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Abstract

Context: Over 5,000 exoplanets have been discovered to date, yet our
knowledge of their atmospheres is still quite limited, and we have not yet
identified any truly habitable exoplanets. It is the high time to character-
ize the atmospheres of Earth-like planets, especially as we enter an era of
ambitious, big missions such as the Roman Space Telescope, the Thirty Me-
ter Telescope, HabEx, the Extremely Large Telescope, and the Habitable
Worlds Observatory (HWO). These groundbreaking missions are poised to
significantly enhance our understanding and bring us closer to discovering
potentially habitable worlds.

Aim: Our goal is to characterize the atmospheres of terrestrial exoplan-
ets by calculating their reflected spectra, transmission spectra, and polar-
ization phase curves. For the reflection spectra, we considered both present
and prebiotic Earth-like exoplanets orbiting stars of F, G, K, and M spec-
tral types, as well as nine known terrestrial exoplanets. The transmission
spectra are modeled for present and prebiotic Earth-like exoplanets using
the Beer-Bouguer-Lambert’s law and a general law of multiple scattering,
which accounts for diffused radiation. We also model the polarization phase
curves of terrestrial exoplanets orbiting Sun-like stars. Various planetary
surface types were considered, including water worlds, present and pre-
biotic Earth-like surfaces, and different sky conditions, such as clear and
cloudy atmospheres. Additionally, we modeled atmospheres with increased

greenhouse gas abundances.



Methodology: The reflected spectra and geometric albedo is computed
by solving the equation applicable for multiple scattering radiative transfer
problem. The atmospheric abundance is assumed to be analogous to that
of the present Earth-like exoplanets. The Temperature - Pressure profiles
for the known exoplanets are derived using hydrostatic equilibrium and
the energy balance equation. The transmission spectra is calculated using
Beer-Bouguer-Lambert’s law as well as using multiple scattering radiative
transfer equation. We numerically solve the 3D vector radiative transfer
equations to calculate the phase curves of albedo and disk-integrated po-
larization by using appropriate scattering phase matrices and integrating
the local Stokes vectors over the illuminated part of the planetary disks

along the line of sight.

Results: Firstly, we present the reflected spectra and the geometric
albedo for the present and prebiotic Earth-like exoplanets orbiting around
F, G, K and M spectral types of stars and also for the nine known terres-
trial exoplanets. We note the effect of the globally averaged surface albedo,
clouds and the greenhouse gases abundance on the reflectivity. Secondly,
we present the transmission spectra for Earth-like exoplanets, both with
and without diffused scattering. We see the effect of the clouds on the
transmission spectra and note the absorption lines of the bio-molecules
present in the planetary atmospheres. Our models demonstrate that the
effect of the diffusely transmitted radiation can be significant, especially in
the atmospheres with clouds. Thirdly, we explore the effects of the Bond
surface albedo on the polarization and albedo phase curves. The surface
features of such planets are known to significantly dictate the nature of
these observational quantities. We also determine the effect of the incli-
nation angle and the clouds for two different wavebands i.e. visible and
infrared. Our findings indicate that the clouds serve as an indicator for the

polarization due to scattering for the terrestrial exoplanets.



More information can be extracted through the synergistic observations
of spectra and phase curves. Additionally, the degeneracy among the esti-
mated parameters of terrestrial exoplanets can be reduced by characterizing
the atmospheres through various methods like, reflection spectra, transmis-
sion spectra and polarization phase curves. Consequently, our models will
be instrumental in guiding future observations and enhancing the precision

of exoplanetary atmospheric characterization.
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Chapter 1

Introduction

The planets which lie outside our solar-system and orbit any host star
are known as Extra-Solar planets (or Exoplanets). The exploration of
exoplanets represents one of the most exciting and rapidly evolving fields
in the modern astronomy. This study has reshaped our understanding of
the planetary systems and the potential for life elsewhere in the universe.

There are various types of extra-solar planets depending on their size,
surface, planetary compositions, etc. and several detection methods are
described later in this chapter. Besides detecting the planets, their atmo-
spheric characterization is also important to understand the habitability
conditions for the extra - terrestrial life and to go one step further towards
the discovery of the first habitable exoplanet and hence finding life outside
Earth.

1.1 Historical Background

The idea that other stars might host planets originated in the ancient
times. Philosophers like Giordano Bruno in the 16th century proposed the
existence of an infinite universe with countless worlds. However, without

observational evidence, his ideas remained hypothetical.

1
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In the early 20" century, astronomers like Otto Struve proposed that
planets could be detected through their gravitational effects on their host
stars. He suggested that large planets close to their host stars could be
found by observing the star’s wobble caused by the gravitational pull of
the planet(Struve 1952).

The notion of planets existing around other stars has fascinated human-
ity for centuries, but it remained in the realm of speculation until the late
20" century. A significant breakthrough came in 1992 when Aleksander
Wolszczan and Dale Frail discovered the first exoplanet orbiting the pul-
sar PSR B1257-+12, using precise radio wave measurements. This finding
marked the beginning of the exoplanetary era by proving that planets can
exist in the most extreme environments (Wolszczan and Frail 1992).

Since the finding of 51 Pegasi b (Mayor and Queloz 1995), the first
confirmed exoplanet around a Solar type star, more than 5000 exoplanets
have been discovered!. It is a gas giant exoplanet which orbits very close

to its host star, which is detected by Radial velocity method.

1.2 Relevant new results from JWST

The James Webb Space Telescope (JWST) has made groundbreaking ad-
vancements in the study of exoplanet atmospheres. Notably, JWST’s ob-
servations of the exoplanet WASP-39 b, a gas giant similar to Saturn,
have identified a diverse array of atmospheric molecules, including sodium,
potassium, water, carbon dioxide, carbon monoxide, and sulfur dioxide.
The detection of sulfur dioxide, in particular, is significant as it suggests
the presence of photochemical processes within the planet’s atmosphere,

similar to those occurring on Earth (Rustamkulov et al. 2023; Ahrer et al.
2023).

'https://exoplanetarchive.ipac.caltech.edu/
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Furthermore, JWST has examined K2-18 b, an exoplanet, which is ap-
proximately 8.6 times the mass of the Earth, revealing substantial amounts
of methane and carbon dioxide. These findings indicate the possibility of a
hydrogen-rich atmosphere and a water ocean beneath it, which places K2-
18 b within the habitable zone of its host star. This discovery highlights
the potential of Hycean planets as promising candidates for habitability
studies (Madhusudhan et al. 2023).

These discoveries highlight the capabilities of JWST in providing the
detailed molecular and chemical analyses of the exoplanetary atmospheres.
Thus providing a way forward for future research in enhancing the under-
standing of the potential for life on other worlds. However, JWST also has
its limitations in characterizing the atmospheres of Earth-like exoplanets,

which is a central focus of this thesis.

1.3 Types of exoplanets

In a vast diversity of exoplanets, there is a broad variety in the exoplanetary
masses, atmospheres and their orbital parameters. The planets of our solar
system are often split into two groups: terrestrial planets and giant planets.
Four inner planets are the terrestrial planets, while the remaining outer
planets are the giant planets. Further, ice giants (Uranus and Neptune)
and gas giants (Jupiter and Saturn) constitute up the giant planets.

The exoplanets are categorized as Gas Giants, Hot Jupiters (a sub-
class of gas giants), Super-Earths, Mini-Neptunes, Terrestrial planets, etc
(Jonathan J Fortney et al. 2007; N. M. Batalha et al. 2013; Rogers 2015).
Terrestrial exoplanets generally have rocky surface and referred as rocky
planets. The planet which has radius, mass and temperature similar to
that of the Earth is known as an Earth-like planet. Also, the planets which

are physically similar to Jupiter but are referred to as hot Jupiters because

3
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they orbit very close to their host stars. Likewise, there are several other
types of exoplanets such as water worlds, carbon planets, super Earths,
etc.

We are mainly interested in Earth-like exoplanets which lie in the hab-
itable zone (explained in chapter 2) of their host stars as these are the
candidates for the potentially habitable planets. On top of that, if they
have atmospheric and surface composition similar to the Earth, they can
be the future targets for the search of habitable planets (Anglada-Escudé
et al. 2016). For example, the planets like Trappist-le and Proxima Cen-
tauri b are Earth-like exoplanets which orbit around stars of spectral types
M8V and M5.5V respectively.

1.4 Detection techniques

Exoplanets can be detected by various direct and indirect methods depend-
ing on the type of planet, type of the host-star, etc. Most of the detection
methods are indirect because the distant planets are faint and the planets
are detected by the planet’s influence on the host-star’s light. Some of the

important and commonly used methods are as follows:

1.4.1 Transit Method

When an exoplanet transits a host star, part of the stellar radiation gets
blocked by the planet and thus a dip in the brightness of the star is ob-
served. Also, at the transit position (primary eclipse), the star’s radiation
penetrates through the planet’s atmosphere and contains the information
of the atmospheric composition through the absorption lines. Besides the
atmosphere, we also get the information about the size of the planet, or-

bital inclination, orbital semi-major axis, etc. This method is valid when
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the planet is orbiting at the edge-on view and we observe at the primary
eclipse position. Also, the transit detectability is higher for the larger size
planets. Using this technique, the first extra-solar planet i.e. HD 209458
b was detected around a Sun-like star (Charbonneau et al. 1999). NASA’s
Kepler Space Telescope has discovered thousands of exoplanets using this
technique (Borucki, D. Koch, et al. 2010).

1.4.2 Direct Imaging Method

As the brightness of the extra-solar planets are very faint as compared to
their host stars, it becomes very difficult to image them. By this method,
the planet can be imaged directly by blocking the host star using coron-
agraphs. The planet and host star should have a relatively large orbital
separation for that (2 2 au). The first exoplanet which was detected by
using this method is 2M1207 b. Till now, more than 50 exoplanets® have
been detected by using this technique (Marois et al. 2008).

Using this method, one can measure the reflected flux of the planet as
the planet reflects part of the starlight along our line of sight. The reflection

spectra has been explained in detail in the next section.

1.4.3 Orbit Brightness Modulation

Orbit brightness modulation, also known as phase curve variations, refers
to the periodic changes in the observed brightness of a star-planet sys-
tem caused by the planetary orbit around the star. As the planet orbits,
the amount of reflected starlight and emitted thermal radiation reaching
the observer varies. This results in predictable fluctuations in the bright-
ness of the star-planet system (Knutson et al. 2007; Esteves, De Mooij,

and Jayawardhana 2013). The key factors which influence these variations

Zhttps://exoplanetarchive.ipac.caltech.edu/exoplanetplots
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include the reflectivity of the planet, atmospheric properties, and orbital in-
clination. By analyzing these brightness modulations, we can get insights
into the exoplanet’s atmospheric composition, temperature distribution,
and surface properties, hence enhancing our understanding of distant plan-
etary systems as well as their atmospheres (S. R. Kane et al. 2011; Cowan
and E. Agol 2011; B. O. Demory et al. 2013; M. Zhang and Showman 2017;
D. J. Armstrong et al. 2016).

1.4.4 Radial Velocity Method

For a star and a planet system, the barycenter is located inside the star.
While the planet orbits, the host-star wobbles around the barycenter. If
we take the edge-on component of the star motion, there is a “to" and “fro"
motion of the star (towards and away from the observer) from our line of
sight. This is known as the radial motion of the star and hence its radial
velocity can be calculated. The equation below gives the amplitude (K) of

the fluctuations in radial velocity caused by the orbiting planet.

1/3 L
- 27G\ Y M, sin i 1 (11)
Porb (M* + Mp)2/3 1— 62

where M,, and M, are the masses of the planet and the host-star respec-
tively, P, is the orbital period of the planet, i represents the angle made
by our line of sight and normal to the orbital plane of the planet. The
exoplanet is detected by noting down the Doppler’s shift in the spectra of
the host star. This method is most-suited for massive planets (eg. Jupiter-
like) orbiting around late-type stars so that the motion of the star is easily
detectable. It can also be used for Earth-like planets which orbit their host
stars very closely. This technique led to the detection of the first exoplanet,
51 Pegasi b, a Jupiter-like planet orbiting a star similar to the Sun (Mayor
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and Queloz 1995).

1.4.5 Astrometry

Because the Earth orbits around the Sun, the star positions appear to
oscillate and each oscillation period corresponds to one year. If a planet
orbits the host star, the star’s motion gets perturbed by the planet. Thus,
the planet is detected by observing the minute changes in the position
of the star because of the wobbling of star around the barycenter of the
planetary system (Perryman 2011). The magnitude of the perturbation

(A6) is given as:
Mpﬁ

*TQ

Al <

(1.2)

Here, M,, and M, represent the mass of the planet and the star respectively,
star’s separation from our solar system is represented by re and a is orbital
semi-major axis. Like radial velocity method, this method is also best-

suited for the massive exoplanets.

1.4.6 Gravitational Microlensing

As we know that according to general theory of relativity, light bends
around the massive object that lies between the source and the observer.
The light from the distant star bends around an intervening star which acts
as a lens and this leads to the formation of Einstein ring. The light from
the background star gets amplified due to the lens. Now, suppose there is
a planet that orbits the star (which is acting as a lens), a bump will appear
in the smooth light curve, revealing the presence of a planet (Gaudi 2012).
Using this technique, we can detect planets of a broad range of masses
(0.005 My - 18 M) and semi-major axis (0.2 au - 18 au). By this method,

a list of exoplanet candidates has been produced such as rogue planets (Dai
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and Guerras 2018), planet in our nearest galaxy i.e. Andromeda (An et al.
2004), etc. The limitation of this method is that the two stars should be
in alignment so that the detection probability can be enhanced.

There are many other methods for planetary detection like Transit Tim-
ing Variations, disk kinematics, etc. We will not go into the details of these
methods as the atmospheric study is not possible by these techniques, thus
beyond the scope of the present work. Also, Astrometry, Gravitational
lensing and Radial Velocity methods are mainly for planetary detection,
but their review has been included for the completeness of the thesis.

1.5 Atmosphere characterization techniques

The detection of the planets are not enough for moving towards the quest
for the habitable worlds. We should go one step further and probe their
atmospheres to recognize the potentially habitable planets. Some of the

methods for the atmospheric characterization are described below.

1.5.1 Reflection Spectroscopy

The stellar radiation after getting reflected from the planet and then reach-
ing to us along our line of sight is known as the reflected radiation. The
radiation gets reflected from the atmosphere as well as from the planetary
surface. For the case of Earth and Mars, it depends on the reflectivity of
the clouds, surface, aerosols, dust particles, etc. present in the planetary
atmosphere. But for Titan, Venus and giant planets, the stellar radiation
is basically reflected from clouds and hazes.

The scatterers present in the planetary atmosphere absorb and scat-
ter the stellar radiation which leads to diffuse reflection. The reflectivity

depends on the wavelength and the shape of the reflected spectrum is ap-
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Secondary Eclipse
See planet thermal radiation
disappear and reappear

Primary Eclipse

Measure size of planet Learn about atmospheric

See star's radiation circulation from thermal phase
transmitted through the curves

planet atmosphere

Figure by S. Seager

Figure 1.1: This schematic diagram illustrates the primary and secondary eclipses of an
exoplanet as it orbits its host star. During the primary eclipse (transit), transmission
spectra are computed, providing valuable information about the planet’s atmosphere.
In contrast, just before and after the secondary eclipse, the reflected spectra reach
their peak, providing insights into the planet’s reflective properties and atmospheric
composition. Image credit: Sara Seager

proximately same as the host star’s blackbody spectra. Hence the reflected
spectra contains the information of the planetary atmospheric constituents,
surface composition, clouds, etc in the form of absorption lines. The ob-
servable reflected flux is maximum when the planet is at secondary eclipse
position (behind the star). It keeps on decreasing till it reaches the primary

eclipse position (see Fig. 1.1).
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1.5.2 Transmission Spectroscopy

When the planet is at primary eclipse position, it blocks some part of the
star’s radiation depending on the ratio of the planet’s and star’s surface
areas. Also, the star’s radiation transmits through the atmosphere of the
planet and then reaches to us along our line of sight. Thus, it contains the
fingerprints of the atmospheric constituents in the form of absorption lines.
It is driven by the multiple scattering that takes place in the atmosphere
of the planet. It is also affected by the clouds, haze, etc. present in the
planetary atmosphere. By this technique, one can effectively probe only the
upper atmospheres of the planet because of the high optical depth of the
lower atmosphere. Transmission spectra has been calculated for Earth-like

exoplanets and discussed in detail in chapter 4.

1.5.3 Emission Spectroscopy

The thermal radiation of a planet is assumed to be like a blackbody which

emits as the Plank radiation law given by:

2hc?
2\ (6hc/)\kBTfls)

B\(T) = (13

Here, B(T) is brightness (or specific intensity), T is the equilibrium
temperature of planetary atmosphere, kg and h are Boltzmann and Planck
constants and c is speed of light in vacuum.

The planets, like hot Jupiters, have very high internal temperature, emit
radiation in near infrared. The absorption lines in this radiation also serve
as the fingerprints of the molecules that are present in the atmosphere. It is
calculated by subtracting the stellar spectra (obtained at secondary eclipse
position) from the star-planet combined spectra. For terrestrial exoplanet,

it is very insignificant due to the rocky core and very low internal temper-
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ature of the planet. Thus we are not considering the emission spectra for

our study of the Earth-like exoplanets.

1.5.4 Polarization due to scattering

Mostly, the stellar radiation is unpolarized (if star is assumed to be a
sphere) but it gets polarized after scattering from the planetary atmo-
sphere. It is generally linearly polarized. Due to atmospheric gas particles
and the dust particles, Rayleigh scattering polarization is observed for a
range of wavelengths. Polarization is also dependent on the planet’s orbital
phase angle. From the polarization “phase curve", we can tell about the
atmospheric composition, size of the scatterers, clouds, etc. By determin-
ing the planet star contrast ratio in the polarized light, we can detect the
exoplanets and characterize their atmospheres. This has been discussed in
detail in 2.1.2 and for Earth-like exoplanets, the albedo and polarization

phase curves have been calculated in chapter 5.

1.6 Aim of the work

We aim to model the atmospheres of the terrestrial exoplanets by reflection
spectroscopy, transmission spectroscopy and by polarization phase curves.
We calculate the reflected spectra for present and prebiotic Earth-like ex-
oplanets orbiting around stars of F, G, K and M spectral types. And the
transmission spectra is calculated for the Earth-like exoplanets orbiting
around Sun-like stars. The multiple scattering is also considered for more
realistic study of the atmospheres. Finally, we note the effect of the surface
albedo, clouds and the inclination angle on the albedo and the polarization
phase curves. Mainly, two models are considered for our study, i.e., plan-

etary atmospheres with and without clouds. The discovery of exoplanets
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has profound implications for our understanding of planetary systems. It
has shown that planets are common in the galaxy, and the diverse range
of planetary environments suggests that the conditions for life might exist
in many places. Future missions, such as the James Webb Space Telescope
(JWST) and the European Space Agency’s PLATO, aim to expand our
knowledge by characterizing the atmospheres of these distant worlds and
searching for signs of habitability and life (Gardner et al., 2006).

In conclusion, the study of exoplanets is a rapidly advancing field that
continues to unveil the complexities and wonders of planetary systems be-
yond our own. As technology progresses, the dream of finding a world like

our own becomes even more achievable.

1.7 Plan of the thesis

The chapter - wise plan of the thesis is given as:

1. Chapter 2: In this chapter, we discuss the basics about the terrestrial
exoplanets (Earth-like), their atmospheres, habitability conditions and

the scattering mechanisms in their atmospheres.

2. Chapter 3: In this chapter, we model the reflection spectra and
the geometric albedo for the terrestrial exoplanets orbiting around
stars of F, G, K and M spectral types. We also calculate it for the
nine known Earth-like planets including Teegarden’s Star b, Proxima
Centauri b and Trappist-le. We estimated their maximum possible
value of the Bond Albedo and determined a range of their Temperature
- Pressure profiles. The effect of the surface albedo and the change
in the greenhouse abundance is also noted on the reflectivity of the

planet.
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3. Chapter 4: Here, we calculate the transmission spectra for the Earth-
like exoplanets that orbit around Sun-like stars. We also determine the
effect of multiple scattering due to diffused radiation on the transmis-
sion spectra. For that, the multi-scattering radiative transfer equation
is solved instead of using "Beer-Bouguer-Lambert’s law". Addition-

ally, the effect of water clouds on the transmission spectra is studied.

4. Chapter 5: In this chapter, we discuss about polarization due to
scattering for the Earth-like exoplanets which orbit around the Sun-
like stars. We show the albedo and the polarization phase curves for
the Earth-like exoplanets that orbit around Sun-like stars for different
inclination angles. We also study how the clouds and the Bond surface

albedo affect the phase curves.

5. Chapter 6: In the final chapter, we summarize our work and conclude
the results covered in all the chapters. We also present the future

prospects of this work.

Resource Summary:

In this chapter we presented a brief introduction about the extra-solar
planets from the literature. After that, we discussed our aim followed by

the plan of the thesis. The resources that we have used here are:
1. Exoplanetary Atmosphere by Sara Seager (2010)
2. Exoplanets by Sara Seager (2010)

3. Fundamental Planetary Science by Jack J. Lissauer & Imke de Pater
(2013)

4. Extrasolar Planets and Astrobiology, Caleb A. Scharf (2009)
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5. An Introduction to Planetary Atmospheres, Sanchez-Lavega (2011)

6. Tinetti et. al. 2013, The Astronomy and Astrophysics Review volume
21, Article number: 63 (2013)

7. Exoplanet Atmospheres, Seager & Deming (2010), Annual Review of
Astronomy and Astrophysics (Sara Seager 2010)
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Chapter 2

Overview of the Atmospheres of

Terrestrial Exoplanets

Terrestrial exoplanets are the planets which resemble Earth in terms of size
or composition, for instance, which are composed of rocks, silicates, carbon
or water. Earth-like planets are those rocky planets with radii from half
to twice the size of the Earth. Other rocky planets which are greater than
or equal to twice the Earth’s size are known as Super-Earths. Our solar
system’s terrestrial planets include Earth, Mercury, Venus, and Mars and
some of the terrestrial exoplanets are Proxima Centauri b, Trappist-1 d,
Teegarden’s star b, TOI-700d, Kepler-1649c, etc.

The identification of terrestrial exoplanets has significantly broadened
our understanding of planetary systems and the potential for life elsewhere
in the universe. A key aspect of assessing the habitability of these exoplan-
ets is the characterization of their atmospheres, which influences surface
conditions, climate stability, clouds and the presence of potential biosigna-

tures.

The field of exoplanetary atmospheric characterization gained momen-
tum with the observation of transiting exoplanets, where a planet crosses

in front of its host star as we observe from the Earth. This technique,
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known as transit spectroscopy, has been instrumental in detecting atmo-
spheric components like water vapor, carbon dioxide, and methane (Sara
Seager 2010). Enhancements in ground-based telescope capabilities and
space missions such as the Hubble Space Telescope and the James Webb
Space Telescope have significantly improved our ability to analyze exoplan-

etary atmospheres (Tinetti, Drossart, et al. 2018).

Studying the atmospheres of terrestrial exoplanets is particularly chal-
lenging due to their smaller size and the faintness of their atmospheric
signals compared to gas giants. However, technological progress has en-
abled the study of these smaller planets. The Kepler mission’s discovery
of the first Earth-sized planets within the habitable zone of their stars was
a pivotal moment, emphasizing the feasibility of atmospheric studies for
terrestrial exoplanets (Borucki, D. Koch, et al. 2010). Techniques such as
reflection spectroscopy, transmission spectroscopy and polarization due to
atmospheric scattering can provide detailed atmospheric analysis, which

will be discussed extensively in the upcoming chapters.

Furthermore, advancements in atmospheric modeling and simulations
are crucial for predicting the spectra and determing the habitability of
these distant worlds (Hu, Sara Seager, and Bains 2012). The effects of
clouds, greenhouse gases, multiple scattering, inclination angle, etc. on the
spectra and the phase curves provides important information about the

habitability of the exoplanet.

Various physical processes in the exoplanetary atmosphere and the hab-
itability conditions like presence of water clouds, oceans, potential biomolec-

ules, etc. have been discussed in the following sections.
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2.1 Atmospheres

After the detection of terrestrial exoplanets, characterization of their at-
mospheres is the next step in determining their habitability. A planetary
atmosphere gets formed or developed by two major processes. One is by
the capture of primitive atmosphere from the gas-rich stellar nebula. And
the other one is from the outgassing of the gases by volacanic eruptions.
The lighter elements escape from the atmosphere over a period of time,
while the heavier ones stay (Chamberlain and Hunten 1987; Hunten, Pepin,
and Walker 1987; Pepin 1991; Ahrens 1995; James F. Kasting and David
Catling 2003; Lammer and S. J. Bauer 2003; D. C. Catling and James F.
Kasting 2017).

The abundance of the elements forms the basis of the atmospheric com-
position. Depending on the temperature and pressure distribution in the
atmosphere, a few dominant molecules are formed from the elements. Al-
though nitrogen doesn’t react with the surface and makes up a large por-
tion of the Earth’s atmosphere, it cannot escape because it is very heavy.
The second most abundant component is Oxygen gas which gets generated
through photosynthesis by photosynthetic bacteria and plants. Another
important gas is Ozone gas, which exists in the Earth’s stratospheric re-
gion (Walker 1977; James F. Kasting and Donahue 1980; Fowler et al. 1999;
Jacob 1999).

Clouds also play a very crucial role for the atmospheric characterization.
In the planetary atmosphere, clouds form at a height from the surface,
where a gas can be condensed into a solid or a liquid form. For terrestrial
exoplanets, they are mostly water clouds. Warm air and water vapour
rise, expand, and cool as the temperature drops with the increase in the
altitude. Apart from the atmospheric gases and the clouds, there are also

other components present in the planetary atmosphere like dust, haze, etc.,
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which are important for the scattering of the stellar radiation (Ackerman
and Mark S. Marley 2001; Pierrehumbert 2010; Gao et al. 2021).

2.1.1 Atmospheric scattering

When starlight traverses the planetary atmosphere, it interacts with the
atmospheric gases, dust particles, clouds, haze, etc. Some part of the
radiation gets absorbed by the planetary atmosphere and surface while
some gets scattered (Sara Seager 2010). After multiple scattering of the
stellar radiation, part of it comes along our line of sight. Considering
multiple scattering of the diffused radiation is more realistic as compared to
considering only single scattering because of the presence of many scatterers
in the planetary atmosphere such as the atmospheric gases, dust particles,
haze, clouds, etc (Hansen and Larry D Travis 1974; Mishchenko, Joop W.
Hovenier, and Larry D. Travis 2000). And this scattering is incorporated in
the calculations of reflected or transmitted flux and the polarization phase
curve through scattering phase function and the scattering phase matrix
respectively (Chandrasekhar 1960).

Clouds also affect the results in several ways. The composition of the
clouds is different on different planets. Terrestrial exoplanets usually have
water clouds, whereas on Venus, clouds are mainly composed of sulfuric
acid (Knollenberg and Hunten 1980). Typically, water clouds are present
on Earth and the size of clouds droplets is in several microns (~20um).
We have considered thin clouds (few microns) or haze for our calculations.
The height at which clouds lie in the planetary atmosphere, also affect
the spectra. Also, scattering of the radiation varies with the height, and

consequently with temperature, pressure, chemical compositions, etc.
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2.1.2 Polarization due to scattering

The light reaching to us after getting reflected from the exoplanetary atmo-
sphere or surface should be polarized. In the atmosphere of the planet, the
incident stellar radiation gets scattered in many directions which depend
on the scattering mechanism and the single scattering albedo (w). Due to
the atmospheric gas particles, dust grains, clouds, etc., the Rayleigh scat-
tering polarization is observed for a range of wavelengths and the radiation
gets polarized through scattering (Coulson 1988; Goody and Yung 1989;
Daphne M. Stam 2008).

Electromagnetic radiation (polarized or unpolarized) is divided into the
two components of vibration, i.e. & and &, that are along the two directions
| and r, which are perpendicular to each other ((Chandrasekhar 1960)):

& = &"sin(wt — ) (2.1)

& = EVsin(wt — ¢,) (2.2)

Here, w is circular frequency of vibration, ¢, €, fl(o) and 57(«0) are the con-
stants. Depending on the direction of the electric vector, which is a function
of time, the polarised radiation can be divided into several classes. They

are:

1. Linearly polarized: The two components & and &, must be in phase
for the radiation to be linearly polarized but they may or may not have
the same relative amplitudes. Thus the electric field vector traces a

line in the plane of propagation.

2. Circularly polarized: The radiation is said to be circularly polarized
if both the components are of same magnitude and are at 90° out of
phase. In this case, the electric field vector traces a circle in the

propagation plane. According to the direction of rotation of the field,
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circularly polarized radiation is divided into two cases, i.e., right and

left circularly polarized radiation.

3. Elliptically polarized: Elliptical polarization, of which linear and
circular polarisation are special cases, is the most common type of
polarisation. For elliptical polarization, & and &, do not have same

amplitudes and they are not in phase and also not 90° out of phase.

For the planetary atmospheres, mostly the radiation is linearly polar-
ized. However, the circularly polarized radiation can yield information
about a planetary atmosphere and the surface. It can also directly probe
the existence of life on the Earth by detecting homochiral molecules (the
foundations of life on Earth), which reflect the circularly polarized radi-
ation (Loic Rossi and Daphne M Stam 2018). But linear polarization is
dominant and the circular polarization is measured to be very small for the
solar system planets.

2.2 Habitability conditions

The area surrounding a host star, where a planet’s surface temperature is
ambient for liquid water to reside on the planet’s surface is known as the
habitable zone (James F Kasting, Daniel P Whitmire, and Ray T Reynolds
1993). Figure 2.1 shows that for hotter stars, the habitable zone lies farther
than for the cooler stars and vice versa. The surface temperature also
depends on the amount of the stellar radiation that gets reflected by the
planet and the atmospheric greenhouse effect of the planet. Thus, there
is a competition among these parameters and finally the habitable zone is

determined.
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Earth
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Figure 2.1: Diagram for showing the habitable zone of a star. The green shaded region
represents the habitable zone, which shows that as the temperature of the host star
increases, the habitable zone shifts farther away from the host star. Credit: Chestar
Harman
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2.2.1 Host-star and planet conditions

A planet that can support life is much less probable to exist around stars
with spectral types earlier than FO because they have main sequence life-
times of less than 2 Gyr (Antigona Segura, Krelove, et al. 2003). For the
hotter stars, the habitable zone lies farther as compared to the cooler stars
because the planet’s surface temperature depends directly on the host star’s

effective temperature.

Also, M-dwarf stars are less probable of having habitable planets or-
biting around them because their habitable zones are much nearer and
narrower and consequently, the planets that are in the habitable zone are
subject to intense UV radiation and intense flares (Huang 1959; Huang
1960; Hart 1979). Also the planets lying in the inner habitability zone of
M-dwarfs are tidally locked (James F Kasting, Daniel P Whitmire, and Ray
T Reynolds 1993; Antigona Segura, Krelove, et al. 2003) and the planet’s
permanent day or night side have hostile environmental conditions for life.
However, nearly 70 percent of all the stars in our Galaxy are M-dwarf stars.
Also, it may happen that most rocky planets orbit M-dwarfs in the uni-
verse (Shields, Ballard, and Johnson 2016; Victoria S Meadows et al. 2018;
Lin and Lisa Kaltenegger 2020). Therefore, it is important to include the

exoplanets orbiting M-dwarf stars as well in any investigation.

The potentially habitable planets should be rocky, Earth-like or super
Earth-like. They should have a higher value of ESI' (Earth Similarity
Index). It is a parametric quantity of the Earth-likeness of the exoplanets
or the Solar-system planets. It is a number which lies between zero (not
similar to Earth) and 1 (identical to Earth). Its value for the known planets

that we have considered is given in chapter 3.

https://phl.upr.edu/projects/earth-similarity-index-esi
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2.2.2 Reflectivity

The surface temperature also depends on the amount of radiation that is
reflected back either by the planetary surface or the atmosphere (Chan-
drasekhar 1960; Sara Seager 2010). The reflection happens through scat-
tering by the atmospheric gases, dust particles, haze, clouds, aerosol, etc
(Hansen and Larry D Travis 1974; Kokhanovsky 2006). The ratio between
the reflected flux and the input stellar flux, at planetary surface, is known
as the geometric albedo. And the radiation scattered from the planet in all
the directions and at all frequencies is known as the Bond albedo (or the
bolometric albedo). The fraction of the scattered radiation by the surface is
known as the surface Bond albedo (Sudarsky, A. Burrows, and Pinto 2000;
Cahoy, Mark S. Marley, and Jonathan J. Fortney 2010; Imke de Pater and
Jack J. Lissauer 2010).

The surface Bond albedo is calculated by doing weighted sum of all
the components’ reflectivity or albedo. And the weight factors are the
respective fractions of the planetary surface coverage. It is ~ 0.14 for the
present Earth where the surface composition is 70% ocean, 2% coast and
28% land which is divided into 30% grass, 30% trees, 9% granite, 9% basalt,
15% snow and 7% sand (Lisa Kaltenegger, Traub, and Jucks 2007).

The energy balance equation for a planetary atmosphere tells us that
either the host star or the planetary interior supplies the energy to the
atmosphere of the planet. The energy is given by the equation (Sara Seager
2010):

Eout(t) = (1 — Ap) Eine(t) + Eint(t) (2.3)
where, Equ(t) is the rate of energy emitting from the planet, Ap is the
Bond albedo, Ei,.(t) is the rate of energy incident at the planet and Ei(t)

is the rate of energy that gets transferred from the interior of the planet

to the planetary atmosphere. The internal luminosity is insignificant, for
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the terrestrial exoplanets, as compared to the incident stellar luminosity:.

By using Stefan-Boltzmann Law the equation 2.3 (at a particular time)

To = Toa <%) v Ga _ AB)) B (2.4)

Here, T¢q is the planet’s equilibrium temperature, Teg . and R, is the effec-

reduces to:

tive temperature and the radius of the star respectively, a is the separation
between the planet and the host star and f is the correction factor to 47
(Sara Seager 2010). Thus, the equilibrium temperature (planet’s) depends
on the star’s effective temperature, orbital separation and the Bond albedo

of the planet.

2.2.3 Greenhouse effect

If an atmosphere, which is optically thick in infrared waveband, envelops
a planet, the surface temperature can be considerably higher from the
planet’s equilibrium temperature. As the star’s radiation falls on the plane-
tary atmosphere, some part of it gets scattered (trapped) by the greenhouse
gases in the atmosphere and some gets absorbed by the surface. Hence,
infrared radiations are emitted by the gases and the surface which leads
to the heating of the planet’s atmosphere (Houghton 2002; Pierrehumbert
2010; T. D. Robinson and D. C. Catling 2014).

The greenhouse gases that are behind the heating of the atmosphere
of the Earth are NoO, CHy, CO,, water vapours, etc. These are very
strong absorbers, or they have much stronger absorption cross-sections as
compared to the most abundant gases, i.e. Ny and O (Andrews 2010).

To calculate the difference between the flux at the top of the planetary
atmosphere and the surface due to the greenhouse effect, radiative transfer
equation in the infrared region is used. For a simple model (ignoring con-

vection), the surface temperature can be determined from the temperature
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at the top of the atmosphere (J. Lissauer and 1. de Pater 2013),

3
Tis = Tog (1 + ZTg) (2.5)

surf —

Here, T, is the planet’s equilibrium temperature or temperature at the
top of the planetary atmosphere (T¢;), Tsuf is the temperature at the
surface of the planet with greenhouse effect and 7, is the optical depth of
the atmosphere at infrared wavelengths. For Earth, its value is ~ 0.83 in
infrared. Consequently, the greenhouse effect rises the surface temperature
of the Earth by 30-40 K due to the infrared opacity (J. Lissauer and I. de
Pater 2013).

2.2.4 Biosignatures

The characteristics for an ideal biosignature gas are: first, it should not
be naturally present in the atmosphere of the planet; second, its produc-
tion should not be through geophysical processes or by photochemistry;
and third, it should show a strong spectral signature. The key basis for
biosignature is that the amount of gas present should be sufficiently more
in amount than that can be generated by any abiotic process (Scharf 2009).

Oxygen gas comprises of 21% of the atmosphere of the Earth. As it
is a highly reactive gas, it can be in a significant quantity only when it
is being continuously produced. It is generated by biotic sources through
photosynthesis. Ozone is produced by photolysis of oxygen in the presence
of UV radiation of Sun. O and O3 are the most significant biosignature
gases of the Earth. Nitrous oxide is also generated by life forms, although
in very small quantity. Os and NoO are also produced by photochemistry,
but in negligible amounts. Although CH4 and COs are not biosignatures,
but their detection can give the evidence of the presence of life on the

exoplanet (Sara Seager 2014; Lisa Kaltenegger 2017; Victoria S. Meadows
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2017).

Besides the atmospheric biosignatures, photosynthetic vegetation is a
very strong surface biosignature. As it reflects strongly, the albedo increases
suddenly at about 0.75 um, which is also known as the "red edge". Also,
the detection of clouds (not a biosignature) can suggest the presence of
liquid water oceans which is treated as a crucial signal for life (Sagan et al.
1993; Victoria S. Meadows and Crisp 1996; Arnold et al. 2002; Sara Seager
et al. 2005; Tinetti, Rashby, and Yung 2006).

This thesis focuses on the various modelling techniques to character-
ize the terrestrial exoplanet atmospheres, analyze notable exoplanet case
studies, and discuss the implications of these findings for our understand-
ing of planetary habitability. By combining observational data with the-
oretical models, and verifying with previous models, this research aims to
contribute to the broader field of exoplanetary science and the search for

extraterrestrial life.

Resource Summary:

1. Exoplanetary Atmospheres by Sara Seager (2010)
2. Extrasolar Planets and Astrobiology by Caleb A. Scharf (2009)
3. Radiative Transfer by S. Chandrasekhar (1960)

4. Fundamental Planetary Science by Jack J. Lissauer and Imke de Pater
(2013)

5. An Introduction to Planetary Atmospheres, Sanchez-Lavega (2011)
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Reflection Spectroscopy for terrestrial
exoplamets1

3.1 Introduction

Using a variety of techniques, more than 5000 exoplanet candidates have
been detected since the finding of 51 Pegasi b (Mayor and Queloz 1995),
yet very little has been investigated about their atmospheres. According
to S. Bryson et al. 2020, around half of the Solar-type stars in our Galaxy
might host rocky and potentially habitable planets within their habitable
zones. But still we are far from finding any exoplanet that may have
an ambient environment similar to that of the Earth. We will be a step
closer to finding out such planets if we can characterize the atmospheres of
terrestrial exoplanets (F. Selsis 2004; Morley et al. 2015; Lisa Kaltenegger
2017; Alonso 2018; Ravi Kumar Kopparapu, Wolf, and Victoria S Meadows
2020; Quanz et al. 2021).

The region around a star where a planet’s surface temperature is suitable
for water to exist in a liquid form is known as the classical circumstellar
habitable zone (Huang 1959; Huang 1960; D. Whitmire, R. Reynolds, and

IThis chapter presents the work from the published papers - Singla et al. 2023, ApJ, 944 155 and
Singla & Sengupta 2023, NewA, Volume 102, August 2023, 102024.
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J. Kasting 1991; James F Kasting, Daniel P Whitmire, and Ray T Reynolds
1993; Ravi Kumar Kopparapu, Ramirez, et al. 2013). A few of the planets
detected by NASA’s " Kepler space mission", possibly located in the habit-
able zone of their host stars (Covone et al. 2021), are also of great interest.
The recent TESS ("Transiting Exoplanet Survey Satellite") discoveries in-
clude Super-Earth and Sub-Neptunes orbiting around HD 108236 (G3V),
GJ 3929 b, which is a hot Earth-sized planet that orbit around M3.5V star
(Daylan et al. 2021; Kemmer et al. 2022). Many Earth-like planets, includ-
ing TOI-700d, which lie in their host star’s habitable zone, discovered by
TESS are also important (Kaltenegger, Pepper, et al. 2021). Many poten-
tially habitable exoplanets have also been discovered by RV Spectrographs
(Jurgenson et al. 2016; Wildi et al. 2017, and many more).

When stellar radiation is incident on the surface of a planet, parts of
it get reflected, absorbed and transmitted depending on the wavelength of
the radiation and the incidence angle of the stellar flux (Sara Seager 2010;
Perryman 2018). The planetary reflected spectra are generated by the frac-
tion of the incident stellar radiation reflected along our line of sight (Franck
Selsis, Lisa Kaltenegger, and Paillet 2008). The matter in the planet’s up-
per atmosphere interacts with incoming stellar radiation to produce traces
of the atmospheric chemical composition in the reflected spectra. How-
ever, when an exoplanet moves in front of the host star, a tiny portion of
the star’s disk is blocked yielding into a reduction in the stellar flux. At
the same time, a fraction of star-light passes through the planetary atmo-
sphere, if any, and brings the information about the planet’s atmospheric
abundance. This is known as the transmission spectrum (Enric Pallé et
al. 2009; Wunderlich, Mareike Godolt, et al. 2019). The signatures of the
molecules present in the planetary atmosphere are revealed in the absorp-
tion features of reflected and transmitted spectra (Tinetti, Encrenaz, and

Coustenis 2013a). If a combination of biosignatures, such as oxygen, ozone,
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water, methane, etc. were detected in the atmosphere of rocky exoplan-
ets lying in the habitable zone, there would be a high possibility that the
planet harbours life (Owen 1980; Sagan et al. 1993; Selsis 2004; Scharf
2009; John L Grenfell et al. 2014; Fujii et al. 2018; Claudi and Alei 2019).

Previous studies suggested that the potentially habitable planets can
orbit stars of F, G, K and M spectral types (Selsis 2000). According to
James F Kasting, Daniel P Whitmire, and Ray T Reynolds 1993, the most
potentially habitable planets orbit around late F, G and early K type main-
sequence stars. Stars whose spectral type is earlier than FO have less than
2 Gyr main sequence lifetimes and hence are very less likely to have planets
that can harbour life (Antigona Segura, Krelove, et al. 2003). On the other
hand, M dwarfs have much less probability of having life supporting planets
orbiting around them because their habitable zones are much nearer and
narrower and so the habitable zone planets are subjected to strong UV
radiation and strong flares (Huang 1959; Huang 1960; Hart 1979). Also,
most planets which lie in the inner habitable zone of M-dwarfs are tidally
locked (James F Kasting, Daniel P Whitmire, and Ray T Reynolds 1993,
Antigona Segura, Krelove, et al. 2003; Martinez-Rodriguez et al. 2019) and
the planet’s permanent day or night side may have hostile environment for
life. Nearly 70% of all stars in our Galaxy are M dwarfs and it may be most
usual that, most rocky planets orbit M dwarfs (Shields, Ballard, and John-
son 2016; Victoria S Meadows et al. 2018; Lin and Lisa Kaltenegger 2020;
Sabotta et al. 2021). Therefore, it is important to include the exoplanets

orbiting M dwarfs as well in any investigation and probe.

Exoplanets similar to the prebiotic Earth (~3.9Ga) can also be the
potential candidates for supporting life on them. Prebiotic Earth con-
tained no free molecular oxygen but carbon dioxide and nitrogen as the
most dominant gases in their atmospheres (Rugheimer et al. 2015). Preva-

lent oxygenation of the Earth’s atmosphere took place somewhere between
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2.45 Ga and 2.32 Ga, which is referred to as the "Great Oxidation Event"
(GOE) (Holland 2002; Bekker et al. 2004; Guo et al. 2009). Discovery
of the biomarkers in sedimentary rocks (banded iron formation) with age
2.7 Ga to 2.8 Ga, which are characteristic of photosynthetic cyanobacteria,
indicates the appearance of Oy in the Earth’s atmosphere (Brocks et al.
1999). Before this period, life survived through anoxygenic photosynthe-
sis process. The second oxygenation event took place around 0.8 Ga to
0.5 Ga, which is known as "Neoproterozoic Oxygenation Event" (NOE).
During that period, oxygen probably accumulated to the levels that are
required for the animal life (G. Shields-Zhou and L. Och 2011; L. M. Och
and G. A. Shields-Zhou 2012; Hiatt, Pufahl, and Silva 2020).

About three decades ago, the Galileo space mission obtained the re-
flected spectra of the Earth over a relatively clear sky region of the Pa-
cific Ocean, north of Borneo, which was analysed by Sagan et al. 1993.
Previously, many groups have characterized the atmospheres of modern
and prebiotic Earth-like exoplanets by calculating reflection and transmis-
sion spectra (Ehrenreich et al. 2006; Lisa Kaltenegger and Traub 2009;
Daniel Kitzmann et al. 2010; S. D. Domagal-Goldman et al. 2014; Wun-
derlich, Mareike Godolt, et al. 2019; Lisa Kaltenegger, Lin, and Sarah
Rugheimer 2020; Lin, MacDonald, et al. 2021). Studies have also been
done for the Earth-like exoplanets orbiting F, G, K and M stars (Antig-
ona Segura, James F Kasting, et al. 2005; John Lee Grenfell et al. 2007;
Sarah Rugheimer, Lisa Kaltenegger, et al. 2013; Sarah Rugheimer and Lisa
Kaltenegger 2018). An open source radiative transfer model PICASO to cal-
culate the reflected spectra of exoplanets was presented by N. E. Batalha
et al. 2019. Earth’s transmission spectra through lunar eclipse observations
were calculated by Enric Pallé et al. 2009; Pallé et al. 2010 and Yan et al.
2015.

Previously, Kreidberg and Loeb 2016, V. Meadows et al. 2016, Dong
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et al. 2017; Lovis et al. 2017; Luger et al. 2017; Victoria S Meadows et al.
2018; Lin and Lisa Kaltenegger 2020; Scheucher et al. 2020 have charac-
terized the atmosphere for Proxima Centauri b and De Wit et al. 2018;
Krissansen-Totton et al. 2018; Moran et al. 2018; Z. Zhang et al. 2018;
Lustig-Yaeger, Victoria S Meadows, and A. P. Lincowski 2019; Hori and
Ogihara 2020; Lin and Lisa Kaltenegger 2020; Martin Turbet, Bolmont,
et al. 2020; Wunderlich, Scheucher, et al. 2020; May et al. 2021 have exten-
sively discussed about TRAPPIST-1 system and in particular the planets
TRAPPIST-1d and e. Kaltenegger, Sasselov, and Rugheimer 2013, on the
other hand, modeled the transmission spectra for the planet Kepler-62e.
Clouds also play a pivotal role in the determination of the reflection and
transmission spectra (Kitzmann, Patzer, Paris, Godolt, Stracke, et al. 2010;
Daniel Kitzmann et al. 2010; Kitzmann, Patzer, Paris, Godolt, and Rauer
2011a; Kitzmann, Patzer, Paris, Godolt, and Rauer 2011b; Kawashima
and Rugheimer 2019). T. J. Fauchez, Martin Turbet, Villanueva, et al.
2019 demonstrated the effect of clouds and hazes on the planet’s trans-
mission spectra in the habitable zone of TRAPPIST-1, and Pidhorodetska
et al. 2020 worked on detectability of molecules through transmission spec-

troscopy.

Here, we present the new synthetic reflected spectra of exoplanets similar
to the modern and prebiotic Earth orbiting around stars of spectral types
F, G, K and M. If the atmosphere is optically thick at pressure level much
smaller than 10% mbar, most of the incident stellar radiation in the optical
wavelength region will get absorbed and reflected only by the planetary
atmosphere. However, the reflecting properties of the surface play a crucial
role in the re-emission of thermal radiation in the infrared. The surface
albedo of solid or liquid (ocean) surface is also considered, which provides
better and realistic model spectra. We also calculate the spectra for nine
Earth-like planets that lie within the habitable zone of their host stars.
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In the next Section, we discuss the methodologies adopted to calculate
the reflected spectra and the validation of our results. In particular, numer-
ical methodologies are discussed in Section 3.2.1 and the absorption and
scattering opacities that are employed are described in Section 3.2.2 and
we discuss about Temperature-Pressure profile in Section 3.2.3. Results are
presented in Section 3.3. The model reflected spectra for both cases - mod-
ern and prebiotic Earth-like exoplanets orbiting around stars of F, G, K
and M spectral types are presented in Section 3.3.1 and the model reflected
spectra of specific and interesting habitable terrestrial planets are shown
in Section 3.3.2. Finally we discuss our results with specific conclusions in
Section 3.4.

3.2 Methodology

3.2.1 Numerical Methodology

To calculate the reflected spectra, we solved the multiple- scattering radia-
tive transfer equation for diffused scattering for a plane-parallel geometry
and azimuthal symmetry, which is given by (Chandrasekhar 1960; Sen-
gupta, Chakrabarty, and Tinetti 2020):

dI(T, p, A w [
u% = I(7, 11, \) — 5/ plp, ) (7, pt, N)dp!
T -1 (3.1)

w -7
—5F(Ve N mop(u, o)

Here, I(7, 11, A) represents the specific intensity of the diffusely scattered
radiation in direction p = cos#, where 6 is the angle made by the axis
of symmetry and the ray path, w is the albedo for single scattering, F'(\)

is the incoming stellar flux along —puy and 7 is the optical depth such
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that dr = —yxdz, where x is the total absorption coefficient or extinction
coefficient, i.e., the sum of true absorption and absorption due to scattering.
In the above equation, p(u, i) represents scattering phase function which
tells about the photonic angular distribution before and after the scattering.
It depends on the nature of scattering particles. The angular distribution
for scattering by atoms and molecules is given by the Rayleigh scattering
phase function and represented by Chandrasekhar 1960,

(o, i) = [0+ 2 4 (1= )1~ )], (3.2

where p and g/ are the cosine of the angle w.r.t. the normal before and

after scattering .

As pointed out by Sengupta, Chakrabarty, and Tinetti 2020, the radi-
ation has two parts in a scattering medium: the reflected and transmitted
intensities suffering one or more scattering process, and the direct trans-
mitted flux, which is known as the reduced incident flux (Chandrasekhar
1960), 7F (X\)e ™M/#o wwhich is in the direction —pg. Thus, the second term
on the right side of equation 3.1 incorporates the transmitted and reflected
intensities, does not contain the reduced incident flux, which is given by

the third component.

We solved the multi-scattering radiative transfer equations using the
discrete space theory that was thrived by Peraiah and Grant 1973 and
Annamaneni Peraiah 2002. The numerical code has widely been used for
solving the 3D vector radiative-transfer equations to incorporate scattering
polarized spectra of self-luminous exoplanets and brown dwarfs (Sengupta
and Mark S Marley 2009; Sengupta and Mark S Marley 2010; Sengupta and
Mark S Marley 2016; Mark S Marley and Sengupta 2011; Sengupta 2016b;
Sengupta 2018). For this work, the scalar form of the same numerical code

has been used by using these steps:
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34

1. As the vertical atmosphere is heterogeneous with respect to temper-

ature, pressure and optical depth, we divided it into many “shells" of
small optical depths. The minimum thickness of every shell is equal
to a critical thickness 7gitical, that is calculated based on the physical
properties of the medium. If 7 < 7utical, the reflection and transmis-
sion operators have non-negative elements (Peraiah 2001). We assume
a constant temperature and pressure over each shell, and then inte-

grate the radiation over all the shells.

. The transfer equation’s integration is carried out on the shells, a two-

dimensional grid constrained by [r,, Tny1]|X[wj—1/2, ftj41/2], where,
fj1/2 18 the angular grid and r, is the radial grid:
J
,uj_|_1/2 :ZCk,j == 1,2,...,J (33)
k=1
Here, ¢, are the weights of "Gauss-Legendre quadrature formula". We
used the plane-parallel approximation by making the shell curvature

equal to zero.

. The Gauss’ quadrature formula is given as (Chandrasekhar 1960):

+1 m
Flw)dp =Y a;f (1) (3.4)
_ =
where fi1,....., f,, are the zeros of P,,(u) and
1 /+1 P (1)
aj = — di 3.5
TP () S oy .

where, P,,(u) is known as the Legendre Polynomial of order m. We

used the 8-point Gauss’ Quadrature Formula.
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4. Shells’ transmission and reflection operators are computed when the
discrete equations are compared with the canonical equations of the
interaction principle, which relates incident and the emergent radia-

tion from a medium of given optical depth.

5. Combining all the shells by star algorithm (Annamaneni Peraiah 2002),
we obtained the total radiation field. Star algorithm combines the
radiation for two consecutive shells by putting them together and cal-

culating the radiation field as a whole.

The numerical method has been described in detail in Peraiah and Grant
1973, Annamaneni Peraiah 2002, Sengupta and Mark S Marley 2009 and
Sengupta, Chakrabarty, and Tinetti 2020.

To verify our numerical calculations, we compared the model reflected
spectra of a terrestrial exoplanet that orbit around a Sun-like star with the
observed reflected spectra of the Earth obtained by the Galileo spacecraft
(Sagan et al. 1993). This is presented in Figure 3.1. We found an over-
all good match of the observed low-resolution spectrum with our model
spectrum, in particular the dominant water and oxygen bands. The inten-
sity decreases with wavelength in the infrared region because of the nature
of input solar spectra and Rayleigh scattering (which is proportional to
A1), The deviation towards the lower wavelengths is significant because
of the differences in scattering in real Earth’s atmosphere and the modeled
Earth’s atmosphere. In the case of observed spectra, there are other scat-
tering elements as well, such as dust, haze, cloud molecules, etc. Due to
which, the amount of reflected radiation along our line of sight is less than
the model intensity in shorter wavelength region (because the radiation is
scattered away from our line of sight). But for the longer wavelengths,
the difference is insignificant because Rayleigh scattering is negligible for

higher wavelengths.
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3.5

Present work for modern Earth orbiting around Sun
—— Sagan et al.(1993)
—— Present work (spectral resolution same as NIMS)
----- difference (blue-green)

Figure 3.1: Comparison of the model reflected spectrum (cyan) for an Earth-like exo-
planet that orbit around a Sun-like star with the observed reflected spectrum (green)
for the Earth obtained by Galileo spacecraft (Sagan et al. 1993). Blue color represents
the model spectra at a spectral resolution same as NIMS in Galileo spacecraft. There is
an overall good match except at the lower wavelengths, which is due to the differences
in scattering in the Earth’s atmosphere. Red dotted plot represents a comparison be-
tween the modelled spectra and the observed spectra.
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Figure 3.2: Comparison of the modeled reflected spectra for TRAPPIST-1e (blue) with
the spectra calculated by (Lin and Lisa Kaltenegger 2020) (orange) with the same
chemical abundances. The slight variations are due to the differences in the opacities.

Figure 3.2 shows the comparison between the reflected spectra for TRAP-
PIST-1e as calculated by our model with that calculated by Lin and Lisa
Kaltenegger 2020. We used the same chemical abundance as in Lin and Lisa
Kaltenegger 2020 for verification purposes. Temperature - Pressure (T-P)
profiles employed for this case were the same as considered by O’Malley-
James and Lisa Kaltenegger 2019. Here also, overall nature is the same
and the slight variations are due to different opacities used and also they
used vertically variable atmospheric abundance, but we used vertically ho-
mogenous atmospheric abundance. We also compared our model reflected
spectrum for prebiotic Earth-like exoplanets orbiting around Sun-like stars
(atmosphere composed of only Ny and COy; (Rugheimer et al. 2015)) with
the model spectrum calculated by S. Ranjan (priv. comm.). Figure 3.3a
demonstrates that the reflection spectrum of prebiotic terrestrial exoplan-

ets calculated by us matches very well with that derived by S. Ranjan.
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Figure 3.3: (a) Comparison of our model reflected spectrum (blue) calculated by using
opacity from Exo-Transmit package and observed atmospheric T-P profile of the Earth
with the theoretical spectrum (dashed yellow) provided by S. Ranjan (priv. comm.)
as well as with the spectrum calculated by our radiative transfer code using the same
opacity and T-P profile as used by S. Ranjan (red) for a prebiotic Earth-like exoplanet
orbiting around a solar-type of star. Yellow and red curves are essentially the same.
(b) Comparison of the geometric albedo for the above three cases.
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The slight variation is again due to the differences in opacities used in both
models. Figure 3.3b shows the comparison of the geometric albedo, which
also matches very well. Here there are no absorption lines because the
considered molecules show absorption beyond the limit of the wavelength
considered in this work (2.49 pm).

3.2.2 Absorption and Scattering Opacity

To calculate the reflection and the transmission spectra, we calculated the
absorption coefficients and the scattering coefficients of the atmosphere by
using Exo-Transmit (Kempton et al. 2017). In this package, the opaci-
ties of 30 atomic and molecular species on a fixed temperature-pressure-
wavelength grid are tabulated. The range of the wavelength is between
0.3 and 30 um at low spectral resolution of R ~ 1000. The tempera-
ture and pressure range at which the absorption coefficients and scatter-
ing coefficients were calculated for each wavelength were 100-3000 K and
107%-10% mbar respectively. The opacities were derived by using the line
lists given by Lupu et al. 2014. The gas opacities were taken from the
widely used database of Freedman, Mark S Marley, and Lodders 2008;
Freedman, Lustig-Yaeger, et al. 2014. The individual opacity sources are
the atomic and molecular opacity weighted by their abundances and the
total Rayleigh scattering opacity. Since the Earth’s atmosphere is suffi-
ciently cool, we neglected the collision induced absorption of hydrogen.
We adopted the molecular abundances of the present Earth (Sagan et al.
1993) as described in Table 3.1. For the prebiotic Earth-like exoplanets,
we considered a carbon dioxide dominated atmosphere with the molecular
abundance as 10% COs, trace amounts of CH4 and the remaining No as
considered by Lisa Kaltenegger, Traub, and Jucks 2007. The atmospheric
abundances of Proxima Centauri b, Kepler-442b, Kepler-62e, Kepler-22b,
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Molecule | Abundance (volume mixing ratio)

N, 0.78

O 0.21

H,O 0.03 - 0.001

Ar 9x1073

CO, 3.5x1074

CH, 1.6x107

N2O 3x1077

O3 1077-10"8

Table 3.1: Molecular abundance for the Earth’s atmosphere (Sagan et al. 1993).

Kepler-1649c¢, TOI-400d, Teegarden’s Star b, Trappist-1d and TRAPPIST-
le were considered to be the same as that of the present Earth. For the
verification purpose for TRAPPIST-1e, the atmospheric abundance and
T-P profile were adopted following O’Malley-James and Lisa Kalteneg-
ger 2019. The molecular abundances were incorporated in the equation of
states file in the Exo-Transmit package, in which pressure and temperature

were also included for the atmospheric layers.

3.2.3 Temperature-Pressure profile

The internal temperature of the terrestrial exoplanets is negligible as com-
pared to the irradiated temperature. Thus the incoming stellar flux at the
uppermost layer of the atmosphere and the molecules present in the at-
mosphere determine the Temperature-Pressure (T-P) profile of terrestrial
exoplanets.

Most of the stellar radiation gets reflected from the outer layers of the
planet’s atmosphere. So, the temperature profile of the upper layers of
the atmosphere mostly determines the reflected spectra. For transmission
spectra case, the lower atmosphere cannot be probed for most of the wave-
lengths (Lisa Kaltenegger and Traub 2009). Hence, for the present Earth-
like exoplanets orbiting around stars of F, G, K and M spectral types, we
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Figure 3.4: Atmospheric Temperature-Pressure (T-P) profile for the Earth’s atmosphere
(Atmosphere 1976). Temperature first decreases with altitude upto the tropopause
following ideal gas law, then increases (thermal inversion) due to the presence of ozone
gas in stratospheric region, decreases again, and finally increases due to the absorption
of solar radiation.
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adopted the Earth’s atmospheric T-P profile (Atmosphere 1976), which is
shown in Figure 3.4. As we go upwards from the solid surface of the Earth,
the temperature decreases continuously with the decrease in pressure, thus
following the ideal gas law in the tropospheric region. This region extends
roughly about 9 km at the poles and 17 km at the equator (Caballero et al.
2022). We will roughly consider the height of the tropopause equal to 11
km for our calculations. In the stratospheric region, which extends about
35 km above from the tropopause, the temperature rises with the decrease
in pressure because of the presence of ozone gas, which absorbs the ultra-
violet radiation. This is known as the temperature inversion (Atmosphere
1976). The atmospheric T-P profile of early Earth-like exoplanets is taken
the same as considered in Lisa Kaltenegger, Traub, and Jucks 2007 for
Epoch 0 (3.9 Ga).

3.3 Results and Analysis

3.3.1 The Reflection Spectra

While orbiting its host star, an exoplanet reflects part of the starlight along
our line of sight. The maximum reflected radiation is observed when the
planet is almost at full phase or zero degree phase angle, which is just
before or after the secondary eclipse position.

In the present investigation, we considered terrestrial planets around
stars of three sub-classes 0, 2 and 5 of F, G, K and M spectral types so
that late to early stages of each spectral type are included. All the stars
were considered to be of main sequence dwarfs of luminosity class V. The
input stellar fluxes at the surface of the planets that orbit within the host
star’s habitable zone are shown in Figure 3.5. The fluxes at the stellar

surface for F, G and K spectral types were obtained from ESO library
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Figure 3.5: Input stellar flux at the surface of a habitable terrestrial planet that orbit
around stars of several sub-classes of F, G, K and M spectral types. The peaks shift
towards the higher wavelength as we go from early to late type stars.

(Pickles 1998). But for the M spectral type, the stellar fluxes were obtained
from PHOENIX model (Husser et al. 2013) generated through publicly
available code petitRADTRANS (Molliere et al. 2019). The equilibrium

temperatures of the planets were supposed to be same as for the present
Earth, i.e. 288 K.

Reflected spectra for present Earth-like exoplanets

We calculated the reflected spectra by solving the multi- scattering radia-
tive transfer equation for the plane-parallel stratification (equation (3.1)).
To estimate the surface Bond albedo of the rocky planets, we considered
few different types of surfaces with the compositions given in Table 3.2.

The surface composition of the present Earth is 70% ocean, 2% coast and
28% land, which is divided into 30% grass, 30% trees, 9% granite, 9%
basalt, 15% snow and 7% sand (Lisa Kaltenegger, Traub, and Jucks 2007).
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S.No. Surface composition Surface albedo
1 Ocean cover (100%) 0.06
2 | Ocean (50%), Trees and grass (50%) 0.1
3 Present Earth-like 0.14
4 Prebiotic Earth-like 0.16
5 Ocean (83%) and snow (17%) 0.2
6 No solid or liquid surface 0

Table 3.2: Surface Bond albedo for various surface compositions considered in our
calculations for the modeled reflected spectra.

And the surface composition for prebiotic Earth is 70% ocean, 2% coast
and 28% land. The land surface consists of 35% basalt, 40% granite, 15%
snow and 10% sand with no land vegetation (Lisa Kaltenegger, Traub, and
Jucks 2007; Sarah Rugheimer and Lisa Kaltenegger 2018). In the sixth
scenario, no solid or liquid surface exists, which means that the atmosphere
of the planet is so optically thick, that the incoming stellar radiation gets
reflected only from the atmosphere and it does not reach up to the surface.
Hence, in this case, surface albedo does not affect the reflected spectra or
the geometric albedo. Zero surface albedo may also mean the gase- ous

planets, which is beyond the scope of this work.
We calculated the surface Bond albedo by weighted sum of all the com-

ponents’ albedo. And the weight factors are the respective fractions of
planetary surface coverage. The reflected spectra for present Earth-like ex-
oplanets orbiting around solar type of star for different surface albedo are
shown in Figure 3.6. Reflected flux increases with the increase in the sur-
face albedo and it is steeper than the input stellar flux because of Rayleigh
scattering. The effect of surface albedo on the geometric albedo for the
present Earth-like exoplanets is shown in Figure 3.6b. We can see that
geometric albedo increases with the increase in surface albedo. However, it
decreases with the wavelength because Rayleigh scattering is not significant

at lon- ger wavelength region.
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Figure 3.6: (a) Reflected spectra for present Earth-like exoplanets orbiting around
solar type star for different surface compositions (or different surface albedo). Blue line
represents the spectra with zero surface albedo, orange line is for 100% ocean cover
(surface albedo = 0.06), green line is for 50% ocean cover and the remaining 50%
covered with trees and grass (0.1), red line is for present Earth-like surface composition
(0.14), purple line is for prebiotic Earth-like surface composition (0.16) and brown line

represents the spectra for 83% ocean and the remaining is snow (0.2). (b) Geometric
albedo for the same.
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The reflected spectra for the present Earth-like exoplanets orbiting arou-
nd stars of F, G, K and M spectral types are shown in Figure 3.7. The
absorption lines of HoO (0.72 pm, 0.82 pm, 0.94 ym, 1.10 gm and 1.87 pm),
Oy (0.63 pm, 0.69 pm, 0.76 pm) and CHy (1.60 pm) are also shown in this
figure. The flux decreases with the increase in the wavelength in the in-
frared region. This is because of two reasons: firstly, the input stellar flux
also decreases with the increase in wavelength in infrared and secondly
Rayleigh scattering dominates in the shorter wav- elength region (Ityaksov,
Linnartz, and Ubachs 2008). The reflected spectra has the planetary at-

mospheric features as well as the stellar atmospheric features.

In this study, we have ignored the effects of strong stellar ultra-violet
irradiation that may alter the planetary environment by dissociating wa-
ter molecules and energy limited hydrogen loss (Sanz-Forcada et al. 2011;
Sengupta 2016a). Presence of sufficient initial water content at the plan-
etary surface may still avoid the planet to become parched under such
situation. However, since most of the planets lying in the habitable zone
of M-dwarfs are tidally locked, the presence of an Earth like planet is rare
(Martinez-Rodriguez et al. 2019).

In order to examine the effect of various greenhouse gases on the geomet-
ric albedo, we increased the abundance of CO4 by two orders in magnitude,
CHy4 by four orders in magnitude and HoO by one order in magnitude. This
increase is compensated by altering the abundance of Ny. The geometric
albedo of the present Earth-like exoplanets with higher abundances of at-
mospheric greenhouse gases is presented in Figure 3.8. We found that the
geometric albedo increases slightly in the shorter wavelength region because
of the increase in Rayleigh scattering. However, the scattering could have
drastic effect in the thermal re-emission in near and far infrared waveband
and hence in determining the Ty of the planet (surface temperature) by

an increased greenhouse effect.
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Figure 3.7: Reflected spectra for present Earth-like exoplanets orbiting around stars of
spectral types F, G, K and M. The absorption lines of HyO, O, and CHy are clearly

visible. And the magnitude of reflected flux decreases with the increase in wavelength
due to Rayleigh scattering.
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Figure 3.8: Geometric albedo for present Earth-like exoplanets with Earth-like at-
mospheric composition (blue) versus geometric albedo with increased abundances of
greenhouse gases (red).
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Effect of clouds

Clouds also play a crucial role in scattering and hence affect the reflected
spectra or the geometric albedo. The clouds may increase the reflected
spectra by increasing the scattering along our line of sight. We considered
very thin clouds or haze with 100% coverage and we used an approximate
Rayleigh mod- el to express the effect of these clouds/haze following Sing
et al. 2016; Kempton et al. 2017, etc. We considered the cloud position
between the pressure levels of 1x10% Pa and 5x10* Pa with a scattering
cross-section equal to 400 times the scattering cross-section of nitrogen
gas. Fig. 3.9 shows the reflected spectra for present Earth-like exoplanets
(with surface albedo) orbiting around Sun-like stars. There are two models,
i.e., with (orange) and without (blue) clouds. We can clearly note that the
spectra for the cloudy atmosphere is more than that for the clear sky. The
reflected flux is more for the cloudy atmosphere due to the backscattering

of the stellar radiation by the clouds.

Early Earth-like exoplanets

The reflected spectra for the prebiotic Earth orbiting around stars of F, G,
K and M spectral types are presented in the Figure 3.10. And the geometric
albedo (for surface albedo 0.16) is presented in Figure 3.11. We see very
less absorption lines because only Ny, CO9 and trace amount of CH4 were
considered in the atmospheric composition for the prebiotic Earth. The
absorption lines of CO9 (1.4 pm, 1.6 pm and 2 pm) and CHy (1.66 um) can
be seen. The overall nature of spectra remains the same as that for the
modern Earth case.

A comparison between the geometric albedo for present and prebiotic
Earth with zero surface albedo is shown in the Figure 3.12. Prebiotic

Earth-like exoplanets scatter more starlight as compared to the present
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Figure 3.9: Reflected spectra (top panel) and Geometric albedo (bottom panel) for the
Earth-like exoplanets that orbit around the Sun-like stars at a resolution of 300. The
blue plot is for the clear sky while the orange plot is for the cloudy atmosphere. The
absorption lines of Oy and HyO are shown.
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Figure 3.10: Same as Figure 3.7 but for early Earth-like exoplanets.
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Figure 3.11: Geometric albedo for early Earth-like exoplanets for surface albedo 0.16.

The absorption lines of only CH4 and CO, are present because of different atmospheric
abundance as compared to present Earth’s atmosphere.
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Figure 3.12: Geometric albedo for present (blue) and prebiotic (orange) Earth-like
exoplanets for zero surface albedo case. The absorption lines of the potential bio-
molecules are shown in the plot.

Earth-like exoplanets because of greater abundances of greenhouse gases
(mainly COs). The absorption lines for the present Earth are also shown

in this figure.

3.3.2 Reflected spectra of known terrestrial exoplanets

We also present the reflected spectra for some of the well known hab-
itable planets such as Kepler-442b, Kepler-62e, Kepler-22b, TOI-700d,
Kepler-1649c, Teegarden’s Star b, Proxima Centauri b, TRAPPIST-1d and
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TRAPPIST-1e. These planets orbit stars of spectral types G, K and M.
Their radii are in the range of 0.7 Re, and 2.4 R4. These planets lie in the
habitable planets catalog in Hill et al. 2022. Although very little is known
about their atmospheres at present, we expect them to have Earth-like at-
mospheric compositions with favourable temperature because of greenhouse
effect. The input stellar flux at the surface of Kepler-442b, Kepler-62e and
Kepler-22b were calculated by taking the stellar flux from Pickles 1998. We
used PHOENIX model spectra for the cases of TOI-700d, Kepler-1649c and
Teegarden’s Star b. For Proxima Centauri b, the stellar flux is taken from
(Lin and Lisa Kaltenegger 2020) and for TRAPPIST-1d and e, we used
the spectra from Burgasser, Logsdon, et al. 2015.

Their equilibrium temperature T¢, can be derived from the relationship
given in equation 3.6 (Sara Seager 2010). The temperature at the atmo-
spheric bottommost region (or surface temperature) with greenhouse effect

is given by equation 3.7 (De Pater and Jack J Lissauer 2015).

4 R ? 4

Teq = (1 - A)% Teff (36>
4 4 3

Tsurf - /Teq(1 + ZTg) (37)

In equations 3.6 and 3.7, A is the Bond albedo, R is the host star’s
radius, a is the orbital separation, T.g is the host star’s effective tempera-
ture, Tgut is the temperature at the planet’s surface with greenhouse effect
and 7, is the optical depth of the planetary atmosphere at infrared wave-
lengths. We assumed it to be same as that for the Earth, i.e. ~ 0.83.
The surface temperature should not be less than 273 K for the planet to be
habitable (Tgufmin =~ 273 K). And from equation 3.7, the minimum equi-
librium temperature or the temperature at the atmosphere’s top (Teqmin)
is about 242 K.
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Kepler-442b

[t is an Earth-like exoplanet that orbits its host star (K5V) within the
habitable zone and about 366 pc away from the Earth. It is among all
the detected rocky planets that is most similar to the Earth and has a
very high habitability index value (Torres et al. 2015; Stephen R Kane,
Hill, et al. 2016; Rodriguez-Mozos and Moya 2017). This planet receives
an incident stellar flux that is 0.9 times of the flux that is received by
the Earth (Torres et al. 2015; D. Armstrong et al. 2016; Rodriguez-Mozos
and Moya 2017; Barbato et al. 2018). It is a promising candidate for
search of biosignatures as K-type of stars maintain favourable circumstellar
conditions for habitability (Cuntz and Guinan 2016). Its density is very
similar to the Earth and mean surface gravity is ~ 12.5 m/s?, slightly
higher than that of the Earth. According to G. N. Arney 2019, K-type
stars present an advantage for the detectability of biosignatures. One of the
reasons is that K dwartfs offer extended photochemical lifetime of methane
as compared to G types stars. And the other reason is better signal to
noise ratio (S/N) of K dwarfs than G dwarfs, due to which oxygen and
methane can be strongly observed. We calculate the T-P profile by the

following method:

1. For tropospheric region (up to 11 km), T = -mh +Tg,¢ where m is the
adiabatic lapse rate.
Teurfmin ~ 273K; For h=11km, T ~ 242K (minimum equilibrium
temperature); m = 2.83 K/km
Teurfmax ~ 290.1 K; For h=11km, T ~ 257K (maximum equilibrium
temperature); m = 3 K/km

Ty = —2.83h + 273; Th = —3h + 290.1 (3.8)
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2. For Stratospheric region and above, T1 ~ 242K; Ty ~ 257 K.

Similarly, we calculated the T-P profile for all the other planets by
calculating their adiabatic lapse rates. The possible range of T-P profile for
Kepler-442b is shown in Figure 3.13 and the temperature can lie anywhere
in this range. The maximum value of Bond albedo (Ap.y), temperature at
the atmosphere’s top (Teq) and temperature at the atmosphere’s bottom
including green-house effect (Tyy,f) were calculated in the same ways and
are shown in Table 3.3. The atmospheric abundance was assumed to be
the same as that of the Earth and shown in Table 3.1. We calculated
the reflected spectra for the two T-P profiles and found that the spectra
does not alter with the variation in T-P profile within the given range. The
reflected spectra for the planet Kepler-442b for various surface compositions
i.e. different surface albedos is shown in the Figure 3.13.

Figure 3.13 also shows the geometric albedo of Kepler-442b for different
surface compositions of the planet. We note that the geometric albedo in-
creases significantly with the increase in the surface Bond albedo or we can
say that the surface albedo considerably affects the geometric albedo. This
is because the surface also contributes in the total reflectivity of the planet.
For example, for the zero surface albedo case, the geometric albedo is the

least. And it is maximum for the present Earth-like surface components
(0.14 surface albedo).

Kepler-62e

Kepler-62¢ orbits within the classical habitable zone of the host star (K2V)
and the orbital period is about 122 days (Borucki, Eric Agol, et al. 2013,
Kaltenegger, Sasselov, and Rugheimer 2013; Torres et al. 2015; D. Arm-
strong et al. 2016; Stephen R Kane, Hill, et al. 2016). The possible T-P

profile was calculated similarly as in the case of Kepler-442b and is pre-
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Figure 3.13: (a) Possible range of T-P profile; Effect of the surface albedo on (b) the
reflected spectra; and (c) geometric albedo for Kepler-442b, Kepler-62e, Kepler-22b
and TOI-700d. Green curve is for the Earth-like surface composition (surface albedo =
0.14), orange for 50% ocean and 50% land consisting of trees and grass only (0.1) and
blue for zero surface albedo (i.e., no solid/liquid surface)
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Planet Teq,max Tsurf,max AB,max RE] ME] a[l] ESI[Q}
(K) (K) (Re) | Me) | (au)
Kepler-442b 257 290 0.216 | 1.34 | 2.36 | 0.409 | 0.84
Kepler-62e 291 328 0.52 1.61 36 0.427 -
Kepler-22b 286 323 0.48 | 2.33 36 0.849 -
TOI-700d 269 304 0.347 | 1.144 | 1.57 | 0.1633 | 0.93
Kepler-1649¢ 296 334 0.55 1.06 1.2 1 0.0649 | 0.90
Teegarden b 289 326 0.51 1.02* | 1.05 | 0.0252 | 0.95
Proxima b 258 292 0.2289 | 1.08" | 1.27 | 0.0485 | 0.87
TRAPPIST-1d 286 323 0.49 ] 0.788 | 0.388 | 0.0223 | 0.90
TRAPPIST-1e 250 282 0.12 0.92 | 0.692 | 0.0292 | 0.85

Table 3.3: Teqmax 15 the maximum temperature at the top of the planet’s atmosphere
and Tgyrfmax 1S the maximum temperature at the bottom of the atmosphere after
considering greenhouse effect. Ap ax is the maximum possible Bond albedo, ESI is
the Earth similarity index, R, and M, are the radius and mass of the planet and
a is the orbital separation. [l|https://exoplanets.nasa.gov/exoplanet-catalog/
[2Jnttps://phl.upr.edu/projects/earth-similarity-index-esi

*estimate value

sented in Figure 3.13. The temperature and pressure can be anywhere
between these limits.

The reflected spectra and the geometric albedo for Kepler-62e are also
shown in Figure 3.13 for various surface compositions. It is highest for
Earth-like surface composition (surface albedo 0.14) and lowest for no sur-
face albedo at all. The green curve is for 50% ocean cover and the remaining
covered with trees and grass. As the ocean cover is reduced from 70% to

50% by increasing the land cover, the geometric albedo decreases.

Kepler-22b

Kepler-22b is a super-Earth orbiting a G5V star, which is about 194.7 pc
away from Earth. This planet is also orbiting within the habitable zone
of the host star (Borucki, D. G. Koch, et al. 2012; Neubauer et al. 2012;
Torres et al. 2015; Stephen R Kane, Hill, et al. 2016). It is the first detected
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Earth-like exoplanet within the habitable zone of a solar type star.

The atmospheric T-P profile used to calculate the reflected spectra of
the planet is shown in Figure 3.13. It is also calculated by assuming the
atmosphere of the planet in hydrostatic equilibrium and considering green-
house effect.

The effect of the surface Bond albedo (derived from the surface compo-
sitions) on the reflected spectra and the variation of the geometric albedo

are also shown in Figure 3.13.

TOI-700d

It is TESS’s first Earth-size exoplanet, which lies in the habitable zone of
its host star TOI-700 (M dwarf). The planet should be tidally locked as its
eccentricity nearly zero (Gilbert et al. 2020; Rodriguez et al. 2020; Suissa
et al. 2020; Kaltenegger, Pepper, et al. 2021). It receives about 86% of the
insolation that the Earth receives (Gilbert et al. 2020). The possible range
of the atmospheric T-P profile for this planet is shown in Figure 3.13. The

reflected spectra and the geometric albedo are also shown in this figure.

Kepler-1649c

This is an Earth-size planet lying in the habitable zone of its host star,
which is of M5V spectral type. It is located at a distance of about 92 pc
from the Earth (Vanderburg et al. 2020; Stephen R Kane, Z. Li, et al. 2020;
Gvalani 2022). The T-P profile, the reflected spectra and the geometric
albedo are presented in Figure 3.14.

Teegarden’s Star b

Teegarden’s Star is at a distance of about 3.83 pc and is of spectral type
M7V (Teegarden et al. 2003; Alonso-Floriano et al. 2015). It has two
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Figure 3.14: Same as Figure 3.13 but for Kepler-1649c, Teegarden’s Star b, Proxima
Centauri b, TRAPPIST-1d and TRAPPIST-1e.
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planets Teegarden’s Star b and c. Both of them are super Earths but
Teegarden b is the most Earth-like planet or maximum ESI value (see
Table 3.3), discovered till now (Wandel and Lev Tal-Or 2019; Zechmeister
et al. 2019). This planet orbits within the habitable zone and it is tidally
locked. The T-P profile range, reflected spectra and the geometric albedo

are presented in Figure 3.14.

Proxima Centauri b

Proxima Centauri b, a rocky planet, orbits within the habitable zone of our
nearest neighbour Proxima Centauri (M5V), which receives about 65% of
the total flux which our Earth gets from the Sun (Anglada-Escudé et al.
2016; Garraffo, Drake, and Cohen 2016; Martin Turbet, Leconte, et al.
2016; Ignasi Ribas et al. 2017; Victoria S Meadows et al. 2018; Lin and
Lisa Kaltenegger 2020; Galuzzo et al. 2021).

We modeled the reflected spectra of Proxima Centauri b by using the
stellar flux presented by Lin and Lisa Kaltenegger 2020. The T-P profile
(derived similarly) for the atmosphere of Proxima Centaui b is shown in
Figure 3.14 where a range is given. The reflected spectra and the geometric
albedo for Proxima Centauri b are shown in Figure 3.14 for various surface
Bond albedo determined by different surface compositions. Here also, it is

maximum for Earth-like surface composition and minimum for no surface
albedo.

TRAPPIST-1d and e

TRAPPIST-1 is another M dwarf of spectral type M8V, which is about
12 pc away from us, hosts seven rocky planets out of which, three are inside
the habitable zone of the host-star (Gillon, Jehin, et al. 2016; Burgasser
and Mamajek 2017; Gillon, Triaud, et al. 2017; O’Malley-James and Lisa
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Kaltenegger 2019; Lin and Lisa Kaltenegger 2020). TRAPPIST-1e is most
likely to have habitable surface conditions, as it receives about ~ 66% of
stellar radiation that the Earth receives from the Sun and needs very little
greenhouse effect to have a surface temperature such that liquid water can
survive on its surface (Ravi Kumar Kopparapu, Ramirez, et al. 2013; Wolf
2017; Wolf 2018; T. J. Fauchez, Martin Turbet, Wolf, et al. 2020). Also,
TRAPPIST-1e is quite similar in size to the Earth. On the other hand,
TRAPPIST-1d has a very high ESI value of 0.9 (see Table 3.3). So it
becomes important to model both the planets.

The T-P profile, the reflected spectra and the geometric albedo are
presented in Figure 3.14 for both the cases. The reflected spectra and
the geometric albedo were calculated for various surface materials. As the
surface albedo increases, the reflected flux increases because the surface
also contributes to the reflected flux. The geometric albedo is decreasing
with the increase in wavelength because scattering becomes negligible at
longer wavelengths. Also it decreases significantly with the decrease in the
surface Bond albedo. For the zero surface albedo case, all the radiation is
reflected only from the atmosphere.

Comparisons

The input stellar flux at the surface of the above planets is shown in Fig-
ure 3.15a. The reflected spectra for these planets for Earth-like surface
albedo are shown in Figure 3.15b and the geometric albedo is shown in
the Figure 3.15c. We can see that the reflected spectra follows the input
stellar spectra in the visible wavelength region. The geometric albedo is
highest for Kepler-22b and lowest for TRAPPIST-1e in the infrared. But
in the optical, it is highest for the case of Teegarden’s Star b and lowest
for Kepler-22b.

The geometric albedo in the optical region is not estimated for any of the
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planets around TRAPPIST-1 because it is a late M dwarf whose effective
temperature is about 2400K. Its blackbody spectra peak lies at around
1 pm and thus the flux in the optical is very less in magnitude as compared
to the flux in NIR. The nature of geometric albedo depends on the opacity
data of the planetary atmosphere or the T-P profile and the atmospheric

composition of the corresponding planet.

3.4 Conclusions and Discussion

We presented the numerical models of the reflection spectra (in visible) for
both the present and prebiotic Earth-like exoplanets that orbit within the
habitable zone of main sequence stars of F, G, K and M spectral types.
The model reflected spectra for the known exoplanets, which are orbiting
around the stars of G, K and M spectral types is also presented.

We found that the nature of the reflected spectra is similar to the in-
cident stellar spectrum i.e., the reflected flux peaks in the optical wave-
band but decrease significantly at longer wavelengths. However, Rayleigh
scattering in the planetary atmosphere makes the reflected spectra com-
paratively steeper. The geometric albedo also decreases with the increase
in wavelength because of the same reason i.e. Rayleigh scattering. The
amount of reflected flux for the planets orbiting M dwarfs is significantly
less compared to the stars of F, G and K spectral types. This is because
the input stellar spectra peaks in the infrared where Rayleigh scattering is
very less. The absorption lines of the biomolecules like Oy, HyO, O3, etc.
are dominant in the geometric albedo. Owing to the fact that prebiotic
early Earth-like exoplanets have a greater percentage of greenhouse gas
COg,, they scatter more radiation than the present Earth-like exoplanets
do. A present Earth-like exoplanet with higher abundance of greenhouse

gases also have greater albedo. We also estimated the maximum possible
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values of Bond albedo for the known exoplanets and thus given a limit on
Bond albedo for the planets to remain habitable.

We also investigated the effects of surface Bond albedo on the reflected
spectra and geometric albedo for various solid and liquid surface compo-
sition. We considered several kinds of solid and liquid surfaces e.g., (1)
present FEarth-like surface composition, (2) early Earth-like surface com-
position, (3) 100% ocean cover, (4) 50% ocean and remaining with trees
and grass and (5) 83% ocean and remaining with snow. The reflected flux
and the geometric albedo increases with the increase in surface albedo. It
is minimum for no surface albedo at all. The effect of the surface albedo
becomes negligible for an atmosphere thick enough to obstruct the incident
stellar radiation to reach the solid or liquid surface. Thus, surface composi-
tion plays a pivotal role in calculating the reflectivity of the planet. In the
infrared region, the planetary surface with ocean, vegetation, desert etc.
play important role in determining the reflected as well as the re-emitted
thermal radiation. However, here we did not consider the thermal radiation
that gets re-emitted.

In the future, since many big-budget missions are coming like 6 m class
space telescope operating in the ultraviolet, optical and NIR, GMT, TMT,
Extremely Large Telescope (ELT), etc., our models will play a crucial role
in the habitability study of the Earth-like exoplanets. By knowing the
planet’s reflectivity, Bond albedo and the transmission spectra, we would
be able to know about the factors like planet’s surface and atmospheric
composition, T-P profile of the atmosphere, presence of clouds, greenhouse

gases, etc., which play a vital role in finding the habitability of the planet.
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Effect of multiple scattering on
transmission spectra for Earth-like
exoplanets’

4.1 Introduction

When an extra-solar planet passes in front of the host star, some frac-
tion of the stellar radiation gets transmitted from the planet’s atmosphere.
The radiation interacts with the atmosphere through scattering and ab-
sorption and provides the spectral fingerprints on the transmitted flux.
Transmission spectra of the Earth through lunar eclipse observations have
been calculated by Enric Pallé et al. 2009; Pallé et al. 2010; Yan et al.
2015. Wunderlich, Mareike Godolt, et al. 2019 calculated the transmission
spectra of terrestrial exoplanets that orbit around M-dwarfs within the
habitable zone. Ehrenreich et al. 2006; Lisa Kaltenegger and Traub 2009
also calculated the transit-depth for Earth-sized planets and Lin, MacDon-
ald, et al. 2021 calculated the same for the prebiotic and present Earth.
Ehrenreich et al. 2006; Wunderlich, Scheucher, et al. 2020; Madden and

IThis chapter presents the work from the published papers - Singla et al. 2023, ApJ, 944 155 and
Singla & Sengupta 2023, NewA, Volume 102, August 2023, 102024.
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Lisa Kaltenegger 2020; Gialluca et al. 2021, etc also presented some model
transmission spectra for Earth-like exoplanets.

In these models, only the total extinction of the incident stellar flux is
considered by the use of "Beer-Bouguer-Lambert’s law" (Tinetti, Encrenaz,
and Coustenis 2013a). These models, albeit include the scattering opacity
to the true absorption opacity, do not incorporate the angular distribu-
tion of the transmitted photons due to scattering in planetary atmosphere.
Sengupta, Chakrabarty, and Tinetti 2020 have considered the in and out
scattering for the hot Jupiters while modeling the transmission spectra.
The single scattering albedo and the scattering co-efficient is negligible
for wavelengths beyond visible. Thus, for that wavelength region, that as-
sumption works fine. There can be two phenomena possible due to multiple
scattering. One, the transmitted flux may increase due to the contribution
of the multiple scattering along our line of sight; two, the transmitted flux
may decrease due the multiple scattering of the radiation in other direc-
tions except along our line of sight. Thus the resultant is the increase in
the transmission flux or the decrease in the transit-depth. Hence, for the
smaller wavelengths (visible), this method overestimates the tran- smission
depth. Here, the diffused reflection and transmission because of multiple
scattering become crucial.

We model the transmission spectra for Earth-like exoplanets that orbit
around Sun-like stars (for with and without multiple scattering). Surface
albedo of the planet is not considered for calculating the transmission spec-
tra as it predominantly convey the information of the upper atmosphere.
Firstly, we calculate it for the case of zero scattering albedo (without mul-
tiple scattering). For this, we use "Beer-Bouguer-Lambert’s law" for the
present and prebiotic Earth-like exoplanets using publicly available code

Exo-Transmit’ (Kempton et al. 2017). A study of the transmission spec-

2https://github.com/elizakempton/Exo_Transmit
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tra which is calculated by using the Exo-Transmit code and the TauREx
software package (Waldmann et al. 2015) has been compared in Sengupta,
Chakrabarty, and Tinetti 2020. Secondly, we calculate the transmission
spectra for Earth-like exoplanets, which orbit around Sun-like stars, by in-
cluding multiple scattering. For that, the multi-scattering radiative trans-
fer equation for diffused reflection and transmission is solved following Sen-
gupta, Chakrabarty, and Tinetti 2020. This includes the use of discrete
space theory (Peraiah and Grant 1973). We see the dissimilarities in the
transit depth when the scattering albedo is included versus when it is not
included. We also study the effect of the clouds with various scattering
cross-sections on the transit depth.

We determine that diffuse transmission radiation due to scattering can
affect the overall broad natures of the transmission spectra, especially when
the single-scattering albedo increases in the presence of clouds.

In the upcoming section, we discuss about the basic idea of the transit
depth. In Section 4.3, we present the transmission spectra for present and
prebiotic Earth-like exoplanets without including multiple scattering (using
"Beer-Bouguer-Lambert’s law"). The effect of multiple scattering on the
transit-depth spectra is shown in section 4.4. In section 4.5, we summarize

and conclude our results.

4.2 Transit Depth

When the exoplanet is at the primary eclipse position, it blocks some of
the starlight along our line of sight resulting into a reduction in the ob-
served stellar flux. While transiting, a fraction of the star’s light passes
from the planet’s atmosphere providing signature of the gas present there.
The stellar radiation that is subjected to absorption and scattering in the

planet’s atmosphere is known as the transmission or transit spectra. The
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transmission spectra is usually presented by a wavelength dependent quan-
tity called the transmission or transit depth. Like reflected spectra, it also
contains a lot of information about the planetary atmosphere.

Transit depth is the ratio between the stellar flux obtained with and
without transit. It can be expressed as

(4.1)

where Fi,.ns is the star’s flux obtained during the planetary transit epoch
and Fi. is the unblocked stellar flux or the stellar flux during the out of
transit epoch. Fiaps is given as (Kempton et al. 2017; Sengupta, Chakrabarty,
and Tinetti 2020):

Rpl,atm

2
Faor + Faim 4.2
Rstar ) ] ' i ' ( )

Erans — [1 - (

where, Ry atm 1s the planet’s radius including its atmosphere and Rgar 1S
the host star’s radius, Fj, is the stellar flux which gets transmitted from

the planetary atmosphere along our line of sight.

4.3 Transmission spectra using "Beer-Bouguer-Lambert’s

law"

In order to calculate the transmitted flux, we used "Beer-Bouguer-Lambert’s

law" (Tinetti, Encrenaz, and Coustenis 2013b) that is given as:
I(X\) = Iy(\)e ™o (4.3)

where I()) is the transmitted stellar intensity through the planetary at-
mosphere and Iy(A) is the incoming stellar intensity on the planet. In the

above equation, pg is the cosine of the angle between the direction of the

68



Chapter: 4

incident radiation and the normal and 7 is the optical depth along the
path of the ray. The expression for the optical depth along the line of sight
(7(A, 2)) is given by:

I(z)
(A 2) = 2/0 X\, 2)p(2)dl (4.4)

where x (A, z) is the extinction coefficient (sum of the scattering and the
absorption coefficient), p(z) is the density of the planetary atmosphere, z is
the height of the atmosphere from the planetary surface, [ is the distance
covered by the radiation in the planetary atmosphere given by (Tinetti,

Encrenaz, and Coustenis 2013a):

() = / &l = \/(By + 2)? = (Byp+ 27 (45)

where I, is the planet’s radius below which the medium becomes opaque at
all wavelength and 2.y is the maximum height (on the top of R,) above
which photons don’t suffer any absorption or scattering. We calculate

the transmission spectra by using Exo-Transmit package (Kempton et al.
2017).

4.3.1 Atmospheric model

The Earth’s atmospheric T-P profile is used which is same as that used
for calculating the reflection spectra in chapter 3. In order to calculate the
transmission spectra, we first compute the absorption and scattering coef-
ficients of the atmosphere by using Exo-Transmit (Kempton et al. 2017),
which is same as that used for the reflected spectra case (for details, re-
fer 3.2). Since the Earth’s atmosphere is sufficiently cool, here also we
have neglected the collision induced absorption (CIA) of hydrogen. We

have adopted the molecular abundances of the present Earth’s atmosphere
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(Sagan et al. 1993). For the cloudy atmosphere, the cloud height is con-
sidered to be at three different heights of about 2.2 km, 9.5 km and 17 km
from the surface of the planet.

4.3.2 Results

We calculated the transmission spectra for the present and prebiotic Earth-
like exoplanets using "Beer-Bouguer-Lambert’s law". Fig. 4.1 shows the
transmission spectra for the present and prebiotic Earth-like exoplanets.
Fig. 4.1a presents the transmission spectra up to a wavelength of 4.5 um
while Fig. 4.1b shows the same up to the wavelength 30um. The transmis-
sion depth due to absorption by Os, HyO, COy and O3 are marked in the
spectra. For the early or prebiotic Earth-like exoplanets, the absorption
lines of only CO5 molecules are seen.

By studying the absorption lines in the spectra can help us in detecting
the bio-molecules or the volatiles present in the planetary atmospheres. In
the transmission spectrum of prebiotic Earth presented in Fig. 4.1, signa-
tures of CO5 can be found at 1.4um, 1.6pm, 2.0um, 2.7um and at 4.3pum.
On the other hand, the signatures of HoO at 0.72um, 0.82um, 0.94um,
1.1pm, 1.87um and 2.7pm are clear in the transmission spectrum of mod-
ern Earth. In the case of modern Earth, signatures of Os can also be found
at 0.63um, 0.69um, 0.76um and that of COy at 1.4pm, 2.7um, 4.3um. The
signature of Og is visible at 3.3um.

Fig. 4.2 shows the transmission spectra for the increased abundances
of greenhouse gases in the atmosphere of the terrestrial exoplanet. Here
we notice that the transmission depth increases with the increase in the
abundances of greenhouse gases in the planetary atmosphere. The differ-
ences arise due to the different amounts of scattering in both the cases.

However, this increase in the transmission depth is found to be confined
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Figure 4.1: Transmission spectra of present (blue) and early (orange) Earth-like exo-
planets. In the first panel, the transmission spectra up to a wavelength of 4.5 pm is
shown, and in the second panel, it is shown up to the wavelength 30um. The absorp-
tion lines of Oy, HyO, CO5 and O3 are marked. For the early Earth-like exoplanets, the
absorption lines of only CO, molecules are seen.
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Figure 4.2: Transmission spectrum of the present Earth but with increased greenhouse
gas abundance (green). For a comparison, transmission spectrum (blue) of the Earth
with actual atmospheric abundance is also presented.

only up to a certain wavelength region. This happens due to the Rayleigh
scattering which is dominant in smaller wavelength region. Due to scat-
tering, less transmitted flux reaches along our line of sight. In infrared,
both the curves seem to merge where the effect of Rayleigh scattering is
insignificant. In the next section, we will improve upon this by including

the multiple scattering.

The observations of the various exoplanetary atmospheres indicate that
the presence of clouds or hazes are a typical occurence in the planetary
atmospheres (Kreidberg, Jacob L Bean, et al. 2014; Sing et al. 2016). This
is one of the reasons for weak or no molecular feature observed in the
transmitted spectra of quite a few hot Jupiters (Sanchez-Lopez et al. 2020).
The same situation may arise for the terrestrial exoplanets if the upper
atmosphere is covered by clouds or hazes. The presence of clouds or hazes

however, increases the Rayleigh scattering.
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Figure 4.3: Transit spectra for present Earth with clear sky (blue) and for 100 percent
cloud coverage at three different heights i.e. 2.2 km (pink), 9.5 km (brown) and 17.0
km (yellow) from the surface of the planet.

For gray cloud calculations, we selected a pressure layer in the atmo-
sphere at which the cloud’s top is optically thick. We provided a threshold
pressure within the pressure range of the T-P profile and performed the ra-
diative transfer calculations for pressures below than the pressure at cloud
deck. We used Exo-Transmit package (Kempton et al. 2017) for the cal-
culation of cloud optical depth. In Figure 4.3, we see that the transmission
spectra for clear sky and for the sky with 100% coverage of clouds at three
different atmospheric heights i.e. 2.2km, 9.5km and 17.0 km from the sur-
face of the planet.

The transmission depth reduces in magnitude with the increase in the
height of the cloud level. Since the Exo-Transmit code does not incorpo-
rate diffused radiation by multiple scattering, it just reduces the magni-
tude of the transmission depth. As the height of the cloud increases, the

threshold pressure decreases. As a consequence, a comparatively smaller
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atmospheric region above the clouds yields a featureless transmission spec-
tra. Since we assume a vertically homogeneous abundance, the spectral
feature remain the same with the change in the cloud height. The effect of
multiple scattering by including clouds has been incorporated in the next

section.

4.4 Effect of multiple scattering on the transmission

spectra

Multiple scattering becomes essential in computing the reflected or the
transmission spectra. Presence of clouds, haze, dust particles, the gas
molecules, etc. is responsible for multiple scattering of the stellar radi-
ation. If we include multiple scattering, the spectra becomes one step
closer to the realistic situation. To calculate the transmission spectra, the
multi-scattering radiative transfer equation in one dimension is solved fol-
lowing Sengupta, Chakrabarty, and Tinetti 2020 (refer section 3.2.1 for
the equation). Discrete space theory is used for the calculations where the

atmosphere is divided into several layers (For details, see section 3.2).

4.4.1 Atmospheric model

For calculating the transmission spectra by including multiple scattering,
we take the atmospheric chemical composition for the modern Earth-like
exoplanets same as taken by Kawashima and Rugheimer 2019 and opacity
data, i.e. absorption and scattering cross-sections for all the molecules that
have been taken in the planet’s atmospheric abundance, from the database
for PICASO (Batalha et al. 2020). The observed temperature-pressure
profile of the Earth’s atmosphere is considered for the calculations. Here

also we consider two types of atmosphere cloudy and cloud-free. In the
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case of cloudy atmospheres, we consider very thin clouds or haze and we
have used an approximate Rayleigh model to express the effect of these
clouds/haze following Sing et al. 2016; Kempton et al. 2017, etc.

We have included thin clouds with scattering cross-sections (o) equal to
100, 200 and 400 times the scattering cross-section (og) of the dominant
atmospheric constituent i.e. nitrogen in this case. The cloud deck and base
have been fixed at 5x10% Pa and 5x10% Pa. The cloud position of the case of
reflected spectra was kept at deeper layers of the atmosphere (in chapter 3)
while for the case of the transmission spectra, the clouds are considered at
the upper layers of the atmosphere. It is because we can probe only the
outer atmosphere by transmission spectra. Also, we will probe comple-
mentary portions of the atmosphere in terms of the altitude. A terrestrial

exoplanet usually should have water cloud in the upper atmosphere.

4.4.2 Results

Using the atmospheric models described in section 4.4.1, the transmission
depth for modern Earth-like exoplanets orbiting around Sun-like stars at
wavelengths up to 2.0 um is shown in Figure 4.4. We can see that the transit
depth reduces with the inclusion of diffuse radiation due to scattering as
explained by Sengupta, Chakrabarty, and Tinetti 2020. The transmission
depth increases with the inclusion of clouds as the cloud particles block
the transmitted flux through the atmosphere. Clouds also suppress the
absorption features of the molecules in shorter wavelengths. The effect of
diffusion due to scattering on the broadband continuum can be noteworthy
with respect to the levels of the individual absorption features, especially
when the atmospheric clouds are present. This calls for more accurate
modeling of the transmission spectra by solving the complete radiative

transfer equation. Otherwise detecting the features of the biosignatures of
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Figure 4.4: Transmission depth for the Earth-like exoplanets with (solid) and without
(dashed) multiple scattering for cloudy and cloud-free atmospheres (see Section 4.4.1).
However, scattering opacity is also included even for cloud-free atmosphere case.

the Earth-like planets can be confusing and may be erroneous. Of course,
at longer wavelength regions, all the plots are found to merge because
Rayleigh scattering is negligible in that range.

When multiple scattering is not considered, especially in the longer
wavelengths where the values of w are extremely low (w ~ 0), we can use
the "Beer-Bouguer-Lambert’s law" instead of solving the radiative transfer
equations. Note that even when the diffuse radiation because of multiple
scattering is not incorporated, total atmospheric optical depth is computed

by both the absorption and the scattering opacities.
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4.5 Summary and Conclusions

In the first part of the chapter, we presented the transmission spectra for
present and prebiotic Earth-like exoplanets using "Beer-Bouguer-Lambert’s

law".

In the shorter wavelength region, the transmission depth increases
with an increase in the abundances of greenhouse gases. Also, the trans-
mission depth reduces in magnitude with the increase in the height of the
cloud level from the planetary surface.

In the second part, we improvised the transmission spectra results by
including the multiple scattering. For that, we solved the multiple scatter-
ing radiative transfer equation. We found that the transit depth reduces
with the inclusion of diffuse radiation due to multiple scattering. But it
increases if we include the clouds as the cloud particles block the trans-
mitted flux through the atmosphere. Also, it increases with the increase
in the scattering coefficient of the clouds. Clouds suppress the absorption
features of the molecules in shorter wavelengths but at longer wavelengths,
all the plots are found to merge because the effect of multiple scattering is
negligible.

One might note that with the inclusion of clouds, the transit depth
reduces in magnitude for the first work. But in the second work, it increases
when the clouds are considered. Clouds affect the transmission spectra
in two opposite ways for the two cases due to the different models used
for the calculations. In one case, we have used the vertically homogenous
atmosphere, while in the other case, we used height dependent abundances.
Also, the cloud model is different for both the cases. And we can say that

the second model is more accurate and precise than the first one.
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Chapter 5

Modelling Polarization and Albedo
phase curves for Earth-like
Exoplanets!

5.1 Introduction

Over 5000 extra-solar planets have been detected till date and many tech-
niques are being developed to study their atmospheres in detail. Tech-
niques such as reflection, transmission and emission photometry and spec-
troscopy (Tinetti 2006; Sara Seager 2010) help in characterizing the plan-
etary atmospheres. Characterizing the terrestrial exoplanets is extremely
challenging because of their very small size and low planet to star flux ra-
tio (Franck Selsis, Lisa Kaltenegger, and Paillet 2008; Rice 2014). We will
only be able to detect the biosignatures on extra- terrestrial planets unam-
biguously if we can precisely characterize the Earth- sized planets which lie
in the circumstellar habitable zone of their host stars (Huang 1959; Huang
1960; D. Whitmire, R. Reynolds, and J. Kasting 1991; James F Kasting,
Daniel P Whitmire, and Ray T Reynolds 1993; Ravi Kumar Kopparapu,
Ramirez, et al. 2013; Torres et al. 2015; Stephen R Kane, Hill, et al. 2016;

!This chapter presents the work from the published paper - Singla et al. 2023, ApJ, 944 155
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Fujii et al. 2018; Covone et al. 2021). Presence of the biosignatures like
oxygen, water, methane, etc. signals the high chances of the existence of
life on these planets. The presence of oxygen and ozone is the result of
an extended biomass production through oxygenic photosynthesis (Owen
1980; Sagan et al. 1993; Selsis, Despois, and Parisot 2002; Selsis 2004; Se-
gura et al. 2007; Seager 2008; Franck Selsis, Lisa Kaltenegger, and Paillet
2008; Schart 2009; John L Grenfell et al. 2014; Fujii et al. 2018; Claudi and
Alei 2019).

Several polarimetric techniques are increasingly being used for the study
of exoplanetary atmospheres. Polarimetric studies for planets were initi-
ated with the observation of the Solar system objects and are still being
continued (David L Coffeen 1969; D. Coffeen and Gehrels 1969; Hall and
Riley 1974; Michalsky and Stokes 1977; West et al. 1983; Joos and Schmid
2007, etc.). Mallama 2009 characterized the terrestrial exoplanets based
on the phase curves of some solar system planets. Daphne M Stam, Joop
Hovenier, and Waters 2003; Daphne M Stam 2003; Loic Rossi, Berzosa-
Molina, and Daphne M Stam 2018, etc. studied the polarization spectra
for the extra-solar planets. By studying the polarization profiles, we can
extract information about the atmospheric as well as physical properties
such as cloud distribution, mean size of cloud particulate as well as rotation-
induced oblateness etc. as demonstrated by Sengupta and Krishan 2001;
Sengupta and Maiti 2006; Sengupta 2008; Sengupta and Mark S Marley
2009; Sengupta and Mark S Marley 2010; Sengupta and Mark S Marley
2011; Sengupta and Mark S Marley 2016; Sengupta 2016b for brown dwarfs
and self-luminous exoplanets. In addition, phase dependent polarization
of reflected planetary radiation can help understanding more atmospheric
composition including biosignatures, surface constituents like ocean, ice,
forest etc and thus the evidence of a habitable environment in exoplanets
(Zubko, Baba, and Murakami 2008; Kedziora-Chudczer and Bailey 2010;
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Loic Rossi, D. Stam, and Turbet 2017). The traces of exomoons are also
being searched by means of polarization (Sengupta and Mark S Marley
2016; J. Molina, D. Stam, and Rossi 2017; J. B. Molina, Loic Rossi, and
Daphne M Stam 2018).

The reflected light can be polarized because of the various scattering
processes which depend on the types of scatterers and the scattering mech-
anism (Sara Seager 2010). Linear polarization signals from the starlight re-
flected from the horizontally inhomogenous Earth-like planets is presented
in Karalidi and D. Stam 2012. Groot et al. 2020; Loic Rossi and Daphne M
Stam 2018 studied the linearly or circularly polarized signals from the sun-
light that gets reflected from the model Earth. Polarization signals from
the stellar light reflected by the Earth-like exoplanets have been studied
by D. Stam 2008; T. Fauchez, Loic Rossi, and Daphne M Stam 2017; Wei
and Zhong-quan 2017; Munoz 2018; Sterzik et al. 2019; Patty et al. 2021;
Gordon et al. 2022, among others. Wang, Qu, and H. Li 2019 have used
PARASOL data to calculate the variation of the disk-integrated polariza-
tion. Karalidi, D. Stam, and Hovenier 2011; Karalidi, D. Stam, and Hove-
nier 2012; Michael F. Sterzik and Manev 2020 have modeled the polarized
signal from the clouds on exoplanets and Michael E Zugger et al. 2010;
M. Zugger et al. 2011 from the exoplanetary oceans and atmospheres. D.
Stam and Hovenier 2005 have estimated the errors in the calculated phase
functions and albedos of planets if polarization is neglected.

Detecting the polarization signals of the reflected radiation is, however,
extremely difficult because of the very low signal to noise (S/N) ratio as
compared to that of the planets from our Solar-system. Some of the up-
coming telescopes will unravel the polarimetric properties of the Earth and
the exoplanets. LOUPE ("Lunar Observatory for Unresolved Polarimetry
of the Earth"), a small spectropolarimeter is being developed to observe
the Earth (as an exoplanet) from the Moon (Klindzi¢ et al. 2021; Kara-
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lidi, D. Stam, Snik, et al. 2012) and also ELF (Exo-Life finder) Telescope
(Berdyugina et al. 2018) will be used for the direct detection of exoplanet
biosignatures. Other big-budget missions like HabEx, LUVOIR, Roman
Space Telescope, etc. will also have imaging polarimetric facility. These
missions will additionally have coronographic instruments onboard whi-
ch will allow us to detect polarimetric signals from the exoplanets in the

habitable zones directly.

Most of the above mentioned polarization models either use Monte Carlo
method or solve 1-D vector radiative transfer equations and invoke gener-
alized spherical harmonic expansion to integrate the scattering polariza-
tion over the visible disk. In the present work we compute the azimuth-
dependent intensity vectors by solving 3-D vector radiative transfer equa-
tions. The disk integrated flux and polarization are calculated by inte-
grating the intensity vector at each local point over the illuminated disk.
The 1-D version of the same numerical code has also been used to solve
the radiative transfer equations in their vector form for the calculation of
polarized spectra of rotation-induced oblate self-luminous exoplanets and
cloudy brown- dwarfs (Sengupta and Mark S Marley 2009; Sengupta and
Mark S Marley 2010; Mark S Marley and Sengupta 2011; Sengupta 2016b;
Sengupta and Mark S Marley 2016; Sengupta 2018). However, in those re-
search, the spherical harmonic expansion approach was employed to com-
pute the polarisation over the object’s rotation-induced oblate disk. This
scalar version of this code has also been used for the transmission spectra
calculations for the hot Jupiters (Sengupta, Chakrabarty, and Tinetti 2020;
Chakrabarty and Sengupta 2020). Chakrabarty and Sengupta 2021 have
presented the polarization models for hot Jupiters by solving 3D vector ra-
diative transfer equations. In this work, we employ the same methodology
to calculate the polarization for the Earth-like exoplanets. Study of the

albedo and polarization phase curves can add to the information that is
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obtained from the transmission and the reflection spectroscopy. Moreover,
these techniques can be used to characterize the planets with arbitrary
orbital alignment w.r.t. the line of sight.

In the next section, we discuss about the necessary inputs used to calcu-
late the albedo and polarization phase curves for Earth-like exoplanets. In
section 5.3, vector phase curve models are presented. In section 5.4, we de-
scribe the results and finally, in the last section, we present the conclusions
of this work.

5.2 Atmospheric models for Earth-like exoplanets

We present the models for phase curves for geometric albedo and linear
polarization for the Earth-like exoplanets that orbit around Sun-like stars.
For calculating that, we take the atmospheric chemical composition for
the modern Earth-like exoplanets from Kawashima and Rugheimer 2019
and opacity data, which is, absorption and scattering cross-sections for the
molecules that have been taken in the planetary atmospheric composition
(abundances from Kawashima and Rugheimer 2019), from the database for
PICASO (Batalha et al. 2020). The observed T-P profile of the Earth’s
atmosphere is considered for the calculations. We consider two types of
atmosphere in all of our model calculations: cloudy and cloud-free. In the
case of cloudy atmospheres, we consider very thin clouds or haze and we
have used an approximate Rayleigh model to express the effect of these
clouds/haze following Sing et al. 2016; Kempton et al. 2017, etc.

We considered the cloud position between the pressure levels of 1x103
Pa and 5x10* Pa with a scattering cross-section equal to 400 times the scat-
tering cross-section of nitrogen gas. A terrestrial exoplanet usually should
have water cloud in the upper atmosphere. For large cloud particulates,

Mie scattering phase matrix should be appropriate to describe the angular
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distribution of photons before and after the scattering. But for small size of
cloud particles, Rayleigh phase matrix serves the purpose reasonably well.
In the present work we have used Rayleigh phase matrix for water droplets
(Sengupta and Maiti 2006).

5.3 The Phase Curve Models

The reflected light observable from the planets depends on their orbital
phase and the study of phase curves conveys valuable information of the
atmospheres and surfaces of the Earth-like exoplanets. The orbital phase
(torb) 18 02 when the maximum area of the illuminated disk is viewed and
180° when the minimum or no illuminated part of the planetary disk is
viewed. However, modeling these phase curves is cumbersome and requires
us to invoke three-dimensional radiative transfer models as explained by
(Chakrabarty and Sengupta 2021). Here, we solve the 3-D vector radiative
transfer equation to calculate both the albedo (total reflectivity of the disk)
phase curves and the disk-integrated polarization phase curves. The 3-D

vector radiative transfer including multiple scattering is expressed as:

dI(T7 M? ¢7 /’L7 QS)
i

Ir :I(T,M,(I),,LL,QS)
2 1
‘wzf;)/o /_1Pm((u,cb;u',cb')l(f,M,CP,M',sb')d//d(?/ (5.1)
_MFOeT//‘OPm(u, ®; —Ho, Po)
47
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Here, I is the Stokes vector,

(5.2)

= SO ~

P is the scattering phase matrix and (M,®) is an arbitrary point on the
illuminated disk grid, at which the reflected radiation can be calculated.
¢o is the zero point of ¢ at every location (M,®). It is described in Chan-
drasekhar 1960 and Chakrabarty and Sengupta 2021.

The partial illumination of a planetary disk yields net non-zero disk-
integrated scattering polarization of the reflected light. A study of this
polarization can provide us information about the atmospheric clouds in
detail, surface composition, and also the light absorbers present in the
atmospheres (Chakrabarty and Sengupta 2021). The incident stellar ra-
diation is assumed to be unpolarized and the polarization of the planet’s
reflected light is solely caused by the scattering process. We ignore polar-

ization due to strong magnetic field if any.

The state of polarization of each beam of ray after scattering is deter-
mined by the scattering phase matrices which depend on the scattering
mechanism. We follow the methods prescribed by Chakrabarty and Sen-
gupta 2021 for solving the vector radiative transfer equations and for the
calculation of the phase dependent reflected flux and the polarization (P)

averaged over the illuminated planetary disk.

We noted how surface albedo affects the overall disk albedo and po-
larization as depicted in Figure 5.1. For the rest of the calculations, we
considered the value of surface albedo to be 0.14 (surface Bond albedo for

present Earth-like exoplanets). Figure 5.2-5.3 show the the total albedo and
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the disk polarization (P) at A = 0.6 um and A = 1 um for cloudy as well
as cloud-free atmospheres, by considering multiple scattering of incident
radiation. Figure 5.4 shows the same for visible wavelength (A = 0.6 um),
if only single scattering is considered. These phase curves can be detected
with the next-generation polarimetric missions which will use their coron-
agraphic instruments to resolve the Earth-like exoplanets from their host
stars. The observable flux ratio i.e. ratio of the observable reflected flux
of the planet to the observable starlight is shown in the figures. This in-
dicates the contrast required by those instruments to directly detect the
reflection spectra from such planets. Since the flux ratios are in the order
of parts per billion (ppb), detecting the polarization of the planets without
resolving them separately amidst the stellar glare will be impossible with

the current technology and hence not shown in the figures.

5.4 Analysis and Discussion

The transmission depth for modern Earth-like exoplanets orbiting around
solar type stars at wavelengths up to 2.0 um is shown in Figure 4.4. We can
see that the transit depth reduces with the inclusion of diffuse radiation
due to scattering as explained by Sengupta, Chakrabarty, and Tinetti 2020.
The transmission depth increases with the inclusion of clouds as the cloud
particles block the transmitted flux through the atmosphere. Clouds also
suppress the absorption features of the molecules in shorter wavelengths.
The effect of diffusion due to scattering on the broadband continuum can
be noteworthy with respect to the levels of the individual absorption fea-
tures, especially when the atmospheric clouds are present. This calls for
more accurate modeling of the transmission spectra by solving the com-
plete radiative transfer equation. Otherwise detecting the features of the

biosignatures of the Earth-like planets can be confusing and may be erro-
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neous. Of course, at longer wavelength regions, all the plots are found to
merge because the effect of scattering is negligible.

The relatively stronger absorption lines such as Os, HyO are easily de-
tectable in the reflection spectra (see Figure 3.9). Clear- ly, the geometric
albedo increases with the decrease in wavelength because of the dominance
of Rayleigh scattering (o %) at shorter wavelength. Also, because of in-
creased back scattering of the incident stellar radiation, the presence of
clouds significantly increases the geometric albedo and hence the reflected
flux at the visible wavelength region.

In Figure 5.1, we can see that the variation of the albedo and the disk-
averaged polarization (P) for different orbital phase at a fixed wavelength
(~ 0.6um) and an orbital inclination angle of 90° (edge-on view) for dif-
ferent surface albedos. The value of surface albedo depends on the surface
composition of the extra-solar planet i.e. amount of ocean cover, land cover,
trees, ice, etc. The surface albedo of 0.9 corresponds to the case where the
whole surface of the planet is covered with snow. The intermediate surface
albedo of 0.05 in the figure corresponds to the case where almost the whole
surface is covered with ocean and 0.1 corresponds to the case where half
of the surface is covered with ocean and the remaining half with trees and
grass. As the surface reflection is assumed to be Lambertian, it completely
depolarizes the light that is reflected in the upward direction from the
planet’s surface, i.e., from the bottom of atmosphere (BOA) (Loic Rossi,
Berzosa-Molina, and Daphne M Stam 2018). As a result, with an increase
in the surface albedo, the overall albedo increases but the polarization (P)
decreases. P is evidently found to peak at around 90° orbital phase. The
phase dependent polarization profile presented here is consistent with that
presented by (Sengupta and Maiti 2006; Daphne M Stam, Joop Hovenier,
and Waters 2003).

Figures 5.2 and 5.3 show the phase dependent light curves at wave-
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lengths of 0.6 um and 1.0 pum respectively for a planet with two orbital
inclinations, e.g., 45° and 90°. Evidently, the peak-to-peak fluctuations of
the light curves decrease with a decrease in the orbital inclination. More-
over, these figures also demonstrate the effects of clouds. The presence of
clouds and non-zero surface albedo increase the total albedo of the disk as
expected.

Figure 5.4 show the phase dependent light curve at a wavelength of 0.6
pm for the same orbital inclinations by considering only single scattering
at each atmospheric layer. Clouds affect the albedo in the same way as
the multiple scattering affect. But clouds do not affect the disk averaged
polarization because angle of scattering at each layer is the same. We note
that the peak polarization (i.e. at 90° phase angle) is 1 for clear sky as
well as cloudy atmosphere. This happens because we have approximated
the effects of clouds with the Rayleigh phase matrix and for the case of
Rayleigh scattering, the degree of single-scattering polarization is 1 at 90°
phase angle (see Fig. 3 of Chakrabarty and Sengupta 2021). Basically, the
single-scattering approximation overestimates the observable polarization
and underestimates the total albedo.

Although, we see opposite behaviour of disk averaged polarization with
the clouds in case of hot-Jupiters (see Fig. 15 of Chakrabarty and Sengupta
2021). For hot-Jupiters, the polarization is controlled by the single scat-
tering albedo, but for the Earth-like exoplanets, it depends on both the
single scattering albedo and the surface albedo as explained in the next
paragraph.

However, to understand the total degree of polarization for a planet
with a Lambertian surface with non-zero surface albedo, we divide the to-
tal upward (towards us) radiation at the top of atmosphere (TOA) into
two streams: (i) the downward incident radiations that get scattered back

to the upward direction and get polarized, especially at disk locations away
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from the substellar point (e.g., D. Stam, De Rooij, et al. 2006; Chakrabarty
and Sengupta 2021), and (ii) the upward radiations from BOA that get
transmitted in the same direction which are predominantly unpolarized.
For the case of cloud-free atmosphere, as the wavelength increases, the in-
tensity of stream-i decreases since the atmospheric single-scattering albedo
decreases, whereas the intensity of stream-ii remains almost constant as
we have assumed the same surface albedo at both the wavelengths. Hen-
ce, the relative dominance of stream-ii increases at higher wavelengths,
and the polarization (P) drops significantly at A =1 pm compared to that
at A =0.6 ym. For the same reason, the total disk albedo at 0.6 pm is
only slightly higher than that at 1 gm for the cloud-free case which is also
suggested by Figure 3.9.

The effect of clouds is twofold. For a very low value of surface albedo,
as for the case of the gaseous planets, presence of clouds increases the de-
polarization of radiations due to multiple scattering as the atmospheric
single-scattering albedo increases (Chakrabarty and Sengupta 2021). Due
to this, the total disk polarization drops with the presence of clouds while
the disk albedo rises (Figures 15-17 of Chakrabarty and Sengupta 2021).
On the other hand, for a rocky planet with relatively high surface albedo,
we find that stream-ii dominates over stream-i at the TOA in the absence
of any cloud particle which causes a low value of disk polarization. How-
ever, the presence of a cloud layer tends to strengthen stream-i by reflecting
back more of the downward radiations to the upward direction and weaken
stream-ii by reflecting them back in the downward direction. As a result,
the presence of clouds increases the overall disk-integrated degree of polar-
ization and also increases the albedo of the disk. Thus, polarization acts
as a measure of the presence of clouds and helps us understand the thick-
ness and the properties of the cloud layers when combined with the scalar

spectrum of the planet.
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5.5 Conclusions

In this chapter, we demonstrate that the atmospheric clouds and surface
albedo can significantly affect both the albedo and the polarization phase
curves. The use of polarimetry can allow us to study the properties of
the clouds in great detail and reduce the overshadowing effects of clouds.
The coronagraphic instruments of those upcoming missions in the upcom-
ing deca- des will be able to directly image the Earth-like planets in the
habitable zones around their host stars. Leveraging the polarimetric instru-
ments in conjunction with these coronagraphic instruments, we will be able
to conduct a phase curve study of such planets. Our vector phase curve
models show the contrast required to resolve these planets from their host
stars and also predict the maximum observable reflected flux and degree of
polarization.

Evidently, the surface albedo and the clouds significantly dictate the
nature of the phase dependent light curves. Our approximate globally
averaged Lambertian representation of the surface albedo has allowed us
to simplify the calculations to some extent and develop an understanding
of the effect of surface albedo on the reflected spectra and phase dependent
light curves. However, in our upcoming works, we will consider individual
surface components and their wavelength-dependent reflection matrices to
calculate the spectra and the light curves more accurately.

Finally, our models should be useful in designing the instruments on-
board the upcoming missions, selecting the science targets, as well as ex-
tracting the planetary properties from the spectra and phase curves, once

obtained.
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Summary and Conclusions

We characterized the Earth-like exoplanetary atmospheres by modelling
their reflection spectra, transmission spectra and the polarization phase

curves.

In the first project, we model the reflection spectra for both the present
and prebiotic Earth-like exoplanets that orbit within the habitable zone of
main-sequence stars of F, G, K and M spectral types. These are calculated
by including non-zero globally averaged surface albedo. And these spectra
carry information about the biosignatures like Oy, HoO, O3, etc., volatiles,
surface compositions etc. The effect of clouds and the increased greenhouse
gases abundance on the reflection spectra is also considered. We found
that the clouds and the surface albedo contribute to the reflectivity of the
planet. We also determined that prebiotic Earth-like exoplanets scatter
more radiation than the present Earth-like exoplanets because they have a
higher abundance of greenhouse gases.

We also calculated the reflected spectra and geometric albedo for var-
ious solid and liquid surface compositions of the planet. Several kinds of
solid and liquid surfaces were considered such as: (1) present Earth-like
surface composition, (2) early Earth-like surface composition, (3) 100%

ocean cover, (4) 50% ocean and remaining with trees and grass and (5)
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83% ocean and remaining with snow. The reflectivity increases with the
surface albedo and it is minimum for no surface albedo at all. Therefore,
surface composition plays a significant role in determining the reflectivity
of the planet.

We noted that the nature of the reflected spectra is similar to the inci-
dent stellar spectrum i.e., the reflected flux peaks in the optical waveband
but decrease significantly at longer wavelengths. Also, the geometric albedo
decreases with wavelength because of Rayleigh scattering. Specifically for
the planets orbiting M-dwarfs, the amount of reflected flux is significantly
less because the input stellar spectra for this case peaks in the infrared
where Rayleigh scattering is negligible.

We also calculated the reflectivity for the nine known terrestrial exo-
planets and estimated the maximum possible value of the Bond albedo for
the planets to remain habitable.

In the second project, we presented the transmission spectra for present
and prebiotic Earth-like exoplanets. As the transmission depth is more
for the shorter wavelengths (due to scattering), increase in the greenhouse
gases abundance yields into greater transmission depth. Also, the magni-
tude of the transmission depth reduces with the increase in the height of the
clouds since we assumed a vertically homogeneous atmospheric abundance
for the first case.

We also demonstrated how the inclusion of diffused radiation due to
multiple scattering can improve the transmission spectra model over the
traditional approach of invoking the "Beer- Bouguer-Lambert’s law". The
difference is significant with respect to the molecular absorption features
that can serve as biosignatures especially in the presence of atmospheric
clouds. Clouds suppress the absorption features of the molecules in the
shorter wavelength region as Rayleigh scattering is negligible in the longer

wavelength region.
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In the last project, we model the albedo and polarization phase curves
for cloudy and cloud free atmospheres for the Earth-like exoplanets. The
increase in surface albedo decreases the disk averaged polarization, but
increases the overall albedo. Clouds serve as an indicator for the polariza-
tion for terrestrial exoplanets. As the inclination angle varies from 90°, the
phase curves broaden.

This thesis focuses on the various existing techniques that may be used
synergically for the characterization of the Earth-like exoplanets. How-
ever, obtaining the transmission or reflection spectra from such small-sized
planets with thin atmospheres is extremely challenging at present but will
be possible in the era of the upcoming big-budget missions like HabEx,
LUVOIR, TMT, ELT, etc. Our models would play a significant role in the
habitability study of the potentially habitable candidates using transmis-
sion, reflection spectra and phase dependent linear polarization by giving

targets to the future missions.

6.1 Highlights

The summary and the highlights of all the chapters are given below:

e Chapter 1 In this chapter, the general overview about the exoplanets,
types of exoplanets, their detection techniques and their atmosphere
characterization techniques are presented. In the end, the aim of the

work and the plan of the thesis has been discussed.

e Chapter 2 Here we discuss particularly about the terrestrial exoplan-
ets, about their atmospheres, scattering in the atmosphere, polariza-
tion, habitability, etc. The basic idea about how the stellar radiation
is being reflected, transmitted or polarized before reaching to Earth

is explained. We also discuss about the habitability conditions for the
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exoplanets like habitable zone, surface temperature, greenhouse effect,

reflectivity, presence of the biomolecules, etc.

Chapter 3 We present the reflected spectra and the geometric albedo
for the present and prebiotic Earth-like exoplanets orbiting around
stars of F, G, K and M spectral types. We calculate this using multiple
scattering radiative transfer equation for plane-parallel geometry and
azimuthal symmetry. With the increase in wavelength, the reflectivity
decreases in the optical due to the dominance of Rayleigh scattering
in the shorter wavelength region. It also increases with the increase
in the surface albedo. We also note that presence of water clouds
also increases the magnitude of the reflected spectra or the geometric
albedo. In the end, we model the reflection spectra and the geometric
albedo for the nine known terrestrial exoplanets by considering three
different planetary surfaces. We also give maximum value of the Bond

albedo for these planets.

Chapter 4 In this chapter, transmission spectra for the present and
prebiotic Earth-like exoplanets is modeled. First, we calculate it by
using "Beer-Bouguer-Lambert’s law", where multiple scattering is not
included. We note that the transit depth increases with the increase
in the greenhouse gases abundance whereas it decreases with the in-
crease in the height of the clouds from the surface. After that we
improvise upon that by including the multiple scattering. That is
calculated by solving the multi-scattering radiative transfer equation.
Here, we see that the transmission depth decreases if multiple scat-
tering is included. Also, it increases with the increasing cross-section

of the cloud particles.

Chapter 5 Here we calculate the albedo and the polarization phase

curves for the Earth-like exoplanets for both cloudy as well as clear
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sky atmospheres. Three dimensional vector radiative transfer equa-
tion is solved and the appropriate phase matrices are used. Finally,
the phase curves of albedo and the disk-integrated polarization are
calculated. The disk integrated polarization decreases with increase
in the surface albedo but increase with the presence of thin clouds.
Also, only the partially illuminated planetary disk gives non-zero po-
larization. We also see the effect of the inclination angle on the albedo
and the polarization phase curves. Thus, the surface and the atmo-
spheric features of such planets significantly dictate the nature of the

observational quantities.

6.2 Present work limitations and future aspects

1. Presently, we are limited to the thin clouds/haze model, but in our
future works, we will have a more detailed model for the cloudy at-

mospheres of the Earth-like exoplanets.

2. For now, we have averaged the reflectivity for the various surface com-
ponents. In the future, we will consider individual surface components
and their wavelength dependent reflection matrices to calculate the

spectra and light curves more accurately.

3. We can extend our study to model the transmission spectra and the
polarization phase curves for the known exoplanets like Proxima Cen-
tauri b, Teegarden’s Star b, TOI-700d, etc., which have a very high
value of ESI (Earth Similarity Index).

4. Our models are very important for the observational perspective as
they will help in giving the targets to the upcoming telescopes for
probing habitable exoplanets.
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