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Abstract

The most challenging limitation in the transit photometry method arises from the
noises in the photometric signal. In particular, the ground-based telescopes are
heavily affected by the noise due to the perturbation in Earth’s atmosphere. Use
of telescopes with larger apertures can improve the photometric signal-to-noise
ratio (S/N) to a great extent. However, detecting a transit signal out of a noisy
light curve of the host star and precisely estimating the transit parameters call for
various noise reduction techniques. In our first project, we have presented multi-band
transit photometric follow-up studies of five hot-Jupiters e.g., HAT-P-30 b, HAT-
P-54 b, WASP-43 b, TrES-3 b and XO-2 N b, using the 2m Himalayan Chandra
Telescope (HCT) at the Indian Astronomical Observatory, Hanle and the 1.3m J.
C. Bhattacharya Telescope (JCBT) at the Vainu Bappu Observatory, Kavalur. In
order to reduce the noise components present in the observational data, we have
used a critical noise treatment approach using sophisticated techniques, such as the
wavelet denoising and Gaussian process regression, which effectively reduce both
time-correlated and time-uncorrelated noise components from the transit light curves.
In addition to these techniques, use of our state-of-the-art model algorithm have
allowed us to estimate the physical properties of the target exoplanets with a better

accuracy and precision compared to the previous studies.

Unlike the ground-based telescopes, the observations from the space-based tele-
scopes are free from any noise component due to the interference of Earth’s at-
mosphere. This is the reason why most of the sophisticated telescopes used in
exoplanetary science are space-based. However, the observations from these space-
based telescopes still contain noise components due to various instrumental effects
and the stellar activity and pulsations. In our second project, we have presented the
critical analysis of space-based transit photometric observations from the Transiting
Exoplanet Survey Satellite (TESS). We have developed an optimized noise treatment
and modeling algorithm based on the algorithm used in our previous project, which
also implements the techniques like the wavelet denoising and Gaussian process
regression. We have demonstrated the effectiveness of our algorithm by implementing
it to the TESS transit photometric observations for four hot Jupiters: KELT-7 b,



HAT-P-14 b, WASP-29 b, WASP-95 b, and a hot Neptune: WASP-156 b. The
better quality of photometric data from TESS, combined with our state-of-the-art
noise reduction and analysis technique, has resulted into much more accurate and
precise values of the physical properties for the target exoplanets than that reported
in earlier works.

The effectiveness of the transit photometry method to detect and characterize
exoplanets has already been demonstrated by the discovery of thousands of exoplanets
using several ground-based as well as space-based survey missions. With the advent
of the upcoming next generation large telescopes, the detection of exomoons in a
few of these exoplanetary systems is very plausible. In our third project, we present
a comprehensive analytical formalism in order to model the transit light curves for
such moon hosting exoplanets. In order to achieve analytical formalism, we have
considered circular orbit of the exomoon around the host planet, which is indeed the
case for tidally locked moons. The formalism uses the radius and orbital properties
of both the host planet and its moon as model parameters. The coalignment or
non-coalignment of the orbits of the planet and the moon is parameterized using two
angular parameters and thus can be used to model all the possible orbital alignments
for a star-planet-moon system. This formalism also provides unique and direct
solutions to every possible star-planet-moon three circular body alignments. Using
the formula derived, a few representative light curves are also presented.

Rocky exomoons around the giant exoplanets in habitable zones hold special
significance as they can harbor life. Although the detection of exomoons has yet
remained elusive, mainly due to their smaller expected size, the next generation large
telescopes can provide unique opportunities for their detection and characterization.
In our fourth project, we have studied the capability of the large space based James
Webb Space Telescope (JWST) to detect the smaller sub-Earth sized exomoons in
the habitable zones of G- and K-type stars. We have consider three different sizes
of the moon, i.e. similar in size to the mars, the titan and the luna, and estimated
the minimum photometric precision required to detect them. By comparing them
to the expected obtainable photometric precision using the NIRCAM instrument of
JWST and using different near-infrared filters, we have concluded that exomoons as
small as the titan would be detectable around a G2 type star and that as small as

the luna would be detectable around a K2 type star.
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Chapter 1

Introduction

1.1 Exoplanets and their detection

The exoplanets (also known as extra-solar planets) are the planets beyond our solar
system. As the planets are much smaller in size compared to the stars they orbit
around, and unlike their stellar counterparts, they have no source of radiation due to
nuclear fusion, they are extremely faint and hard to detect. Over the years, several
detection techniques have evolved to detect and characterize the exoplanets, such
as radial velocity (Cumming, 2004; Hatzes, 2016; Lovis & Fischer, 2010; Perryman,
2000; Wright, 2018), transit photometry (Deeg & Alonso, 2018; Haswell, 2010; Winn,
2010; Wright & Gaudi, 2013), gravitational microlensing (Bennett, 2008; Gaudi,
2010), astrometry (Malbet & Sozzetti, 2018; Quirrenbach, 2010), direct imaging
(Hinkley et al., 2021; Pueyo, 2018; Traub & Oppenheimer, 2010) and transit timing
variations (Agol & Fabrycky, 2018) etc.

The radial velocity method (also known as ‘doppler spectroscopy’) was used for
the detection of the first ever exoplanet around a main-sequence star in the year
1995, named 51Peg b (Mayor & Queloz, 1995). This method relies on the periodic
doppler shift in the spectrum of the planet hosting star due to the gravitational
impact of the orbiting planet. As mass is a major factor in gravitational interactions,
and increasing mass of the planet will increase its impact of the star, most of the
exoplanets discovered through the radial velocity method are massive. On the other
hand, the gravitational interactions between two bodies are also affected by the
distance between them. As the gravitational force imparted by the planet decreases
with the increase in its distance from the host star, most of the exoplanets discovered
through the radial velocity method are also orbiting their host stars in close-in
orbits. Radial velocity method provides lower constrain on the mass of the detected
exoplanets along with the orbital period. However, radial velocity method is not
well suited for the detection of smaller exoplanets and the exoplanets in wider orbits
around their host stars. Also, it is both time and resource consuming to survey

individual stars through spectroscopic techniques, decreasing the effectiveness of the



radial velocity method for large scale surveys to discover exoplanets.

The transit photometry method (or simply ‘transit method’) was used for the
first time in 1999 to confirm the first ever transiting exoplanet, named HD209458 b
(Henry et al., 2000). The transit method relies on the detection of the small decrease
in the magnitude of the host star due to a transiting planet. The transit probability
decreases with the increase in the distance of the planet from the star. This is
the reason why most of the exoplanets detected using the transit method orbit in
closed-in orbits around their host stars. Also, the photometric precision required to
detect the exoplanets using transit method increases with the decrease in the size
of the planet with respect to its host star. However, such higher precision can be
accomplished using larger telescopes or space based facilities. Another advantage
of using a photometric method over a spectroscopic one is that the stars over a
large field of view can be surveyed simultaneously using the photometric method.
Because of this advantage, several large scale dedicated space based missions have
been planned and conducted for the discovery and study of new exoplanets using
the transit method, which includes the likes of CoRoT (Convection, Rotation and
planetary Transits), Kepler, K2 and TESS (Transiting Exoplanet Survey Satellite)
among others. Till date, more than four thousand exoplanets have been discovered
using the transit method, many of which are smaller exoplanets known as mini-
Neptunes and super-Earths, making it the most effective method for the detection of
new exoplanets. The transit method provides accurate information about the size
and orbital properties of the detected exoplanets. Also, combining radial velocity

measurements for such exoplanets, their mass can be estimated accurately.

The gravitational microlensing method relies on the magnification of a distant
background star by the gravitational field of a foreground planet hosting system,
when they are aligned exactly with respect to the observer. The gravitational field
of the planet works as a second lens apart from the host-star, which purturbs the
light from the distance source. This method is extremely sensitive and can be used
to detect smaller exoplanets like the earth around a sun like star. Also, this method
can be used to detect exoplanets in wider orbits around their host stars easily. Since
gravitational interaction is the key behind the phenomenon of microlensing, this
method gives extremely precise estimation of the mass of the detected exoplanets.
However, the major disadvantage of this method lies in the fact that microlensing
events are one time events and the observations are non-repeatable. This, combined
with the fact that the detected exoplanetary systems using this method are very far

away and can not be effectively studied using other methods like transit or radial



velocity, follow-up studied of these systems are not possible. Another drawback of
the gravitational microlensing method is that the microlensing events are extremely
rare and opportunistic, which limits the number of systems that can be surveyed
using this method.

The astrometry method relies on measuring the position of an exoplanet hosting
star precisely and detecting the tiny shift in its position due to its rotation around the
planet-star center of mass. Astrometry is the oldest method that has been in use for
the search of exoplanets. However, the detection of any exoplanet using this method
has remained unsuccessful using the ground based telescopes. This is because, the
shift in the position of a star due to the presence a companion exoplanet is so small
that it is even smaller than the distortions in the photometric observations due to
the earth’s atmosphere. The first astrometric detection of an previously discovered
exoplanet was successful using the space based Hubble Space Telescope (HST) in
2002 (Benedict et al., 2002). Recently, several exoplanets have been discovered
using the astrometry method using the photometric data from the space based Gaia
mission. One advantage of the astrometry method is that it can be used to estimate
the mass of the exoplanets accurately, unlike the radial velocity method. Also, the
astrometry can be used to detect exoplanets in very wide orbits around their host
stars. However, such detections would also require a very long observation time.

The direct imaging method is used to detect large young exoplanets in a far away
orbit from their host stars. The exoplanets detectable using this technique need to
be large and hot in order to emit enough thermal emissions. Moreover, the radiation
from the host star are blocked using a coronagraph in order to make the planet
visible. This method gives an indirect estimation of the mass and size of the detected
exoplanets. However, the major advantage of the direct imaging technique is that
the chemical composition of the detected exoplanets can be studied.

The transit timing variations method consists of detecting the variation in the
transit timing of a known transiting exoplanet due to the presence of an undiscovered
planetary companion in the system. This method can be used to estimate of the
maximum mass of the detected exoplanets, where the limit is due to the unknown
orbital inclination. The major advantage of the transit timing variation method is
that it can be used to detect exoplanets with smaller masses, those are not detectable
through the radial velocity method, but orbiting close enough to a known transiting
planet in the system which has a smaller mass compared to the host star, and thus
is affected more by the gravity of the undiscovered planet.

Till date, most of the exoplanets have been discovered using the transit photometry



method, which is followed by the radial velocity method. The works in this thesis
involve both observational and theoretical aspects of the transit method, as will be

discussed in subsequent sections.

1.2 Detection of exoplanet transits

The exoplanet transit occurs when the planet crosses through the front of its host
star while orbiting it, from the point of view of the observer. This is also known
as the primary eclipse, in contrast to the secondary eclipse, which occurs when the
exoplanet is occulted by the host star.

Several ground based as well as space based telescopes have been used over the
years to detect exoplanet transits. The depth in the photometric lightcurves during
an transit event, which is also known as the transit depth, depends upon the relative
size of the exoplanet to its host star. Thus, for the detection of a smaller exoplanet
compared to its host star, one would require a higher signal-to-noise ratio (SNR),
which in tern would require a larger telescope. On the other hand, detection of
transiting exoplanets around fainter stars would also require a larger telescope, which
is because of the falling flux with the increase in the apparent magnitude.

Most of the survey telescopes, which are used for the discovery of new exoplanets,
have large field of view, but very small aperture. Such set-ups are really effective
for detecting new exoplanets. However, due to low SNR, the estimated physical
properties of the detected exoplanets have high uncertainties. Thus, follow-up
observations using telescopes of larger apertures are required to study the properties
of these exoplanets more precisely. With this motive, we have used the 2m Himalayan
Chandra Telescope (HCT) at the Indian Astronomical Observatory, Hanle and the
1.3m J. C. Bhattacharya Telescope (JCBT) at the Vainu Bappu Observatory, Kavalur,
for the follow up studies of several known exoplanets. The larger apertures of these
telescopes have resulted in photometric transit observations with higher SNR, which
in tern have helped us to characterize these exoplanets more precisely. More about
this has been discussed in Chapter 2.

On the other hand, the space based telescopes also provide several advantages
over their ground based counter-parts in detecting exoplanet transits. This is the
reason why several space based missions have been conducted, including the CoRoT,
Kepler, K2 and TESS, and many other are being planned, to survey photometrically
for new exoplanets. Some of these survey telescopes, such as the TESS, cover a large

portion of the sky during its survey period. This provides opportunity not only for



the detection of a large number of new exoplanets, but also for the follow-up studies
of many already known exoplanets. With this motive we have used the TESS data
to conduct follow-up studies of several existing exoplanets and have characterized
them with a better precision thanks to the better quality of photometric data from

the space based observations. More about this has been discussed in Chapter 3.

1.3 Analysis of the exoplanet transit lightcurves

The observed lightcurves of exoplanet transits give valuable information about the
physical properties of the system. In particular, the transit lightcurve directly
depends upon the size of the exoplanet compared to the host star, the distance of
the planet from the star and the orbital inclination angle of the planet compared
to the field of view of the observer, which are known as transit parameters. The
limb-darkening effect of the host star also affects the transit lightcurve, and thus can
also be estimated from it. Some of the transit properties, such as radius of the planet,
are wavelength dependent, and can be studied more precisely using multiband follow-
up studies. We have conducted such multiband follow-up studies using our ground
based telescopes, HCT and JCBT, and have estimated the wavelength dependent
physical properties more precisely. More about this has been discussed in Chapter 2.

In order to model the transit lightcurves to estimate the physical properties of the
exoplanets, one would require a comprehensive analytical formulation comprising
of all the dependent physical factors. Mandel and Agol (2002) has provided such
an analytic formulation, which also incorporates the limb darkening effect of the
host star following the quadratic limb-darkening law. This formulation is widely
used by the exoplanet communities, and also has been used in our studies. The
transit parameters, which are estimated directly from the transit lightcurves, can
also be used for the estimation of several other derivable physical properties of the
exoplanets. A list of different physical properties of the exoplanets, which can be
estimated using transit photometry, are given in Table 1.1.

One major limitation in the accuracy and precision of the estimated physical
properties of the exoplanets from transit photometry comes from the embedded noise
in the signals. Especially the noise components arising from to the turbulence in the
Earth’s atmosphere, several instrumental effects and systematics, and the variability
and pulsations of the host stars contribute dominantly in distorting the lightcurves.
Sophisticated modern techniques can be used to treat these lightcurves in order

to reduce these noise components, which can provide much better accuracy and



Table 1.1: Physical properties estimated from transit photometry

Parameter Explanation

To [BJDrppB| Initial transit time in BJD-TDB

P [days] Orbital period in days

R,/a Scaled stellar radius

R, /R, Ratio of planet to stellar radius

Ch Limb darkening coefficient (linear term)
Co Limb darkening coefficient (quadratic term)
T4 [hr] Transit duration in hours

a/ R, Scale parameter

i [deg] Orbital inclination angle in degree

M, [M] Mass of the planet in Jupiter-mass

M, [Mg] Mass of the planet in Earth-mass

Teq [K] Equilibrium temperature of the planet in Kelvin
a [AU] Semi-major axis in AU

Ry, [RJ] Radius of planet in Jupiter-radius

R, [Rg] Radius of planet in Earth-radius

Te [BJDrpg] Mid-transit time in BJD-TDB

precision in the estimated physical properties of the exoplanets. We have discussed
various aspects of modeling transit lightcurves with critical noise treatment analysis

for both ground-based and space-based telescopes in Chapters 2 and 3.

1.4 Exomoons and their detection

Exomoons are the natural satellites around exoplanets beyond our solar system.
Although natural satellites are abundant on the solar system, detection of exomoons
has still remained elusive. As the transit method has remained the most effective
method for the detection and characterization of the exoplanets, it could also provide
the best opportunity for the detection of exomoons. Derivatives of the transit
method involving the effect of the exomoon on the companion exoplanet, such as the
Transit-Timing Variation (TTV, Sartoretti & Schneider, 1999; Szabo et al., 2006),
and the Transit-Duration Variation (TDV, D. M. Kipping, 2009) have been proposed

for the detection of exomoons. However, the amplitude of these effects is extremely



small for sub-Earth mass exomoons and so far no confirmed exomoon candidate has
been detected using these techniques (Fox & Wiegert, 2021; D. Kipping, 2020, 2021).
Several other techniques have also been proposed for the detection of exomoons, such
as photometric orbital sampling effect (Heller, 2014; Teachey et al., 2018), imaging
of mutual transits (Cabrera & Schneider, 2007), microlensing (Han & Han, 2002),
spectroscopy (R. E. Johnson & Huggins, 2006; Oza et al., 2019; Williams & Knacke,
2004), polarimetry of self-luminous exoplanets (Sengupta & Marley, 2016), doppler
monitoring of directly images exoplanets (Agol et al., 2015), pulsar timing (Lewis
et al., 2008) and radio emissions of giant exoplanets (Noyola et al., 2014, 2016).
However, no confirmed exomoon candidate has yet been detected by using any of
these techniques.

The major reason behind the non-detection of exomoons till date, even if our solar
system is teeming with natural satellites, is that the moons tend too be much smaller
in size compared to the planets, which would require a much better photometric
precision to detect them. The next generation large telescopes, such as the James
Webb Space Telescope (JWST), would be able to achieve such high photometric
precision, which could provide an unique opportunity to detect the first confirmed
exomoons. Another reason for the non-detection of exomoons till date is that most
of the exoplanets discovered till date have been found in close-in orbits. Several
studies (Dobos et al., 2021; Namouni, 2010; Spalding et al., 2016) have suggested
that such exoplanets would lose any natural satellite present around them during
their migration to such close-in orbits. However, the present and upcoming long
term transit photometric survey missions would be able to discover more number of
exoplanets in wider orbits, increasing the probability for the detection of transiting

exomoons in future.

1.5 Modeling the lightcurves of transiting exomoons

As discussed in the previous section, the transit method could prove to be the most
effective mean for the detection of first confirmed exomoons in future, and as such
the next generation large telescopes, such as JWST, would play a crucial role. Under
such possibilities, a comprehensive analytical formalism for modeling the lightcurves
of a transiting exoplanetary system hosting exomoons is the need of the time.
Deriving an analytical formalism for modeling the exomoon transit lightcurves
would require to solve a three body problem, including the star, the moon and the

planet. Depending upon the scenario of formation and evolution, the plane of the



orbit of the moon around the planet may or may not be coaligned with the orbit of
the planet around the star. Also, depending upon the alignment of the three bodies,
i.e. the star, the planet and the moon, the stellar flux occulted by the planet and the
moon would have to be calculated. This would require defining the conditions where
different cases of the three body alignments will hold, along with the area of overlap
between these bodies. We have formulated such an analytical formalism to model

the lightcurves of an exomoon hosting system, which is discussed in the Chapter 4.

1.6 Habitable exomoons

The detection probability of giant exoplanets is more compared to their smaller
counterparts using the transit method. Some of these giant exoplanets have also been
discovered in the habitable zones of their host stars. While these giant planets may not
provide the most ideal condition for the study of planetary habitability, the possible
smaller rocky exomoons around such exoplanets may provide unique opportunities
for finding life outside our solar system. We have studied the detectability of such
smaller exomoons, in the habitable zones of G-type and K-type host stars, using
the next generation large space based telescopes, JWST, which we have discussed in
Chapter 5.



Chapter 2
Multiband follow-up studies of
transiting exoplanets using ground

based facilities *

2.1 Introduction

The transit photometry serves as one of the most important methods in the context
of exoplanet detection and characterisation. This method helps us to determine
several physical parameters of a transiting exoplanet, e.g., the radius, the inclination
angle of the planetary orbit with respect to our line of sight, and the semi-major
axis. However, a prior knowledge of the stellar radius is necessary for the estimation
of these parameters. Modelling the transit light curves also allows us to determine
the limb-darkening properties of the parent stars. Moreover, the orbital inclination
angle estimated by using the transit method can be combined with the radial-velocity
measurements, if available, and a prior knowledge of stellar mass to precisely estimate
the mass of those exoplanets (Chakrabarty & Sengupta, 2019; Southworth et al.,
2007).

The photometric observations obtained from the ground-based telescopes are
heavily affected by the turbulence in the Earth’s atmosphere. This significantly adds
to the overall noise in the observed signal. Moreover, if the ground-based survey
telescopes used for the detection of new transiting exoplanets is small, it gives rise to
a poor signal-to-noise ratio (S/N) in the observed transit signals. Therefore, repeated
follow-up observations are very important in order to estimate the physical properties
of the confirmed exoplanets with a good accuracy and precision. Repeated follow-up
observations with telescopes of larger aperture can result in high S/N in the transit
light curves causing small error-bars in the light-curves. Further, in order to achieve

an improved accuracy and precision in the values of the estimated transit parameters,

*Part of this work is published in Suman Saha et al 2021 AJ 162 18,
do0i:10.3847/1538-3881 /ac01dd.
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application of critical noise reduction techniques is essential to reduce the fluctuations
prevailing in the transit light curves. The results from transit follow-ups spanning
over a large period of time can be used for the studies of planetary dynamics and
may reveal the presence of any undiscovered planetary mass objects in those systems
(Gillon et al., 2017; M. C. Johnson et al., 2015; Maciejewski et al., 2018; Nesvorny
et al., 2012; Patra et al., 2017).

Our ongoing project involves the photometric follow-up of transiting exoplanets
using multiple photometric bands and analysis using noise reduction techniques for an
improved estimation of the physical properties. For photometric follow-up, we use the
2m Himalayan Chandra Telescope (HCT) at the Indian Astronomical Observatory,
Hanle and the 1.3m J. C. Bhattacharya Telescope (JCBT) at the Vainu Bappu
Observatory, Kavalur. We have followed up five hot Jupiters in multi-wavelength
bands, namely HAT-P-30 b (e.g., J. A. Johnson et al., 2011), HAT-P-54 b (e.g.,
Bakos et al., 2015), WASP-43 b (e.g., Esposito et al., 2017; Hellier et al., 2011),
TrES-3 b (e.g., Christiansen et al., 2011; Sozzetti et al., 2009) and XO-2 N b (e.g.,
Damasso et al., 2015). The multi-band observations of transits have enable us to
estimate the wavelength dependent physical parameters, such as planetary radius,

with a better accuracy corresponding to each photometric band.

One of the most prominent noise component in the photometric light-curves is
the time-uncorrelated noise (white noise), which consists of both photon noise and
the fluctuations in the light curve due to the small spatial scale variability in the
transparency of Earth’s atmosphere, such as atmospheric scintillation (Fohring et al.,
2019; Osborn et al., 2015). Most of the pre-processing techniques (such as binning
and Gaussian smoothing) that can reduce the effect of these time-uncorrelated
noise components also tend to distort the shape of the transit signal. The Wavelet
Denoising technique (Cubillos et al., 2017; del Ser et al., 2018; Donoho & Johnstone,
1994; Luo & Zhang, 2012; Quan Pan et al., 1999; Waldmann, 2014) can be used
to reduce the time-uncorrelated fluctuations in the light-curves without distorting
the transit signal and improves the precision of the estimated physical parameters.
Wavelet denoising technique also reduces the outliers in the light-curves due to cosmic
ray events. In the present work, we have used this technique to pre-process the
transit light curves with suitable optimizations in order to handle the multi-band
data sets and a greater number of free parameters.

Another important noise component in the photometric signals is the time-
correlated noise (red noise). We have reduced the large temporal scale red noise due

to various instrumental and astrophysical effects by using the baseline correction
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method. On the other hand, the time-correlated fluctuations in the light curves
of short temporal scale are due to the small spatial scale variations that affect
each object on a frame differently. The major sources of this kind of red noise is
the small-scale activity and pulsation of the host stars. We address this red noise
component by using Gaussian Process (GP) regression method (Barros et al., 2020;
M. C. Johnson et al., 2015; Pereira et al., 2019; Rasmussen & Williams, 2006) to

model it simultaneously while modelling for the transit signal.

In order to model the transit light curves, we have used the analytical formalism
provided by Mandel and Agol (2002), which also incorporates the limb-darkening
effect of the host-star using the quadratic limb darkening law. We have used the
Markov Chain Monte Carlo (MCMC) method with the Metropolis-Hastings algorithm
(Hastings, 1970) while modelling the transit light curves simultaneously along with
the GP regression of the red noise. Although, the MCMC sampling technique is
computationally expensive, it is extremely effective for modelling any noisy signal

with a large number of free parameters.

As we have observed the transits in multiple wavebands, we have set the radius of
a planet as a free parameter for each wavelength band corresponding to each filter
used. This allows us to get a coarse estimation of the band-dependent radius of the
planets. This can be helpful in characterising the planets by studying the broad
atmospheric features, if any, in those ultra low-resolution transit spectra detected
with the help of the model transmission spectra in optical and in near infrared regions
(Chakrabarty & Sengupta, 2020; Sengupta et al., 2020).

For the simultaneous handling of multiple observed photometric data from different
nights of observation and a smooth and streamlined implementation of all the state-
of-the-art techniques for reduction, photometry, processing, and modelling of the
light curves, we have used the software package developed by us. This Python-based
package uses a semi-automated approach and the steps in this package aim at a
precise estimation of the planetary properties from the transit light curves, which

are at the same time robust, accurate, and reliable.

In section 2.2, we have described our observational details. In section 2.3, we have
detailed our analysis and modelling techniques. In section 2.4, we have discussed the

significance of our results and in section 2.5, we have concluded our study.
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Table 2.1: Adopted physical properties of the exoplanets and their host-stars
HAT-P-30 b HAT-P-54 b WASP-43 b TrES-3 b X0O-2Nb
P [days] 2.810595 3.7998474 0.813475 1.30618608 2.61585922
+0.000005 40.000014 +0.000001 40.00000038  £0.00000028
Kry [m 371] 88.1£3.3 132.6 4.9 551.0 £ 3.2 378.44+9.9 90.17 £ 0.82

R, [Ro)] 1.215+£0.051 0.617£0.013 0.6506 £ 0.0054 0.829 £0.022 0.998 £+ 0.033
M, [Mg)] 1.242 £0.041 0.645£0.020 0.688£0.037 0.928 £0.048  0.96 £ 0.05
Tt [K] 6304 + 88 4390 £ 50 4500 £ 100 5650 £ 75 5332 £ 57

Sources: HAT-P-30 b (J. A. Johnson et al., 2011), HAT-P-54 b (Bakos et al., 2015),
WASP-43 b (Esposito et al., 2017; Hellier et al., 2011), TrES-3 b (Christiansen
et al., 2011; Sozzetti et al., 2009), XO-2 N b (Damasso et al., 2015)

2.2 Target selection and observations

In this study we report the follow-up of five hot-Jupiters, e.g., HAT-P-30 b, HAT-P-54
b, WASP-43 b, TrES-3 b and XO-2 N b. The adopted physical properties of these

exoplanets and their host-stars are listed in Table 2.1.

Our photometric observations are conducted using the 2m Himalayan Chandra
Telescope (HCT) at Indian Astronomical Observatory, Hanle and the 1.3m J. C.
Bhattacharya Telescope (JCBT) at Vainu Bappu Observatory, Kavalur. At HCT,
the Hanle Faint Object Spectrograph Camera (HFOSC) has been used for photo-
metric observations in V, R and I bands (Bessel), whereas the TIFR Near Infrared
Spectrometer and Imager (TIRSPEC) has been used for the observations in J band.
At JCBT, the UKATC optical CCD and the ProEM imagers have been used for the
photometric observations at V, R and I bands. We have also made simultaneous
observations of a few similar magnitude stars present within the photometric field of
view of the target host-stars. These are used as reference stars for the differential
photometry as described in the next section. The details of our observations have
been listed in Table 2.2. Our observations have been optimised for mid-high cadence
and high S/N. As can be seen from the table, the observations from JCBT have mean
S/N>250. On the other hand, the observations from HCT/HFOSC have very-high
cadence and mean S/N>1000.



Table 2.2: Details of the photometric observations
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Target Name Date Telescope Instrument Filter Frames S/N (Mean)
HAT-P-30 b 2020-02-05 JCBT UKATC A% 42 747.92
2020-02-05 HCT HFOSC I 315 2002.55
2020-02-22 HCT HFOSC R 233 1508.76
2020-03-10  JCBT UKATC I 50 482.48
2020-03-24 JCBT UKATC Vv 22 747.37
HAT-P-54 b 2020-01-15  JCBT UKATC I 24 570.82
2020-02-03  JCBT UKATC I 56 410.26
2020-02-03 HCT HFOSC \Y 160 1001.14
2020-02-22 HCT HFOSC R 93 1544.17
WASP-43 b 2019-03-06  JCBT UKATC \Y% 85 379.06
2019-04-02 JCBT UKATC A% 93 390.22
2019-04-11  JCBT UKATC R 54 606.31
2019-12-31 HCT HFOSC I 261 1264.00
2020-02-05 HCT TIRSPEC J 232 226.06
2020-02-14  JCBT UKATC R 31 662.59
TrES-3 b 2019-02-18 JCBT UKATC I 96 283.19
2019-05-03  JCBT UKATC R 50 337.95
2020-03-31 JCBT UKATC I 26 537.23
2020-09-21 HCT HFOSC \Y 203 1447.40
XO-2Nb 2020-01-28 JCBT UKATC I 54 710.21
2020-02-05 HCT HFOSC \Y% 292 1789.22
2020-02-18 JCBT ProEM I 40 782.06
2020-02-18 HCT HFOSC R 622 1261.56
2020-03-23  JCBT UKATC I 27 699.05
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2.3 Data reduction and analysis

We have reduced the raw photometric data to obtain the transit light curves, which are
then processed through several techniques to reduce the noises from various sources.
We have then modelled the processed light curves in order to obtain the transit
parameters. These parameters are then used to derive a few other physical properties
of the exoplanets. For the whole process of data reduction and analysis, we have used
our software package, which is written in Python programming language and uses
several open-source software libraries. A detailed explanation of our methodology is

given in the following subsections.

2.3 Data reduction and differential photometry

Our observational data obtained at each night, consists of a large number of pho-
tometric frames which are reduced through our automatic pipeline that uses the
standard PyRAF (IRAF) libraries in the back-end. The raw photometric data are
first calibrated using the bias and flat frames obtained during the respective nights
of observations. Since, all the instruments used in our observations are cooled up to
-70°C, the dark noise is found to be negligible. The calibrated frames are used to
obtain the flux from our target host-stars and the reference field stars using aperture

photometry. We have calculated the photometric noise precisely using the formula:

N=+/flg+axs2+a®xs2/k (2.1)

where, f is sky-subtracted flux of the target object, s is the standard deviation of
the counts on the region of the sky surrounding the object, g is gain of the instrument,
a is the area of aperture of the object chosen in square pixels, and k is number of
sky pixels. We have converted the time scale to BJD-TDB using the utc2bjd online
applet (Eastman et al., 2010).

The observations from the ground-based telescopes are heavily affected by the
varying atmospheric transparency and air-mass effect which can be reduced using
the differential photometry method. We have used the flux of the reference field
stars with the best S/N and minimum differential fluctuations for the differential

photometry of our target host-stars and obtained the photometric transit light-curves.
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Figure 2.1: Observational and modelled light curves for HAT-P-30 b. For each ob-

served transit event (see Table 2.2), the observation date, the instrument,
and the photometric filter used are mentioned. Top: the unprocessed
light curve (cyan), light curve after Wavelet Denoising (magenta), the
best-fit transit model (orange). Middle: the residual after modelling
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Figure 2.2: Same as Figure 2.1, but for HAT-P-54 b
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2.3 Baseline correction

The red noise of large temporal scale (i.e., more than the characteristic scale of transit
durations), which are mainly due to various instrumental effects and long-term stellar
variability, results in a non-flat baseline for the photometric signals. One way to
address this noise component is to model it using simple polynomial fits alongside
the transits and subtract from the light-curves. However, it risks a potential bias in
the estimated parameters due to the large scale nature of these noise components,
and an increment in the parameter load in the already heavily populated model
parameter space for MCMC sampling (see Section 2.3.5).

We have, therefore, performed the baseline correction before modelling for the
transit signals. We have used linear and quadratic polynomials of time to model the
out-of-transit part of the light-curves and chosen the one with the least BIC (Bayesian
Information Criterion) (Schwarz, 1978) for the baseline correction. Use of only the
out-of-transit portion of the light curves for baseline modelling removes the risk of
the low-mid temporal scale variations in transit signal influencing the determination
of baseline coefficients. Hence, it removes the risk of potential manipulation in the
estimated transit parameters. The normalised baseline corrected transit light-curves

from our observations are shown in Figure 2.1-2.5.

2.3 Wavelet Denoising

The time-uncorrelated noise (white noise) in the photometric signal also consists
of the fluctuations in the light curve due to the small spatial scale variability in
the transparency of the Earth’s atmosphere. The presence of such fluctuations
are more evident in the high-cadence photometric observations due to a better
temporal resolution. They can severely affect both accuracy and precision of the
estimated transit properties from those light curves. The white noise component
cannot be totally removed from a signal and should be only reduced cautiously
without distorting the informative part of the signal. Hence, instead of smoothing
the light curves with some low-pass filter, we used a more robust technique, namely
the Wavelet Denoising (Donoho & Johnstone, 1994; Luo & Zhang, 2012; Quan Pan
et al., 1999). Although wavelet based denoising techniques have been widely used in
image processing and remote sensing in various fields of science and engineering, it is
a recent addition in the context of transit photometry and other light curve analysis
(e.g., Cubillos et al., 2017; del Ser et al., 2018; Waldmann, 2014).
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Wavelet Denoising consists of mainly three steps: deconstruction of the original
signal into wavelet coefficients using discrete wavelet transform, thresholding, and
reconstruction of the signal from the thresholded coefficients. We have used the
PyWavelets (Lee et al., 2019) python package to perform the single level discrete
wavelet transform of our photometric light-curves. In this process, we have used
the Symlet family of wavelets, which are the least asymmetric modified version of
Daubechies wavelets. A single level transform removes the risk of excess denoising.
We have calculated the threshold value using the universal thresholding law (Donoho
& Johnstone, 1994) given as;

Th = o+/2log.(N) (2.2)

where o = |median(D,)|/0.6745, and performed the hard thresholding, where the
wavelet coefficients with absolute values less than the threshold value are replaced
with it. The advantage behind universal threshold is that the risk of thresholding
is small enough to satisfy the requirement of most applications. The threshold
coefficients are then used to construct the denoised signal. The transit light curves

after Wavelet Denoising are shown in Figure 2.1-2.5.

2.3 Gaussian Process Regression

The small-mid temporal scale red noise, which are correlated in time, form the major
source of the remaining reducible noise components in our transit light curves after
the Wavelet Denoising. This noise is primarily due to the small-scale activity of
the host stars. To reduce this noise component, we have used the Gaussian Process
(GP) regression (Barros et al., 2020; M. C. Johnson et al., 2015; Pereira et al., 2019;
Rasmussen & Williams, 2006) technique.

We have modelled the time-correlated noise in the transit light-curves using GP
regression alongside modelling for the transit signals, using the Markov Chain Monte
Carlo (MCMC) technique (see Section 2.3.5). In order to treat the photometric
noise in our observed light-curves while modelling for time-correlated noise, we have
followed the regression formalism as given by Rasmussen and Williams (2006) for
noisy observations. In this process, we have used the Matérn class covariance function
with parameter of covariance, v = 3/2, and two free parameters, e.g., the signal
standard deviation a and the characteristic length scale 7, which are used as model

parameters in the MCMC sampling.
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2.3 Markov Chain Monte Carlo sampling

In the final phase of our analysis of the transit light-curves, we have modelled
them to the analytical transit formulation following Mandel and Agol (2002), which
also incorporates the limb darkening effect of the host-star using the quadratic

limb-darkening law given by,

I(n) =1—=Ci(1—p) = Co(1 — )’ (2.3)

We have used the MCMC sampling technique for this modelling, and simultaneously
modelled for the time-correlated noise in the signal using the GP regression method
as explained in section 2.3.4. The model parameters in MCMC includes the transit
parameters: (i) mid-transit time 7', (ii) the impact-parameter b, (iii) the scaled stellar
radius R, /a, (iv) the ratio of planet to stellar radius R,/ Ry, (v) the out-of-transit
flux fo, (vi) the limb darkening coefficients C and Cy; and (vii) the GP regression
coefficients a and 7. The orbital periods have been kept constant and are adopted
from previous studies as given in Table 2.1. We have followed Sing (2010) for the
prior values of the quadratic limb-darkening coefficients.

We have modelled all the transit light-curves corresponding to each of our target
exoplanets simultaneously keeping the transit independent parameters the same
for all transit events of the same target and keeping the wavelength dependent
parameters same across those transit events observed using the same photometric
filters. We have used the Metropolis-Hastings algorithm (Hastings, 1970) in MCMC
sampling and used the modified marginal likelihood function due to the inclusion of
the GP regression technique (Rasmussen & Williams, 2006). In MCMC sampling
for each of our targets, we have used 30 walkers and 100,000 iterations for each
independent walker. Such a large volume of sampling is done in order to handle
the large number of model parameters and high volume of photometric data under
simultaneous modelling of multiple transit events. The aim has been to assess the
robustness of the convergence of the sampling parameters such that a high accuracy
in the derived parameters is achieved. Such a large computation is practically
impossible without the incursion of parallel computing. For this purpose, our
software package for modelling and data analysis has been facilitated with parallel
computing using the Python-based multiprocessing library. We have used the high
performance computing facility (NOVA) at Indian Institute of Astrophysics (IIA)
for our numerical computation. We have discarded the first 10,000 iterations for

each walkers as burn-in and accepted the rest 90,000 iterations for obtaining the
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posterior distributions. We have shown the corner diagrams depicting the posterior
distributions of the transit parameters and the GP regression coefficients from our
MCMC sampling in Figures 2.6-2.10.

We present the best-fit transit models, best-fit GP regression model, and the mean
residual fluxes in Figures 2.1-2.5. The estimated values of the physical properties
for our target exoplanets with 1o error have been given in Table 2.3-2.7 and the
estimated values of mid-transit times along with the GP regression coefficients for

each transit light-curves have been given in Table 2.8.

2.3 Derived parameters

The posterior distribution of the transit parameters from the MCMC sampling along
with the adopted physical properties of the target exoplanets and the host stars as
given in Table 2.1 are used to estimate the values of some other physical parameters.

We have estimated the transit duration 774 for each of our targets at each photo-

metric band using the relation,

P . (14 R, /R, )2—1?
Ty = — 1 L . 2.4
14 7Tsm < J@ R ) ( )

The inclination angle of the planetary orbit ¢ is estimated using the relation,

i=cos ! (bf%) (2.5)

We have estimated the mass M, and the equilibrium temperature T¢, of the target

exoplanets using the relations,

1/3 K
23 p RV
My = My (m) sin (26)

R
Teg=Tesr\| 5, (2.7)

For all the cases, we have assumed circular orbits, zero Bond albedo, and full

and

re-circulation of the incident stellar flux over the planetary surface. The estimated
values of all the derived physical properties for each of our targeted exoplanets are
given in the Table 2.3-2.7.
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Table 2.3: Estimated values of physical parameters for HAT-P-30 b

Parameter Filter This work J. A. Johnson et al. (2011)
Transit parameters
b 0.85461 0505+ 0.854 10008
R./a 0.143010-9013 0.1348 £ 0.0047
R,/ R, Vo 0.10753F000180 0.1134 4+ 0.002 T
R 0.113461)50193
I 0.1168375 00100
Limb-darkening coefficients
C v 0.32070020 0.1975 7
R 0.32010-020
I 032970050
Cy v 0.2801 0020 0.3689 T
R 0.2801 0020
I 0.27970033
Derived parameters
Ty [hr] 1% 2.186 0055 2.129 +0.036 T
R 2.213700%
I 222370021
a/R, 6.99470-009 7.42 £0.26
i [deg] 8298210082 83.6 £ 0.4
M, [My] 0.71210:931 0.711 +0.028
M, [Mg) 226.2193 226.0 & 8.9
Teq (K] 1686.1734% 1630 = 42
a [AU] 0.0394810- 00179 0.0419 = 0.0005
R, [Ry] Vo 1.2095T00082 1.340 £ 0.065 T
R 1.372010000°
I 14122700182
R, [Re] Vo 1456610250 15.02 £ 0.73
R 15.37910-258
I 1582970222

T value doesn’t corresponds to the mentioned wavelength filter.
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Table 2.4: Estimated values of physical parameters for HAT-P-54 b

Parameter Filter This work Bakos et al. (2015)

Transit parameters

b 0.7599 00050 0.7415010

R./a 0.07175F5:500%  0.0697 £ 0.001

R,/Ry Voo 0156161550501 0.1572 +£0.002 T
R 0.16898 000080

0.00176
I 0.1751610:00176

Limb-darkening coefficients

C 1% 0.627100% 0.4324 1
R 0.6851 0037
I 0.630 0008
Cy 1% 0.0801 5007 0.24571
R 0.080 15000
I 0.07910-06%
Derived parameters
Ty [hr] % 1.81970 0% 1.797 £0.0171
R 1.85510-020
I 1.872700%%
a/R, 13.94%5 19 14.34 £0.22
i [deg] 86.87370:030 87.040 £ 0.084
M, [M] 0.76115 03 0.760 £ 0.032
M, [Mg) 241.8*10% 242 £ 10
Teq [K] 832.0110% 818 & 12
a [AU] 0.03994 7500098 0.04117 + 0.00043
Ry, [Ry] Voo 09796700329 0.944 +£0.028T
R 10611750
I 1.09971) 5302
R, [Ra) 1% 10.980+-369 10.6 £0.37
R 11.89470373
I 12.3271045

T value doesn’t corresponds to the mentioned wavelength filter.



Table 2.5: Estimated values of physical parameters for WASP-43 b

Parameter Filter This work Esposito et al. (2017)
Transit parameters
b 0.681075- 0028 0.689 £ 0.013
R./a 0.2182+5-5013 0.2012 = 0.0057
R,/R. Voo 0164427000122 0.1588 4 0.004 T
R 0.16268700078
I 0.162147000153
J 0137515008
Limb-darkening coefficients
C 1% 0.62710-0%4 0.66 1
R 0.63210-0%8
I 0.68010-021
J 0.64370-032
Cs 1% 0.07970-007
R 0.0790-00
I 0.08170-00
J 0.0801 000
Derived parameters
Ty [hr] Vo 13046700098 1.164 £0.241
R 1.30167000%
I 13010700004
J o 1.2583100192
a/R, 4.58470-038 4.97 £0.14
i [deg] 81.461012 82.109 + 0.088
M, [M,] 199475072 1.998 £ 0.079
M, [Ms) 633.975%7 635.0 £ 25.1
Teq K] 148637332 1426.7 £ 8.5
a [AU] 0.0138710-00018  0.01504 £ 0.00029
R, [R/] Vo 11006105500 1.006 + 0.017 1
R 1.0900%0520
I 1085775087
J 0.919970:0338
Ry [Ra) Vo 1233670870 11.61£0.217
R 12218108
I 12,1697 528
J 1031175853

T value doesn’t corresponds to the mentioned wavelength filter.
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Table 2.6: Estimated values of physical parameters for TrES-3 b

Parameter Filter This work Sozzetti et al. (2009)
Transit parameters
b 0.831710-5000 0.84 4 0.01
R./a 0.168115-0024 0.1687 £ 0.0016
R,/ R, Vo 0.16483T00001¢ 0.1655 £ 0.002 T
R 0.172261 05002
I 0.167047050%51
Limb-darkening coefficients
C v 0.45410-022 0.4378
R 0.4471002%
I 0448005
Cy 1% 0.251700:3 0.2933
R 0.24910-012
I 0.2507 0013
Derived parameters
Ty [hr] 1% 138770012
R 14050016
I 13937001
a/Ry 5.94810-072 5.926 + 0.056
i [deg] 81.9670 13 81.85+0.16
My [M;] 195475 83 L1508
M, [Mg)] 621.1735-2 607.0307 53450
Teq [K] 1638.3737 5
a [AU] 0.022930:00002  0.0228270-000%8
Ry [R)] VoooLassUTO 1336tgustt
R 1.5555T00830
I 1510870052
R, [Re)] V. 1668070368 14.975 103171
R 17.43410-930
I 16.93510-59

T value doesn’t corresponds to the mentioned wavelength filter.
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Table 2.7: Estimated values of physical parameters for XO-2 N b

Parameter Filter This work Damasso et al. (2015)
Transit parameters
b 0.199310-65259 0.28710-053
R./a 0.120470-0059 0.1261 & 0.0017
Ry/R. Vo 01070275008 0104975 ggogs
R 0.097971500052
I 0.101647000052
Limb-darkening coefficients
C 1% 0.503+3:939 0.4741 00301
R 0.466 10033
I 04870056
Cy 1% 0.20179:013 017100677
R 0.19410-010
I 0.19970-014
Derived parameters
Tya [hr] % 2.62870 0% 2.7024 £ 0.006 T
R 2.60610 0.5
I 2.61570013
a/R, 8.308 0959 7.92810059
i [deg] 88.6370:21 87.96103
M, [M}] 0.59510-021 0.597 + 0.021
M, [Mg] 189.1787 189.737 + 6.674
Teq (K] 1308.4717%
a [AU] 0.0385105013  0.03673 % 0.00064
Ry, [Ry] Vo 0.99961 0052 1.019 £0.031 T
R 0915510977
I 0.9492%06208
Ry, [Ro) % 11.26470:25% 11.422 £ 0.3471
R 10.262703%
I 10.64010378

T value doesn’t corresponds to the mentioned wavelength filter.
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2.4 Results and Discussion

Our study involves the photometric follow up observations of five hot-Jupiters using a
1.3m (JCBT) and a 2m (HCT) class telescopes. Table 2.1 shows that the observations
from HCT have a better S/N and time-cadence. This can be attributed to the large
aperture of HCT, short readout time of the new CCD installed at the back-end
(HFOSC2), and good observational condition at the site of IAO. However, the
observations from JCBT also show good S/N and have been extremely useful in
complementing the observations from the HCT. Since the number of nights allocated

at each telescope is limited, we use both the telescopes for our observations.

Figure 2.1-2.5 demonstrate that the Wavelet Denoising technique is a useful tool
for the reduction of the time-uncorrelated noise components and outliers from the
transit light curves. Also, we have avoided excessive smoothing of the light-curves
by cautiously choosing the decomposition levels and threshold levels while using this

denoising technique.

The GP regression method has very effectively modelled the correlated noise
components in the transit signal as shown in Figure 2.1 - 2.5. The origin of this
correlated noise component is not only attributed to the low-scale variability of
the exoplanet host-stars, but also to that of the reference stars used for differential
photometry. Since, the reference stars are different in most of the cases, due to various
observational reasons, the amplitude of the correlated noises are different for the
same target host star. Similarly, the correlated noise components are negligible for
some of the low-cadence observations from JCBT. Our analysis shows the efficiency
of GP regression technique in reducing the correlated noise components irrespective

of their origin and amplitude.

Our MCMC sampling includes a large number of sampling points, which is helpful
to remove any bias from the choice of prior values in the MCMC, thereby resulting
in an more accurate estimation of the free parameters. This is evident from the
near-normal distribution of most of the model-parameter posterior distributions as
shown in Figures 2.6-2.10. As can be seen from the estimated values of the mid-
transit times of our observed transit events, the independently estimated mid-transit
times for the same transit event observed from the two different telescopes (HCT
and JCBT) in three different instances [2020-02-05 for HAT-P-30 b, 2020-02-03 for
HAT-P-54 b and 2020-02-18 for XO-2 N b| are in perfect agreement with each other,
with the error-bar in the estimated value from the HCT observation being small due

to a better S/N. This proves the robustness of our analysis method in the estimation
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of these properties.

Due to the multi-band observations of the transit events, we have been able to
estimate the wavelength dependent radii of our target exoplanets with good accuracy
at each band. Even though the site conditions at IAO allows observation in the
infrared wavelengths, the S/N of the data observed using the TIRSPEC instrument
at the back-end of HCT is significantly low, especially in the context of transit
photometry. However, we managed to observe one frame in the J-band for WASP-43
b. Apart from this, all of the targets have been observed in V-, R- and I-bands. We
will further analyse these results to check if any information can be excavated about
the atmospheres of these planets with the help of the models we have developed for
transmission spectra (Chakrabarty & Sengupta, 2020; Sengupta et al., 2020).

We have compared the estimated values of the physical parameters for the target
exoplanets in our study with those from the previous studies (given in Tables 2.3-
2.7) to understand the effectiveness of the critical noise reduction and modelling
algorithm used in our study, and the improvement in the accuracy and precision in
the parameter estimation. While for most of the parameters, the estimated values
are in good accordance with those from previous studies, small differences in a
few parameter values can be attributed to the improvement in the quality of the
transit signals due to the use the noise reduction algorithms, thereby improving the
accuracy in parameter estimation. Also, the precision in the estimated values of the
transit parameters and the parameters which are directly derived from them have
been improved up to 4 times compared to the previous studies, which is significant
in the context of transit photometric studies of exoplanets. This improvement in
the uncertainties in estimated parameters is due to a better S/N in our follow-up
observations and further reduction of various noise components. On the other hand,
the estimated values of other derived parameters, which are dependent upon the
stellar properties of the host-stars for their estimation (adopted from the previous
studies and given in Table 2.1), have seen no significant improvements in their
precision. This is due to the large uncertainties embedded with those adopted values

of stellar parameters.

2.5 Conclusion

In this study, we have performed new multi-band transit photometric follow-up of
five hot-Jupiters, HAT-P-30 b, HAT-P-54 b, WASP-43 b, TrES-3 b and XO-2 N b,
using the 2m Himalayan Chandra Telescope (HCT) at IAO, Hanle and the 1.3m J.
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C. Bhattacharya Telescope (JCBT) at VBO, Kavalur. Taking the advantage of the
larger apertures of these telescopes compared to those used for previous studies of
these exoplanets, we have obtained transit light-curves with better S/N.

Our critical noise treatment analysis employs the Wavelet Denoising technique
for the reduction of time-uncorrelated noise components from the photometric light
curves without potential loss of signal due to transit origins and the Gaussian Process
regression technique to effectively model and compensate for the time-correlated
noise in the photometric signal simultaneously along with the transit modelling. We
have used the Markov Chain Monte Carlo (MCMC) sampling technique by adopting
the Metropolis-Hastings algorithm.

Due to the high S/N photometric follow-up observations as well as the adopted
highly optimised noise reduction and analysis techniques, the estimated physical
parameters from our study have a better accuracy and overall precision. Also, the
follow-up using multiple photometric bands have enabled us to estimate accurately,
the wavelength dependent physical properties which can be used as an outset for the
high-resolution atmospheric characterisation of these exoplanets in future.

Our ongoing project of follow-up studies of the exoplanets can be extended for
the study of other existing exoplanets in future. Also, the critical noise analysis
algorithm can be used for the analysis of transit light curves from the existing and
upcoming global exoplanet survey missions, such as the TESS (Transiting Exoplanet
Survey Satellite), for the estimation of physical properties of the detected exoplanets

with better accuracy, which have been discussed in the next chapter.
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Figure 2.9: Same as Figure 2.6, but for TrES-3 b
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Chapter 3
Critical analysis of space-based

transit photometric observations from
TESS *

3.1 Introduction

The transit photometric follow-up studies of known exoplanets are aimed at improving
their physical properties through repeated observations using better facilities and by
using improved noise reduction and analysis techniques (Chakrabarty & Sengupta,
2019; Christiansen et al., 2011; Esposito et al., 2017; Livingston et al., 2019; Saha
et al., 2021). The results from the follow-up studies over a prolonged period of
time can also be used to study the planetary dynamics and the presence of other
undiscovered planetary mass objects in those systems (Gillon et al., 2017; M. C.
Johnson et al., 2015; Maciejewski et al., 2018; Nesvorny et al., 2012; Patra et al.,
2017). The improved values of various planetary parameters obtained through follow-
up observations and precise noise reduction and data analysis would help interpreting
the observed transmission spectra of the exoplanets more accurately through precise
modeling (Chakrabarty & Sengupta, 2020; Sengupta et al., 2020).

The transit follow-up observation from the space-based telescopes has an edge as
they are unaffected by the variability of Earth’s atmosphere. Another advantage
of space-based telescopes is their longer available observational time as compared
to their ground based counter-parts that remain dormant owing to daylight and
unfavorable weather conditions. This longer available observation time is an useful
aspect in continuous monitoring and follow-up of successive transit events. The
Transiting Exoplanet Survey Satellite (TESS) (Ricker et al., 2015) is a space-based
survey mission for the discovery of new exoplanets around bright nearby stars. It is

also a powerful tool for transit follow-up studies of already discovered exoplanets,

tPart of this work is published in Suman Saha and Sujan Sengupta 2021 AJ 162 221,
doi:10.3847/1538-3881 /ac294d.
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because it covers a large portion (~ 75%) of the sky over the span of the entire
survey. Space based instruments as TESS are affected by the scattered light from the
Earth and the Moon, which causes increased background sky levels during certain
parts of certain sectors. Also, though the observations from TESS is deprived of
all noise components that arise by the interference of Earth’s atmosphere, the noise
components due to various instrumental effects and the stellar activity and pulsations
need to be effectively reduced in order to estimate the physical properties of the

target exoplanets with better accuracy and precision.

We have recently reported (Saha et al., 2021) multiband transit follow-up studies
of a few exoplanets with the implementation of critical noise reduction techniques
that provided improved physical properties. The present study is a continuation
of that project. Here we have used the photometric time-series data from TESS
to conduct transit follow-up studies of four hot Jupiters: KELT-7 b (e.g., Bieryla
et al., 2015), HAT-P-14 b (e.g., Torres et al., 2010), WASP-29 b (e.g., Hellier et al.,
2010), WASP-95 b (e.g., Hellier et al., 2014), and a hot Neptune: WASP-156 b
(e.g., Demangeon et al., 2018). The instrumental effects of TESS contribute to the
small scale fluctuations in the light-curves, which are uncorrelated in time. These
fluctuations are similar in effect to the fluctuations in the light-curves from the
ground-based telescopes due to the effect of Earth’s atmosphere (Chakrabarty &
Sengupta, 2019; Saha et al., 2021), but differ in magnitude scale, which is towards
the lower end for TESS. We have used the wavelet denoising technique (Chakrabarty
& Sengupta, 2019; Donoho & Johnstone, 1994; Luo & Zhang, 2012; Quan Pan
et al., 1999; Saha et al., 2021) to effectively reduce this noise component without
compromising the high-frequency components of the transit signals. The stellar
activity and pulsations result in small temporal scale correlated noise in the light-
curves. These noise components are treated by modeling them simultaneously along
with the transit signal using the Gaussian Process (GP) regression method (Barros
et al., 2020; Chakrabarty & Sengupta, 2019; M. C. Johnson et al., 2015; Pereira
et al., 2019; Rasmussen & Williams, 2006; Saha et al., 2021). The improvements
of the estimated physical properties due to the use of these critical noise reduction

techniques is also demonstrated (see section 3.4).

Following Chakrabarty and Sengupta (2019) and Saha et al. (2021), we have
modeled the transit light-curves by using the analytical transit formalism given by
Mandel and Agol (2002). This incorporates the quadratic limb-darkening effect
and uses the Markov chain Monte Carlo (MCMC) sampling technique by invoking
the Metropolis-Hastings algorithm (Hastings, 1970). From this modeling, we have
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Table 3.1: Physical properties of the host stars

KELT-7 HAT-P-14 WASP-29 WASP-95 WASP-156
Kpy [m s 138 £ 19 219+ 3.3 35627 175717 19+£1
R, [Ro] 1.715+0.049 1468 £0.054 0.808 £0.044 1.13£0.08 0.76 +£0.03
M, [Mg) 1.483 £0.069 1.386 £0.045 0.825+0.033 1.114+0.09 0.842 4 0.052
Terr K] 6789 £ 49 6600 £ 90 4800 £ 150 5830 +£ 140 4910 £61

Sources: KELT-7 b (Bieryla et al., 2015), HAT-P-14 b (Torres et al., 2010),
WASP-29 b (Hellier et al., 2010), WASP-95 b (Hellier et al., 2014), WASP-156 b
(Demangeon et al., 2018)

estimated the transit parameters for our target exoplanets and used them to estimate
the ephemeris parameters and other derivable parameter. For a streamlined flow
of data analysis and modeling, we have used our semi-automated software package,
previously used in Saha et al. (2021). We have compared the estimated parameter
values obtained from this study with those from the previous studies (see section
3.4) to determine the improvement brought upon by this work.

In section 3.2, we have detailed target selection and observations. In section
3.3, we have described data analysis and modeling procedures. In section 3.4, we
have discussed the significance of our results and in section 3.5, we have derived

conclusions.

3.2 Target selection and observational data

The TESS survey is aimed at detection of exoplanets around bright stars (9-15 mag),
with the upper end limited only to exoplanets with significantly high transit depth.
This is because the effective S/N decreases with the increase in magnitude. However,
the studies involving precise estimation of physical properties require photometric
observations with high S/N (2 100) and thereby limits the optimal magnitude for
such studies (< 12 mag).

For our current study, we have selected five exoplanets, e.g., KELT-7 b, HAT-P-14
b, WASP-29 b, WASP-95 b and WASP-156 b, all of which are orbiting around bright
stars with magnitude < 12, and are within TESS survey field. We have found large
uncertainties in their known parameter values with no significant follow-up studies.
The properties of the target host stars used in our analysis are listed in Table 3.1.
In this table Kgy is the radial velocity of the host star, R, and M, are its radius

and mass respectively in term of solar radius R and solar mass M, and T,y is its
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effective temperature. KELT-7 was observed in TESS sector 19, HAT-P-14 in 25
and 26, WASP-29 in 2 and 29, WASP-95 in 1 and 28, and WASP-156 in 4 and 31.
We have obtained the TESS PDCSAP light-curves (Jenkins, 2017; Smith et al., 2012;
Stumpe et al., 2012, 2014) of these target stars from the public Mikulski Archive for
Space Telescopes (MAST)*. From these light-curves, we have identified 9, 11, 11, 20
and 12 full transit observations for KELT-7 b, HAT-P-14 b, WASP-29 b, WASP-95
b and WASP-156 b respectively.

3.3 Data analysis and modeling

In this section, we describe the two most important aspects of this study, i.e. the
noise treatment and the modeling of the transit light-curves. For this part of the
study, we have used our semi-automated software package, written in Python and
used in our previous investigations (Chakrabarty & Sengupta, 2019; Saha et al.,
2021).

At first, we have sliced the long continuous TESS light-curves into smaller segments
concentrated around the observed full-transit events to obtain the transit light-curves.
We have used only full-transit observations in this study to account for the best
possible accuracy. To eliminate any long-term variability effects in these light-
curves, we have treated them with the baseline correction method following the same
procedure as in Saha et al. (2021).

To reduce the small-scale time-uncorrelated fluctuations in the light-curves due
to various instrumental effects, we have used the wavelet denoising technique
(Chakrabarty & Sengupta, 2019; Donoho & Johnstone, 1994; Luo & Zhang, 2012;
Quan Pan et al., 1999; Saha et al., 2021). For this purpose, we have used the
PyWavelets (Lee et al., 2019) python package for the wavelet based operations and
followed the procedure described in Saha et al. (2021). We have shown the transit
light-curves before and after wavelet denoising in Figures 3.1-3.6.

We have reduced the correlated noise components in the light-curves due to stellar
activities and pulsations by modeling them simultaneously along with the transit
signals using the GP regression method (Barros et al., 2020; Chakrabarty & Sengupta,
2019; M. C. Johnson et al., 2015; Pereira et al., 2019; Rasmussen & Williams, 2006;
Saha et al., 2021). Following Saha et al. (2021), we have used the formalism described
in Rasmussen and Williams (2006) for noisy observations. We have shown the best-

fit GP regression models over-plotted on the correlated noise components and the

*https://mast.stsci.edu/portal/Mashup/Clients /Mast /Portal.html
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Figure 3.1: Observed and best-fit model light-curves of one transit event for each of
our target exoplanets. For each observed transit, Top: the unprocessed
light-curve (cyan), light-curve after wavelet denoising (magenta), the
best-fit transit model (blue). Middle: the residual after modeling without
GP regression (magenta), the mean (blue) and 1-o interval (cyan) of the
best-fit GP regression model. Bottom: mean residual flux (blue). All
lightcurves used in this study are shown in Figures 3.2-3.6
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reduced mean residuals following the GP regression in Figures 3.1-3.6.

To model the transit signals, we have followed the analytical transit model for-
mulation given by Mandel and Agol (2002). This formulation incorporates the
limb-darkening effects of the host stars by using a quadratic limb-darkening for-
mula. In order to estimate the transit parameters for our target exoplanets, we
have used the MCMC sampling technique by incorporating the Metropolis-Hastings
algorithm (Hastings, 1970) for the simultaneous modeling of the transit light-curves.
A detailed description of the this technique can be found in Saha et al. (2021). We
have shown the best-fit transit models over-plotted on the observed and wavelet
denoised light-curves in the Figures 3.1-3.6. To understand the improvements in the
values of various physical parameters estimated by using our critical noise reduction
techniques, i.e. wavelet denoising and GP regression, we have also modeled the
transit light-curves of our target exoplanets directly without using these techniques.

One of the estimated parameters from the modeling of our transit light-curves is
the mid-transit times T>. These values of T are used to model the linear ephemeris
of these exoplanets with two free parameters, Ty and P, using the MCMC sampling
technique. Following the relations given in Saha et al. (2021), we have derived the
values of the remaining physical parameters from the estimated parameter values
and the adopted host star properties as listed in Table 3.1. We have tabulated all the
derived physical parameters of our target exoplanets in Tables 3.2-3.6. We have also
listed the best-fit GP regression model parameters in Table 3.7, while the estimated
mid-transit times with O-C deviations from the best-fit linear ephemeris are provided
in Table 3.8.
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Table 3.7: Best-fit GP regression model parameters

Target «a T

KELT-7b  0.000249670:0990011  (.0028050-000012
HAT-P-14 b 0.0003001 733900018 0.003201 10000029
WASP-29 b 0.0004297+0-0000015 () 0027007F9-000016
WASP-95 b 0.000339379:0000021 (). 002998+0-000056
WASP-156 b 0.000514970-0000127 () 52806+ 000077

3.4 Discussion

In this study, we have conducted transit photometric follow-up analysis of four hot
Jupiters, KELT-7 b, HAT-P-14 b, WASP-29 b, WASP-95 b, and a hot Neptune,
WASP-156 b, using the photometric observations from the TESS space-based tele-
scope, and using the critical noise reduction techniques, i.e. wavelet denoising and GP
regression. The main purpose have been to estimate the various physical properties
of these exoplanets more precisely and accurately.

Starting with the photometric observations from TESS, having a constant cadence
of 120 seconds of exposure time means a gradual decrease in S/N with the increase
in magnitude (Bryson et al., 2010). The visible difference in S/N is well noticeable
in the KELT-7, which is the brightest among all our target stars and the WASP-156,
the faintest one. However, in the present work, the absence of any fluctuations in
the light-curves from the atmospheric effects has given us an advantage over the
previous studies of our target exoplanets, all of which were based on observations
using ground-based facilities.

The small scale fluctuations in the light-curves caused by various instrumental
effects that are uncorrelated in time, are especially noticeable because of the absence
atmospheric effects. We have reduced them using the same wavelet denoising
technique which has been found to be efficient in our previous studies of transiting
exoplanets observed by using ground-based facilities. The time-correlated noise
components due to stellar activities and pulsations were also reduced by applying
GP regression method. It is worth mentioning here that the amplitude of these
correlated noise components in TESS observations is small compared to those from
ground-based observations. This is because of the fact that unlike their ground-based
counterparts, the space-based observations do not require differential photometric

method in order to tackle the effects of air-mass and atmospheric variability. This is



Table 3.8: Estimated mid-transit times

Target Epoch Tc [BJDrpg] O — C [sec]
KELT-7 b 0  2458816.51788410000120  —43.23
1 2458819.253384 7000005 18.61
2 2458821.987897T0 00005  —4.78
3 2458824.723077T0 0000 29.39
4 2458827.457495T000008T 224
5 2458830.1922101000005%  —8.20
6 2458832.9267921 0000058 —25.68
7T 2458835.661988T0- 00009 9.94
8 24 +0.000071
TR e
: —0.000093 —26.92
1 2458989.28140310-500078  26.23
2 2458993.908200100000%2  —50.61
3 2458998.535608 000000 —74.64
4 2459003.1652881 000008 97.57
5 2459007.792394 70000058 47.44
6 2459012.4195981 0000082 5.80
7 2459017.046880T000000%  —29.13
8 2459021.675296T0 00005 33.94
9 2459026.301697 000000 —77.07
10 2459030.930598 700000738 27.82
WASP-29b 0 2458356.415209700000%  29.26
1 2458360.33730910-500028  —23.58
2 2458364.260001100000% 2537
4 2458372.1058221 0000073 8.96
5 2458376.02807270 000092 —31.00
6 2458379.951496100000%¢  30.50
187 2459089.962194 7000000 12.68
188 2459093.884380000007T  —32.74
189 2459097.807400™0-000001 6.21
191 2459105.653298 7500000 34.71
192 2459109.575601T00000%  —0.57

ol
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Table 3.8: Estimated mid-transit times (cont.)

Target Epoch Tc [BJDpg] O — C [sec]
WASP-95 b 0 2458326.50611310-00005  17.64
1 2458328.69090110:000082 2896
2 2458330.8748261000000  —35.69
3 2458333.06040210 00001  42.88
5 2458337.428737T00000T 4318
7 2458341.79855210-000022 137
8 2458343.983001 10500152 —20.09
9 2458346.16790810000007  70.29
11 2458350.537197T 000005  —2.91
12 2458352.7219721 0500088 6.53
337 2459062.738413T000000%  15.67
338 2459064.92248615500000  —35.58
339 2459067.107641 155000 6.70
340 2459069.2926210 0000 33.86
341 2459071.476797100000  —8.41
343 2459075.846513 050005, 24.81
344 2459078.031202F5:5000%9  26.88
345 2459080.215201 5500069 —30.73
346 2459082.400225 10000070 25.42
347 2459084.584804 100000 ~7.3
WASP-156 b 0 2458414.135676 75 500157 —41.22
1 2458417.971972H0000172 —29.49
2 2458421.80959910000118  97.25
3 2458425.64483070000122  16.94
4 2458429.480008 0000158 —67.93
5 2458433.3172220000158  23.10
191 2459146.8424291000012 29,18
192 2459150.678210T 000150 —61.88
193 2459154.514789 10000188 —25.70
195 2459162.18830010 00015 77.08
196 2459166.022691 70000178 —75.71
197 2459169.860999 10500122 109.79
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Table 3.9: Estimated CDPP for lightcurves

Target CDPP [in ppm]

PDCSAP lightcurves After wavelet denoising After GP regression
KELT-7 b 138.0 134.5 40.3
HAT-P-14 b 227.0 222.7 117.2
WASP-29 b 243.4 231.1 131.1
WASP-95 b 245.4 241.7 97.8
WASP-156 b 328.2 319.5 189.7

also the reason why we have used a single set of GP regression parameters for each
of our targets.

We have estimated the photometric precision of the lightcurves at each step of
our critical noise treatment algorithm, by computing the Combined Differential
Photometric Precision (CDPP) noise metric (Gilliland et al., 2011; Van Cleve et al.,
2016) using the estimate_ cdpp module of Lightkurve (Lightkurve Collaboration et al.,
2018) package, and listed in the Table 3.9. We can see a small improvement in
the photometric precision due to the wavelet denoising technique and a significant
improvement due to the GP regression technique. The small improvement due
to wavelet denoising is desirable, as a large correction at this step will lead to a
over-smoothing of the lightcurves, resulting in deformation of the transit signals. On
the other hand, the GP regression is performed simultaneously alongwith modeling
for the transit signals, and thus a large correction has no impact in deforming the
lightcurves.

To appreciate the improvements brought upon by the critical noise reduction
techniques, we have also modeled the raw light-curves of our targets without using any
of those techniques. We have then compared the estimated values of various physical
parameters with those derived after using the critical noise reduction techniques (see
Table 3.2). We can clearly notice the improvements in the uncertainty limits in the
estimated and directly derived transit parameters achieved by using the critical noise
reduction techniques. This proves that the noise components can severely affect
the precision and overall accuracy of the estimated parameters when left untreated,
and therefore require critical noise reduction methods to reduce them efficiently.
However, there is no difference in the uncertainty limits of the estimated values for
the parameters that require the adopted properties of the host stars. This is because

of the large uncertainties in those stellar parameters.
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To understand the improvements in the values of the physical parameters of the
target exoplanets derived by us in the present work, we have also compared them
with their estimated values from previous studies. We have found a few order of
magnitude improvements in the values of the estimated transit parameters and
parameters derived from them directly. This is expected and can be attributed to a
combination of very high S/N photometric observations from TESS and the state-of-
the-art critical noise treatment algorithm used in our study. Only the uncertainty
limits in the estimated values for the orbital periods of KELT-7 b and HAT-P-14 b
are comparatively large. This is because of the fact that the follow-up observations
of these two planets are over a very limited number of transit epochs (9 and 11
respectively). This can be improved by further follow-up studies and combining the
results with the precise values for mid-transit times estimated in this study (see
Table 3.8). On the other hand, the estimated values of the parameters derived from
the stellar parameters, do not have significant improvements over uncertainty limits
because of very high uncertainties in the values of the adopted stellar properties.

Overall, our work has resulted into a more precise and accurate estimation of
the physical parameters for our target exoplanets as compared to that reported in
previous studies. This improvements are attributed to a better quality of photometric
data from TESS and reduction of various noise components using a critical noise

treatment algorithm.

3.5 Conclusion

In this work, we have critically analyzed TESS transit photometric data of five
already discovered exoplanets, e.g., KELT-7 b, HAT-P-14 b, WASP-29 b, WASP-95
b and WASP-156 b. Being a space based telescope, the TESS observations are
unaffected by Earth’s atmospheric interferences. Also, since all the target host stars
in our study were brighter than 12 magnitude, we have found high S/N in all the
transit light-curves.

In order to improve the quality of the transit signal in the light-curves, we have
reduced the noise components due to various sources by using a state-of-the-art
critical noise treatment algorithm that includes wavelet denoising and GP regression
methods. Thus, we have demonstrated the efficiency of these techniques in improving
the precision and overall accuracy of the estimated parameters.

The modeling of the transit light-curves has used the MCMC sampling technique,

which has provided extremely precise estimation of the physical parameters for our
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target exoplanets. This can be attributed to both the quality of the photometric
observations from TESS and the critical noise treatment algorithm used in this study.
We have compared our estimated parameter values with those from the previous
studies to show the improvements in precision and overall accuracy. The work
establishes the power of space-based photometric follow-up studies when combined

with a critical noise treatment approach.
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Figure 3.2: All observed and best-fit model light-curves for KELT-7 b, with descrip-
tions same as Figure 3.1
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Chapter 4
Transit light curves for exomoons:

Analytical formalism 3

4.1 Introduction

The large number of natural satellites around the planets in our Solar system suggests
a high possibility of the existence of such sub-planetary bodies around many of the
exoplanets discovered till date. In the past two decades, more than four thousand
exoplanets with a wide range of size and mass have been discovered by using various
detection techniques. However, the discovery of natural satellites (also known as
exomoons) in those systems still remains elusive.

Out of the various detection techniques used for the discovery of exoplanets, the
transit method has been proven to be the most effective. Apart from detection, the
transit method also provides a way to estimate the size and orbital properties of
the exoplanets accurately. However, a shortcoming of the transit method is that
the transit probability decreases with the increase in the orbital distance of the
exoplanets from their host-stars. Also, with the increase in the orbital distance, the
orbital period of the exoplanets increases reducing the probability of detection as
it requires continuous monitoring for a longer time-period to confirm the detection.
Both these factors have severely constrained the discovery of exoplanets in wider
orbits. Previous studies (Dobos et al., 2021; Namouni, 2010; Spalding et al., 2016)
has shown that the exoplanets in close-in orbits are likely to lose any natural satellite
during the orbital migration. This could be the prime reason behind the lack of
discovery of exomoons around the planetary systems discovered till date. With the
installation of dedicated survey telescopes, both ground-based and space-based, and
a combination of the observations from multiple observing facilities can enable the
detection of exoplanets in wider orbits in near future. Such facilities may also enable

to detect the natural satellites around the exoplanets.

$Part of this work is published in Suman Saha and Sujan Sengupta 2022 ApJ 936 2,
do0i:10.3847/1538-4357 /ac85a9.
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Another major factor that makes it difficult to detect the exomoons through
photometric transit method is the requirement of extreme precision. Survey missions
like the CoRoT, Kepler and TESS, and the 2m class Hubble Space Telescope have
made it possible to detect and study exoplanets as small as the Earth. However, the
detection probability of such smaller exoplanets is more around the smaller late-K or
M dwarf stars compared to the larger stars of similar apparent magnitude. This is
because the precision required to detect exoplanets is proportional to the ratio of disc
area of the planet to the star. On the other hand, the largest of the natural satellites
in our solar system has a radius even smaller than half of the radius of the Earth.
Such smaller natural satellites may be abundant in many exoplanetary systems, but
their detection would require a much better photometric precision. All these factors
sum up to the inference that the detection of exomoons would require a precision
higher than that achievable using the currently available instruments. However, the
next generation large telescopes, such as the James Webb Space Telescope (JWST),
the European Extremely Large Telescope (E-ELT), the Thirty Meter Telescope
(TMT), and the Giant Magellan Telescope (GMT) etc. will make it possible to
achieve such extremely high precision. Also, the major improvements in small-scale
noise reduction techniques (Chakrabarty & Sengupta, 2019; M. C. Johnson et al.,
2015; Livingston et al., 2019; Saha & Sengupta, 2021; Saha et al., 2021) will help in

such studies to improve the precision of photometric lightcurves.

As a consequence, it’s very much likely that the improved facilities in near future
will make it possible to detect the exomoons through photometric transit method. In
that case, a self-consistent and mathematically straightforward analytical formalism
will be necessary to model the transit lightcurves of stars having moon hosting
planets and to estimate the physical properties of the exomoons. The theoretical
models need also to be unambiguous enough to be applicable for all possible realistic
scenarios of the position of the exomoon with respect to the host exoplanet, and
will thus help to strategize the observational parameters to such extremely time-
critical observations. We therefore, present in this study a comprehensive and generic
analytical formalism for the lightcurves of a transiting exoplanetary system with
a exomoon in terms of the radius and orbital parameters of both the planet and
the moon. An important aspect of such formalism is to formulate the motion of
the three bodies in a common reference frame with respect to the observer. The
existing formalism (D. M. Kipping, 2011; Teachey & Kipping, 2018) rely on the
rotational transformation of the individual orbits for this purpose. On the other

hand, we present a comparatively simple and straightforward analytical formalism
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by taking into account only the physically significant orbital parameters of the
exoplanet and a circularly orbiting exomoon, such that one can easily model the
transit light curves for every possible orbital alignments of the system. To account
for the independent spacial inclination of the orbits of the planet and the moon in a
simpler way, we have used a two angular parameter approach. We have also provided
direct and straightforward solutions to the conditions for various alignments of the
star-planet-moon system, especially for the cases where all the three circular bodies
intersect with each other. In section 4.2, we discuss the analytical formalism; in

section 4.3, we present the results; and in section 4.4, we conclude our study.

4.2 Analytical formalism

Let’s consider a natural satellite or moon with radius r,,, orbiting a planet with
radius 7y, where r,,, and 7, are expressed in term of the radius of the star. If the moon
is sufficiently massive, the barycenter of the planet-moon system will be significantly
away from the center of the planet even though it lies inside the planetary surface.
However, the barycenter will follow the same orbit as the planet would in the absence
of a moon. In order to achieve a simple analytical formalism, we have considered a
circular orbit for the barycenter around the star. This provides us the advantage
of the underlying symmetry. For most of the cases, the orbital eccentricity of an
exoplanet can only be estimated by using the radial-velocity method, and a prior
knowledge of it would be required to model the transit lightcurve correctly. However,
in the absence of a prior information of the eccentricity, by modeling the transit
signal for a circular orbit would result in a slightly different value for the orbital
semi-major axis and the orbital inclination of the planet. However, it wouldn’t affect
the orbital properties of the moon.

In the formalism presented here, we have used subscripts s, p, m and b to denote
the star, the planet, the moon and the planet-moon barycenter respectively. Now,
the separation of the barycenter of the planet-moon system from the center of the

star is given by,

Zah = Qp \/sin2 0y, + cos? 0y, cos? 4, (4.1)

Op = —-(t — ton) (4.2)
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where ay is the semi-major axis; 7 is the inclination angle; 6 is the orbital phase;
Py is the orbital period; and ¢, is the mid-transit time of the planet-moon barycenter
around the star.

If we consider the distance between centers of the moon and the planet to be
Tpm, the distance of the center of the moon from the planet-moon barycenter is
am = Tpm /(1 + My, /Mp), where M, is the mass of the moon and M, is the mass
of the planet; and the distance of the center of the planet from the planet-moon
barycenter is a, = 7py — am. Now, the separation between the center of the moon

and the barycenter of the planet-moon system is given by,

Zmb = Gm \/sin2 0, + cos? 0, cos? iy, (4.3)
2
m

and, the separation of the center of the planet from the barycenter of the planet-

moon system can be written as

Zph = p \/sin2 0, + cos? 0, cos? i, (4.5)

where a,, is the semi-major axes of the moon, a, is the semi-major axes of the
planet; i,, is the inclination angle; 6,, is the orbital phase; P, is the orbital period;
and tgy,, is the mid-transit time of the moon around the planet-moon barycenter.
Note that, the orbital inclination angle of the moon is also measured with respect to
the point of view of the observer. The separation between the center of the planet

and the center of the moon is,

Zpm = Zmb T Zpb (46)

We denote the angle between the major axes of the projected orbits of the planet-
moon barycenter around the star and the moon around the planet-moon barycenter
as yyp (see Figure 4.1). Now, the separation between the centers of the planet and

the star can be written as,

Zop = \/ng + Zﬁb — 224 2Zpp COS P (4.7)

O=amp+n—m (4.8)
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Figure 4.2: (I) Alignment with star-planet and planet-moon intersections showing
l1s and las, the separation of the star from the points of intersection of
the planet and the moon; (II) Alignment with star-planet and star-moon
intersections showing l1, and [y, the separation of the planet from the
points of intersection of the star and the moon; (III) Alignment with star-
planet and star-moon intersections showing l1,, and ls,,, the separation
of the moon from the points of intersection of the star and the planet.

cos—1 cos 0y, cos ip , 0<0,<m
n = \/sin2 Op+cos? 0, cos? iy (4 9)
~ cos] o8 O cos ip —m<0,<0 ‘
\/sin2 O+cos? Oy cos? iy, B
cos—1 08 O, COS im 0<0, <
= /5102 O, +C082 Oy OS2 i - (4.10)
~ cos] 0S8 Oy COS Ty , —m<0,<0

V/$in 0,1, 4082 O,y OS2 iy
where ¢ is the angle between zg, and z,,. Similarly, the separation between the

centers of the moon and the star is written as,

Zsm = ng + zgﬂ) — 224pZmb COS P1 (4.11)

pr=m—¢ (4.12)

If the ratio between the mass of the moon and the planet is assumed very small,
the barycenter of the planet-moon system could be approximated at the center of
the planet, i.e. a, = 0, in which case the model simplifies to z,, = 0, 25, = 24 and
Zpm = Zmpb-

The separation of the star from the points of intersection of the moon and the

planet (see Figure 4.2 and Appendix 4.4) are given by,
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Figure 4.3: An instance of all possible cases of alignments for the star (blue), the
planet (red) and the moon (green).
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2 2 2 2 2 2
zé 4+ z4  —Zz re—ri + 2
lis = rg + zgp — 2rpzgpcos | cosmt PO 4 ool BT P
2ZspZpm 22pmTp
(4.13)
2 2 2 2 2 2
9 9 7lzsp—|—zpm—zsm 71rp—7“m+zpm
los = Tyt 25 — 2rpzsp cos | cos — cos
2ZspZpm 22pmTp
(4.14)

Similarly, the separation of the planet from the points of intersection of the moon

and the star are given by,

2 2 _ 2 2 2
Zem T 2 Z r2 — 14z
lip = |72 + 23, — 2rmzpm cos | cos™! P9 P 4 ol Tsm
2mezsm 2ZsmTm
(4.15)
2 2 _ .2 2 2
Zim 2 z r2 —1+2
loy = A [12 + 22 — 2rzpm cos | cos™! 2 P pg—lm | Tsm
p m pm P D) 2
Zpm~Zsm ZsmTm
(4.16)

Also, the separation of the moon from the points of intersection of the star and

the planet are given by,

22+ 22 — 22 r2 — 1+ 22
lim = |73 + 22, — 2rpZpm cos | cos™! PR 2P P 4 cos1 B— P
22pmZsp 2ZspTp
(4.17)
22 4 22 — 22 r2 — 1+ 22
lom = (|72 + 22, — 2rpZpm cos | cos™! e e ——
22pmZsp 22spTp
(4.18)
The normalized flux from the star is given by,
F/
F=1-—— (4.19)

Fr
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where Fr is the un-obscured flux of the star, and F” is the occulted flux. If FZQ is
the flux occulted by the planet and F), is that by the moon, then

F'=F +F, (4.20)

Under small-planet approximation, i.e., 7p, 7, S 0.1, we follow the prescription by
Mandel and Agol (2002). Hence, we have,

20y [P
Fy= 2—172/ I(p)pdp (4.21)
(p2p o plp) Pip
24 pom
B e [ ity (122
(me - p1m> Pim
(Oa Zsp T Tp)a Zsp < Tp,
(p1p7p2p) = (Zsp - Tp, Zsp + Tp), Tp < Zsp < 1 — ’I"p’ (423)
(ZSP_TP71)7 ]-_Tpgzsp<1+7ﬁp
(Oa Zsm + Tm)a Zsm < T,
(P1ms> P2m) =  (Zsm — Ty Zsm +Tm)s Tm < Zsm < 1 — T, (4.24)
(Zsm_rmal)a l—rpm <zgn<1l4+r,

where I(p) is the specific intensity, p being the radial distance; A, is the area of
the stellar disk occulted by the planet; and A,,, is that occulted by the moon.

Thus, the normalized flux from the star can be written as,

2 Aop Pae Aom pam
F=1- ol 2 — 20 I(p)pdp + VIR I(p)pdp (4.25)
T (Pzp - P1p) Pip (P53 — P1m) Pim

Different alignments of the star, the planet and the moon result into different values
of A,y and A,y,. We have categorized all the possible alignments into 22 cases, as
shown in Figure 4.3. Similar categorizations were previously provided by Fewell (2006)
and D. M. Kipping, 2011. However, we have made a more concise categorization
considering only the physically feasible alignments and a more straightforward criteria
for where they hold. The conditions where these cases hold, along with the values of
Agp and Ay, are listed in Table 4.1. Various terms for the area used in Table 4.1

are as following.
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Ap = 7T7“£ and A, = mr2, are the disc areas of the planet and the moon respectively.

Agp, Apm and Ay, are the areas of intersections of star-planet, planet-moon and

star-moon respectively (Mandel & Agol, 2002), given by,

1 -
Asp = cos™ ——— +1,c08

2 _ .2 2 2 _ .2, .2 2 _ .2 2 )2
2o A" T Tmt m o 1 Tm T T Zm o o (5Tt Zm)
Apm = 1,c08 +r;,c08 =\ ZpmTp —
22pmTp 22pmTm 4
(4.27)
2 2 2 2 2 2 )2
_ fll_rm—i_zsm 2 717ﬂm_1+zsm 2 (1_Tm+zsm)
Agm = cos™ " ————= 41, cos  ——— — [ 25, —
2Z2sm 2ZsmTm 4
(4.28)

Following a similar formalism as given by Fewell (2006), the area of intersection of
all the three bodies, i.e., the star, the planet and the moon, (see Figure 4.4) can be
written as,

Aspm1 = Ap + Asa + Apa + Amal (4.29)

when D > 0. Otherwise,

Aspm? = AA + Asa + Apa + AmaQ (430)

where,

D = (Cma: - Cpmx)(csmy - Cpmy) - (Cmy - Cpmy)(csmx - Cpmx)- (431)

which determines whether more than half of the moon is within the arc area (see
Figure 4.4).

In the above expressions,

Ap = +/5(5 = 55p) (5 — Spm) (5 — Ssm), (4.32)

Age = sm—lsme - S”T’”ﬁ [4— 2, (4.33)
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—1Ssm Ssm Ar2 _ g2

Apq = r2sin (4.34)

PT 9, 4 VTR e
p

Amal = r%,bsm_ljri — %1 [4r2, — 52, (4.35)
m
A o= g2 gip L 050 Ssp 2 2
ma2 = T Sin 5 + 1 4rg, — S5ps (4.36)
m

Ssp = \/<Csmx - Cpm$)2 + (csmy - Cpmy)Qa (4.37)
spm =/ (Cspr — Csma)? + (Cspy — Csmy)?, (4.38)
Sgm = \/(cspx — Cpma)? + (Cspy — Cpmy)?, (4.39)

s= 27 Sp;” T Som (4.40)
(Cma, Cmy) = (Zsm €OS Ogm, —Zsm SN Ogpm ), (4.41)

2 2 2
Zsp + Zgm — zpm7 (4.42)

coS Ogm =
22spZsm

1—r24 22 1—72 422\ 7
p Sp p Sp
(Cspx, Cspy) = [T’ —\/]_ - (T 5 (443)

/ / : / . /
(Comas Csmy) = (Cyma COS Ogm + Comy S Osmy —Copg SIN G, + Copyy) €OS dsm), (4.44)

2
1—7r2 + 22 1—7r2 + 22
/ / .
(Coma> Comy) = [—QZm =, \/ 1— (—gsm smo) (4.45)

_ /! /! . /! : /!
(Cpmas Cpmy) = (—cpmm €08 Opm + Cpy SN Opm, — Zsp, —Cpyg ST O, + Cppyyy €OS dpm),

(4.46)
2 2 2 2 2\ 2
/ / TP T + Zpm 9 Tp = Tm + Zpm
and ) ) )
B + 25, — 2
oS Oy = —2—P T (4.48)

2Zsp2Zpm

Here, A is the area of the triangle and Agq, Apa, Ama1 and A2 are the areas of
the arcs within the area of intersection of the three bodies (i.e., the star, the planet
and the moon); cgp, ¢pm and cgy, are the coordinates of intersection of the three

bodies; and ¢, is the coordinate of the center of the moon.

Agp and Agpy,, the areas of the stellar disk occulted by the planet and the moon

respectively.
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Cpmx,Cpmy)

(Csmx yCsmy

Figure 4.4: Alignment with intersection of all the three bodies (i.e., the star, the
planet and the moon) showing A, the area of the triangle and Ag,, Apq
and A;nq1, the areas of the arcs within the common area of intersection
of the three bodies.



Table 4.1: Different cases of star-planet-moon alignments

Case Conditions Aop Aom
1 Zsp = 1+ 1p 0 0
Zsm = 1+ 1
2 Zsp = 141 0 Asm
147 > 2em>1—1p
3 Zep > 141 0 Apm
Zem <1 —1py
4 Zop 1 —1p Ap 0
Zpm = Tp+Tm
Zem > 1+1m
5) Zep <1 —1p Ap Agm

Zpm = Tp+Tm
1470 > 2em>1—1p
6 Zep 1 —1p Ap A

Zpm = Tp+Tm
Zsm <1 —1m

7 Zep < 1 —1p Ay Apm— A

Tp+Tm > Zpm > Tp — Tm
Zsm <1 —1py

8 Zop 1 —1p Ap 0

Zpm S Tp — Ty
Zsm < 1—1rp

9 2p <1 —rg Ap  Asm — Apm

1470 > 2em>1—1p

10 L+rp>zp>1—1y Agp 0
Zsm = 1+ 1

11 L+ry > 25p > 1 =1y Agp Agm
Zm 2 Tp+ T'm

147 > 2em>1—1p

75
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Table 4.1: Different cases of star-planet-moon alignments (cont.)
Case Conditions Aop Aom

12 I+rp>zep>1—m, Agp A
Zpm = Tp+Tm

Zsm <1 —1p,

13 1+rpy>zp>1—1p Ay  Ap—Apm
Tp+Tm > Zpm >Tp —Tm

Zsm <1 —1p,

14 1+rp>zep>1—1 Asp 0

Zpm S Tp — T

15 T+rp>2pm>1—1p Asp  Asm — Aspm1
Tp+Tm > Zpm > Tp — T'm
1471y > 2em >1—1m

l1m>7“m>l2m
D >0

16 Ltrp>z2p>1—1, Asp  Asm — Aspm2

Tp+Tm > 2pm >Tp —Tm
14+7r, > 2em>1—1p
lim > rm > lom
D <0
17 1+rp>zp>1—1p, Asgp  Asm — Apm

Tp+Tm > Zpm > Tp — Tm
1+7r, > 2em >1—1
1> 1l15 > las
hyp 2 lop 21p

bim > lom > 1

18 1+rpy>2zpm>1—1 Asp Agm
Tp+Tm > Zpm >Tp — Tm
1+7ry, > 2em >1—1

lis > los > 1
lip > lop > 1p

bim = lom > 1m
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Table 4.1: Different cases of star-planet-moon alignments (cont.)

Case Conditions Aop Aom
19 L+rp>zep>1—1 Asp Am — Apm
Tp+Tm > Zpm > Tp —Tm
1+r, > 2em >1—1
1> ls > los
rp 2> lip > lop
lim 2 lom > Tm
20 L+rp,>zgp>1—1 Asp 0
Tp+Tm > Zpm > Tp — Tm
1+r, > 2em >1—1
lis > 1las > 1
rp 2> lip > lop
lim 2 lom > Tm
21 1+ry>zp>1—1, Asp Agn — Agp
Tp+Tm > Zpm > Tp —Tm
1+r, > 2em >1—1
lis =2 las > 1
lip > lop > 1p
Tm = lim > lom
22 L+rpy>z2p>1—m1 Ay Asm — Apm + (Ap — Agp)

Tp+Tm > 2sp > Tp — T
1+r, > 2em >1—1
1> l1s > las
lip > lop =1y

Tm > lim > lom

Note: A, and A,y are the areas of the stellar disk occulted by the planet and

the moon respectively.
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4.3 Results and discussion

The model parameters in the present formalism are 7, rm, top, toms Pos Pm, Tpms
M,/ My, iy, im, Qmp, and the limb-darkening coefficients of the host-star defining
I(p), where all the distances are in terms of stellar radius. Here we have used the

quadratic limb-darkening formula (Claret, 2000; Claret & Gimenez, 1990), given by

I(p)/1(0) = 1 —us(1 — ) — uz(1 — p)?, (4.49)

where ;1 = /1 — p2, and u; and us are the quadratic limb-darkening coefficients.

While generating the model transit lightcurves, we have used the analytical
quadratic limb-darkening formalism for transit flux given by Mandel and Agol (2002).
In the absence of such an analytical quadratic limb-darkening formula, we have used
the small-body approximation to estimate the transit flux for the cases where all the
three circular bodies overlap (see Section 4.2).

Let us now consider a scenario with r, = 0.1, r,;, = 0.01, to, = 5 days, tom, = 10
days, P, = 300 days, P, = 20 days, rpm = 200, M,/M,, = 1411, i, = 90°, i,, = 90°,
amp = 0%, u; = 0.4 and uo = 0.25. Clearly, i, = i,, = 90° implies that both the
planet and the moon are transiting through the center of the star, and that combined
with «,,, = 0° implies that the orbit of the moon is aligned with the orbit of the
planet, i.e., both the planet and the moon are in the same orbital plane. The transit
lightcurve for this scenario is shown in Figure 4.5(a). Usually, the transit of the
moon can take place before, during or after the transit of the planet depending upon
a combination of various parameters. For this scenario, we can see that the transit of
the moon starts after the end of the planet’s transit, as the moon is placed in a wide
orbit around the planet and its position makes it highly trailing while transiting the
star. If we change the position of the moon by replacing tg,, = 8 days, as shown in
Figure 4.5(b), we can see that the transit of the moon starts before the end of the
transit of the planet.

The alignment of the orbit of an exomoon depends upon the formation and
evolution path it followed. If the moon is formed from the circumplanetary disc,
there is a higher probability for its orbit to be equatorial and it might be co-aligned
(co-planer) with the planetary orbit (Peale, 1999). On the other hand, if the moon is
formed through planetary capture or collision, its orbit may not be co-aligned with
the orbit of the planet. Both these situations can easily be modeled by using our
formalism. When 7, = 4,, and «,,,;, = 0, the orbits are co-aligned. On the contrary,

when iy, # iy, and/or au,;, # 0, the orbits are no longer co-aligned with each other. To
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demonstrate it, lets consider a scenario by replacing «,,; = 20° in the first scenario.
As shown in Figure 4.6(a), we can see that both the transit depth and duration of the
moon has decreased. This is because, in this case the moon is transiting towards the
edge of the star instead of through the center as was in the case of the first scenario.

Obviously, if the moon is in a position such that it is fully transiting the planet or is
fully eclipsed by it, while transiting the star, no transit signal due to the moon could
be observed. Also, if the moon is in a wide and highly inclined orbit as compared
to that of the planet, it may not transit the star every time the planet transits it
(Martin et al., 2019). For example, if we replace a,,; = 30 in the previous case, no
transit is observed for the moon. However, if the position of the moon is changed by
replacing to,, = 8 days, the transit of the moon is observed as shown in Figure 4.6(b).
Combining these factors along with the fact that exomoons are more likely to be found
around planets in wider orbits around their host-stars, i.e. planets with much longer
orbital period than a few days, it would require long period surveys continuously
monitoring a particular portion of the sky to detect the exomoons. However, such
surveys are also likely to increase the number of large period exoplanets, including
the habitable-zone terrestrial exoplanets, thereby increasing their effectiveness by

detecting many interesting planetary and sub-planetary mass bodies.

The photometric precision required to detect the exomoons is directly related to
the transit depth, which is in turn dependent upon the ratio of disc area of the
moon to that of the star. The required photometric precision is minimum for an
exomoon in a system with a smaller M-dwarf type star. Lets consider such a system
with a moon of the size of the Moon around a planet of the size of the Earth, i.e.
rp = 0.075, ry, = 0.02, to, = 5 days, to, = 10 days, P, = 60 days, P, = 15 days,
Tpm = 25, My /My, = 81, iy = 90°, iy, = 90°, vy = 0%, ug = 0.4 and ug = 0.25, the
light-curve for which is shown in Figure 4.7(a). If we change the position of the moon
by replacing tg,, = 5 days, there would arise a scenario where the moon transits the
planet while simultaneously transiting the star as well. Such a scenario is presented
in Figure 4.7(b).

To demonstrate the affect of the moon on the transit timing of the planet, we have
co-plotted the transit lightcurve of the planet in the absence of a moon in Figure
4.7(a). Comparing the two lightcurves, the transit-time-variation (TTV) can be
observed. For a practical scenario, it could be difficult to detect the TTV in the
observed transit data, as the barycentric offset from the center of the planet is quite
small compared to the distance between the centers of the planet and the moon,

even for a smaller mass ratio between the planet and the moon (e.g. the earth-moon
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Figure 4.5: Transit light-curves of a moon hosting exoplanetary system: (a) with
rp = 0.1, 7y, = 0.01, toy, = 5 days, tom, = 10 days, P, = 300 days, P, = 20
days, rpm = 200, M,/M,, = 1411, i, = 90, iy, = 90°, oy = 0%, ug = 0.4
and ug = 0.25; and (b) replacing to,, = 8 days.
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Figure 4.6: Transit light-curves of a moon hosting exoplanetary system: (a) with
rp = 0.1, 7y, = 0.01, toy, = 5 days, tom, = 10 days, P, = 300 days, P, = 20
days, rpm = 200, My/My, = 1411, iy = 90°, ip, = 90°, vy, = 20°,
u1 = 0.4 and uy = 0.25; and (b) replacing g, = 8 days and a,, = 30°.
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Figure 4.7: Transit light-curves of a moon hosting exoplanetary system: (a) with
rp = 0.075, rp, = 0.02, to, = 5 days, to,, = 10 days, B, = 60 days,
Py, = 15 days, rpm = 25, Mp/My, = 81, iy = 90°, iy, = 90°, oy = 0°,
u1 = 0.4 and ug = 0.25; and (b) same but with tg,,, = 5 days. The dashed
red lines show the transit lightcurves of the planet in the absence of a
moon. The transit-time-variation (TTV) due to the presence of a moon
can be observed in (a).
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system, where M,/M,, ~ 81).

On the other hand, a higher precision would be required for systems with a
larger host-star. The minimum photometric precision required to detect a terrestrial
exoplanet of the size of the Earth around a star similar to the Sun is about 100
ppm (parts-per-million). Therefore, a precision much better than that would be
required to detect the exomoons around such systems. Such extremely high precision
is expected to be achievable using the next generation large telescopes, such as the
James Webb Space Telescope (JWST), the European Extremely Large Telescope
(E-ELT), the Thirty Meter Telescope (TMT), and the Giant Magellan Telescope
(GMT) etc. Also, the instrumental and atmospheric noise effects has to be minimized
for such observations. This can be achieved by using small-scale noise reduction
techniques such as the wavelet denoising (Chakrabarty & Sengupta, 2019; Donoho &
Johnstone, 1994; Saha, 2023; Saha & Sengupta, 2021; Saha et al., 2021). The stellar
variability and pulsations can also cause a challenge in such observations, which need
to be reduced using techniques like the Gaussian process regression (Chakrabarty
& Sengupta, 2019; M. C. Johnson et al., 2015; Rasmussen & Williams, 2006; Saha,
2023; Saha & Sengupta, 2021; Saha et al., 2021).

4.4 Conclusion

In this study, we have presented an analytical formalism to model the transit
lightcurves for a system with a transiting exoplanet hosting an exomoon. The
formalism uses the radius and orbital properties of both the planet and the moon as
model parameters. The orbital alignment of the moon is taken care by introducing
two angular parameters and hence both co-aligned and non-coaligned orbit of a moon
with respect to the planetary orbit can be modeled easily. This also enables to model
every possible scenarios of alignments for the star-planet-moon system using this
formalism.

The detection of exomoons requires extremely high precision observations which
is expected to be achievable using the next generation very large telescopes along
with the implementation of the existing critical noise reduction techniques. In such
possibilities, our transit formalism could be useful to model the lightcurves in order
to characterize the physical properties of the exomoons as well as to simulate every

possible scenarios and make strategies for such extremely time-critical observations.
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Appendix: Derivation of [;; and [o4

Figure 4.8: Alignment of the three bodies with star-planet and planet-moon intersec-
tions.

From Figure 4.8, the angles v; and 2 can be written as,

= cos ! ng - sz = Zom (4.50)
mn 2ZspZpm )
2 2 2
r, =Ty T2
Yo = cos_l( £ 2zm " pm) (4.51)
pmTp

Now, [1s and log can be written as,
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l1s = \/1“12J + ng — 2rpzgp cos(y1 + 72)

2 2 2 2 2 2
25 + 25, — 2 re—rs + 2
=\[r2 422, = 2rpzgcos | cosTt P T 4 cosmt LT P10
2ZspZpm 22pmTp
(4.52)
_ 2 2
los = \/rp + 22, — 2rpzsp cos(v1 — 72)
2 2 2 2 2 2
2 2 -1 Zsp + me — Zsm 1 Tp — Tt zpm
= |7y + 25 — 2rpzspcos | cos — COoS
2ZspZpm 22pmTp
(4.53)

lip, lap, lim and lop, can also be derived in a similar fashion.
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Chapter 5

Detection of habitable exomoons in
the JWST era

5.1 Introduction

Since the detection of the first exoplanet using transit method (Charbonneau et al.,
2000), thousands of exoplanets have been discovered using this method through
several ground as well as space based missions. However, the discovery of natural
satellites in such exoplanetary systems (also known as exomoons) has still remained
elusive. Considering the number of natural satellites discovered around the planets
in our solar system, the existence of such exomoons is very plausible. However, their
non-discovery till date could be attributed to the fact that the satellites tend to be

much smaller in size than the planets they orbit around.

Although the transit method favors the discovery of close-in hot-Jupiters and other
giant planets, several giant exoplanets have also been discovered in the habitable
zone of their host-stars. While such giant planets in the habitable zones may not be
of particular interest in terms of habitability, any rocky exomoon around such an

exoplanets could sustain life.

The recently commissioned James Webb Space Telescope (JWST) is the largest
space-based telescope developed till date, and hence provides unique opportunity to
study the habitable exomoons. In this work, we have studied the detectability of
such exomoons through JWST. We have also studied the capability of JWST for the

study of atmospheric composition for such exomoons to determine their habitability.

In section 5.2, we have discussed about transiting exomoons and their lightcurves.
In section 5.3, we have discussed about the detectability of rocky exomoons in the
habitable zones of their host stars through JWST. And in section 5.4, we have

summerized the conclusions of this work.
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Table 5.1: Physical properties of stellar and planetary bodies
Object Radius [km| Masslkg] Temperature K]

G2 star 7 x 10° 2 x 1030 5778
K2 star  5.11 x 10°  1.64 x 10%° 5084
Jupiter 7 x 10% 1.9 x 1027 —
Mars  3.39 x 10® 6.4 x 10?3 —
Titan  2.58 x 103 1.4 x 10?3 —
Luna  1.74 x 10® 7.4 x 10?2 -

5.2 Transiting exomoons

Although most of the exoplanets discovered till date are in the closed-in orbits around
their host stars, exomoons are expected to be present around planets in wider orbits.
This is because the planets are likely to lose any natural satellite present during
their migration to the inner orbits (Dobos et al., 2021; Namouni, 2010; Spalding
et al., 2016). In the case of M-type and late K-type stars, the habitable zones
fall at a distance very close to the host stars, which may result in an absence of
habitable zone exomoons in such systems. On the other hand, early type stars have
habitable zones placed significantly away from the host stars, which also reduces the
detection probability of transiting exoplanets and hence transiting exomoons in the
habitable zones of such systems. We have, therefore, considered two different cases
for host-stars, i.e. G2 and K2 type, which are optimal for the study of habitable
exomoons. We have considered an exoplanet similar to the size of the Jupiter and
three different cases for the exomoons, with sizes similar to the Mars, the Titan and
the Luna in the habitable zones of these host-stars. The physical properties of these
bodies which are used in our study is listed in Table 5.1.

The distance of the habitable zone from the host-stars is considered to be equivalent

to the Earth’s distance from the Sun, i.e.

aprz = 1AU X (Lgtar/ Lsun)*? (5.1)

We have considered that the barycenter of the planet-moon system follows the
same path around the host-star, as the planet would have followed in the absence
of a moon. We have also considered that the moon follows a circular path around

the planet-moon barycenter. These assumptions simplifies the three body problem



Table 5.2: Transit parameters for different scenarios
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Parameter G2 Star K2 Star
Tp 0.1 0.137
T M 0.00484  0.00663
T'mT 0.00369  0.00505
TmL 0.00249  0.00341
top[Days] 5 5
tom[Days] 9 9

Py[Days| 365 171.2
Pn[Days] 1447 1447
ap[ AU 1 0.565
Fom 2.5 3.42
My /My 2968.75 2968.75
Mjy/Mp 135714 135714
Mj/Myp  25675.7 25675.7

i 90 90
im 90 90
Qb 0 0

Uy 0.4 0.55
us 0.25 0.15

and enables to solve for the trajectories analytically. Saha and Sengupta, 2022 has
given a detailed analytical formalism to model the transit lightcurves for a transiting
exoplanet hosting an exomoon. The model parameters used in this formalism are,
radius of the planet (rp); radius of the moon (ry,); mid-transit time (¢(,), orbital
period (Fp), semi-major axis (ap), and the orbital inclination angle (i) of the
barycenter of the planet-moon system around the host-star; mid-transit time (¢qy,),
orbital period (Py,), and the orbital inclination angle (i,,) of the moon around the
planet-moon barycenter, mass ratio of the planet and the moon (M,/M,,), distance
between the planet and the moon (rp,); the angular separation between the major
axes of the two projected orbits, i.e. the orbit of the planet-moon barycenter around
the star and the orbit of the moon around the planet-moon barycenter, (a;,;); and

the (quadratic) limb-darkening coefficients (u1, u2).
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Figure 5.1: Transit lightcurves corresponding to the parameter values given in Table
5.2 with the host-stars being (a) G2 and (b) K2 type.
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The parameter values corresponding to different scenarios are given in Table 5.2.
The transit lightcurves corresponding to these scenarios are shown in Figure 5.1,
where the portion of the lightcurve have been zoomed in to show the transit signature

of the exomoons.

5.3 Detection of transiting exomoons through JWST

In order to estimate the SNR for the photometric observations using JWST, we have
used the JWST Exposure time calculator *, which is based on Pandeia (Pontopp-
idan et al., 2016). The NIRCAM instrument of JWST is capable of photometric
observations in a wide range of wide, mid and narrow band filters. For brighter host
stars with Vi,q¢ 8 and 9 for G2 and K2 spectral types respectively, we have used the
narrow band filter F187N while estimating the SNR. Similarly, for fainter host stars
with Viueg 11.5 and 12.5 for G2 and K2 spectral types respectively, we have used the
wide band filter F150W. These stellar magnitudes and corresponding photometric
filters of JWST have been selected in order to obtain high SNR per exposure without
saturation. Depending upon the value of several transit parameters, and especially
the position of the moon with respect to the planet at the time of transit, we could
either have part of the transit of the moon coincided with the transit of the planet,
or the whole of the transit of the moon outside the transit of the planet (as the cases
shown in Figure 5.1). We have estimated the SNR for a photometric integration
time, I (henceforth “integration time"), of 0.5 hrs, 1 hr, 2 hrs and 3 hrs for both the
G2 and K2 type host-stars. We have compared these expected photometric precision
with the transit depths for different sizes of the exomoons for the scenarios given in
Table 5.2, as plotted in Figure 5.2.

From Figure 5.2, it is clear that for both the cases of G2-type host stars, an
exomoon with a size similar to Mars would be detectable for an integration time of
30 minutes. On the other hand, if the size of the moon is similar to Titan, it will
be detectable for an integration time of 2 hours. It is also worth noticing that an
exomoon with a size similar to Luna would be undetectable even with an integration
time of 3 hours for these scenarios. On the other hand, for both the cases of K2-type
host stars, an exomoon with size similar to Mars or Titan would be detectable
for an integration time of 30 minutes. Also, unlike the scenarios of G2-type host
stars, an exomoon with a size similar to Luna would be marginally detectable for an

integration time of 2 hours and comfortably detectable for an integration time of 3

*https://jwst.etc.stsci.edu/
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Figure 5.2: The expected photometric precision (dashed lines) for given integration

times compared with the transit lightcurves for different sizes of the
moons with the host-stars being (a) G2 type with Vi,q9 = 8., (b) K2 type
with Vipag = 9.,... [cont.]
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Table 5.3: Photometric precision [in ppm| required for the detection of exomoons of
different sizes around G2 and K2 type stars

Size of exomoon

Earth Trappist-ld Mars Titan Luna

G2 100.37 61.79 28.39 16.50  7.52
K2 188.48 115.7 53.28 30.91 14.09

Host-star type

hours.

As the transit depth is also a function of impact parameter, a change in it’s
value will affect the detectability of an exomoon. We have compared the expected
photometric precision from JWST with the expected transit depths for different
values of the impact parameter, b, as plotted in Figure 5.3. It can be noticed that
with an integration time of 3 hours, exomoons with the size similar to Mars and
Titan can be detected for any impact parameter for both the cases of the G2-type
host-stars. On the other hand, for the cases of the K2-type host-stars, with an
integration time of 3 hours, it will be possible to detect exomoons with size similar
to Mars and Titan for any impact parameter and an exomoon with the size similar
to Luna for up to an impact parameter of 0.8.

The main advantage that JWST provides for the detection of exomoons (as well
as smaller exoplanets) is the plathera of narrow, mid as well as wide band filters
it provides in the near infrared region. These different filter options can be used
strategically to obtain photometric signal of high SNR for potential host stars of
different magnitudes while preventing saturation due to over exposure. In table 5.3,
we have listed the photometric precision [in ppm| required to detect the exomoons of
different sizes for both G2 and K2 type host stars for the impact parameter being
0, i.e. the exomoon transiting through the center of the host star. In tables 5.4
and 5.5, we have tabulated the estimated obtainable photometric precision [in ppm],
using different shorter wavelength time-series filters of the NIRCAM instrument of
JWST, for different magnitude of the G2 and K2 type host stars respectively for an
integration time of 3hrs. It can be noticed from by comparing these photometric
precision values that JWST has the capability for detecting exomoons smaller than
the size of Titan around G2 type host stars and exomoons smaller than Luna around

K2 type host stars.
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5.4 Conclusion

In this work, we have studied the capability of the large next generation space based
telescope, JWST, to detect rocky exomoons in the habitable zones of their host stars.
We have used the analytical formalism given by Saha and Sengupta, 2022 to model
the transit lightcurves for a moon hosting exoplanetary system around G2 and K2
type host stars. We have considered different sizes for the exomoon, i.e. similar to
the size of the mars, the titan and the luna, around a jupiter sized planet orbiting at
a distance from the host star equivalent to the earth’s distance from the sun. In order
to estimate the SNR of the photometric observations from JWST, we have used the
JWST Exposure time calculator based on Pandeia. As the time of observable transit
of the exomoon alone depends upon several factors associated with the properties of
the star-planet-moon systems, we have considered an integration time of 0.5 hrs, 1
hr, 2 hrs, and 3 hrs while calculating the SNR of the photometric observations.

Studying the various scenarios, we have confirmed that exomoons as small as
the titan can be detectable around a G2 type host star, and that as small as the
luna can be detectable around a K2 type host star. We have also shown how a
change in the impact parameter of the exomoon transit can affect its detectability.
JWST has a major advantage as the presence of various narrow-band, mid-band and
wide-band filters for photometric observations, which can be used strategically to
study the potential host stars of different magnitudes keeping the SNR high. We have
estimated the expected photometric precision from using these different filters for
the host stars of different magnitudes for an integration time of 3 hrs, and compared
them with the required precision to detect exomoons of different sizes.

This study evaluates the capability of JWST in detecting smaller potentially
habitable exomoons through the transit photometry method. These results can
be used to strategize the observations for such detection, which can result in the
discovery of the first ever exomoon. The results from this work can also be extended
to be applicable to other existing and upcoming space bound instruments, and for

designing the next generation detectors for transit photometric studies.
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Chapter 6

Summary

The works presented in this thesis consists of both observational and theoretical
aspects of the transit photometric studies of exoplanets and exomoons. In this
chapter, we have summarized the key results and conclusions of our studies.

In our first project, we have conducted multiband follow-up observations of a few
known transiting exoplanets using two of our own ground based facilities, i.e. the
2m Himalayan Chandra Telescope (HCT) at the Indian Astronomical Observatory,
Hanle and the 1.3m J. C. Bhattacharya Telescope (JCBT) at the Vainu Bappu
Observatory, Kavalur. The large comparative apertures of these telescopes have
resulted in photometric observations with high signal-to-noise (SNR) ratio. Also, the
multiband observations have enabled us to study the wavelength dependent physical
properties of our target exoplanets with a better accuracy. In order to reduce the
effect of various noise components in the transit lightcurves, we have developed a
state-of-the-art critical noise reduction and treatment algorithm. This algorithm uses
sophisticated techniques, such as wavelet denoising to reduce the noise components
that are uncorrelated in time and Gaussian process (GP) regression to reduce the
noise components that are correlated in time from the lightcurves. In addition to
this, our well optimized data reduction and modeling algorithm has resulted in a
much better accuracy and precision in the estimation of the physical properties for
our target exoplanets compared to the previous studies.

In our second project, we have extended the critical noise treatment that we
have developed in our first project to the photometric transit observations from the
space based telescopes. Since the space based facilities provide many advantages
over their ground based counter-parts, and some of the most sophisticated existing
and upcoming instruments for the study of transiting exoplanets are space based,
critical analysis of the data obtained from these telescopes using more sophisticated
techniques is a need of the era. In particular, the noise due to various instrumental
effects and the variability and pulsations of the exoplanet hosting stars need to be
reduced from the photometric signals to make them more effective in characterize

the exoplanet properties. We have reiterated our critical noise treatment algorithm,
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which uses both wavelet denoising and GP regression techniques, to make them
applicable to the space based observations. We have demonstrated the effectiveness
of our algorithm by applying it to the transit photometric observations for a few
exoplanets from the Transiting Exoplanet Survey Satellite (TESS). The high SNR
photometric observations from TESS combined with our critical noise treatment
algorithm have resulted in significant improvement in the accuracy and precision of
the estimated physical properties of the target exoplanets compared to the previously
known values. The algorithm developed in this work can also be applicable to the

high precision transmission spectroscopic studies using the next generation telescopes.

In our third project, we have formulated a comprehensive analytical formalism
to model the lightcurves of a transiting exoplanetary system hosting exomoons.
The advent of the new next generation large telescopes can provide an unique
opportunity for the detection of first confirmed exomoon using the transit method of
exoplanet detection. In such case, it is utmost necessary to have a comprehensive
analytical formulation for the analysis of the observed lightcurves both to confirm the
presence of an exomoon and to characterize their physical properties. The analytical
formalism that we have presented in this work takes into account the relative size of
both the planet and moon compared to their host star, their orbital properties and
limb-darkening effect of the host star. As the orbit of the moon around the planet
may not be co-aligned with the orbit of the planet around the star, we have used
three angular parameters to independently define their alignments. We have also
considered a circular orbit for the moon, which is indeed the case with the tidally
locked natural satellites, and made our formalism much simpler in application by
taking the advantage of the underlying symmetry. We have also demonstrated the
capabilities of our formalism by modeling the lightcurves for various scenarios of a

star-planet-moon system.

In our fourth project, we have studied the capability of the next generation large
spec based telescope, JWST, to detect small sub-Earth sized potentially habitable
exomoon around G- and K-type stars. We have considered exomoons of different
sizes, i.e. similar to the size of the mars, the titan and the luna, around a jupiter sized
planet orbiting at a distance from the host star equivalent to the earth’s distance
from the sun. We have modeled the transit lightcurves for these systems using the
analytical formulation derived in our previous project, and estimated the SNR of
the photometric observations from JWST using the JWST Exposure time calculator
based on Pandeia. By comparing the minimum photometric precision required

to detect the exomoons of different sizes to the expected obtainable photometric
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precision using the NIRCAM instrument of JWST and using different near-infrared
filters, we have concluded that exomoons as small as the titan would be detectable
around a G2 type star and that as small as the luna would be detectable around a

K2 type star.
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