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Abstract

The thesis work ’Spectroscopic Characterization of Exoplanets and Host
Stars,” tries a tiny step towards understanding the connection between the ex-
oplanet and the host star. We study the observational perspective of exoplanets
and host stars using optical spectroscopy. Our analysis of host star carbon abun-
dances as a function of planet occurrence rate in the LAMOST-Kepler field shows
giant planets are preferentially found around iron-rich and carbon-rich host stars.
However, the sub-solar [C/Fe| value of giant planet host stars indicates that car-
bon may not be as important as iron or that the overall metallicity is crucial
rather than a single element like carbon or iron for planet formation. Differen-
tial abundance analysis of planet hosts in visual binary twin systems shows that
planet-induced pollution in the host star chemical abundance is less than 0.01
dex. It is well within the typical error in abundance estimates, which indicates
that occurrence rate calculations are not influenced by planet pollution in the host
star photosphere. The accuracy of differential abundances needs to be better than

0.01dex to infer any trend in the abundances due to planet formation.

The low-resolution transmission spectroscopy from the 2 m Himalayan Chandra
Telescope using long-slit multi-object observations successfully detected several
atmospheric features in the atmosphere of three exoplanets HAT-P-1 b, KELT-18
b, and WASP-127 b. The advantage of having a bluer part of the spectra, we
were able to detect Cal (4227 A) in the atmosphere of HAT-P-1 b and Rayleigh
scattering slope in the atmosphere of WASP-127 b. We observed flat, featureless
transmission spectra of KELT-18 b for the first time at low resolution. Simultane-
ous observation of reference stars helped to avoid the systematic errors introduced
during the observations. We perform transmission spectroscopy with Keck-HIRES
for the first time. We achieved a wavelength calibration accuracy of 60 m/s for
HIRES, using a wavelength recalibration method. We detect residual sodium sig-

nals at a blue-shifted stellar rest frame location.



Occulted and unocculted stellar inhomogeneity can change the observed transit
signal or can add extra noise to the observed data. Here we studied three years
of disk-integrated solar spectra from HARPS to quantify the inhomogeneity using
the spectral indices. From the preliminary analysis, we found that the faculae
fraction than the spot fraction influences the line indices. Ca II H & K linearly
correlated with faculae fraction, and all the Balmer lines are sensitive to faculae

fraction but have a complex trend compared to Call H & K lines.
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Chapter 1

Introduction

"My goal is simple. It is a complete understanding of the universe, why it is as it

15 and why it exists at all.”

- Stephen Hawking.

1.1 History of exoplanet searches

Astronomy is one of the oldest science that started with the early humans who were
curious and vigilant about the celestial phenomenon. The Solar system planets
have been known since prehistoric times from cave drawings. These planets also
became part of calendars that are used to date. The origin of name ”planet” comes
from the Greek word that means wandering star, meaning that the position of the
planets in the sky changes with respect to the background stars. The modern

definition of a planet represents a satellite to a star. The idea of alien civilization

1
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existed probably even before the idea of planets around other stars. William
Stephen Jacob made the first claim of exoplanet detection in 1855 the director of
the Madras observatory, where the Indian Institute of Astrophysics (ITA) traces
its origin. ITA is also my Alma mater. He studied binary stars, made an extensive
catalog, and also proposed that the orbital anomaly of 70 Ophiuchus was due to a
planetary-mass object, which turned out to be erroneous. Aleksander Wolszczan
and Dale Frail successfully detected an exoplanet around the pulsar named PSR
B1257+12. They used the time delay of the pulse arrival to discover two planets
of 3-4 Mg mass.

Serious exploration of exoplanet studies began with the first discovery of an ex-
oplanet around a Sun-like star 51 Pegasi in 1995 Mayor and Queloz (1995), who
received the Nobel Prize for physics in 2019. The planet is around 51 Peg and was
a Jupiter-like planet, orbiting close to the host star (0.05 AU), which was surpris-
ing. This new category of planets is called "Hot Jupiters.” The heroic efforts from
dedicated radial velocity and transit searches and space missions like the Kepler
(Borucki et al. 2010) and CoRoT (Barge et al. 2008) have led us to the modern era
of exoplanet studies with more than 5200 exoplanets (Figure 1.1)known to date,
making exoplanets one of the most exciting areas of astrophysics.

Detections Per Year

16 Sep 2020
exoplanetarchive.ipac.caltech.edu
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FIGURE 1.1: Exoplanet detected each year from the first detection using dif-
ferent methods. Image credit: NASA FExoplanet Archive
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1.1.1 Exoplanet Populations

Hertzsprung Russell diagram gives a reasonable representation of a star and its
evolutionary status (though there are degeneracies due to chemical composition,
mass-loss, etc.). In the case of planets, their current location on the mass-radius
plot can be reached through several pathways. It is also closely linked to the
property of the host star and proto-planetary disk environment. It can be seen
from Figure 1.2 that exoplanets of similar masses have a wide range of surface

compositions. Based on the radius exoplanets are divided into Jupiters (8Rg <

Exoplanet Populations
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FicUrE 1.2: Different exoplanet population as a function of the orbital period
(Image credit: NASA)

R, <20Rg), sub-Saturns (4Rg < R, < 8Rg), Neptunes (2Rs < R, < 4Rg), and
Super-Earths (1Rg < R, < 2Rg). All these planets are further classified into hot
(1-10 days), warm (10-100 days), and cold (orbital period more than 100 days)
based on the orbital period of the planet. Also, planets with an orbital period of
P < one day and radii of 0.5-2Rg, known as ultrashort-period planets (USPs),
represent an extreme planet population. The most common exoplanets have a
radius between 1 — 4R®, and our Solar system does not have such a planet. A

paucity of planets found between the radius of super-Earths and sub-Neptunes,


https://www.nasa.gov/image-feature/ames/kepler/exoplanet-populations
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known as the Fulton gap Fulton et al. (2017a). A possible reason for the Fulton
gap is the atmospheric loss due to photoevaporation. Radius and mass will provide
the bulk composition of exoplanets; combining this with the atmospheres and ages
of the host stars will help understand the evolutionary pathways. Unfortunately,
masses are only limited to systems with bright host stars, and estimating the

accurate ages of field stars is a big challenge. Figure 1.3, called the mass-period
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FIGURE 1.3: Exoplanets detected as a function of orbital period and planet
mass my (left) and orbital period and planet radius R, (right)(Gaudi et al.
2021)

diagram, provides a visual comparison of the mass and orbital period of Solar
system planets and the exoplanets detected so far. The main exoplanet detection
techniques are transit photometry, radial velocity (RV), microlensing, astrometry,
and directing imaging. The exciting aspect is that each technique has sensitivities
covering a unique parameter space of exoplanets that maximizes the discovery

space.

1.1.1.1 Transit method

A transit can occur for an exoplanet system whose orbital plane is along the line
of sight of an observer. During transit, the flux coming from the star will drop by

an amount equal to the area covered by the planet in the visible hemisphere of the
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FIGURE 1.4: Demonstrating transit method of exoplanet detection. ti, to, t3,
and t4 represent just before ingress, ingress, egress, and just after the egress.
The transit event is happening between t; and t4. Image credit : Britastro

star ((R,/R,)”). Transit photometry directly gives the planet’s size if we know
the host star radius. For a Jupiter size planet around a Sun-like star at Jupiter’s
orbital distance, the flux drop is 107°, which is very small. The ground-based
and space-based missions like Kepler, CoRoT, WASP, TESS, and HATNet surveys
have detected thousands of exoplanets using this transit method. The probability
of detecting a transit signal is R,/a where 'a’, the semi-major axis and 'R,’, the
stellar radius. For a system with a small R,/R, and a planet with a large ’a’ will
be difficult to detect using this transit method. A basic sketch of transit geometry

is shown in figure 1.4.

1.1.1.2 Radial Velocity (RV) Technique

In a star and planet system, the planet and the star move around the center of
mass (COM), which will cause the movement of the planet in a large orbit, and
the host star moves little around the COM. Since the planet is too faint and
the host star is several orders brighter, it is possible to detect the star’s small
wobbling motion around the system’s COM using the doppler shift in the spec-
tral lines from the host star. This method can be used for exoplanet detection

and to derive the planet’s mass. Figure 1.5 illustrates the RV method. Besides
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detecting planets, the RV method plays a vital role in deriving the planet’s min-
imum mass. RV measurements during transit can be used for deriving the incli-
nation of the orbit. The amplitude of the RV curve directly indicates the mass of
the planet. For a Jupiter-analog, the doppler shift is around 13m/s, and for an
Earth-analog, it is 9 cm/s. Highly stable spectrographs like HARPS, ESPRESSO,
CARMENES, NEID, EXPRES, and MAROON-X have the required instrument
stability to detect Earth-like planets. However, characterizing the stellar jitter is
a major stumbling block that does not allow the taking advantage of the stable
instruments. There are consented efforts to characterize stellar inhomogeneities

and stellar jitter, e.g., (Cegla 2019).

FIGURE 1.5: The image illustrates the blue and red shift in the observed host
star spectra as a planet orbiting around the host star.

1.1.1.3 Transmission Spectroscopy

Transit spectroscopy is very similar to the transit method of planet detection but
performed at several narrow bandpasses. This is achieved by taking a series of

low-resolution spectra during transit.

In an exoplanet atmosphere, different atomic and molecular species form at a range

of heights depending on the physical conditions, as shown in Figure 1.6. Hence,
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FIGURE 1.6: Figure represents the major possible process happening in the
exoplanet atmosphere (Madhusudhan 2019). Possible species can be detected
in each layer and in which region of the electromagnetic spectrum.
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FIGURE 1.7: Figure represents the transit light curve at various wavelength
for HD209458b, based on the HST data from Knutson et al. (2007) and the
figure taken from Winn (2010). The transit depth and shape clearly vary across
wavelengths.
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the planet’s radius is expected to be different at different wavelengths depending
on the presence of the atoms and molecules and their abundance (Figure 1.7). If
the scale height is "H’(Change in height in the exoplanet atmosphere over which
the pressure drops by a factor of e ), then according to the ideal gas law(assuming

hydrostatic equilibrium), we can write,

"o KTy,
Hg
where Kj, is Boltzman constant, T¢, is the equilibrium temperature of the planet, p
is the mean molecular mass of the total atmospheric composition, and g is surface

gravity. And the amplitude of the spectral feature is

(Rp + nH)2 Rz%

SR R

N 2R,nH

here n represents the multiples of scale heights crossed at wavelengths with high

opacity.

Early transit spectroscopy was from space facilities, using the Wide Field Camera
(WFC3) and Space Telescope Imaging Spectrograph (STIS) on board HST and
IRAC (Infrared Array Camera) on board Spitzer. These instruments jointly cover
spectroscopy from UV to near IR. In the case of low-resolution spectroscopy, the
transit depth at different wavelengths is given as inputs to a retrieval code that tries
to match the output spectra generated using several thousands of combinations
of planet parameters and abundances. Wide wavelength coverage of transmission
spectra is crucial for removing degeneracies in fitting the planet parameters to the
transmission spectra. It is possible to resolve individual atomic and molecular lines

in transmission spectra at high spectral resolution and also deduce the velocity
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star

FIGURE 1.8: Illustration of Primary transit of a plant with radius R, and
atmospheric height "H’ around a star of stellar radius Rs.

drift of the absorption feature in the transmission spectra as the planet transits

the stellar disk.
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FIGURE 1.9: Prominent features in the transmission spectra of a typical exo-
planet at different wavelength region (Credits: Matteo Brogi- Evry Schatzman
School 2019, Aussois, France)

The first successful low-resolution transmission spectroscopy was performed for a
hot Jupiter HD209458b, using HST-STIS (Charbonneau et al. 2002b), and de-
tected the sodium resonance doublet at 5890 A. Since then, Na and K have been
the most commonly detected features in the optical transmission spectra Sing et al.
(2011) Nikolov et al. (2014) Seidel et al. (2020c). Figure 1.9 demonstrates typical
transmission spectra covering the optical and near-IR regions of the electromag-

netic spectrum. Apart from the prominent features Na, K, and HyO, one can see
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the steep slope in the bluer region of the spectra. A 1/\* dependency of Rayleigh
scattering causes the slope in the transmission spectra; also, high-attitude clouds
can block the detection of possible spectral features. High-resolution transit spec-
troscopic observations started around 2010 (Snellen et al. 2010) are mostly done
using a 10 m class telescope from the ground because the observations demand bet-
ter SNR within a short exposure time (Wyttenbach et al. 2015a, 2017b; Seidel et al.
2020c; Wyttenbach et al. 2015b). Along with Spitzer observation, WFC3/HST ob-
servation, H,O, NH3, CO, CHy, CO,, HCN, TiO/VO (Sanchez-Lépez et al. (2019)
Moses et al. (2013)) are the commonly detected molecules in the IR part of the
transmission spectra. Atmospheric escape and mass loss are observable in the UV
region, mainly detecting the Ly« signature Owen (2019) and ionized metals in the

escaping atmosphere.

A secondary eclipse (planet goes behind the star) observation generally gives the
thermal emission and the reflected spectra from the planet. In contrast, the planet
moves behind the host star with respect to the observer’s line of sight. The thermal
part of the spectra is more visible in the IR region, and reflected spectra are more
visible in the optical part of the spectra. These observations help to understand

the day-side of the exoplanet.

1.1.2 Planet formation and host star abundances

The solar system planets influenced the early planet formation models; however,
we now know that the solar system has little resemblance with the rest of the
exoplanet populations. To state a few differences, a solar system planet does
not host a super-Earth, the most common planetary system. Also, there are no
planets found within the orbital distance of Mercury. In contrast, most exoplanets

are found within an orbital distance of Mercury (e.g., Figure 1.11).
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FiGure 1.10: Figure displays the diversity of exoplanets as compared to the
Solar system planets, the image taken from Raymond et al. (2020)

The two main models of planet formation are the core accretion model, where solid
ice and dust stick together to form a 1 — 100 Km-sized planetesimal core. These
kilometer-sized planetesimals stick together to form a massive core of (Mpe <
10Mg). Then the core will accrete gas from the protoplanetary disk before the
disk dissipates. Furthermore, this will continue until the core mass becomes com-
parable with the mass of the gaseous envelope. Different stages in a core accretion
model are growing a micron size core to mm-size pebbles and then growing the
pebbles to planetesimals of a meter to kilometer size and finally, a rapid accretion
leading to planets size objects (Pollack et al. 1996b). Though radial drift due to

the interaction with sub-Keplerian gas and bouncing of dust mass makes growth
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beyond pebble size difficult(e.g., (Birnstiel et al. 2016)).

In the disk instability scenario, the protostellar disk that is dense and cold will
undergo gravitational instability, and the collapsed disk fragments clump together
to form the planetary core. This formation is a rapid (10% years) process, and
strong metallicity dependency is not expected (Boss 1997). Disk instability is
found helpful in explaining the formation time scale of 1 Ky—1 Myr (Mandell 2011)
and planets with mass M, > 4M; in wide orbits. Although the core accretion
model can explain 90% of the planet’s population, giant planets in wider orbits
will have issues. Hence, both models play a role in planet formation under various

conditions.

The current exoplanet numbers indicate a frequency of at least one planet around
every star, indicating planet formation could be an integral part of star formation.
The high-resolution ALMA (Atacama Large Millimeter Array) images have shown
protoplanetary disks with gaps that are possibly carved by planet mass objects
around the star (ALMA Partnership et al. 2015). Considering the diversity of the
exoplanets, the standard solar model of planet formation deeds revision, as it does
not include planet migration and expected that planets would retain the chemi-
cal signature of the current location in the proto-planetary disk. The exoplanet
and proto-planetary disk demographics, along with host star and exoplanet abun-
dances together, will enable astronomers to understand the formations of planets

in general and the history of our solar system.

1.1.2.1 Planet formation and host star abundances

Our capacity to precisely derive the physical parameters of exoplanets is also
closely related to the precise host star parameters. The bulk properties of the

exoplanets, such as radius and mass, are measured relative to the host stars using
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FI1GURE 1.11: Figure shows an image of a protoplanetary disk HL. TAU observed
with ALMA. The ring-like shape of the disk is due to the planetary size objects
clearing material, causing a gap in the disk (ALMA Partnership et al. 2015)

transit and radial velocity methods; hence precise stellar radius and mass are
critical. Thanks to Gaia, Kepler, and CoRoT, we can derive stellar luminosity,
radius, and masses more accurately than ever. Extensive spectroscopic surveys and
the kinematic information of stars from Gaia will provide a better estimate of the
ages and birthplaces of the stars in the Galaxy; hence it allows an understanding

of the exoplanets in the Galactic context.

Even with the first few exoplanet discoveries, the stellar metallicity and planet
occurrence rate were noticed (Gonzalez 1997b), indicating favorable conditions of
planet formation (Fischer and Valenti 2005a). Among the short-period planets in
the Kepler sample, there was a lack of metal-poor stars (Beaugé and Nesvorny
2013). Stellar activity and UV radiation affect habitability and possibly cause the
radius gap (Fulton et al. 2017b) in the exoplanet population. Radial distribution
of chemical inventories in a protoplanetary disk, along with host star chemical
abundances and atmospheric and bulk composition of exoplanets, will be able to

paint a realistic picture of exoplanet formation and evolution based on large sample
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size. Accurate stellar ages will help with the timescale of exoplanet formation and

evolution milestones. The exoplanet studies have brought renewed interest in

stellar physics.
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1.2 The scope of the thesis

In the thesis, we cover some aspects of host star properties and exoplanet proper-
ties using optical spectroscopy. Host star chemical composition, exoplanet trans-
mission spectroscopy, and the impact of stellar activity on the observations of
transmission spectroscopy are presented in different chapters. First, two chapters
cover the introduction, methodology, and observing facilities. From the third chap-
ter onwards, original results are presented. The last chapter presents a conclusion

and future outlook.

1.3 Plan of the thesis

e Introduction : This chapter covers the status of the exoplanet field in
terms of exoplanet detection, demographics, atmospheres, planet formation,

and host stars. (refer to Chapter 1).

e Observations and Data Analysis : This chapter presents observations,
facilities and instruments used in this project, data reduction, analysis, mod-

eling, and software used as part of the thesis (refer to Chapter 2).

e Carbon abundance of stars in the LAMOST-Kepler field : The third
chapter presents the carbon abundance of main-sequence dwarf stars in the
LAMOST-Kepler field. We perform planet occurrence rate and its relation

to host star carbon abundances (refer Chapter 3).

e Differential Abundance Analysis of Planet Host Visual Binary Sys-
tems : Here we performed an accurate line-by-line differential abundance
analysis of two visual binary systems in which one of the stars hosts a planet.
Assuming the binary stars inherit the same initial composition, any differ-

ence may reveal the influence of planet formation. (refer Chapter 4).
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e Transit Spectrophotometry of Hot Jupiters Using 2m Himalayan
Chandra Telescope : We present successful transmission spectrophotom-
etry of three hot Jupiters with a 2m telescope, confirm previous results, and

present new results for KELT-18b (refer to Chapter 5).

e High-Resolution Transmission Spectroscopy of WASP-49 b Using
KECK/HIRES : High dispersion spectroscopy of highly irradiated hot
Jupiter WASP-49b using KECK/HIRES is presented for the first time (refer
to Chapter 6).

e Characterizing The Solar Disk inhomogeneity From Disk-Integrated
Spectra : We present possible spectral line diagnoses that correlate with
spots and faculae using HARPS-N solar spectra and SDO data to be helpful

in atmospheric exoplanet retrieval. (refer to Chapter 7).

e Conclusion : All of the thesis’s findings and results are compiled in the

final chapter. (refer to Chapter 8).
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Observations and Data Analysis

Abstract

We have use low and high-resolution spectroscopic observational data to character-
ize the exoplanet and the host stars. The results in the various chapters are based
on observational data in the optical wavelengths. Most of these observations were
carried out with the 2m Himalayan Chandra Telescope (HCT) at Hanle, Ladakh,
India. In addition, Dr. Katherine de Kleer kindly carried out high-resolution
transmission spectroscopic observations with Keck-HIRES for WASP-49b. We
have also extensively use archive data, thanks to LAMOST, Kepler, HARPS-N,
Gaia-DR2, and the Keck Observatory Archive (KOA). The observational data cov-
ers a wavelength coverage of 3500 A to 10000 A, and the spectral resolution varies
from R= 150 to 80000. The following sections explain the observational facilities

and data analysis used in the thesis work.

17
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2.1 LAMOST Survey

The Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST), also
known as the Guoshoujing Telescope, is a 4-meter class telescope that provides
a wide field of view (Figure 2.1) located at Xinglong station of the Beijing As-
tronomical Observatory, China. The telescope uses 4000 optical fibers and 16
spectrographs to provide spectral resolution of R=1800 (LRS) that covers a wave-
length region 370-900 nm Cui et al. (2012),Zhao et al. (2012a),Zhao et al. (2012b).
The ten years of survey data that started in 2011 has more than 16 million spectra
of stars covering a magnitude range of 9.0 -17.5 and stellar parameters for about

7.5 million stars.

Ma active aspherical
ecting m

correcting mirror
24 deformable segments

(1’ 6 Spectrographs |
and 32CCDs )

FIGURE 2.1: Figure from Yan et al. (2022) shows LAMOST telescope optical
layout. A combination of spherical primary and an active spherical correcting
mirror provides a wide field of view of 5 deg ).

The LRS data is obtained through two primary surveys, the LAMOST Galac-
tic Understanding and Exploration (LEGUE) survey and the LAMOST Extra-
Galactic Survey (LEGAS). There are also special surveys like the spectroscopy
of the Galactic anti-center and the LAMOST Kepler project (LK-project). The
reduced spectra from the public data release 8 are available at LAMOST DRS
release and also through the ESA Sky interface. A typical LAMOST spectrum


http://www.lamost.org/dr8
http://www.lamost.org/dr8
https://sky.esa.int/esasky
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is shown in Figure 2.2. We have used the low-resolution spectra from the LK
project for the study discussed in chapter 3. The LK-project Ren et al. (2016) has
1,52,000 targets. LAMOST observed this field from 2012 to 2014 by dividing the
entire Kepler field into 14 sub-fields (Figure 2.3).

2.2 High-resolution spectroscopy

We have used high-resolution spectroscopy for the detailed host star chemical
abundance and the high dispersion transmission spectroscopy of exoplanets. We
have used the High Resolution Spectrograph (HIRES) mounted on the 10m Keck-
I telescope situated at the summit of Mauna Kea, Hawaii, 4145 m above sea
level, and the Hanle Echelle SPectrograph (HESP), in Hanle installed at the 2m
Himalayan Chandra Telescope (HCT). For the spectral diagnosis of surface inho-
mogeneities on the Solar surface, such as sunspots and faculae, we have used the

HARPS spectrograph with the solar feed.

2.2.1 Keck-HIRES

HIRES is an echelle spectrograph that uses grating as a cross disperser also. T'wo
instrument configuration HIRES-b, HIRES-r, uses different cross disperser and
collimator that is optimized for blue and red wavelengths. The entire optical
band from 300-1000 nm is accessible through the two instrument configurations
and using three CCD mosaics (blue, green, and red). Different slits allow spectral
resolutions between R=25000 — 85000 Vogt et al. (1994b). Figure 2.4 indicates the
optical path of the spectrograph. HIRES uses large optical components available

to maximize the throughput with minimum optical reflections.
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The Light Path of the High-Resolution Echelle Spectrograph
] 2b. Collimator 3. Echelle Grating

4. Cross Disperser :} = = < ’

7. Field Fluﬂenel
8. CCD (hidden behind field flattener in this view)

FIGURE 2.4: Figure shows the light path of the Hlgh-REsolution Spectrograph
(HIRES) at Keck.
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FiGurE 2.5: The light path of the Hanle Echelle fiber-fed Spectrograph at
HCT.

2.2.2 Hanle Echelle Spectrograph (HESP)

The HESP spectrograph is installed at the Himalayan Chandra Telescope (HCT),
located at the Indian Astronomical Observatory (IAO) at Hanle, India, 4500 m

above sea level. HCT is a 2m telescope with three science instruments, Hanle
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FiGURE 2.6: HARPS spectrograph with the vacuum enclosure at the 3.5m,
Nazionale Galileo Telescope (TNG) at La Palma.

Echelle Spectrograph (HESP), Himalayan Faint Object Spectrograph (HFOSC),
which is a low-resolution spectrograph and an imager in optical, and a NIR
imager /spectrograph, the TIRSPEC (Tata institute of fundamental research In-
fraRed SPECtrograph). HESP is a dual fiber-fed echelle spectrograph with a cross
disperser. The spectrograph is mounted on a thermally controlled optical table.
The instrument has a low-resolution mode of R = 30000 and a high-resolution
mode R = 60000 covering the optical wavelength range from 350-1000 nm in a
single instrument setup. Light from the Cassegrain unit on the telescope passes
through the atmospheric dispersion corrector (ADC). The two pinholes allow the
photons from the star and the nearby background. Then the photons are fed into
the optical fiber system and the slicer in the case of high-resolution. Out of the
two fibers, one is used to focus the target, and the other is used for simultaneous
observation of the nearby sky background or calibration lamp, depending on the
science (Sriram et al. 2018). Figure 2.5 illustrates the optical layout of the instru-
ment optics. HESP uses the popular white pupil spectrograph design and a triple

pass monolithic collimator.
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2.2.3 HARPS-North spectrograph & Solar spectra

In the thesis work in chapter 6, we have used the data from the HARPS-North
spectrograph. The data is on the disk-integrated spectra of the Sun using the Solar
feed that is available from HARPS-North. HARPS-N has routinely observed the
Sun since July 2015 at a cadence of 5 minutes during a clear day. We analyzed the
three years (2015-2018) data of the Sun from the archive of HARPS-N spectro-
graph. The data covers the optical band from 3800A - 6900A and observes the Sun
as a point source. A low-cost Solar telescope consists of a 200 mm achromatic lens
fed the light to an integrating sphere to scramble the resolved disk information of
the Sun and fed to the spectrograph using a fiber of 300wm core size. The guiding
camera connected to the telescope will keep track of the Sun (Dumusque et al.
2015). Unlike HIRES and HESP, HARPS is an ultra-stable spectrograph. The
entire spectrograph is housed inside a vacuum vessel with precision temperature

and pressure control. A radial velocity stability of 1m/s is routinely obtained with

HARPS-N.

2.3 Hanle faint object spectrograph

We used the Hanle faint object spectrograph (HFOSC) for transit spectroscopy,
which is discussed in chapter 4. HFOSC is an imaging spectrograph that al-
lows imaging and low-resolution spectroscopy. The instrument is mounted at the
straight port of the Cassegrain unit on the 2m HCT. The instrument allows a
range of slit width (0.77-15”) and slit lengths (10”-660") and has a suit of grisms
that will provide a resolution of R=200-4500. There is a range of filters provided
for imaging and order overlap cutoff. There are three filter wheels; one houses
the slits and apertures at the telescope focus. The imager filters and grisms are

located between the collimator and the spectrograph camera in the parallel beam
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path. We have used grism 8 (5800-8350 A) with a resolution of 2190 and grism
7 (3800-6840 A) with a resolution of 1330 with the longest slit available. Figure
2.7 shows the schematic diagram of the instrument with an aperture wheel, filter

wheel, grism wheel, collimator, camera, and detector.

FIGURE 2.7: Schematic of the HFOSC instrument

2.4 SDO Data

The Solar Dynamics Observatory (SDO) is a NASA mission that has observed
the Sun since 2010. The spacecraft includes three instruments: 1) a Helioseismic
and Magnetic Imager (HMI), 2) Atmospheric Imaging Assembly (AIA), and 3)
Extreme Ultraviolet Variability Experiment (EVE). In our analysis, we used HMI
data. HMI (Scherrer et al. 2012), (Schou et al. 2012), (Liu et al. 2012), (Wachter
et al. 2011) is designed to study oscillations and the magnetic field on the visible
hemisphere of the solar surface by observing the entire solar disk at 6173 A with a
resolution of 1 arc second using a CCD of 4096 x 4096 square pixels. We have used
HMI line of sight magnetograms with a cadence of 45 seconds and HMI Continuum

intensities with limb darkening removed with 720 seconds cadence.
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2.5 Spectroscopic Data Reduction

The archive data used in the thesis (LAMOST & HARPS-N) are already reduced.
The data taken from HCT using HFOSC and HESP are reduced using IRAF and
HESP data pipeline. The Keck-HIRES data is partially reduced in IRAF and
partially downloaded from KOA. The pre-processing of low and high-resolution
spectroscopy are essentially the same. Converting the 2D image into a 1D image for
single-order slit spectra and multi-order echelle spectra are similar except for the
multi-order nature of the data; additional care has to be taken, and the wavelength

calibration involves 2D functional form.

A two-dimensional CCD image from a typical high-resolution echelle spectrograph
and a low-resolution slit spectrograph is shown in Figure 2.8 and Figure 2.9. The
basic data reduction follows similar steps for both low and high-resolution spec-

troscopy. That includes

FIGURE 2.8: 2D stellar image and sky from a high-resolution echelle spectro-
graph from Keck/HIRES (CCD1).

FIGURE 2.9: 2D stellar image and sky from a low-resolution long slit observation
of two stars from HCT/HFOSC.

e Bias subtraction : Bias is a DC offset in the counts for individual pixels
due to the applied voltage to each pixel, this changes due to input voltage

(could cause due to fluctuation in the grounding voltage). A bias frame is
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obtained using zero exposure with the CCD shutter closed. The bias frame
is subtracted from the science frame for bias correction. Normally, a master
bias frame is obtained by combining several bias frames taken during the
night. The master bias frame subtracts from all the science and calibration
frames (master bias ). Generally, an observer will take about ten bias frames

in a night (or more in the case of high-precision observations).

FIGURE 2.10: The top panel is a typical bias frame from Keck/HIRES (CCD1,
one of the mosaics). The bottom panel is a bias frame for HFOSC CCD.

e Dark frame is an exposure to correct for the thermal electrons. Hence it
with the same exposure time as the science frame with the shutter closed.
This count is mainly generated because of the increased thermal fluctuation
in the CCD during the exposure time. Modern spectrographs usually use
thermally stable environments, so dark current observations are unimpor-

tant.

e Flat normalization : The light sensitivity of each pixel in a CCD will be
different. To address this issue, the observer will illuminate a uniform Halo-

gen lamp to the CCD for a short exposure, combine three or five exposures
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to master flat frame, and characterize the sensitivity of each pixel by nor-
malizing it. And divide this normalized master flat frame from the science

frame.

FIGURE 2.11: Typical flat frame from HIRES spectrograph CCD1. The expo-
sure time is in the order of seconds.

FIGURE 2.12: Typical flat frame from HCT/HFOSC. The exposure time is in
the order of seconds.

e Aperture extraction : Each order of the two-dimensional image is ex-
tracted to get the flux Vs. pixel information. First, one has to define each
aperture’s lower and upper limit and the corresponding sky background.
Subtract the sky background and trace each order by fitting a function to

extract the sky-subtracted stellar spectra.

e Wavelength calibration : The observer will take three or five exposures of
the wavelength calibration lamp (ThAr, FeNe, FeAr based on the wavelength
coverage the spectrograph is designed for) median, combine the exposures,
and apply bias and flat correction. After aperture extraction, identify the
emission lines compared with the Atlas provided by the telescope facility
and do the pixel-to-wavelength conversion. Finally, apply this conversion to

the science frame (Figure 2.15).
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F1cURE 2.13: Typical ThAr frame from HIRES CCD1. The typical exposure
time is in the order of seconds.

FIGURE 2.14: Typical FeAr frame HCT/HFOSC. The typical exposure time is

in the order of seconds.
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FIGURE 2.15: Typical wavelength calibrated high-resolution spectra cover dif-
ferent orders from Keck/HIRES.

2.6 Stellar chemical abundances

The standard methodology includes reducing the data, compiling line lists, choos-
ing the correct model for a stellar atmosphere, and deriving the stellar parameters
(Figure 2.17). Describing the reduction of data in detail is beyond the scope of the
thesis. Detailed data reduction of high-resolution Echelle spectra is explained by

Wako Aoki using IRAF modules. This section will discuss primary data reduction
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FIGURE 2.16: Typical wavelength calibrated low-resolution spectra from HC-
T/HFOSC grism 7.

briefly, a compilation of line lists, stellar modeling, and spectrum synthesis.
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FIGURE 2.17: The diagram shows the main steps included in the calculation of
stellar abundance by combining observation and modeling.

2.6.1 Stellar parameters

Stellar parameters define the basic properties of a star, including
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o Effective temperature (7.;s) : Even though the temperature of the star
varies with optical depth, T, is defined as the temperature of a black body
emitting the same flux as coming from the star. T¢;; can be calculated using

the famous Stefan-Boltzmann law
2 i
L =4nR°0T; I

o = 5.6705 x 10°ergem?K*s'. Absorption lines are formed by the transition
of an electron from one bound state to another bound state. The continuous
absorption in the optical part of the stellar spectra, except for hotter stars,
is caused by the bound-free transition of the electron (H~). If the number
of absorbing atoms increases, the line depth also increases proportionally,
making an absorbing line optically thick. Still, the wings of the lines are
optically thin, so if the number of absorbing atoms increases, the line be-
comes broader. As the temperature increases, the transition probability of
the Balmer lines also increases until the temperature reaches the ionization
potential of Hydrogen. Even though all the lines are temperature sensitive,

Balmer lines are considered to be a better indicator of the T.¢; (Figure 2.18).

e logg is defined as the acceleration due to gravity by a test particle on
the stellar surface. 1/R? nature indicates that the higher the logg value
more compact the star is. Pressure-broadened wings of Mg I b are used
as a surface gravity diagnostic for cool stars, even if the intensity of the
line is temperature-dependent. Mg Ib at 5167, 5172, 5183 A is observable in
stars from A -K spectral type with a wide range of metallicity. In hydrostatic
equilibrium, the gas pressure P, g*/? as well as P, x P2 (P, is the electron
pressure). If a species has most of its element in the same ionization state,
then the strength of the absorption line is proportional to P;* oc g='/3. That
is, the strength of the absorption line is inversely proportional to g, and it

will be more evident in the wings of the strong lines (Figure 2.19).
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FIGURE 2.18: Synthetic spectra around Ha region with different T,;r. All the
other parameters are fixed.
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FIGURE 2.19: Synthetic spectra around one of the Mg triplet regions with
different logg values. All the other parameters are fixed.

e Metalicity : Astronomers usually denote all the elements above H and He
as metals. In stellar physics, the abundance of Fe is considered as metalicity
(denoted as [Fe/H]) as the Fe absorption lines are ubiquitous in the optical
region of the spectra, and this can use to estimate the stellar parameters of

the star with less uncertainty. The metallicity, defined as the logarithmic
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iron abundance with respect to the Sun,

[FG/H] = lOgAFe - logAFe.

e Microturbulent velocity is defined as the non-thermal velocity component
of a single particle in the stellar surface, which broadens the absorption lines

in the stellar surface.

2.6.2 Atomic and molecular data

Detection of a line in the spectrum provides detailed information about the phys-
ical conditions and the chemical nature of the photosphere where the transition
occurs. The line list contains all the possible transitions in the optical region
from the laboratory experiments. The linelist contains information regarding the
wavelength in vacuum, transition details, oscillatory strength, lower excitation
potential, etc. We have used NIST, VALD, and KURUZ linelist with updated

oscillatory strength values.

2.6.3 Stellar model atmospheres

The main assumption applied for stellar photospheric modeling includes plane
parallel geometry; that is, the thickness of the photosphere is usually very small
(AR/R << 1), hydrostatic equilibrium, and assuming the photosphere is homo-

geneous.
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We have used Kurucz ATLAS9 atmospheric models (Castelli and Kurucz
2003a) with 72 opacity layers of different temperatures, pressure, electron density,
etc., assuming there is no relative motion between the layers and entirely balanced
by gravity. The stellar model grid contains 3500 < 7.5 < 50000 K, 0.0 < logg <
5.0 and —0.5 < [Fe/H] < 0.5 with a step size of 250 K, 0.5 dex and 0.1 dex
respectively. ATLASY requires an input model atmosphere as an initial guess then

the code will undergo multiple iterations to produce the best model.

Stellar model spectra synthesized using TURBOSPECTRUM Alvarez and Plez
(1998a); Plez (2012). TURBOSPECTRUM requires a model atmosphere and a line
list as input. The model atmospheres were provided by the ATLAS9 atmospheres.
This can be useful for any temperature-pressure stratification and the execution

time is relatively short even if the input linelist has millions of lines.

2.6.4 Equivalent width measurement and abundance cal-

culation

Equivalent width is a common term used in stellar spectroscopy, defined as the

width of a rectangle having the same height and area as an absorption line of the

A
* F\, = F
WA:/ A T2 d
A

star (Figure 2.20).

1 F)\c

F)\. is denoted by the flux level at continuum and F). is the flux at \.

2.6.5 Estimating stellar parameters

The stellar parameters for the reference star are determined using the absolute

excitation and ionization equilibrium for both Fe I and Fe II lines using Boltzmann
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FIGURE 2.20: Area under the absorption line and the area of the rectangle are

the same. Equivalent width is the width (b) of the rectangle. Image credit:
Cosmos

and Saha’s equation.

Boltzmann equation gives the number of atoms in each energy level at At ther-
modynamic equilibrium. The number of atoms present at a lower excitation level
at thermodynamic equilibrium indicates the strength of the stellar absorption line.
The thermodynamic equilibrium is achieved when the net number of excitation

and de-excitation events equals.

Ey
Ny  Gu * EXPKT

== =
n g; * eXpET

Ny, n; = number of atoms per unit volume in the upper and lower level, respec-

tively.

FE,, E; = upper and lower energy level respectively.
K = Boltzmann constant

T = gas temperature

Ju, g1 = statistical weight applied at the upper and lower energy levels, respectively.


https://astronomy.swin.edu.au/cosmos/e/equivalent+width
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As the number of atoms present at different energy levels can be obtained from the

spectra, one can calculate the "I that is the T.;¢ from the Boltzmann equation.

Saha’s equation is defined as at thermodynamic equilibrium, the rate of recom-

bination and ionization are equal. And the equation can be represented as

i Z; 5040
logig nnH = —0.1761 — log1o P. + loglOZ + 2.5logg * T — * X
i i+1

T = ionization temperature
X:; = lonization energy
P, = electron pressure which is proportional to the gravity (g 5 )

Saha’s equation can be used to measure the surface gravity of a star.

2.6.6 Abundance estimation

The relation which converts the equivalent width to the number of atoms present
in the absorption line is called the Curve of growth shown in Figure 2.21. And the

relation is given by

log(*2) = 10g(C) + log(gf\) — T X + log(N) ~ log(s.)

Tex

T., = excitation temperature
x = lower excitation potential

gf = statistical weight times the oscillatory strength
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Figure 9.22 A general curve of growth for the Sun. (Figure from Aller,
Atoms, Stars, and Nebulae, Revised Edition, Harvard University Press,
Cambridge, MA, 1971.)

FIGURE 2.21: Number of atoms present as a function of the equivalent width
of the absorption line from Aller, Atoms, Stars and Nebulae, Revised edition,
Harvard University Press, Cambridge, MT, 1971.

C = constant

ke = continuum opacity N = abundance

Finding the combination of T¢fy, logg, and [Fe/H] that simultaneously minimized
the slopes of Saha’s and Boltzmann equations for both Fe I and Fe II will give the
best stellar parameters. All our samples are metal-rich main-sequence dwarf stars.
So plenty of Fe lines will be there in the observed spectra. We chose equivalent
width less than 120 A since they are on the linear part of the curve of growth
and are sensitive to the choice of micro-turbulence. Multiple measurements of
the equivalent widths of each spectral line are taken, and the median is chosen to

reduce measurement error.

e Absolute Fe abundance and the differential Fe abundance should be inde-
pendent of the lower excitation potential. The slope should be minimum.
Demanding no trend in Fe I abundances with the lower excitation potential

allowed for the iterative derivation of the Tef f.
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FIGURE 2.22: Best fit model (solid black line) for the abundance of both Fe I
(blue) and Fe II (red) lines independent of lower excitation potential. for HD
202772 B using Keck/HIRES observations.

e Absolute Fe abundance and the differential Fe abundance should be inde-

pendent of the reduced equivalent width. The micro-turbulent velocity was

derived by requiring no trend of Fe I abundances with the reduced equivalent

width.

log(N(Fe)/N(H)) + 12

9.0

8.5

8.0 q

7.5 1

7.0 q

6.5

6.0

] )
L] ® * . ° e ® ‘ L ]
[ ] ™ ~..
. ° . %
W Tal Bl e
MO -
e o . :. * ° °
'] °
] (]
LA
28 26 24 2.2 —20 18
log(eqw/A)

FIGURE 2.23: Best-fit model (solid black line) for the abundance of both Fe
I (blue) and Fe II (red) lines independent of reduced equivalent width for HD
202772 B using Keck/HIRES observations.

e Absolute Fe I, Fe IT abundance and the differential Fe I and Fe IT abundance

should be same. The logg of the star is fixed by applying this condition.

e Input metallicity should match with the derived iron abundance.
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2.7 Methodology: Exoplanet atmospheric char-

acterization with spectroscopy

Transit spectroscopic observations usually have a time series of continuous obser-
vations of the exoplanet host star covering some exposures before ingress, during
ingress, during transit, during egress, and after egress. All these time series of

spectra have to follow the primary data reduction mentioned in the section 2.5.

Go through
individual spectra Construct white Flﬂt::&:;tef‘::hr;:del
and remove lightcurve .
the bad ones lightcurve

Final transmission
spectra

Find the best fit Remove the .Construct.
model and transit possible llgl‘1tcurve in
depth in each systematic errors different
wavelength bin wavelength bin

FIGURE 2.24: Step-by-step data analysis procedure of the low-resolution trans-
mission spectroscopy.

Figure 2.24 indicates the data analysis flow of the low-resolution transmission
spectroscopy. Removing the low SNR spectra from the complete data is impor-
tant. Then obtain the white light curve to find the transit depth by calculating
the mean flux of each exposure in the entire wavelength band as a function of
time. Also, obtain the lightcurve in different wavelength bins. Find the best-
fitting model for the observed lightcurve and remove all the possible systematic
errors. And try to improve the fit to obtain the best transit depth in each wave-
length bin, called low-resolution transmission spectra. Finally, model the observed
transmission spectra with the available exoplanet atmospheric models. Detailed

discussion is presented in Chapter 5.
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2.7.1 High-resolution transit spectroscopy with Keck/HIRES

The instrument details of Keck/HIRES are explained in Section 2.2. Once we have
the wavelength-calibrated time series spectra of the target star after following the
data reduction explained in Section 2.5, visually check each spectra along with
SNR achieved for each exposure and remove the bad ones from that. The steps
included in the data analysis of a typical High-resolution transit spectroscopy are

as follows

e Normalize the spectra by fitting a lower order Spline3 function to the required

spectral region.

e Check the stability of the wavelength solution in all the exposures. If needed,

do an additional wavelength re-calibration.

e Once the wavelength solution of all the exposures matches within the error,
then shift all the wavelength solutions of all the exposures uniformly to the

Stellar Rest Frame (SRF).
VSRF - _%er - Vtsys + Vtstar

(4+ve means moving towards us, and -ve means moving away from us.). Ve,
is the barycentric Earth radial velocity, Vy,, is the velocity with which the
planetary system moves with respect to the barycentre of our solar system,

and Vi, is the 1D relative velocity of the star at each exposure (Keplerian).

e Telluric correction is very important as we are looking for an exoplanetary
signal in the order of the Earth’s atmospheric variation. The standard star
observed during the same night can be used as a telluric standard. There
are well-performed telluric models available to replicate Earth’s atmospheric
variations as a function of time. Figure 2.25 shows typical telluric lines

present in the optical part of the spectra.
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FIGURE 2.25: Possible telluric lines present in the Earth’s atmosphere, in the
optical part of the spectra (Smette et al. 2015).

e Segregate all the exposures taken during transit and those taken without
the transit event. Then median combine all the spectra observed during the

out-of-transit to get the master out of transit spectra.

e Divide each of the in-transit spectra using the master out of transit spectra

to get the residual spectra around the sodium doublet.

e Shift each of the residual spectra to the planetary rest frame (PRF). Here
we have to calculate the planet’s relative velocity as a function of time.
This is also known as cross-correlation and is a powerful tool to confirm the

exoplanetary origin of the detected atmospheric composition.

Verr = V,o(t) — Vitar

V, is the Keplerian velocity.

e Combine all the shifted residual spectra and then normalize to get the final

transmission spectra around the required region.

The detailed discussion is explained in Chapter 6.
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Carbon abundance of stars in the

LAMOST-Kepler field

Abstract

The correlation between host star iron abundance and the exoplanet occurrence
rate is well established and arrived at in several studies. Similar correlations may
be present for the most abundant elements, such as carbon and oxygen, which
also control the dust chemistry of the protoplanetary disk. In this chapter, using a
large number of stars in the Kepler field observed by the LAMOST survey, it has
been possible to estimate the planet occurrence rate with respect to the host star
carbon abundance. Carbon abundances are derived using synthetic spectra fit of
the CH- G-band region in the LAMOST spectra. The carbon abundance trend
with metallicity is consistent with the previous studies and follows the Galactic

chemical evolution (GCE). Similar to [Fe/H], we find that the [C/H] values are

43
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higher among giant-planet hosts. The trend between [C/Fe] and [Fe/H] in planet
hosts and single stars is similar; however, there is a preference for giant planets

around host stars with a subsolar [C/Fe| ratio and higher [Fe/H].

3.1 Introduction

Planets and their host stars are formed together from the same molecular cloud.
Naturally, the planet’s chemical composition is expected to correlate with the
host star. Hence, studies of the host star’s chemical abundance could constrain the
planet’s bulk composition and formation processes. Host star metallicity and giant
planet connection were first observed by Gonzalez (1997b, 1998) and confirmed by
Santos et al. (2001, 2004a) with a larger sample. These authors also showed that
the frequency of giant planet hosts increases steeply above solar metallicity. This
rapid rise in giant planet (R, > 4Rg) occurrence of 3% at solar metallicities and up
to 25% at [Fe/H]=0.3 was again shown by Fischer and Valenti (2005b). Johnson
et al. (2010b) observed giant planet-metallicity correlation in a wide range of stellar
masses, and the occurrence increased from 3% in M dwarfs to 14% in A dwarfs
at solar metallicity. Although the metallicity trend was absent for stars that host
smaller planets, a large spread in metallicities is observed among them(Sousa et al.
2008; Neves et al. 2009), and the low-mass planet-bearing stars at low metallicity
were found to be rich in « elements (Adibekyan et al. 2012a,b,c; Mulders 2018).
Adibekyan et al. (2012a) suggested terrestrial planets could form early in the
Galaxy among the thick disk stars due to their enhanced a abundances. A recent
study by Swastik et al. (2022) showed that [«/Fe] ratio shows a negative trend
with respect to planetary mass, indicating possible conditions for the formation of

low-mass planets before Jupiter-like planets.

The enhanced abundance of volatile elements as compared to refractory elements
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was first observed in the solar atmosphere (Meléndez et al. 2009a); this could be
used as a possible signature of the solar system among solar twins (Ramirez et al.
2009; Meléndez et al. 2012). However, high precision differential abundances of
solar analogs and stellar twins in binary systems did not show a significant dif-
ference in the trend of stellar abundance and condensation temperatures among
planet hosts and non-hosts (Gonzalez et al. 2010; Gonzalez Herndndez et al. 2010,
2013; Mishenina et al. 2016b). Adibekyan et al. (2014) noticed a significant corre-
lation of the stellar abundances versus condensation temperature slope with stellar
age and Galactocentric distance among Sun-like stars, which could be a cause for
the observed difference in the volatile and refractive element abundances. Stellar
lithium abundance could be a sensitive indicator of planet pollution. However, the
results were inconclusive, shows a large spread in Li even among stars of very sim-
ilar stellar parameters (Pollack et al. 1996a; Israelian et al. 2009; Gonzalez et al.
2010; Figueira et al. 2014; Gonzalez 2014; Mishenina et al. 2016a; Delgado Mena
et al. 2014, 2015). Carbon is produced in massive stars similar to « elements at
low metallicities, but low-mass AGB (Asymptotic Giant Branch) stars could also
make carbon (Gustafsson et al. 1999; Kobayashi et al. 2020) at higher metallici-
ties, and hence the C/O ratio can change with time. Bond et al. (2010) showed
the importance of the C/O ratio in the formation of carbide and silicates in the

planet formation and determined the planet mineralogy (Madhusudhan 2012).

Ecuvillon et al. (2004) studied 91 planet hosts and 31 non-host solar-type dwarf
stars using atomic carbon lines and found no significant difference in [C'/Fe] for
the planet host and the non-host stars. Delgado Mena et al. (2010) also found
no difference between carbon abundance between giant planet hosts and non-host
stars. Sudrez-Andrés et al. (2017) used the CH band at 4300 A for deriving the
carbon abundance instead of the atomic lines at 5380.3 A and 5052.2 A to study
the carbon abundance of HARPS FGK stars with 112 giant planet hosts and
639 stars without known planets. Furthermore, they found that [C/Fe] is not

varying as a function of the planetary mass, indicating the absence of a significant
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contribution of carbon in the formation of planets.

Here we present the occurrence rate analysis of carbon abundance based on a
large number of Kepler-LAMOST (The Large Sky Area Multi-Object Fiber Spec-
troscopic Telescope) samples of main-sequence FGK stars to understand the im-
portance of carbon abundance in the planet formation process as well as Galactic
chemical evolution using CH G band at 4300 A. The sample contains 825 con-
firmed planet host stars and 214 stars with planet candidates from the Kepler
catalog, and 49215 stars without detected planets.

3.2 Data acquisition and target selection

As we are interested in the statistical analysis of the different populations of planet-
host stars, we require the largest sample possible. So we combined LAMOST,
the largest low-resolution spectroscopic survey in the Kepler field, called the LK

project.

Kepler is a dedicated mission for detecting Earth-like exoplanets around the Solar
neighborhood. More than half of the known planets are detected using the Kepler
mission using the transit method. Kepler has a wide field of view > 100 deg with a
primary aperture of 0.95m. Moreover, it can simultaneously take the photometric
observation of 100000 stars using a broad band pass filter (420 - 865 nm) (Koch
et al. 2004).

LAMOST is a wide-field spectroscopic survey facility using a telescope with a
4m clear aperture and 5deg field of view. The survey obtains 4000 spectra in a
single exposure to a limiting magnitude of r=19 at the resolution R=1800 and

simultaneous wavelength coverage of 370 - 900 nm (Zhao et al. 2012). A detailed
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F1GURE 3.1: The entire sample from the LAMOST-KEPLER field is shown as
a density plot. And the selected samples within the restricted stellar parameters
for the current study are shown as an inset. The black and red dots indicate
the field and the planet host stars, respectively.

explanation of the instrument is given in Chapter 2. We have used the LAMOST-
Kepler project Zong et al. (2018) Public Data Release 4 (http://dr4.lamost.org)
data for the current study. The observations were carried out between 2012 and
2017 and covered the entire Kepler field. A total of 227870 spectra belonging to
156390 stars were available in the database and out of which the spectroscopic
parameters for 126172 stars were available from the LASP pipeline (Luo et al.
2014). The spectra and the corresponding stellar parameters (e.g., T.ss, logg,
[Fe/H], and radial velocity) were obtained from the LAMOST database. Addi-
tional parameters such as the mass and the radius of the planets are taken from
the NASA Exoplanet archive NASA exoplanet archive(Akeson et al. 2013). We
restricted the analysis to the main sequence dwarf stars, leading to a final sample
of 49215 field stars and 1039 host stars with confirmed exoplanets and potential
candidates. Figure 3.1 shows the parameter range of the final LAMOST-Kepler
sample. Figure 3.2 indicates the SNR (Signal to Noise Ratio), logg, and T.s¢

histogram distribution of the final sample.


https://exoplanetarchive.ipac.caltech.edu
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FIGURE 3.2: Distribution of SNR, T¢;s and logg of the final sample (4800 <
Ters < 6500 K and logg > 4.0) . The small planet host with planet radius
R, < 4Rg, giant planet(R, > 4Rg) host stars, and field stars are in green, red
and blue respectively.

3.2.1 Estimation of carbon abundances

The methodology for estimating the carbon abundance uses a grid of synthetic
spectra of varying carbon abundances across various stellar parameters and inter-
polates the model spectra to match the observed spectra. In this work, we used
Kurucz ATLAS9 NEWODF (Castelli and Kurucz 2003c), stellar atmospheric mod-
els, by Castelli and Kurucz (2003b) and Turbospectrum (Alvarez and Plez 1998b)
spectrum synthesis code V19.1 (Plez 2012) for generating the synthetic spectra.
The atomic and molecular line lists are the same as that of Lee et al. (2008) and
Carollo et al. (2012) with minor updates to the hyperfine structure and inclu-
sions of isotopes for the heavy elements. The synthetic grid covers a wavelength

range of 4200-4400 A, which covers the CH molecule of the G-band region, which
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is sensitive to carbon abundance. The synthetic spectra cover a range in effec-
tive temperatures between T,;; = 3500 — 7000 K, with an increment of 250 K,
and the logg range is between 0.0 — 5.0 dex with an increment of 0.5 dex and
[Fe/H] = —1.0 — 40.5 dex (with 0.5 dex increment). Carbon abundance was
varied over this stellar parameter range at every 0.1 dex step size. We used a
python script for interpolation and y? minimization between the observed and
the model spectra. Since the wavelength coverage of the grid is limited, stellar
parameters from LAMOST were used, and only the carbon abundances were var-
ied for estimating the best fit between observed and synthetic spectra. Figure
3.3 shows an example of a best-fit spectrum. Solar scaled abundances are used
for the stellar model atmospheres and synthetic spectra generation in the range
[Fe/H] = +0.0—40.5 and for the metal-poor range, [Fe/H] = —1.0——0.5 dex an
alpha enhanced abundances of [o/Fe] = 0.4 dex was used. Solar abundances val-
ues are taken from Grevesse et al. (2007) where log(N(C)/N(H))+ 12 = 8.39 and
log(N(O)/N(H)) + 12 = 8.66 were used. The synthetic spectra grid uses an oxy-
gen abundance ([O/H]) that scales with the metallicity for the metal-rich models
(0.0 < [Fe/H] < 0.5) and follows the alpha abundance in the metal-poor models
([Fe/H] < 0.0), as expected by the Galactic chemical evolution. We checked the
sensitivity of the derived carbon abundances to the assumed oxygen abundance
and found it has less impact on the current sample, as the targets have T¢yp >
4800K and C/O < 1.0. We also visually inspected the goodness of the spectral
fit for the entire planet host stars, using plots similar to Figure 3.3. Figure 3.4

represents the goodness of the fit at two extreme T¢ s regimes.



Chapter 3 50

1.2 4
X 1.0
=}
fre
D
NS
©
E 0.6
S
=

0.4

Teff= 5774 logg= 4.3 [Fe/H]= 0.0 [C/H]= -0.12
0.2 T T T T T T T T T
4200 4225 4250 4275 4300 4325 4350 4375 4400
wavelength (4)
1.2
0.5

1.1
3
£ 10 0.4
?

0.9
= o3
©
€ o038
S

0.2

Z 0.7

0.6 1 0.1+

4285 42‘90 42‘95 43‘00 43b5 43‘10 43‘15 4320 —6.6 —6.4 —6.2 010 0j2 Ot4
wavelength (4) [C/H]

FIGURE 3.3: Observed spectra of Sun (blue) and the synthetic spectra (red).
The top panel shows the best fit with input parameters from LAMOST. The
bottom-left panel shows an enlarged view of the CH G-band region. Bottom
right panel shows the x? variation with [C//H] for obtaining the best fit [C'/H]
value for the Sun with T, ¢y = 5774 K and SNR= 76.

3.2.2 Scaling the derived carbon abundances

The carbon abundances derived in this work use low-resolution spectra fitting
the strong CH feature. This spectral region is prone to be affected by contin-
uum fitting error. However, accurate stellar abundances use high-resolution spec-
troscopy of carefully selected weak lines (mostly atomic CI lines) in the linear
part of the curve of growth. Hence, our derived abundance will be different from

high-resolution abundances. We corrected the LAMOST carbon abundances using
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panel shows the best fit for a star of Toy; = 4800 K and SNR= 75.07. The
bottom-left panel shows the best fit for a star with T,y = 6496 K and SNR=
44.10

common samples from the California Kepler Survey (CKS) *(Brewer and Fischer
2018) observed using high-resolution (R=65000), Keck-HIRES (HIgh-Resolution
Echelle Spectrograph) spectra. We used 1025 common targets from CKS for de-
riving the corrections. As shown in Figure 3.5, the temperature scale between

CKS and LAMOST common samples matches well after removing the 5o outliers.

First, we made corrections to the CKS and LAMOST [Fe/H] estimates (from the
LAMOST catalog), which is not significantly different ( Figure 3.6). The LAM-
OST and CKS, [C/H] values show some dependency with effective temperature

(Figure 3.7). So, in the next step, we derive corrections for [C/H] values as a

*The CKS sample is available from https://doi.org/10.3847/1538-4365/aad501
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FIGURE 3.5: Comparison of the derived T, values from CKS and the LAM-
OST. The black line is the 1:1 line.

function of T,¢s (Figure 3.8). We verified the correction for Sun using HARPS
solar spectra. We have used Sun as star spectra from HARPS and convolved and
re-binned to LAMOST resolution. We also added Gaussian noise to the data with
an SNR=76, which is the mean SNR of the final sample. The stellar parameters
we adopted for Sun are, T,y =5774 K, logg = 4.3 dex and [Fe/H]=0.0. We found
an offset of [C'/H|panosr = —0.12 at solar temperature, which is consistent with
CKS corrections. The derived solar carbon abundance with CKS correction is
|[C'/H]amost = 0.09 (Figure 3.3). In the following sections, we only use the CKS
corrected LAMOST [Fe/H]| and [C/H] values.

3.2.3 Searching for systematic trends

We plotted the derived carbon abundances with respect to the stellar parameters
to infer any systematic trends among them. Figure 3.9 indicates no obvious cor-
relation between the derived carbon abundances with T.;; and log g. Figure 3.9
(a) and (b) also shows no systematic difference in the T.;; and log g distribution

between giant planet host stars, small planet host, and the field stars. The derived
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mean errors in the carbon abundances across different stellar parameters are also
shown in the plots. The error in the carbon abundance is estimated from the
x? difference for a fixed difference §[C'/H] = £0.1 dex in the carbon abundance
around the minimum x?. Figure 3.9 (c) represents [C'//H| as a function of [Fe/H],
which shows a positive trend between [Fe/H| and [C/H| as expected due to the
Galactic chemical evolution (GCE) effect. Both [Fe/H] and [C/H| increase lin-
early from the low metallicity close to the solar value and then flatten. This is
the typical behavior of o elements that indicate carbon is primarily produced due
to massive stars. Carbon may increase slightly at the very metal-rich end due to
carbon production from the AGB stars; however, it is not very clear. Figure 3.9
(d) represents the trend of [C'/Fe] as a function of [F'e/H|, which also represents
the GCE effect of carbon with respect to iron. Both field stars and host stars

follow a similar trend.
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FIGURE 3.9: Variation in [C//H] as a function of T.ss (a), logg (b) and [Fe/H]
(c) after CKS correction. Giant planet host stars (red), Small planet host stars
(black), field stars (grey), and Sun (yellow). Variation in [C'/H] error (shifted
for the visual purpose at different x values plotted in blue. In Figure 3.9 (c),
the black dashed line shows the 1:1 correlation. (d) shows [C/Fe] as a function
of [Fe/H]
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3.3 Results

We study the distribution of carbon abundance for planets of different radii and
the occurrence rates with respect to the metallicity and carbon abundances. Using
Galactic velocity dispersion, we infer the ages of the sample independent of the
chemical abundances to understand the role of planet formation on the chemical

composition.

3.3.1 Elemental abundance of the host stars as a function

of planet population

We examined the elemental abundance distribution of three distinct stellar popu-
lations: (i) host stars of the smaller planet (R, < 4Rg), (ii) host stars with giant
planets (R, > 4Rg) and, (iii) Kepler field stars with no known planet detection.
Distributions of [Fe/H], [C/H] and [C'/Fe] as a function of planetary radius is
shown in Figure 3.10. We find that (a) giant planet hosts, on average, have a higher
value of [Fe/H]mean as compared to the host stars of small planets and field stars.
This indicates that the giant planets are preferentially found around metal-rich
host stars, similar to previous studies (Mulders et al. 2016; Petigura et al. 2018a;
Narang et al. 2018). And even the smaller planet hosts have a slightly higher
[Fe/H]mean as compared to the field stars, perhaps indicating that the formation
of small planets [Fe/H] could have some role (Schlaufman and Laughlin 2011).

Similarly in figure 3.10 (b), the distribution of [C'/H] also follows similar trend as
that of [F'e/H]. The giant planet host stars are carbon-rich compared to field stars
and small planet host stars. The resulting [C'/ H] trend is expected because [C'/H |
increases with [Fe/H| due to GCE. However, the difference between the [C'/H]

distribution for small planet hosts and field stars is insignificant. Figure 3.10 (c)
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shows the distribution of [C'/Fe] for host stars of different planet radii. We find
[C'/ Fe] peaks at a higher value for the field stars compared to the planet hosts,
which could be again due to the effect of GCE. Since most of the field stars are
[F'e/H|] poor compared to the planet hosts, the [C/Fe] at lower metallicities are
expected to be higher, as most of the carbon in the Galaxy seems to have come from
massive stars and hence the [C'/Fe] is high than solar values at lower metallicities
(Kobayashi et al. 2020). Beyond solar metallicities, the rate of increase of iron is
higher compared to carbon; hence the [C'/Fé]ean value for the giant planet host
star is low compared to stars host small planets and field stars. The results are

shown in Table 3.1.

TABLE 3.1: Each column represents the different category of stars, mean [Fe/H],
mean [C/H], and mean [C/Fe| values from the histogram distribution.

category [Fe/H]mean [C/H]mean [C/Fe|mean
field star —0.034 4+ 0.001—0.036 £ 0.001—0.006 4 0.001
small planet host—0.006 4+ 0.005—0.025 + 0.005—0.019 4+ 0.004
giant planet host 0.068 £ 0.016 0.023 £0.016 —0.044 4+ 0.012

3.3.2 Occurrence rate of planets and the host star abun-

dance

The analysis described in the previous sections does not take the completeness of
the Kepler survey, the detector efficiency, or the probability of detecting a planet
into account. The real trend can not be inferred from histograms. In order to
derive the correlation between the host star elemental abundance and the planet
radius that is free of selection effects and observational biases, we use the final
Kepler DR25 data release Mathur et al. (2017) to compute the occurrence rate of
exoplanets as a function of radius and host star [Fe/H] and [C'/H]. We updated
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FIGURE 3.10: Distribution of carbon among small planet(R, < 4Rg) host,
giant planet(R, > 4Rg) host stars and field stars. A dashed vertical line repre-
sents the mean value of each distribution.

the Kepler DR25 catalog with updated stellar and planetary radius based on Gaia
DR2 from Berger et al. (2018). Since the LAMOST metallicity and the derived
carbon abundances are calibrated with respect to the CKS values, we combine CKS
samples (Petigura et al. 2018b; Brewer and Fischer 2018) that have metallicities
and carbon abundances. This also added additional samples for the occurrence
rate estimation. To compute the occurrence rate as a function of planetary radii,
we followed the prescription presented in Youdin (2011); Howard et al. (2012);
Burke et al. (2015); Mulders et al. (2016).
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Similar to Narang et al. (2018), we have divided the sample into three [F'e/H] bins;
(i) sub-solar metalicity (—0.8 < [Fe/H] < —0.2) , (ii) solar metalicity (—0.2 <
[Fe/H] < 0.2) and (iii) super-solar metalicity (0.2 < [Fe/H| < 0.8). In Figure
3.11 (a), the occurrence rate of the sample is shown as a function of planet radius
and host star [F'e/H]. We also calculated the occurrence rate (for the exoplanet
sample used in Figure 3.11 (a) as a function of planet radius Figure 3.11 (b). The
3.11 (a) is both a function of host star [Fe/H| and radius. Similar to Narang
et al. (2018), we normalized the occurrence rate in Figure 3.11 (a) with the total
occurrence rate as a function of radius Figure 3.11 (b) to produce the normalized
occurrence rate. The normalized occurrence rate Figure 3.11 (c) is only a function
of the host star [Fe/H]|. From Figure 3.11 (a) and Figure 3.11 (b) it can be seen
that smaller planets Rp < 4Ry have similar occurrence rate for the three [Fe/H]
ranges, while giant planets Rp > 4R have a higher occurrence rate for the solar
and super-solar [F'e/H|. This is consistent with the previous works in literature
(e.g., Mulders et al. 2016; Petigura et al. 2018a; Narang et al. 2018). To compute
the occurrence rate of planets as a function of [C'/H], we divided the sample into
three [C'/ H] bins since we found that the [C/H] is a strong function of [Fe/H] (see
Figure 3.13c) we converted the [Fe/H] bins to [C/H] bins. Based on equation

[C/H] = 0.657  [Fe/H] — 0.165 (3.1)

we define the bins as (i) sub-solar [C'//H] (—0.7 < [C/H] < —0.3) , (ii) solar [C'/H]
(—0.3 < [C/H] < 0.0) and (iii) super-solar [C'/H] (0.0 < [C/H] < 0.2). Figure
3.12 (a) shows the occurrence rate as a function of host star carbon abundance and
planetary radius. Similar to Figure 3.11 (a), Figure 3.12 (a) is a strong function of
both planetary radius and [C'/H]. In Figure 3.12 (b), the normalized occurrence
rate of planets (using Figure 3.11 (b)) as a function of [C'// H] is shown. From Figure
3.12, we find that similar to Figure 3.11, the occurrence rate of giant planets is

higher for stars with solar and super-solar [C/H].
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We further analyzed the occurrence rate of planets as a function of [C/Fe]. We
divide the sample again into three bins (i) [C// F'e] between -0.4 to -0.1, (ii) [C'/Fe]
between -0.1 to 0.1, and (iii) [C'/Fe] between 0.1 to 0.4. In Figure 3.13 (a), the
occurrence rate as a function of host star [C'/Fe] and planetary radius is shown.
We found that the occurrence rate for smaller planets (Rp < 4Rg) is similar in all
the three [C'/Fe] bins, while the occurrence rate of the giant planets (Rp > 4Rz)
is much higher for [C'/Fe] < 0.1. This might indicate that volatile elements such
as carbon do not play a significant role in forming giant planets, even though they
are more abundant than iron. The overall metallicity may be important, and the

formation of giant planets started only in the later stage of GCE.

3.3.3 Galactic space velocity dispersion

The increase in (normalized) occurrence rate as a function of [C'/H] indicates that
carbon enhancement is necessary for the Galactic context of planet formation.
However, it might play a weaker role than that of [F'e/H]| in determining the
size /radius of the planet. To further understand the planet population in the
Galactic context, we need to understand the dependence and evolution of planetary
and host star properties as a function of the Galactic age. In Narang et al. (under
review), we have established that the critical threshold of [Fe/H] in ISM that
was necessary to form Jupiter-like planets was only achieved in the last 5-6 Gyrs
indicating that the Jupiters only started forming in the last 5-6 Gyrs. Since the
[C'/ Fe] values are expected to change over the timescale of the Galactic thin disk,
we further investigated if probing the Galactic evolution of the [C'/H] and/or the
[C'/Fe] might provide us with clues about the Galactic evolution of planetary
systems. Similar to Binney et al. (2000); Manoj and Bhatt (2005); Hamer and
Schlaufman (2019) and Narang et al. (under review), we used the dispersion in

the peculiar velocity of the stars as a proxy for the age of the stars in the Kepler
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FIGURE 3.11: (a) Occurrence rate of exoplanets as a function of the planetary
radius and the host star metallicity. (b) The total occurrence rate of the sample
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rence rate of the exoplanets as a function of the planetary radius and the host
star metallicity. The error bars in these plots are the Poissonian errors based
on the number of planets in each bin.
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field. We estimated the velocity dispersion (a proxy for age) as a function of

[Fe/H], [C/H], and [C/Fe] with the help of Gaia DR2.

To compute the velocity dispersion, we first calculated the Galactic space velocity
in terms of the U, V, & W space components following Johnson and Soderblom
(1987); Ujjwal et al. (2020) using the proper motion and parallax information from
Gaia as well as the radial velocity information from LAMOST. The total velocity
dispersion (oy) for a particular ensemble of stars is then given as the quadratic
sum of the individual components of the velocity dispersion in that given ensemble

such that

Otot = \/012] + 0% + o, (3.2)
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where oy, oy, and oy are the velocity dispersion of the U, V', and W components

given in the same manner as:

1 _
op = =N (U; — U)? (3.3)

where N is the number of stars.

Furthermore, velocity dispersion can then be converted to an average age of the

stars following the formalism from Narang et al., (under review):

Orot(T) = A x 1P (3.4)
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where 7 is the average age of the host stars in a bin, A is a constant and is equal

to 21.5 km s 1 Gyr=%5 and 8 = 0.53.

In Figure 3.14, we illustrate the velocity dispersion of the Kepler field as a function
of [Fe/H]. As the average field [Fe/H] increases, the total velocity dispersion oy
decreases. This indicates that [Fe/H] rich stars ([F'e/H] > —0.2) are younger.
Similar behavior is seen for the oy, oy, and oy as well. Using equation 3.4, we can
further convert oy, to the average age of the stars. We find that [Fe/H] rich stars
([Fe/H] > —0.2) have an average age between ~4-6 Gyrs. Further from Figure
3.11, we find that most giant planets are around [Fe/H]| rich stars. Hence from
Figure 3.11 and Figure 3.14, we conclude that most of the giant planets (Rp > 4
Rg) in the Kepler field are of an average age between ~4-6 Gyrs, while smaller

planets have a much larger spread in host stars [F'e/H] and hence even in the age.

Similarly, by combining the results of velocity dispersion as a function of [C/H]|
from Figure 3.15 and the occurrence rate of planets in the Kepler field as a function
of [C'/H], we find that the average age of host stars of giant planets Rp > 4Rg
is between 4-5 Gyrs. Similar age ranges are obtained based on [C'/Fe] as well

(Figure 3.16).

3.4 Discussion

We have calculated the planet occurrence rate as a function of the metallicity
of the host star and carbon abundance. The distribution of [Fe/H] and [C/H]
with respect to the planet radii show that planets with R, > 4Rg are mostly
found around stars with solar and super-solar metallicities. At these preferred
high metallicities, the GCE trend shows lower [C/Fe] ratios, and planet hosts also

follow a similar trend as the field stars, as shown in Figure 3.9. With the current
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F1GURE 3.14: The total velocity dispersion and the velocity dispersion of the
individual components ( oy, oy, and o) as a function of [Fe/H|. We have
used a running average with a bin size of 1000 and a step size of 200. The error
bar on the velocity dispersion is computed following Binney et al. (2000). On
the right-hand y-axis are the corresponding ages computed using Equation 3.4.
The same axis and error bar, as well as the binning scheme, are followed for all
subsequent figures.

sample, we do not find a significant difference in the [Fe/H] versus [C/Fe| trend
above solar metallicities between the field stars and planet hosts. We explored
the difference in [C'/Fe] within a narrow bin in metallicity to remove the GCE
trend; however, this has significantly reduced the number of samples. A simple
mean gives a [C'/Fe] value of —0.09 for field stars and —0.13 for giant planet hosts
for [F'e/H] > 0.28. However, at lower metallicities (where mostly low-mass planet
hosts are present), the planet hosts may have slightly higher [C/Fe| values than the
field stars, which is similar to what is observed in alpha elements (Adibekyan et al.
2012a). Hence, there may be a general preference for planet hosts to have higher

abundances of metals. Since planet hosts and field stars follow the GCE trends
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in elemental abundance, it is difficult to test the preference of a higher [C/Fe]
among planet hosts at solar and super solar metallicities. A stellar population
with different abundance ratios with overlapping metallicity, similar to a thick
and thin disk, is not present at higher metallicity. Giant planet frequency at a
different Galactic distance from future microlensing surveys can cover a range of

stellar metallicities and possibly with different abundance ratios.

To remove the Galactic chemical evolution trend of carbon with metallicity, we
looked at a narrow bin in metallicity and tried to find the difference in the carbon
abundance among planet hosts and field stars; however, this has reduced the
number of samples significantly. From Figure 3.9(c), we can say that the planet
hosts above [Fe/H| > 0.0 and occupy a slightly lower value of [C'/H] compared
to the field stars. The mean [C/Fe] for planet hosts in the metallicity range
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individual components ( oy, oy and o) as a function of [C'/Fe].

0.0 < [Fe/H] < 0.2 is —0.285 and for the field stars in the same metallicity range

is —0.272.

3.5 Conclusion

We have used LAMOST-Kepler data of main-sequence dwarfs to derive the carbon

abundance and compare the planet hosts and the field stars. We constrained the

sample to the main sequence dwarf stars to avoid effects due to stellar evolution.

The distribution of carbon and iron with the planet radii and the occurrence rate

analysis showed the giant planet hosts are iron-rich and carbon-rich compared

to the field stars and the stars with smaller planets.

However, at super-solar
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metallicities, the [C'/Fe] values are lower than the solar ratio. Iron increases at
a faster rate at the metal-rich end compared to carbon, which may be crucial
for increasing the abundance of the refractory elements. Based on the Galactic
space velocity dispersion, we found that the Jupiter host stars are younger, only
about 4-5 Gyrs old. Even though the number density of carbon is higher than
iron at super-solar metallicities, the giant planet formation may require a critical
abundance of refractory elements and could reach it only 4-5 Gyrs ago. From
the detailed occurrence rate analysis, we found that carbon is not a significant

contributor to the mineralogy of planet formation as compared to iron.
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Appendix



TABLE 3.2: Sample data of LAMOST-Kepler field stars. Fach column repre-
sents RA, DEC, effective temperature of the star, logg, [Fe/H], and the [C/H]
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RA(degree) DEC(degree) Teyy logg [Fe/H] [C/H]
12.9681 10.1142 5843.0 4.09 -0.5487 -0.2814
13.1028 8.7679 6058.0 4.34 0.0207  -0.0390
13.1220 9.1860 5044.0 4.57 -0.4775 -0.2193
13.1915 9.5228 9562.0 4.25 0.0681  0.0960
13.2336 8.7201 5401.0 4.57 -0.4854 -0.1415
13.2383 10.6629 5024.0 4.46 -0.0979  0.2636
13.2399 9.5898 5444.0 4.44 0.0444 -0.0075
167.630188 0.307838 4261  4.6999998  -0.47 -0.57
167.6458588 -0.851329 2044  4.5900002  -0.32 -0.43
167.6579895 -0.223648 4687  4.6599998  -0.05 -0.4
167.6629944 -0.131331 5304  4.6799998  -0.21 -0.43
167.6772461 0.038034 4986 4.54 -0.36  -0.45
167.6934814 1.625792 6054 4.1700001  -0.03 -0.19
167.699646 0.259866 5063  4.6399999  -0.19 -0.39
167.7208862 0.060551 6122  4.1199999  -0.46 -0.39
167.7237549 -0.303719 4499  4.5799999  -0.19 -0.51
167.7408295 -1.480244 5119  4.6100001 0.12 -0.31
167.7738342 0.058243 4228 4.75 -0.48 -0.7
167.7752838  2.2649209 4730 4.5599999  -0.75 -0.72
167.7816772 0.325315 2979  4.4200001  -0.05 -0.33
167.8115997 -1.016991 4577 4.6300001  -0.26 -0.52
167.8118439  2.2391789 2980  4.3299999  0.03 -0.11
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RA(degree) DEC(degree) T,¢¢ logg [Fe/H] [C/H]
279.8469238  44.1596909 5604 4.56 0.03  -0.22
279.8469238  44.1596909 5604 4.56 0.03  -0.22
279.847168  43.0251808 4635 4.74 0.12  -0.34
279.847168  43.0251808 4635 4.74 0.12 -0.34
279.8475342  47.7032356 6024 4.25 -0.2 -0.24
279.8491211  46.4808731 5613 4.01 0.08  -0.17
279.8659058  46.9793854 5795 4.21 0.02 -0.2

279.866394  47.1573563 5379 4.23 -0.12 -0.4

279.866394  47.1573563 5379 4.23 -0.12 -0.4

279.866394  47.1573563 5379 4.23 -0.12 -0.4

279.8666077  41.9319344 5528 4.48 -0.33  -0.46
291.1022034  50.5369301 6018 4.1799998 -0.31  -0.46
291.1022034  50.5369186 5991 4.1300001 -0.31 -0.43
291.1026611  41.6170769 5620 4.54 0.24 -0.17
291.1026611  41.6170769 5620 4.54 0.24 -0.17
291.1028748  45.4185829 6075 4.0799999 0.22  -0.11
291.1028748  45.4188957 6079 4.1300001 0.2 -0.07
291.1028748  45.4185715 6055 4.0900002 0.2 -0.05
291.1038208  43.7535019 6245 4.29 -0.16  -0.2

291.104187  48.0426292 5896 4.25 0.01 -0.19
291.104187  44.0601997 6090 4.2199998 -0.23  -0.41
291.1042175  44.0601921 5984 4.3899999 -0.17  -0.36

TABLE 3.3: Sample data of LAMOST-Kepler field stars. Each column repre-
sents RA, DEC, effective temperature of the star, logg, [Fe/H], and the [C/H]
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RA(degree) DEC(degree) T,¢¢ logg [Fe/H] [C/H]
291.1053467  48.2742767 5243 4.6500001  0.16  -0.22
291.1053772  49.1808281 5918 4.21 -0.34  -0.45
291.1054688  44.4811096 6049 4.3299999 -0.03  -0.39
291.1054688  44.4810982 6015 4.3299999 -0.05 -0.15
291.1057434  42.3970184 5758 4.1900001  -0.37 -0.4

291.1072998  42.2459106 5731 4.3400002 0.06  -0.18
299.459137 45.91679 6028 4.04 -0.05  -0.23
299.4594421  43.9097595 6211 4.15 033  -0.37
299.4607544  43.8092232 6289 4.21 -0.12 -0.32
299.462677  47.3565826 5981 4.13 0.02  -0.52
299.4630737  42.5211487 6404 4.15 0.06 -041
299.4630737  42.5211487 6404 4.15 0.06 -041
299.4639282 46.16819 5656 4.36 0.1 -0.11
299.4639282  46.1681938 5591 4.25 0.08  -0.22
299.4649963  45.5816193 6264 4.23 -0.31  -0.25
299.4655457  45.5748405 5823 4.42 -0.12  -0.21
299.4665833  47.0244179 6354 4.0 -0.31  -0.34
299.4670715 424379234 6468 4.19 0.08 -0.04
299.4685059 44.25214 6193 4.02 0.05  -0.25
299.4685059  45.2125015 6322 4.21 0.04  -0.17
299.4685059  45.2125015 6322 4.21 0.04  -0.17
299.4686279  45.2126846 6310 4.21 0.02  -0.09
299.468689  41.3595695 5899 4.44 0.07  -0.27

TABLE 3.4: Sample data of LAMOST-Kepler field stars. Each column repre-
sents RA, DEC, effective temperature of the star, logg, [Fe/H], and the [C/H]
(continue)
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RA(degree) DEC(degree) Teyy logg [Fe/H] [C/H]
299.9935913  44.6848068 6273 4.21 -0.48 -0.51
299.9935913  44.6848068 6273 4.21 -0.48 -0.51
299.9957886  47.1198616 0178  4.5900002  0.11 -0.24
299.9957886  47.1198616 5178  4.5900002  0.11 -0.24
299.997345  44.2460709 5218  4.6199999  -0.07  -0.41
299.9992371  40.8527718 6421 3.99 0.1 -0.16
299.9999695  45.2290382 5258  4.6500001  0.07 -0.33
300.0004883  46.8639984 5869  4.1100001  0.09 -0.18
300.000885  46.8380394 2840 4.0 -0.21 -0.33
300.0009155  46.838028 5850 4.04 -0.2 -0.34
300.0009766  44.8284988 5345 4.6700001  -0.08 -0.34
300.0010376  40.9790421 5271 4.54 0.28 -0.16
300.0010376  40.9790421 0271 4.54 0.28 -0.16
300.0012207  44.4470215 6082  4.5500002  -0.03 -0.04
300.0012817  41.9199257 5851 4.02 0.32 0.045
300.0039062  41.7315407 6476  4.2199998  0.03 -0.25
300.0039062  41.7315407 6476  4.2199998  0.03 -0.25
300.0039062  41.7315407 6476  4.2199998  0.03 -0.25
300.0039978  44.1375313 5664  4.5900002 -0.13  -0.44
300.0046997  45.3192711 0542 4.5900002  0.05 -0.34
300.0054932  48.1293755 5217  4.6100001 0.0 -0.45
300.0058289  44.7187805 4251  4.5599999  -0.03 -0.57
300.0065613  42.0198364 0496  4.3200002  -0.36 -0.57
303.3804 45.6495 5788.0 4.40 0.1077 -0.1142
303.3810 45.7701 6286.0 4.23 -0.0188 -0.2871
303.4039 45.6290 5910.0 4.25 -0.0109  0.1798

TABLE 3.5: Sample data of LAMOST-Kepler field stars. Fach column repre-
sents RA, DEC, effective temperature of the star, logg, [Fe/H], and the [C/H]
(continue)






Chapter 4

Differential Abundance Analysis
of Planet Host Visual Binary

Systems

Abstract

Differential abundance analysis among planet-hosting stars in a binary system can
probe the primordial versus the self-enrichment scenario on the origin host star
abundance difference. Here we perform the differential abundance analysis of two
binary systems, HD 80606/ HD 80607 and HD 202772 A/ HD 202772 B. The
primary and secondary have similar stellar parameters. In the binary system, one
of the companions hosts a giant planet, and the other does not. Precise line-by-

line differential analysis shows an overall enhancement in all elements to a level

1)
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0.01dex. There is no significant trend as a function of condensation temperature

and the abundance difference.

4.1 Introduction

The formation and evolution of exoplanets can alter the chemical composition of
the host star as they are formed from the same initial molecular cloud. The metal-
rich nature of the giant planet host star is supported by the core accretion model
of planet formation by Pollack et al. (1996b) and later supported by the observa-
tions (Gonzalez 1997a, 1998; Santos et al. 2001, 2004b; Fischer and Valenti 2005a;
Johnson et al. 2010a). In the core accretion model, the metal-rich environment
helps the formation of the planetary core of mass around 10Mg in a faster way.
It can accrete the gaseous envelope before the gas dissipation timescale. However,
this correlation is seen only for the giant planet (Rp > 4Rg) host stars. Meléndez
et al. (2009b) introduced the differential abundance analysis by comparing the Sun
and other Sun-like field stars which do not host a planet. He found that the Sun
is deficient in refractory elements (7, > 900) K as a function of condensation tem-
perature (7,.) compared to the volatile elements (7, < 900) K and they proposed
the refractory elements are mainly used for the formation of the rocky planets.
Liu et al. (2016) also supported this result by observing planet host stellar binary
twins in the open cluster M67. As we know, the local and global composition
of the protoplanetary disk and the Galactic Chemical Evolution (GCE) trend is
different in different parts of the sky. So some other studies justified the observed
abundance difference can be due to the difference in the stellar age or the differ-
ence in the Galactocentric distance Adibekyan et al. (2014); Nissen (2015). The
accretion of post-formation of planets can also alter the photospheric composition

of the host star photosphere based on the mass of the planet (Liu et al. 2018).
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The binary stars are important for these studies because they are formed from
the same initial molecular cloud (Kratter 2011; Vogt et al. 2012). A differential
abundance analysis of binary stars can give better results, excluding all the model-
dependent uncertainties and the GCE effects. So planet-host binary systems are
ideal cases to study the impact of planet formation and evolution on the host star.
Recently many studies have been focusing on this aspect using high-resolution
and high signal-to-noise ratio spectroscopic observations. The study based on the
binary system XO-2N/XO-2S (Teske et al. 2015), 16 Cyg A/B (Tucci Maia et al.
2014), and HD 20807/20766 system where one of the binary star host a debris disk
(Saffe et al. 2016) or a planet shows that planet host is deficient in refractory ele-
ments compared to volatile elements supporting the observation by Meléndez et al.
(2009b) for Sun. Meanwhile, HD 240430/240429 (Oh et al. 2018) and HAT-P-4
A /B (Saffe et al. 2017) showed that refractory elements are enhanced in the planet
host star compared to the volatile elements, which probably indicates engulfment
of a close-in terrestrial planet. In some other systems like WASP-94 A /B (Teske
et al. 2016a) and HD 133131 A/B (Teske et al. 2016b), even though a significant
elemental abundance difference was derived, as there is no trend with condensa-
tion temperature. However, Bitsch et al. (2018) proposed the observed abundance
difference can be related to the planet formation location in the disk. For HAT-P-1
(Liu et al. 2014), HD80606 (Liu et al. 2018), and HD 20781/20782 (III et al. 2014)
show no significant difference in the abundance among the binary companions.
Liu found no relation between the observed difference in the abundance and the
planet occurrence rate based on the study on nine binary planet host systems,
which implies the presence of a planet may not alter the photospheric chemical
composition of the host star. Based on the observational evidence we have so far,
the results are not converging to a common conclusion about how different pop-
ulations of planets can alter the host star’s chemical composition. So we require

more samples for the analysis.
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Here we are presenting the detailed differential abundance analysis of the co-
moving wide visual binary system HD 80606 (09:22:37.576,+50:36:13.435) and
HD 80607 (09:22:39.736,+50:36:13.952) with an angular separation of 20” and a
projected separation of 1200 AU. Both are solar-type stars with spectral type
GbHV, with apparent V magnitudes of 9.06 and 9.17, respectively. HD 80606 hosts
a massive gas giant planet with a mass of 4M; and radius R; on a highly eccentric
orbit (€0.93) at a distance 0.05 AU from the host star (Naef et al. 2001). All the
parameters make HD 80606/HD 80607 a good target for studying the influence
of how close-in massive planets in highly eccentric orbit can alter the host star
photospheric composition Saffe et al. (2015). Mack et al. (2016) and Liu et al.
(2018) done a detailed differential analysis on this aspect of this system. However,

here we are presenting an independent study using our observations.

We are also presenting the differential abundance analysis of another visual binary
HD 202772 A (21:18:47.901,-26:36:58.95) and 202772 B (21:18:47.813,-26:36:58.42 )
for the first time using the Keck/HIRES data. Both stars HD 202772 A /B are main
sequence dwarf stars with apparent V magnitudes of 8.3 and 10.1, respectively,
and separated by 1.3” (149.5 pc). HD 202772 A hosts a highly irradiating inflated
gas giant planet with a mass of 1.0M; and radius 1.5R; on a nearly circular orbit

(€0.04) at a distance 0.05 AU from its host star (Wang et al. 2019).

4.2 Observation and Data reduction

HD 80606/ HD 80607 are observed using the Hanle Echelle SPectrograph (HESP)
mounted on 2m Himalayan Chandra Telescope (HCT) (Sriram et al. 2018) (PL:
Sivarani Thirupathi). The observation was carried out on 2016-01-26, with an
exposure time of 40 minutes. Three exposures for each star are taken to increase

the signal-to-noise ratio. The airmass varied from 1.60 to 1.05 during the beginning
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FIGURE 4.1: HD 80606/HD 80607 visual binary system from Aladin. Two
circles illustrate two pinholes of HESP to observe stars and sky simultaneously.

and end of the observation. We have used high-resolution observation with the

star-sky mode. Figure 4.1 indicates the image of both stars taken from Aladin.

We visually inspected the quality of the 2d image obtained. Initial data reduc-
tion to the raw data has been performed using the IRAF (Image Reduction and
Analysis Facility) package. Then median combined the five bias frames taken
during the observation and made the master bias frame. The three exposures of
science frames for each star are median combined. Then we performed the bias
subtraction from the median combined science frame. We followed the optimal ex-
traction of the aperture using the apall package in IRAF. Wavelength calibration
is performed using the ThAr lamp taken during the night of observation and the
ThAr atlas provided by the IAO (Indian Astronomical Observatory). Continuum
normalization has been done using the continuum package with Spline 3 function
of lower order. Figure 4.2 represents different wavelength regions overplotted for
both the stars HD 80606/HD 80607. The spectral features at other wavelength
regions match well, indicating the possibility of having similar physical parameters

for both stars.
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FIGURE 4.2: Overplotted different regions of the spectra of both the planet
host star (HD80606) in black and companion star (HD80607) in red.

4.3 Determining stellar parameters

Initial parameter guesses for the stars are taken from Wang et al. (2019). We used
clean Fe I and Fe II lines common to both the stars having equivalent widths below
200 mA for the parameter estimation. Equivalent widths are measured interac-
tively using the Splot package in IRAF by carefully taking the nearby continuum
close to the clean absorption line. The required line lists are taken from VALD and
Kurucz with updated oscillatory strength values (complete linelist is added to the
Appendix Table 4.10 and Table 4.12 for both systems). We used Kurucz ATLAS9
NEWODF (Castelli and Kurucz 2003c), stellar atmospheric models, by Castelli
and Kurucz (2003b) with plane parallel approximation and Local Thermodynamic
Equilibrium (LTE ) and Turbospectrum (Alvarez and Plez 1998b) spectrum syn-
thesis code V19.1 (Plez 2012) for generating the synthetic spectra. The stellar
parameters for the reference star are determined using the absolute excitation and

ionization equilibrium for both Fe I and Fe II lines using Boltzmann and Saha’s
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equation by finding the combination of 7.f¢, logg, and [Fe/H] that simultaneously

minimized the slopes. That is

e Absolute Fe abundance and the differential Fe abundance should be inde-

pendent of the lower excitation potential. The slope should be minimum.

e Absolute Fe abundance and the differential Fe abundance should be inde-

pendent of the reduced equivalent width.

e Absolute Fe I, Fe IT abundance and the differential Fe I and Fe IT abundance

should be same.

e Input metallicity should match with the derived iron abundance.

Furthermore, stellar abundance for the object star is determined using the line-by-
line differential excitation and ionization equilibrium with respect to the reference
star. Figure 4.3 and Figure 4.4 represent the excitation and ionization balance
for determining the effective temperature, logg, and micro turbulent velocity of
the stars. We have confirmed the calculated T.;; by overplotting the model with
observed spectra in the Ha region. The wings of the Ha absorption line are
sensitive to the T.ss of the star. Similarly, the logg of the stars is confirmed by
overplotting the Mg region of the spectra. Our analysis shows that the effective
temperature of both the binary stars differs by 37 K, and logg differs by 0.03 dex.
The planet host star is metal-rich by a factor of 0.012 dex compared to the binary
companion star. The final adopted stellar parameters for both the binary systems

are given in Table 4.1 along with the parameters obtained from the literature.
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TABLE 4.1: Estimated stellar parameters for HD 80606/HD 80607

Paramters HD 80606 HD 80607 Reference

Terr(K) 5613 5650 (this work)
Terr(K) 5584 5506 Liu et al. (2018)
logg 4.43 4.4 (this work)
logg 4.4 438  Liu et al. (2018)
[Fe/H] 0.332 0.32 (this work)
[Fe/H| 0.316 0.303  Liu et al. (2018)
Viury (Km/S) 1.0 1.38 (this work)

4.4 Deriving the abundances of all the elements

Once the stellar parameters are established, we derive the differential abundance
of alpha elements and iron peak elements. We derived the abundance of C, O,
Y, Zr, Ce, La, and Ba by synthesizing the absorption lines. The details are given
in the Appendix 4.12. The elements and the differential abundance derived are
presented in Table 4.2.

As we are doing a strictly differential abundance analysis, the uncertainty mainly
comes from the signal-to-noise ratio at different wavelength regions of the spectra.
The mean abundance difference of all elements between the planet host and the bi-
nary companion is 0.013 dex, with no elemental abundance differing by more than
0.019 dexes. Figure 4.5 indicates the differential abundance (The average abun-
dance of each element in different ionization states) obtained for all the derived

abundance for HD 80606 /HD 80607 as a function of atomic number.

Figure 4.6 and Figure 4.7 depict the different absorption lines of both the stars in

the system where one can justify the derived abundances.
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FIGURE 4.5: Differential abundance as a function of atomic number for HD
80606/HD 80607. The mean abundance and the error of volatile elements C, O,
and S are presented in grey, and the mean abundance and the error of refractory
elements are presented in blue.

4.5 Discussion

The main motive of this section is to understand the difference in the chemical
abundance of the planet host star with respect to the binary companion and
the possible connection with planet formation. As discussed in the introduction,
Meléndez et al. (2009b) shows that the difference in the abundance derived for
Sun with respect to other solar twin stars is correlated with the condensation
temperature (7,.) Lodders (2003), which gives the 50% temperature at which the
element starts to condense. That is, the refractory elements (7, > 900 K) seem
to be deficient in Sun compared to the volatile elements (7. < 900 K), and they
are suggesting that this could be connected with the presence of terrestrial planets
in the solar system. However, Onehag et al. (2014) studied 14 stars in the open
cluster M67 and suggested that this abundance difference observed in the Sun is

mainly because of the dust-gas separation in the Inter-Stellar Medium (ISM) before
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FIGURE 4.6: The absorption lines of Co, Ca, S, and Zn of HD 80606 (solid black
line) overplotted with HD 80607 (solid red line). The blue line is the residual
spectra.

the star formation takes place. Irrespective of the condensation temperature, the
abundance of all the elements is enhanced in the planet host star compared to the
field star, except the derived abundance of C, N, and O are the same within the
errorbar (Figure 4.5).

Our analysis of A[X/H] as a function of T, shows that the abundance of refractory
elements is slightly higher than the volatile elements in the planet host star (HD
80606) compared to the binary companion (Figure 4.8). As the planet has a highly
eccentric orbit, the enhanced refractory abundance can be explained by the rocky
planet engulfment, also suggested by Mack et al. (2016). This work supports the
results discussed in Chapter 3. The A[Fe/H] = 0.013 for the planet host star can
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FIGURE 4.7: The absorption lines of C, Sc, Si, Fe, and Mg of HD 80606 (solid
black line) overplotted with HD 80607 (solid red line). The blue line is the
residual spectra.

unlikely explain the inhomogeneities in the initial cloud where both the stars are
born. This leads to the conclusion by adding the previous works along with this
study is (Liu et al. 2014; III et al. 2014; Liu et al. 2018), that the formation of
(gas) giant planet does not necessarily imprint chemical signatures and the mass
of a planet does not necessarily produce the corresponding scale of abundance
differences. We cannot make a general statement based on the number of systems

studied. However, we need more systems and observations to confirm it further.

We also tried the differential abundance analysis of HD 202772 A/ HD 202772 B
using archival data obtained from HIRES (HIgh-Resolution Spectrograph)/Keck
(Vogt et al. 1994a), observed by Wang et al. (2019) (Program ID: H241). The
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FIGURE 4.8: Condensation temperature as a function of differential abundance
for HD 80606,/HD 80607.
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FIGURE 4.9: AO image from KECK/NIRC2 of the binary system. A companion
is separated by 1.3” (Wang et al. 2019). The entrance slit width of Keck/HIRES
is 0.77.

observation was carried out on 2018-09-24, with a single exposure of 54s and
164s each for HD 202772 A and HD 202772 B, respectively. The spectrograph
covers wavelengths starting from 380-800 nm using three different CCDs with a

spectral resolution of 65000 at 5500 A. The separation between the stars is 1.3”,
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FIGURE 4.10: CCDI1 raw image and extracted spectra from KECK/HIRES
pipeline (MAKEE).

making (Figure 4.9) the observation difficult. The HIRES slit (slit width= 0.7") is
aligned perpendicular to both the stars separately during observation to minimize
contamination. The average seeing of the observing night was 0.7”, and the data
has a signal-to-noise ratio of 150 at 5000 A. We have noticed that the extracted
data in the Keck archive had some issues, and the extracted data for the CCD3 was
also unavailable. However, the 2D image of the raw data looks fine. For example,
Figure 4.10 shows the raw CCD1 images and the corresponding extracted spectra
of orders 18, 19, and 20. So we used the raw data for the analysis. Figure 4.11
indicates the normalized spectra of both the stars in the similar wavelength region
shown in Figure 4.10. However, it looks like the strength of the spectral features of
both stars is very different. However, by closely watching other wavelength regions,
we could understand that the bluer part of the spectra (CCD1) is contaminated
(Figure 4.12). We derived the stellar parameters of the stars, in the same way

explained for HD 80606 system, excluding the absorption lines from CCDI1.

Figure 4.13 and Figure 4.14 illustrate the excitation and ionization balance for Fe
I and Fe II. And the best fit T.;; and logg are re-confirmed by overplotting the
Ha and Mg region of the spectra.

The derived stellar parameters and comparison with previous studies are pre-

sented in Table 4.3. The abundance of 17 elements is derived (Table 4.4), and the
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FIGURE 4.11: Normalized spectra of planet host star (HD 202772 A) and the
binary companion star (HD 202772 B) in the wavelength range of 4500 A- 4580
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FIGURE 4.12: Figure indicates different regions of the spectra of both the planet

host

star HD202772 A (red) and HD202772 B (black).
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FIGURE 4.13: The top panel represents the best fit zero slope model for abun-
dance as a function of lower excitation equilibrium for the companion star using
the absolute method. The bottom panel shows the stellar parameters of the
planet host star using differential equilibrium (Fe I lines in blue and Fe II lines
in red dots) for HD202772A /B.

differential abundance of the planet host star is plotted against condensation tem-
perature to check the possible correlation (Figure 4.15). Even if there is no trend
of abundance difference and condensation temperature, the abundance of all the
elements is enhanced in the planet host star. As we couldn’t make any corrections
for the contamination, the results are biased, and we need better observations for

the system.
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the absolute method. The bottom panel shows the stellar parameters of the
planet host star using differential equilibrium (Fe I lines in blue and Fe II lines
in red dots) for HD 202772 A/B.
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TABLE 4.2: Differential abundance of HD80606/ HD80607.

Element ¢ [X/H]

[C/H]  0.006
[O/H]  0.005
[Na/H]  0.01
[Mg/H]  0.012
[Al/H]  0.003
[Si/H]  0.005

[S/H]  0.007
[Ca/H]  0.003
[Se/H]  0.04
[Ti/H]  0.01
[V/H]  0.007
(Cr/H]  0.014
[Mn/H]  0.011
[Fe/H]  0.013
[Co/H]  0.018
[Ni/H]  0.013
[Cu/H]  0.011
(Zn/H]  0.011
[Sr/H]  0.011

[Y/H]  0.011
(Zr/H]  0.019
[Ce/H]  0.012
(B 0.011
[

a/H]
La/H]  0.013
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TABLE 4.3: Estimated stellar parameters fo HD 202772A /B

Paramters ~ HD 202772 A HD 202772 B Reference
Terr(K) 6955 £+ 10 6950 (this work)
Terr(K) 6330 6156 Wang et al. (2019)

logg 4.24+£0.01 4.24 (this work)

logg 4.03 4.24 Wang et al. (2019)
[Fe/H] 7.402 7.400 (this work)
[Fe/H] 0.29 0.25 Wang et al. (2019)

Viurs (Km/S) 1.0 1.0 (this work)
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TABLE 4.4: Differential abundance of HD202772 A/B

Element § [X/H]

[Na/H] —0.090

Ce/H] —0.008
Ba/H] —0.125

[Al/H]  0.075
[Si/H]  0.166
[S/H]  0.230
[Ca/H]  0.074
[Sc/H]  0.138
[Ti/H]  0.017
[V/H]  —0.228
[Cr/H]  0.051
[Mn/H]  0.000
[Fe/H]  0.142
[Co/H]  0.082
[Ni/H]  0.203
[Cu/H]  0.183
[Zn/H]  0.057
[
[
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TABLE 4.5: The complete linelist used for the analysis HD 202772A/B. The
Wavelength, element, and equivalent width of both stars are represented in each
column.

wavelength (A) Element Eqw(HD 202772 A) (mA) Eqw(HD 202772 B) (mA)

4497.7 Nal 14.4 21.5

6696 All 27 28.3
6698.7 All 9.8 11.2
5690.4 Sil 29.8 25.6
9772.1 Sil 36.9 36.6
6555.5 Sil 244 22.7
6721.8 Sil 34.8 31.3
6748.8 S1 35.5 26.5
6757.2 S1 33.7 19.6
4425.4 Cal 38.7 69.6
4578.6 Cal 34.9 48.6
4685.3 Cal 34 37.1

5582 Cal 95.4 49.5
5590.1 Cal 58.8 49.6
5601.3 Cal 65.5 56.5
6717.7 Cal 74.8 64.7
5239.8 Sc2 49.1 39.9

5669 Sc2 45.2 30.7
6604.6 Sc2 35.2 24.6
4449.1 Til 25.2 38.1
4512.7 Til 20 34.2
4758.1 Til 14.3 18.8
4759.3 Til 16.1 20
4820.4 Til 16.6 19.2
4411.9 Ti2 25.2 42.6
4417.7 Ti2 40.8 73.1
4418.3 Ti2 30.2 55.4
4443.8 Ti2 56.9 97.4
4468.5 Ti2 60 97.8

4493.5 Ti2 20.2 35
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TABLE 4.6: The complete linelist used for the analysis (HD 202772A/B) (con-
tinue)

wavelength (4) Element Eqw(HD 202772 A) Eqw(HD 202772 B)

4544 Ti2 26 38
4590 Ti2 46.3 99.9
5185.9 Ti2 52 40.8
5188.7 Ti2 111.5 102.8
5336.8 Ti2 61.7 48.7
5418.8 Ti2 43.5 33.9
4379.2 V1 26.9 50.1
4406.6 V1 16.7 35.8
4511.9 Crl 13.1 20.3
4545.9 Crl 28.3 39.9
4591.4 Crl 33.8 48.6
4651.3 Crl 31.8 39.9
4652.2 Crl 38.2 48.9
4689.4 Crl 25.2 34.2
4718.4 Crl 23.2 29.7
5225 Crl 33.6 38
5296.7 Crl 41.9 41.9
5297.4 Crl 42 41.9
5329.1 Crl 35.6 35.2
5348.3 Crl 45.7 44.2
4558.6 CrII 95.8 72.9
4634.1 CrlI 42.9 53.1
4848.2 CrlI 37.8 38.4
5237.3 CrlI 52 40.3
5305.9 CrII 29.3 22.7
5308.4 CrllI 30.4 21.3
5334.9 CrllI 34.9 23.5
4502.2 Mn I 18.6 25.9
4709.7 Mn I 24.7 31.1
4739.1 Mn I 24.6 314

4754 Mn I 95.5 66.6




Chapter 5

TABLE 4.7: The complete linelist used for the analysis (HD 202772A/B) (con-
tinue)

wavelength (4) Element Eqw(HD 202772 A) Eqw(HD 202772 B)

4348.9 Fe I 12.9 27.5
4365.9 Fe I 10.7 23.1
4376.8 Fe I 8.5 19.9
4389.2 Fe I 15.9 31.1
4433.2 Fe I 27.3 54.6
4438.3 Fe I 16.8 30.3
4445.5 Fel 6.7 12.9
4484.2 Fe I 244 42.3
4485.7 Fel 20.2 36.1
4504.8 Fel 16.2 27.7
4574.2 Fe I 11.4 16.7
4625 Fel 39.5 51.9
4630.1 Fel 29.1 40
4683.6 Fe I 204 28.4
4690.1 Fe I 24.7 34
4700.2 Fel 24.4 32.2
4704.9 Fe I 26.5 314
4705.5 Fe I 13.6 18.2
4733.6 Fe I 36.9 44
4741.1 Fe I 26.8 35.5
4741.5 Fe I 33.9 39.6
4745.8 Fel 36.3 43.2
4757.6 Fe I 24.7 29.7
4787.8 Fe Il 12.9 16.5
4788.8 Fe I 21.2 26.1
4807.7 Fel 20.9 27.7
4834.5 Fe I 13.5 16
4845.6 Fel 15.5 17.9

5159.1 Fe I 44.2 38.1
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TABLE 4.8: The complete linelist used for the analysis (HD 202772A/B) (con-
tinue)

wavelength (4) Element Eqw(HD 202772 A) Eqw(HD 202772 B)

5162.3 Fe I 81.7 75
5187.9 Fe I 26.7 27.6
5196.1 Fe I 36.9 34.5
5198.7 Fe I 48 45.9
5215.2 Fe I 62.2 97.5
5217.4 Fe I 55.3 52.3
5236.2 Fe I 20.5 224
5281.8 Fe I 55.6 48.2
5302.3 Fel 76.2 67.9
5307.4 Fel o7.7 51.9
5321.1 Fe I 20.8 21.1
5322 Fel 30.4 30.8
5324.2 Fel 107.4 119.6
5339.9 Fel 61.6 61.8
5367.5 Fel 08.4 54.8
5415.2 Fel 90.1 86.7
5472.7 Fe I 19.8 20.5
5473.9 Fe I 43.8 43.1
5506.8 Fel 71 60.4
5543.1 Fe I 38.2 35
5543.9 Fe I 35.2 30.5
5586.8 Fel 92.3 97.2
5618.6 Fe I 24.8 23.7
5633.9 Fel 40 37.2
5638.3 Fe I 42.9 41.1
5679.0 Fe I 33.1 29.7
5691.5 Fe I 20.8 18.4

5775.1 Fel 30.1 31.7
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TABLE 4.9: The complete linelist used for the analysis (HD 202772A/B) (con-
tinue)

wavelength (4) Element Eqw(HD 202772 A) Eqw(HD 202772 B)

5809.2 Fel 25.2 24.3
5816.4 Fe I 47.6 44.4
5852.2 Fe I 21.5 22.7
5856.1 Fel 15.6 17.6
5859.6 Fel 43.3 38.8
5883.8 Fel 31.3 31.8
5976.8 Fel 38.7 33.5
5984.8 Fel 38.4 32.8i
5987.1 Fe I 31.3 29.2
6569.2 Fe I 38.9 34.8
6575 Fel 37 31.2
6592.9 Fe I 69 57.2
6593.9 Fe I 46.4 41.1
6597.6 Fel 23.9 24.1
6609.1 Fel 37.6 34.7
6678 Fel 64 o7
6703.6 Fel 16.9 17.8
6705.1 Fe I 28.1 26.4
6726.7 Fe I 26.7 26

6750.2 Fel 37.6 33.1
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TABLE 4.10: The complete linelist used for the analysis (HD 202772A/B) (con-
tinue)

wavelength (4) Element Eqw(HD 202772 A) Eqw(HD 202772 B)

6810.3 Fe I 25.9 25.9
6752.7 Fe I 18.5 20
4491.4 Fe II 42 59.9
4508.3 Fe II 50.3 74.9
4515.3 Fe II 53.2 80.9
4576.3 Fe II 41.7 56.3
4620.5 Fe II 36.6 43.6
5234.6 Fe II 76.3 55.8
5256.9 Fe II 25.2 19.7
5325.6 Fe II 44.2 33.1
5425.3 Fe II 38.9 30.5
4813.5 Col 16.1 20.3
5342.7 Col 9.5 17.1
4732.5 Nil 29 22.6
4754.8 Nil 20.6 26.3
4807 Nil 29.8 32.3
6643.6 Nil 45.1 38.9
6767.8 Nil 39.8 37
6772.3 Nil 25.1 22.7
4831.2 Nil 38.3 44.4
4852.5 Nil 12.1 14.9
5578.7 Nil 28.2 26.3
5593.7 Nil 20.5 22.6
5105.5 Cul 34.5 38.6
4722.2 Zn 1 27.8 33.3
4810.5 Zn 1 44.6 49.5

4554 Ba Il 71.8 99.8
4628.2 Ce Il 931 3.7

4562.4 Ce Il 12.5 17.3
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TABLE 4.11: The complete linelist used for the analysis (HD 80606 /HD80607).
The Wavelength (A), element, and equivalent width (mA) of both stars are
represented in each column.

wavelength (A) Element Eqw(HD80606) Eqw(HD80607)

6154.25 Nal 57.23 54.98
5711.10 Mg 1 58.12 55.21
6696.0 All 45.43 42.21
6125.021 Sil 48.10 53.40
6166.43 Cal 92.8 90.90
6455.598 Cal 80.1 79.50
9526.790 Sc 2 86.00 84.1
4758.118 Ti1l 57.40 55.90
5219.702 Til 58.70 57.50
5336.771 Ti 2 77.80 80.70
4428.504 V1 91.70 93.90
4577.174 V1 81.00 71.1
6090.214 V1 68.80 64.3
6330.093 Crl 55.30 51.3
5334.946 Cr 2 44.30 44.50
4257.669 Mn I 78.60 75.40
4457.04 Mn 1 60.2 62.70
4243.816 Fe 1 48.90 474
4360.803 Fe 1 74.00 76.7
4439.634 Fe 1 30.30 34.60
4439.881 Fe 1l 62.10 61.30
4602.001 Fe 1 89.40 87.50

5187.914 Fe 1 79.90 84.10
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TABLE 4.12: The complete linelist used for the analysis (HD 80606/HD80607)
(continue)

wavelength (4) Element Eqw(HD80606) Eqw(HDS0607)

5223.185 Fe 1 48.20 47.40
5373.709 Fe 1 77.70 78.20
5386.334 Fe 1 52.20 48.70
5705.465 Fe 1 54.20 57.60
5848.123 Fe 1 67.60 64.20
5883.817 Fe 1 79.30 84.40
5956.694 Fe 1 75.70 74.0
6005.543 Fe 1 43.40 37.7
6078.491 Fe 1 99.00 95.40
6079.009 Fe 1 61.10 56.6
6085.259 Fe 1 72.50 60.83
6151.618 Fe 1 73.90 71.40
6173.336 Fe 1 87.40 86.56
5234.625 Fe2 83.20 84.50
5094.406 Nil 47.20 44.80
5103.029 Nil 74.80 72.5
6186.709 Nil 55.00 52.10
6327.593 Nil 68.80 65.20
5700.20 Cul 47.78 45.2
5218.20 Cul 76.7 72.0
6141.56 Zrl 60.0 72.5
6496.90 Ba 2 45.56 48.0

6141.20 Ba 2 58.6 55.0
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Transit Spectrophotometry of
Hot Jupiters Using 2m

Himalayan Chandra Telescope

Abstract

In this chapter, we present transmission spectrophotometry of three hot Jupiters
with the 2m Himalayan Chandra Telescope (HCT) covering the entire optical and
up to 900nm region. We choose targets with suitable reference stars for accurately
tracking slit losses, even for long cadence observations, to reach the required signal-
to-noise ratio. Typical individual exposures are between 300-500s over 5-6 hours
covering a transit. We use common mode rejection (CMR) technique using a

white light transit curve. We obtain complete transit for three stars, HAT-P-1,

105
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KELT-18, and WASP-127, that host a giant planet. We confirm NaD detection
and Rayleigh slope in the blue for WASP-127b. In addition, we detect a feature
near 4227A in HAT-P-1b, and, for the first time, we present a low-resolution

transmission spectrum for KELT-18b that shows a flat spectrum.

5.1 Introduction

Exoplanet transit spectroscopy using low spectral resolution observations is con-
structed by taking time series of spectrophotometric observations during the planet
transit and measuring the transit depth as a function of different wavelength bins.
The wavelength-dependent transit depth can probe the chemical composition of
the exoplanet atmosphere (Seager and Sasselov 2000; Brown 2001). Early low-
resolution transit spectroscopic observations were from space-based telescopes,
which are free from Earth’s telluric features (Charbonneau et al. 2002a; Bean et al.
2010; Snellen et al. 2010; Sing et al. 2016). Ground-based multi-object (Bean et al.
2010; Bean et al. 2011; Gibson et al. 2013; Stevenson et al. 2014; Nikolov et al.
2016; Rackham et al. 2017; Espinoza et al. 2019; Todorov et al. 2019; Wilson et al.
2020; Panwar et al. 2022) and long-slit spectrophotometric observations (Sing et al.
2012; Nortmann et al. 2016; Palle et al. 2017; Murgas et al. 2019) enabled accu-
rate differential spectrophotometry by simultaneously observing a reference star to
track variable slit loss during transit. Features due to alkali elements such as NaD
(589 nm) and K I (767 nm) doublets are detected in the visible wavelength region
(Brown 2001; Seager and Sasselov 2000) among hot Jupiters. Other features in
the visible wavelengths are a steep slope in the blue due to Rayleigh scattering of
aerosols and absorption due to TiO and VO (Tennyson and Yurchenko 2012). Ob-
servations from different instruments or repeated observations for the same planet
over multiple transits have sometimes revealed different results, and stellar disk

inhomogeneity could be a possible cause(Rackham et al. 2018).
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Here we present transit spectrophotometric observations for the first time using
the 2m Himalayan Chandra Telescope for three hot Jupiters. The ground-based
transit spectrophotometric observations suffer from contamination of telluric lines
and variable slit losses, which are comparable to the amplitude of variations due
to the planetary atmosphere itself. Simultaneous multi-object observation can
minimize these errors. That is, by simultaneously observing the target star and
a reference star in the field of view and doing differential spectrophotometry with
respect to the reference star. Differential photometric corrections work well when
the brightness and spectral type of the comparison stars are similar to the target
stars (Nascimbeni et al. 2013). Out of the three targets presented here, HAT-P-1b
(Todorov et al. 2019) and WASP-127b (Lam et al. 2017; Palle et al. 2017) were
already studied using low-resolution spectrophotometry; however, low-resolution

transit spectroscopy for KELT-18b is performed for the first time in this work.

5.2 Observations and analysis

Observations are obtained from the Indian Astronomical Observatory (IAO) at
Hanle, the Ladah region of the Himalayas, operated by the Indian Institute of
Astrophysics. We use the Faint Object Spectrograph Camera (HFOSC) mounted
on the 2m Himalayan Chandra Telescope. HFOSC is a low-resolution slit spec-
trograph uses different grisms and slits of different widths and lengths. The in-
strument configuration allows coverage of 350-1000nm and spectral resolution of
R=150-4500 (refer Chapter 2.3). We used grism-8 and grism-7 to cover the wave-
length range from 3800 - 6500 A and 5800 - 8350 A, which provides a resolution
of 1300-2100 for a narrow slit width. So, in a given transit, we only use one of
the grism settings; hence the entire optical wavelength range is not covered simul-
taneously. We use the longest and widest slit available 11'X15.41" to minimize

the slit loss and maximize the FOV to allow suitable reference target stars. We
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performed differential spectrophotometry with HFOSC. The slit had to be aligned
in the direction connecting the two objects to observe the target and a reference
star simultaneously. HFOSC does not have an atmospheric dispersion corrector,
and we need to align the slit along the position angle connecting the star and ref-
erence instead of the parallactic angle. To minimize differential slit loss between
the target and reference due to atmospheric dispersion, we selected targets with
a reference star nearby with a similar spectral type, ideally a well-separated vi-

sual binary stellar twin. We selected targets based on the following criteria to be

suitable for observations with 2m HCT and HFOSC.

e Due to the required sensitivity of detection with a 2m class telescope, we
limited targets to V., < 12.0 and planetary system with large transit depth
0.04 %. A magnitude limit of 12 gives S/N greater than 1000 per wavelength
sampling (at the grating blaze peak) for an exposure of 15min for a seeing

of 2 arcsec.

e Planetary system with a short orbital period of a few days and transit dura-
tion of a few hours are chosen. This will enable coverage of the full transit
light curve on the same night, including the ingress and egress. A full transit
curve allows using a white light curve for common mode correction (discussed
in section 5.3.1). A shorter orbital period allows multiple transits to observe

in the thesis project duration.

e Finding a suitable reference star is also important, as discussed earlier, to
minimize differential slit loss between target and reference due to atmo-
spheric dispersion, seeing, and other environment and instrument effects.
A suitable reference star should have a similar 7.;; and brightness as that
of the target star. The separation between the target and reference star

should not exceed 11" because the longest slit available for the instrument is

(5”7 x 11').
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TABLE 5.1: Observational details: Name of the object, Date of Observa-
tion, Signal to Noise Ratio, Exposure time, Parallactic angle, and airmass at
the beginning and end of the observation are listed.

Object DoO SNR Exp.time No.Exp parallactic angle  airmass
WASP-127 09 — 03 — 2019 909 420s 62 339.19 1.99-1.99
HAT-P-1 A 02—-07—-2018 344 180s o7 272.45 1.55-1.02

KELT-18 10— 06 — 2019 1075 420s 55 125.34 1.15-1.74

During observation, we aligned the target star and the reference star along the slit
by changing the position angle of the instrument cube in the Cassegrain unit so
that simultaneous observations of the target and reference are possible. Differential
spectrophotometry with respect to the reference star can minimize errors due to
seeing variations, telluric contribution, and the possible instrumental shift during
the observation. Here we present transit observations of three objects. Among
them, HAT-P-1 is a visual binary with a twin companion. HAT-P-1A hosts a
Jupiter sized planet with R, = 1.2R; and M, = 0.52M; (Bonomo et al. 2017).
WASP-127 is also a part of a binary system and hosts a planet with R, = 1.37R;
and M, = 0.18M; (Lam et al. 2017). Out of three objects, KELT-18 is a single-
star hosting a massive planet of R, = 1.57R; and M, = 1.18M; (McLeod et al.
2017). In the case of HAT-P-1 and WASP-127, we used the binary companion
star as the reference star, and for KELT-18, we used the nearby bright field star
as a reference star. The observational details and object details are given in Table

5.1 and Table 5.2.
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TABLE 5.2: Stellar parameters: Name of the object, Visual magnitude,
Effective temperature, the logarithm of gravity, and metalicity and separation
between the object star and the reference star are given below.

Object Vmag Tery log(g) [Fe/H] Separation
WASP-127 10.20 5750 =100  3.90 £0.1 —0.18 = 0.06 41.87
TYC 4916-897-1  11.0 9733 4.480
HAT-P-1 A 10.4 6047 £ 56 413 £0.10 0.12 £ 0.05 11.27
HAT-P-1 B 987 5975 +45  4.45£0.06 0.13 £0.02
KELT-18 104 6670 £120 4.034 £0.083 0.08£0.13 5.79’
TYC 3865-1339-1  9.92 6787 3.976

5.3 Data reduction

Figure 5.2 represents the image of the target and the reference star, and Figure 5.3
indicates the 2D image of the spectra for all three objects. Initial data reduction
was carried out using the IRAF, which includes bias correction, flat fielding, and
aperture extraction. Wavelength calibration was done using the calibration lamp
exposure taken at the beginning and end of the transit observations. A detail of
data reduction is presented in Chapter 2, section 6.3). Since the on-sky observa-
tions were taken continuously (without wavelength calibration) for several hours,
a wavelength drift of the spectra is expected due to instrument flexure, tempera-
ture changes, or other possible reasons. So we applied possible wavelength shifts
using the telluric lines for each exposure (The wavelength shift from first to last
exposure of for HAT-P-1, KELT-18, and WASP-127 was 2.7 A, 2.1 A, 1.8 A, re-
spectively). Figure 5.4 represents the wavelength-calibrated spectra of the target

star and reference from the same exposure.
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FiGURE 5.1: The figure depicts the schematic diagram explaining the steps
included in the data analysis for low-resolution transmission spectroscopy.

FIGURE 5.2: The figure shows the object and reference stars (connected with
a red line in the figure) selected for the observation. Images from left to right
are HAT-P-1, WASP-127, and KELT-18. (Image credit: Aladin)

5.3.1 Constructing light curve

A transit white light curve was constructed for the target and the reference star
by integrating the entire spectra, and a differential light curve with respect to the
reference star was derived. We avoided the dominant telluric line region while con-
structing the white light curve. The best fit model to the lightcurve was obtained
using the open source code Pylightcurve* (Tsiaras et al. 2016). The primary input
to the code is the normalized flux in the defined wavelength region, the mean error
of the flux, and the observation time. The model will take care of a quadratic limb
darkening correction and provide a best-fit model with all the transit parameters.

Figure 5.5 shows the white lightcurve for HAT-P-1b, WASP-127 b, and KELT-18

*Light curve fitting open source code by University College London team.
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Fi1cUrE 5.3: CCD images of HAT-P-1, WASP-127, and KELT-18, along with
the reference star from left to right observed using HCT/HFOSC single expo-

sure.

Grism:8 (KELT-18)

Grism:7 (WASP-127)

Grism:7 (HAT-P-1)

Flux
Flux

Flux

5000 6000 6750 6300 6750 7000 7250 75
wavelenqth (4)

5000 5300
wavelength (4)

vs:::elenqt;sn&)
FIGURE 5.4: Single exposure, wavelength calibrated spectra of HAT-P-1 (Grism
7), WASP-127 (Grism 7), and KELT-18 (Grism 8) from left to right. The solid
black line is the object star, and the solid red line is the reference star.

b, along with the best fit model. Table 5.3 compares the transit depth measured
from the observed white lightcurve and the literature. And they both are in good

agreement with each other.
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FIGURE 5.5: Observed white lightcurve of HAT-P-1b, WASP-127 b, and KELT-
18 b from left to right with the best fit model.

TABLE 5.3: Comparison of observed transit depth from the white lightcurve
and from literature.

Object R,/ R.(obs) R,/ R.(liter)
WASP-127  0.085%5005  0.09992 & 0.0018

HAT-P-1 A 0.10570006  0.11238 4 0.0001
KELT-18  0.04170005  0.08462 =4 0.0009

5.3.2 Constructing low-resolution transmission spectra

Figure 5.6 illustrates the major steps included in the lightcurve analysis. We
applied the Common Mode Correction technique (Wilson et al. 2020) to remove
dominant time-dependent systematics. Using common mode correction, we lose
information on the absolute value of transit depths and obtain relative transit
depths (Wilson et al. 2020). We divided the data into equal wavelength bins
of 150 A. Then the white lightcurve residual is divided from each wavelength
channel to construct the lightcurve. This approach will avoid the majority of the
time-dependent scatter in the lightcurve. The light curve is further smoothened
using a Kalman filter to reduce high-frequency variations in the lightcurve. We
find that doing common-mode correction followed by the Kalman filter before
fitting the lightcurves improved the precision of measured transit depths in all

the wavelength channels. Figure 5.7, Figure 5.8, Figure 5.9, and Figure 5.10
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FIGURE 5.6: The figure indicates the schematic diagram explaining the steps

included in the lightcurve analysis.

demonstrate the technique used for a lightcurve in a single wavelength channel of

WASP-127.
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FIGURE 5.7: Observed white
lightcurve (scattered point) of

WASP-127 with the best fit model
(solid line).
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FiGURE 5.8: Residual plot from
the Figure 5.7

And Figure 5.11, Figure 5.12, and Figure 5.13 demonstrate the lightcurve at dif-

ferent wavelength bins for three objects after applying all the corrections.
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ter common mode correction. Kalman filter

5.4 Result and Discussion

The low-resolution transmission spectra are finally constructed using the best-fit
transit depth from each wavelength bin. We used the open source code Ezxotransmit
(Kempton et al. 2017) to interpret the observed exoplanet atmosphere. Ezotrans-
mit is a forward isothermal model that uses various atmospheric compositions and
weather conditions for generating atmospheric models. We have tried different
chemical compositions with or without Na, K, TiO, and VO, and clear, hazy, or
cloudy weather conditions were considered. Figure 5.14, Figure 5.15, and Figure
5.16 represent the observed transmission spectra with the best fit models. It is
seen that none of the transit spectra are flat and shows the presence of different

features present in the atmosphere.

WASP-127 b is the puffiest, low-density planet, shows a strong Rayleigh scattering
slope in the bluer region of the spectra (Figure 5.14), which indicates the cloud or
haze present in the atmosphere. The best fit for the Rayleigh scattering slope using
Lecavelier Des Etangs et al. (2008) gives a scale height of 450 km for T,,,, = 1200K
and m, = 2.3m,. We could detect the presence of sodium at 5890A. Our results

and derived parameters agree with observations by Palle et al. (2017) where they
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FIGURE 5.11: Grism 7 lightcurves in each wavelength bin (scattered point) and
the best-fit transit models (solid line) stacked from top to bottom for WASP-
127b and applied a constant scaling factor of 0.01 for visibility.

detected the presence of Rayleigh scattering and Sodium in the atmosphere of

WASP-127 b.

Here we report the first low-resolution transmission spectra of highly inflated
KELT-18 b. The spectra look flat without any atmospheric detection, and the
R,/ R, varies only 0.06% in the entire optical wavelength. The possible reason for
obscured atmospheric features is the clouds in the upper atmosphere of the planet.
Rayleigh scattering in the bluer part of the spectra can reveal this. Unfortunately,

we need the observations covering the bluer part of the spectra.

The atmosphere of HAT-P-1 b is extensively observed by several high and low-

resolution transmission spectroscopic observations (Todorov et al. 2019). Here
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FIGURE 5.12: Grism 8 lightcurves in each wavelength bin (scattered point) and
the best-fit transit models (solid line) stacked from top to bottom for KELT-18b
and applied a constant scaling factor of 0.01 for visibility.

we could detect calcium in the atmosphere for the first time. However, we need

further observation for confirmation.

We estimated the apparent shift in the position of the stars due to differential
refraction using Equation 3 in Sdnchez-Janssen et al. (2014) For the airmass ranges
in our study (Table 5.1) and considering the binary separation (Table 5.2) it is
coming to be 0.005” — 0.002” for HAT-P-1, 0.03” — 0.03” for WASP-127 and
0.09” —0.2” for KELT-18 in the beginning and end of the observation. The values
are smaller than the slit length of 11°, so differential refraction is unlikely to play

a significant role in the observations. All three object stars and the corresponding
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FIGURE 5.13: Grism 7 lightcurves in each wavelength bin (scattered point) and
the best-fit transit models (solid line) stacked from top to bottom for HAT-P-1b
and applied a constant scaling factor of 0.01 for visibility.

reference stars have the same physical parameters (Table 5.2). It is unlikely that
the differential atmospheric dispersion will contribute to the observations. Any

variations as a function of time would be due to the instrumental effects.

5.5 Conclusion

Long slit transit spectrophotometry is successfully observed for three hot Jupiter
systems using low-resolution 2m HCT/HFOSC. We reproduce the Rayleigh scat-
tering slope in the blue wavelength region and detection of the Na D line in WASP-

127 b. For the first time, we performed low-resolution transmission spectroscopy
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FIGURE 5.14: Observed transmission spectra of WASP-127 b (blue) and the
best fit model (grey) computed using Exo-Transmit with 1x solar models
TiO/VO, Na/K, and T¢q, = 1400 K. We separately calculated the Rayleigh
scattering slope (yellow) from Lecavelier Des Etangs et al. (2008).

of KELT-18 b, another hot Jupiter system, and showed a flat spectrum between
600-800nm. Further observations covering the bluer part of the optical region will
help model the atmosphere. We detect a feature near the calcium 423nm line in the
atmosphere of HAT-P-1 b. We were able to show the possibility of using a smaller
telescope for exoplanet transmission spectroscopy for a well-selected sample and

careful handling of the systematic errors.
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FIGURE 5.15: Observed transmission spectra of KELT-18 b (blue) with the best
fit model (teal) using Fzo-Transmit with 0.1x solar models without TiO/VO
and with Na/K and T4, = 1400 K. Binned model spectra represents in grey.
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best fit model using Ezo-Transmit with 1.0x solar models without TiO/VO
and with Na/K and T4, = 1500 K (teal) and binned model in solid black line.






Chapter 6

High-Resolution Transmission
Spectroscopy of WASP-49 b
Using KECK /HIRES

Abstract

WASP-49 b is a highly irradiated giant planet that shows a large optical depth
of the sodium D-lines in its atmosphere. Significant optical depth could either
be due to supersolar abundance or an extended geometry of the emitting region
similar to the Jupiter-Io system. High dispersion transit observations were carried
out with the Keck-HIRES spectrograph to estimate the sodium optical depth and
possible velocity signature of the exomoon in the transit spectroscopy. Calibration

exposures were not taken during the transit observations to over the transit, and

123
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HIRES is not a stabilized spectrograph. So, we performed re-calibration of the
wavelength solution with the science data itself, which helped in accurately sub-
tracting the telluric lines and retrieving velocity information of the residual transit
spectra. We do not see any transmission feature at the expected planet transit
velocity in the Na-D lines. There is an extra residual at a blue-shifted location
with respect to the stellar rest frame, possibly due to complex geometry, includ-
ing possibility of an exomoon system. Light curves from other observations from
HARPS and ESPRESSO data indicate variable light curves, which also indicate

a complex geometry of the system.

6.1 Introduction

High-resolution transmission spectroscopy is a powerful tool for atmospheric char-
acterization. Using high-resolution transmission spectroscopy, individual atomic
and molecular species can be detected without the help of atmosphere retrieval
models. Due to the high spectral resolutions, it is also possible to detect signa-
tures of global circulations and auroral emission and identify contamination from
stellar chromospheric emission. First, high-resolution exoplanet transit spectra
were successfully obtained in 2008 for HD209458b by (Snellen et al. 2008) and for
HD189733b by (Redfield et al. 2008) using High Dispersion Spectrograph (HDS)
on the 8.2m Suburu telescope and the High-Resolution Spectrograph (HRS) on
the 9.2 m Hobby-Eberly Telescope (HET) respectively.

Sodium is considered the most promising element in the transmission spectra of
hot Jupiters (Redfield et al. 2008; Snellen et al. 2008; Wood et al. 2011; Zhou and
Bayliss 2012; Murgas et al. 2014; Burton et al. 2015; Wyttenbach et al. 2015a;
Nikolov et al. 2016; Sing et al. 2016; Chen et al. 2017; Khalafinejad et al. 2017;
Wyttenbach et al. 2017a; Jensen et al. 2018; Seidel et al. 2019, 2020a,b). Due
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to the large resonance scattering cross-section, even a tiny amount of sodium in
the atmosphere leads to detection. The NaD line profiles provide information on
the temperature-pressure (T-P) profile (Vidal-Madjar et al. 2011a,b; Heng et al.
2015) and atmospheric dynamics (Louden and Wheatley 2015; Wyttenbach et al.
2015a). Other than the alkali elements Na and K, Ha and ionized metals were
also detected in several exoplanets based on the irradiation from the host star.
Carbon monoxide detection was possible with VLT-CRIRES in HD209458b by
Snellen et al. (2010).

Here we study the NaD lines of the highly irradiated hot Saturn WASP-49 b
using the KECK/HIRES spectrograph. WASP-49 b orbits around a G6V star
(Vmag=11.35, distance=194.5 pc) (Lendl et al. 2012) with a transit duration of
1.87 hours and a mass of 0.37M;. First, high-resolution transmission spectra
of WASP-49b were obtained using HARPS spectrograph by Wyttenbach et al.
(2017a), that showed anomalous sodium of 1.99% and 1.83% for D2 and D1 lines
even though the host star WASP-49 is a slow rotator and less active (logRyx =
—5.17 (Cegla et al. 2016; Wyttenbach et al. 2017a)). Oza et al. (2019); Gebek and
Oza (2020) suggested that WASP-49 b can be a promising candidate searching for

all exomoon.

HARPS (Mayor et al. 2003), ESPRESSO (Pepe et al. 2021), and CARMENES
(Quirrenbach et al. 2014) are the commonly used high-precision spectrographs
for exoplanet transmission spectroscopy. HIgh-Resolution Echelle Spectrograph
(HIRES) is a general-purpose slit spectrograph mounted on a 10-meter KECK
telescope. Though slit spectrographs provide high throughput, the line spread
function (LSF) can vary significantly during observations. Due to environmen-
tal changes, the wavelength position on the detector shifts, and the wavelength

dispersion solution could also change.



Chapter 6 126

The stability of the wavelength dispersion solution is crucial to derive the trans-
mission spectrum from tiny residuals signal from individual residual spectra taken
through the transit. Here, we present a successful attempt to minimize wavelength

shifts between exposures and derive residual signals from the transit spectra.

6.2 Observation

HIRES is installed on the Nasmyth platform of the Keck-I telescope with an echelle
spectrograph that uses grating as a cross-disperser. A wavelength range of 300 -
1000 nm for the spectrograph is achieved using two different cross-dispersers and
collimators. Three separate CCDs cover the entire echelle order of the spectra.
A spectral resolution of R=25000-85000 is possible, and our observations were
carried out with R = ~ 67,000 (Vogt et al. 1994a). One complete transit of
WASP-49b was observed with HIRES on 2019-11-11 (PI: de Kleer, Program ID:
ID C284). The observation started from UT 10:28:41 (hh:mm: ss) to 16:15:05.
The sky was good throughout the night. The transit duration was 1.87 hours, and
the mid-transit time was 13.31 UT. A total of 46 exposures of 420s each covered
ingress, egress, complete transit, and out-of-transit phases. The airmass varied

from 1.30 — 1.50. An overview of the observational details is in table 6.1.

6.3 HIRES data reduction

We reduced the data using the IRAF (Image Reduction and Analysis Facility)
echelle data reduction package. There was a strong background emission line at
the left edge of both the NaD lines. Hence we carefully selected the background

region for extracting spectra and a polynomial fit for the background. We also
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TABLE 6.1: Observation details of WASP-49. Ingress, mid-transit and egress
are underlined

MJD SNR (order:56) Airmass Seeing
58798.563888 o8 1.66 0.6

58798.506149
08798.510222
58798.514301
58798.547244
58798.551311 95 1.30 1.0
58798.559457
58798.596514
58798.612794
58798.621135

58798.650041 59 1.76 1.2

downloaded the MAKEE pipeline reduced data from the Keck observatory archive
(KOA). Reduced spectra from both methods were similar in quality, and for further
analysis, we used the data from the MAKEE pipeline and reduced data from KOA.
The continuum normalization of each order of all the spectra was performed using
IRAF with a cubic spline function. The complete data reduction procedure is

explained in Section 2.5.


https://www2.keck.hawaii.edu/inst/hires/data_reduction.html
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FIGURE 6.1: Various analysis steps are shown in the flow chart

6.3.1 Accurate Wavelength Calibration

HIRES is designed to be a general-purpose spectrograph that provides wide wave-
length coverage and spectral resolution by changing the instrument configuration,
such as cross-disperser grating, collimator, and slit width. HIRES is not housed
inside a thermal or pressure-controlled environment; hence it is expected that there
could be instrument drift that will cause a shift in the wavelength or wavelength

dispersion solution and a change in blaze function during the observations.

To achieve accurate wavelength calibration, we used the first out-of-transit spectra
with a good S/N ratio as a reference and performed cross-correlation of all the
exposures and corrected the derived constant velocity shift for all the spectra.
Figure 6.2 represents the RV shift across the exposure for the entire duration of
the observations, which is about 1km/s. We found a linear increase in instrument
drift of about 0.8 kms™' from the start of the observations to the end. This shift
is significant for accurate telluric subtraction and estimating the planet’s transit
velocity signal. Even after correcting the velocity shift and still found a residual
wavelength shift of up to £ 300m/s. The residual shift is not constant across
the order (as shown in Figure 6.3), which could arise due to optical distortion
caused by aberration and varying anamorphism at the detector. The magnitude
of the residual distortion in wavelength was found to scale with overall instrument

drift. After correcting the cross-correlation velocity, the first exposures had less
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FIGURE 6.2: Radial velocity shift in each exposure with respect to the first
exposure as a function of time is shown for three echelle orders. The first order
is in black, the last order is in red, and the order containing the sodium doublet
around 589 nm is in blue. There is a shift of 0.8 km/s from the first to the last

exposure.

residual distortion than the later exposures. It is also worth noting that the ThAr
calibration exposure used for deriving the wavelength dispersion solution was taken

closer to the first exposure.

6.3.2 Distortion correction

Ideally, re-deriving the wavelength dispersion solution will remove the error due to
residual wavelength distortion. However, the ThAr calibration exposures were not
taken during transit to maximize the transit coverage. So we used the stellar lines
themselves to correct for the residual wavelength distortion errors. We corrected
the residual distortion separately for individual orders. For this purpose, we se-

lected ten clean stellar lines in each order and found the centroid of the absorption
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FIGURE 6.3: A residual RV shift vector map across different echelle orders
is shown here. The possible residual shift in each exposure is calculated by
measuring the centroid of a set of lines in each exposure (Figure 6.4). The
calculated the shift in each line (length of the red arrow) with respect to the
corresponding line in the first exposure (black dot). The Center wavelength of

each order is considered to be zero. And y-axis represents the order number in
CCD2.

lines using a gaussian fit ( Figure 6.4). The shift in the centroid position compared
to the first exposure was considered residual distortion. A correction was applied
using a cubic spline polynomial fit between the centroid location of the individual

exposures with respect to the first exposure for each echelle order.

Figure 6.5 indicates the cubic spline fitting for a single order. And finally, we
could achieve a velocity precision of £50m/s (Figure 6.6). This is the minimum

shift that could achieve using extracted spectra from Keck/HIRES. Once all the
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FIGURE 6.4: Observed spectra (in black) and selected clean lines for calculating
distortion correction and gaussian fits to the lines are shown in red. Zoomed
version of a gaussian fit is shown in the subplot.

shifts are corrected, the next step is to shift all the spectra back to the laboratory
rest frame. So we applied a cross-correlation in each exposure with respect to the

synthetic solar spectra.

6.3.3 Telluric correction

Earth’s atmosphere is the most tricky part of ground-based observations. Even
though the telluric contamination is less around the sodium region (590 nm), we
have to remove the telluric contamination for each exposure; otherwise, the slight
variation in the telluric lines with airmass can mimic the residual planet signal.

The telluric correction was performed on the normalized spectra using molecfit
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stellar lines in each order. An example of order five is shown in the top panel.
A cubic spline fit to the distortion gives a residual of less than 50 m/s (shown

in the lower panel).
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FIGURE 6.6: Final residual in wavelength calibration after distortion correction

for all the exposures is shown for the case of order-1.
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FIGURE 6.7: Telluric corrected spectrum in the synthetic lab frame (red), the
telluric model spectrum (green) from Molecfit and the spectra before telluric
correction (black) close to Sodium region.

(Smette et al. 2015; Kausch et al. 2015), version 1.5.1, an open source code consid-
ering molecular lines of the respective elements as well as local weather conditions
at the observing site during the observation. molecfit is a well-established tool, suc-
cessfully used over the years by, e.g., Allart et al. (2017); Hoeijmakers et al. (2020);
Seidel et al. (2020a,b); Kawauchi et al. (2021); Stangret et al. (2021). We followed
the steps outlined in Seidel et al. (2019) to obtain the transmission spectrum and
extract the planetary signal. Figure 6.7 represents the telluric corrected spectra
(red), the telluric model used (green), and the data before telluric correction in

black.

6.3.4 Final transmission spectra

We segregate the total exposures into exposures taken during transit and observed

out-of-transit based on the transit ingress and egress phase (—0.016 : 0.016). As
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mentioned in table 6.1, we have 13 exposures taken during the transit and 28
spectra taken without transit. Figure 6.8 represents the master out-of-transit

spectra by median combining all the spectra taken during out-of-transit.

1
1.0 ————1————

0.8 4

0.6

0.4 4

normalized flux

0.2 4

T T T T
5890 5892 5894 5896
wavelength (4)

FIGURE 6.8: Master out-of-transit spectra combining all the out-of-transit spec-
tra.

The next step is to divide each in-transit spectra by the master out-of-transit spec-
tra. Figure 6.9 represents the stacked residual spectra as a function of observing
time. The residual in each exposure is expected to shift to 0.6 A (16 km/s)
as the planet moves from ingress to egress. But from Figure 6.9, we can observe
that the residual is not shifting as expected. We masked some parts of the NaD
line profile to avoid stellar and background contamination, and we did not detect

residual spectra significantly in the planet rest frame.

Figure 6.10 represents the masked region in the Sodium D1 and D2 lines, where
the planet drift velocity coincides with the SRF. Then we combined all the final
masked residual spectra in the PRF to get the final transmission spectra (Figure

6.11).
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HIRES 11-Nov-2019 stacked residual spectra- Sodium

normalized flux

5888 5890 5892 5894 5896 5898
wavelength (4)

FIGURE 6.9: The figure indicates the transit spectra created by subtracting the
master out-of-transit spectra. The first to the last exposures are stacked from
bottom to top. The wavelengths are in the stellar rest frame, and we scale the
residuals by a factor of 2.3 for visibility. The stellar rest frame location of Na
D1 and D2 lines is a red dashed line. The red dots across exposures denote the
expected wavelength location of the residual signal due to planet transit. One
can also note that there is no residual signal in the location of the stellar Fe I
(5892.9 A) line between the Na-D lines represented by a dashed blue line.

HIRES 11-Nov-2019 stacked residual spectra- Sodium HIRES 11-Nov-2019 stacked residual spectra- Sodium
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FIGURE 6.10: Stacked residual spectra (scaled for visibility purpose) along with
the masked region of 0.15 A bandpass (grey vertical bar), the central wavelength
of the sodium D2 and D1 line in the SRF (dashed red vertical line), and expected
planetary signal position (red dot).
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FIGURE 6.11: The residual spectra are shifting back to the planetary rest frame
(PRF) and combined to obtain the final transit spectra. There is no detectable
Sodium in the PRF. That is the residual what we observed without masking is
pure stellar contamination.
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FIGURE 6.12: Left plot shows the region chosen for masking (the region between
the vertical red dashed line), and the right plot shows the transmission spectra
obtained after masking.
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FIGURE 6.13: Left side plot shows the region near the sodium doublet used for
lightcurve analysis. The right side plot shows the lightcurve obtained.

We also tried masking the core region of Na D lines of each spectra in case of
stellar chromospheric contamination. We did not find clear detection. To assess
the expected RMS of the residual spectra, we find the residual transmission spectra
(Figure 6.12) as well as analyze a nearby continuum region Figure 6.13. Both this

analysis shows no Sodium detection.

6.4 Discussion

After masking, the final transmission spectra around the sodium doublet region
are shown in Figure 6.11. There is a sodium detection after masking the central
region (Figure 6.12) of the sodium core; still, the individual residual is not follow-
ing the expected wavelength shift as a function of time (Figure 6.9), indicating a
non-stellar origin. We again reconfirmed atmospheric sodium using the lightcurve
analysis. Figure 6.14 shows the sodium region selected for the lightcurve analysis
and the corresponding lightcurve obtained. We also tried the possibility of de-
tecting K after telluric correction. We could not find any K signature in both the

transmission spectra and the lightcurve (Figure 6.15 and Figure 6.16).
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FIGURE 6.15: Left plot shows a stacked residual plot around the K region, and
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6.5 Conclusion

We could achieve a radial velocity precision of 200 m/s (wavelength shift of 0.006
A) for KECK/HIRES spectra. For wasp-49b, during the transit, the planetary
signal varies 0.3A4 from the mid-transit. So this shift could be detectable using an
accuracy of the current wavelength calibration. Using the present study, we cannot
prove the origin of the residual sodium. But the sodium detection is not significant
as reported in Wyttenbach et al. (2017a). We propose further observation for this

exciting candidate.
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Characterizing The Solar Disk
inhomogeneity From

Disk-Integrated Spectra

Abstract

The Sun is the only star for which we can resolve the spatial features of the
disk. Current observations can not directly resolve a stellar disk of other main
sequence stars. However, a transiting exoplanet indirectly offers a way to probe the
spatial inhomogeneity of the host star’s disk as the planet transits. The observed
transit light curve is a ratio of the flux blocked by the exoplanet atmosphere
and the flux from the unocculted stellar disk. Stellar disk inhomogeneity can
mimic the transit signal. Hence, we need to model both jointly to characterize a

transiting exoplanet. Here, we analyze the disk-integrated solar spectra to explore
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possible correlations between different spectral indices and the spot and faculae
fill factors of the Sun on the same day. Accuracy of characterizing the stellar disk
inhomogeneities may be essential to enable studies of smaller exoplanets. Here,

we present some preliminary results that might help in this direction.

7.1 Introduction

Surface inhomogeneities on the Sun, such as Sunspots, have been recorded as
early as 800 BC. The Sunspots are regions of lower effective temperature than
the photosphere and possess higher magnetic fields. Faculae are the bright fea-
tures around the Sunspots, and their counterparts in the chromosphere are called
plages. Molecular lines of TiO and VO in the Solar spectra indicate the presence
of Sunspots because, at average Solar photospheric temperatures, these molecules
will dissociate. Temperatures of Sunspots are around 3800 K. The chromospheric
region can be traced through the core of Ca II H & K and Ha lines at visible wave-
lengths. The Balmer lines of H and He are very prominent in the spectra of higher
layers of the chromosphere. The large bright and dark cloud in the chromosphere
is called plages and filaments, respectively, and are more evident in Ha and Ca II
K filters. Above the chromosphere, the temperature gradually increases to very
high values and merges with Corona. Here the temperature reaches around 10°K,

and highly ionized metallic lines are observed.

Solar images and Sunspots have been routinely recorded for more than 100 years.
The time scales and the intensity variations that arise due to the spatial inho-
mogeneity span between a few minutes to years, and it can impact the detection
and characterization of exoplanets around Sun-like (F, G, K, M) stars. Gomes da
Silva et al. (2011) studied five years of HARPS data of M dwarfs and found the

line index of Call K, Hea, and NaD show solar-like variations. They also show Ha
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- Call-K line index correlation. There is a renewed interest in observing the Sun
as a point source in the context of exoplanet studies. Disk-integrated observations
of the Sun and observations of the Sun during the transit of Venus and Mercury
are considered valuable to understand exoplanet transit observations. The latest
images of the Sun from the Daniel K. Inouye Solar Telescope can resolve spatial

scales of 18km on the Sun.

Here, we calculate the line indices of possible activity indicators from Sun as
a star high-resolution spectra from HARPS-N to understand how spectral line
indices correlate with spots and faculae fraction measured from SOHO images.
Estimation of this spatial homogeneity could be helpful in exoplanet atmospheric

retrievals.

Spectral Difference due to
Pre-transit Stellar Disk is the

— Different Spot/Faculae
Assumed Light Source

Contributions Contaminates
20 Transit Spectrum

Transit Depth (%)

Observed Transit Spectrum

108 . L . L
03 05 1 152 3 45 03 05 1152 3 45
Wavelength (um) Wavelength (um)

is the Chord
Defined by the Planet’s Projection

Ficure 7.1: This illustration shows how the transmission spectra changes in
the presents of stellar inhomogeneity (Rackham et al. 2018).

7.2 Observation & Data Analysis

We used three years of Sun as a star archival data provided by the HARPS team.
We have chosen two years of data corresponding to different solar activity levels.
The data contains at least one spectrum per day from January 2015 to Decem-
ber 2018. The wavelength coverage is 3800-6800 A with a spectral resolution of
110000 at 5500 A. Details about the instrument are explained in Chapter 2. We

applied the radial velocity correction from the header and used spectral features


https://dace.unige.ch/sun/
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of known activity indicators, and the bandpass values are taken from literature for
the preliminary analysis (Gomes da Silva et al. 2011). We carefully chose clean
regions (where no activity indicators are present) on the left and right of the spec-
tral feature and calculated the line indices. We expect the continuum to be stable
and not affected by solar activity, and the bandpass for the lines is chosen around

the line core so that they will be sensitive to the activity.

7.2.1 Estimating spot and faculae fraction

We have used the SDO/HMI magnetograms and SDO/HMI continuum intensity
to disentangle different solar surface features. We extract 24 observations per
day (one image per hour), spread from 1st January 2015 to 31st December 2018.
For the identification and estimation of feature-specific fill factors and magnetic
flux densities, we follow the same basic steps in the preparation and processing
of SDO/HMI full-disk images as originally done by Haywood et al. (2016) and
adopted in various follow up studies (e.g., Milbourne et al. (2019); Haywood et al.
(2020); Milbourne et al. (2021)). We have used full-disc continuum intensity with
limb darkening removed and the line-of-sight magnetograms from the HMI instru-
ment. We converted SDO images from pixel coordinates to heliographic coordi-
nates (a coordinate system centered on the Sun) (Thompson 2006). Initially, we
cropped the HMI images at a center-to-limb distance of 0.96 R to avoid the noisy
pixels over the edges near the limb. Assuming that much of the magnetic flux on
the solar surface is vertically oriented, we convert the line-of-sight magnetic field
strength (Bgs) to radial magnetic field strength by removing the foreshortening
effect (Haywood et al. 2016). Foreshortening results from geometric curvature
and projection, which causes a decrease in observational spatial resolution as the

distance from the solar disc center increases.

The upper left panel of Figure 7.2 indicates the unsigned radial magnetogram after
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FIGURE 7.2: Upper panels indicate the SDO/HMI radial magnetogram and
SDO/HMI flattened continuum intensity, observed on 1st January 2015; Lower
panels: show two threshold images on the same date. The left one displays
faculae and sunspots separately in different colors, and in the right panel, we
have further divided faculae into plage and network fields.

correcting the foreshortening effects. And the upper right panel shows the flattened
HMI continuum intensitygram. The noise level in HMI magnetograms is lowest for
the pixels near the center of the CCD (around 5G) and increases towards the edges,
reaching 8G at the solar limb (Yeo et al. 2013). We have applied a threshold in
the line-of-sight magnetic field measurement (Haywood et al. 2016) and intensity
(Yeo et al. 2013; Haywood et al. 2016). In the bottom panel (left), Figure 7.2
represents a threshold image separating sunspots and faculae in different colors.
In the next step, we applied area thresholding to split the stronger magnetic field
regions into plages and network fields. Plages are identified as those contiguous
pixels occupying an area greater than Ay,csn, = 0.0315 arcmin® (Milbourne et al.
(2021)), and the rest as network regions. We have illustrated plage and network
separately in the last panel of Figure 7.2.
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7.3 Line index measurement

We followed the popular method to estimate the activity index in the literature
Gomes da Silva et al. (2011). We visually inspected the left and right regions of
the particular feature and normalized these regions of the spectra. Since HARPS
is a stable spectrograph, the blaze function change is insignificant. Integrated the
flux over the left (I,.5:), right (Iignt), and the center (I o) of the line is calculated,

and the line index for a single line is defined as

2 [COT’E .
Index = _Z¥ eore : singlet
Ileft + Iright

If the line is a doublet, then we have to consider both core fluxes while calculating
the index. We also sum up the line cores for the triplet lines, but the continuum

region is common for the double and triplet lines.

]corel + ]core2

: doublet
]left + Im’ght

Index =

2% (I(:orel + ]coreQ + IcoreS)
3 * (Ileft + Ifright)

Index = triplet

The list of line indices are Ca II H & K (3890 A), HS 4100 A, HB 4862 A, NaD
5890 A, Ha 6562 A, CH G band (4300 A), Hy 4340 A, Mg 4571 A, Mg triplet
5169 A, Fe 5250 A, HeD3 5875 A, Fe 6173 A, and He 6678 A. The initial analysis
showed significant changes in the line index for Ca II H&K, Ho, HB, NaD, and Ha
with respect to the activity. Table 7.1 shows the wavelength range used for line
index calculation. We chose these five lines for further analysis, and the bandpass
used for spectral index calculations is shown in Figure 7.3, Figure 7.4, and Figure
7.5. We have obtained the line index directly from the HARPS spectra without
performing continuum normalization. Since HARPS is a stable spectrograph, the

error caused by blaze function change during the observations that could affect line
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FIGURE 7.3: Left and right continuum (cyan) and the line core regions (red)
selected for calculating line index for Ca II H & K (left) and H § (right).

index estimation is minimal compared to automated continuum normalization.

TABLE 7.1: The reference wavelength region selected left and right of the ab-
sorption line and the wavelength region centered around the absorption line
used for the line index measurement.

Feature Reference band (left) Reference band (center) Reference band (right)

CallH& K 3890.0 —3910.0 A 3927.7 — 3939.7 A 3990.0 — 4010.0 A
3962.5 — 3974.5A

HS§ 4086.0 — 4094.0 A 4100.7 — 4103.7 A 4122.0 — 4127.0 A

H B 4846.0 — 4853.0 A 4860.7 — 4863.7 A 4877.5 — 4882.5 A

Na D2 & D1 5800.0 — 5810.0A 5895.6 — 5896.1 A 6080.0 — 6100.0 A
5889.7 — 5890.2 A

Ha 6545.0 — 6555.0 A 6562.1 — 6563.5 A 6575.0 — 6585.0 A

7.4 Results and Conclusion

We tried to find the possible connection between the line indices and the spot

and faculae fraction for the same-day of observations. Figure 7.6 and Figure 7.7

depict the normalized line indices as a function of spot and faculae fraction. 2015
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FIGURE 7.4: Left and right continuum (cyan) and the line core regions (red)
selected for calculating line index for H § (left) and Na D2 & D1 (right)
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FIGURE 7.5: Left and right continuum (cyan) and the line core regions (red)
selected for calculating line index for H «.

is close to the Solar maximum, and 2018 is close to the Solar minimum period.
We normalized the line index by the mean value of the line index observed in 2018

to present the variations. Some preliminary results are given below;

e In 2018, the spot activity was low; in 2015, the spot coverage increased to
a fraction of a percentage. The area of faculae presented here corresponds

to a sum of all magnetic features outside spots. The faculae fraction varied
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normalized line indices of Ca II H & K, Ha, HB, HJ, and the Sodium doublet

for the years 2015 and 2018.
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about a percent during the quiet period in 2018, and it varied more than 5%

during 2015.

e Call HK line index varies most (about 10%) compared to other lines. The
mean line index increased between 2018 to 2015, correlating with overall solar
activity. The index shows a positive correlation with the faculae fraction.

However, it does not show a clear correlation with spot area fraction.

e Ha line index shows different behavior in the active and quiet phases. The
index shows an increase with faculae area fraction during the quiet phase

but a decrease in the index with faculae area in the active phase.

e Hp and H¢ index does not vary in the 2018 phase but shows a decline in the

line index with respect to the faculae area fraction similar to Ho.

e Sodium line index does not show any correlation with spot or faculae fraction.
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Conclusion

In the thesis, we studied exoplanet host star chemical abundances, transmission
spectroscopy of hot Jupiters, and characterization of the solar disk inhomogeneity
with spectral line indices. Some of the key results from the chapters are presented

below.

Chapter 3 discusses the planet occurrence rate and host star carbon abundance
from LAMOST & Kepler data. We find, in general, the planet hosts and field stars
follow a similar trend in [C/Fe] and [Fe/H] as expected by the Galactic chemical
evolution (GCE). Giant planet hosts are generally found among higher [Fe/H] and
[C/H] host stars. This may indicate a need for a critical metallicity/abundance
to form Jupiter-like planets and may also be for low-mass planets. However, for
a narrow range of metallicity among [Fe/H]| rich stars, [C/Fe| is low for planet
hosts. To further understand the planet population in the Galactic context, we
derived the age using Galactic velocity dispersion using Gaia. We found that the
hot Jupiter host stars are younger, only about 4-5 Gyrs old, refer to Chapter
3). Chapter 4 dealing with the differential abundance of stellar twins in visual

binary systems was studied to understand the influence of planet formation on
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the host star chemical abundance. In the HD80606/HD80607 binary system, the
planet host (HD80606) shows an enhanced abundance of refractory elements of
about 0.01 dex compared to the binary companion (HD80607). However, C, N,
and S show only a mild enhancement. Elements such as Sc show significant en-
hancement. This shows a correlation between the abundance difference and the
condensation temperature. However, a few similar binary systems do not show
significant differences. We also estimate the ages of these systems to understand

whether this enhancement is diluted in older systems (refer to Chapter 4).

Transit spectrophotometry requires high signal-to-noise observations and accurate
tracking of flux losses due to atmospheric and environmental factors and instru-
ment flexure variations. We carried observations with the 2m Himalayan Chandra
Telescope (HCT) covering the entire optical band up to 900 nm region. This study
is presented in Chapter 5. We chose targets with suitable reference stars to ac-
curately track slit losses even for long cadence observations to reach the required
signal-to-noise ratio. Typical individual exposures were 300-500s over 5-6 hours
covering a transit. We obtained complete transit of three stars, HAT-P-1, KELT-
18, and WASP-127, that host a giant planet. We modeled the lightcurves using
the Pylightcurve, and best fit atmospheric models are estimated with Exo-transmit

(refer to Chapter 5).

High-resolution transmission spectroscopy of WASP-49 b using HIRES/KECK In
Chapter 6, we study the alkali lines of a highly irradiated hot Jupiter WASP-49
b, first detected with HARPS. The large optical depth of the sodium D-lines in
this system could indicate an exomoon around the giant planet. High dispersion
transit observations were carried out with the Keck-HIRES spectrograph to esti-
mate the sodium optical depth and possible velocity signature of the exomoon in
the transit spectroscopy. As HIRES is not a stabilized spectrograph, we performed
a wavelength re-calibration to the HIRES data. The above step helps accurately

subtract the telluric lines and retrieve velocity information of the residual transit
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spectra. We achieved a velocity accuracy of + 50m/s with a simple polynomial fit
of the optical distortion for individual orders. A physically motivated spectrograph
model is progress. The lightcurve analysis of HIRES data and other observations
from HARPS and ESPRESSO data indicate a variable lightcurve, which may be
due to the complex geometry of the system. And we propose further observation

for WASP-49 b (refer to Chapter 6).

Chapter 7 presents the possible stellar in-homogeneity in the disk-integrated
spectra of the Sun. The main goal of this work is to understand the effect of
stellar in-homogeneity in the transmission spectra of exoplanets around Sun-like
stars. We have used disk-integrated spectra of the Sun from HARPS-N over a
period of 2.9 years, from July 14, 2015, to May 29, 2018, corresponding to the last
phase of the solar cycle (refer to Chapter 7) and presented line indices that are

sensitive to spot and faculae fraction in the Sun.

“We are stardust brought to life, then empowered by the universe to figure itself

out—and we have only just bequn.”

- Neil deGrasse Tyson.
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