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Abstract

This thesis presents observational and statistical study of the irregular variable stars
in four star-forming regions of our galaxy, namely: IC 2944 /2948 (SFR1); G305 (SFR2);
NGC 6357/NGC 6334 (SFR3), and the Lagoon nebula complex (SFR4). Based on the
VISTA Variables in the Via Lictea (VVV) ESO large survey we aim to unveil and char-
acterize the Young Stellar Object (YSOs) population by analyzing the Ks-band vari-
ability. An automated process was developed to generate and analyze more than 24
million unevenly sampled time series over five years between 2010 and 2015, pro-
jected on ~20 deg? area. We analyzed and tested several variability indices (features)
and concluded that the total amplitude AK; and the 77 index can be used as principal
variability indicators for this type of variability. Our simulations also show that to se-
lect reliable variable star candidates with low content of contaminant sources, such as
saturated objects or bogus the thresholds of the amplitudes AK; > 0.6 mag and # val-
ues < 0.95 (except for a variable source inside the SFR1 with 57 = 3.2) is necessary. Our
final catalog contains 1096 high-amplitude irregular variable stars distributed along
the bulge and the south-plane of the galaxy. The 524 of them present photometric
measurements in J- and H-bands allowing us to construct the color-color diagram and
quantify their status. More than 58% show intrinsic reddening, thus their variability
can be connected to the early stages of the YSOs (stages I-II). The spatial location of
classified variables correlates with star-formation features in both visible and infrared
bands. Overdensities of the sample are distributed over HII regions, IRDCs, and their
surroundings. We identified more than 3000 periodic stars inside the VVV time series

as a byproduct.
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CHAPTER 1

Introduction

For the people who spend their lives inside the cities, the observation of the
night sky, our Milky Way (MW), and their overwhelming properties is not an
easy task. We need to go through the light pollution that offers our houses and
streets and escape to the isolated highs of the mountains to evade the residual
illumination that reaches our pictures, FITS files, and, more important, still:
our eyes.

Curiosity for those quiet and twinkling lights in the sky, which appear ev-
ery night after sunset, drives the first steps into astronomy. The fact of under-
standing that every single point in the dark sky could be a sun or even a galaxy
gives us the perspective of which is the place and scale that we populate in this
reality. All the culture and adventures of humankind are bounded to the so-
lar system, and still, our Sun is a low-mass object (I guess “low mass star” is
better.) (1,99 x 10%° [Kg]) and represents almost 99,8% of the total mass of our
planetary system.

In comparison to the large structures of the MW, such as massive stars, open
and globular stellar clusters, the inter-stellar media, and the star-forming re-
gions (SFRs), our humble Sun is just one more star inside the statistics of the
galaxy. If we go around these thoughts quickly, it seems that humanity is in-

significant, unable (still) to dominate other planets, even less to reach closer
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CHAPTER 1. INTRODUCTION

stars. However, if we turn around the telescopes and modify a bit their optical
components, we will see completely new tiny worlds, as small as the magnifi-
cation of the microscope can offer. Probably if they can have consciousness and
doubts about their reality, from their microscopic point of view, they would
observe the large structures that humanity made. Using critical thinking, they
will conclude something similar about their small nature. In general, we learn
from the beginning of our immersion in astronomy that stars are eternal and
unchanging, out of our human timescales. However, when we observe a large
sample of stellar sources, the probability of observing infrequent events hap-
pens in every evolutionary stage in stars, from born to death.

An analogy for observing different time scales can be established if we con-
sider that humans are studied for other short-lived organisms with which we
share the earth: Butterflies. Depending on the specie, a butterfly’s life varies
from days to almost a year. Suppose somehow a butterfly dedicates their live
to observe the human race. The insect could argue that it could gain valuable
information by observing the behavior of several humans. In that case, they
will observe children, older people, students or walking persons on the streets.

A butterfly cannot observe the entire life of a human being directly. How-
ever, with their observations, the butterfly can conclude that the humans are
equal to other specie. We are born, raised, and die but in a longer life cycle. Of
course, many unknowns will remain about the complete human life process.
A follow-up for interesting humans needs to be performed to understand and
predict their destiny with some degree of certainty. The importance of observ-
ing stars in short timescales is to constrain and characterize short processes in
stars, discover new properties of already known systems, and map the struc-

ture of our galaxy.

1.1 Understanding the changes of bright-

ness in the stars

From early in history, the observation of the sky leads to the recognition of

several types of variable sources. The understanding of the shape of their light
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1.1. UNDERSTANDING THE CHANGES OF BRIGHTNESS IN THE STARS

curves made it possible to reveal signatures and properties about the nature of
their magnitude changes in time. Variable stars awake the interest of the as-
tronomical community since the late’s 1500. In 1572, the famous and singular
astronomer Tycho Brahe noticed the outburst of a bright supernova in the sur-
rounding Cassiopeia constellation. He thought that he had contemplated the
appearance of a new star, and in that way, it was reported.

Later, in 1596, David Fabricius observed another star’s increasing and fad-
ing brightness inside the Cetus constellation. Fabricius also thought that he
had discovered a new star as Tycho did, but after a while, he noticed with
surprise that its brightness came back to normal after the star completely van-
ished. The same star discovered for Fabricius was first called o Ceti for Jo-
hann Bayer (1572-1625) and later called in 1662 “"Historiola Mirae ”(or won-
derful in Latin) by Johannes Hevelius (1611-1687). Nevertheless, a third as-
tronomer, Ismaél Bullialdus (1605-1694), noticed that Mira reaches their max-
imum brightness a month earlier every year, determining that the brightness
change should be cyclic with a period of around 333 days. Today the reported
period of o Ceti is 331.96 days.

This remarkable precedent established that an object in the sky could be in-
terpreted, understood, and predicted, given their study and observation over
time.

Four hundred years later, we already know that variability in stellar sources
is not only observed in evolved stars. In the early stages of evolution, stars un-
dergo rapid structural changes, and variations in their luminosity have been
widely observed and reported. In order to deal with the categorization of ev-
ery kind of variable source, it is necessary to define the main properties of
variability.

Time-varying phenomena are arguably one of the most substantial and
powerful sources of astrophysical information. Their study has led to many
fundamental discoveries in modern astronomy in the last decades.

The ever-growing interest in time changing astronomical processes, as well
as the tremendous development in astronomical instrumentation and automa-
tion during the past two decades, have been giving rise to several time-domain

surveys of increasing scale. Wide-field shallow optical imaging surveys us-
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CHAPTER 1. INTRODUCTION

ing small, dedicated telescope systems have been scanning the sky since the
early 2000s with aims ranging from comprehensive stellar variability searches
to exoplanet hunting, such as the Northern Sky Variability Survey (NSVS,
(Hoffman et al., |2009)), Massive Astrophysical Compact Halo Objects Sur-
vey (MACHO, (Alcock et al) [1993)), the Optical Gravitational Lensing Ex-
periment (OGLE, (Udalski, 2003)), the Palomar Transient Factory (PTF, (Law
et al., 2009)), the wide-field optical imaging surveys: the Catalina Real-time
Transient Survey (Drake et al., |2009); Pan-STARRS (Kaiser et al., 2002); and
Gaia (Perryman, 2005).

In the near future, even more ambitious programs, such as the Large Syn-
optic Survey Telescope (LSST, Krabbendam & Sweeney| (2010)), are planned
to start monitoring the optical sky. While optical surveys are getting broader
and deeper, the extension and the systematic exploration of the variable sky
toward other wavelengths, such as the infrared, is also indispensable, not only
for a more complete understanding of the observed phenomena, but also for
overcoming the problem of interstellar extinction.

These synoptic surveys are expected to be the new powerhouses of modern
astronomy by providing a high data flow for a wide range of science applica-
tions, from the study of transients to understanding the dynamics of the Milky

Way galaxy.

1.1.1 Main types of stellar variability

Given the shape of their light curves, the general classification can be assigned
for three main types: regular variability, semi-regular variability and irregular
variability. First two basic categories emphasizes the presence of a periodic
or at least quasi-periodic mechanism that leads the variation of brightness.
Irregular sources display not celar signs of periodicity, but the variations of
brightness could be prominent.

Nevertheless, stars could experiment with several causes that may vary
their superficial brightness. Different variability classes have been discovered
and gathered through the years and usually are represented in summaries

called popularly “Variability trees”.
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1.2. THE PROCESSES OF STAR FORMATION

Image|[L.I|provide one of the more popular of them, including stellar, extra-
galactic sources and asteroids. The most fundamental difference between their
variability is to determine if the physical process related to the variability is
provoked by the star or is caused by an external process, where the radiation
from the source is modified when it reaches the observer. Variable star sources

can be split into two main categories:

1. Intrinsic variable sources: The variability is inherent to the star, pro-
duced by a physical process associated with the observed source. The

luminosity changes may drive changes in the properties of the system.

2. Extrinsic variable sources: The variability is external to the source. Ap-
parent changes in brightness can be explained by modifying the quantity
of light while it travels from the origins to the observer. This radiation
may be altered given several factors, such as magnification, blocking, or

scattering.

Starting from this point, it is possible to categorize every variable source

that populate the skies.

1.2 The processes of star formation

Stars form from the gas and dust in molecular clouds via a series of complex
processes that are currently only partly understood. Some fairly reliable em-
pirical scaling laws exist, and a believable scenario exists for how an isolated
low-mass star can form via turbulent fragmentation and disk accretion. Still,
we lack a detailed understanding of how an entire molecular cloud turns into
a cluster of stars. Most stars form in cluster environments, and stellar densities
imply some interaction between young stellar objects (YSOs) during their for-
mation. We must therefore analyze entire SFRs, at long enough wavelengths
to not be limited by extinction and determine the physical properties of whole
populations of YSOs.

Trends between the evolutionary state, mass, and spatial distribution of

YSOs can help distinguish between star formation scenarios such as competi-
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Figure 1.1: A proposed organization of variable objects and a visual summary of gath-
ered information about the variability nature of astrophysical sources taken from Eyer|
& Mowlavi| (2008), popularly called “the variability tree”. Intrinsic and Extrinsic cate-

gories are the two main categories at the top of the plot.

tive accretion (e.g., Bonnell et al.|(2004)) and sequential formation or triggering

formation, which is troubling the complex and essential topic of star formation.

The formation of massive stars feeds energy back into the nearby interstel-
lar medium, compressing, irradiating, and heating the natal molecular cloud.
This feedback can have destructive or constructive effects, but it is unclear
which dominates in a given cloud or overall in a galaxy. Although many ex-
amples exist of regions in our MW and other galaxies with suggestive spatial
distributions of young and somewhat younger stars, determining the relevant
physical conditions and timescales to make a strong argument for triggering is
more complicated.

This issue must be clarified by assessing whether triggered star formation
is happening in particular molecular clouds. It is necessary to know how the
star formation proceeds and whether the stellar mass distribution that arises
from the fragmentation of molecular cloud is the same for different molecular
clouds or depends on the local conditions such as the entirely different stellar

densities across the galaxy.
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1.2. THE PROCESSES OF STAR FORMATION

1.2.1 Basic properties of Star-forming regions

Inside the Galaxy are not only stars; there is a significant content of gas, dust,
radiation, and matter in several states between the stars. The concentrations
of interstellar material are observed within cloud-like structures, and this con-
tent is the material from which the stars are made. As a whole, it is commonly
called the interstellar medium (ISM). The ISM is mainly composed of gas, con-
taining a substantial fraction of atoms and molecules of hydrogen, a smaller
fraction of Helium, and a small part of heavier elements such as oxygen, car-

bon, calcium, and iron, among several others.

Neutral Hydrogen HI clouds are cold (T ~ 10K), and their distribution can
be detected using radio telescopes in the characteristic 21cm line, given their
quantum properties. Denser regions inside those clouds allow the formation
of molecular hydrogen Hj, carbon monoxide CO and complex molecules such

as formaldehyde.

There are numerous cases of massive clusters forming at specific locations
inside giant molecular cloud (GMC). Their spatial distribution suggests that
the progenitor cloud may be filamentary, non-isotropic, and with some partic-
ular orientation. The elongated cloud structures may show an imprint on the

clusters that form within them.

These filaments are cold molecular environments believed to be massive
enough to drive the formation of eventually massive YSOs (i.e., M> 8M«) with
sufficient mass to produce detectable radio emissions associated with ionized

hydrogen HII regions.

Similarly, young stars are formed deeply embedded inside dense filament
in the GMCs. It is accepted that stars form by the gravitational collapse of
cloud cores, and the main parameter for the understanding of the formation

process and their theories is, in fact, the mass.

The density of these filaments is enough to display substantial light extinc-
tion even in IR, reaching a column density ~ 10*? cm~2, this is why they are
called infrared dark cloud (IRDC). They can only be detected as absorption
patches due to the background IR radiation from the milky way. It is neces-

sary to use radio wavelength observations to go beyond these thick clouds.
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Figure|1.2|displays an example of an IRDC localized in the bulge of the MW.

The collapse of massive molecular cores will produce signposts of massive
star formation, such as the presence of Wolf-Rayet stars, which may have ap-
preciably affected their natal environment. The shock front of the stellar wind
emerges similarly as a bubble, expanding and compressing the ISM. This in-
fluence may trigger a new generation of stars with heavier elements in their

compositions.

Dec (J2000)

3

RA (J2000)

Figure 1.2: An example of an Infrared Dark Cloud (IRDC) distributed along the VVV
tile b319. The image is centered at the coordinates (RA,Dec)=(266.840,—29.1986). The
object inside the IRDC was called VVV CL148 (Borissova et al, 2014), a cluster candi-

date. Galactic north is up, Galactic east is to the left.



1.3. YOUNG STELLAR OBJECTS

1.3 Young stellar objects

Various types of brightness changes have been noticed in YSOs. For instance,
strong variability may be due to accretion events, while smaller-scale vari-
ability may be caused by geometrical effects, such as clearing of dust, spots,
and rotation (Audard et al.,,[2014). FU Orionis stars (FUors; Herbig, (1966) are
thought to be pre-main sequence (PMS) stars characterized a large increasing

in brightness up to 4 magnitudes in optical wavelengths.

According to |Audard et al.| (2014), only about two dozen such sources
were known in 2014. EX Lupi-type objects (EXors; Herbig, 1989) show similar
brightness increases to FUors, but with shorter timescales. There are still prob-
lems in the interpretation of the variety of outburst intensities and timescales

for those types of stars.

This variable brightness also can be observed in several stages of the classi-
cal model of PMS evolution, after the collapse of a molecular cloud has begun.
Due to conservation of angular momentum, the infalling matter forms a pro-
tostellar disk, through which accretion on to the central source occurs (McKee
& Ostriker, 2007; Li et al., 2014).

Numerous physical processes are involved in the evolution from a heavily
obscured protostar until it reaches the main sequence. The physical origin of
the variability could be a consequence of irregular intrinsic changes, such as
episodic accretion (Audard et al., 2014), variable extinction induced by their
circumstellar disks (e.g.,[Meyer et al.[1997; Cody et al.2014; Rebull et al.2014a),
rotational modulation by cool and hot spots on the stellar surface, and the

variations in accretion disk/envelope geometry.

Massive YSOs, with M> 8M,, likely undergo slightly different accretion
and formation processes (Davies et al., 2011; Mottram et al., 2011; Frost et al.,
2021). Observations of variability may provide some insight into these pro-
cesses (Caratti o Garatti et al.,[2017). [Rice et al.[|(2015) determined that the am-
plitude of brightness variations is correlated with evolutionary class in YSOs.
In other words, Class I YSOs are more variable than Class II, which are in turn
more variable than Class III. Therefore YSOs at earlier evolutionary stages will

be preferentially identified in variability-based searches.
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Figure 1.3: Sketch the two categories of FUors objects and geometry that can provoke
variability, published in (Audard et al., 2014). The FUors categories are described in
fully deails inside (Quanz et al., 2007). Mainly, The first category is related to embed-
ded sources with silicate features in absorption and younger ages than FUors of the

second category, which show silicate features in emission

However, the YSOs are often located inside or adjacent to dense molecular
clouds (Evans et al., 2009) These clouds of material absorb and re-emit an im-
portant amount of the radiation from the young sources. Also, the disks and
envelopes of the YSOs themselves are optically thick. Photometric surveys in
the mid-infrared (MIR), such as Young Stellar Object VARiability (YSOVAR;
Rebull et al., 2014b), or in the near-infrared (NIR) are very useful to minimize
the influence of interstellar extinction.

The progenitors of YSOs are prestellar cores (starless cores, prestellar con-
densations). These are gravitationally bound, dense molecular cloud cores
with typical stellar masses that may already be in a state of collapse, but have
not formed a central protostellar object yet (Schmeja & Klessen) 2006).

Young Stellar Objects are stars in the first phase of theirs lives, before they
enter the main sequence of the Hertzsprung-Russell diagram and are fed by
stably hydrogen fusion. Thus, we can say that, YSOs are objects that are trans-
forming from cloud cores to stars. They are formed by contraction (and frag-
mentation) of molecular clouds. Contraction can be started by a variety of
factors, such as general density fluctuations in the interstellar medium, radia-

tion pressure of nearby stars, or shock waves of supernova events that lead to
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Figure 1.4: Visualization of the high-amplitude irregular variable star SFR4_235.

Above plot represents the time-serie from VVV survey between 2010 and 2015. Bot-

tom panels represent different epochs across the changes in brightness.

((@)) label 1

(b)) label 2

Figure 1.5: Composed JHK; of variable star SFR4 235, same as displayed on figurel 4]
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local compressions.

The contraction of the molecular cloud is driven by gravity, the cloud actu-
ally collapses in free falling. The gravitational energy is released by radiation
and in turn influences the collapse by its radiation pressure, which counteracts
gravity. The dense center of the molecular cloud is the new protostar, which
emits light due to the heat released by the gravitational collapse. Its core tem-
perature, however, is still too low to maintain nuclear fusion.

In this protostar stage, the star is still growing by mass accretion from the
surrounding molecular cloud, which lasts until either the entire cloud is incor-
porated or until the radiation pressure of the new star is powerful enough to
blow off the remainders of the cloud. Using all this information, four classes of
young stellar objects are proposed by (Ladal 1987), according to the properties
of their spectral energy distributions (SEDs) (see, e.g., (Andre et al., [2000) for

more details).

1.3.1 The Spectroscopic Energy distribution in
YSOs

The radiation from the central star is absorbed by dust and re-emitted at long
wavelengths. The different dust distributions among the YSO classes result in
different spectral energy distributions. SEDs for classes I to III are character-
ized by the spectral index «. This slope « for a YSOs can be used to estimate its

evolutionary stage in four different categories:

1. Class 0: According to [Ladal (1987), the Class0 sources are deeply em-
bedded protostars with a large sub-mm to bolometric luminosity ratio
(Lsmm/ Lpoy > 0.005). The Class0 stage is the main accretion phase and
lasts only a few 10% yr. As gas falls onto the surface of the protostar, it is
heated in an accretion shock. This process converts the kinetic energy of
the accreted gas into radiation. The photosphere is completely obscured
by dust from the infalling envelope, but the luminosity can be measured
from the reprocessed IR radiation. Class0’s are defined as having SEDs

with roughly Tj,; < 70K.
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1.3. YOUNG STELLAR OBJECTS

2. Class I: objects are relatively evolved protostars, which are surrounded
by an accretion disk and a circumstellar envelope. Most of the accre-
tion from the envelope is channelled through the disk. The accretion rate
begins to decrease from the Class 0 stage. By the end of Class]I, the pro-
tostar will have most of its final mass. The obscuration of the protostar
by the envelope and disk is still significant (Ay = 10 — 50), although low
enough that it can be detected at IR wavelengths, and occasionally in the
optical if viewed near pole-on. SEDs that are rising (¢« > 0) are often
classified as Class ], although this boundary does not perfectly separate
ClassesI and II. The lifetime of ClassI is roughly 0.1 Myr. The schematic

model of this stage is shown in Figure 1.3.

3. Class II and III: Pre-main sequence stars correspond to the classical
(CTTS) and weak line (WTTS) T Tauri stats, respectively. The classical
T Tauri stage star, has an active disk, accompanied with formation of jets
and Herbig-Haro objects, while the weak-line T Tauri star stage (WTTS)
shows with a passive disk, the onset of nuclear fusion and fragmentation
of the protoplanetary disk. Both classes II and III are characterized by a
circumstellar disk (optically thick in ClassII, optically thin in ClassIII)
and the lack of a dense circumstellar envelope. ClassIl sources have
noticeable accretion, but less than earlier stages, and too little to signifi-
cantly increase the mass of the star. Without an envelope, Class II sources
are obscured only by the molecular cloud, and edge on disks on rare oc-
casions. As a result, they are often optically visible (Ay = 0 — 5), their
SEDs exhibit excess emission (@« > — 2.5). The classical T Tauri stars
(CTTSs) are defined by strong enough Ha emission which indicate the
accretion (W, > 10A) and they largely coincide with Class II objects. The
average lifetime of ClassII is roughly 3 Myr, although there is a large

spread (1-10 Myr). Giant planet formation occurs during this stage.

4. Class III: YSOs are young stars without envelopes or optically thick disks.
The star has negligible local dust and is obscured only by the molecular
cloud. It often has had time to begin moving out of the cloud, further re-

ducing its extinction. Giant planet formation has ceased, but the growth
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of terrestrial planets can continue. The SED in this stage is dominated
by the stellar photosphere, and shows no long wavelength excess emis-
sion, except perhaps a small amount from a newly formed debris disk.
Weak line T Tauri stars (WTTSs) have weak Ha emission (W, > 10A)
that suggests the absence of significant accretion. Some Class II sources
are observed as WTTS, but ClassIlI stars are always WTTS since they
lack disks to supply accretion.

One of the most important properties of YSOs are that they are strongly
correlated with star forming regions, nebulosity and dark clouds and they are
variable. The variability can be connected with the star itself, which is highly
variable for example during FU Ori-like phases and with the surrounding ma-
terial, which is constantly changing during the formation process. For exam-
ple, the dusty envelope around the star can casts erratic and temporally vari-
able shadows on the surrounding molecular cloud. Often, these stars show

irregular variability up to several magnitudes.

1.4 Time series in astronomy

Astronomy is an observational science. Unlike experimental sciences, we can-
not interact with the object under study, change the conditions of the interac-
tion or repeat an astrophysical event to obtain more data. The information we
receive from the stars is generally limited by the light we can collect (although
with gravitational waves this is not true). In general terms, we are able to
understand the light in images, wavelengths, photon energy distribution, and
time.

In the past, the astronomers were able to predict with a degree of certainty
simply by assuming that those cycles would continue and could be measured.
Astronomers of ancient times accumulated observations of solar, lunar, and
planetary motion and eclipses for centuries and identified various cycles that
had been repeated many times.

Early examples of astronomical time series include observing the position

of stars and planets. Probably one of the first time series performed in modern
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SILSO graphics (http://sidc.be/silso) Royal Observatory of Belgium 2022 June 1

Figure 1.6: SILSO data/image, Royal Observatory of Belgium, Brussels

astronomy was Galileo’s first Jupiter observations. He observed the intriguing
appearance and disappearance of bright objects around Jupiter, and recorded

the position of the moons of Jupiter over time.

A great example of an astronomical data series is the International Sunspot
Number S, (a.k.a. the Wolf number or Ziirich number), which has been reg-
istered the number of sunspots per year since the advent of the telescope. In
the year 1848, the astronomer Rudolf Wolf started to gather the observations
from several sources in order to create the so-called the "Wolf number”, which
is the quantification of the number of individual and groups of sunspots on

the surface of the Sun.

The original idea of creating a compilation of these values over time natu-
rally produces a time series with a baseline of more than 300 years, which is
still used today. Figure[1.6|displays the time series of the International Sunspot
Number from the year 1700, and it is possible to see periodic features and
trends between the spots number over the years. The plot was obtained from

the SILSO database websiteﬂ of the Royal Observatory of Belgium in Brussels.

Thttps://www.sidc.be/silso/ssngraphics
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In the era of Big Data, astronomy is undergoing a major revolution due to
the advances in technology. The astronomical surveys have evolved from tak-
ing observations from small and focused areas of the sky to wide-field surveys.

The Vera Rubin telescope was the project who alerted us to this massive
availability of information in 2004, where they decide to install a 8.4m optical
telescope which will be capable of imaging the whole sky twice a week. 15
TB per night would be the amount of information available and expecting for
analysis, so the system to manage the data also should be massive and robust,
allowing to produce alerts meanwhile some astronomical phenomena are tak-
ing place. (Jenness et al., 2016).

But not only the Vera Rubin telescope will be collecting data, will be the
James Webb space telescope, the Giant Magellan Telescope (GMT), the EELT,
etc. Before the COVID pandemic (2019), a Petabyte rate of data collection rate
per night was estimated for 2022 only for astronomical purposes.

Basically, every detector around us is collecting tons of data from any
source inside their range of sensibility; even our senses are also collecting data
from the world at this very moment.

Time series are a well-known source of information to characterize and un-
derstand several branches of science. The key interest around time-series is to
decode the information that is been release along the time of a certain parame-
ter in study. Nevertheless, time domain in astronomy is different. The random
and gaped nature of astronomical observations requires statistical attention to
determine the reliability of the measurement. Also, data surveys need to adapt
their set-ups to be able to receive and understand the radiation of certain as-

trophysical source in the sky.

1.4.1 Definition of time series

A time series can be describe as the sequence of consecutive observations of a
certain parameter under measurement.

A formal definition of a time series is the application of a mathematical,
statistical or any test in time-varying data, in order to quantify the variation

itself of some particular parameter. This quantification is used to understand
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and relate the behavior of the system, or at least get some idea of the variation
in the system and their limits. The main goal of measure a time series is to
obtain physical understanding in observation, what is the reason that makes
the system variable, which are the differences and similitude between other
variable systems. Therefore determine if it is possible to be able to predict the
future behavior of the system using those data.

Considering that any aspect of reality that can be measured along the time
has the potential to be a time series, the study of the physical processes, and
the quantification of changes in the superficial brightness of sky sources can be
measured and understood using time series.

If a time-dependent parameter f(t) is measured at discrete intervals times
t; (withi = 1,2,3,...,N), it is possible to construct a set of values f(t;) with

uncertainty oy, represented by:

{t;, f(ti), 00} (1.1)

This set of values in eq|1.1{is normally called a time series. The time ¢; is
taken such that the sequence ty, t5, ..., ty is strictly increasing. The time could
me measured in arbitrary ranges and units. In astronomy/astrophysics is
commonly to use the Julian days or some variation of this timescale. Table
represents the quick view of a typical time series taken from the photometry

of a certain variable source in the sky.

1.4.2 Notation

In the literature, it is commonly found the use of several symbols and def-
initions for statistical analysis on time series. The use of time series is so
widespread in the sciences that slightly depends on the field of your inter-
est. All the time series have in common the natural temporal ordering in their
measurements, hence it is necessary to discuss and adopt a nomenclature to
refer to these quantities properly. For example, a time series could be simply
defined as f(t), displaying the basic idea of time-dependent function, which

can collect measurements meanwhile time passes.
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Modified Julian Magnitude uncertainty

Day [days] [mag] [mag]
55250 14.546 0.161
55500 11.756 0.043
55750 12.241 0.046
56000 15.346 0.077
57250 12.546 0.199

Table 1.1: Representations of the typical time series constructed from a time-varying
astronomical source. The Modified Julian Day (MJD) is defined as MJD = JD -
2400000.5

Particularly in astronomy, the use of time series from celestial elements is
referred to as a set of individual photometric magnitudes m;, which were ob-
tained at certain time t;.

A time series is usually described as the vectorial quantity X = {x, : n €
1,2,3,..., N} or named simply {x, }, where n refers to the total element number
N inside the time series, normally called the index set. Sometimes, in the case
of time series that are still added measurements to the set, the time series is

called as X = {x1,x2, ..., } = {xn}n>1-

1.4.3 Unevenly sampled time series

A time series is called regular if the measurements are taken or generated at
regular intervals over time. If the time distance is not constant, or the measure-
ment for the same parameter is taken with different cadences, the time series
is unevenly sampled.

For ground-based telescopes, photometric time-series can only be sampled
with non-regular intervals because of natural situations, such as the day/night
cycle, or other inconvenient situations, such as telescopes committees.

This irregularly in time-domain data has been widely addressed in the past

using spectral analysis to detect the presence of hidden harmonic components
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1.5. PERIODIC CHANGES IN VARIABLE STARS

that are caused by regular and semi-regular behavior brightness variations of

periodic stars.

1.5 Periodic changes in variable stars

The analysis of time series produced by periodical astronomical phenomena is
one of the most discussed in astronomy, given the critical information that the
period represents in a sidereal source. Their study represents immense impor-
tance for astronomy. Pulsating variable stars are intrinsic variables, given that
their variation in brightness is the manifestation of physical change within the

star.

Main sequence stars such as our Sun are basically stable, exhibiting neg-
ligible changes in brightness (around 0.1% in the case of the Sun, in compar-
ison with the Solar constant). These kinds of stars are in hydrostatic equilib-
rium: the gravitational force pulling the mass material to the center of the stars,
meanwhile the radiation pressure generated by the nuclear reactions repels it,

bringing about a balance between those forces, therefore to equilibrium.

In the case of pulsating variables stars, the periodic changes represent the
expansion and contraction of surface layers around their core, leading to pe-
riodic increases and decreases in size. Perhaps the most valuable property of
many types of pulsating variables is a direct relationship between the period
of pulsation and their luminosity. This fact allows us to determine the distance
between such stars and the distance to the galaxies that host them. Under-
standing the nature of their periodicity can provide us with information on

the evolutionary state of the source or the physical system it represents.

The analysis of their time series provides vital information about the in-
ternal processes in stars. The different types of pulsating variables are distin-
guished by their periods of pulsation and the shapes of their light curves at
different wavelengths. The analysis of their light curves can reveal the domi-
nance of one period in the presence of several periods, making its nature even

more complex.
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Figure 1.7: Visualization of the time series of a RRlyrae star. Above plot represents
the time-series from VVV survey between 2010 and 2015. Bottom panels represent
different epochs across the changes in brightness. Bottom-left plot: The time series
is folded with a period P = 0.2658838 days, which is the fundamental period and
therefore, maximizes the order of the time series in the phase space. Bottom-right
plot: The time series was folded with an incorrect period P + 6P, where 6P = 0.001
days.

20



1.6. TIME SERIES OR LIGHT CURVES?
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Figure 1.8: A typical time series of a long-period variable star. The regular variable
cycle is visible along the photometric measurements for 1750 days. The red curve is
a Fourier series modeled and fitted in the time series. Critical parameters such as the
source period, the average Ks; magnitude, and the total amplitude AK; are displayed

at the top.

1.6 Time series or light curves?

Historically the term light curve refers to the plot of the apparent magnitude
of a specific variable star over a range of time.

Several authors and books use the term light curve as a synonym for the
time series of a sidereal object. Nevertheless, the light curves are a particular
case of the astronomical time series. More precisely, light curves are phased
time series.

When a periodic star is monitored over time, it produces a regular time se-
ries, with fulfil the property f(t) = f(t + P), where P is the main period of
the source. A best way to represent a periodic star is using the Epoch Fold-
ing technique, which modifies the time component according to the following

expression:

¢i(P) = t—lﬁ — int (%) , (1.2)

where ¢;(P) is the phase at the times f; and int(¢; / P) is the integer part of (t;/ P).
This transformation is helpful given the gapped nature of astronomical
time series. In general, it is enough to obtain all the flux measurements as

possible (i.e., a randomly spaced time series), sort them to reconstruct the vari-
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ability cycle, and describe how the magnitude changes in a single cycle. If P
is the real period of the time series (or an integer multiple of it), the result of

using equation [1.2will be an ordered light curve in the phase space {¢;, m;}.

Inside this phase space, the shape of the light curve can reveal information
about the pulsation process of a periodic source. However, a small error 6P
will produce a significant disorder in the phase space, and the time series will

look like noise. The effect of a small error in the period can be seen in figure

Given the massive amount of data continuously taken by different surveys,
in practice, a grid of possible periods P; is evaluated inside equation to

evaluate the folded light curve with a variety of different techniques.

1.7 Motivation and general objectives

Shortly, space- and ground-based telescopes will have the potential to gather
untold amounts of information and data sets. It will be possible to identify
different properties with a certain degree of certainty, allowing the scientific
community to make predictions from the data in real time. The hypothesis
that emerges from here is that it will be possible to discriminate which are the

main characteristics of certain types of astronomical objects.

Time domain surveys are full of surprises and are capable of understand-
ing and potentially predicting the nature of millions of millions of stars fol-
lowing only their time series. The main tools proposed and applied in this
thesis were gathered to extract information using several techniques of time-
domain metrics. Therefore the primary motivation in analyzing time-domain
surveys is to develop and create frameworks for the analysis of astronomical
time series, to separate noisy and sparse time series data from accurate variable
sources. Also, to gain experience managing and quantifying the computational

resources needed for this task.
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1.8 Specific objectives

The main focus of this study is to characterize the near infrared irregular vari-
ability across several star-formation regions in our Galaxy.

More specifically our goals are:

1. To improve the statistics of the YSOs, adding to the existing optical cata-

logs the near infrared variability.
2. To trace the star formation regions using newly discovered objects.

3. To connect the infrared variability with possible underlying physical pro-

cesses.

1.9 Thesis structure
The thesis structure is:
1. The data used in this manuscript.
2. The targets under study.
3. The principal methods of analysis and ways to extract information.
4. Results

5. Summary
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CHAPTER 2

Data

Infrared time-series photometry had long been constrained mostly to follow-
up observations of known objects, but in recent years near-infrared imagers
have been converging to optical CCDs in terms of resolution and performance,
hence wide-field surveys became feasible with some NIR instruments, such as
the Wide-Field near-IR CAMera (WFCAM, (Casali et al., 2007)) on the 3.8m
United Kingdom Infrared Telescope (UKIRT), and the VISTA InfraRed CAM-
era (VIRCAM, (Dalton et al., 2006)) on the 4.1m Visible and Infrared Survey
Telescope for Astronomy (VISTA), both hosting a variety of deep Galactic and
extragalactic surveys. Nevertheless there are only a handful of wide-field NIR
time-domain surveys that have more than a handful of observational epochs,
with only the VISTA Variables in the Via Lactea survey (VVV, (Minniti et al.,
2010)) being comparable to the optical ones in terms of both area and time-
domain coverage.

In this section, we will focus on the photometric data used in our work,
namely the K; band time series of individual stars. This include the process
of measuring the fluxes for individual epochs and the methodology to extract
several million time-series of every considered sideral source. the main source

of photometric information is the VVV survey.
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Along the years of development, the procedures described here were au-
tomatized and summarized in the flux diagram of Figure their steps are

also described, and their role in the analysis is discussed.

2.1 VVV survey

The VISTA Variables in the Via Lactea survey (VVV; Minniti et al.|2010; Saito
et al|2012) is an ESO Infrared public survey that uses the 4-meter VISTA
(Visible and Infrared Survey Telescope for Astronomy) telescope located in
the Cerro Paranal observatory (Chile) for mapping 562 deg? in the Galactic
bulge and the southern disk in five near-infrared broad bands: Z (0.87um), Y
(1.02um), | (1.25um), H (1.64um) and K; (2.14um).

It has been designed to catalog ~ 10° sources, where a significant part of
those are expected to be variable stars. It is comparable to the optical ones both
in the area and time-domain coverage (e.g.,/Arnaboldi et al. (2007, 2012)).

The telescope has a near-infrared camera called VIRCAM that consists of
an array of 16 detectors with 2048x2048 pixels and an average pixel scale of
~ 0.34 [arcsecs/px]. The VVV survey also has a time coverage spanning over
five years in the K band and produced a catalog of approx. 10° point sources
(Minniti et al., 2010; Saito et al., 2010; |Catelan et al., 2011) between 2010 and
middle 2015.

The 16 detectors are spatially separated from each other, and a single expo-
sure is called “pawprint”, covering an area of 0.599 deg?. To fill the gaps and
obtain a contiguous image, six shifted pawprints are combined into a “tile”
covering 1.5 x 1.1 deg, which in the case of VVV, are aligned along with Galac-
tic I and b respectively. The total exposure time of a single tile is 80 seconds.

The observation was carried out between 2010 and the first semester of
2015. To cover the VVV survey area, the disk field is then divided into 152
tiles, while the bulge contains 396 tiles. The field of view of the survey and
their tiles is shown in Figure

Some focused studies have been carried out in the southern disc re-

gion and the heavily crowded and reddened fields of the Galactic bulge, in
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Figure 2.1: The VVV field of view and numbers of observed epochs taken of
2010)

search of variable stars using VVV time series, for example: Contreras Pena
(2017b), cataloging high amplitude variable stars, with emphasis on
YSOs;
ters; Dékany et al. (2015) searching Classical Cepheids in the bulge;
et al. (2016); (Gran et al|(2016); Minniti et al| (2017) focusing on the RR Lyrae
stars. VIRAC (Smith et al., 2018), a near-infrared proper motion and parallax

Borissova et al.| (2016) searching for YSOs around young stellar clus-

catalogue. VIVA (Ferreira Lopes et al., 2020) compiling the massive variabil-

ity information for the heavily crowded and reddened regions of the Galactic
Plane and Bulge; (Guo et al, 2020) analyzing the Short-and long-term near-

infrared spectroscopic variability of eruptive protostars from VVV; among oth-

ers.

All these sources are used to map the structure of the optically obscured
Galactic disk and bulge by using distance indicators such as the red-clump
giants and pulsating variable stars (RR Lyrae stars, classical Cepheids, anoma-
lous Cepheids and Miras, and semi-regular variables), as well as to provide a

census of Young Stellar Objects (YSOs) across the southern Galactic plane.

On the other hand, the VVV multi-epoch observations produced a massive
amount of information, a dataset of challenging size. It is indispensable to
develop tools, processes, and techniques that lead to performing sophisticated

analysis in an automated way in order to exploit this unique dataset efficiently.
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The Cambridge Astronomical Survey Unitﬂ (CASU) combines and analyzes
the data, creating the catalogues that provide parameters such as positions
and fluxes from different found sources. All the images in |, H, and K bands
were retrieved from the VISTA Science ArchiveE| (VSA) database (Cross et al.,
2012) provided that the image has been created without problems (i.e. flag

“deprecated”=0) from pawprints.

2.1.1 PSF Photometry

The Point Spread Function (PSF) photometry of the data was fitted and per-
formed using the software called DOPHOT (Schechter et al.,|1993; Alonso-Garcia
et al., 2012). DOPHOT software expected mainly two values to perform the pho-
tometry properly: The atmospheric seeing at the observed night; and the es-
timated sky value. In both cases, DOPHOT documentation says that a value of
10% precision is good enough.

The astronomical seeing is a significant variable quantity that depends en-
tirely on the weather conditions, and it is reported in the header of every VVV
tits file. Images and photometric measurements estimated with seeing larger
than four arcsecs were usually rejected; or contain a significant photometric
uncertainty in their instrumental measurements. On the other hand, the sky
value is determined for every individual image if we consider all the pixels
values in the image lower than the average pixel values and determine the
mode from the histogram, using the section 4.4.1]

There are two criteria to discriminate if the PSF photometry is accepted as
valid given the output parameters: The “objtype” classification flag source,
and the "Chi” or ”x” parameter. The First one refers of the DOPHOT classi-
fication of the extracted source, this classification is divided into nine cate-
gories, in which we consider only four: Sources with objtype= 1 (i.e., a perfect
star), objtype= 2 (source shaped as a galaxy), objtype= 3 (close source) and
objtype= 7 (faint source).

The second parameter represents the DAOPHOT (Stetson, [1987) parameter y;,

Thttp://casu.ast.cam.ac.uk/
Zhttp://horus.roe.ac.uk/vsa/
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which serves to quantify the photometric uncertainty of the source. This pa-
rameter is defined as the ratio of the actual deviation of the PSF fitted to the
source to the expected deviation from the PSF calculated from the sky value
and the readout noise of the image. For sources in which the PSF are well ap-
proximated, x ~ 1. If the source in the image is saturated or in the case of non
stellar objects (among other issues), the x parameter will be larger than unity.
If a extracted source is classified as objtype= 1, will be selected without
counting their Chi value. In the case that objtype= [2,3,7], sources with x > 3
are rejected because they have a very high photometric uncertainty associated

(see e.g., (Bolte, [1987)). The selection scheme can be visualized on figure

0.20}

0.05f

0.008

12 13 14 15
Instrumental magnitude

Figure 2.2: Example of the PSF photometric uncertainty o}, as a function of the

o,
p

instrumental DOPHOT magnitudes. On the plot we display the sources with y < 3

(open black circles), sources with x > 3 (transparent gray dots) and the special case

with objtype flag= 1 (red open dots).

The output of the PSF process is an individual catalog with the physical co-
ordinates (X,Y) (i.e., pixel coordinates) where the centroid of respective sources
are estimated; the instrumental magnitude provided by the PSF photometry,
and their associated magnitude uncertainty. The Right Ascension (RA) and
Declination (Dec) coordinates for every sidereal source were determined us-

ing the WCSCTRAN routine from IRAF software, which performs a transformation
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from the physical coordinates (X,Y) to the World Coordinate System (WCS).
RA and Dec coordinates were estimated in degrees and with seven decimal
places to preserve the high-quality astrometry provided by the VISTA tele-
scope.

The PSF fitting and calibration was a process almost wholly designed for

the analysis of VVV K;-band, given their multiples epochs.

2.1.2 Calibration in the VISTA system

The calibration of our PSF photometry with the VISTA system was done using
the aperture photometric catalogs made by CASU in the regions of interest.
For this issue we are selected a group of standard stars in the FoV to compare
the PSF and Aperture photometry.

To calculate the magnitudes in the VISTA system, we retrieved all the
available aperture photometric catalogs of the studied regions between 2010
and 2015. Stars with CASU morphological classification flag “-1” (stellar
sources) and “-2” (borderline stellar) were selected. Then we perform the
cross-matching in all the catalogs using the STILTS package (Taylor, 2006) un-
der the following conditions: 1.) The sources are within 0.4 arcsec, 2.) The
sources appear on at least ten observations. 3.) The variation on the ampli-
tude AKs must be under 0.15 [mag], which can also be measured by selecting
sources with a photometric standard deviation less than 0.03 magnitudes.

Typically, such constrained “standard stellar catalog” contains between
2000 and 10000 sources per tile. This standard star catalog is used to calibrate
each of the PSF-generated catalogs from an available epoch within the tile (see
figure2.3).

Then, the VISTA K; magnitudes were correlated with our PSF photometry
using a least-squares linear regression, performed, in general, between a range
of magnitudes 11 < K < 16 for each epoch in this band in order to obtain the
transformation coefficients. The calibrated magnitude m_, is obtained from

the linear fit:

Meq1 = MpoproTS + b (2.1)
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where S is the slope of the linear regression between the CASU and DOPHOT
photometry, and b the intercept.

To avoid the outliers in the photometric measurements, we implemented
the sigma clipping technique of one iteration, discussed on section For
short, the sigma factor o;, is defined as a threshold beyond which the value
is considered an outlier to be removed from the sample. In this case we used

Oclip = 20745, where 07, is the standard deviation of the least-square fit, defined

by:

1 N
Tigs = \| 7y (i —¥(x:)%, 2.2)

i=1

where y; is the it" value of the variable to be predicted, x; is the it" value of
the independent variable, y(x;) is the model predicted value of y;, and N is the
large of the data. After clipping the stars, the linear fit is performed once again
in order to obtain the new calibrated photometry m,, and its error 0j,.

The final photometric error for individual source was computed using the
error propagation:

Ufinal = U}%hot +0—lqs' (2.3)

The output of the calibration process are individual K;-band catalogs, in
VISTA system, for every available epoch on the tile under analysis. Also the
catalogs contain the Modified Julian Day (M]D), taken from the VVV image
header.

In the case of the H- and J-band, the procedure, extraction, and calibration
in the VISTA system were carried out in a similar process to analyze the d001
and d002 FoV and G 305 region. Later, the VIVA multi-band catalog (Ferreira
Lopes et al., 2020) was used for simplicity.

2.1.3 Extracting the VVV time series

All the individual Ks-band catalogs were cross matched (included stilts refer-
ence) using a tolerance of 0.4 arc-secs in order to create a multi-epoch master

catalog per tile. This master file contains all information of detected sources.
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Figure 2.3: Example of the calibration of the DOPHOT photometry with the CASU stan-

dard stars, the stars rejected with the sigma-clipping technique are in cyan circles.

Typically this catalog uses several gigabytes of memory and is used to extract

the time series using the Universidad de Valparaiso computing cluster.

We filtered our initial sets of time series with some ad-hoc quality and ro-
bustness criteria: 1) A minimum of 20 photometric measurements. 2) A total
amplitude AK; > 0.2 mag, where AK; = min(m;) — max(m;) (more details on
section £.11). 3) An upper limit in flux of Ks > 11 mag (to avoid objects that

may suffer from saturation in some VVV epochs).

The first restriction represents the minimum number of epochs which al-

lows searching for reliable periods.

The second is motivated by a conservative estimation of photometry errors
and transformation to the standard system. The measured uncertainties for the
faintest sources were ~ 0.15-0.2 mag for an average K; at ~16—17 mag. This
amplitude limit was also intended to decrease the number of sources that were
not relevant for a variability study, given the extensive data set obtained from
extracting time series from two of the lowest stellar density tiles in the galaxy
(tiles d001 and d002).

Figure 2.4 represents the amplitude distribution of the six tiles on the south

disc. The black line represents the fraction of the rejected time series with
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AK; < 0.2 mag, reaching between 15% and 20% of the total number of sources
in some tiles.

Both panels in figure [2.4| represent different methods to display the thick-
ness of the bars in the histograms, the upper panel was basically the initial es-
timation of the amplitude distribution, and the lower panel displays the iden-
tical distributions using the optimized bin-width discussed on section [4.4.1]

These initial filters reduced the analyzed sources numbers obtained from
photometry by approximately 30% (for example, from 669825 to 433102 for
d001). The total number of extracted sources and for all the considered tiles

can be consulted on[3.1]
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Figure 2.4: The distribution of total amplitude AK; of sources identified inside six tiles
that compose the SFR1(tiles d001 and d002) and SFR2 (d045, d046, d083, d084). At
the top, the distribution is presented using the default size of bins in the histogram
(inside python’s matplotlib libraries), where the limit in amplitude AKs; < 0.2 mag
for the extraction of time series was thought. In the bottom plot, the bin size was
estimated using an optimal size considering the method

Moreover, the photometric measurements are prone to be affected by sys-

tematic errors that are hard to clarify and quantify, given atmospheric or in-

strumental problems. For example /Alonso-Garcia et al. (2015) reported a prob-

lem related with highly variable PSFs in tile images, due to different geomet-
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ric distortions in the combination process of the paw-print images. Thus, to
remove outliers in the time series, we implement the modified Thompson
technique, which is based on the definition shown in Thompson| (1985). The
modified Thompson 7 statistic is defined and discussed on Chapter 4: Meth-
ods, in subsection One of the consequences of this approach is that we
will remove poorly sampled transients event from our time series.

A schematic summary of the photometric process explained in this chapter

PSF |
photometry

IVSA Database\ Calibration

can be seen on the left side of figure
- Irregular
Ui
AK Variables
criterias

CrossMatch
Generalized Lopg
—>1 Scargle
Periodogram

Multi epoch |
Catalog

A

Periodic
Variables

Photometric
Master Catalog

CASU Database

Figure 2.5: Schematic view of the automated process developed and used in this study

Information

> Rotential Metrf

to categorize the sources in this manuscript.

During our analysis we also used the GAIA data releases DR1, DR2 and
DR3 (thought the TOPCAT software (Taylor, 2005)), the IRAC and DSS cat-
alogs. The InfraRred Array Camera (IRAC; (Fazio et al., 2004)) is an infrared
camera of the The Spitzer Space Telescope, which operates in four bands: Band
1 (38.6um), Band 2 (4.5um), Band 3 (5.8ym) and Band 4 (8um). The instrument
has four detector arrays in the camera, and each has 256 x 256 pixels in size.
It is a general-purpose camera that is used by observers for a wide range of
astronomical research programs. The data from IRAC were obtained through
the ALADIN interactive sky atlas (Bonnarel et al., 2000). The DSS was obtained
from Aladin Sky Atlas (Bonnarel et al., 2000). More specifically, the Digital Sky
Suvey was used to map and compose the Field of View (FoV) images of the
considered SFRs in this Thesis.
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CHAPTER 3

Targets

This chapter addresses description and characterization of the selected SFRs
chosen to perform a census of variable stars within their vicinity. The focus is
to detect and characterize the changing brightness profile of young sources (<
1Mys).

As is commonly observed in spiral galaxies, most of the dust and gas of
the Milky Way lies within a thin disk of a few hundreds of parsecs (approx
500 parsecs, reference). This is the place where interstellar gas is located. Is
composed primarily of Hydrogen and Helium which comes from the Big bang.

To perform a census of YSOs it is necessary to explore the densest regions
within the ISM where the main initial condition for star formation is fulfilled:
High concentrations of hydrogen. In general, the YSOs are expected to be
correlated with the overdensities of molecular hydrogen Hp, commonly called
molecular clouds, composed by atomic hydrogen (HI) surrounded by ionised
hydrogen (HII).

The ISM have progressive enrichment with Helium and heavier elements.
This enrichment give different scenarios inside the stellar evolution. For ex-
ample, the abundance of heaviest elements inside the ISM depends on the dis-

tance of the center of the galaxy, wherein the very center the abundances are
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larger than the edge of the thin disk can be measured using the metallicities of
association of stars and clusters. We are interested in exploring the diverse SFR
along with the bulge and the south disk of the galaxy in order to explore envi-
ronment dependence (if any). The targets and basic information of the selected
regions can be seen on table

3.1 Cadence of the VVV observations

The VVV observation strategy was focused on covering a large area on the sky,
using the VISTA tile field of view is 1.501 deg2. Considering the complete area
to observe, 196 independent tile region where needed to map the bulge area
and 152 tiles for the south disc. Figure 2.1 provides a schematic representation
of the executed scheme for the Galactic center region and the south disk re-
gion. The full survey required a total of 192 nights of observations over 5 years
(Minniti et al., 2010).

Such strategy leaded to different cadence and number of observations of
every individual tile between 2010-2015. The disk fields generally have up to
60 epochs, meanwhile tiles projected to the bulge have between 75-90 epochs.
The only exception of the region of Baades” Window, where given the low
extinction, there are 8 tiles with more than 300 epochs.

Nevertheless, this cadence of the observations is able to detect variability
related to timescale accretion variations, star spots, episodic accretion events,
rotational modulation and variable extinction in the YSOs (Contreras Pena
et al., 2017b; Rebull et al., 2014a).

For example, the tiles d001 and d002 accumulate up to 51 and 48 epochs
observed respectively. Left side of Figure shows the gaps, the baseline,
and the maximum size of the time-step between epochs. The right side of
Figure 3.1|shows the distribution of the difference of consecutive observations
AM]D, zoomed up to AMJD > 12 days. The minimum time interval between
the observation is ~0.35 days, with distribution maximum between 0.35 and 2
days.

On the other hand, VVV produces unevenly spaced time series, which in-
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Year
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Figure 3.1: Overview of complete observation set used to analyze VVV tiles d001
and d002 taken from Medina et al|(2018). Left side: The log of observations of VVV
tiles d001 and d002 between 2010 and 2015, based on the log representation of Rebull
et al|(2014a). Each photometric measurement is marked by a ’|” symbol. The bars
are thicker in places with high cadence. Right side: Histogram of differences between
consecutive observations AMJD. The typical time interval between observations is

between 0.3 and 2 days.

duces uncertainty and a challenging period estimation. Still, we are able to
identify different types of periodic variability in a wide range of time scales
proportional to the total window of observation (see for example Elorrieta et al.
(2016); Gran et al. (2016); Minniti et al.| (2017)).

The figure shows all analyzed tiles in this PhD thesis, as well as the
photometric log summary given in Table

For simplicity, the different fields considered will be referred to simply as
SFR1 to SFR4, in the proximity to the Galactic center. The position and desig-
nation for each region are displayed in the figure

3.2 Tiles d001 and d002: IC 2944/2948

The tiles named d001 and d002 were used as a starting fields in order to de-
velop and test the automated process described in Medina et al.| (2018) (see
also the scheme 2.5/ for more details). With more than a million point sources

and over 900 thousand time series we also test the quality of the photometry,
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Figure 3.2: The log of observations of VVV tiles between 2010 and 2015, based on the

log representation of (Rebull et al., 2014a). Each photometric measurement is marked

by a ’|” symbol. The bars are thicker in places with high cadence. it is possible to
see the different seasons of observation between the disk (summertime at south hemi-
sphere) and the bulge (winter nights at south hemisphere). Also is been included one
high-cadence field inside the Baade’s window: tile b310, with more than 300 epochs
included in their dataset.
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Figure 3.3: The VVV survey FoV with the different Star-forming regions considered
inside this study are indicated. The number of epochs inside the SFRs depends on the

Galactic longitude.
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VVV  Associated to ~ Coordinates Epochs Sources with Irregular
tile ID (ANAZ2N)) time-series  sources
do01  IC2944/2948  (295.4,-1.6) 51 433,102 45
d002 (296.8,-1.6) 48 465,634 26
d045 G305 (304.2,-0.5) 55 950,085 57
d046 G305 (305.7,-0.5) 54 1,068,806 66
dos3 G305 (304.2,0.5) 74 754,122 32
dog4 G305 (305.7,0.5) 59 797,051 41
b327 NGC 6334 (350.7,+0.1) 79 1,956,310 83
b328 NGC 6334-6357 (352.2,+0.1) 83 1,843,695 94
b329 NGC 6357 (353.6,+0.1) 85 2,348,086 57
b341 NGC 6334 (350.7,+1.2) 88 1,309,496 156
b342 NGC 6334-6357 (352.2,+1.2) 87 1,465,298 60
b343 NGC 6357 (353.6,+1.2) 85 1,809,178 106
b310 Simeis 188 (6.7,-2.1) 307 2,332,512 57
b323 M8 (5,3,-0.9) 79 2,389,609 89
b324 M8 (6.7,-0.9) 79 2,233,543 71
b338 Trifid Nebula (6.7,+40.1) 78 2,452,234 56

Table 3.1: Summary of the VVV observations, sources with performed PSF photome-
try and selected irregular variables in each tile. The total number of reported Irregular

Variable Sources are 1096 objects.

the calibration and the cross match processes.

These tiles are selected because of their low stellar density (in comparison
with other areas of the disk, see table and the clearly outlined nebulosity
distribution in the FoV (see figure [3.4). In the FoV of tile d001 (central coordi-
nates) the open cluster IC 2944 is projected. This is a group of massive O and B
stars that excite their associated reflection nebula, projected at the inner edge

of the Carina spiral arm.

The nebulosity that surrounds IC 2944 is know as IC 2948 or A Centauri
Nebula (given their projected proximity to Centauri constellation, but is not

related). Also, the nebula is know as “Running chicken nebula”, an strange
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nickname from the bird-like shape of its brightest regionﬂ

Several H II regions are associated to the open cluster IC 2944. For several
decades, objects IC 2944 and IC 2948 have been considered as a single very
extensive H II region (Thackeray & Wesselink| [1965). The published distance
to the IC 2944 H Il region varies from 1.8 kpc (McSwain & Gies, 2005) to 2 kpc
(Sana et al., 2011). Some part of the nebula IC 2948 falls outside the d001 FoV,
particularly the regions with galactic longitude ¢ < 293° [deg], which is the
case of the associated object IC 2872.

Other indicator of the recent stellar formation in the vicinity of IC 2944 is

the presence of Bok globules. These relatively isolated and small extinction
patches are only visible for the lacking of background luminosity in visual

wavelengths. In this particular case, the Bok globules are known as “Thack-

eray globules” Reipurth et al|(1997) and are connected with low mass star

formation.

Galactic Latitude b [°]

297.5 297.0 296.5 296.0 295.5 295.0

Galactic Longuitude £ [°]

Figure 3.4: Covered region by d001 and d002 tiles from VVV survey, showing the
spatial distribution of identified sources. In the background, the ALLWISE RGB false-
color image using the W4 in red (A.sy = 22um), W2 in green (A.s; = 4.6um), and W1
in blue (A,rr = 3.4pm) is shown to illustrate the cold gas/dust distribution in the FoV.

Galactic north is up; galactic east is to the left.

Thttps://www.eso.org/public/images/eso1135a/
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3.3 The G305 Star-forming region

G305 is one of the most massive star-forming regions in our Galaxy, lo-
cated within the Scutum-Crux arm (in galactic coordinates: I = 305.506°,
b = 0.085°). Its integrated radio luminosity can be directly comparable to
the most luminous giant H II regions of the Galaxy (Conti & Crowther, 2004).
G305 is also a valuable laboratory for studying sequential star formation. Ac-
cording to|Clark & Porter (2004), there are at least two different generations of
young stars within the G305 radio complex.

The first generation is associated with the massive clusters Danks1 and
2, which contain many massive OB and Wolf-Rayet stars. The well known
Wolf-Rayet star WR48a is projected nearby. The presence of a dusty WCL star
implies a minimum age of ~ 3 Myr and the lack of the red supergiants in the
region suggests a maximum age of ~4-5 Myr. The second generation con-
sists of embedded IR sources, maser emission and ultracompact HII regions
(UCHIIs) (Hindson et al., 2012). A significant portion of the radio and sub-
milimetric emission comes from the regions which coincide with the periphery
of the mid-IR nebula (Clark & Porter, 2004).

In the central cavity are located two young and massive star clusters: Danks
1 and Danks 2. The molecular cloud from these clusters has dissipated, but

molecular clouds still exist around the cavity sculpted by those young clusters.

The lack of this molecular material around implies that star-formation has
ceased in Danks 1 and 2, but these nearby regions may be sites of ongoing star-
formation. Several H II regions and YSOs are found in the dense molecular
material surrounding the two clusters. This H II regions are understood to be
ignite by massive stars with strong stellar winds. Hence the star formations
is driven by the presence of massive stars, where the strong stellar winds and
radiation from such a population can provide the enough energy to trigger
stellar formation.

One of the panoramic Infrared views of G305 star-forming complex is
shown in figure The false-color view provide by the Spitzer Space Tele-
scope mid-infared InfraRed Array Camera (IRAC) Fazio et al. (2004) at wave-

lengths of 3.6 to 8 y m is in background. Visible light images reveal no trace
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Galactic Latitude b [°]

306.0 305.5 305.0 304.5 304.0 303.5

Galactic Longuitude £ [°]

Figure 3.5: The G305 star-forming complex region. The four observed tiles, named
d045, d046, d083, and d084 from the VVV survey are labeled. In the background, the
false three-color GLIMPSE Infrared Array Camera (IRAC) (Fazio et al., 2004) image

of the complete field is shown, using 8.0um (red), 4.5um (green), and 3.6um (blue).

Galactic north is up, galactic east is to the left.
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of what is happening in this region, the heavy dust obscuration hide all the
radiation that came from the new generations of stars.

The complex pattern of filaments that shape the interstellar medium is
caused by stellar winds of massive stars. Also the presence of polycyclic
aromatic hydrocarbons (PAH) (luminescent at wavelengths near 8.0 microns)
trace the cold molecular gas and the outflows from the new generations of
sources within the natal cloud.

Great part of molecular content revealed by Spitzer telescope inside this
SFR is covered by VVV tiles d046 and d084. Surrounding areas of G305 SFR
were also considered and covered by VVV tiles d045 and d083. There are many

signs of active star formation, invisible for IRAC cameras.

3.4 NGC 6357 and NGC 6334

The active high-mass star-forming complexes NGC 6334 and NGC 6357 are
two extensive giant molecular clouds located in the Carina-Sagittarius Arm of
the Milky Way, less than 10 degrees from the very center of the galaxy (see, e.g.,
Chibueze et al. (2014)). Both regions are connected by a filamentary structure
~2 degree away to the north of the galactic plane, so it was proposed that both
areas may belong to a single and extended complex (Russeil et al., 2010, 2017).
More still, the complexity and the presence of a large number of O stars, the
gas/dust condensations, and the mixture of high and low-mass star formation
of this region are also explained, proposing a “Galactic mini-starbursts” Fukui
et al|(2018). Several observations in infrared domains had been executed in the
vicinities of these massive star-forming complexes for a better understanding
and characterization of the environments.

The visual morphologies of both molecular clouds (observed in figure
are dominated by almost spherical H II cavities shaped by the radiation of
close massive young stars. In the case of NGC 6357, the open cluster Pismis
24 is located at the center of the molecular cloud, in a similar way to Danks 1
and 2 inside G305 SFR complex (section . On the other hand, NGC 6334

displays groups of H Il regions scattered around the central filament of molec-
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ular hydrogen and dust. Features of heavy extinction are also present in this
Infrared Dark Clouds (IRDC), which is also known as the ”star-forming axis”
(Reipurth,[2008), so the probability of the presence of embedded, undiscovered
massive (and low mass) stars is largely due the dramatic interstellar extinction
inside the FoV.

Different methods for distance estimation have been used regarding the
distances of NGC 6334 and NGC 6357. Inside the review (Reipurth, 2008),
NGC 6334 is located at a distance of 1.61 £ 0.08 kpc, using the average value
for the eleven OB stars that ionized the optical H II nebulae. Meanwhile, in
Lima et al| (2014), using the VVV survey, identified five embedded clusters
within NGC 6357 and derived a distance of 1.78 £ 0.1 kpc using the color-
magnitude diagrams.

The most considerable discrepancies are published in Chibueze et al.
(2014), where the parallax of H20 maser sources inside a dense molecular
clump associated with NGC 6334 was used for estimate distances of 1.35+0.15
and 1.2540.14 kpc, respectively. It seems now widely accepted that NGC 6334
and NGC 6357 are both located at a distance of ~1.7 kpc (Fukui et al., 2018).

Six VVV tiles cover the entire field of both NGC 6334 and NGC 6357
and their intermediate environments: b341, b342, b343, b329, b328, and b327.
Given these tiles are projected in the bulge region, individual tiles have at least
79 epochs each, as can be seen in table

3.4.1 NGC 6334

NGC 6334 (I = 351.2°,b = +0.7°) is popularly known as "Cat’s Paw Nebula”
given the effect of the presence of OBs stars in the optical emission nebula.
Several OB stars lie around the high-mass filamentary cloud structure, with
an estimated spanning of 12 pc. Given the dimensions of this star-forming
complex, several embedded star-forming regions have been identified from
infrared and radio emissions.

The first five main Far-infrared dense sources received the names NGC
6334-1 to NGC 6334-V. Later, other Far IR sources named NGC 6334-1(N) were
identified, associated with HII or UCHIIs regions. Optically, NGC 6334 is
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D552 color

6.434° x2.969°

Figure 3.6: A panoramic image of the largest FoV considered inside this manuscript.
The visual nebulosities of the Cat’s Paw Nebula (NGC 6334) in on the right, and the
Lobster Nebula (NGC 6357) is on the left. In the background, the DSS RGB image of
the considered FoV is displayed. In white, the footprints of VVV tiles b341, b342, b343,
b329, b328, and b327. Galactic north is up; galactic east is to the left.
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a grouping of the well-known optical HII regions, called GUM61, GUMS62,
GUMBS63, GUM64, HII351.2+0.5 and GM1-24, and presenting more compact H
IT regions than NGC 6357 Russeil et al. (2016). Some of these shell structures
are considered as examples of the so-called Stromgren spheres, as the case of
GUMBS61.

In the past few years, this SFR has been selected for the study of their
monolithic filaments properties and individual star-forming regions at large
scales using radio continuum observations. Also, there are four main clusters
along the so-called star-forming axis: NGC 6334-1, NGC 6334-I(N), NGC 6334-
I(INW), and NGC 6334-E; this last one was discovered using the continuum
dust emission from dense stellar cores with ALMA (Sadaghiani et al., 2020).
Among these star clusters, NGC 6334-I(N) is the most populated cluster, with
80 cores.

VVV tiles b341 and b327 cover almost wholly the “Cat’s Paw” emission
nebula and a significant part of their star-forming complex. Tiles b342 and
b328, on the other hand, will cover the region that surrounds NGC 6443 and
the area that presents the connection with NGC 6357.

3.4.2 NGC 6357

NGC 6357 (I = 353.16°,b = +00.89°) is also know as "The Lobster Nebula”
is two deegrees closer to the very galactic center than NGC 6334 at the same
galactic latitude I. The morphology of NGC 6357 is also dominated by the
presence of spherical H II regions produced by massive stars. The presence
of a large central cavity is observed in visual wavelength and several shell-
structured shapes around the central cavity, where the massive open cluster
Pismis 24 is located, which contains a few of the most massive stars known.
In particular, Pismis 24-1 (or HD 319718) is a multiple O star system inside
the cluster AH03J1525-34.4 (Fukui et al., 2018). YSOs population has been ob-
served concentrated in the surroundings of Pismis 24.

The brightest HII region is called G353.2+0.9, and it traces the sharp bound-
ary of Pismis 24. Some small, optical HII regions can be observed in the sur-
roundings, named H II 353.42+0.45, 353.08+0.28, 353.09+0.63, and 353.24+0.60.
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Infrared surveys detected several sources with NIR excess projected into the
nebulosities. Radio-telescopes also display the presence of compact sources
projected into the nebulosities.

VVV tiles b343 and b329 cover the “Lobster” emission nebula.

3.5 The Lagoon nebula complex

The Lagoon Nebula complex is a massive star-forming which gathers sev-
eral different and independent massive HII regions, emission nebulae, low-
extinction regions, and several types of astronomical objects inside their ISM,
as supernovae remanents as W 28 ( e.g., |Green| (2014)) and planetary nebulae
(e.g., PN M 1-41, |Velghe (1957)).

This complex region is located on the Sagittarius-Carina Arm, lying a few
degrees away from the line of sight of the Galactic center.

As is described inside the review (Tothill et al.| 2008), this complex has been
observed and cataloged since very early in history, particularly from the 17th
century, therefore exist several nomenclatures for identifying stellar objects.
In this manuscript, the “Lagoon nebula complex” name is used to refer to
the group of optic nebulas called M8, M20, and Simeis 188 and some degrees
around their optical nebulas.

Figure[3.7]visualizes FoV covered around the Lagoon Nebula complex. The
footprint of selected VVV tiles that cover the region is displayed in white. The
central HII region and most extensive nebula inside the complex: M8 (005.9575
-01.1667 ), with an estimated radius of about ten pc. Using M8 as a reference,
the Lagoon Nebula complex also includes the optically visible M20 (007.0859
-00.2873, a.k.a. Trifid Nebula), located in the galactic northwest. The optical-
invisible HII region W28 A2 (a.k.a. G 5.89-0.39) is situated to the north; finally,
the complex of nebulae to the east of M8, known as Simeis 188, is located one
degree to the west.

Tile b338 contains The Trifid Nebula and its surroundings. Tiles b323 and
b324 cover M8 and their surroundings as An essential part of the ultra-compact
HII region W28 A2 SFR, which falls inside the FoV of tile b324, despite that the
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central area of the W28 A2 is not within their FoV. Finally, tile b310 covers
the several reflection nebulae projected in front of M8, called Simeis 188, a

collection of spherical HII regions, bright emission nebulae, and IRDCs.

3.5.1 The Lagoon nebula

M8 (I = 005.9575°, b = —1.1667°) is one of the largest and bright HII regions
known in the galaxy. M8 is composed of four main structures: The young
cluster NGC 6530 (I = 6.082°, b = —1.331°), the M8 E star-forming region
(I = 6.05°, b = —01.449°), The Hourglass Nebula (I = 5.9736°, b = —1.175°)
and the HII region NGC 6523 /33 which is the nebula itself.

Several features of stellar formation surround the visual nebulosities of
NGC 6523/33 as open clusters, numerous bright rims, bok globules, cold
molecular pillars (a.k.a. elephant trunks), and IRDCs. (Lada et al., 1976)) iden-
tified that the star Herschel 36 (I = 5.970°, b = —1.173°) is the primary source
of ionization in the region. Also, the sources 9 Sgr (6.008 -01.204, an O4V(f)
star) and HD 165052 (I = 6.121°, b = —1.481°) contributes to the ionized gas
inside the ISM (Tothill et al., 2008).

In the front of the interstellar material of NGC 6523 /33, close to the nebula’s
center, lies the massive open cluster NGC 6530, which has been determined to
be extremely young. With a large population of pre-main-sequence sources
and several O and B stars, the average estimated age is below one Myr Pris-
inzano et al.| (2019), and a distance of approximately 1,32 Kpc Damiani et al.
(2019).

The Hourglass Nebula and the M8-E H II regions are located on the galac-
tic west and east of the main nebulosity NGC 6523/33, respectively. Both are
massive star-forming regions powered by several O-type stars. Several differ-
ent populations of young stellar populations have been detected using IR and
X-rays wavelengths.

The distribution of the very young classical T Tauri stars with reddening
excess correlated to the position of the O-type stars can display evidence of
triggered star formation by the O-star ionization fronts (Prisinzano et al., 2019);

and hence, at least a second generation of stars.
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DSS2 color

3.859" x 5.403°

Figure 3.7: DSS optical RGB image of the considered field that contains The Lagoon
Nebula Complex. The Trifid Nebula (M20) is the northern nebulosity and falls into a
small region of the tile b338. The Lagoon Nebula (MS8) is covered by tiles b324 and
b323. The Simeis 188 region is projected over the high-cadence VVV tile b310. The
footprint of VVV tiles are marked in white. Galactic north is up; galactic east is to the

left.
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3.5.2 The Trifid Nebula and their surroundings

The Trifid Nebula (M20) is a young H II region with multiple sites of active
star formation. With a minor diameter of only 3.5 pc, the numerous presence
of O star, and the subsequent young stellar generations, including the current
protostellar population forming now, in and around the nebula (Rho et al.,
2008).

t comprises two visual nebulas: in the north lies the reflection nebula sur-
rounding the A7 supergiant HD 164514, and the emission nebula entirely pow-
ered by a young massive star O7 named HD 164492. Many cores exhibit signs
of dynamical interaction with the ambient medium. Therefore M20 is believed
to be formed from the dynamic impact of HD 164492 in a turbulent environ-

ment.

A large sample of YSOs has been detected using color-color diagrams, X-
ray emission, and CO emission maps. The star HD 164492 is surrounded by a
cluster of approximately 3100 young stars; among them, five stars have been
early identified within 20" of the central O star. [Kohoutek et al.| (1999) con-
firmed that the brightest components, HD 164492B to HD 164492B-E, were
early-type stars forming a small stellar grouping. Also, Four massive (25-90
solar masses) protostellar cores (TC1 to TC4) were discovered in the Trifid with
millimeter observations (Cernicharo et al.,[1998). Compact H Il regions such as
G8.1+0.2 and G7.5+0.1, and young stars undergoing collapse and violent mass

ejection present more evidence of massive star-formation in the vicinities.

It was thought to lie between a range of 1.6-2.7 Kpcs away; nevertheless,
parallaxes from Gaia EDR3 have been determined to be around 1.25 Kpcs, plac-
ing the region in the Sagittarius arm of the Milky Way (Kalari, 2021). The Trifid
Nebula falls in a small region of the VVV tile b338, so an extensive area to the
galactic north where several IRDCs are distributed and several signatures of
active star formations are located between the dust filaments. Finally, the Tri-
tid Nebula is famous for being the cover of the album “Islands” by the band

King Crimson.
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3.5.3 Simeis 188

The region known as Simeis 188 (Herbig 1957) is a collection of visual emis-
sion nebulae: (IC 1274 and IC 1275), reflection nebulas (IC 4684), IRDC (B 91,
B302, and B303), and the SFR known as NGC 6559, also known as a bright-
rimmed cloud 89 (BRC89, Ogura et al| (2002)). These structures seem to be
connected by a dense filament of dust detected in visual and IR wavelengths.
Different O-type stars ignite these emission nebulae. Simeis 188 lies close to the
low-extinction region known as the “Baade’s window” (Baade| 1946) and is of
great scientific interest due to its properties. VVV tile b310 covers the elements
that compose Simeis 188 and is the FoV with the most significant number of

observations between 2010 and 2015, rising up to 300 epochs.
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Analysis methods

This chapter will focus on describing the mathematical methods, the data
transformations, and the algorithms that are implemented to analyze the

uneven-sampled VVV time series.

There are different approaches to directly extract information from time se-
ries, such as methods to transform, summarize, reduce and describe data. In
general, astronomy has always been an excellent source of information for de-
veloping new technique analyses and technologies. Still, the growing interest
in the structure and properties of time series is not only in astronomy. Several
tields in science use similar tools for this purpose and share their results with

the community.

We will concentrate on the time-domain data and will describe and con-
struct a set of statistics that quantify some valuable aspects from the time series
generated by the measured stellar magnitude over time. The analysis of the
so-called “color-color diagrams” (CCD) will also be discussed and included to

obtain relevant conclusions about the nature of the variable source.
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4.1 Variability indicators in time series

With more than 25 million detected stars, every time series {x;} contains be-
tween 20 and 300 observations depending on the galactic longitude £[°]. A
single file for every {x;} was created with three data columns: the MJD time ¢,
the Ks-band magnitude m, and the photometric uncertainty ¢. This set of data

can be represented as follows:
{xi} = {ti/ milo-i}/ (41)

where i is the total number of epochs inside the time series. The current anal-
ysis is based on the dataset {x;} where, which, as discussed in section [1.4.]]
describes a time series. Nevertheless, the use of time series in astronomy is not
something new; there were papers decades ago where commonly, the sequen-
tial measurements of a particular star were referred to as a series of photomet-
ric observations as m;.

Under this notation, m; = m(t;). It is important and interesting to see
implicit time dependence in this definition. Also, somehow, it indicates the
reductive nature of time series analysis, where more available information is
requested to define a specific statistic. For example, the classic definition of the

arithmetic mean value of the mean magnitude K; follows:

N
o - (§m)

As can be seen, the input of the statistic “mean” is the time series {x;}, but not
all of the elements inside the data set are used. Only the photometric mag-
nitudes m; were useful to obtain 7. Not all the time series components will
necessarily be used to define a new measurement or statistic. Even so, ex-
ists statistics that use all the components inside {x;} and even define more
quantities to complement and put together within a mathematical expression
designed to obtain some specific information from one particular star in the

galaxy.
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The mean defined in |4.2] itself quantifies the central value of a set of mag-
nitudes and is a vital and basic piece of information for any stellar source.
Nevertheless, in terms of variability detection, the arithmetic mean is point-
less. A better option to quantify the variability of a parameter could be the
standard deviation, which is a measure of dispersion or the characterization of

the scatter of a set of values:

1 N _\2
cul{x}) = || ey L (m =)’ (43)

The standard deviation quantifies how far the data points lie from the mean
value.

In astronomy, it is frequent to use different sets of statistics (Sokolovsky
et al., 2017), commonly called “variability indices” or simply “features”, to
quantify changes in luminosity with time. Depending on the definition of
these indices, a population of variables that have similar behavior can be iden-
tified, and one can try to separate stochastic variability from “further orga-
nized” flux variations. Classic examples of these indexes are the Welch-Stetson
Iws (Welch & Stetson, 1993); Stetson Jgier and Kgiet indexes (Stetson, 1996).
These quantities have been used to identify sources that exhibit large photo-
metric variations over time. Defined in this manner, sources with larger Jstet
values are the most probable variable sources. Different authors in the litera-
ture define particular limit values of Jst for this task (such as Jstet > 0.55 (Car-
penter et al.,2001), Jstet > 0.9 (Rebull et al., 2014a))). In the literature, it is possi-
ble to find many more different features tailored to identify different types of
variable sources. Thus, deciding which index is useful to detect a specific type
of variability depends not only on the definition of the index itself but also on

the properties of the available data.

4.2 “Feature  selection

The next section will describe the set of features that we applied and used to

quantify the flux variation in different variable star sources in selected SFRs en-
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vironments across the galaxy. The idea is to describe the overwhelmed quan-
tity of information in a set of data that represents every time series {x;} using
an ad-hoc set of statistics or features chosen among all the possible definitions
in the literature. The features were selected considering the characteristic of
the VVV time series: a single band time series have taken on unevenly sam-
pled observations with a different observational log for each considerate tile
(see a visual summary of the observation for every tile in[3.2).

Following the discussion about the features in the literature, the tendency
is to apply robust variability indices to avoid the possible scattering that the
unevenly sampled observations can introduce. Also, it is common to use a
broad selection of variability indices (and mathematical definitions) to cover
different scenarios and procedures that can produce brightness changes.

Considering the information from literature and the properties of the VVV
time series, a set of seven features has been selected to characterize the behav-

ior of the stellar sources over time. They are summarized in Table

Index Reference
Stetson | Stetson| (1996)
Stetson K Stetson| (1996)
1 index von Neumann (1941a)
Total amplitude AK; Contreras Pefia et al.|(2017b)
o/ u ratio Shin et al. (2009)
Classical x? test Rebull et al.| (2014a)

Period P Lomb| (1976); Huijse et al.|(2011)

Table 4.1: Set of Features or variability indices used in this analysis and the references

where the features are defined.

4.2.1 Stetson Jg,; and Kg; indexes

The Welch-Stetson index I,s was proposed by Welch & Stetson| (1993) during the
Cepheid variable stars study observed by the Hubble Space Telescope (HST). It

was designed to combine N “almost simultaneous” independent observations
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for multi-band photometric measurements of the same source, thus connecting
the changes in the color with the intrinsic variability.

The fact that more than one photometric time-series have to be considered
needs the definition of normalized magnitude residuals for a given band-pass
and scaled by the standard error ém; = (@) Thus, both (or more) time-
series can be directly combine in one statistic. Furthermore, Peter Stetson ex-
tended the definition for the normalized magnitude residuals adding the bias

factor, namely the relative error for the i-th term ¢; is defined as:

— 44
0=y e (M), @4

where 0; are the uncertainty of the individual measurements m;, and 71, repre-
sents the weighted average magnitude, considering the weights as the inverse

of the photometric uncertainties w; = (1/07):

N
1), wim;

mw({xz}) = N ZNw . (4.5)

Taking advantage of the definition of é;, Stetson proposes to relate two or more
observations in several filters taken in short periods. Therefore he proposed
to create an expression that divided the observation time interval into several
convenient binned slots k. If two (or more) time series {x;} and {x;} were
obtained from the same source inside the same temporal bin k. This statistic is
so-called the “pair P”.

One of the most significant disadvantages of the I;,s index is the assumption
to have simultaneous observation pairs in more than one or several photomet-
ric filters. Therefore, three years later, (Stetson, 1996) updated the statistic and
included the option to evaluate single observations from a single time-series

in the pair P, definition, which is the following:

0;0:)r, for paired k observations, with i # j
P, = ( i ])k P 7£] (4.6)
6% — 1, for single observations

This last addition to the pair P, represents the unbiased measurement of J;, due
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the expectation value (6?) = 1. After bringing all this information together, it
is possible to define “a more robust version” of the index Iu: the Stetson |

index statistic:

N . NP
Jstet({xi}) = ELE sgb(?) |Pl|’ (4.7)

where sgn(x) is the sign function that extracts the sign from the real number

x, and g; is another set of weights defined as:

-1
EN%
1+ (7) ] . 4.8)

The largest values in the distribution formed by the Js;; index are the most

i =

probable variable stars (Stetson, 1996). On the other hand, for Gaussian dis-
tributed observations, m; should approach a value around zero.

To complement the quantification of time series {x;} using the Jg;.;, another
statistics developed and proposed using the already introduced relative error

parameter J;, is the ”Stetson K index” Kg;:

N 5.
Kopr ({2:}) = N Ei_Loi] (49)

yri s
which is renowned to be a good indicator of the kurtosis in a time series. This
measurement of the kurtosis is also known as the “peakedness” and possess
well-defined properties in the case of a Gaussian distributed time series, where
Kstet — V2/ .

The Iiys, Jstet, and Kgg variability indices have been broadly used in the
astronomy and astrophysics community to put a label of “variable” to a par-
ticular star in this galaxy.

Their mathematical definition and design demonstrated that it is possible
to obtain information from the variation of their brightness and realize that the
physical processes” timescales are not as eternal (in human lifetimes) as they

usually discussed three decades away.
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4.2.2 The Von Neumann 7 index

The 77 index (von Neumann, 1941a) is a statistic defined as the squared addi-
tion of successive differences between adjacent observations over the variance

inside the time-serie 0. The 7 index is defined by the following expression:

1 N-1

n({xi}) = N—1)oZ 1_21 (migq —m;)?, (4.10)

where m; and m;; are successive magnitude measurements, N the available
number of epochs. The ratio between the square successive magnitudes dif-
ferences over the variance quantifies the smoothness of a time series. Smooth-
distributed time series are expected to have values 7 approaches to 0.

The properties of the distribution of the 7 index are well known for a sta-
tionary Gaussian distribution. Nevertheless, these properties cannot be di-
rectly assumed for unequal sampled time series.

Even so, this statistic has been pointed to as an effective variability indicator
in the literature (e.g. (Shin et al., 2009; Sokolovsky et al,[2017)). In (Sokolovsky
et al., 2017) was proposed to use the ratio 1/7 as a variability indicator, select-
ing the larger values from this quantity.

In practice, the cut-off value for selecting variable objects needs to be de-
termined directly from data. For the particular case of VVV time-series, the 5
index would have value # ~ 2 for uncorrelated, low-amplitude sources, and

extreme values for series with long time variability trends.

4.2.3 Total amplitude AK; index

The total amplitude AK; is a simple expression to quantify the degree or range
of variability of an astronomical source. The definition of the total amplitude
AK; is defined as the largest difference between the photometric observation,

and is described by the following expression:

AKs({x;}) = min(m;) — max(m;), (4.11)
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where the max(x) function returns the maximum value of the time series, hence
the faintest observation of the source in question. Similarly, the brightest mea-
surement in the time series is returned using the min(x) function.

Despite the simplicity of its definition, the AKj its been used as a discrim-
inant to identify significant variable sources. For example, in [Contreras Pefia
et al.| (2017b) were identified 816 high-amplitude NIR variable sources with
AKs > 1 mag, and characterized as likely PMS sources.

The analysis of the distribution of AK; is a valuable and powerful tool to
identify likely YSOs amongst irregular and periodic variables stars projected
against SFRs.

This “Amplitude index” also performs satisfactorily in identifying sources
with a large amplitude like Eclipsing Binary (Algol type, for example) sys-
tems and likely pulsating asymptotic giant branch (AGB) stars as Miras and
semi-regulars sources, which are especially bright in NIR. These sources have
periods longer than P > 100 days and are frequently grouped under the name
“long period variables” (LPV).

4.2.4 o/u ratio index

This statistic quantify the ratio between the mean magnitude 7 and the stan-

dard deviation o} over time:

Ots

g _
p({xi}) T

_(mmm?) (N .
\F (N-1) N wim; )

Time series with prominent variability will have significant values in the
o/ ratio distribution.
The ratio is also known as ”coefficient of variation” or “Relative standard

deviation” (if you scale the statistic by 100). It is most frequently used in other
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math-related fields to understand the prominent variability of a parameter

concerning the mean of the population average y.

4.2.5 Classical x* test index

It was introduced in Rebull et al.| (2014a)) as a variability indicator to comple-
ment the Stetson indices.

This expression is based on the definition on the Pearson )(2 distribution,
or the so-called minimization parameter or goodness of the fit. The x? test is

given by:

N .
X{x)) = N1 )3 (m; me) . (4.13)

Of course, this definition measures the sum of their squares differences divided
by their uncertainty. The value 0; is the photometric uncertainty and 71y, is the
weighted average magnitude

The x? test is also a comparison between the photometric errors compara-
ble to the signal. This fundamental characteristic makes this statistic sensitive
for uncorrelated variable sources. Also, their significant values are reasonably

well correlated with stetson indices (Rebull et al., 2014a)).

4.2.6 Period determination

One of the most critical and valuable parameters to obtain for the variable
sources is the period P of variation (if any). The period immediately gives
hints of the timescale variations of the source and reduces the options about the
origin of the variability. Of course, there are a variety of physical conditions or
systems with particular geometric patterns that can produce periodic or quasi-
periodic signals inside astronomical data.

Many efforts have developed methods to identify prominent and signifi-
cant periods hidden inside a time series. One of the most successful methods

for finding a reasonable, reliable period is based on Fourier analysis, under
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assumption that the linear combination of trigonometric functions can fully

describe a continuous temporal signal f(t) defined as:

f(t) = /+OOF(w) exp W dt, (4.14)

—00

where i is the imaginary quantity, and F(w) represents a frequency-domain
function that contains the phased amplitudes of the sinusoidal components of
w. The expression is commonly called the “Fourier Transform” and leads to
one of the widely used tools in astronomy due to the effectiveness of finding
periods in uneven sampled time series: The Periodogram. This set of tools can
be used and combined to detect prominent periodicity behaviors inside a set of
any irregularly and uneven sampled periodic data and has many applications
in other areas of science.

On the other hand, there are also non-parametric methods able to find peri-
odicity in time series with fewer observations. These methods often are based
on the absence of theoretical models that explains the signals inside a time
series and apply a large spectrum of statistical approaches.

We applied both methods to identify the period P in every generated time
series in the considered FoV. To summarize, the two different techniques are

described below:

1. The Generalized Lomb-Scargle Periodogram (GLS, (Zechmeister &
Kiirster, 2009)): A least-squares spectral analysis method based on the
classical Lomb-Scargle Periodogram (Scargle, 1982). In particular, we

used the astroMLE| implementation (Vanderplas et al., 2012).

2. The Informatic Potential Metric Qp, (IP metric, (Huijse et al., 2011)): A
non-parametric discriminant designed to identify a fundamental period
inside a time series, using the properties of information theory, based
on C. Shannon work (1949) and generalized by the Rényi entropy (refer-

ence), over the realizations of a continuous random variable.

1h’ctp: //www.astroml.org/
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The statistical significance for each determined period is estimated using
the spectral power peaks in GLS and IP metric. The peak significance assumes
the uncertainties are described by uncorrelated Gaussian noise. Only sources
that present a period with peak-significance greater than 99.9% were consid-
ered for analysis and further characterization.

Both methods were implemented to complement each other and to cover

an extensive range of periods in our data.

The Generalized Lomb-Scargle periodogram

The Lomb-Scargle periodogram (Lomb) 1976; Scargle, 1982) is a well-known
method for finding periodicity in spurious or irregularly sampled time series
data. It is based on the Fourier analysis, where it is possible to find a sinu-
soidal function f(¢;) to completely describe the behavior of a periodical signal
inside a time series under study. The Periodogram fits the time series measure-
ments with a trigonometric model in the least-squares sense, so it minimizes

the quadratic error S:

N
=) [f( (A cos(wt; — T) + Bsin(wt; — T))]z, (4.15)
i=1

where the index i (i = 0, 1, ..., N) denotes different measurements f(¢;) taken at
time t;, w = 27f is the angular frequency (is its commonly also to found this
expression in terms of the period w = 27/ P), A and B are the parameters to

minimize and 7 is a time delay defined by:

y, sin(2ewt;)
L cos(2uwk;)’

tan(2wT) = (4.16)

this definition of T ensures that this pair of sinusoidal functions will be orthog-
onal at time t;. The parameters A and B represents the contribution or am-

plitude for each trigonometric term, and describe the of the best-fitting model
at frequency w is stated by the amplitude Af(t;) = v/ A%+ B? and the phase

¢ = arctan <%>.
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The strategy to determine the period P hidden in a time series is to evalu-
ate the quadratic error S for a range of values of w and choose the values
of w which minimized S. In their optimal expression, the Lomb-Scargle peri-
odogram for a time series {x;} as a function of w is given by the following

expression:

_ 1 [([Zimjcos(wt; —T)*  [Lim;sin(wt; — T)]?
PLS({xz}/ (U) T 202 ( Y. cosz(wti _ T) Y sin2(wtl- — T)

), (4.17)

where P(w) is the Power spectral density, which represents the distribution
of the signal power for each w, and ¢ is the uncertainty standard deviation of
the data. The set of candidate frequencies w, are multiples of the minimum
frequency dw, usually chosen as dw = _r, where T = (max(t;) — min(t;))
is the time data range, and @ is the oversampling factor, used to adjust the
spectral resolution of the periodogram.

For regularly sampled data, a frequency upper limit would be given by the
Nyquist-Shannon sampling Theorem (reference). In the case of the irregular
sampled data, a rule to select this limit is described by (Press & Rybicki, 1989),

which use a multiple of so-called the Average Nyquist frequency:

(@)ny = o (4.18)

Later in (Zechmeister & Kiirster, 2009) was defined the Generalized Lomb-
Scargle periodogram (GLS), which includes a constant parameter C in the
trigonometric model on the form g(¢t) = A cos(wt — 7) 4+ B cos(wt — 7) + C.
The new parameter quantified the floor contribution of the spectral power
P({x;},w) and improve the estimation of the fundamental frequencies in the
cases of the small data sets, or if the data not extend over the whole duration a
cycle(VanderPlas et al., 2012).

The Generalized Lomb Scargle periodogram then is defined by the quantities:
X5 — MINp (x*(w))

Pers({xi}, w) = po (4.19)
0

77 )2
where x2 = YN, (my U;"‘“) is the best-fit sum of residuals (a similar expression

1
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of quantity , and MINg(x?(w)) is the minimization of the squared differ-
ences between the observational data m; and the model g(¢;) at time t;; against

the parameter vector * = [A, B, C] inside g(t), which are given by:

N L . 2
MIN@(){Z((U)) — Z (ml MING(g(tZ))) . (4.20)

i=1 7i

The definition of expression [4.20| and 4.19| ensures the determination of the

frequency Power spectrum that lies in the range 0 < Pgrs < 1.

Generalized Lomb-Scargle periodogram

| ---  95% Significance |

ANAMNAN A A AN

0.8 1.0

w Period: 110.9 [d

Phase

Figure 4.1: Performance of the GLS periodogram. Top plot: Light curve to analyze.
Middle plot: Peaks in the spectral Power, where w = 27/ P, the maximum peak have
a significance greater than 99.7% (the dashed red line) and a FAP = 0. Below plot:
Folded light curve with the best period found (P=110.9 days).

In both cases, the Lomb-Scargle periodogram can detect the period of a
time serie using a grid of candidate frequencies wy,y (or periods Pyiy given
the relation P = 271/w ). Therefore, the frequency w that maximizes the spec-
tral power have an exponential probability of appearing.

We are interested in the statistical significance of a particular w value that max-
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imizes P(w) in comparison with the peak of other non-significant frequency
values Py. If we have N, number of frequencies for testing, then the probabil-
ity of a significant value will be Prob(P(w) > Py) = exp0.

On the other hand, the probability of none of the n test frequencies has a
significant value P(w) > Py is described by Prob(P(w) < Py) = (1 — exp/0)™,
Then the quantity Prob(P(w) > Py) = 1 — (1 — exp™)" represents the siginifi-
cance level of the peak P(w) that is produced by a test angular frequency w.

For the after-mentioned properties, we compute the False-Alarm Probabil-
ity (FAP) based on the definition provided in table 1 addressed in (Zechmeister
& Kiirster| [2009) also as a discriminator. If we use the probability expression
when the spectral power P(w) € [0, 1] the FAP is defined by:

N-—37 Nw
|

FAP =1 — [1 — (1-max(P(w))) 7 (4.21)

where N is the number of observations inside the dataset {x;}, and N,, is the
number of tested frequencies, and its proportional to the minimum frequency
dw.

Usually, if the power peak has a FAP< 0.0001, the trial frequency wg,g is
considered significant. In general, this periodogram analysis is valid for the

time series in all ranges of periods.

Information Potential Metric

Claude Shannon introduced the Information theory framework in (Shannon,
1948) as a solution for the noisy channels communication problem. Their pri-
mary motivation was to scale the transmission rate according to the noise level
inside the selected transmission channel. Shannon discovered that two statisti-
cal quantities were enough to reach an optimal encoding message: The mutual
information and the entropy.

For an ideal communication channel where it is transmitted a signal S and
received (or mapped) signal $; the mutual information between {S, 5} is maxi-
mum when $ is equivalent to S. In the real world, the noise is everywhere, and

it is better to characterize the communication by the channel capacity C, which
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is the maxima mutual information between the probability mass function of S
and S (Principe, 2010).

Assuming we are receiving a message S, this can be modeled by a random
variable X with a set of possible outcomes values xx = {x1,x, ..., xn}, all of
them with probabilities py = {p1, ..., pn}, when X assumes a certain value. The
Shannon entropy (a.k.a. information entropy) then is a measure of uncertainty

in a random variable X, and is defined as follows:

N
HO) = = 3 p () o (1) (422)

This expression is the same as physical entropy, but information entropy
fundamental comes from the probability mass function, whereas physical en-
tropy is a property of the physical system’s state (Principe, 2010).

A mathematical generalization of the Entropy concept is the family of
Renyi’s entropies of order a (Rényi,|[1961). Assuming Xis a continuous random
variable and p(x) is its probability density function (PDF), the generalized en-
tropy is defined by:

Hy(X) = 7 i . log (/ P (x) dx) , (4.23)

where the parameter « > 0. In the limit where the Renyi’s order & — 1, the
Shannon entropy [4.22]is obtained, so Hy (X) = — [ p(x)log, [p(x)] fora = 1.
The case when & = 2 is the special interest for their implications. The
PDF px(x) can be estimate from the Parzen window (Parzen, 1962) using a
kernel method, which consists in bring the data to a vectorial space where it is
possible find a linear function in order to identify patterns among the inputs.

The most widely used kernel is the Gaussian kernel defined by:

202

L ]2
Go(xi, xj) = exp <—M> , (4.24)

where x; and x; are samples of the random variables X; and X;, ¢ is the kernel
size or bandwidth, and || e || is an Euclidean norm. Assuming Gaussian kernel,

it’s possible to obtain a PDF of the form:
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1Y 1 [Jx; — x|
= — ex —_, 4.25
N ; 270 P ( 202 (4.20)

and if we use the PDF in the quadratic Renyi’s entropy (x = 2) we can

obtain:

1 N N 1% — x|2 (4.26)
:_10g<2n No)? ;; < (72] ))'

where the argument within the logarithm is called the quadratic Information
Potential (IP):

IPx({xn}) = 217T NUZZZ ( %) (427)

i=1j=1

and it’s a direct entropy estimation of the data, where x,, are the number of
measures of the continuous random variable X.

In (Huijse et al., 2011) was defined the IP metric Q,,, which is a discriminant
designed to identify the fundamental period among a the possibles candidates
P;. For a signal composed by x, measures, taken in times t, (n = 1,2,..., N) we
used a trial period P; to transform it into the phase space using the equation
(1.2). The folded light curve is segments in a H number of boxes and the IP
is computed for every box h. The IP metric Q,,(P;) is the sum of the squared

differences between the information potential of each bin and the global IP:
H
Z IPx({xn}) = IPx({xn}nen), (428)

as it mentioned above, when a light curve is folded using it’s real period (or a
multiple of it) the result in the phase space will be a ordered and well defined
signal, what it’s translated to a small entropy in each box H. On the other

hand, if the light curve is folded with a wrong period, the result will be noise
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in the phase space and the entropy in every box will be comparable to the
global entropy. Hence, it’s possible to find a significant period maximizing the

IP metric Q.

IP metric
* '.' \*t . :' 2 . [
J . Pt ¢ ; L
.+p 34 H - : - ; ¥
L 21 *
* ! . P ‘.’n 1 1 1
55:1'.'".'! 55&0{} 55800 SGIIJDEI EEéDD 56400 Sﬁéﬂﬂ
MJD [d]

o)

1] 02 0.4 0.6 0.8 |
Peried [d] Period: 0.1786 [d]

1

Figure 4.2: Performance demonstration of the IP metric. Top plot: Time serie to an-

alyze. Middle plot: Information potential estimated in the period distribution boxes.
The maximum peak have a significance greater than 99.9% (the solid red line). Also
it is possible to see more indicative peaks, which are spurious periods and discarded
using aliasing correction. Below plot: The light curve with the best period P=0.1786,
a very unusual period, but was the period who maximizes the order inside the phase

space.

4.2.7 Fourier analysis

Once the period of a particular source is determined, its time series is trans-
formed using the epoch folding technique Then their light curve is ana-
lyzed and described using a Fourier series. This Fourier fit is constructed by

the period P, the average K; magnitude (m), and for the individual amplitudes
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Ay and phases ¢ for each k harmonics. The Fourier series f(t) at a moment ¢
is defined by:
N
m) + Y Agsin

i Y- vsin (27 0c).

The variable t is real and defined in the so-called phase space, where 0 <

(4.29)

t < 1. The performance and goodness of the Fourier fit are quantified using
the distribution of the residuals ¢;, assuming that it can be modeled using a

Gaussian distribution.
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Figure 4.3: Representation of the procedure for the selection algorithm. The raw time-
serie is folded using the significative period and the light curve is created. Next a
Fourier serie is fitted, and their residuals € are analysed before and after the 3¢ clip-

ping process. Red dots in the panels represent the outliers from the fitted Fourier serie.

For simplicity and given the broad range of identified periods, the har-
monic number chosen to fit the Fourier series is N = 2. This harmonic number
selection could not be the best selection for sources with complex taxonomies
in their light curve, such as binary systems. For this reason, a 3c-clipping pro-

cess was implemented, using the normal distribution model from the residual
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distribution €;. Red dots on the panels of figure 4.3|displays photometric mea-
surements considered as outliers for the Fourier fit.

The reduced x2,,,..; Statistic was used to quantify the performance of the
process, using the whole ¢; distribution (x?) and the residuals without the con-
sidered outliers by the Fourier fit (x, p)- The complete analysis process for the

time-series and light curves is illustrated in figure

4.3 Near-infrared Color-color diagrams

For further characterization of the identified variable star sources, the (] — H)
vs. (H — Ks) color-color diagram was constructed using the J- and H-band
photometry. As it was mentioned in section 2, we used the Dophot software to
perform PSF photometry of the first observation (2010) of the J- and H-band.

Due to the VVV observational strategy, both | and H images were taken in
the same night, with differences ranging from only a few minutes to not more
than a few hours. The uncertainties of the photometric measurements are in
the order of ~ 0.25 mag at | ~ 19-19.5 mag, and ~ 0.18 mag at H ~ 18.5-19
mag, attributable to a uncertainties of the photometric measurements.

Nevertheless, instead of performing the photometry directly from tile im-
ages, we took advantage of the several catalogs that have been made using
the VVV survey, such as the VIVA catalog Ferreira Lopes et al. (2020), punctu-
ally the photometric measurements to construct the CCM diagrams. It should
be noted that the sources do not have significant discrepancies between the
comparisons (Jpopnot — Jviva) and (Hpepnot — Hy1va), performing a Gaussian
distribution centered on zero magnitude. To achieve the cross-match between
catalogs, we used a tolerance of 0.4 arcseconds in all the selected regions cov-
ered by the FoV.

It should be noted that the sources do not have significant discrepancies
between their magnitudes in the | and H bands, performing a Gaussian distri-
bution centered on zero between their comparison. To achieve the cross-match
between catalogs, we used a tolerance of 0.4 arcseconds in all the selected re-

gions covered by the FoV.
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The sources of interest are analyzed concerning the locus followed by main-
sequence stars, giant stars, and classical T-Tauri stars defined in Bessell & Brett
(1988) and Meyer et al.| (1997). The reddening vector was characterized using
the reddening law of (Rieke & Lebofsky, (1985) first, then they were updated to
(Nishiyama et al., 2006). They consider the extinction ratios as follows: A; =
(0.188 £0.014)Ay, Ay = (0.108 £0.008) Ay and Ak, = (0.062 £ 0,005) Ay .

We divide the (] — H, H — Kg) plane following the method of [Sugitani et al.
(2002), and |Ojha et al.|(2004). Three regions can be distinguished as follows:

1. F-region: We define the region between the reddening vectors of main-
sequence stars and giant stars as the F-region. These objects are consid-
ered to have at most a small NIR excess, likely corresponding to Class
III or Class II YSOs. Some of these could be foreground or background

sources.

2. T-region: The T-region is defined to be between the projected reddening
vector from the end of the T-Tauri locus (Meyer et al.,[1997) and the main-
sequence dwarf reddening vector. Sources located here are considered to
have a substantial NIR excess and are likely to be Class II objects, also
known as T-Tauri stars. Some Herbig Ae/Be sources with slight NIR

excess are also considered to lie in the T-region.

3. P-region: The region to the right of the reddening vector extending from
the end of the T-Tauri locus is called the P-region. The projected sources
in this region are more likely Class I objects, sources with thermal emis-
sion from the circumstellar envelope, and protostar-like or Herbig Ae/Be

objects.

The membership in a certain region in CCD will only be considered as a
suggestion of the evolutionary stage of a source. The nature of the variability

can be periodic or chaotic and it is not clear how this can vary the color.
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4.4 OQutlier rejection and statistical meth-

ods

4.4.1 Histogram Bin-width Optimization

The Histogram Bin-width Optimization method is a procedure to obtain the opti-
mal bin size for a given set of experimental data considering the analysis from
a time-dependent Poisson process. This method was developed in Shimazaki
& Shinomoto (2006)E| for neurophysiologists to analyze the stochastic rate re-
sponse of a single neuron in a specific range of time.

If we consider that A; is the estimator from a Poisson process A; along the
entire period of observation T, one method to evaluate the goodness of the fit

will be measuring the mean integrated squared error (MISE):

T ~
MISE — % / E(A; — Af)2 dt, (4.30)
0

where E indicates the expectation over different realization from A;. If we con-
sider dividing the range T in N bins of size A, we can define the expected

height of a bar for t inside the range [0,A] as:

L
N
0 A/ot

Then, it is possible to manipulate the left part of equation in terms of
the expected mean rate (6) to define a cost function C,(A) by subtracting this

term from the original MISE:

Cu(A) = MISE — 1 /T (Ar — (0))*dt
_ T'Jo 4.31)
_ 2k-v (4.
-~ (nA)?’

where k = % YN kiandov = % YN | (k; — k)? are the mean and variance from
a given set of data {k;}, which describes the heights of each bin in the con-
structed histogram.The optimal bin size A will be chosen when the estima-

tor will be minimized for a given temporal dataset.

“https://www.neuralengine.org//res/histogram. html#Theory
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Uses: To obtain the optimal bin-size for histograms which contain temporal

data processes, as time-series and timescales of physical processes, such as

displayed on plots and

4.4.2 Modified Thompson T technique

The Modified Thompson T technique (Thompson, |1985) is a method to determine
and remove outliers given a dataset {x;}. For each element the absolute de-
viation §; = |K§ — I_<S| is calculated, where Kj is the mean K; magnitude. The

modified Thompson T statistic is defined as:

rotepnzl) (4.32)

Vi n—=2+4,

where 7 is the number of data points inside the dataset {x;}, and t,, is the
critical value of Student’s t-distribution given a confidence parameter «.

For each photometric data point K in a time series, the standard deviation
of the time series 03; and the absolute deviation §; = |K§ — K| is calculated,
where K; is the mean K magnitude. Individual photometric measurements
were removed from time series when é; > 7oy, using a confidence level of
95% (i.e. & = 0.05). Figure[4.4)shows the performance of this method acting on
a time series.

Uses: To remove outliers in the raw extracted time series, we implement
the modified Thompson T technique, which is based on the definition shown
in Thompson| (1985).

4.4.3 o-clipping technique

The Sigma Clipping process, also known as the o-clipping technique, is a rejec-
tion technique for removing random noise from a particular dataset, identi-
tying which data points could be considered an “outlier.” The ¢ Factor is a

quantity that defines the threshold beyond the values that can be regarded as
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Figure 4.4: Performance of Thompson T technique acting on a raw time series. Top
plot: raw light curve extracted from the photometric process. Middle plot: absolute
deviation ¢ of each measurement as a function of the modified Julian days MJD. The
dashed red line indicates the rejection region (gray region) using « = 0.05. The red
point that falls in this region is removed from the sample. Lower plot: modified time

series, which will be used in the analysis.
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an outlier. As is said in the GNU Astronomy Utilities ﬂ the o-clipping is com-

pletely defined as the following iteration process:

1. Calculate the standard deviation (x,) and median (£) of a given dataset

{xi}.
2. Remove all points that are smaller or larger than £ & ox,.
3. Repeat the process until the convergence criteria is fulfill.

Uses: This technique was used to improve the uncertainty of statistics mea-
sured directly from the data. In the linear fit for the calibration of the pho-
tometry using the CASU database displayed on Also to reject outliers in

periodic stars when the Fourier series is used in figure

4.4.4 Bootstrap resampling

Inside the non-parametric statistics, the Bootstrap resampling technique is a use-
ful statistical method to assess the bias in a specific estimator a({x, }) (i.e. fea-
ture, variability index) which is computed from a given dataset {x,}, with n
the total number of observations within the dataset of a particular source in
the sky.

Bootstrap simulates a random sampling process to estimate the uncertainty
o, over the statistic of interest a, approximating their distribution using only
the initial sample {x, }.

It is necessary to decide the size of the sample B from each sub-sample
X* and the number of iterations Nj;,, to generate a confidence interval and
estimate the bias. These parameters B and Nj;,, will be assessed with the gen-
erated VVV time series.

Therefore, the bootstrapping method generate Nj,, independent sub-
samples X* with replacement, of size B. The distribution of these calculated
parameters &(X*) maps the uncertainty in the desired statistic from the orig-

inal sample a({x,}). According to the Law of Large Numbers, the sample

Shttps://www.gnu.org/software/gnuastro/manual/html_node/Sigma\protect\
discretionary{\char\hyphenchar\font}{}{}clipping.html
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Figure 4.5: An illustration of the Bootstrap estimation and the algorithm to estimate
the confidence intervals for the statistic of interest. The image was taken from Lorna
Yen website®|

variance of the statistic & should converge to the true variance of the statistic «
as Nj;.r becomes larger.
To completely describe the process, algorithm for the Bootstrap procedure

follows:

1. Obtain Nj;,, random sub-samples X* of size B from the original dataset

{x,}.
2. Compute the desired statistic & for each Nj;,, sub-sample.

3. Obtain the mean value 7 and variance value s> from the new generated
distribution &, where we defined the mean 7; and variance s[% value as

usual:

& (4.33)

5 1 Niter 5 1 Niter 2
S = ——— a;)- — o . 4.34
‘ Niter — 1 ZZ: ( Z) Niter ; Z ( )
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However, it is important to note that the best estimator for the statistic of
interest « would be measured for the complete set of data a({x;}).

Uses: To obtain the empirical bootstrap estimate to estimate the corre-
sponding confidence interval. For parameters or to ascertain the error on a
parameter estimated from time-series data points, as the mean K;-band K; or

the amplitude AK; as examples.

4.5 Hardware and performance

Considering the size of each VVV tile image is about 800 Megabytes per each
FITS image, it is reasonable to understand the challenging task of obtaining the
PSF photometry from their analysis, particularly in regions close to the most
crowded areas of the galaxy.

To analyze such data volume described in table it was necessary to
organize and prepare the data flow in terms of data structure, analysis, and
the storage of the information related to the research. Several routines were
mainly written in Python (version 2.7 and 3), and Bash script were developed
and assembled to fulfill this task.

Just a few more words about the process described briefly in section
First, the VVV tile of interest was identified, then all the available files (FITS
tiles and aperture catalogs) of the requested field were obtained using the wget
method. All obtained images were compressed to a value close to a quarter
of their actual size. The imcopy.c script available on CASU data was used to
access the real-size tile images.

To prepare the data after the application of Dophot software, the header
of the images was consulted to obtain information such as the bandpass, in-
formation about the weather, and the specific size. The sky background was
directly estimated in each image, dividing the image recursively into small
squares where the background value was assessed and averaged. In this case,
the uncertainty of the value of the sky was purposely ignored.

In parallel, the time series of all available sources were created with the

aperture photometry catalogs to obtain the set of standard stars. At this point,
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the aperture catalogs were no longer helpful and were deleted. The next and
final step of the first stage of the process is the calibration of the instrumental
photometry and the creation of the multi-epoch master catalog. This process
takes about three days for a tile on the disk (between 50-60 epochs), around six
days for a tile inside the bulge (between 80-90 epochs), more than a week for a
high-cadence tile inside the Baadee’s window (between 280-310 epochs).

With several gigabytes in size, the multi-epoch catalog was transferred to
the computing cluster of the University of Valparaiso (UV), where the second
part of the process was done using between 30 and 45 cores in parallel.

First, the individual file with the time series for each detected source was
created and characterized, measuring the complete set of features described in
section Finally, the two periodograms (GLS and IP metric) were applied
for every extracted stellar source. These last processes were costly in terms of
computational calculus, so completing the second part took a few days in the
case of tiles projected in disk, and even more than a month, for high-cadence
tiles.

The hardware used and their communication is shown in the image
There were four personal computers configured with Ubuntu operating sys-
tem used for the first part of the process, the PSF photometry. These were:
Dell Nuevo, Alumno, Mac_ubuntu, and MacBaren. These four personal comput-
ers were linked through the Dropbox software to share information and leave
notifications about the status of the photometric process. In addition, the com-
puters described also had access to the UV computing cluster, where the multi-
epoch catalogs were ready for analysis.

Finally, several external hard drives were also used to save and back up the
information of the processes that had already been completed.

In this work, we analyzed 1411 tiles images, with more than 1,12 Terabytes
of information analyzed and more than 24.6 million time series analyzed in all

the considered FoV.
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Figure 4.6: Schematic view of the automated process developed and used in this study

to categorize the sources in this manuscript.
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Results

Variability is a powerful technique to identify the unstable nature of sidereal
objects across the universe. The main reason for identifying YSOs through
variability is that they dominate the IR variability at high amplitudes within
SFRs. Highly variable sources are related to accretion and eruptive episodes in
classIand I YSOs, given they are surrounded by shells of interstellar material.

Still, the variability scenario can also be the manifestations of differential
extinction, material occultation, and hot/cold spots on the surface of the young
star. The different nature of these scenarios will produce expected features or
behavior in their observed time series. Likely YSOs can be identified using this
characteristic and quantified behavior in time.

We expect that we can find overdensities of variable stellar objects in ar-
eas with other signs of stellar formation, such as ionized hydrogen regions,
Masers, open clusters, accumulation of interstellar material.

Variable sources of any possible nature could appear and are expected: Red
giant stars, novas, microlensing, and even background galaxies as quasars can
also display large IR variability. Also, pulsating and periodic stars, in gen-
eral, have low amplitudes in the NIR and fast modulations in their brightness.

Therefore the shape in the phase space defined on section [1.2)may vary.
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Figure 5.1: Comparison of the variety of morphology and photometric amplitudes of
the selected variable stars inside the considered FoV. These selected stars are sorted in
amplitude from the largest LPVs tops, then an Irregular variable source (red dots), a
Mira-like periodic star, and the humble RRlyrae in blue. This is a direct comparison of

the amplitudes of different physical systems.
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Figure [5.1| shows the different variability profiles for different scenarios of
stellar variability. It is a direct comparison of the amplitudes scales about their
varying nature. The MJD has been normalized to the first observation inside
their datasets. At this scale, the error bars measurements are almost negligible.
The height of each colored rectangle represents the Ks-Band amplitude AKG.

The top time series (red dots) displays the increasing and decreasing nature
of the Irregular variable source SFR4_116.

The LPV variable SFR3_pv19 is displayed next. These evolved stars are fa-
mous for their particularly large periods and amplitudes at these wavelengths,
and it is possible to visualize their periodical behavior along the 2000 days
baseline. As can be seen, only the LPVs amplitudes are comparable with am-
plitudes of the irregular variable star objects.

In the case of the Mira-like source SFR3_pv743 (green rectangle) is also pos-
sible to visualize their period, but this is not the case for the RRLyrae star as the
variable named SFR4_pv4 identified as an RRLyrae star (blue rectangle). With
low NIR amplitudes and short periods (0.2 < Period < 2 days). SFR4_pv4
time-serie looks like noise in comparison to the other variable sources.

Both high-amplitude sources SFR3_pv743 and SFR3_pv19 were identified
on VVV tile b324 and share the same observations logs. The RRLyrae stars
were placed on VVV tile b341 and the Irregular variable star SFR4_116 on b338.
The sampling differences between tiles are appreciable in their unevenly sam-
pled time series.

The amplitude AK; described in section will play an essential role in
the sources selection. It is the main physical parameter that we can detect from
a variable YSO.

5.1 High amplitude irregular sources

The searching of YSOs through NIR photometric amplitude is a widely ac-
cepted technique (e.g., Borissova et al. (2016); [Teixeira et al.| (2018); Contreras
Pena et al.| (2017c); Rebull et al. (2014a); Wolk et al.| (2015)). For example, in
Contreras Pena et al,| (2017a)), the total VVV K; amplitude AK; was used as

83



CHAPTER 5. RESULTS

a discriminant to identify variable sources with AKs; > 1 magnitude. This
method was handy to help identify likely YSOs amongst irregular and peri-
odic variables stars projected against SFRs. High-amplitude sources may re-
veal Accretion-driven outbursts in young cores surrounded by shells of inter-
stellar material. On the other hand, low amplitude sources would inform the
intermediate state of the accretion process and relatives with the surrounding
material.

For the Amplitude distribution AKj, it was necessary to develop an adapt-
able and data-dependent analysis, given a large number of detected stars per
FoV. The distribution of AKs; was characterized using a non-parametric fit to
determine the behavior of AK; as a function of K in the number of bins de-
termined by section Then the dispersion in ok, in AK; as a function of
the average value K; was measured. Sources with amplitude above 405k, were
selected for further analysis.

In the case of the 77 index, their distribution is well known as a stationary
Gaussian distribution (von Neumann, 1941b), The 7 index is helpful for quan-
tifying the independence of successive data points inside a time series. For un-
correlated photometric measurements (i.e., time series with uncorrelated nor-
mally distributed measurements), the 1 index would have a value ~ 2, and
extreme values for series with long time variability trends. Given the massive
number of recovered sources, it is possible to apply the law of large numbers
and assume that the index comes from a Gaussian distribution; therefore, the o
parameter of the fitted distribution was used as a proxy for the standard devi-
ation. Sources more than 3¢ below the mean were considered for the method.

Panel left on figure taken from (Medina et al., 2018) describes quan-
tification AK; using a non-parametric fit. The figure displays the selection of
variable star sources inside d001 and d002 VVYV tiles. The parameter o, in-
creases for the selection of faintest sources. The background distribution (in
black) is the tile d001 population: more than 500 thousand sources map the
variability inside the FoV. In the particular case for d001 and d002 VVV tiles,
we selected star with AKs; > 0.6 magnitudes. The right panel displays the 5
distribution in function of K divided in bins of 0.5 magnitudes. At the begin-

ning, both tails of the normal distribution were used for select variable sources.
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Figure 5.2: Representation of the two selection criteria aiming at identifying irregu-

lar variables. The dark points are all stars in the final photometric catalog, and the

green filled circles highlight the selected sources by each method. Left panel: Total
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dashed blue line displays for the 4c threshold. Right panels: # index selection. The
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CHAPTER 5. RESULTS

Nevertheless, sources with 77 > 2 do not fulfill the amplitude criteria generally;
and they were identified as related to saturated objects. Sources selected with
n > 2 were discarded, given the fact that 77 value tends toward zero indicates
a strong variability (Sokolovsky et al., 2017).

In this case in particularly there were selected variable sources with 7 val-
ues < 0.95.

When a variable source has dispersion greater than the above-determined
criteria, the source will be considered an irregular variable star and their pho-
tometric properties will be researched.

As discussed in Introduction, different processes can be responsible for lu-
minosity variations in young stars. One of the main issues in this field of re-
search is determining the origin of those brightness changes. Usually, the vari-
ability results from the contribution of various physical mechanisms, depend-
ing on the circumstances and environments of each particular source. Some-
times, this contribution can be dominated by one of these mechanisms. Then
it is possible to associate the morphology of the changes as a function of time
with a specific type of variability. For example, (Carpenter et al., 2001) con-
structed a simple model of variations in brightness induced by cold spots, as-
suming a photospheric effective temperature T,¢ ~ 4000 K for stars with age
~ 1 Myr and mass ~ 1 M,. According to this model, if the spot coverage in
the photosphere is assumed not to be larger than 30%, the amplitude caused
by this mechanism can be AKs ~ 0.3 magnitudes.

Figure [5.3| shows the amplitude AK; distribution of the sources selected in
the different SFRs as a function of their mean Ks magnitude. In the background
as black dots, the amplitude distribution obtained from a tile within the FoV is
shown for comparison.

The effects of saturation in the Ks-band are visible in the distribution for
sources brighter than K5 ~ 11.5 mag and amplitudes AK; larger than 0.55 mag-
nitudes, on average. If a source is identified in this region, it will be carefully
verified before its final selection.

The histogram of the AK; distributions for each SFRs is displayed on the
right panels. Models such as the cold spot could explain part of the peak of the

AK; distribution around 0.3 to 0.6 magnitudes inside the four different distri-
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Figure 5.3: Amplitude AK; as a function of the average Ks magnitude of stellar sources
that fulfill the amplitude criteria (red hexagons) and the sources with time series (black
dots). From top to bottom, the plots of SFR1, SFR2, SFR3, and SFR4 are displayed,
respectively. At the right part, the distribution of AK; is shown. The selected sources
by the Amplitude criteria are included in the red lines. Also, it is possible to see the
increase of the number of sources in each SFRs beyond the limit 10° in the amplitude

range 0.3-0.5 mag.
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butions constructed.

In the case of SFR1 (the top plot) the amplitude interval of the selected
sources (red dots) is between 0.56 < AK; < 3.21 mag with an average value of
AKs; =1.1 mag. The same procedure was used in the other SFRs, and similar

results were also obtained.

5.2 The time series profiles

Several authors have quantified the morphology of these time series to create
a connection with specific processes. Still, this classification depends strongly
on the type of data that we are analyzing. As an example, in (Rebull et al.,
2014a), (Wolk et al., 2015) and related papers within the YSOVAR project
framework defined several types of variable stars using the MIR time series
from the Spitzer Space Telescope. They discussed, for example, that rapid time
scales suggest disk perturbations, commonly observed in PMS stars. Also, the
reported stars classified as dippers are closely related with prolonged dim-
ming effects and are probably caused by dust clouds or perhaps the disk itself.
Therefore, is highly probable that high-amplitude variability on timescales
from months to decades in pre-main sequence objects is usually associated
with episodic accretion events, attributed to disk instabilities typical of the
early stages of young stellar objects.

For the VVV survey, NIR irregular variable sources have been split into six
categories related mainly to the time scales of the variations and the overall,
most common, states: Eruptive, Faders, Dippers, LPV-YSOs, Short Time-scale
Variable (STV), and Low Amplitude Eruptive (LAE). The classification aims to
highlight the main physical process that controls the variability. This scheme
was used in Contreras Pena et al. (2017b)), Medina et al.| (2018), Medina et al.
(2021) and references therein, in an effort to identify variable sources with VVV
time series. Of course, some of the sources do not fit in the of categories de-
scribed above and remain unclassified.

The main attributes for defining each category are described below:

¢ Eruptive variables: Describe high-amplitude (AK; > 1 mag) eruptive
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episodes in a stellar source. Accretion-driven magnetic activity can ex-
plain some eruptive phenomena, as flares and cold spots outbursts in

young cores undergoing the magnetospheric accretion process.

Low amplitude eruption variables: An extension of the Eruptive vari-
ables category for sources with display amplitudes lower than one mag-
nitude (AK; < 1 mag). Sources present outbursts with amplitude lower

than one mag and duration typically longer than a year.

Dippers: Dippers sources are characterized by long-lasting dimming
events followed by a return to average brightness. Dippers are often as-

sociated with increased extinction from the surrounding material.

Faders: Sources labeled as Faders can be caused by either a return to a
quiescent accreting phase or a long-lasting increase in extinction. Faders
show time series that slowly decline over time or a period of constant

brightness, followed by a sudden decrease sustained over a year.

Short Time-scale Variable: Sources with Short Time-scale Variability
(STV) present rapid increases/decreases of brightness with variable am-
plitude between individual events. STVs describe sources with eruptions

on time scales of hours to days.

LPV-YSOs: The LPV-YSO sources are stars with a well-defined period
longer than 100 days and present persistent short timescale scatter in

their time series.

Examples of time series of different variability categories taken from SFR2

in the G305 complex are displayed in figure 5.8 and

Recent studies (e.g. |Guo et al,| (2019)) found periodicity in some of the

YSOs, but in general the high amplitude variations do not show well-defined

periods. More details about categories are summarized in Table

The Irregular Variable stars sample inside the SFR1 are displayed in figure

The most significant part of the sample belongs to tile d001 and follows
the cold gas/dust distribution as traced by the W3 (A ¢ = 12m) band WISE
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Class Description
Dippers Shows fading events, to then return to their normal magnitude.
i Shows sources with outbursts with amplitude > 1 mag

Eruptives

and duration longer than a few days and typically at least a year.

Low Amplitude Sources that present outbursts with amplitude lower than 1 mag

Eruptive and duration typically longer than a year .

Sources with a measured period, but with short-timescale

LPV-YSOs

scatter in the time series.

Short Timescale Sources with fast and constant scatter in their time series. They also

Variables can show brief rises in the magnitude in time scales of weeks.

Fad Shows a continuous decrease in brightness (t >1 yrs), or a big decrease
aders
in its brightness in a source with relatively constant luminosity.

Table 5.1: Characterization of the irregular variables in the categories proposed by

Contreras Pefia et al.[(2017b).

image. The shape of the dots represents their variability categories. The high-
est over-density is observed at the borders of the star-forming region, where

the nebulosity is overwhelming, thus suggesting active star formation.

5.3 Color-color diagrams

The Irregular Variable sources are found in different interstellar environments
and one way to roughly estimate their evolutionary stage is by using infrared
color-color diagrams.

To analyze the position of our irregular variable sources on the color-color
diagram, we have followed the method described in Ojha et al.| (2004). Three
regions are defined: The 'F’ region, which is located between the reddening
vectors of giant and dwarf stars. The "T” region is between the reddening vec-
tor of giant stars and CTTs locus, where the Class II YSOs objects and Herbig
Ae/Be stars (Hillenbrand et al., 1992) can be identified. In the so-called P’
region, located below the reddening vector of CTTs, the likely proto-stellar ob-

jects are situated. The solid black lines are the intrinsic colors of dwarf and
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giants stars from Bessell & Brett| (1988), the solid red line is the locus of un-
reddened CTTs Meyer et al.| (1997), and the dashed red lines are the redden-
ing vectors of the early spectral type dwarfs, giants stars and un-reddened
CTTs. The reddening vectors extinction law and assuming a visual extinction

Ay =15-25 mag for each evolutionary track are also shown (see figure[5.4).

In the so-called P-region, protostellar sources (i.e., Class I YSOs) are ex-
pected to lie redward of the reddening vector of the classical T Tauri (CTT)
locus, given they are intrinsically red due to their evolutionary state. Given
their IR variable nature, this is consistent with the type of stellar objects we
expect to identify. To create the CCD with the identified sources, we obtained
the J-band and H-band measurements using the VIVA catalog (Ferreira Lopes
et al., 2020) of all measured Irregular variable stars. About the half of the total
sample (524 from 1096) do have J-band and H-band measurements in different
SFRs, and their location in the CCD was quantified.

The membership histogram for all selected sources is displayed on the left
side of the figures The percentage of each region relative to the total num-

ber of sources shown in the CCD is indicated.

Considering all the SFRs, the T region reaches approximately 34.8% of the
samples. The P region is populated by the 23.2% of the total sample, against
the 42% of the F sample, expected to be elsewhere in the galaxy.

Initially, a 42% of the sample within the F category may seem excessive for
stars that are expected to be intrinsically reddened. Nevertheless, two things
must be considered: 1) the sum of the P+T categories reaches more than 58%
and 2) more than half of the Selected sources do not have color, which could in-
dicate that their colors are unavailable because they are highly obscured inside
IRDCs.

SFR1 and SFR2 have the lowest quantity of selected sources (44 and 104, re-
spectively) with available colors, and their stars are almost homogeneously
distributed in each category considered (between 31%-36%). On the other
hand, the SFR3 and SFR4 FoVs have a more significant number of sources

within the F region, and their CCDs will be discussed later.
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SFR1+SFR2+SFR3+5FR4 CCD locus

A,

(J—H) [mag]
Frequency
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Figure 5.4: Left: the color-color diagram of the 524 selected sources with available
colors inside all SFRs. The solid black lines are the intrinsic colors of dwarf and giants
stars from Bessell & Brett| (1988), the solid red line is the locus of un-reddened CTTs
(Meyer et al., 1997), and the dashed red lines are the reddening vectors of the early

spectral type dwarfs, giants stars and un-reddened CTTs, assuming a visual extinction

Ay = 15 — 25 magnitudes. Right: The histogram of the F, T, and P region classification
of the sources with colors. At the top of each bar, the percentage of membership in each

category is displayed.
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Figure 5.5: Covered region by d001 and d002 tiles from VVV survey, showing the
spatial distribution of identified sources. Galactic north is up, galactic east is to the
left. The symbols represent different types of variable stars found in the FoV. In back-
ground, W3 band WISE image is shown to illustrate the cold gas/dust distribution in
the FoV.

5.4 Individual Star-forming regions

5.4.1 SFR1: The surroundings of IC 2944 /294

In Medina et al. (2018) we reported the variables stars found in SFR1. A to-
tal of 1,308,626 point sources between 10.8 < K; < 17.2 mag were detected
inside this region. The 898.736 sources had more than 25 epochs and an ampli-
tude greater than 0.2 magnitudes, and their time series were constructed and

analyzed.

We identified 70 irregular variable sources that fulfill both the AKs and 7
criteria: 45 of them belonging to tiles d001 and 25 to d002. Almost two-thirds
of them (64.28%) are projected in the d001 tile, following the cold gas/dust
distribution as traced by the W3 (A ¢ = 12um) band WISE image (the back-

ground of Figure5.5).

The highest over-density is observed at the borders of the star-forming re-
gion, where the nebulosity is overwhelming, suggesting the active star forma-
tion status on the field. Some of these sources are shown in Figure About

90% of these sources are previously unknown as variable stars.
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The top plot of figure displays the AK; distribution of the selected
sources as a function of the mean K; magnitude. The selected sources have an
average K;-band magnitude distributed between 11.2 < K; < 16.4 mag, and
a total amplitude contained between 0.5 < AKs; < 3.2 mag an average value
of (AKs) = 1.1 mag. Since the effects of saturation in VVV are substantial in
the distributions for sources brighter than Ks; ~ 11.5 mag and amplitudes AKj
larger than 0.65 magnitudes, these sources are carefully verified.

They were classified using the framework described in Sources that
could not be classified unambiguously into the categories mentioned above
are marked as “unclassified”. We classified 20 STVs, 12 Eruptives, 5 Dippers,
7 Faders, 8 Low Amplitude Eruptive Variables, and 18 sources remained un-
classified.

As an additional filter, if a source presents periodicity, it is removed from
the sample and added to the periodic sample. This was the case of two sources
(d001-79, d002-103) which present a large amplitude and period, typical sig-
natures of dust-enshrouded AGB stars, invisible in the optical range due to its
thick circumstellar envelope, a product of its high mass-loss rate.

Nine open cluster candidates are projected in the field of view of d001 and
d002, namely VVV CL005, 007, and 009 Borissova et al. (2011) and La Serena
001, 002, 003, 009, and 015 Barba et al. (2015). Inside the VVV CL005 cluster
radius are the most significant number of irregular variables as probable clus-
ter members (d001-25, 27, 28, 29, and 30). The cluster LS002 has two irregular
variables, while clusters LS001 and VVV CL007 have one irregular variable,
each other, as probable cluster members. All irregular sources projected close

to open clusters in the region are young stellar object candidates.

5.4.2 SFR2: The G305 complex

G 305 is a relatively close-by, luminous giant HII region with active star for-
mation. Two studies were published by us: In Borissova et al.| (2019), we used
moderately high-resolution spectroscopy obtained with the Apache Point Ob-
servatory Galaxy Evolution Experiment-2 (APOGEE-2; Majewski et al. (2017))

spectrograph to study the massive stellar content in the area. We investigated

94



5.4. INDIVIDUAL STAR-FORMING REGIONS

VVV-d001-V6 K, =15.372 AK,=1.052
14.79 r
'6') ‘ ‘o 4 ®
© ¢ H
£, 15.38 &
) ¢ ‘ STV
15.97 L
55000 55500 56000 56500 57000 57500
VVV-d001-V24 K,=15.200 AK, =1.441
14.34 . £
'g" s -‘ [
£ 15.12 s . .
vt .8 Eruptive
15.90 L
55000 55500 56000 56500 57000 57500
1.5 YVV-d002-V22 K, =12.798 AK, =1.258
—_ ° L 3
& iy
£ 12,63 - e
) ¢ L Dipper
13.31 L &
55000 55500 56000 56500 57000 57500
VVV-d002-V25 K,=13.705 AK, =1.152
13.21 3 »
> R Fader
£ 13.84 ¢
-
14.46 [ Y
55000 55500 56000 56500 57000 57500
VVV-d002-V13 K, =14.734 AK,=0.997
14.29 . ¢
S * Unclass
E 1484 ° ¢ o :
» J $® °
o
15.39 ¢
55600 55800 56000 56200 56400 56600 56800 57000 57200
MJD [d]

Figure 5.6: Examples of K;-band time series of irregular variables inside the SFR1. At
the top of each plot, the identification ID, mean magnitude Ks, amplitude AK;, and

variable type are shown.
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29 OB type, Wolf-Rayet, and emission-line stars, adding 18 newly identified
objects to the existing catalogs.

Later, in Medina et al.| (2021) we reported variables stars found in SFR2. A
total of 4,825,964 point sources were detected, of them 3,570,064 sources had
more than 20 epochs and an amplitude greater than 0.2 magnitudes, and their
time series were constructed and analyzed.

Under the constraints for the selection of Irregular variable stars, we found
196 variable sources. Specifically, in this FoV, we selected sources with AKs >
0.6 mag and 7 values lower than 0.95. The relatively small number of selected
objects compared to a large number of analyzed time series indicates that our
sample’s is under very conservative and stringent selection criteria. Neverthe-
less, we decided to report only highly reliable variable sources rather than a
list containing all possible candidates.

The second panel (from top to bottom) of figure 5.3[shows the AK; distribu-
tion for the sources found in the FoV as a function of the mean K; magnitude.
In the background, as gray hexagons, the distribution of amplitudes of the
whole tile d046 is shown for comparison. The amplitude interval is between
0.661 < AK; < 3.521 mag with an average value of (AK;) = 1.22 mag, which
are similar values than in SFR1.

Regarding the time series profiles, we find 47 irregular variable sources
with eruptive characteristics, 25 dippers, 17 faders, 24 LAE, 37 short-term vari-
ables, and 45 sources that remain unclassified. Examples of these categories
are shown in Figure and However, it is necessary to mention that
some stars may have alternative classifications: d045_v4 and d046_v26 could
be faders; d083_v7 could be a dipper; d084_v12 could be an STV, because short-
term scatter has the highest amplitude; and d045_v24 and d083_v14 could be
eruptive variables.

About the spatial distribution: The location of the identified irregular vari-
able sources inside SFR2 can be seen on the panoramic view of the G305 star-
forming complex shown in figure The false-color view provided by the
Spitzer Space Telescope InfraRed Array Camera (IRAC) at mid-infrared wave-
lengths of 3.6ym to 8um is in the background. As can be seen, the selected

irregular sources extend throughout the whole area. However, the density dis-

96



5.4. INDIVIDUAL STAR-FORMING REGIONS

Galactic Latitude b [°]

l 30.0 30.5 35.0 304.5 304.0
Galactic Longuitude [ [°]

Figure 5.7: The G305 star-forming complex region. The four observed tiles, named
d045, d046, d083, and d084 from the VVV survey are labeled. In the background, the
false three-color GLIMPSE Infrared Array Camera (IRAC) (Fazio et al., 2004) image
of the complete field is shown, using 8.0ym (red), 4.5um (green), and 3.6um (blue).

Galactic north is up, galactic east is to the left.
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tribution is different: the sources in tiles d046 and d084 are mostly projected
on the red filaments across the image. These trace the polycyclic aromatic hy-
drocarbons (PAH) emission, excited by surrounding interstellar radiation, and
become luminescent at wavelengths near 8ym. The PAH emission is typically
found in photo-dissociated regions (e.g., Hollenbach & Tielens (1997)).

On the other hand, the sources in the tiles d045 and d083 show a nearly
homogeneous distribution. Thus, the distribution of the young sources in G305
traces the ongoing star-formation zones. Some individual examples are shown
in Figure 11, where the sources d045_v18 and d045_v35 are projected in the
IRAC bands on green nebulosity, indicating an outburst or jet that is bright at
4.5 ym. The right panels show the d084_v6 and d084_v20 sources projected on
nebulous regions in 2ZMASS images.

This result is consisted with (Rice et al., 2015 Contreras Pena et al., 2017Db),
considering that class I/II objects (compared with class III) are more likely
to show variability due to their instability while evolving towards the main-
sequence. Thus, one should expect that they are distributed and concentrated
in dust and gas over-densities, the trend clearly visible in the G305 region.

Regarding the CCD locus, only a small fraction of the selected sources falls
inside the F-region between the reddening vectors projected from the intrinsic
color of main-sequence stars and giants. The majority are near the red border
of this region and probably are Class III/Class II sources with slight NIR ex-
cess. The rest of the sample falls redward of the F-region, thus indicating the
presence of intrinsic infrared excess emission, a distinctive feature of young
sources with the circumstellar matter.

T-region sources are located redward of the F-region, but blueward of the
reddening line projected from the red end of the T Tauri locus. They are con-
sidered to be primarily classical T-Tauri stars (Class II objects) with apparent
NIR excess. This is consistent with the type of stellar objects we expect to iden-
tify, given their IR variable nature. To support this interpretation, we built the
membership histogram for all selected sources (second plot and histogram in
figure [5.4). About 43% of identified irregular sources are located inside the
T-region.

Protostellar sources (i.e., Class I YSOs) are expected to lie redward of the
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Figure 5.8: Examples of K;-band time series of irregular variables inside the SFR2. At

the top of each plot, the identification ID, mean magnitude K;, amplitude AK;, and

variable type are shown.

99

2000



CHAPTER 5. RESULTS

STV Faders Unclass
doas v50 K.=155  AK.=1.3 doas v25 K.,=153 AK.=09 doas v24 K,=133  AK,=10
—14.75 14.66 ¢ 12.90 :
g A . s t. LI !
£ 1547 LI o 5 t & 1520 . % i 13.44 N
» . L]
¥ 16.19 . . . 15.74 L, : : : ¥ osgsle :
o 500 _ 1000 1500 2000 0 500 _ 1000 1500 2000 (] 500 1000 1500 2000
d046_va  K.=156  AK. =12 do83 vl9 K.=142  AK.=2.2 do46_v10 K.=144  AK.=08
= 15.02 P > 1 12.81 13.91 S
o - Lo
£15.69 S # 213971 W 4 i 14414, R : }
» ’
¥ 16378 15.13 b/ SR Y S PY SR L
o 500 _ 1000 1500 2000 (] 500 . 1000 1500 2000 /] 500 _ 1000 1500
d046_v63 K,=12.9  AK. =07 dosa_vd  K.=118 AK, =16 d046 v36 K.=13.5 AK.=0.7
= 12.55 : 10.86 7 . 13.16 [
g HE @« S L I .p @
E12971 ¢4 I § 8 un " 135714 LIS I
L] .
¥ 1339 ' 9 12.57 . . Lad 13.994 !
o 500 . 1000 1500 2000 1] 500 _ 1000 1500 L] 500 _ 1000 1500 2000
1a1g 0083320 Ko=147 AK=12 . d084vig K,=154 AK,=19 d083vl4 K.=131 AK=10
E‘ ' * * LI oo ‘ - - .b v
Eus2 f ., L o2 o { oo | B8] 4
» . . | ]
¥ yssplee . 1632 L, : FLENR | 137218
o 500 1000 1500 2000 0 500 1000 1500 2000 (] 500 1000 1500 2000
laog J084V20  Ki=156 aK,=15 o d0Bdval K,=138 &K=17 .. 0084126 K.;=138 aK,=10
F ' I K I 4 ' ~ - ' . .‘ ] ’
E 15.82 .« . 13.70 . . 139 (% 5
J . - L I . .,
16.66 r - - 14.60 L~ v ¥ v | 14544 *
'] 500 1000 1500 1] 500 1000 1500 2000 (] S00 1000 1500 2000
MJD — MJDy [d) MJD — MD, [d] MJD — M) [d]

Figure 5.9: More examples of Ks-band time series of irregular variables inside the
SFR2.

reddening vector of the classical T Tauri (CTT) locus, in the so-called P-region,
given they are intrinsically red due to their evolutionary state. Some 35% of

the whole sample falls in this region.

5.4.3 SFR3: NGC 6357 and NGC 6334

The FoV of this star-forming complex is composed of six tiles inside the area
of the galaxy’s bulge. The number of independent point stars detected Nsrgrs
is 12,943,526 sources, between 10.3 < K; < 17.4 mag inside this FoV. Among
them, 10,732,063 sources had more than 20 epochs and an amplitude greater
than 0.2 magnitudes, and their time series were constructed and analyzed.
The star number Ngrg3 is around 37.2% greater in comparison to the previ-
ous SFR Ngsrro (4,825,964 individual sources). This increase is directly related
to where in the galaxy we are observing. This fact, in terms of data, translates
into a more significant number of outliers or false positives that can be selected

by the main selection methods described in the previous section.
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Figure 5.10: Spatial distribution of the Irregular variable sources identified inside the
FoV of SFR3. The plot at the top display all the 1825 candidates that fulfill both AK;
and 7 criteria. 2MASS infrared RGB image of the considered field is in the background.
Overdensities are located in the filaments and IRDCs at the center of the FoV. Several
sources are distributed homogeneously. Middle plot: Distribution of the number of
the epoch of the 1825 selected sources. A large fraction of sources with low epoch
numbers can be contaminants and only will be considered sources with more than 50

epochs. Bottom plot: Spatial distribution of the 765 sources left after the extra filter.
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In the first instance, the time series were analyzed the same way as in SFR1
and SFR2. Therefore, 1825 sources that fulfilled the high amplitude irregular
source criteria were chosen. The distribution of their amplitudes can be seen
in the third plot of the image In this plot, it is possible to see the increase in
uncertainty, reflected in the error bars of AK; in several selected sources with

large amplitude.

Figure displays a false-color image composition using 2MASS survey
at the background, which reveals several features associated to massive star
formation, some of them also visible in the DSS visual image By looking
at the spatial distribution of the 1825 sources, we can see that the distribu-
tion of the selected sample is concentrated just where we would expect: at the
very center of both NGC 6334 (Cat’s Paw Nebula, right side) and NGC 6357
(left side) where the massive dark filaments converge, and in the “star-forming
axis” structure, where it is possible to find several HII regions formed by mas-

sive stars.

However, it is also possible to find selected sources around this massive
star-forming complex, where many stars were located in areas of the tiles that
look suspicious. The histogram between the FoVs in figure displays the
distribution of the number of epochs within the selected sample in SFR3, where
the inflection point between 45-60 epochs is evident. This is why we decided
to make a new filter based on the number of observations. Conservatively, we
have chosen the sources with epochs greater than or equal to 50 observations

to ensure the selection.

After applying the epoch filter, there are still 765 sources left, displayed
in the spatial distribution at the bottom plot of image The overdensities
around HII regions remain, as well as those located within massive filaments
and IRDCs inside the FoV. At the same time, many sources around the fila-

mentary structures have disappeared.

Even so, the previous filter was insufficient to eliminate possible saturated
stars, relatively close sources, bogus or other types of outliers. Hence, the in-

dividual check of the time series of each star was necessary, and the corrob-
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oration of the variable stars in the paw-print images in the VSA pageﬂ was

performed. After this final filter, 725 sources are left in this FoV.

Regarding the overdensities around the center of NGC 6334 (¢[°],b[°]) =
(351.140,0.463) and NGC 6357 (¢]°],b[°]) = (353.166,0.890), it is interesting to see
that irregular variable sources are concentrated at the edges of the expanding
HII regions shaped by the massive stars, especially in the areas among the
ionizing radiation fronts, where the layers of interstellar material have been
compressed. These might be the conditions to generate induced collapse of a
high and low-mass star, and the detected over-densities suggest triggered star

formation.

Other minor over densities of more than 4 objects were identified scat-
tered around the massive filament and IRDCs, around the coordinates (¢[°],
b[°])=(350.502, 0.958), (£[°], b[°])=(350.705, 1.025), (¢[°], b[°])=(351.690, 0.667),
and around the cluster called G3CC 47, with coordinates (¢[°], b[°])=(352.488,
0.796).

An unexpected consequence of the many epochs inside the time series of
the irregular variable stars is the difficulty of categorizing the time series in
terms of the morphology described in The time series generally presents
all the features described in their different windows of high cadence. When it
was possible, the irregular variable star was classified using the scheme, but
the only recognizable behavior in time of the variables was the faders/dippers

morphology due to their monotonic decreasing/increasing magnitude.

The membership histogram associated to SFR3 displayed on the right part
of image[5.11|reveals that aprox. 35 % of the variables are projected en T region.

The upper panels in figure display false-color image compositions us-
ing the VVV J-band (blue), the H-band (green), and the first epoch (2010) and
last epoch (2015) of the Ks-band (red). The circle in the middle of both im-
ages points to the variable SFR3_521, whose color is identified in the “P” cat-
egory, located just where we expect an intrinsically reddened star: inside an
IRDC. SFR3_521 is associated with NGC 6357 SFR. Their time series (the bot-

tom panel) shows abrupt changes in its luminosity in short time windows with

Thttp://horus.roe.ac.uk:8080/vdfs/VgetImage_form. jsp
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Figure 5.11: Left: The color-color diagram of irregular variable stars identified inside
SFR3 FoV. In the background, as gray dots, the distribution of tile b341. Right: The
histogram of F, T and P classification inside the CCD.

some scatter along the primary trend of variability, showing the amplitude of
AKs = 2.893 £ 0.056 magnitudes. With this scene, the variable SFR3_521 could
be a great candidate for a massive YSO and help us to identify other massive

dense cores of high-mass star formation in their vicinity.

5.4.4 SFR4: The Lagoon Nebula Complex

The SFR4 was composed of four tiles located at the very bulge of the galaxy,
just about 6.3 degrees away from the very center. The effects of the stellar
crowding are measurable given the total number of Ngrrs = 11,236,487 point
sources detected. Magnitudes between 10.8 < Ks < 17.2 were measured inside
this FoV. Only 9,407,898 sources had more than 20 epochs and an amplitude
greater than 0.2 magnitudes, and their time series were constructed and ana-
lyzed.

Using the main selection methods, 1091 sources were selected.

Obvious overdensities are distributed over the Lagoon nebula, near the

massive central star that lights up the emission nebula. In the same way, there
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Figure 5.12: The contrasts of the stellar environment of an Irregular Variable star inside
the SFR3. Top images: Composed RGB infrared false color image using the VVV JHKs
bands. At the center of each image, inside an IRDC, the Irregular Variable star is
called SFR3.521 (associated with NGC 6357). Two epochs are considered to visually
displays the variability. Bottom: Time series of SFR3_521. Photometric measurements
are joined by red straight lines to improve the visualization of the variability over time.

The galactic north is up; the galactic east is to the left.
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are minor overdensities on the Trifid nebula inside Simeis 188 complex and in
dark places between the optical features.

By inspecting the spatial distribution of the selected sample, we have also
been able to verify the presence of suspicious sources that could be the product
of geometric variations of the VVV tile.

The distribution of observations was considered and found to be similar to
SFR3. Therefore only time series with more than 50 epochs were considered.
This filter does not affect the variable stars inside b310.

After the individual check, 348 stellar sources remained. The distribution
of these stars is in Unlike SFR3, the overdensities within the HII regions
are more widespread, given the few active O stars associations and locations.
Variable stars were located inside the visible range features, and the irregular
sources tend to be within the ionized clouds.

The infrared images reveal the distribution of the sources around the IRDCs
and the filaments around the FoV. 2MASS image of the same FoV indi-
cates the IRDCs distributed in the FoV. Overdensities are located inside these
filaments.

This correlation between the IRDCs and the irregular variables is evident in
tile b310. The Badee window is characterized by less extinction due to the lack
of interstellar dust along the line of sight from Earth, providing a relatively
clear view of a portion of the galaxy’s bulge.

A large part of the variable stars is located within the dense filament
throughout the entire region called Simeis 188. This can be a selection effect
due to the number of epochs presented in this tile. But also can be interpreted
as a good indicator of the selection of stars.

An overdensity around the star HD 165345 (¢[°] =6.671, b[°|=-1.537) with
a reflection nebula around it is observed; 14 sources share the distribution
around and have an average amplitude larger than AK; > 1.4 mag, so maybe
it is connected with the compression of the material.

Several variable stars are located in the HII region W28 A2, north of the
Lagoon nebula. The FoV does not cover all the areas, but it makes sense to
have overdensities of this distribution.

The Trifid nebula is crossed by a dense dust filament, mapped by the loca-
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Figure 5.13: Distribution of the selected Irregular Variable objects inside the SFR4. In
the background is the DSS optical RGB image of the considered field containing The
Lagoon Nebula Complex. The Trifid Nebula (M20) is the northern nebulosity and falls
into a small region of the tile b338. The Lagoon Nebula (M8) is covered by tiles b324
and b323. The Simeis 188 region is projected over the high-cadence VVV tile b310.

Galactic north is up; galactic east is to the left.
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Figure 5.14: Distribution of the selected Irregular Variable objects inside the SFR4.
Same FoV than imagen 5.13|but with 2MASS infrared RGB image in background. The
visual nebulosities of the Trifid Nebula (M20), the Lagoon Nebula (M8), and Simeis
188 are replaced with dense filaments of cold material, where the selected Irregular

Variable objects were located. Galactic north is up; galactic east is to the left.
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tion of variable stars. One of these variables, the SFR4_235 (figure is asso-
ciated with an IRDC inside the field, a 1x1 arc sec image of the surroundings

of a variable star.
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Figure 5.15: Left: The color-color diagram of irregular variable stars identified inside
SFR4 FoV. In the background, as gray dots, the distribution of tile b338. Right: The
histogram of F, T and P classification inside the CCD.

The membership histogram associated with SFR4 is displayed on the right
part of image reveals that 40% of variables with measured colors are pro-
jected in the "F” region. Intrinsically reddened sources (P and T categories)

represent more than 59% of the sample.

5.5 By-product: Periodic stars

An essential and still unexplored population of variable stars are indeed Pe-
riodic variable stars. Indeed, their periods is powerful independent tracer of
stellar populations properties. For example RR Lyrae traces old (>10 Gyr) stel-
lar populations, Mira stars with different pulsation periods and metallicity can
trace SPc of different ages. Short period Miras (P< 300d) usually trace old SPs,
while long periods P> 300 are typically younger.

The complete analysis of periodic stars is far from the main objective of this
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work. Given the time series from the VVV survey, regular variable sources
are detected. During our search for irregular variables, we identified more
than 4000 periodic stars with periods between 0.1 days and more than one
thousand.

The histogram Fig[5.16| shows the K,-band amplitude AK; as a function of
period P (Bailey’s diagram). The amplitudes increase as the period increase,
which is consistent with the behavior of pulsating stars. Between 100 and 1000
days are located the so-called “Long Period Variables” (LPVs), which display
the lagers uncertainties associated with AK; given the insufficient sampling of

the complete periodic cycles registered on our time series.

0.1 day

1 day

10 days
e

100 days

1000 days

X=X

log(Period [d])

Figure 5.16: K;-band amplitude AK; as a function of period P (Bailey’s diagram) for

periodic stars identified in the research FoV.

Long Period Variables are an important part of the periodic sample. In
Molina et al. (2018) we reported a new catalog with the variable stars popula-
tion located near the Galactic center. We detected 353 variable star candidates
in a region of 11.5" x 11.5' that comprises two of the most massive young star
clusters in our Galaxy: Arches and Quintuplet. Eighty-five percent of these
stars (299 objects) have not been reported in previous variability studies car-
ried out in the GC.

The large majority of the variable sources detected are red giant stars, most
of them belonging to the AGB phase. Aside from the typical Miras, SR and

IRR variables widely described in the literature, we found a sizable sample of
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giant stars with long-term trends. We have analyzed the probable causes of

these variations.

5.5.1 Variability feature distributions
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Figure 5.17: Variability feature distributions of periodic (blue open) and irregular

(blue) variable stars. The amplitude AK; and 7 indices are located on the y-axis.

Figure shows the Variability feature distributions of the irregular vari-
able stars (red open circles) and periodic variable stars (red stars). The limits
and cut-off values are noticeable, as well as the correlation, structures, and
extreme values between features.

The number of epochs between the SFRs does not seem relevant in the dis-
tribution of selected features, and there are no apparent gaps inside their dis-
tribution. In general, the indices identify different structures from the time se-
ries and complement each other. Short-period pulsating stars tend to have low
amplitudes, and the 7 index interprets as a star with Gaussian-distributed vari-
ability. From this point of view, it makes sense that Irregular Variable sources
populate different places compared to periodic variable stars. Several regular
stars, such as RBGs and LPVs, display large AKs and share the distribution
locations with the irregular variable stars.

Therefore, with enough information and features (with more extensive

knowledge), it could be possible to detect relevant and strong correlations
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among the features, which can be understood through their distributions. This
information is fundamental to researching many aspects of time series, finding
multidimensional structures, and increasing the probability of correctly classi-

tying the nature of a specific source.
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Summary

We present the systematic research and selection of a sample of 1096 high-
amplitude irregular variable stars distributed along the bulge and the south-
plane of the galaxy.

Using the time-series photometry in the K; bandpass provided by the VVV
survey for the sources in this region, we generated and analyzed more than 24
million unevenly sampled time series over five years between 2010 and 2015.
An automated process was developed to obtain the K,-band photometric mea-
surement directly from the VVV tiles images. PSF photometry was performed,
calibrated to the standard system, and constructed the time series of every
independent point source with more than 20 observations and an amplitude
larger than 0.2 magnitudes.

We choose four different star-forming regions for this analysis: IC
2944 /2948 (SFR1); G305 (SFR2); NGC 6357 /NGC 6334 (SFR3), and the Lagoon
nebula complex (SFR4) to detect real candidates with prominent NIR variabil-
ity. We analyzed 1411 VVV tiles images, with more than 1,12 Terabytes of
information and more than 25 million point sources in all the considered FoV.

We examined several parameters behind time series to characterize the

variability, such as the profile in time, their NIR color, and spatial distribution.
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We analyzed and tested several variability indices (features) and concluded
that the total amplitude AK; and the 1 index can be used as principal variabil-
ity indicators for YSOs variability.

The Irregular Variable sample presents amplitudes AKs > 0.6 mag and 7
values < 0.95 (except for a variable source inside the SFR1 with 7 = 3.2). These
thresholds allowed us to select reliable variable star candidates with low con-
tent of contaminant sources, such as saturated objects or bogus.

Of the 1096 high-amplitude irregular variable objects, 524 present photo-
metric measurements in J- and H-bands allowing us to construct the color-
color diagram and quantify their position inside their CCD. More than 58% of
the sources with these measurements present location related to intrinsic red-
dening; therefore, their variability can be connected to the early stages of the
YSOs (stages I-1I).

The spatial location of classified variables correlates with star-formation
features in both visible and infrared bands. Overdensities of the sample are
distributed over HII regions, IRDCs, and their surroundings.

We identified more than 3000 periodic stars inside the VVV time series an-

alyzed as a byproduct.
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