper motion of Gaia DR2 catalogue, we calculated the reduced proper

motion of our host stars, through the equation defined as:
H;=J+5logu (2.1)

where J is the J-band magnitude and u is the total proper motion. With the criteria defined

by Rojas-Ayala et al. (2014):
H > H; = 68.5(J - K,) - 50.7 (2.2)

we classify the host star like dwarf or giant, where H is the dwarf/giant discriminator.

2https:// gea.esac.esa.int/archive/
3http://mill.astro.puc.cl/BEAM/calculator.php
“https://irsa.ipac.caltech.edu/applications/DUST/
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2.4.2 Planetary Parameters

We have found five planet candidates, with the period and depth calculated from the output
of the BLS algorithm. Assuming that the orbit is circular, we modeled the transit time,
the period, the planetary to stellar radius ratio (R,/R,), the semi-major axis normalized
to the stellar radius (a/R,) and the inclination, through a transit model using the BAsic
Transit Model cAlculatioN (BATMAN) 5 Python package (Kreidberg, 2015). For the
development of our model, we used the quadratic limb darkening law (Kopal, 1950) with
the coefficient estimated by Kreidberg (2015).

In order to take into account the smearing effect of the 30 min cadence of the K2
data (Kipping, 2010), we used the supersampling provided by BATMAN, that consists in
calculating the average value of the light curve from the evenly spaced samples during an
exposure.

After that, we measured the transit parameters and their uncertainties of this model
using emcee® Python package (Foreman-Mackey et al., 2013), which is an implementa-
tion of the affine-invariant ensemble sampler for Markov Chain Monte Carlo (MCMC)
(Goodman & Weare, 2010). We implement the same uncertainties to each flux, because
the flux error was not calculated in the K2 data reduction process.

We estimated the mass of the planet candidates through Forecaster’ Python package
developed by Chen & Kipping (2017), which uses a probabilistic mass-radius relation-
ship. With this code it is possible to predict the mass of the candidates based on a given
radius measured previously.

The estimation of the planetary parameters is summarized in Table 2.3. The exoplanet

candidates with the fitting model are shown in Figure 2.2 to Figure 2.6.

Shttp://astro.uchicago.edu/ kreidberg/batman/tutorial.html
6http: //dfm.io/emcee/current/
https://github.com/chenjj2/forecaster
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2.5 Discussion and Conclusions

In this work, we present the discovery of five exoplanet candidates, which were detected
with the transit method using K2 photometry. One of the parameters that we can ob-
tain with this method is the planetary radius. To determine this parameter, we need the
stellar radius, which was calculated photometrically (see Section 2.4.1). To definitely
classify these candidates is it is necessary to estimate their masses, which are not possi-
ble to measure using this technique. Clearly, spectroscopic observations are needed for
these candidates. Therefore, we predict the mass through the code Forecaster (see Sec-
tion 2.4.2), which uses a mass-radius relationship. Even though these parameters are not
highly accurate, they represent a good initial estimate to perform our analysis and give a
preliminary idea about the nature of our candidates.

We compared our candidates with the mass-density relationship proposed by Hatzes
& Rauer (2015). The relationship is based on the inflections in the mass-density diagram,
and shows three regions. The regions are low mass planets, giant gaseous planets and

stellar objects. Then, we proceed to analyze each of our candidates:

EPIC 224439122b is a candidate exoplanet orbiting the host star located in NGC 6530
(open cluster), classified as a variable Weak T Tau star with spectral type MO-M1 V
(Prisinzano et al., 2012) with a period 5.8775 days (Henderson & Stassun, 2012). This
extrasolar planet candidate has two transits and has a period 35.1695 days, indicating that
it could be a warm Jupiter (the orbital period between 10 and 100 days). Also, this is the
largest candidate in our sample with R=48.1R; and an estimated mass of M=438.0M,
implying that it could be a stellar object (M > 60M,, Hatzes & Rauer 2015). As the
largest planets known have radii of ~ 20Rg, this radius seems to be too large for an exo-
planet. Although this candidate has a depth of ~ 5% and a large mass, we consider that
this object passed the test described in Section 2.3 to discard false positive. Also, as we
mentioned above, we do not measure the mass and the stellar parameters. Therefore these

are not entirely reliable.
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EPIC 224560837b is a candidate with nineteen transit events with a period of 3.6390
days, which is within the definition of hot Jupiters (the orbital period between 1 and 10
days). This candidate has a radius of 30.6R,, and an estimated mass of 260.8 M, indicating
that it could be a stellar object (M > 60M, Hatzes & Rauer 2015). Despite this candidate
is the second largest in our sample and according to the mass classification this could be a
stellar object, we take into account that this target passed the test mentioned in Section 2.3
and the estimation of the stellar parameters and the planetary mass were not measured.
For this reason, we do not discard the possibility that this object could be an extrasolar
planet.

EPIC 227560005b has a period of 12.4224 days. This candidate has four transits and
is our smallest exoplanet candidate with a R=2.0Rg5 and an estimated mass of 0.02M,
indicating that it could be a low mass planet (M < 0.3M,, Hatzes & Rauer 2015). The
same definition would apply for EPIC 230778501b that has three transits with a period
of 17.9856 days. This candidate is the second smallest in our sample with R=2.2R, and
an estimated mass of 0.02M;.

EPIC 231635524b is a candidate that has eleven transits with a period of 5.8824 days.
According to the period, this could be a hot Jupiter. As we explained in Section 2.4.1,
the radius of the host star 231635524 is not available in Gaia DR2, and we infer that this
star could be a giant. Therefore if 231635524 could be a giant and the planetary to stel-
lar radius ratio is 0.132 (see Table 2.3) probably our candidate could be a giant gaseous
planet.

Finally, we reported the discovery of five exoplanet candidates detected in the Galactic
Bulge with K2 data with orbital periods between 3.6390 and 35.1695 days and planetary
radii in the range of 2.0 to 48.1 Rg. These planet candidates orbit host stars with a range
of magnitudes and temperatures (12.039 < K, < 16.072, and 4184 K < T,;s <4647 K).

Additionally, two of our candidates were classified as stellar objects (224439122
and 224560837) and two as low mass planets (227560005 and 230778501) according
to Hatzes & Rauer (2015), but we considered that 224439122 and 224560837 passed the

test to discard false positive mentioned in Section 2.3, therefore there are the possibility
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that these targets could be planets. Due to the radius for the host star of the candidate
231635524 is not available in Gaia DR2, we can not estimate the planetary radius, and
consequently, we can not predict the mass of the planet. Therefore, as we explained in
Section 2.5, we infer that the candidate 231635524 could be a giant gaseous planet.

In addition, we emphasize that the stellar parameters were determined using photom-
etry, and that the derived masses in particular are very uncertain. Therefore, we would
like to encourage follow-up spectroscopic observations in order to confirm our exoplanet

candidates and to refine their physical parameters.
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Figure 2.2 Light curve of the exoplanet candidate 224439122. Top: Light curve from the
campaign 9 of the exoplanet candidate 224439122 orbiting a variable star. As we mention
in the section 1.7.1 the campaign was split into two parts: the blue points indicate c9a and
the gray points indicate c9b. The red lines show two transit times. Middle: Flattened light
curve of EPIC ID 224439122 (see section 2.3). Bottom: Phase folding of the normalized
light curve and residuals. The black points mark the K2 data, and the red line marks
the best-fitting transit model. This candidate could be a gaseous giant with a period of
35.1695 days.
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Figure 2.3 Light curve of the exoplanet candidate 224560837. Top: Flattened light curve
from the campaign 11 of the exoplanet candidate 224560837. The blue points indicate
cllaand the gray points indicate c11b. The red lines show nineteen transit times. Bottom:
Phase folding of the normalized light curve and residuals. The black points mark the K2
data, and the red line marks the best-fitting transit model. This is a possible gaseous giant

in a 3.6390 days orbit.



2.5. Discussion and Conclusions 39

EPIC ID 227560005

1.0010 1
1.0005 1.

1.0000 A
s

0.9995 {"

0.9990

Normalized Flux

0.9985

0.9980

T T T T T T T
2830 2840 2850 2860 2870 2880 2890
BJD-2454833

1.00025

1.00000
0999754 °
0.99950 -

0.99925 4

Normalized Flux

0.99900 -

0.99875

0.99850

0.002

0.000 +———+— D T T T T T e S S B T S

Residuals

—0.002 1

T T T T T
—0.2 -0.1 0.0 0.1 0.2 0.3
Phase

Figure 2.4 Light curve of the exoplanet candidate 227560005 from the campaign 11. See
Figure 2.3 caption. This target could be a low mass planet with period P=12.4224 days
and four transit events.
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Figure 2.5 Light curve of the exoplanet candidate 230778501 from the campaign 11. See
Figure 2.3 caption. This target could be a low mass planet with a period of 17.9856 days
and three transit events.
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Variability in Red Giant Branch Stars in
the Galactic Globular Clusters with VVV

survey

The content of this chapter has been published in Astronomy & Astrophysics (2018, vol.
620, N° A96) as “Chemical analysis of NGC 6528: one of the most metal-rich bulge
globular clusters” by C. Mufioz, D. Geisler, S. Villanova, I. Saviane, C.C. Cortés, B. Dias,
R.E. Cohen, F. Mauro and C. Moni Bidin. Also, the content has been sent for publication
in Monthly Notices of the Royal Astronomical Society to be published as: “Chemical
Analysis of the bulge Globular Cluster NGC 6553” by C. Muiioz, S. Villanova, D. Geisler,
C.C. Cortés, C. Moni Bidin, I. Saviane, R.E. Cohen F. Mauro.

3.1 Abstract

Thanks to the multi-epoch observations in K; band of VVV survey, we can construct a
light curve and search for variability in three Bulge Globular Cluster: NGC 6528, NGC
6553 and NGC 6569. We detected in each of these clusters, one candidate variable star
with a period of 0.25729, 29.04823 and 1.45517 days, respectively. These clusters were

45



3.2. Introduction 46

part of the study of Mufioz et al. (2018) and Mufioz et al. (2019, in preparation), whose
aim was to analyze the behavior of these clusters associated with the Multiple Populations
phenomenon. For this reason, he obtained chemical abundance of Red Giant Branch
(RGB) stars using high-resolution spectroscopy from FLAMES-UVES. The iron abun-
dance of the stars used to study these clusters are in good agreement with previous stud-
ies, except for the candidate variable star of NGC 6528, it is the most metal-poor of the

sample.

3.2 Introduction

The globular clusters are the oldest structures in our Galaxy, and the bulge is the oldest
galactic component (Cescutti et al., 2018). Therefore, it is essential to study these ob-
jects in the galactic bulge to understand the formation and evolution of the Milky Way.
The globular clusters contain several kinds of variable stars (Contreras Pefia et al., 2018;
Martinazzi et al., 2017; Tsapras et al., 2017; Figuera Jaimes et al., 2016; Safonova et al.,
2016), which are particularly convenient to study and interpret, due to all the stars in the
cluster have the same distance, reddening, composition, and age. But we need to consider
some problems when we study the bulge, for instance, the high extinction, the differential
reddening, and high crowding (Gonzalez et al., 2012; Nishiyama et al., 2006). The Vista
Variables in the Via Lactea (VVV) survey is perfect to solve these problems because cov-
ers most of the bulge region of our Galaxy with near-infrared photometry and multi-epoch
in the K, band (Minniti et al., 2010; Saito et al., 2012).

Previous research has been dedicated to studying the variability in the galactic bulge
with the VVV survey (Contreras Pena et al., 2018; Montenegro et al., 2018; Navarro
Molina et al., 2016; Alonso-Garcia et al., 2015; Gran et al., 2015). Allowing the detection
of new globular clusters, thanks to the discovery of RR Lyrae stars (Minniti et al., 2017b,
2018; Contreras Ramos et al., 2018).

Muiioz et al. (2017, 2018), and Mufioz et al., 2019 (in preparation) performed detailed
chemical analysis of bulge globular cluster NGC 6440, NGC 6528, NGC 6553 and NGC
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6569 using high-resolution spectroscopic. Mufioz et al. (2018) found a star of the sample
is most metal-poor. We thought that probably this discrepancy is the variability. There-
fore, we search for variable stars in the last three globular clusters using the multi-epoch
of the VVV survey, and we found that this star metal-poor could be a variable star. Also,
we detected in each of the globular clusters NGC 6553 and NGC 6569, one candidate

variable star.

3.3 Light Curves Analysis

We checked the variability of 21 stars in the bulge globular clusters NGC 6528, NGC 6553
and NGC 65609 using the VVV survey data (Minniti et al., 2010; Saito et al., 2012), which
gives us multicolor photometry in five bands: Z (0.87 um), Y(1.02 um), J (1.25 um),
H (1.64 um) and Ks (2.14 um). The survey covers a bulge area of 300 square degrees
divided into 196 tiles. NGC 6528 is located on tile b278 whose central coordinates are
RA: 18:04:40.94 DEC: -30:13:18.5 (J2000). On tile b295, centered at RA: 18:09:54.41
DEC: -25:52:38.3(J2000) is located the globular cluster NGC 6553 and NGC 6569 is
located on tile b250 that is centred at RA: 18:13:41.62 DEC:-31:13:58.4(J2000).

For the candidate variable stars search, we used the VVV catalog of aperture photome-
try for each epoch was obtained from the Cambridge Astronomical Survey Unit (CASU)'.
The catalog has positions, fluxes, and flags which indicate the most probable morpholog-
ical classification. In this last case, the flag ”-1”, which was chosen for this analysis,
denotes the best-quality photometry of stellar objects, other flags in the catalog are ”0”
(noise), - 2” (borderline stellar), ”-7 (sources containing bad pixels), and -9 (saturated
source).

To avoid the dispersion induced for the fluxes measured successively, we performed
the average for epochs with a few minutes of separation. After this process, we com-
puted the Generalized Lomb Scargle (GLS) (Zechmeister & Kiirster, 2009) and Phase

Dispersion Minimization (PDM) (Stellingwerf, 1978) algorithms of each star using aper-

"http://apm49.ast.cam.ac.uk/
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ture photometry, to detect any periodic signals. We only considered periodic signals with
0.1 % significance by both methods. We estimated the total amplitudes of the light curves
through the Fourier fits.

For the candidate variable star of the globular cluster NGC 6528, we verified the
variability in this star using point spread function (PSF) photometry. The estimation of

the properties of the variable candidates is summarized in Table 3.1.

3.4 Stellar Properties

The photometric parameters of the stars that we found variability are summarized in Table
3.2. The J, H, K, magnitudes were estimated using VVV PSF photometry (de-reddened)
calibrated on the system of 2MASS (Mauro et al., 2014; Cohen et al., 2017). The Z and
Y magnitudes are aperture photometry from VVV survey and were extracted by Minniti
et al. (2017a).

Muiioz et al. (2018) and Mufioz et al. (2019, in preparation) determined the stellar
parameters for the globular clusters NGC 6528, NGC 6553 and NGC 6569 directly from
the spectra to avoid the reddening effect.

These data were observed with the fiber-fed multi-object FLAMES facility mounted
at the ESO VLT/UT2 telescope in Cerro Paranal (Chile). The FLAMES observations
were conducted using the blue and red arms of the high-resolution spectrograph UVES
and allowed for the simultaneous observation of seven stars. FLAMES-UVES data have
a spectral resolution of about R 47 000. The data was taken with central wavelength 580
nm, which covers the wavelength range 476 - 684nm. Data reduction was performed using
the ESO CPL based FLAMES/UVES Pipeline version 5.3.0? for extracting the individual
fibre spectra. Data reduction includes bias subtraction, flat-field correction, wavelength
calibration, and spectral rectification.

Muiioz et al. (2018) and Muiioz et al. (2019, in preparation) selected seven targets for

each globular clusters to be observed with FLAMES- UVES from the membership list

2http://vaw.eso.org/sci/software/pipelines/
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published by Saviane et al. (2012) using FORS2. The stars used in the study are members
of the globular cluster using two criteria: the range of radial velocities of member stars
was small and the dispersion in the equivalent widths was comparable to the measurement
errors (assuming the intrinsic abundance dispersion in the cluster is small).

These stars belong to the upper RGB, as can be clearly seen in the color-magnitude
(CMD) diagram Figure 3.2, Figure 3.4 and Figure 3.6 for the clusters NGC 6528, NGC
6553 and NGC 6569, respectively. The candidate variable star is represented in the color-
magnitude diagrams as a red, blue and orange star for the clusters NGC 6528, NGC 6553
and NGC 6569, respectively.

We summarized in Table 3.3 the stellar parameters estimated by Muiioz et al. (2018)
and Munoz et al. (2019, in preparation): the heliocentric radial velocity, the effective

temperature, the metallicity and the micro-turbulent velocity.

3.5 Discussion and Conclusions

As we explained in Section 3.3, we computed the Generalized Lomb Scargle and Phase
Dispersion Minimization algorithms of each star using aperture photometry, to detect any
periodic signals. We found in each of the globular clusters one candidate variable star.
See the position of these stars as a red, blue and orange star in the color-magnitude dia-
grams (Figure 3.2, Figure 3.4 and Figure 3.6) for the clusters NGC 6528, NGC 6553 and

NGC 6569, respectively. Below, we proceed to analyze each of the candidates:

Candidate Variable Star in NGC 6528: We detected a significant variability in star
#5 (see Figure 3.2) of the seven stars that Muiioz et al. (2018) analyzed in his study. Af-
ter this previous confirmation, we verified the variability in this star using point spread
function (PSF) photometry. We obtained a total of 73 epochs (see Figure 3.1, top left)
in the K band from April 2010 to September 2015, in a range of 10.631 < K <10.704
mag with error of 0.02. We found a period of 0.25729 days, as shown in Figure 3.1 (top

right) we detected a strong peak on the Generalized Lomb-Scargle periodogram. When
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we phase at this period, we can obtain a light curve of the candidate variable star (see
Figure 3.1, bottom). The amplitude of the light curve was determined by the Fourier fit,
yielding 0.05 mag.

Muiioz et al. (2018) found that the star #5 (see in Figure 3.2 the red star) is the most
metal-poor of the sample with [Fe/H]=-0.55 dex (see Table 3.3), which may be due to its
variability, but all its chemical patterns show good agreement with the other members of
NGC 6528.

Candidate Variable Star in NGC 6553: In the study described by Muiioz et al. (2019,
in preparation) analyze seven stars to found their chemical abundances. In the star #6 (see
Figure 3.6, the blue star) we detected a periodicity using aperture photometry from CASU.
In total we obtained 70 epochs (see Figure 3.3, top left) in a range of 12.061< K, <13.198
with a error of 0.01 mag from August 2011 to September 2015. In Figure 3.3 (bottom) we
can see the light curve of the candidate variable star phased at the period 29.04823 days
found through a strong peak in the Generalized Lomb-Scargle periodogram (see Figure
3.5, top right). The amplitude of the light curve was determined by the Fourier fit, yielding
0.6 mag.

Candidate Variable Star in NGC 6569: In the same way that the others clusters, Mufioz
et al. (2019, in preparation) analyzed seven stars. We search for variability in each one
of these stars, and we found in the star #3 (see Figure 3.6, the orange star) a variability
through aperture photometry from CASU. We obtained 27 epochs (see Figure 3.5, top left)
in the K, band in a range of 14.616< K; <14.694 with a error of 0.01 from September
2011 to September 2015. As shown in Figure 3.5 (top right) we detect a strong peak at
1.45517 days with the Generalized Lomb-Scargle periodogram. The Figure 3.5( bottom)
shows the light curve of the candidate variable star phased at this period. The amplitude
of the light curve was determined by the Fourier fit, yielding 0.06 mag.

We could not identify the type of variable, since it is difficult to classify variability type,
due to the few features showed in Ks bands. (Catelan et al., 2013; Alonso-Garcia et al.,

2015).
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Table 3.1 Properties of the variable candidates
VVVID Globular RA DEC Period Ak,
Cluster (J2000,h:m:s) (J2000,d:m:s) (days) (mag)
VVV 515551240568 NGC 6528 18:04:45.38  -30:03:46.94  0.25729  0.05

VVV 515478094263 NGC 6553  18:09:23.98  -25:52:01.20 29.04823 0.6
VVV 515568658672 NGC 6569  18:13:37.98  -31:50:31.60  1.45517  0.06

Note. The properties of the variable candidates were estimated in the Section 3.3. Period
(days) estimated using Generalized Lomb Scargle and Phase Dispersion Minimization, A,
(mag) is the amplitude of K; magnitude determined through the Fourier fits.

Table 3.2 Photometric parameters
VVVID Z Y J H K;

(mag) (mag) (mag) (mag) (mag)
VVV 515551240568 13.00 12.50 11.87 10.95 10.68
VVV 515478094263 - 12.69 12.07 11.22 10.95
VVV 515568658672 1491 14.53 14.04 13.30 13.15

Note. The Z and Y magnitudes are aperture photometry from
VVV survey. The J,H and Ks magnitudes are de-reddened PSF
photometry of VVV survey (Mauro et al., 2014; Cohen et al., 2017).

Table 3.3 Stellar Parameters
ID Globular VVVID RVy T.;s [Fe/H] vy

Cluster (km s™h) [K] dex  [km/s]
5 NGC 6528V VVV 515551240568 209.70+0.23 4118 -0.55 1.79
6 NGC 6553P VVV 515478094263 -2.76+0.26 4399 -0.08 0.97
3 NGC 6569% VVV 515568658672 -52.57+0.41 4761 -0.62 0.84

Note. RVy is the heliocentric radial velocity, T,y is the effective temperature, [Fe/H]
the metallicity and v, is micro-turbulent velocity. These parameters were estimated by
(1) Muiioz et al. (2018) and (2) Muifioz et al. (2019, in preparation).
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Figure 3.1 Candidate variable star of the globular cluster NGC6528. Top left: Light curve
of the candidate variable star. Top right: Generalized Lomb-Scargle periodogram shows
a strong peak at 0.25729 days. Bottom: Phased light curve of the candidate variable star.

Source: Muiioz et al. (2018).
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Figure 3.2 CMD of NGC 6528 from the VVV survey corrected by the VVV reddening
maps (Gonzalez et al., 2012). The yellow filled circles are our observed UVES sample.
The red star is the candidate variable star. Source: Muioz et al. (2018).
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Figure 3.3 Candidate variable star of the globular cluster NGC6553. Top left: Light curve
of the candidate variable star. Top right: Generalized Lomb-Scargle periodogram shows
a strong peak at 29.04823 days. Bottom: Phased light curve of the candidate variable star.
Source: Muiioz et al. (2019, in preparation).
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Figure 3.4 CMD of NGC 6553 from the VVV survey corrected by the VVV reddening
maps (Gonzalez et al., 2012). The red filled circles are our observed UVES sample. The
blue star is the candidate variable star. Source: Mufioz et al. (2019, in preparation).
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Figure 3.5 Candidate variable star of the globular cluster NGC6569. Top left: Light curve
of the candidate variable star. Top right: Generalized Lomb-Scargle periodogram shows
a strong peak at 1.45517 days. Bottom: Phased light curve of the candidate variable star.

Source: Muiioz et al. (2019, in preparation).
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Figure 3.6 CMD of NGC 6569 from the VVV survey corrected by the VVV reddening
maps (Gonzalez et al., 2012). The red filled circles are our observed UVES sample. The
orange star is the candidate variable star. Source: Mufioz et al. (2019, in preparation).



Summary

4.1 Search for Exoplanetary Transits

We reported the discovery of five exoplanet candidates detected in the Galactic Bulge
with K2 data with orbital periods between 3.6390 and 35.1695 days and planetary radii
in the range of 2.0 to 48.1 Ry. These planet candidates orbit host stars with a range of
magnitudes and temperatures (12.039 < K, < 16.072, and 4184 K < T,sr <4647 K).
Two of our candidates were classified as stellar objects (224439122 and 224560837)
and two as low mass planets (227560005 and 230778501) according to Hatzes & Rauer
(2015), but we considered that 224439122 and 224560837 passed the test to discard false
positive mentioned in Section 2.3, therefore there are the possibility that these targets
could be planets. Due to the radius for the host star of the candidate 231635524 is not
available in Gaia DR2, we can not estimate the planetary radius, and consequently, we
can not predict the mass of the planet. Therefore, as we explained in Section 2.5, we infer

that the candidate 231635524 could be a giant gaseous planet.
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4.2 Search for Variability in Bulge Globular Clusters

Muiioz et al. (2018) and Mufioz et al. (2019, in preparation) analyzed the behavior of
three Bulge Globular Cluster associated with the Multiple Populations phenomenon. For
this reason, he obtained chemical abundance of Red Giant Branch (RGB) stars using high-
resolution spectroscopy from FLAMES-UVES. Thanks to the VVV survey, we search for
variability in stars belonging to the Bulge Globular Clusters: NGC 6528, NGC 6553 and
NGC 6569 and we detected in each of these one candidate variable star with a period
of 0.25729, 29.04823 and 1.45517 days, respectively. The iron abundance of the stars
used to study these clusters are in good agreement with previous studies, expect for the

candidate variable stars of the cluster NGC 6528, it is the most metal poor of the sample.

4.3 Outlook

4.3.1 Follow-up Spectroscopic Observations

Through the transit method, we can obtain the planetary radius, but we need the stellar
radius, which was estimated using Gaia DR2. It is necessary to estimate the masses to
classify our exoplanet candidates. Because we can not measure the mass with this tech-
nique, we predict the mass of the planet using Forecaster Python package, which uses a
mass-radius relationship. Even though these parameters are not highly accurate, they rep-
resent a good initial estimate to perform our analysis and give a preliminary idea about the
nature of our candidates. Therefore, we would like to encourage follow-up spectroscopic
observations in order to confirm our exoplanet candidates and to refine their physical pa-

rameters.
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4.3.2 Relationship between variability and metallicity?

We search for variability in Bulge Globular Clusters that were part of the study of Mufioz
etal. (2018) and Muiioz et al. (2019, in preparation). We found that the candidate variable
star belonging to the globular cluster NGC 6528 is most metal-poor of the sample. We
thought that probably this discrepancy is due to the variability.

Therefore, we would like to take spectroscopic data in different phases of the candidate
variable star to understand if indeed this is the cause or not. Also, we would like to search
for variability in all the stars of this globular cluster. Probably, the stars around the metal-
poor candidate variable star have the same characteristics.

These are some questions that arise in this study, taking into account that the candidate

variable stars found in NGC 6553 and NGC 6569 do not show this effect.
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