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ABSTRACT 

 

The physical properties of the planets and their parent stars are fundamental in the composition 
of atmospheres and radiative environments, which fundamentally determine their surface 
temperature and habitability. The atmospheric composition and radiation play a vital role in 
the emergence of life. 

This doctoral thesis presents two main results: 

1. A method that uses the physical properties of the planets and their parent stars to infer 
the potential atmospheric compositions of the known exoplanets. For that, fundamental 
physics concepts and the basics of the kinetic theory of gases are used. Additionally, a 
new list of potentially habitable exoplanets is presented based on the resulting 
atmospheric compositions and the criteria that Earth-like atmospheres that can host 
liquid water should be considered habitable. The presented method also provides a 
preliminary classification of exoplanets similar to Earth (in terms of atmosphere) and 
their potential habitability. 
 

2. A study of the impact of the radiation environment on the development and evolution 
of the human visual system towards optimal use of the available radiation. Human 
vision's possible evolutionary directions are presented while overcoming the 
shortcomings in the existing studies. The human visual system is hypothesised to have 
evolved in conjugation with the prevailing spectral radiation environment for photopic 
(daytime) and scotopic (night-time). One of the main novelties of this study is the 
comparison of the human vision bandwidth with the Full Width at half-maximum 
(FWHM) of the radiation reaching the shallow depths of the ocean, which may suggest 
that this is optimized for the development of animal sight during the formation of the 
early proto-visual system. Moreover, the observed maximum absorption wavelength 
during photopic vision (555nm) correlates with the maximum total energy for a 300 nm 
vision bandwidth. Furthermore, the analysis of the radiation environment at different 
solar zenith angles (SZA) during dusk suggests that the scotopic vision evolved to 
optimize information retrieval during these hours.  

The work presented in this thesis contributes to perform screening of Earth-like exoplanets and 
the study of astrobiological or space exploration aspects such as potential habitability, human-
like vision, photosynthesis efficiency and evolution of life systems on exoplanets.  
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___________________________________________________________________________ 

THESIS OUTLINE 

This is a compilation thesis and consists of two parts. Part I: Includes the comprehensive 
summary of the work carried out to answer the outlined research questions. Chapter 1 presents 
the motivation for the research work with an overview of the background. Chapter 2 presents 
the description, methodology, and results from the method formulated from the first principles 
of physics and the kinetic theory of gases. The updated list of potentially habitable Earth-like 
exoplanets is compiled with recent data. Chapter 3 presents the study correlating spectral 
characteristics of human vision to the radiation environment. The most probable evolutionary 
directions of photopic- and scotopic vision are presented with a comprehensive analysis of the 
radiation environment. Chapter 4 discusses the conclusion and novel contributions of this 
thesis. Furthermore, future research possibilities using the contributions from this work are 
discussed. Chapter 5 outlines the summary and contributions of the author for the appended 
research articles. 

Part II: The second part of this thesis includes the research work published in peer-reviewed 
journals in appended publications. 
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CHAPTER – 1: Motivation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Artistic representation of exoplanet systems (Exoplanet Imaginarium). Credit: ESA 
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Motivation 

 
Atmospheric studies can provide significant understanding of several aspects of the exoplanets, 
such as formation, evolution, and potential for habitability. The spectral characteristics of the 
host star and the exoplanet's atmosphere play a significant role in their habitability. The 
intensity of radiation from the host stars determines the temperature of exoplanets and has a 
limiting effect on biological aspects (such as stability of DNA and RNA or chemical and 
metabolic rates). The radiation reaching the surface of the exoplanets is altered by the 
atmosphere through absorption, emission, and scattering. Additionally, the atmospheres can 
hold and provide the critical ingredients for organic compounds required to form and sustain 
life.  

An important aspect of the atmospheres are the escape processes because they have an 
influence on the atmospheric compositions of the planets. The escape processes determine the 
species that could escape from the atmosphere, thereby constraining possible atmospheres for 
the planet. The first section of this thesis presents a new method to estimate the possible 
atmospheres of exoplanets through thermal escape.  
 
The existence of the extrasolar planets (exoplanets) was confirmed in 1992 with the discovery 
of the first exoplanet system around pulsar star PSR B1257+12 [1]. In 1995, the hot-Jupiter 
exoplanet 51 Pegasi b [2] was the first exoplanet observed orbiting a Sun-like star (G-type). 
These events open the window to a new branch of science. At the time of writing this thesis, 
there are over 5000 confirmed exoplanets (https://exoplanetarchive.ipac.caltech.edu/), and this 
number is expected to increase significantly in the future with the new advanced telescopes in 
space and on the ground [3,4]. The observations and studies of exoplanets have advanced our 
understanding of planet formation and their evolution. Furthermore, the prospect of finding 
another Earth-like planet is a formidable quest. 
 
In the last three decades, since discovering the first exoplanets, the field of observational 
astronomy advanced from discovering the exoplanets to identifying individual gas species in 
their atmospheres. Due to strong signal strengths, the close-in hot Jupiter and highly irradiated 
exoplanets provided prime conditions for observations. This led to extensive studies on the 
atmospheres of hot-Jupiter exoplanets such as HD 209458 b, WASP-12 b, GJ 436 b, KELT-9 
b, HD 189733 b and WASP-76 b. Therefore, the early theories and observations of exoplanet 
atmospheres predominantly focus on the hydrodynamic escape model of hot-Jupiter exoplanets 
[5,6].  

The first reported observations of Sodium (Na) in the atmosphere of the exoplanet HD 209458 
b in 2002 [7] started the era of spectroscopic observations of exoplanet atmospheres and related 
studies. So far, atmospheric species are observed or constrained for ~80 exoplanets 
[exoplanet.eu]. Although this is a significant achievement, their atmospheric observations are 
critically low due to technological limitations compared to the total number of exoplanets. 
Observation and characterization of exoplanet atmospheres are expected to take a significant 
step forward with Transiting Exoplanet Survey Satellite (TESS) [8], James Webb Space 
Telescope (JWST) [9], and Atmospheric Remote-sensing Infrared Exoplanet Large-survey 
(ARIEL) [10].  
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The current knowledge of the compositions of exoplanet atmospheres is comparable to the 
status of solar system studies in the early space age due to the impossibility of in-situ 
atmospheric studies. The studies of solar system planets laid the foundation for understanding 
the fundamental physical and chemical processes in atmospheres [11]. The atmospheres of solar 
system objects were estimated using theoretical models before the space age allowed for 
probing these atmospheres. The observation data provided the much-needed quality test for the 
theoretical models and understanding of atmospheric processes. Many assumptions and beliefs 
regarding the atmospheres and properties of solar system planets prior to the space age were 
corrected with the help of measurements from spacecrafts and ground observations [12]. Some 
of the corrected misconceptions regarding solar system planets include the lack of atmosphere 
on Mercury and the potential habitability of the surface of Venus. 
 
The number of confirmed exoplanets increased from 30 at the start of the 21st century to 400 
by the year 2010, and in the following decade (until 2022), more than 4,500 new exoplanets 
were confirmed, taking the total number over 5,000. The detections of super-Earths and hot-
Jupiters which are absent in the solar system, showed the first signs of the exoplanet diversity. 
Figure 1.1 shows the mass-equilibrium temperature distribution of detected exoplanets. The 
range of the axes is limited for better visibility of the data in the image.  
 

Figure 1.1: Exoplanets shown in a mass-equilibrium temperature diagram. The equilibrium 
temperature is calculated assuming zero albedo of the exoplanets. Planet mass is shown in 

comparison to that of Earth. (Data accessed from https://exoplanetarchive.ipac.caltech.edu/ 
on 2022-02-23) 
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The demographics of the detected exoplanets show a wide range of masses and temperatures. 
In this Thesis the exoplanets are classified based on mass as Earth-like or terrestrial (0.5Mearth 
<M<2Mearth), Super-Earths (2 Mearth <M<10 Mearth), Neptunian (10 Mearth <M<50 Mearth) and 
Jovian (M>50 Mearth). This method was proposed and used for exoplanet classification by 
Planetary Habitability Laboratory (PHL, https://phl.upr.edu/). In Figure 1.1, the exoplanets of 
these groups are highlighted in different colours, as denoted in the Figure legend. In the current 
exoplanet catalogue (as of February 2022), there are about 400 terrestrial, 2000 Super-Earth, 
600 Neptunian, and 1300 Jovian exoplanets.  
 
The next-generation observation platforms are poised to increase the catalogue of terrestrial 
exoplanets significantly. The Super-Earth and Earth-like exoplanets could have a wide range 
of possible atmospheres whose evolution is driven by atmospheric escape [13]. While hot-
Jupiters and giant exoplanets are expected to have Hydrogen (H) and Helium (He) dominant 
atmospheres, the possible atmospheric compositions of low-mass exoplanets are yet to be fully 
explored [5]. In the current context of the increasing number of exoplanets and their 
atmospheric observations facilitated by next-generation telescopes, there is an impending need 
for preliminary classification of the exoplanets regarding their possible atmospheres. 
Estimating the possible atmospheric compositions by the ability of exoplanets to hold the gases 
in the atmospheres can be a practical starting point for further detailed studies incorporating a 
full suite of chemical processes. 
 
Atmospheric escape processes are classified into two categories: i) Thermal escape and ii) non-
thermal escape. Thermal escape is driven by the temperature and heating of the upper 
atmosphere. Jeans escape, and hydrodynamic escape processes constitute thermal escape. On 
the other hand, escape processes such as sputtering, ion pick-up, photochemical escape, and 
photodissociation constitute non-thermal escape. 
 
Thermal escape: Thermal escape can be through classical thermal escape (widely stated as 
Jeans escape) or hydrodynamic blow-off. The first principle of physics state that a neutral 
particle can escape from the atmosphere if it attains sufficient kinetic energy (thermal velocity) 
to overcome the gravitational potential of the planet (escape velocity). This forms the basis for 
classical thermal escape [14]. On the other hand, the hydrodynamic escape occurs when the 
top of the atmosphere is heated sufficiently by the extreme ultraviolet (EUV) radiation from 
the host star, resulting in blow-off of the atmosphere (including heavier gases) due to adiabatic 
expansion of the exosphere [15].  
 
The escape regime is determined by the conditions at the top of the atmosphere, i.e., the 
exosphere. The exosphere is the region where the gases become practically collision less. From 
the exosphere, the atoms and molecules that can attain thermal velocities in the order of the 
planet's escape velocity can escape from the atmosphere. The lower boundary of the exosphere, 
termed exobase, is given by altitude, where the mean free path of the gases is equal to the scale 
height (𝐻𝐻𝑠𝑠) of the atmosphere [16]. The escape parameter quantitatively determines the 
transition between classical thermal escape and hydrodynamic escape at the exobase, 𝜆𝜆𝑐𝑐. 
 

𝜆𝜆𝑐𝑐 = (𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑈𝑈 )
2
= 𝐺𝐺𝐺𝐺𝐺𝐺

𝑘𝑘𝑏𝑏𝑇𝑇𝑒𝑒𝑅𝑅𝑒𝑒
= 𝑅𝑅𝑒𝑒

𝐻𝐻𝑒𝑒
      (1.1) 
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Where 𝐺𝐺 = 6.6743 ∗ 10−11 𝑚𝑚3𝑘𝑘𝑘𝑘−1𝑠𝑠−2 is the universal gravitational constant. 𝑘𝑘𝑏𝑏 = 1.38 ∗
10−23 𝑚𝑚2𝑘𝑘𝑘𝑘1𝑠𝑠−2𝐾𝐾−1 is the Boltzmann constant, 𝑇𝑇𝑐𝑐 is temperature at the exobase and 𝑅𝑅𝑐𝑐 is 
distance from the center of planet.  
 
The escape parameter (also referred to as the Jeans parameter) is the ratio of gravitational 
energy to the kinetic energy of gases at the exobase. The general criteria is that hydrodynamic 
blow-off occurs when 𝜆𝜆𝑐𝑐 < 1.5 and classical thermal escape occurs when 𝜆𝜆𝑐𝑐 ≫ 1 [5,15,17].  
 
Non-thermal escape: non-thermal escape processes occur due to complex chemical and plasma 
interactions, which impart high kinetic energy to the particles. These processes include escape 
through photodissociation, where heavier molecules are broken down into constituting lighter 
atoms enabling their escape from the atmosphere. Atmospheric escape through sputtering 
occurs when the fast-moving ions of stellar wind collide with the atmospheric gases imparting 
high kinetic energy and facilitating their escape. Ion-pickup occurs when charged particles in 
the atmosphere are sufficiently accelerated by the magnetised stellar wind to reach escape 
velocity. Other processes such as impact erosion, polar wind and charge exchange also fall 
under the non-thermal escape processes. These processes and their impacts on the atmosphere 
have been extensively reviewed in [5,16–20]. 
 
The first thermal escape formulation by J. J. Waterston dates to the nineteenth century. It was 
later revived and carried forward by G. J. Stoney, who presented the loss of H and He from 
Earth's atmosphere and the lack of atmosphere on the moon [14]. Jeans formulated the 
quantitative form of thermal escape [21]. As it came to be known, the Jeans escape is the widely 
used classical thermal escape process in planetary atmospheres. In exoplanet atmospheres, the 
Jeans escape cannot be implemented due to a lack of crucial exobase parameters. Furthermore, 
with the increasing detection of Earth-sized exoplanets, this becomes an area of concern in the 
characterisation of exoplanet atmospheres.  
 
The atmosphere is bound to the planet by its gravity. The evolution of a planet's atmosphere is 
determined by available sources, atmospheric chemistry, the presence or absence of a strong 
magnetic field, atmospheric escape rates, and the radiation from the host star [22]. A wide 
range of atmospheric escape mechanisms impacts the stability and composition of the 
atmosphere over geological time scales. The escape of gases affects atmospheric stability and 
chemistry, which impacts the habitability of exoplanets. 
 
So far, the Earth is the only planet known to host life, and our definitions of life originate from 
the only example we are limited by. Exploring the possibility of life outside the Earth's 
biosphere is the greatest venture for science and humanity. Consequently, thousands of 
exoplanets orbiting around different types of stars are the prime targets for habitability studies. 
The Habitable zone (HZ) is the region around stars where temperatures are just right for liquid 
water to exist. Conservative estimates of the inner and outer boundaries of the HZ are 
determined by the moist greenhouse and maximum greenhouse limits, respectively [23]. In 
rudimentary terms, the exoplanets in HZ can have liquid water on the surface, but this is not a 
certainty. Generally, an exoplanet is considered potentially habitable if it orbits in the HZ of 
the host star.  
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In addition to HZ, several quantitative metrics are in use which represent the habitability 
potential of exoplanets relative to the Earth. These metrics are defined as Earth similarity index 
(ESI) [24], Planetary habitability index (PHI) [24], Biological complexity index (BCI) [25], 
and Cobb-Douglas habitability score (CDHS) [26]. 

The ESI is a frequently used habitability metric that measures exoplanets' physical similarity 
to the Earth. The ESI computes the exoplanets' similarity to Earth, taking into consideration 
radius (R), density (ρ), escape velocity (Ve), and mean surface temperature (Ts). ESI is 
measured as a number between 0 and 1, where one corresponds to the Earth. Exoplanets with 
ESI closer to 1 are physically comparable to Earth. The PHI computes the possibility of life 
considering factors required for life, such as substrate (S), energy (E), chemistry (C), and liquid 
solvent (L). PHI encompasses life in different forms without restricting to life as we know it 
on the Earth. The BCI computes the possibility of complex life. BCI is calculated with 
planetary parameters such as substrate (S), geophysics (G), energy (E), the temperature of the 
planet (T) and age of the star (A). The index CDHS calculates the potential habitability of 
exoplanets using the Cobb-Douglas production function for radius, density, surface 
temperature, and escape velocity. Equations 1.2-1.6 show simple representations of respective 
habitability metrics.  

𝐸𝐸𝐸𝐸𝐸𝐸𝑥𝑥 = (1 − |𝑥𝑥−𝑥𝑥0𝑥𝑥+𝑥𝑥0
|)
𝑤𝑤

                            (1.2) 

Where x represents the physical parameter of the exoplanet, x0 represent the physical parameter 
of Earth and w is the weight exponent. 

𝐸𝐸𝐸𝐸𝐸𝐸 = ((𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅 ∗ 𝐸𝐸𝐸𝐸𝐸𝐸𝜌𝜌)
1
2 ∗ (𝐸𝐸𝐸𝐸𝐸𝐸𝑉𝑉𝑒𝑒 ∗ 𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑠𝑠)

1
2)

1
2
    (1.3) 

𝑃𝑃𝑃𝑃𝐸𝐸 = (𝐸𝐸 ∗ 𝐸𝐸 ∗ 𝐶𝐶 ∗ 𝐿𝐿)
1
4      (1.4) 

𝐵𝐵𝐶𝐶𝐸𝐸 = (𝐸𝐸 ∗ 𝐸𝐸 ∗ 𝑇𝑇 ∗ 𝐺𝐺 ∗ 𝐴𝐴)
1
5      (1.5) 

𝐶𝐶𝐶𝐶𝑃𝑃𝐸𝐸 = 𝜌𝜌𝛼𝛼 ∗ 𝑅𝑅𝛽𝛽 ∗ 𝑇𝑇𝑠𝑠𝛾𝛾 ∗ 𝑉𝑉𝑒𝑒𝛿𝛿      (1.6) 

Where α, β, γ, and δ represent elasticity coefficients.  

Astrobiology deals with the formation, evolution, and possibility of life beyond Earth. 
Understanding the origins, evolution, and future of life on Earth is the foremost goal of the 
NASA astrobiology roadmaps and strategy. This knowledge is necessary to facilitate the goal 
of finding habitable environments within and beyond the solar system [27,28].  
 
The minimum requirements for life to form are 1) liquid solvent, 2) organic compounds, and 
3) a source for energy transduction [29–31]. From the understanding of life on Earth, water 
(H2O) is the preferred solvent due to its polarity, ability to form hydrogen bonds, and cosmic 
abundance. It also plays a vital role on a cellular level facilitating the transport of protons and 
maintaining the stability of DNA, RNA and proteins. A similar hypothesis makes carbon-based 
life forms more favourable due to their ability to easily form a wide variety of complex 
molecules driven by covalent bonds and the abundance of carbon in the universe [32]. Finally, 
for the life forms to sustain, a biologically accessible energy source is required to grow and 
reproduce. The energy source is the environment, which could be of either chemical, stellar, or 
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geothermal nature [33]. Apart from these three minimum requirements, the parameters such as 
temperature, radiation, and pH also impact the formation and evolution of life [29,33].  
 
Understanding the formation and evolution of life on Earth is crucial to extrapolate and adapt 
these processes to different conditions on potentially habitable exoplanets. This approach led 
to creating a list of chemical compounds known as biosignatures to aid in remote detection 
[32,34]. The biosignature gases are compounds with plausible biotic origin as observed on 
Earth [27]. The list of biosignatures is compiled from the known complex compounds produced 
by life forms observed on Earth. This list is compiled of carbon (C), hydrogen (H), nitrogen 
(N), oxygen (O), phosphorous (P), and sulphur (S) compounds [30,34]. Therefore, an exoplanet 
can be considered potentially habitable if it hosts biosignature gases (CHNOPS) in its 
atmosphere in addition to the condition of liquid water stability. 

The knowledge of life processes and extreme limits of survivability of life on Earth in 
correlation to the atmospheric conditions provides the foundation to hypothesize their 
possibility on exoplanets. We can hypothesize that; any complex life system should be adapted 
to the environment where it has evolved. Particularly, if the evolution and function depend on 
the radiation environment, it is in effect dependent on radiation from the parent star and 
atmosphere of the planet. An example from Earth, human vision whose function and evolution 
are dependent on radiation is considered here to illustrate this. The second part of this thesis 
presents correlation of the spectral characteristics of human vision to the available radiation 
environment determined by solar radiation and atmosphere of Earth.  

Research questions 
The objectives of this thesis are inspired by the existing knowledge gaps in the applicability of 
Jeans escape for exoplanet atmospheres and atmospheric compositions of low-mass 
exoplanets. Once these shortcomings are surpassed, the resulting estimates of atmospheric 
compositions of exoplanet atmospheres can be incorporated into astrobiological studies. 
Furthermore, to hypothesize on processes such as the photosynthesis and vision on exoplanets, 
these processes must be understood under Earth's conditions. Therefore, the sparsely studied 
evolution regimes of human vision are studied to determine the most probable evolutionary 
directions of photopic and scotopic vision.  

The research questions for this thesis are outlined as following:  
RQ1. What type of atmospheres can exoplanets have compared to the solar system planets?  
RQ2. How many known exoplanets can host Earth-like atmospheres? 
RQ3. What are the implications of the atmosphere and radiation environment on the evolution 
of complex photon dependent systems, specifically human vision? 

RQ4. Postulating human-like vision on exoplanets. 

RQ1 and RQ2 fall under objective of “Identifying, Exploring and Characterizing environments 
for Habitability and Biosignatures” within the goals outlined in the NASA astrobiology 
roadmap and strategy. In the scope of this objective, these research questions contribute to 
characterize the extra-terrestrial environments to narrow the list of potentially Earth-like 
exoplanets. The stated research questions also serve to prioritize the targets for habitability 
studies  [27,28].  
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Similarly, RQ3 and RQ4 relate to the objectives “Early life and Increasing complexity” and 
“Co-evolution of Life and the Physical environment” of the astrobiology strategy. The main 
goal of these objectives is to understand the evolution of life systems and their co-evolution 
with the environment. The stated research questions contribute to the understanding of 
evolution of human vision, and the correlation between spectral characteristics of huma vision, 
atmosphere and solar radiation [27,28].  

Methodology 
The first part of this thesis presents a model to determine the potential atmospheric species that 
the exoplanets can retain. Considering the impossibility of applying Jeans escape to the 
exoplanet atmospheres, in this thesis, a model is formulated by revisiting the basics of thermal 
escape and using the fundamental concepts of physics and the kinetic theory of gases to bypass 
the missing information about the exospheres.  

 In simple terms, the atmospheric species bound by the planet's gravity could escape the 
atmosphere if their thermal velocities achieved due to temperature are comparable to the 
planet's escape velocity. The physical parameters of the exoplanets, mass, radius, temperature 
of the star, and distance of exoplanet from the parent star determine the planet's effective 
temperature and escape velocity. The derived temperature is used to compute the thermal 
velocity of the atmospheric species as defined by the kinetic theory of gases. By determining 
the atmospheric species that could escape from the exoplanet atmospheres, an upper bound on 
possible atmospheric constituents is determined therefore providing a list of possible 
atmospheres for the exoplanets. 

The second part of this thesis is a study to conclusively determine the most probable 
evolutionary directions of photopic and scotopic vision regimes of human vision. Additionally, 
the radiation reaching the shallow depths of the ocean is analysed as to its correlation to the 
bandwidth of human vision. Two contrasting evolution directions of human vision in 
correlation with the atmospheric radiation environment are available in the literature. Overduin 
M., 2003 presented the maximum total energy-driven evolution of photopic vision and 
Delgado-Bonal A. and Martin-Torres J., 2016 presented the optimum information-driven 
evolution of human vision.  
 
The Coupled Ocean and Atmosphere Radiative Transfer (COART) model is used to calculate 
the radiance spectra reaching the ocean’s surface and depths [35]. The COART model is 
publicly distributed from NASA, freely available for web-based online simulations 
(https://cloudsgate2.larc.nasa.gov/jin/coart.html). The model features multiple standard 
atmospheric profiles and parameters as inputs to calculate radiance reaching the surface and 
different depths of the ocean. In addition, the model uses the HITRAN 2000 molecular 
absorption database [36] for calculations. The COART model is chosen for its ease of 
reproducibility and availability. The high-resolution radiation environment data is modelled to 
overcome the shortcomings of the existing hypotheses.  
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CHAPTER 2 – Exoplanet atmospheres 
 

Artistic depiction of exoplanet HD209458b. Credit: NASA/ESA/Vidal-Madjar. A., 
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This chapter presents the implementation of the thermal escape model using the kinetic theory 
of gases. This methodology is implemented to determine possible atmospheric compositions 
of exoplanet atmospheres through their ability to hold the gases under gravity and temperature. 
The model is validated with the known atmospheres of solar system objects determining its 
correctness. To our knowledge, this is the first instance of the application of slow thermal 
escape for exoplanet atmospheres. Furthermore, a list of potentially habitable Earth-like 
exoplanets is curated from the model results. The detailed description of the model and its 
results are published in paper A.  
 
The loss of gases from the atmosphere of exoplanets through different escape processes 
reshapes the compositions and impacts the stability of the atmosphere. Certain escape processes 
can be dominant for some exoplanets, while the same processes can be negligible for other 
exoplanets. The cumulative loss of atmospheric gases for each exoplanet must be studied on a 
case-by-case basis, considering the factors responsible for thermal and non-thermal escape 
processes. Unlike other escape processes, the classical thermal escape process is prevalent in 
all planetary bodies because of the universality of physics. 
 
2.1 Thermal escape model 

The planet's escape velocity and thermal velocity of the species determine the rate of its thermal 

escape from the atmosphere. The escape velocity of the planet is, 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 = √2𝐺𝐺𝐺𝐺
𝑅𝑅  . The thermal 

velocity (root mean square velocity) is 𝑈𝑈 = √3𝑘𝑘𝑏𝑏𝑇𝑇
𝑚𝑚 . 

Jean's escape estimate of the escape flux (∅𝐽𝐽) at the critical level (exobase) is: 

∅𝐽𝐽 = 𝑛𝑛𝑒𝑒𝐵𝐵
𝑈𝑈
2√𝜋𝜋 (1 + 𝜆𝜆𝑒𝑒)𝑒𝑒−𝜆𝜆𝑐𝑐     (2.1) 

and 𝑛𝑛𝑒𝑒 is the number density of the gas: 

 𝑛𝑛𝑒𝑒 = 𝑛𝑛0𝑒𝑒(𝜆𝜆𝑐𝑐−𝜆𝜆0)       (2.2) 

𝐵𝐵 = {0.5 − 0.8} compensates for the repopulation of the high energy tail of the Maxwell-
Boltzmann distribution, R is the radius of the planet and the subscript '𝑐𝑐' represents the 
parameters at the exobase. 𝜆𝜆0 is the jeans parameter at reference level (usually at the surface). 

In the formalism of Jean's escape in planetary atmospheres, as a rule of thumb, a factor of 1/6 
is used conventionally to compare 𝑈𝑈 and 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 in the atmospheric escape calculations. The origin 
of this factor is unknown and does not represent any physical process in the underlying 
atmosphere, but it is generally accepted on an empirical basis that the escape process can 
happen if the thermal velocity (U) of the gas at the exobase is more than one-sixth of the 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 
[37,38]. 

The exobase properties of the exoplanets are unknown, and the parameters 𝑇𝑇𝑒𝑒,  𝑛𝑛𝑒𝑒 and 𝜆𝜆𝑒𝑒 in 
Equation (2.1) for the exoplanet atmospheres cannot be determined with current knowledge. 
The exobase temperature varies with the parent star cycles and, in general, is significantly 
higher than the equilibrium temperature of the planet. On Earth, for example, the temperature 
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of the exobase is typically around 1,000 K, and the equilibrium temperature is around 255 K 
[37,39]. The altitudes and pressures of the exosphere are different at different locations on the 
planet. The temperature of the exosphere is influenced mainly by the radiative cooling agent 
present in the atmosphere. Generally, a carbon dioxide (CO2) dominant atmosphere will have 
cooler exospheric temperatures, and H-He dominant atmospheres have hotter exospheres [17].  

With the unavailability of the required parameters at the exobase and because their thermal 
velocities drive the thermal escape of atmospheric species, the equilibrium temperature can be 
the final resort to estimate the classical thermal escape. In this work, the calculated equilibrium 
temperature of the exoplanets is used as a conservative approach to estimate and analyse the 
escape of the atmospheric species. The equilibrium temperature, Tp (K), of an exoplanet can 
be computed using the Stefan-Boltzmann law: 

𝑇𝑇𝑝𝑝4 =
(1−𝑎𝑎)
4 (𝑟𝑟𝑑𝑑)

2
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒4      (2.3) 

where 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 (K) is the effective temperature of the star, 𝑎𝑎 (unitless) is the bond albedo of the 
exoplanet, 𝑟𝑟 (m) is the radius of the star and 𝑑𝑑 (m) is the semi-major axis of the exoplanet. Due 
to the unavailability of the albedo of the exoplanets, the equilibrium temperature Tp (K) is 
calculated assuming zero albedo (𝑎𝑎 = 0). 
 𝑇𝑇𝑝𝑝 is, in general, significantly lower than 𝑇𝑇𝑐𝑐, therefore a factor lower than one-sixth must be 
chosen, which can appropriately represent the atmospheric escape process occurring from the 
higher layers of the atmosphere (exosphere). A suitable escape parameter is determined, as 
shown in Figure 2.1, by examining the ratio of the escape velocity of the solar system objects 
to the thermal velocities of major atmospheric species at the temperature 𝑇𝑇𝑝𝑝 calculated from 
Equation (2.3). 

The atmospheric species with mass less than 44 g/mol, including CO2 are referred as the 'major 
gases'. The gases are chosen based on their significance to the atmosphere and importance in 
facilitating biosignature gases. These include lighter atmospheric species from H and He and 
constitute most of the greenhouse gases methane (CH4), CO2 and H2O along with six biogenic 
elements (CNOPSH) that are the building blocks of potential biosignature gases [34].  
 
Table 1 shows the observed atmospheric species escaping from the atmospheres of Solar 
System objects by thermal and non-thermal escape mechanisms. Comparing the ratio of the 
velocities and the observed escaping gas species, the ratio of velocities for each planet should 
be in the following range to match the observed atmospheres: Earth (8.5–17), Venus (7.2–
14.5), Mars (9–11) and Titan (9.3–11.7). Collectively, these Solar System objects constrain the 
escape parameter within the range (9.3–11). Any value within this narrow range provides 
reasonable estimates for the Solar System objects. From the applicable range 9.3-11, a 
representative escape parameter of 10 is chosen. The selected ratio of velocities is inferred from 
the detected escaping gases from the atmospheres of Solar System objects. The results shown 
in Figures 2.1 and 2.2 and Table 1, consolidate the basis for selecting the one-tenth factor for 
this model.  
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Table 2.1. Known gases observed to escape from the solar system planets and 

moons through in-situ and remote sensing observation [37,40,41]. 

Planet Escaping gases 

Mercury All major gases 
Venus H, He 
Earth H, He 
Mars H, C, O, N, Ar 
Titan H, CH4, N2 
Giant planets No gases lost 

 

Figure 2.1: Ratio of escape velocity to thermal velocity of atmospheric species for 
Solar System objects. The solid horizontal line represents ratio=10. This image is 

published in [42]. 
 
 
The escape parameter represents the relative strength of the gravitational potential to the 
thermal velocity. For a given planet, the results obtained with an escape parameter greater than 
10 will show more atmospheric escape, and results with a lower escape parameter will show 
weak atmospheric escape. As observed from the results for the Solar System objects, this model 
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provides reasonable estimates for the terrestrial exoplanets undergoing slow thermal escape. 
Equation (2.4) shows the factored comparison of U and 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 for the atmospheric species to 
escape the atmosphere of an exoplanet, 
 

𝑈𝑈 > 1
10 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 (2.4) 

 
Figure 2.2 shows the results for the atmospheric escape of Solar System objects from the 
thermal escape model. The sloping lines in Figure 2.2 indicate the thermal velocity of different 
atmospheric species as a function of the kinetic temperatures (referred to as velocity lines 
hereafter). A planet or moon can retain a particular atmospheric species in its atmosphere if the 
velocity line of the atmospheric species lies below the position of the planet or moon in Figure 
2.2 and, conversely, the atmospheric species escapes the atmosphere of the planet or moon if 
its velocity line lies above its position.  
 

 
 

Figure 2.2: Atmospheric escape results for Solar System objects. The shaded regions 
to the left at 63 K and 180 K indicate the freezing temperatures of nitrogen (N2) and 

H2O, respectively, below which the species exist in the solid state. This image is 
published in [42].

 
The results from the thermal escape model provide upper bounds of the atmospheric 
compositions and lower bounds on the escaping atmospheric species. This ratio determines the 
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upper bound on the mass of species that can escape from the atmosphere, including for those 
that are undetected. 
 
2.2 Validation with solar system objects 
 
H, He: As seen in Figure 2.2, and as expected, the giant planets Jupiter, Saturn, Uranus and 
Neptune can accrete and hold all or most of the available gases in their atmospheres, starting 
from hydrogen, owing to their strong gravitational potentials and low temperatures (in 
agreement with the already known information). The runaway gas accretion and subsequent 
evolution during planet formation lead to dense H–He-dominant atmospheres. Inferring strictly 
from the equilibrium temperatures (approximately 100 K), these giant planets could cause 
condensation of most of the atmospheric species. However, the internal heat sources from the 
accretion process leading to high pressures and temperatures constrain the condensations. The 
terrestrial planets Mercury, Venus, Earth and Mars along with most of the moons in the Solar 
System are observed to lose H and He [14,43] because of a combination of low gravitational 
potential and high thermal velocities of these lighter gas species and non-thermal escape 
processes. 
 
CH4, NH3, H2O, O: Along with the giant planets, Earth and Venus are known to retain oxygen 
and methane in their atmospheres. The planets Mercury and Mars are incapable of retaining 
these gases in their atmospheres. The controversial detections of trace amounts of CH4, 
reported to be observed in the Martian atmosphere with seasonal variation, are attributed to 
surface or subsurface sources [44,45]. Figure 2.2 shows something that may look contradictory: 
that CH4, which is the well-known dominant species in Titan's atmosphere, can escape the 
atmosphere. CH4 is known to escape Titan's atmosphere through various mechanisms, 
including hydrodynamic escape, ion pick-up, sputtering and dissociation [46,47]. Nevertheless, 
although CH4 escapes from Titan's atmosphere, there is a hypothesised significant source of 
CH4 due to condensation and continuous supply from subsurface clathrates [48] that maintains 
the observed large amounts of liquid and gaseous CH4 found in its atmosphere. Similarly, 
Europa has been observed to have CH4 abundances attributed to the clathrates and condensing 
temperature [49]. Pluto, because of its low temperatures, has CH4 ice on its surface [50]. Jeans 
escape on Pluto is CH4 dominant [51]. Venus and Earth retain atmospheric species heavier than 
He. Mars is known to lose water vapour, thereby making it a trace gas in the atmosphere. This 
is attributed to escape mechanisms facilitated by the absence of a magnetosphere and low 
gravity, such as photodissociation, ion pick-up, ion outflow and sputtering [44].  
 
N2: While the early evolution of Titan's atmosphere is still debated to this day, the accretion of 
ammonia (NH3) in its early atmosphere was considered the primary source of N2 through 
photolysis [52], and the supply of volatiles from comets is also considered to be a possible 
source [53]. Continuous supply from these primordial sources from early formation times 
resulted in the large amounts of N2 observed in its present atmosphere. N2 escape from Titan's 
atmosphere is an existing process as a result of various mechanisms and has been observed (as 
well as CH4 escape) by Cassini in Titan's corona [54]. Because of its low gravitational potential, 
the Galilean moon Europa is incapable of holding most atmospheric species, including N2, in 
its atmosphere, leading to a tenuous atmosphere. By contrast, previous work simulating 
aqueous chemistry in the endogenic water–rock interactions indicates the possibility of 
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compounds rich in nitrogen, carbon and hydrogen [55]. Europa, through plumes ejected from 
under its surface, loses water and heavier compounds [56]. Pluto and the Neptunian moon 
Triton have an N2-dominant atmosphere [51] and a suite of condensed atmospheric species on 
the surface due to cold temperatures. 
 
CO2: Carbon dioxide is a significant greenhouse gas for the Solar System planets along with 
H2O and CH4. The atmospheres of the planets Venus and Mars are CO2 dominant, and Earth 
also has significant concentrations of CO2. Gases that are lighter than CO2 escape from the 
atmospheres of Mercury, Europa, and Pluto, as shown in Figure 2.1. The atmospheric mass 
loss for Mercury is a result of low escape velocity, high temperature and interactions with the 
solar wind. Although Pluto and Europa have very low escape velocities compared with the rest 
of the Solar System objects, their low temperatures facilitate condensation of the atmospheric 
species on the surface [50]. 
 
2.3 Exoplanet atmospheres 

Figure 2.3 shows the thermal velocity of the atmospheric species as a function of the calculated 
equilibrium temperature of the exoplanets and their escape velocities. The results for Solar 
System objects are included for comparison. The figure should be interpreted as follows: the 
exoplanets lying above the H velocity line have gravity strong enough to retain H and all 
atmospheric species heavier than H in their atmosphere. H escapes from the atmospheres of 
exoplanets placed between the H and He velocity lines as they can hold He and heavier 
atmospheric species in the atmosphere, leading to a possible He-dominant or other heavier gas-
dominant atmosphere, and so on. 
 
In Figure 2.3, freezing temperatures below which the atmospheric species H2, N2 and H2O 
condense are highlighted in the shaded regions. The giant exoplanets orbiting very close to the 
host star with very short periods (hot Jupiters) have temperatures higher than approximately 
1000 K [57]. In Figure 2.3, the region with Tp >1000 K is populated with very hot, giant 
exoplanets and close-in exoplanets like Mercury. The exoplanets with Tp <180 K would have 
H2O in the solid or gaseous state depending on the surface temperature and atmospheric 
pressure. Similarly, the exoplanets with Tp <14 K and Tp <63 K would have H2 and N2 in 
either the solid or gas phase. 
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Figure 2.3: Diagram of one-tenth of the escape velocity versus the equilibrium temperature 
Tp of the exoplanets and Solar System planets and moons. The lines represent the thermal 

velocity of atmospheric species. The complete distribution in the graph shows a wide variety 
of exoplanets from cold giants on the left to hot Jupiters to the right, and small size 

exoplanets at the bottom and exoplanets of greater size at the top with the increasing height 
from the x-axis. The Solar System objects are also shown. The shaded regions to the left at 14 
K, 63 K and 180 K indicate the freezing temperatures of H2, N2 and H2O, respectively, below 

which the species exist in the solid state. The region with temperatures above 1000 K 
indicates that the exoplanets are either hot Jupiters or close-in exoplanets. This figure is 

adapted with updated data (2022-02-23) and the original figure is published in [42]. 

Figure 2.3 shows the constraints for atmospheres of Jovian (M>50Me), Neptunian (10Me 
<M<50Me), super-Earth (2Me<M<10Me) exoplanets along with Earth-like (M<2Me) 
exoplanets. Because of their strong gravitational potential, the exoplanets above the H line are 
capable of trapping in their atmosphere not only species with high mass but also the lightest 
atmospheric species such as H and He. The exoplanets with equilibrium temperatures, Tp <14 
K and 14 K<Tp <63 K, are too cold to have any gaseous species except for H and He. The 
formation of giant exoplanets following core accretion leading to runaway gas accretion [58] 
indicates that these giant exoplanets could accrete heavier gas species from the surrounding 
protoplanetary disc. The very low equilibrium temperatures of these giant planets suggest that 
these are either formed in situ or have experienced an outward migration [59]. The hot Jupiter 
exoplanets are considered to be migrated inward and supposedly experience hydrodynamic 
blow-off of the atmosphere, resulting in mass loss of heavier gases such as Na and K from the 
atmosphere in the process [60].  
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Figure 2.4: One-tenth of the escape velocity–equilibrium temperature, Tp, diagram of 
exoplanets capable of an H2O, N2, or CO2 atmosphere and the terrestrial planets of the Solar 

System. M is the mass of the exoplanet and Me is the mass of Earth. This classification 
shows exoplanets of different masses and categories capable of holding carbon-, nitrogen- or 

water-rich atmospheres, as indicated in the correlation with terrestrial planets of the Solar 
System. This figure is adapted with updated data (2022-02-23) and the original figure is 

published in [42]. 
 
After H and He, the heavier and most significant atmospheric species are H2O, N2 and CO2. 
Figure 2.4 shows the exoplanets that are capable of holding atmospheric species heavier than 
He in the atmosphere, and that could lead to any of the H2O, N2, O2, or CO2 being a dominant 
species in the atmosphere. Any of the CO2, N2 or H2O species could be the principal constituent 
in the atmosphere of these exoplanets, depending on the atmospheric chemistry and evolution. 
The exoplanets shown in Figure 2.4 are predominantly super-Earth and Earth-like exoplanets 
that may have a rocky surface.  
 
The atmospheres of the exoplanets in this group are susceptible to the runaway greenhouse 
effect because of their capability to hold greenhouse gases like CO2, H2O and CH4 in the 
atmosphere. The exoplanets with an Earth-like atmosphere consisting of CO2 and H2O as 
greenhouse gases, which absorb more than 375 W/m2 from the stellar flux, will experience a 
runaway greenhouse effect, eventually evaporating all the surface water and ice with increasing 
surface temperatures [61]. Terrestrial planets of the Solar System, Venus, Earth and Mars fall 
under this category (as shown in Figure 2.4), thereby making the exoplanets with similar 
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temperatures and escape velocities strong candidates for potential habitability. From Figure 
2.4, the majority of super-Earth exoplanets placed between the He and O/CH4 velocity lines 
are capable of holding atmospheric species heavier than He in their atmosphere with few super-
Earth exoplanets capable of losing H2O and O2 from the atmosphere because of lower escape 
velocities. The Neptunian exoplanets shown in Figure 2.4 cannot hold He in their atmosphere 
because of high temperatures and low escape velocities compared with other Neptunian 
exoplanets seen in Figure 2.3. 
 
2.4 Potentially habitable Earth-like exoplanets 

The following criteria is formulated to consider an exoplanet as potentially habitable: (i) ability 
to host an Earth-like atmosphere and (ii) have equilibrium temperatures (assuming zero 
albedos) between 260 K and 320 K, i.e., able to host liquid water. The conservative definition 
of habitability indicates that an Earth-like atmosphere could have the highest probability of 
habitability. 

 

Figure 2.5: One-tenth of the escape velocity–equilibrium temperature, Tp, diagram of the 
exoplanets of interest for habitability studies. The figure shows a conservative list of 

exoplanets which could be potentially habitable from the estimations of the thermal escape 
model. This figure is adapted with updated data (2022-02-23) and the original figure is 

published in [42].
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The zero-albedo assumption incorporated in the model results in a higher equilibrium 
temperature of the exoplanets. The atmospheric greenhouse effect is responsible for higher 
surface temperatures than the equilibrium temperature (non-zero albedos) of a planet. The 
extent of the feedback is strongly dependent on the type and concentrations of greenhouse gases 
in the atmosphere, along with several other atmospheric feedbacks [62]. Nonetheless, the 
higher equilibrium temperatures due to assuming zero albedo are a positive shift towards the 
possible surface temperatures. For example, Earth has an equilibrium temperature of 
approximately 255 K and a global mean surface temperature of approximately 288 K [63]; by 
assuming zero albedo, the equilibrium temperature is calculated to be approximately 280 K. 

Based on the new calculations, 76 known exoplanets satisfy these criteria (see Figure 2.5). 
These exoplanets could have CH4, H2O, N2, O2, or CO2 as the dominant atmospheric species. 
This list of potentially habitable exoplanets includes exoplanets with masses ranging from 
approximately 39.6 Me (Kepler 1519 b) to approximately 0.38 Me (TRAPPIST-1 d).  The list 
of potentially habitable exoplanets consists of 6 Earth-like, 48 super-Earth, 21 Neptune-sized 
exoplanets and one sub-Terran (M < 0.5 Me) exoplanet. 
 
From the time of publication of the article to the writing of this thesis, the number of potentially 
habitable Earth-like exoplanets increased from 45 to 76. This increase represents the growing 
catalogue of exoplanets along with improved observations which aid in precisely determining 
the physical properties of exoplanets and their parent stars. The increasing number of 
exoplanets in this list highlights the importance of continuous observations of exoplanets 
especially those that can be potentially habitable to improve our understanding of the extra-
terrestrial environments.  
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CHAPTER 3 – Evolution of the human vision 
system 

Depiction of different light levels and corresponding vision regimes of human eye. Credit:CVRL, UCL 
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This chapter discusses the evolution of human vision in correlation with the available radiation 
environment. The existing maximum total energy hypothesis and optimum information 
hypothesis of human vision are revisited with representative radiation environment to 
determine probable evolution mechanism for photopic and scotopic vision. For the first time, 
the correlation of human vision's bandwidth to the FWHM of the available radiation in the 
depths of ocean is presented. Furthermore, the absence of impact of lunar radiation on scotopic 
vision is determined. Detailed description of the data modelling, analysis, and correlation of 
human vision to the spectral radiation environment is presented and published as paper B.  

The human eye exhibits different vision regimes, namely photopic-, scotopic- and mesopic-
vision. During the well-illuminated daytime, photopic vision is activated by cone cells. The 
scotopic vision is activated in low-light conditions by rod cells [64–67]. The mesopic vision 
occurs in the intermediate illumination conditions where both the cone and rod photoreceptors 
are active [68]. 

 
3.1 Spectral characteristics of human eye 

During the photopic vision, the trichromatic vision of the human eye is facilitated by three 
photopigments with different wavelength sensitivities denoted as short (S), middle (M) and 
long (L) cone cells. These cone photopigments have peak absorptions at around 420 nm, 530 
nm and 559 nm, respectively, for S, M and L cones [65,69]. The combined response from the 
three cone cells results in photopic vision with peak spectral sensitivity at 555 nm [70,71]. On 
the other hand, the rod cells facilitating scotopic vision have only one photopigment, rhodopsin, 
with peak absorption around 500 nm [72–74]. 

The wavelength range of human vision is generally accepted to be 400-700 nm with a spectral 
bandwidth of 300 nm [75,76]. However, some studies presented the vision range extending 
further between 380-760 nm determined by bond dissociation energies [77]. On the other hand, 
few studies and experiments presented the human eye's sensitivity in the infrared region owing 
to nonlinear processes [76,78]. 

 

3.2 Spectral bandwidth of human vision 

The eyes facilitate vision in the presence of light. Owing to this functional requirement, the 
available radiation environment could have a limiting effect on the wavelength range of the 
vision during its early evolution. Since the development of the primary visual system has 
origins in the ocean, it is conceivable that the radiation environment available in the ocean's 
depths could have determined the vision bandwidth. To investigate the possibility of the 
dependence of bandwidth of vision on the irradiance, modelled radiance spectra at Earth 
surface and down to the depth of 1.25 m (an arbitrary cut-off depth chosen for illustration) in 
the clear ocean (see Figure 3.1) are studied. 
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Figure 3.1. Solar radiation reaching the surface and down to the ocean at 1.25 m depth, 
including spectra at intermediate depths: 0.25 and 0.75 m. (a) Shows the total (direct + 
diffuse) downwelling radiance spectra at different ocean depths; (b) shows the direct 

downwelling radiance spectra at the corresponding levels. The rectangles indicated with 
wavelengths show the FWHM at 0.25 m ocean depth. (c, d) Show the differences between 

total and direct downwelling radiance at 0.25 and 1.25 m ocean depths. This figure is 
published in [79]. 

 

Figure 3.1 (a, b) shows the downwelling radiance spectra starting from around 300 nm 
extending to 900 nm at 1.25 m depth and extend to longer wavelengths as the depth reduces. 
The O2 absorption band occurring at ~762 nm, clearly observable in surface radiance spectra, 
is attenuated by the absorption of the water column as depth increases. The O2 absorption band 
undergoes complete attenuation at 1.25 m ocean depth (see Figure 3.1 (d)) due to the absorption 
in increased length of the H2O column following the Beer-Lambert law. The full width at half 
maximum (FWHM) of the spectra decreases with increasing depth. The numerical values of 
the FWHM at certain reference levels are summarised in Table 3.1. The results shown in Figure 
3.1 and Table 3.1 indicate that depending on the depth, the available bandwidth of light moves 
to shorter wavelengths as the radiation penetrates the ocean, ranging from 369 nm at the surface 
to 265 nm at 1.25 m depth.  

 

 

5558263_Inlaga_14okt.indd   375558263_Inlaga_14okt.indd   37 2022-10-14   10:482022-10-14   10:48



Table 3.1: FWHM wavelengths of the radiance spectra at the surface and different ocean 
depths for the total downwelling and direct dowelling radiance. 

Depth 
(m) 

Total downwelling radiance Direct downwelling radiance 
Wavelengths 
(nm) 

FWHM 
(nm) 

Wavelengths 
(nm) 

FWHM 
(nm) 

1.25 366-647 281 390-655 265 
1.00 366-655 289 390-686 296 
0.75 366-686 320 390-686 296 
0.50 366-686 320 390-709 319 
0.25 366-714 348 390-716 326 
0.10 366-716 350 390-718 328 
surface 366-718 352 390-759 369 

 

Oceanic turbidity levels are hypothesised to have played a significant role in the diversification 
of animal species over time. During the maximum turbidity periods, the species with non-visual 
cues diversified, whereas, in the turbidity minima periods, species with visual systems 
developed and diversified [80]. Although, competing studies presented lack of correlation 
between oceanic turbidity or opacity and diversification of species with visual systems [81,82], 
the low oceanic turbidity would facilitate development of visual system as opposed to high 
turbidity conditions by allowing larger amounts of light to reach the depths of the ocean. Thus, 
low turbidity conditions are more conducive for the evolution of image-forming visual systems. 
Since the evolution of vision from protovision to full scale image-forming human vision 
occurred over millions of years in changing ocean and atmospheric environments, variable 
parameters such as turbidity cannot be considered accurately.  

The calculations presented here quantitatively describe the role of radiation environment on 
the bandwidth of human vision. The generally accepted human vision bandwidth of 300 nm 
[75] would correspond to depths between 0.5 m and 0.75 m in the ocean. This suggests that the 
visual functions of the precursors of the human eye system had developed to be optimal in 
shallow depths of aquatic environments, close to the surface. The visual systems of life forms 
that moved to the surface evolved for millions of years once the habitat was moved to the 
surface. 

3.3 Photopic- and scotopic-vision 

3.3.1 Photopic vision 
 

In order to model the daytime illumination conditions, the radiative transfer code COART is 
used to compute the high-resolution (0.01nm) radiance spectra at the surface in clear-sky 
conditions for standard mid-latitudes summer atmosphere. The radiance spectra are obtained 
for 𝑆𝑆𝑆𝑆𝑆𝑆 = 0°, which represents the maximum possible radiation available. The use of high-
resolution spectra facilitates the inclusion of representative atmospheric absorption features 
and better accuracy of the numerical integration of the radiation energy. 
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Figure 3.2. Intensity of radiation energy at each centre wavelength (𝜆𝜆) for 120, 300, and 350 
nm vision bandwidth (∆𝜆𝜆). This figure is published in [79]. 

 
Figure 3.2 shows the results for maximum absorption wavelength obtained from the maximum 
total energy-driven evolution hypothesis [75]. The numerical integration of the irradiance 
spectra is obtained using the trapezoidal integration method. The energy integral at each centre 
wavelength (𝜆𝜆, varying from 300 nm to 900 nm) is calculated within limits ranging ∆𝜆𝜆 2⁄  on 
either side, where ∆𝜆𝜆 is the considered bandwidth, i.e., 120, 300 and 350 nm. The vertical lines 
in Figure 3.2 represent the maximum total energy integral wavelength (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚) at 561 nm and 
583 nm for ∆𝜆𝜆 = 300 nm and 350 nm, respectively.  

For human vision with bandwidth, ∆𝜆𝜆 = 300 𝑛𝑛𝑛𝑛, the evolution driven by maximum total 
energy would have photopic vision from 412 nm-712 nm with maximum absorption (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚)  
at 561.85 nm. Similarly, for bandwidth ∆𝜆𝜆 = 350 𝑛𝑛𝑛𝑛, the photopic vision would be between 
408 nm-758 nm with maximum absorption (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚) at 583.51 nm. Apart from the 300 nm 
bandwidth (i.e., of human vision), results for two arbitrary bandwidth values, 120 and 350 nm, 
are included to show the variance in maximum absorption wavelengths. 

Figure 3.3 shows the resulting spectra for the optimum information-driven evolution 
hypothesis [74]. Figure 3.3a shows the radiance spectra at the surface. Spectral entropy (S) 
spectra obtained using Equation (3.1): 

 

𝑆𝑆𝜆𝜆 = 2𝑘𝑘𝑏𝑏𝑐𝑐
𝜆𝜆4 {(1 + 𝜆𝜆5𝐿𝐿𝜆𝜆

2ℎ𝑐𝑐2) ln (1 + 𝜆𝜆5𝐿𝐿𝜆𝜆
2ℎ𝑐𝑐2) − (𝜆𝜆5𝐿𝐿𝜆𝜆

2ℎ𝑐𝑐2) 𝑙𝑙𝑛𝑛 (𝜆𝜆5𝐿𝐿𝜆𝜆
2ℎ𝑐𝑐2)}    (3.1) 
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where 𝑘𝑘𝑏𝑏 is the Boltzmann constant, 𝑐𝑐 is the speed of light, ℎ is the Planck's constant, 𝐿𝐿𝜆𝜆 
represents radiance at wavelength 𝜆𝜆, is shown in Figure 3.3b. Figure 3.3c shows the combined 
radiance distribution obtained from the relation shown in Equation (3.2): 

𝑆𝑆
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

∗ 𝐿𝐿
𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

      (3.2) 

where, 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 represent the maximum of the entropy and energy spectra. L is the 
radiance spectra obtained from COART simulations shown in Figure 3.3a. Figure 3.3d presents 
the combined representation of the radiance, entropy, and radiance distribution spectra. 

 

Figure 3.3. (a) Spectral energy, (b) spectral entropy, (c) radiance distribution, and (d) 
combined representation of the spectra for the radiation reaching the surface. The vertical 
lines in panels (b), (c), and (d) represent the wavelengths of the maxima of the respective 

spectra. This figure is published in [79].

The relation shown in Equation (3.2) represents the radiance distribution, which is the product 
of the normalised radiance and entropy spectra. The optimum information wavelength is 
defined as the wavelength at which the radiance distribution is maximised [74]. The results 
from Figure 3.3 indicate that the optimum wavelength for human vision, with a bandwidth of 
300 nm, occurs at 535.84 nm during photopic vision. 

The previous studies and the analysis in this article are based on present-day Earth conditions. 
The new results obtained using a more representative radiation environment differ from the 
initial results presented by the respective authors due to the constraints of their assumptions. 
The difference in the obtained maximum absorption wavelengths for photopic vision is 
summarised in Table 3.2. Delgado-Bonal and Martín-Torres (2016) considered a black body 
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radiation spectrum from Planck's function and the corresponding spectral entropy spectra rather 
than the standard solar irradiance spectra; this is the primary factor for the difference in the 
results. Lack of consideration for atmospheric absorption features in the surface radiance 
spectra and standard solar irradiance spectra by Overduin (2003) induce small offsets in the 
final results compared to our analysis. The absence of strong absorption features by 
atmospheric species in the visible spectrum and good numerical estimation of the greenhouse 
effect in the atmosphere makes the maximum total energy hypothesis consistent with the 
observed human photopic vision parameters.  

Table 3.2. Results for the maximum absorption wavelengths from the two hypotheses and 
their respective results obtained in this work with the high resolution, representative 

atmospheric radiation data as outlined in the methods section. 

Maximum Total Energy Hypothesis 
∆𝝀𝝀 = 𝟑𝟑𝟑𝟑𝟑𝟑 𝒏𝒏𝒏𝒏 

Optimum Information Hypothesis 
Photopic 

Vision 
Overduin, 2003 This work 

Delgado-Bonal and 
Martin-Torres, 2016 

This work 

560 nm 561.85 nm 555 nm 535.84 nm 555 nm 

The new results, with the improved atmospheric radiation data, show that the optimum 
information hypothesis would result in maximum absorption wavelength at ~536 nm, which is 
20 nm short of the actual maximum absorption wavelength during human photopic vision 
(listed in Table 3.2). For human-like lifeforms on planets around sun-like stars (G-type), this 
difference would not have significant impact, since the visible band of Electromagnetic (EM) 
spectrum does not have significant absorption features (Figure 3.1). The same will have severe 
implications for planetary systems around M-type stars, which have downwelling radiation 
predominantly in the infrared region, where most atmospheric gases have strong absorption 
features.  

Furthermore, this difference of ~20 nm becomes significant when the combined response of 
the three cone cells: S, M, and L are taken into consideration. These cone cells of the human 
eye have maximum sensitivities around 420, 530, and 559 nm, respectively [69]. The 
discrepancy in the result affects the contributions of the individual cone cells to the overall 
spectral response of the eye. The maximum absorption wavelengths, 536 nm (optimum 
information) and 561 nm (maximum total energy) indicate that M cone cells and L cone cells, 
respectively, would have significant contribution to the overall spectral response. The observed 
maximum absorption wavelength for the photopic vision at 555 nm [71] would mean L cone 
cells dominate the individual contribution from the three types of cone cells.  

 

3.3.2 Scotopic vision 

The maximum and minimum solar radiation at the surface of the Earth occur at 0° and 90° 
SZA, respectively. As the SZA reaches its maximum and the sun is close to the horizon, the 
diffuse radiation component becomes significant, decreasing the direct radiation component. 
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Therefore, analysis is conducted for the total downwelling radiance at high SZA for scotopic 
vision. 

 

Figure 3.4. Total downwelling solar radiation reaching the surface of the Earth during dusk 
and dawn times of the day. This figure is published in [79].

The existing hypothesis states that the optimum information wavelength determines the human 
scotopic vision [74] to optimise information content for the vision. The total downwelling 
radiation at dusk and dawn is analysed to establish the hypothesis on the evolution of scotopic 
vision. Figure 3.4 shows that, as the SZA increases from 75° to 89°, after 80°, the radiation at 
the longer wavelengths (>600 nm) become stronger than at the short wavelengths. Therefore, 
the downwelling radiation at 80° SZA for analysis to avoid skewing results, considering the 
peak absorption during scotopic vision occurring around 500 nm.  

The human eye's rod spectral sensitivity function indicates that the scotopic vision occurs 
approximately between 400 and 600 nm with 200 nm bandwidth [83]. Analysis of the radiance 
spectra with the maximum total energy-driven evolution hypothesis [75] results in a maximum 
absorption wavelength at 542 nm for 200 nm vision bandwidth. Therefore, the maximum total 
energy hypothesis does not fit the evolution of scotopic vision as it does to the photopic vision. 

Figure 3.5 shows the downwelling radiation at 80° SZA and corresponding spectral entropy 
and radiance distribution spectra obtained from Equation (3.1) and Equation (3.2), respectively. 
The results show that both the maximum irradiance and radiance distribution corresponding to 
optimum information have the maximum at 497.5 nm, emphasising the superior contribution 
of spectral radiance than spectral entropy for this radiation environment. Furthermore, the 
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possible maximum absorption wavelength during human scotopic vision at 497.5 nm (Figure 
3.5) correlates to rod cells' maximum sensitivity wavelength, 496 nm, as reported in [73,84].  

 

Figure 3.5. Total downwelling radiation at SZA: 80°. (a) Spectral energy, (b) spectral 
entropy, (c) radiance distribution and (d) combined representation of the spectra for the 
radiation reaching the surface. The vertical lines in panels (a), (b), and (c) represent the 
wavelengths of the maxima of the respective spectra. This figure is published in [79].

Observing the spectra in Figure 3.5, both the maximum energy-driven (not maximum total 
energy) and optimum information-driven evolution seem plausible for human scotopic vision. 
However, while either evolutionary direction has equal possibilities, the information-optimised 
evolution would be particularly efficient, as it encompasses the maximum energy criterion in 
addition. 

It is prudent to investigate the possible influence of light from the moon, which constitutes a 
significant aspect during the night wherein the scotopic vision is prevalent. The lunar irradiance 
is also analysed to investigate its impact on the scotopic vision when the sun is below the 
horizon. The lunar spectral albedo is wavelength dependent, and it increases with the 
wavelength in UV and visible bands [85]. This results in the lunar irradiance spectrum being 
different to that of solar irradiance. The solar radiation reflected by the moon and reaching the 
surface of the Earth varies significantly in intensity with respect to the phase of the moon and 
the geometric alignment of the three bodies. Figure 3.6 shows the lunar spectral irradiance at 
top of the atmosphere (TOA) during different phases at standard geometry conditions and mean 
Moon–Earth distance [85]. 
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Figure 3.6 shows that the mean lunar spectral irradiance peaks at wavelengths ~600 nm, far 
from the maximum sensitivity wavelength during scotopic vision. The results from the analysis 
of the lunar irradiance spectra with both optimum information hypothesis and maximum total 
energy hypothesis showed that the maximum absorption wavelengths are well above 600 nm. 
These results indicate that the solar radiation reflected from the moon, reaching the surface of 
the Earth, had little or no influence on the evolution of scotopic vision.  

 

Figure 3.6. Lunar spectral irradiance at different phases of the moon at standard geometry 
conditions and mean Moon-Earth distance. This figure is published in [79].

 

3.4 Vision of other animal species 

The visual systems are species-specific, and the evolution of vision is determined by the 
anatomy, biochemical composition, habitat, behavioural patterns, and the available radiation 
environment. In general, nocturnal species have high rod cell density and lower cone cell 
numbers than diurnal species. Some species such as bees, birds, some rodents and few bat 
species have UV-sensitive photopigments [86–90]. The UV sensitivity of terrestrial nocturnal 
species could result from the evolution from the early vision in the oceans where they had 
exposure to UV radiation. 

This shows that other animal species apart from humans have also developed their image-
forming vision in correlation with the radiation environment. Dedicated species-specific 
studies would shed light on the evolution of their vision to atmospheric conditions. The spectral 
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sensitivities of M cones of three rodent species, Gerbils, Wistar rats and Mice, have peaks at 
511 nm, 493 nm and 502 nm, respectively [91]. From Figure 3.2, we find that the peak spectral 
sensitivities of Gerbils and Mice closely match with the vision for ∆𝜆𝜆 = 120 𝑛𝑛𝑛𝑛 (~440-560 
nm) with maximum absorption at 508 nm. Whereas the peak spectral sensitivity of Wistar rats 
matches with the absolute maximum of the direct radiance spectrum at 497.5 nm. Considering 
similar evolution of the visual system for the rodent species, the M cone photopigments of 
these rodent species could have evolved to maximise the total energy like the photopic vision 
of humans. Deep-sea pearlsides fish that migrate close to the surface during dusk and dawn 
have vision with peak spectral sensitivity at 494 nm, similar to the scotopic vision of the human 
eye [73]. 
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CHAPTER 4 – Conclusions and Future work 
 

Exploration of exoplanets is a well-founded endeavour to understand the formation of planetary 
systems and their ulterior evolution. The diversity of confirmed exoplanets shows the 
possibility of a wide range of atmospheres and environments to explore. The atmosphere of a 
planet determines its potential habitability through its impact on temperature, the availability 
of biosignature gases and the radiation environment. This thesis contributes to investigate 
exoplanet atmospheres and determine the factors influencing the evolution of human vision 
system. 

This thesis outlines the formalism of thermal escape model to determine possible compositions 
of exoplanet atmospheres. The thermal escape model bypasses the existing hurdles hindering 
the implementation of jeans escape for exoplanet atmospheres. The model also facilitates 
comparison of possible exoplanet atmospheres with those observed in the solar system planets. 
This provides the much-required classification of the diverse pool of exoplanets on the basis 
of their atmospheres. Furthermore, the thermal escape model presents list of potentially 
habitable Earth-like exoplanets. The research objectives of RQ1-4 are achieved through the 
presented model.  

The thesis also presents conclusively, the evolutionary directions which presided the spectral 
characteristics of human photopic- and scotopic vision. The FWHM of the irradiance at the 
ocean depths corresponds to the human eye's observed spectral bandwidth, suggesting that its 
evolution started in shallow depths of the ocean. Furthermore, validating the existing 
hypotheses on the evolution of human vision with the representative radiance spectra indicates 
that the photopic and scotopic vision regimes may have resulted from different evolutionary 
directions. The human photopic vision evolved towards maximising the total energy within the 
limits of the vision bandwidth. On the other hand, the human scotopic vision evolved towards 
optimising information content with respect to solar irradiance (and not lunar irradiance).  

For human-like lifeforms on planets around sun-like stars (G-type), the vision will be similar 
to that observed on Earth, since the visible band of EM spectrum does not have significant 
absorption features (Figure 3.3). Huma-like vision on planetary systems around M-type stars 
which have downwelling radiation predominantly in the infrared region would have radical 
implications imparted by atmosphere (most atmospheric gases show strong absorption features 
in IR). 

 

Future work 
 
In the future, the thermal escape model will be used to prepare strategic observation targets for 
exoplanetary exploration. The list of potentially habitable Earth-like planets obtained from the 
model provides unique opportunity to conduct advanced studies to comprehensively determine 
their habitability by incorporating suite of other atmospheric escape processes. Furthermore, 
the list of potentially habitable exoplanets will be refined by enforcing strict constraints with 
regards to stellar and atmospheric parameters which impact HZ. In its raw form, the model 
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presents possible atmospheric compositions of all known exoplanets. This will be constrained 
to hypothesize on the atmospheres of exoplanets which are considered potentially habitable.   

The thermal escape model and the escape parameter will be used to constraint atmospheric 
compositions of those exoplanets for which new data becomes available from their 
observations. Using the model, hypothetical atmospheres will be explored for Super-Earth 
exoplanets and individual exoplanetary systems. Study of exoplanetary systems which host 
potentially habitable exoplanets will be conducted with greater precision by considering the 
results of future observations and precise estimations of temperature, atmospheric gases, albedo 
and structure of their atmospheres. 

The future results pertaining to the detections of gases in exoplanet atmospheres from 
observations through JWST, TESS and ARIEL etc., will be used for further validation of the 
model. The list of potentially habitable Earth-like exoplanets will undergo continuous 
evolution considering the increased detections of Earth-sized exoplanets along with their 
atmospheric observations from TESS, JWST and other telescopes. In the future, this list will 
also be pursued and advocated to prioritize observation targets for telescopes.  

The improved modelling of radiation environment at the surface of Earth and also the 
exoplanets will be explored using radiative transfer codes incorporating updated HITRAN 
database and atmospheric data. The results of atmospheric observations of exoplanets and their 
parent stars will be used to model the radiation environment at the surface of the planet. 
Assuming similar evolution, myriad possibilities of human-like vision on potentially habitable 
exoplanets orbiting other types of stars will be postulated. The impacts of SED of O, B, A, F, 
G, K, and M type stars on human-like vision will be explored.  

Furthermore, the spectral regions of maximum total energy and optimum information with 
respect of different classes of stars will be determined to analyse the impacts on possibility of 
life. Other processes such as photosynthesis that rely directly on the radiation environment and 
atmosphere will be studied with emphasis on astrobiology. The hypothetical atmospheres 
derived from the model presented in this thesis will be used to aid in further investigations of 
radiation environment and perform habitability investigations of exoplanets.  

 

  

5558263_Inlaga_14okt.indd   485558263_Inlaga_14okt.indd   48 2022-10-14   10:482022-10-14   10:48



CHAPTER 5 – Summary of contributions 
 

This chapter presents the summary of the articles appended to this doctoral thesis and the 
contributions made by the author. 

 

Paper A 

Title: Atmospheric composition of exoplanets based on the thermal escape of gases and 
implications for habitability. 

Authors: Samuel Konatham, Javier Martín-Torres, Maria-Paz Zorzano 

Journal: Royal Society Proceedings A 

Summary: This article presents a novel thermal escape model capable of estimating possible 
atmospheres on exoplanets. The thermal escape model is formulated to overcome the existing 
barriers resulting from lack of information of exospheres. Possible atmospheres of exoplanets 
are presented in comparison with the atmospheres observed in solar system planets. 
Additionally, this model facilitates preliminary classification of exoplanets based on 
atmospheric capability. The model also helps generate list of potentially habitable exoplanets 
which could host Earth-like atmospheres. 

Contributions: The author was responsible for the formulation and development of the 
atmospheric escape model. The author also developed the necessary code to implement the 
model, interpreted the results, figures, and wrote the manuscript. 

 

Paper B 

Title: The Impact of the Spectral Radiation Environment on the Maximum Absorption 
Wavelengths of Human vision and Other Species. 

Authors: Samuel Konatham, Javier Martín-Torres, María-Paz Zorzano 

Journal: MDPI-LIFE 

Summary: This article reviews the correlation of spectral characteristics of human vision to 
radiation environment. The impact of available radiation in the shallow depths of ocean on the 
bandwidth of human vision is presented. This paper conclusively determines that human 
photopic and scotopic vision evolved towards maximum total energy and optimum information 
respectively. Using high-resolution, representative data, the existing hypotheses are validated 
to determine the evolutionary directions of human vision irrefutably. Similarly, other animal 
species which have strong correlation of their vision to the available radiation environment are 
briefly discussed.  
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Contributions: The author was responsible for conceptualization and methodology of the 
proposed hypothesis. The author curated data from the radiative transfer model and analysed 
the data. The author also prepared codes to process the data and generate figures. The author 
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Atmospheric composition of exoplanets based on the thermal 
escape of gases and implications for habitability 

 
Samuel Konatham, Javier Martín-Torres, Maria-Paz Zorzano 

 
Abstract 

The detection of habitable exoplanets is an exciting scientific and technical challenge. Owing 
to the current and most likely long-lasting impossibility of performing in situ exploration of 
exoplanets, their study and hypotheses regarding their capability to host life will be based on 
the restricted low-resolution spatial and spectral information of their atmospheres. On the other 
hand, with the advent of the upcoming exoplanet survey missions and technological 
improvements, there is a need for preliminary discrimination that can prioritize potential 
candidates within the fast-growing list of exoplanets. Here we estimate, for the first time and 
using the kinetic theory of gases, a list of the possible atmospheric species that can be retained 
in the atmospheres of the known exoplanets. We conclude that, based on our current knowledge 
of the detected exoplanets, 45 of them are good candidates for habitability studies. These 
exoplanets could have Earth-like atmospheres and should be able to maintain stable liquid 
water. Our results suggest that the current definition of a habitable zone around a star should 
be revisited and that the capacity of the planet to host an Earth-like atmosphere to support the 
stability of liquid water should be added. 

1. Introduction 
Since the discovery of PSR B1257 + 12b [1] in 1992, the number of known exoplanets has 
increased rapidly. With the present and future generations of space-based and ground-based 
instruments, this number is expected to increase significantly soon. Besides the fundamental 
interest of compiling an extensive catalogue of exoplanets, finding a subset of habitable worlds 
would be of utmost importance from a strategic point of view. In fact, owing to the current and 
most likely ever-lasting impossibility of performing in situ exploration of exoplanets, studies 
on their habitability will be based on the restricted, remote observations of their atmospheres 
and spectral detections of potential biosignatures [2]. Developing a way to prioritize observed 
exoplanets based on their likelihood of being habitable through atmospheric modelling and 
orbits in habitable zones around stars will save effort and time for the scientific community. 

The formation of the atmosphere of a planet starts with the accretion of available gases from 
the protoplanetary disc, and the atmospheric species currently observed depend on its evolution 
afterwards. Molecules transported through chondritic and nebular elements and dissolved on 
the early magma through accretion processes contribute to the initial formation of the planet, 
forming part of its core [3]. The planetesimal and gas accretion rates during the accretion 
process and the subsequent contraction of the gas envelope under the influence of gravity 
contribute to the internal energy budget of the planet [4]. Furthermore, during the initial 
conditions of planet formation, the metallicity of the protoplanetary disc determines the 
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abundance of available volatiles [5]. High metallicity and migration of protoplanets were found 
to facilitate a high incidence of giant planets compared with the metal-poor stars [4]. Overall, 
planet formation and the availability of heavy elements in the primordial atmosphere are 
closely related to the metallicity of the protoplanetary disc. 

Geological processes such as volcanic eruptions lead to a secondary atmosphere [6]. The 
ulterior evolution of a planet's atmosphere is determined by other available sources and sinks, 
the atmospheric chemistry, the presence and strength of a magnetic field [7] and the incident 
radiation from the host star. Over the geological periods, the atmospheric escape mechanisms 
play a significant role in shaping the atmospheric composition and its evolution. The escape of 
atmospheric species affects the atmospheric chemistry, which in turn impacts the habitability 
of exoplanets. 

In 1846, Waterston [8], for the first time, presented a model dealing with the thermal escape of 
light gases from the Earth's atmosphere. Stoney [9] later improved this model by explaining 
the escape of H2 and He from the atmosphere of the Earth and the absence of atmosphere on 
the Moon. Significant improvements have been made to the thermal escape problem ever since 
[10–13], including other forms of atmospheric escape mechanisms such as Jeans escape, 
thermodynamic escape and several non-thermal escape mechanisms that are possible in a 
planetary atmosphere. 

Atmospheric escape in exoplanet atmospheres has attracted much attention from the scientific 
community after the detection of the hydrodynamic escape of atmospheric species from the 
atmosphere of hot Jupiter HD209458 b [14]. Since then, a multitude of sophisticated one- and 
multi-dimensional atmospheric models have been presented for exoplanets; these are 
comprehensively reviewed in [7,15,16]. These atmospheric escape models are predominantly 
designed for hot Jupiters and close-in, highly irradiated exoplanets that undergo mass loss 
through hydrodynamic blow-off. The Earth-like low-mass terrestrial exoplanets are more prone 
to experience slow thermal escape driven by thermal velocities of atmospheric species. 

The thermal escape in atmospheres can be divided into slow thermal escape (Jeans escape or 
classical thermal escape) and hydrodynamic escape. The type of thermal escape is determined 
by the hydrostatic or non-hydrostatic nature of the exosphere [15]. Only a few atmospheric 
escape models are adapted to low-mass exoplanets such as super-Earths and sub-Neptunes, 
with a hydrodynamic upper atmosphere [15,17]. In summary, all exoplanet atmospheric escape 
models to date have been developed for hydrodynamic conditions and the hydrostatic upper 
atmospheres of terrestrial low-irradiated exoplanets is mostly unexplored except for the Jeans 
escape model. 

The rate of escape of atmospheric species is influenced mainly by the activity and emitted 
radiation of the host star, which determines the atmospheric escape regime to be either a slow 
thermal escape or a hydrodynamic blow-off of the upper atmosphere [11,18]. The presence of 
the planetary magnetic field and its consequent interaction with stellar winds influences and 
determines the possible atmospheric escape processes. While the magnetic field does not 
significantly influence the thermal escape process constituting the escape of neutral gas species, 
other processes such as ion pick-up, sputtering and hydrodynamic escape rates are influenced 
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by the strength of the planetary magnetic field [19,20]. In the case of hot Jupiters, numerical 
models indicate that the presence of a planetary magnetic field reduces the mass-loss rate [21]. 
Through early ingress during UV transits, the planetary magnetic field has been detected for 
hot Jupiter WASP-12 b [22]. 

The well-established Jeans escape model requires physical parameters describing the 
exosphere, column density and exobase temperature for calculations. The atmospheric 
retrievals using transit spectroscopy and photometry could constrain the brightness temperature 
and pressure–temperature profiles of exoplanet atmospheres. The degeneracies due to 
cloud/haze and reference pressure [23,24] along with lower sensitivity to terrestrial Earth-mass 
exoplanets inhibit knowledge of the exospheres. At present, the unavailability of exospheric 
and flux density information makes it impossible to consider the Jeans escape or the diffusion-
limited escape mechanism to estimate the atmospheric composition of exoplanets. Our 
knowledge of these atmospheric parameters in the case of exoplanets is similar to or even less 
than the knowledge of these parameters for the planets of the Solar System at the end of the 
ninteenth century and the beginning of the twentieth century when the first thermal escape 
models were developed. Nevertheless, the results of those initial models were able to provide 
reasonable estimates of the atmospheric species of the Solar System planets, in particular the 
lack of atmosphere on the Moon and the loss of H and He from the atmosphere of the Earth 
[9]. 

Here we present a new atmospheric thermal escape model for exoplanets with hydrostatic upper 
atmospheres. From the fundamentals of the kinetic theory of gases, we estimate the possible 
atmospheric constituents. The results of our model will further provide a list of terrestrial low-
mass exoplanet targets for habitability studies compiled from evaluating their possible 
atmospheric compositions driven by thermal escape. We incorporated a conservative approach 
in our calculations and, based on the known physical parameters of the exoplanets, we 
determine the upper limit on the mass of the species that can escape from their atmospheres, 
and then we estimate their possible atmospheric constituents. 

2. Model 

Thermal escape is a function of the temperature of the exosphere and escape velocity of the 
planet. The vertical temperature profile of the planet, the temperature of the host star and the 
gravity of the planet are the three most important parameters driving thermal escape in 
planetary atmospheres [4–12]. The gravitational potential of a planet restricts the gaseous 
species from escaping its atmosphere owing to their kinetic velocities (temperature of gas 
species). As a general guideline, the combination of high temperature and low gravity leads to 
more significant loss of atmospheric species than the combination of low temperature and high 
gravity. The latter results in thick atmospheres, as seen in the gas giants of the Solar System. 

The Solar System planets have been well observed, probed and studied by the scientific 
community since the advent of the space age with multiple satellite and in situ missions and 
well-resolved remote sensing observations using ground-based telescopes. The observations 
have resulted in, broadly speaking, good knowledge of the atmospheric profiles and 
atmospheric compositions of the Solar System planets [25,26]. 
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By contrast, for exoplanets, information about their atmospheres and compositions is hard to 
achieve (excluding a few close-in hot Jupiters) because of technological limitations, relatively 
limited observations and the astronomical distances involved. The atmospheric escape process 
and the resulting effluent flux of atmospheric gases is a result of a combination of multiple 
escape processes determined by the physical and chemical properties of the planet's 
atmosphere. The non-thermal escape mechanisms such as photochemical escape, ion pick-up, 
sputtering, the polar wind, charge exchange and impact erosion should be examined on a case-
by-case basis because of their dependence on atmospheric chemistry and abundances. By 
means of the understanding gained from the observations of non-thermal escape processes on 
Mars, Titan and other icy moons, one can study the non-thermal escape processes for 
exoplanets with prior knowledge of their atmospheric compositions and chemical interactions. 
Studies on non-thermal escape processes in exoplanet atmospheres are minimal owing to the 
dominance of hydrodynamic escape [15]. For a detailed and accurate study of exoplanet 
atmospheres, all possible atmospheric escape processes including thermal and non-thermal 
escape processes should be analysed. 

The main objective of this paper is to develop a method for preliminary classification of the 
discovered exoplanets based on their ability to hold an atmosphere. This method can be applied 
using the values of mass, radius and equilibrium temperature that are available or deducible for 
most of the discovered exoplanets. The results from our model complement the existing 
exoplanet classifications by adding the atmospheric component by means of thermal escape 
analysis, i.e. the possible atmospheric compositions, especially for low-mass exoplanets. At 
this juncture, when the catalogue of exoplanets is increasing drastically with new space 
missions coming into effect, such a simple universal method can prioritize a shortlist of 
exoplanets for further habitability studies and observations. Therefore, we present the model 
using the fundamentals of the kinetic theory of gases, estimating the atmospheric compositions 
by determining the atmospheric species that can escape from the atmospheres of the exoplanets 
through thermal escape. Our model will further place constraints on the possible dominant 
species in the exoplanet atmospheres, limiting the atmospheric species that could shape the 
atmosphere. 

The escape velocity of the planet is, 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 = √2𝐺𝐺𝐺𝐺
𝑅𝑅  . Where G is universal gravitational constant 

(6.6743 x 10-11 m3.kg-1.s-2) and M (kg), R (m) are the mass and radius of the planet, 
respectively. The values of M and R are available for the planets of our solar system and a good 
number of confirmed exoplanets [27–29]. The thermal velocity (root mean square velocity) of 
the atmospheric species determine the rate of the thermal escape of the species from the 

atmosphere. It is defined as 𝑈𝑈 = √3𝑘𝑘𝑏𝑏𝑇𝑇
𝑚𝑚 , where m (kg) is the mass of gas, T(K) is the 

temperature and kb (1.380649 x 10-23 m2.kg.s-2.K-1) is the Boltzmann's constant. 

Jean's escape estimate of the escape flux ∅𝐽𝐽, at the critical level (exobase) is: 

∅𝐽𝐽 = 𝑛𝑛𝑒𝑒𝐵𝐵
𝑈𝑈
2√𝜋𝜋 (1 + 𝜆𝜆𝑒𝑒)𝑒𝑒−𝜆𝜆𝑐𝑐      2.1 

where the Jeans parameter, 𝜆𝜆𝑒𝑒 is: 
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𝜆𝜆𝑐𝑐 = (𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑈𝑈 )
2
= 𝐺𝐺𝐺𝐺𝐺𝐺

𝑘𝑘𝑏𝑏𝑇𝑇𝑒𝑒𝑅𝑅𝑒𝑒
= 𝑅𝑅𝑒𝑒

𝐻𝐻       2.2 

nc is the number density of the gas: 

𝑛𝑛𝑐𝑐 = 𝑛𝑛0𝑒𝑒(𝜆𝜆𝑒𝑒−𝜆𝜆0)       2.3 

B = {0.5−0.8} compensates for the repopulation of the high-energy tail of the Maxwell–
Boltzmann distribution, Tc (K) is the exobase temperature, H is the scale height, R is the radius 
of the planet and the subscript c represents the parameters at the exobase. 𝜆𝜆0 is the Jeans 
parameter at reference level (usually at the surface). 

In the formalism of Jeans escape in planetary atmospheres, as a guideline, a factor of one-sixth 
is used conventionally to compare U and Vesc in the atmospheric escape calculations. The 
origin of this factor is not known and does not represent any physical process in the underlying 
atmosphere, but it is generally accepted on an empirical basis that the escape process can 
happen if the thermal velocity (U) of the gas at the exobase is more than one-sixth of 
the Vesc [30,31]. 

The exobase of the exoplanets is not known, and we have no knowledge of the parameters 𝑇𝑇𝑐𝑐,  
𝑛𝑛𝑐𝑐 and 𝜆𝜆𝑐𝑐 in Equation (2.1) of the exoplanet atmospheres. The exobase temperature varies with 
the parent star cycles and, in general, is significantly higher than the equilibrium temperature 
of the planet. On Earth, for example, the temperature of the exobase is typically around 1000 K, 
and the equilibrium temperature is about 255 K [26,30]. The altitudes and pressures of the 
exosphere are different at different locations on the planet. The temperature of the exosphere 
is influenced mainly by the radiative cooling agent present in the atmosphere. Generally, a CO2 
dominant atmosphere will have cooler exospheric temperatures and H–He-dominant 
atmospheres have hotter exospheres [15]. Therefore, a linear or nonlinear relation between 
equilibrium temperature and exobase temperature can only be established using sophisticated 
radiative transfer models along with the knowledge of atmospheric compositions. 

Because of the unavailability of the required parameters at the exobase and because the thermal 
escape of atmospheric species is driven by their thermal velocities, the equilibrium temperature 
can be the final resort to estimate slow thermal escape. In this work, we use the calculated 
equilibrium temperature of the exoplanets as a conservative approach to estimate and analyse 
the escape of the atmospheric species. The equilibrium temperature, Tp (K), of an exoplanet 
can be computed using the Stefan–Boltzmann law, 

𝑇𝑇𝑝𝑝4 =
(1−𝑎𝑎)
4 (𝑟𝑟𝑑𝑑)

2
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒4      2.4 

where Teff (K) is the effective temperature of the star, a (unitless) is the bond albedo of the 
exoplanet, r (m) is the radius of the star and d (m) is the semi-major axis of the exoplanet. 
Owing to the unavailability of the albedo of the exoplanets, the equilibrium temperature Tp (K) 
is calculated by assuming zero albedo (a = 0). 

As we use Tp, which is, in general, significantly lower than Tc, a factor lower than one-sixth 
must be chosen, which can appropriately represent the atmospheric escape process occurring 
from the higher layers of the atmosphere (exosphere). We have determined a suitable escape 
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parameter, as shown in Figure 1, by examining the ratio of the escape velocity of the Solar 
System objects to the thermal velocities of major atmospheric species at 
temperature Tp calculated from Equation (2.4). 

In this paper, we consider atmospheric species with mass less than 44 g mol−1, including CO2 as 
the ‘major gases’. The gases are chosen based on their significance to the atmosphere and 
importance in facilitating biosignature gases. These include lighter atmospheric species from 
H and He and constitute most of the greenhouse gases CH4, CO2 and H2O along with six 
biogenic elements (CNOPSH) that are the building blocks of potential biosignature gases [32]. 
The biogenic compounds comprise the elements carbon (C), nitrogen (N), oxygen (O), 
phosphorus (P), sulfur (S) and hydrogen (H). 

 

Figure 1. Ratio of escape velocity to thermal velocity of atmospheric species for Solar 
System objects. The solid horizontal line represents ratio = 10 

Table 1 shows the observed atmospheric species escaping from the atmospheres of Solar 
System objects by thermal and non-thermal escape mechanisms. Comparing the ratio of the 
velocities and the observed escaping gas species, we find that the ratio of velocities for each 
planet should be in the following range to match the observed atmospheres: Earth (8.5–17), 
Venus (7.2–14.5), Mars (9–11) and Titan (9.3–11.7). Collectively, these Solar System objects 
constrain the escape parameter within the range (9.3–11). Any value within this narrow range 
provides reasonable estimates for the Solar System objects. For simplicity, we have chosen a 
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representative escape parameter of 10, which is the value used in previous thermal escape 
models [9]. The selected ratio of velocities is inferred from the detected escaping gases from 
the atmospheres of Solar System objects. Figures 1 and 2 and table 1, along with the 
subsequent text presenting the analysis of the results for Solar System objects, form the basis 
for selecting the one-tenth factor for this model. The results from the model are inherently 
permissive, considering the assumptions about albedo and the one-tenth factor. The results 
provide the upper bound of the atmospheric compositions and lower bound on the escaping 
atmospheric species. This ratio determines the upper bound on the mass of species that can 
escape from the atmosphere, including for those that are undetected. 

Table 1. Known gases observed to escape from the solar system planets and 
moons through in-situ and remote sensing observation [37,42,43]. 

Planet Escaping gases 

Mercury All major gases 
Venus H, He 
Earth H, He 
Mars H, C, O, N, Ar 
Titan H, CH4, N2 
Giant planets No gases lost 

The escape parameter represents the relative strength of the gravitational potential with respect 
to the thermal velocity. Varying the escape parameter within the constrained interval (9.3–11), 
greater and smaller than 10 corresponds to the weaker and stronger gravitational potential, 
respectively. For a given planet, the results obtained with an escape parameter greater than 10 
will show more atmospheric escape, and results with a lower escape parameter will show weak 
atmospheric escape. 

As observed from the results for the Solar System objects, our model is applicable and provides 
reasonable estimates for the terrestrial exoplanets undergoing slow thermal escape. Equation 
(2.5) shows the factored comparison of U and Vesc for the atmospheric species to escape the 
atmosphere of an exoplanet, 

𝑈𝑈 > 1
10 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒        2.5 

Although only a small fraction of gas molecules that fall under the tail end of the Maxwell–
Boltzmann distribution attain such high speeds, the gas can be removed slowly and consistently 
from the atmosphere over geological time scales. 
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Figure 2. Atmospheric escape results for Solar System objects. The shaded regions to the left 
at 63 K and 180 K indicate the freezing temperatures of N2 and H2O, respectively, below 

which the species exist in the solid state. 

Here we compute, for the known exoplanets, the thermal velocity of the gases and compare it 
with the escape velocity, as shown in Equation (2.5), to determine if the gases can be retained 
in their atmospheres. The escape of the atmospheric species and dominant isotopes is 
dependent on their atomic/molecular weights and thermal velocities. The speed of axial rotation 
of the planet also affects the speeds of gas molecules at the higher altitudes of the atmosphere 
[9]. The speed of rotation of the planet influences the velocities of zonal winds, which in turn 
affect the global atmospheric circulation and temperature gradients in the atmosphere [35]. A 
fast-rotating planet produces high-velocity zonal winds that result in reducing the albedo of the 
planet, thereby increasing the equilibrium temperature [36]. The atmospheric species of a fast-
rotating planet attain high velocities owing to increased temperature, thereby accelerating the 
atmospheric escape process. 

For tidally locked exoplanets, the equilibrium temperature formulation does not give a 
complete picture as only the dayside of the exoplanet is perpetually exposed to the radiation 
from the host star and the heat transport mechanisms between the dayside and nightside 
determine the thermal contrasts. Nonetheless, some tidally locked exoplanets with synchronous 
rotation around the host star, which are capable of having liquid water on their surface, have 
been speculated to be potentially habitable [37,38]. With substantial implications, terrestrial 
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exoplanets are expected to avoid synchronous rotation by atmospheric thermal tides. Thermal 
tide contributions from a tiny atmospheric envelope can maintain the exoplanet in an 
asynchronous rotation scheme around the host star [39]. On this basis, we do not include tidal 
locking of exoplanets in our model for the time being. 

3. Results 
(a) Solar System planets and moons 

Figure 2 shows the atmospheric escape of Solar System objects from the results of our model. 
The sloping lines in Figure 2 indicate the thermal velocity of different atmospheric species as 
a function of the kinetic temperatures (referred to as velocity lines hereafter). A planet/moon 
is capable of retaining a particular atmospheric species in its atmosphere if the velocity line of 
the atmospheric species lies below the position of the planet/moon in Figure 2 and, conversely, 
the atmospheric species escapes the atmosphere of the planet/moon if its velocity line lies 
above its position. The results for atmospheric escape for Solar System planets obtained from 
our model closely match those presented in [40] and the observed atmospheres. 

The escape of different atmospheric species from the atmospheres is a result of multiple 
mechanisms involving stellar and atmospheric conditions. Although the problem is complex, 
the atmospheric composition can be estimated to some extent from the atmospheric thermal 
escape. This can be seen by applying the model to the objects of the Solar System (Figure 2). 
An extensive literature on the atmospheric compositions and structures of the Solar System 
planets is available; this literature discusses in detail the formation and evolution of 
atmospheres. Here, we present in brief the observations of Solar System planets presented in 
detail by [26,31,33] that are relevant to our model. 

The significance and the rate of mass loss from a strictly thermal or non-thermal escape process 
from the atmospheres are subject to multiple factors, including but not limited to radiation 
energy, atmospheric chemistry, elemental abundances, magnetic field strength and interactions 
with stellar winds. In our Solar System, the atmosphere of Earth is driven by a dominant 
thermal escape; on Mars, non-thermal escape mechanisms are more dominant [13,15]. 
Therefore, a direct relation such as the ratio of thermal escape to non-thermal escape cannot be 
established given the diversity of possible exoplanet atmospheres. 

H, H2, He. As seen in Figure 2, and as expected, the giant planets Jupiter, Saturn, Uranus and 
Neptune can accrete and hold all or most of the available gases in their atmospheres, starting 
from hydrogen (H), owing to their strong gravitational potentials and low temperatures (in 
agreement with the already known information). The runaway gas accretion and subsequent 
evolution during planet formation lead to dense H–He-dominant atmospheres. Inferring strictly 
from the equilibrium temperatures (approximately 100 K), these giant planets could cause 
condensation of most of the atmospheric species. However, the internal heat sources from the 
accretion process leading to high pressures and temperatures constrain the condensations. The 
terrestrial planets Mercury, Venus, Earth and Mars along with most of the moons in the Solar 
System are observed to lose H and He [9,13] because of a combination of low gravitational 
potential and high thermal velocities of these lighter gas species and non-thermal escape 
processes. 
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CH4, NH3, H2O, O. Along with the giant planets, Earth and Venus are known to retain oxygen 
and methane in their atmospheres. The planets Mercury and Mars are incapable of retaining 
these gases in their atmospheres. The controversial detections of trace amounts of methane 
(CH4), reported to be observed in the Martian atmosphere with seasonal variation, are attributed 
to surface or subsurface sources [41,42]. Figure 2 shows something that may look 
contradictory: that CH4, which is the well-known dominant species in Titan's atmosphere, can 
escape the atmosphere. CH4 is known to escape Titan's atmosphere through various 
mechanisms, including hydrodynamic escape, ion pick-up, sputtering and dissociation [43,44]. 

Nevertheless, although CH4 escapes from Titan's atmosphere, there is a hypothesized 
significant source of CH4 due to condensation and continuous supply from subsurface 
clathrates [45] that maintains the observed large amounts of liquid and gaseous CH4 found in 
its atmosphere. Similarly, Europa has been observed to have CH4 abundances attributed to the 
clathrates and condensing temperature [46]. Pluto, because of its low temperatures, has CH4 ice 
on its surface [47]. Jeans escape on Pluto is CH4 dominant [48]. Venus and Earth retain 
atmospheric species heavier than He. Mars is known to lose water vapour, thereby making it a 
trace gas in the atmosphere. This is attributed to escape mechanisms facilitated by the absence 
of a magnetosphere and low gravity, such as photodissociation, ion pick-up, ion outflow and 
sputtering [41]. 

N2. While the early evolution of Titan's atmosphere is still debated to this day, the accretion of 
NH3 in its early atmosphere was considered the primary source of N2 through photolysis [49], 
and the supply of volatiles from comets is also considered to be a possible source [50]. 
Continuous supply from these primordial sources from early formation times resulted in the 
large amounts of N2 observed in its present atmosphere. N2 escape from Titan's atmosphere is 
an existing process as a result of various mechanisms and has been observed (as well as 
CH4 escape) by Cassini in Titan's corona [51]. Because of its low gravitational potential, the 
Galilean moon Europa is incapable of holding most atmospheric species, including N2, in its 
atmosphere, leading to a tenuous atmosphere. By contrast, previous work simulating aqueous 
chemistry in the endogenic water–rock interactions indicates the possibility of compounds rich 
in nitrogen, carbon and hydrogen [52]. Europa, through plumes ejected from under its surface, 
loses water and heavier compounds [53]. Pluto and the Neptunian moon Triton have an N2-
dominant atmosphere [48] and a suite of condensed atmospheric species on the surface due to 
cold temperatures. 

CO2. Carbon dioxide is a significant greenhouse gas for the Solar System planets along with 
H2O and CH4. The atmospheres of the planets Venus and Mars are CO2 dominant, and Earth 
also has significant concentrations of CO2. Gases that are lighter than CO2 escape from the 
atmospheres of Mercury, Europa and Pluto, as shown in Figure 2. The atmospheric mass loss 
for Mercury is a result of low escape velocity, high temperature and interactions with the solar 
wind. Although Pluto and Europa have very low escape velocities compared with the rest of 
the Solar System objects, their low temperatures facilitate condensation of the atmospheric 
species on the surface [47]. 

One of the main limitations of the kinetic theory of gases used in our model is the phase changes 
of the gas species determined by temperature and partial pressure, but the model still provides 
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(as seen in Figure 2) an excellent approach to the composition of the moons and planets of the 
Solar System. While partial pressure cannot be determined or commented upon, caution should 
be observed while inferring information on atmospheres with temperatures low enough to 
condense or freeze certain gas species. The observations of liquid CH4 on Titan and condensed 
CH4, NH3 and H2O ice on Europa, Pluto and Triton [45–48] indicate that the gas species which 
condense in an atmosphere would be retained by the exoplanet on its surface/subsurface. The 
correlation of our model results with the observed atmospheres of the Solar System shows that 
our approach is a simple way to create a shortlist of exoplanets to analyse and that further 
observations would improve our knowledge. 

(b) Exoplanets 

The constituents of the atmosphere and ability to retain them are of vital importance to the 
habitability of exoplanets [32,54]. An exoplanet capable of having an atmosphere and with the 
ability to hold biosignature gases is of more interest in habitability studies than exoplanets 
without atmospheres or evaporating/silicate atmospheres. Our model estimates the atmospheric 
species that can escape and those that can be retained in the atmosphere of the 
exoplanet. Figure 3 shows the thermal velocity of the atmospheric species as a function of the 
calculated equilibrium temperature of the exoplanets and their escape velocities. We have 
included the results for Solar System objects for comparison. The figure should be interpreted 
as follows: the exoplanets lying above the H velocity line have gravity strong enough to retain 
H and all atmospheric species heavier than H in their atmosphere. H escapes from the 
atmospheres of exoplanets placed between the H and He velocity lines as they can hold He and 
heavier atmospheric species in the atmosphere, leading to a possible He-dominant or other 
heavier gas-dominant atmosphere, and so on. 

In Figure 3, freezing temperatures below which the atmospheric species H2, N2 and H2O 
condense are highlighted in the shaded regions. The giant exoplanets orbiting very close to the 
host star with very short periods (hot Jupiters) have temperatures higher than approximately 
1000 K [25]. In Figure 3, the region with Tp > 1000 K is populated with very hot, giant 
exoplanets and close-in exoplanets like Mercury. The exoplanets with Tp < 180 K would have 
H2O in the solid or gaseous state depending on the surface temperature and atmospheric 
pressure. Similarly, the exoplanets with Tp < 14 K and Tp < 63 K would have H2 and N2 in 
either the solid or gas phase. The results are discussed in the sections below. 

We have used our model to analyse 3705 exoplanets for which data required for the calculations 
are available (as of June 2019). We present our results using the mass-based exoplanet 
classification [27]. 
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Figure 3. Diagram of one-tenth of the escape velocity versus the equilibrium 
temperature Tp of the exoplanets and Solar System planets/moons. The lines represent the 

thermal velocity of atmospheric species. The complete distribution in the graph shows a wide 
variety of exoplanets from cold giants on the left to hot Jupiters to the right, and small size 
exoplanets at the bottom and exoplanets of greater size at the top with the increasing height 
from the x-axis. The Solar System objects are also shown. The shaded regions to the left at 
14 K, 63 K and 180 K indicate the freezing temperatures of H2, N2 and H2O, respectively, 

below which the species exist in the solid state. The region with temperatures above 1000 K 
indicates that the exoplanets are either hot Jupiters or close-in exoplanets. 

(c) Comparison with atmospheric species data and limitations of the model 

Our model, although it considers only the thermal escape of atmospheric species from 
atmospheres, serves the purpose of providing a preliminary classification of all exoplanets as 
the considered escape mechanism is prevalent for all types of exoplanets irrespective of their 
size. 

Here we compare our results with the atmospheric species detections recorded to date in 
exoplanet atmospheres. Figure 4 shows the exoplanets for which detections of different 
atmospheric species were reported. The figure shows the results in two panels divided as 0–
500 K and greater than 500 K for ease of observing the results by including the names of the 
exoplanets. Comparing the results of the model with the reported gas detections in the 
exoplanet atmospheres, we find from Figure 4a that the exoplanets with atmospheric 
detections and equilibrium temperatures less than 500 K are ice/gas giants and TRAPPIST-1 
exoplanets. The model concludes that the cold gas giants can trap all gases, including hydrogen, 
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and correlates with the reported H2, CH4, H2O, K, CO and N detections in their atmospheres. 
The TRAPPIST-1 system is of major significance as four of the seven exoplanets are orbiting 
in the habitable zone (HZ) of the star and are expected to have bulk compositions in a 
combination of rocky and water-enriched material [55]. The results from Figure 4a indicate 
that the TRAPPIST-1 exoplanets are capable of retaining H2O in the atmosphere, concurring 
with the expected (undetected to date) presence of water on the TRAPPIST-1 exoplanets 
[55,56]. 

 

Figure 4. Estimates of the atmospheric escape from our model for the exoplanets on which 
atmospheric species were detected. One-tenth of the escape velocity–equilibrium 
temperature Tp: (a) exoplanets with Tp < 500 K; (b) exoplanets with Tp > 500 K 

Figure 4b shows the exoplanets which are predominantly hot Jupiters and close-in exoplanets. 
The hot Jupiter exoplanets, similar to HD 209458 b, HD 189733 b, WASP 12 b and GJ 436 b, 
being formed close to their parent star, have high temperatures and experience hydrodynamic 
blow-off of the atmosphere [57–61]. For the exoplanets WASP 39 b and 51 Peg b 
from Figure 4b we estimate that all atmospheric species heavier than He can be retained in the 
atmosphere and that these exoplanets are capable of retaining H2O in their atmosphere; 
detection of both He and H2O has been reported [62,63]. The exoplanet GJ 1132 b, owing to 
intense XUV radiation, is predicted to lose more massive atmospheric species along with H 
from the atmosphere [64]. 

For the exoplanets undergoing hydrodynamic escape, the estimates from our model do not 
concur with the detections of heavier atmospheric species in the extended atmospheres. The 
estimates of atmospheric species that can be retained in the atmosphere for exoplanets which 
do not experience hydrodynamic flow concur with the reported detections; this is demonstrated 
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in Figure 4 which shows the list of predicted and detected atmospheric species in 54 exoplanet 
atmospheres along with the estimates from our model of the gases that the exoplanets can hold 
in their atmosphere. The estimates of atmospheric species in exoplanet atmospheres from our 
model hold unless a hydrodynamic blow-off of the atmosphere is detected. 

We group the results for exoplanets into two classes based on their capability to retain 
atmospheric species lighter than CO2 in conjunction with exoplanet masses (Figures 5 and 6). 
This approach is chosen in contrast to the general mass-based classification of exoplanets to 
differentiate the exoplanets with possible H–He-dominant and heavier gas (O2, CH4, H2O, NH3, 
N2 and CO2)-dominant atmospheres while also showing the distribution of Jupiter, Neptune or 
super-Earth-sized exoplanets across the diverse possibility of atmospheres. 

 

Figure 5. One-tenth of the escape velocity–equilibrium temperature, Tp, diagram of 
exoplanets capable of H/He-abundant atmospheres and the giant planets of the Solar System. 
M is the mass of the exoplanet and Me is the mass of Earth. The exoplanet classification we 
adopted shows the position of exoplanets in the graph with respect to their mass, indicating 
the type of exoplanets expected to have H or He in their atmospheres. The shaded regions to 

the left at 14 K, 63 K and 180 K indicate the freezing temperatures of H2, N2 and H2O, 
respectively, below which the species exist in the solid state. The region with temperatures 

above 1000 K indicates that the exoplanets are either hot Jupiters or close-in exoplanets. 
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Figure 6. One-tenth of the escape velocity–equilibrium temperature, Tp, diagram of 
exoplanets capable of an H2O/N2/CO2 atmosphere and the terrestrial planets of the Solar 

System. M is the mass of the exoplanet and Me is the mass of Earth. This classification shows 
exoplanets of different masses and categories capable of holding carbon-, nitrogen- or water-
rich atmospheres, as indicated in the correlation with terrestrial planets of the Solar System. 
Seventeen Jovian-sized exoplanets (shown in blue circles at the top right of the figure) are 
estimated to lose H and He from their atmospheres. The shaded regions to the left at 180 K 
and 216 K indicate the freezing temperatures of H2O and CO2, respectively, below which 
they exist in the solid state. The region with temperatures above 1000 K indicates that the 

exoplanets are either hot Jupiters or close-in exoplanets. 

(d) Exoplanets capable of atmospheres with gases lighter than 44 g/mol (CO2) 

Figure 5 shows the atmospheres of Jovian (M > 50 Me), Neptunian (10 Me < M < 50 Me) and 
super-Earth (2 Me < M < 10 Me) exoplanets along with two Earth-like (M < 2 Me) exoplanets. 
Because of their strong gravitational potential, they are capable of trapping in their atmosphere 
not only species with high mass but also the lightest atmospheric species such as H and He. 

In Figure 5, the exoplanets with equilibrium temperatures, Tp < 14 K and 14 K < Tp < 63 K, are 
too cold to have any gaseous species except for H and He. The formation of giant exoplanets 
following core accretion leading to runaway gas accretion [4] indicates that these giant 
exoplanets could accrete heavier gas species from the surrounding protoplanetary disc. The 
very low equilibrium temperatures of these giant planets suggest that these are either formed in 
situ or have experienced an outward migration [65]. 
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The hot Jupiter exoplanets are considered to be migrated inward and supposedly experience 
hydrodynamic blow-off of the atmosphere, resulting in mass loss of heavier gases such as Na 
and K from the atmosphere in the process [66]. Hot Jupiters are outside the scope of this study 
owing to the strong hydrodynamic blow-off regimes of atmospheric escape, and high 
temperatures prevent them from being habitable. 

H and H2 can escape from the exoplanets Kepler-186 f and TRAPPIST-1 g (red circles 
in Figure 5) because they have masses close to 1.5 times that of Earth and are located in the 
habitable zones of their host stars [27]. Figure 5 shows a large population of Neptune- and 
Jupiter-sized exoplanets in the equilibrium temperature range 200–300 K. H2 could thermally 
escape from the atmospheres of some of the exoplanets in this population. 

After H and He, the heavier and most significant atmospheric species are H2O, N2 and 
CO2. Figure 6 shows the exoplanets that are capable of holding atmospheric species heavier 
than He in the atmosphere, and that could lead to any of the H2O/N2/O2/CO2 being a dominant 
species in the atmosphere. 

Any of the CO2, N2 or H2O species could be the principal constituent in the atmosphere of these 
exoplanets, depending on the atmospheric chemistry, processes and evolution. The exoplanets 
shown in Figure 6 are predominantly super-Earth and Earth-like exoplanets that may have a 
rocky surface. The atmospheres of the exoplanets in this group are susceptible to the runaway 
greenhouse effect because of their capability to hold greenhouse gases like CO2, H2O and 
CH4 in the atmosphere. The exoplanets with an Earth-like atmosphere consisting of CO2 and 
H2O as greenhouse gases, which absorb more than 375 W/m2 from the stellar flux, will 
experience a runaway greenhouse effect, eventually evaporating all the surface water and ice 
with increasing surface temperatures [67]. 

Terrestrial planets of the Solar System, Venus, Earth and Mars fall under this category (as 
shown in Figure 6), thereby making the exoplanets with similar temperatures and escape 
velocities strong candidates for potential habitability. From Figure 6, we observe that the 
majority of super-Earth exoplanets placed between the He and O/CH4 velocity lines are capable 
of holding atmospheric species heavier than He in their atmosphere with few super-Earth 
exoplanets capable of losing H2O and O2 from the atmosphere because of lower escape 
velocities. The Neptunian exoplanets shown in Figure 5 cannot hold He in their atmosphere 
because of high temperatures and low escape velocities compared with other Neptunian 
exoplanets seen in Figure 5. 

In Figure 6, there are 17 Jovian exoplanets, which are listed in table 2. These exoplanets are 
hot Jupiters and are possibly undergoing hydrodynamic escape from the atmosphere. 

Table 2. Jovian exoplanets that are capable of a possible H2O/N2/CO2 atmosphere. 

Exoplanet Mass (Me) Tp 
HAT-P 47 b 65.5 1601 
HAT-P 48 b 53.41 1358 
HAT-P 65 b 167.55 1930 
HAT-P 67 b 108.10 1508 
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HATS-19 b 135.76 1545 
HD 76700 b 73.13 1438 
K2 39 b 50.30 1861 
KELT 11 b 62 1710 
Kepler 7 b 137.67 1626 
Kepler 12 b 137.03 1479 
WASP 17 b 154.52 1659 
WASP 20 b 99.52 1380 
WASP 63 b 120.82 1531 
WASP 127 b 57.23 1400 
WASP 131 b 85.84 1459 
WASP 153 b 124 1711 
WASP 172 b 149.43 1745 

 

(e) Exoplanets capable of evaporating/tenuous atmospheres with gases heavier than 
44 g/mol (CO2) 

 

Figure 7. (a) One-tenth of the escape velocity–equilibrium temperature, Tp, diagram of 
exoplanets capable of holding thin evaporating atmospheres. (b) The distance of exoplanets 

from the parent star versus the effective temperature of the star. The horizontal line at 5800 K 
in (b) indicates the Sun and the position of the planet Mercury is shown by a black triangle. 
The figure shows the low-mass exoplanets orbiting very close to the respective host star for 

which the resulting high temperatures combined with low gravitational potential result in loss 
of atmospheric species lighter than CO2. 
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Most of the atmospheric species escape from the atmospheres of exoplanets with low 
gravitational potential and high temperatures, as observed in our Solar System with 
Mercury. Figure 6 shows the exoplanets that are incapable of retaining most of the atmospheric 
species, therefore developing an evaporating atmosphere [68]. Figure 7a shows the one-tenth 
escape velocity versus the equilibrium temperature along with the velocity lines of atmospheric 
species and Figure 7b shows the distance of the exoplanet from the parent star and the 
temperature of the parent star. The exoplanets in Figure 7 are close-in exoplanets that formed 
too close to their parent stars, rendering them inhospitable because of extreme temperatures 
and evaporating atmospheres. 

(f) Potentially habitable exoplanets 

The HZ is defined as the region around a star where an exoplanet can have liquid water on its 
surface. The boundaries of the HZ around a star are estimated by considering a cloud-free, one-
dimensional climate model and imposing moist-greenhouse and greenhouse limits [69]. The 
habitability of a planet is driven by the availability of an energy source, liquid solvent and 
nutrients for metabolic activity [2,54]. In this paper, we follow the definition of a habitable 
planet presented in [2] with liquid water as a solvent. 

In this paper, we introduce the following criteria to consider an exoplanet as potentially 
habitable: (i) ability to host an Earth-like atmosphere and (ii) have equilibrium temperatures 
(assuming zero albedos) between 260 K and 320 K, i.e. able to host liquid water. The 
conservative definition of habitability indicates that an Earth-like atmosphere would have the 
highest probability of habitability. 

The zero-albedo assumption incorporated in our model results in a higher equilibrium 
temperature of the exoplanets. The atmospheric greenhouse effect is responsible for higher 
surface temperatures than the equilibrium temperature (non-zero albedos) of a planet. The 
extent of the feedback is strongly dependent on the type and concentrations of greenhouse gases 
in the atmosphere, along with several other atmospheric feedbacks [70]. Nonetheless, the 
higher equilibrium temperatures due to assuming zero albedo are a positive shift towards the 
possible surface temperatures. For example, Earth has an equilibrium temperature of 
approximately 255 K and a global mean surface temperature of approximately 288 K [71]; by 
assuming zero albedo, the equilibrium temperature is calculated to be approximately 280 K. 

We find, based on our calculations described above, that 45 known exoplanets satisfy these 
criteria shown in Figure 8. We have excluded in Figure 8 the exoplanets that host Jupiter-like 
atmospheres, with large amounts of hydrogen. These exoplanets could have 
CH4/H2O/N2/O2/CO2 as the dominant atmospheric species. This list of potentially habitable 
exoplanets includes exoplanets with masses ranging from approximately 25 Me (HD 147379 
b) to approximately 0.4 Me (TRAPPIST-1 d). 
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Figure 8. One-tenth of the escape velocity–equilibrium temperature, Tp, diagram of the 
exoplanets of interest for habitability studies. The figure shows a conservative list of 

exoplanets which could be potentially habitable from the estimations of our model. The 
names of the exoplanets which are already considered potentially habitable are highlighted in 

blue. 

The most recent available listing of 55 potentially habitable exoplanets is presented in the 
habitable exoplanets catalogue [27]. Only 17 of these exoplanets (highlighted in blue 
in Figure 8) have an Earth-like atmosphere. A stable atmosphere is needed for the stability of 
liquid water, so, from our point of view, only these 17 exoplanets from that list should be 
potentially habitable. 

On the other hand, we have found 28 additional planets, not listed in the habitable exoplanets 
catalogue [27], that have the potential to host an atmosphere and liquid water, so our list of 
potentially habitable exoplanets amounts to 45 exoplanets (28 of them different from those 
listed in [27]).  

4. Discussion 

With the advent of new space missions to study and characterize the exoplanets and the 
increasing rate of discoveries of exoplanets, the significance of finding habitable exoplanets 
and characterizing their atmospheres is increasing. The discrimination of exoplanets based on 
the gas species that they can retain in their atmospheres will help to determine the most 
probable candidates for potential habitability, for further atmospheric composition studies and 
for photochemical models. 
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Lack of data on the exoplanets regarding their exosphere, atmospheric structure and 
composition renders implementing the physically correct Jeans escape a near-impossible task. 
The lack of atmospheric temperature profiles and compositions can be partially addressed by 
incorporating transit spectroscopy and radiative transfer models for hot Jupiters and close-in 
exoplanets. The complex problem of exoplanet exospheres could not be solved for low-mass 
exoplanets because of their strong dependence on local conditions [15]. 

We present an atmospheric model capable of estimating the plausible composition of exoplanet 
atmospheres using the readily available or estimable parameters and with minimal 
assumptions. Figure 2 shows that the presented model, although primitive, can determine the 
atmospheric species escaping from atmospheres of Earth-like terrestrial exoplanets. The model 
we presented is primarily a substitute for Jeans escape until it can be implemented for 
exoplanets with knowledge of their exospheric parameters and certain physical and chemical 
conditions of the atmospheres. 

Our results suggest that the definition of the HZ around a star should be revisited and that the 
capacity of the planet to host an Earth-like atmosphere to support the stability of liquid water 
should be added. Our model is characteristically a straightforward model to estimate plausible 
atmospheric compositions. In contrast to the existing atmospheric models built on the 
hydrodynamic escape of hot Jupiter and close-in irradiated exoplanets [15,16,72–74], our 
model is designed for low-mass, low-irradiated exoplanets. These exoplanets have atmospheric 
evolution driven by classical thermal escape. 

These results could be beneficial for the detection of specific atmospheric species and for 
biomarker observations of many of the active and planned exoplanet characterization missions 
such as the Hubble Telescope [75], CHEOPS (CHaracterizing ExOPlanet Satellite) [76], JWST 
(James Webb Space Telescope) [77], E-ELT (European Extremely Large Telescope) [78], 
W.M. Keck Observatory [79], Gemini Observatory [80] and CARMENES [81], which are 
tasked with observing the atmospheres of exoplanets. Many sophisticated exoplanet target lists 
incorporating complex atmospheric models are available in the literature for the missions 
mentioned above. Our model results, with the simple kinetic equation, show that it can be used 
as a preliminary classification method, more specifically for low-mass exoplanets. 

The relevance of our results at the present time is emphasized by the increasing number of 
Earth-sized exoplanets that could follow slow thermal escape. The active and upcoming 
missions may fall short of characterizing atmospheres of Earth-like exoplanets around Sun-like 
stars [16]. The transit observations fundamentally favour close-in exoplanets, hot Jupiters and 
H/He-dominant atmospheres owing to their relatively strong spectral signal strengths [82]. 

The model can be further improved by including the actual albedo instead of assuming a zero 
albedo, measured temperature profiles of exoplanets and equilibrium chemistry along with 
estimations of elemental abundances. Albeit with limitations, the model enables us to estimate 
the list of atmospheric gases that the exoplanets can retain in their atmospheres and their 
plausible atmospheres as compared with those observed in the Solar System. Based on the 
atmospheres observed on the Solar System planets, we list the exoplanets as those with H/He, 
H2O/N2/CO2 or evaporating/thin silicate atmospheres. We also propose a conservative list of 
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45 exoplanets with favourable conditions such as temperature and ability to retain the essential 
life-related gases in their atmospheres for further habitability studies. Further analysis 
considering the possible escape mechanisms and chemical processes such as photodissociation, 
sputtering, ion pick-up and suprathermal escape would decisively determine the habitability 
and atmospheric compositions of these exoplanets. 
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Abstract 
Since the earliest development of the eye (and vision) around 530 million years ago (Mya), it 
has evolved, adapting to different habitats, species, and changing environmental conditions on 
Earth. We argue that a radiation environment determined by the atmosphere played a 
determining role in the evolution of vision, specifically on the human eye, which has three 
vision regimes (photopic-, scotopic-, and mesopic vision) for different illumination conditions. 
An analysis of the irradiance spectra, reaching the shallow ocean depths, revealed that the 
available radiation could have determined the bandwidth of the precursor to vision systems, 
including human vision. We used the radiative transfer model to test the existing hypotheses 
on human vision. We argue that, once on the surface, the human photopic (daytime) and 
scotopic (night-time) vision followed different evolutionary directions, maximum total energy, 
and optimum information, respectively. Our analysis also suggests that solar radiation reflected 
from the moon had little or no influence on the evolution of scotopic vision. Our results indicate 
that, apart from human vision, the vision of only a few birds, rodents, and deep-sea fish are 
strongly correlated to the available radiation within their respective habitats. 

1. Introduction 
Two photoreceptors (cone and rod cells) facilitate vision in most organisms with advanced 
visual system The vertebrate photoreceptors constitute four photopigments associated with 
cone cells and one photopigment associated with rod cells. The cone photopigments are 
expressed as short-wavelength sensitive-1 (SWS1), short-wavelength sensitive-2 (SWS2), 
rhodopsin-like, medium wavelength sensitive (RH2), and long wavelength sensitive (LWS). 
The rod photopigment is expressed as rhodopsin (RH1) [1]. The number, density, and anatomy 
of photoreceptors vary for different species, resulting in a contrasting vision regime. For 
example, most non-primate mammals have two cone photopigments, whereas human eyes have 
three. In addition, the spectral sensitivity of these photopigments varies between the species, 
depending on their anatomy and biochemical compositions [1,2,3,4]. Extensive research is 
available on the biological aspects, such as retinal physiology, anatomy, and underlying 
photodetection process in the eye [5,6,7,8]. 

Early eyes developed and evolved based on functional requirements and sensory tasks [9]. The 
onset of early vision, development, and evolution to high-resolution vision took approximately 
170 million years during the Palaeozoic era before the onset of the Cambrian explosion (~530 
Mya) [10]. Since the development of early eyes, Earth experienced five large extinction events: 
End-Ordovician (~443 Mya), Late-Devonian (~370 Mya), End-Permian (~252 Mya), End-
Triassic (~201 Mya), and End-Cretaceous (~66 Mya) [11]. These extinction events caused 
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drastic loss of life, potentially resetting the biological evolution and changes in the atmosphere 
over time. Thus, early vision and life itself did not seem to evolve gradually due to the abrupt 
changes invoked by the extinction events. 

Early vision developed in oceans for the aquatic organisms, (from simple photodectection to 
complex image forming vision) [5,9,12], carried over to terrestrial life forms during their 
migration to land. The human eye further evolved on the surface, ever since humans came into 
existence after the End-Cretaceous extinction event. Therefore, to determine the influence of 
irradiation on the early evolution of vision systems—the radiation reaching the ocean’s depths 
and the surface radiation environment should be analysed. This protovision system should have 
impacted the ulterior evolution of sight once life evolved to the surface. Therefore, both 
environments must have left a footprint on the final characteristics of the current human vision. 
The spectral characteristics of the eye also depend on the radiation environment determined by 
the atmospheric conditions and the sun’s radiation. 

The human eye could be considered a natural optical device with a very sophisticated data 
processor (the brain), which has co-evolved with humans. The spectral characteristics of human 
vision are in close resemblance to the maximum of the sun’s energy spectrum. The non-
coincidental nature of human vision in the visible spectrum where the sun has its Wien’s peak 
is well established [13,14]. The human eye exhibits different vision regimes, namely photopic-
, scotopic- and mesopic vision. During the well-illuminated daytime, photopic vision is 
activated by cone cells. The scotopic vision is activated in low-light conditions by rod cells 
[5,7,8,9]. The mesopic vision occurs in the intermediate illumination conditions where both the 
cone and rod photoreceptors are active [15]. 

During the photopic vision, the trichromatic vision of the human eye is facilitated by three 
photopigments with different wavelength sensitivities denoted as short (S), middle (M), and 
long (L) cone cells. These cone photopigments have peak absorptions at around 420, 530, and 
559 nm, respectively, for S, M, and L cones [7,16]. The combined response from the three cone 
cells results in photopic vision with peak spectral sensitivity at 555 nm [17,18]. On the other 
hand, the rod cells facilitating scotopic vision only have one photopigment, rhodopsin, with 
peak absorption around 500 nm [14,19,20]. 

The wavelength range of human vision is generally accepted to be 400–700 nm with a spectral 
bandwidth of 300 nm [13,21]. However, some studies presented the vision range as between 
380 and 760 nm, determined by bond dissociation energies [22]. On the other hand, few studies 
have presented the human eye’s sensitivity in the infrared region owing to nonlinear processes 
[21,23]. Therefore, we can conclude that strict wavelength limits of human vision, and the 
factors determining it, are not clearly defined yet. 

Overduin (2003) noted that the peak absorption wavelength for photopic vision is determined 
by the maximum total energy of solar radiation for the 300 nm wavelength range of vision. To 
compensate for the atmospheric processes, such as Rayleigh scattering and the greenhouse 
effect, a 5500 K apparent effective temperature of the sun was considered [13]. Delgado-Bonal 
and Martín-Torres (2016) hypothesised that the peak absorption wavelength is determined by 
a compromise between the energy of photons reaching the eye and their information content 
and proposed an optimum information wavelength calculated from combined energy and 
entropy distributions of radiation spectra at the surface. For this purpose, the surface radiance 
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spectrum was calculated using a Planck function at an effective temperature of 5800 K, 
including the Rayleigh scattering function [24], and modelled the transmission spectra for 
present-day Earth atmosphere. 

The maximum total energy hypothesis [13] and the optimum information wavelength 
hypothesis [14] are two different existing theories for determining the maximum absorption 
wavelengths of human vision regimes. Importantly, these two hypotheses do not consider the 
standard solar irradiance spectra (i.e., including the characteristic absorptions and emission 
peaks of the elements of the sun) and the complete array of atmospheric processes experienced 
by the radiation reaching the surface. Furthermore, the level of radiation reaching the first 
layers of water in oceans has not been considered, regarding its impact on the vision system. 

In this article, we determine which of the two theories is applicable for different human vision 
regimes. We achieve validation of these theories using high-resolution modelled data 
representative of present-day Earth, while also overcoming the outlined shortcomings of the 
theories. This serves two purposes (1) it shows how closely the evolved human vision correlates 
to the present-day atmospheric conditions and (2) avoids uncertainties of the atmospheric 
conditions of the past eons. Additionally, the evolution process that has occurred continuously 
over millions of years, leading to present day vision characteristics, would be best validated 
with present-day conditions. We performed a detailed model of the irradiation levels, reaching 
the surface and the first layers of ocean depths, to understand the vision bandwidth and 
maximum absorption wavelengths of the human vision’s photopic- and scotopic-vision 
regimes. 

 

2. Methods 
We used the radiative transfer model, coupled ocean-atmosphere radiative transfer (COART), 
to calculate the required radiance spectra reaching the ocean’s surface and depths [25]. The 
COART model is publicly distributed from NASA, freely available for web-based online 
simulations (https://satcorps.larc.nasa.gov/jin/coart.html, last accessed: 2 December 2021). 
The model has multiple standard atmospheric profiles and parameters as inputs to calculate 
radiance reaching the surface and different depths of the ocean. In addition, the model uses the 
HITRAN 2000 molecular absorption database [26] for calculations, and restricts the 
fundamental radiative transfer code changes. The COART model was also chosen for its ease 
of reproducibility and availability. 

All of the simulations were carried out for clear sky (cloudless, no aerosol) conditions. We also 
consider the direct downwelling irradiance and total downwelling irradiance (direct + diffuse). 
As per the requirements, some studies were conducted at the zero solar zenith angle (SZA) and 
some for high SZA (close to the horizon). The high-resolution (0.01 nm resolution) radiance 
spectra were calculated using COART, including the atmospheric processes, such as Rayleigh 
scattering and absorptions by all atmospheric species for standard mid-latitudes summer 
atmosphere [27]. We analysed the correlation of the modelled downwelling irradiance reaching 
the surface to the peak absorption wavelengths of human vision in photopic and scotopic vision 
regimes. The radiation available at different depths of the ocean was considered, to present its 
influence on the vision’s spectral bandwidth (range) in the visible spectrum. Spectral entropy 
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spectra were calculated for the obtained radiance spectra to determine the optimum radiance 
distribution and optimum information wavelengths [14]. 

 

3. Results 
The solar radiation passing through the Earth’s atmosphere undergoes reflection, absorption, 
and scattering on its way to reach the surface [28]. The radiance reaching the surface comprises 
two components, namely, direct-beam and diffuse radiation. Diffuse radiation is significant in 
overcast, cloudy conditions, whereas direct-beam radiance is predominant for the cloudless, 
clear sky conditions [29]. Clouds absorb and scatter solar irradiance, increasing the diffuse 
component of the downwelling radiation [28,30]. High volcanic activity during the late-
Cambrian period resulted in mass extinctions of the death interval. After the reduced volcanic 
activity, the following great Ordovician biodiversification event (GOBE, ~470Ma) kick-started 
the evolution process [31]. The biodiversification events clearly correlate to the clear sky 
conditions. The cloud cover and overcast conditions are variable factors of the climate. 
Following the general norm in atmospheric and planetary studies, we performed all irradiance 
calculations for clear-sky conditions in this article. We considered the direct downwelling 
irradiance for photopic vision and total downwelling irradiance (direct + diffuse) for scotopic 
vision. 

3.1. The Spectral Bandwidth of Human Vision (Δλ) 

We hypothesise that the extent/width of available radiance spectra could have a limiting effect 
on the wavelength range of the vision during its evolution. To investigate the possibility of the 
dependence of bandwidth of vision on the irradiance, we analysed the radiance spectra at 
Earth’s surface and down to the depth of 1.25 m (an arbitrary cut-off depth chosen for 
illustration) in the clear ocean (see Figure 1). The downwelling radiance presented in Figure 
1 was obtained using COART at SZA=0∘ in a standard mid-latitude summer atmosphere at 1 
nm spectral resolution. 

Figure 1 a,b show the downwelling radiance spectra, starting from around 300 nm extending 
to 900 nm at 1.25 m depth and extending to longer wavelengths as the depth reduces. The 
O2 absorption band occurring at ~762 nm, clearly observable in surface radiance spectra, is 
attenuated by the absorption of the water column as the depth increases. The O2 absorption 
band undergoes complete attenuation at 1.25 m ocean depth (see Figure 1d) due to the 
absorption, in an increased length of the H2O column following the Beer–Lambert law. We 
calculate the full width at half maximum (FWHM) of the spectra. The FWHM is a widely used 
metric to represent bandwidth in communication and optical systems. We observe that this 
value decreases with depth within the aquatic environment. The numerical values of the 
FWHM at certain reference levels are summarised in Table 1. This observation shows that the 
eye is a natural photon detector that acts as a bandpass filter absorbing specific bandwidth of 
light to facilitate vision. Therefore, the FWHM of downwelling radiance could have 
determined its bandwidth, as shown in Figure 1b. 
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Figure 1: Solar radiation reaching the surface and down to the ocean’s at 1.25 m depth, 
including spectra at intermediate depths: 0.25 m and 0.75 m. (a) shows the total (direct + 
diffuse) downwelling radiance spectra at different ocean depths, and (b) shows the direct 
downwelling radiance spectra at the corresponding levels. The rectangles indicated with 
wavelengths show the FWHM at 0.25 m ocean depth. (c) and (d) show the differences 

between total and direct downwelling radiance at 0.25 m and 1.25 m ocean depth. 
 

Table 1. FWHM wavelengths of the radiance spectra at the surface and different ocean 
depths for the total downwelling and direct dowelling radiance. 

Depth (m) Total downwelling radiance Direct downwelling radiance 

Wavelengths (nm) FWHM (nm) Wavelengths (nm) FWHM (nm) 

1.25 366-647 281 390-655 265 
1.00 366-655 289 390-686 296 
0.75 366-686 320 390-686 296 
0.50 366-686 320 390-709 319 
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0.25 366-714 348 390-716 326 
0.10 366-716 350 390-718 328 

surface 366-718 352 390-759 369 
 

The results shown in Figure 1 and Table 1 indicate that depending on the depth, the available 
light environment in bandwidth moves to shorter wavelengths as the radiation penetrates the 
ocean, ranging from 369 nm at the surface to 265 nm at 1.25 m depth. Oceanic turbidity levels 
are hypothesised to have played a significant role in the diversification of animal species over 
time. During the maximum turbidity periods, the species with non-visual cues diversified, 
whereas, in the turbidity minima periods, species with visual systems developed and diversified 
[32]. Although, competing studies presented lack of correlation between oceanic 
turbidity/opacity and diversification of species with visual systems [33,34], the low oceanic 
turbidity would facilitate development of visual system as opposed to high turbidity conditions 
by allowing larger amounts of light to reach the depths of the ocean. Thus, low turbidity 
conditions are more conducive for the evolution of image-forming visual systems. Since the 
evolution of vision from protovision to full-scale image formation, human vision occurred over 
millions of years in changing ocean and atmospheric environments, and variable parameters, 
such as turbidity, cannot be accurately considered. Furthermore, due to varying oceanic 
turbidity over the evolution period, a comparison to the present-day oceanic turbidity levels 
could not be performed. Therefore, in this article, we considered pure, clear water to analyse 
the radiation reaching the shallow depths of the ocean. However, other products dissolved or 
in suspension in ocean water (such as minerals, soils, salts, etc.), should also affect the 
absorption bands, the scattering, and light transmission through the water column. 

Furthermore, the life forms that developed early eyes during the evolution of vision (~170 
million years) would certainly not have been confined at a constant depth in the ocean. 
Therefore, we cannot define a strict limit on the location (depth in the ocean) where early vision 
would have developed with our current knowledge. The calculations presented here describe 
the aquatic environment’s role on the final FWHM, qualitatively. 

Following the assumptions described above, the generally accepted human vision bandwidth 
of 300 nm [13] would correspond to depths between 0.5 and 0.75 m in the ocean where the 
FWHM of available radiation correlates with the reported vision bandwidth. Thus, the 
bandwidth of available radiation (Table 1) for 300 nm of human vision suggests that the visual 
functions of the precursors of the human eye system may have been developed, to be optimal 
in shallow depths of aquatic environments, close to the surface. 

Since the development of the primary visual system in the ocean, it is conceivable that the 
radiation environment available in the ocean’s depths could have determined the vision 
bandwidth. This would further increase the chances of migrating to land with well-adapted 
vision helpful in their survival and visually guided behaviour. The visual system of life forms 
that moved to the surface evolved for millions of years once the habitat moved to the surface. 
As brains evolved and signal analysis processes became sophisticated, it is reasonable to 
assume that other factors may have influenced the functionality of the full visual system, 
particularly those that included information. The following analysis focuses on how the visual 
system operates on the surface with the constraint of adhering to a fixed bandwidth. 
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3.2. Photopic Vision 
In this section, we present our radiance calculations to compute the maximum absorption 
wavelength for photopic vision. We used COART to compute the high-resolution (0.01 nm) 
radiance spectra at the surface in clear-sky conditions for standard mid-latitudes summer 
atmosphere. The radiance spectra are obtained for SZA=0∘, which represents the maximum 
possible radiation available. The use of high-resolution spectra facilitates the inclusion of 
representative atmospheric absorption features and better accuracy of the numerical integration 
of the radiation energy. 

Figure 2 shows the results for maximum absorption wavelength obtained from the maximum 
total energy-driven evolution hypothesis [13]. We perform the numerical integration of the 
irradiance spectra using the trapezoidal integration method. The energy integral at each centre 
wavelength (λ, varying from 300 to 900 nm) is calculated within limits ranging Δλ2/ on either 
side, where Δλ is the considered bandwidth, i.e., 120, 300, and 350 nm. The vertical lines 
in Figure 2 represent the maximum total energy integral wavelength (λmax) at 561 and 583 nm 
for Δλ= 300 and 350 nm, respectively. 

 

Figure 2. Intensity of radiation energy at each centre wavelength (λ) for 120, 300, and 350 
nm vision bandwidth (Δλ). 

Assuming the human vision bandwidth range Δλ=300 nm, the evolution driven by maximum 
cumulative energy would have a photopic vision from 412–712 nm with maximum 
absorption (λmax) at 561.85 nm. Similarly, for bandwidth Δλ=350 nm, the photopic vision 
would be between 408 and 758 nm with maximum absorption (λmax) at 583.51 nm. Apart 
from the 300 nm bandwidth (i.e., of human vision), we selected two arbitrary bandwidth values, 
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120 and 350 nm, to represent the corresponding energy integrals showing the variance in 
maximum absorption wavelengths. 

Figure 3 shows the resulting spectra for the optimum information-driven evolution hypothesis 
[14]. Figure 3a shows the radiance spectra at the surface. Spectral entropy (S) spectra 
obtained using Equation (1): 

𝑆𝑆𝜆𝜆 =
2𝑘𝑘𝑘𝑘
𝜆𝜆4 {(1 +

𝜆𝜆5𝐿𝐿𝜆𝜆
2ℎ𝑘𝑘2) ln (1 +

𝜆𝜆5𝐿𝐿𝜆𝜆
2ℎ𝑘𝑘2) − (𝜆𝜆

5𝐿𝐿𝜆𝜆
2ℎ𝑘𝑘2) 𝑙𝑙𝑙𝑙 (

𝜆𝜆5𝐿𝐿𝜆𝜆
2ℎ𝑘𝑘2)} (1)

where k is the Boltzmann constant, c is the speed of light, h is the Planck’s 
constant, Lλ represents radiance at wavelength λ, is shown in Figure 3b. 

Figure 3. (a) Spectral energy, (b) spectral entropy, (c) radiance distribution, and (d) 
combined representation of the spectra for the radiation reaching the surface. The vertical 
lines in panels (b–d) represent the wavelengths of the maxima of the respective spectra. 

Figure 3c shows the combined radiance distribution obtained from the relation shown in 
Equation (2): 

𝑆𝑆
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

∗ 𝐿𝐿
𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

     (2) 

where, Smax and Lmax represent the maximum of the entropy and energy spectra. L is the 
radiance spectra obtained from COART simulations shown in Figure 3a. Figure 3d presents 
the combined representation of the radiance, entropy, and radiance distribution spectra. 

The relation shown in Equation (2) represents the radiance distribution, which is the product 
of the normalised radiance and entropy spectra. The optimum information wavelength is 
defined as the wavelength at which the radiance distribution is maximised [14]. Our results 
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in Figure 3 indicate that the optimum wavelength for human vision, with a bandwidth of 300 
nm, occurs at 535.84 nm during photopic vision. 

The previous studies and our analysis in this article are based on present-day earth conditions. 
The new results obtained in our analysis using a more representative radiation environment 
differ from the initial results presented by the respective authors due to the constraints of their 
assumptions. The difference in the obtained maximum absorption wavelengths for photopic 
vision is summarised in Table 2. Delgado-Bonal and Martín-Torres (2016) considered a black 
body radiation spectrum from Planck’s function and the corresponding spectral entropy spectra 
rather than the standard solar irradiance spectra; this is the primary factor for the difference in 
the results. Lack of consideration for atmospheric absorption features in the surface radiance 
spectra and standard solar irradiance spectra by Overduin (2003) induce small offsets in the 
final results compared to our analysis. The absence of strong absorption features by 
atmospheric species in the visible spectrum and good numerical estimation of the greenhouse 
effect in the atmosphere makes the maximum total energy hypothesis consistent with the 
observed human photopic vision parameters. 

Table 2. Results for the maximum absorption wavelengths from the two hypotheses and their 
respective results obtained in this work with the high resolution, representative atmospheric 

radiation data as outlined in the methods section. 

Maximum Total Energy 
Hypothesis 

∆𝝀𝝀 = 𝟑𝟑𝟑𝟑𝟑𝟑 𝒏𝒏𝒏𝒏 
Optimum Information Hypothesis 

Photopic 
Vision 

Overduin, 2003 This work Delgado-Bonal and 
Martin-Torres, 2016  This work 

560 nm 561.85 nm 555 nm 535.84 nm 555 nm 

The new results we present in this work, with the improved atmospheric radiation data, show 
that the optimum information hypothesis would result in maximum absorption wavelength at 
~536 nm, which is 20 nm short of the actual maximum absorption wavelength during human 
photopic vision (listed in Table 2). For human-like lifeforms on planets around sun-like stars 
(G-type), this difference would not have significant impact, since the visible band of EM 
spectrum does not have significant absorption features (Figure 3). The same will have severe 
implications for planetary systems around M-type stars, which have downwelling radiation 
predominantly in the infrared region, where most atmospheric gases show strong absorption 
features. 

Furthermore, this difference of ~20 nm becomes significant when the combined response of 
the three cone cells: S, M, and L are taken into consideration. These cone cells of the human 
eye have maximum sensitivities around 420, 530, and 559 nm, respectively [16]. The 
discrepancy in the result affects the contributions of the individual cone cells to the overall 
spectral response of the eye. The maximum absorption wavelengths, 536 nm (optimum 
information) and 561 nm (maximum total energy) indicate M cone cells and L cone cells, 
respectively, would have significant contribution to the overall spectral response. The observed 
maximum absorption wavelength for the photopic vision at 555 nm [18] would mean L cone 
cells dominate the individual contribution from the three types of cone cells. 
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Therefore, from the analysis of modelled data representing practical, atmospheric conditions, 
we conclude that the evolution of photopic vision was directed towards maximising the total 
energy within the bandwidth of the vision. 

3.3. Scotopic Vision 
The rod cells in the human eye that facilitate scotopic vision are highly sensitive to light and 
are almost 20 times more than cone cells. They also have different anatomy to cone cells 
[5,35,36]. Given that the photoreceptors responsible for the human photopic and scotopic 
vision are physiologically different, the two vision regimes could have evolved in different 
paths to maximise the use of human vision under different environmental conditions. The 
optimal functionality of rod cells occurs close to dusk and dawn. 
For the first time, we present the possible correlation of human scotopic vision to the irradiance 
levels at different SZAs. The maximum and minimum solar radiation at the surface of the Earth 
occur at 0° and 90° SZA, respectively. As the SZA reaches its maximum and the sun is close 
to the horizon, the diffuse radiation component becomes significant, decreasing the direct 
radiation component. Therefore, we consider for our analysis the total downwelling radiance 
at high SZA for scotopic vision. Figure 4 shows the total downwelling radiation at late dusk 
and early dawn when the mesopic vision is prevalent, with both cone and rod cells being active. 
The spectra are obtained using COART for a clear-sky, no aerosol standard mid-latitude 
summer atmosphere (45° N). 

 
Figure 4. Total downwelling solar radiation reaching the surface of the Earth during 

dusk/dawn time of the day. 

The existing hypothesis states that the optimum information wavelength determines the human 
scotopic vision [14] to optimise information content for the vision. Therefore, we consider the 
total downwelling radiation at dusk/dawn to establish the hypothesis on the evolution of 
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scotopic vision. Figure 4 shows that, as the SZA increases from 75° to 89°, after 80°, the 
radiation at the longer wavelengths (>600 nm) become stronger than at the short wavelengths. 
Therefore, we choose the downwelling radiation at 80° SZA for analysis to avoid skewing 
results, considering the peak absorption during scotopic vision occurring around 500 nm. 

The human eye’s rod spectral sensitivity function indicates that the scotopic vision occurs 
approximately between 400 and 600 nm with 200 nm bandwidth [37]. However, our analysis 
of the radiance spectra with the maximum total energy-driven evolution hypothesis [13] 
resulted in a maximum absorption wavelength at 542 nm for 200 nm vision bandwidth. 
Therefore, the maximum total energy hypothesis does not fit the evolution of scotopic vision 
as it does to the photopic vision. 

Figure 5 shows the downwelling radiation at 80° SZA and corresponding spectral entropy and 
radiance distribution spectra obtained from Equations (1) and (2), respectively. The results 
show that both the maximum irradiance and radiance distribution corresponding to optimum 
information have the maximum at 497.5 nm, emphasising the superior contribution of spectral 
radiance than spectral entropy for this radiation environment. Furthermore, the possible 
maximum absorption wavelength during human scotopic vision at 497.5 nm (Figure 5) 
correlates to rod cells’ maximum sensitivity wavelength, 496 nm, as reported in [20,38]. 

 
Figure 5. Total downwelling radiation at SZA: 80°. (a) Spectral energy, (b) spectral entropy, 

(c) radiance distribution and (d) combined representation of the spectra for the radiation 
reaching the surface. The vertical lines in panels (a–c) represent the wavelengths of the 

maxima of the respective spectra. 

Observing the spectra in Figure 5, both the maximum energy-driven (not maximum total 
energy) and optimum information-driven evolution seem plausible for human scotopic vision. 
However, while either evolutionary direction has equal possibilities, the information-optimised 
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evolution would be particularly efficient, as it encompasses the maximum energy criterion in 
addition. 

It is prudent to investigate the possible influence of light from the moon, which constitutes a 
significant aspect during the night wherein the scotopic vision is prevalent. Here we consider 
the lunar irradiance to investigate its impact on the scotopic vision when the sun is below the 
horizon. The lunar spectral albedo is wavelength dependent, and it increases with the 
wavelength in UV and visible bands [39]. This results in the lunar irradiance spectrum being 
different to that of solar irradiance. The solar radiation reflected by the moon and reaching the 
surface of the Earth varies significantly in intensity with respect to the phase of the moon and 
the geometric alignment of the three bodies. Figure 6 shows the lunar spectral irradiance at 
TOA during different phases at standard geometry conditions and mean Moon–Earth distance 
[39]. 

 
Figure 6. Lunar spectral irradiance at different phases of the moon at standard geometry 

conditions and mean Moon-Earth distance. 

Figure 6 shows that the mean lunar spectral irradiance peaks at wavelengths ~600 nm, far from 
the maximum sensitivity wavelength during scotopic vision. The results from the analysis of 
the lunar irradiance spectra with both optimum information hypothesis and maximum total 
energy hypothesis showed that the maximum absorption wavelengths are well above 600 nm. 
These results indicate that the solar radiation reflected from the moon, reaching the surface of 
the Earth, had little or no influence on the evolution of scotopic vision. The daily variation of 
the lunar irradiance w.r.t to phase in contrast to the relatively stable solar radiation during the 
latter part of the day could have led to the evolution of human scotopic vision with little 
dependence on the irradiation from the moon. 
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4. Discussion 
4.1. Vision of Other Species 

The visual systems are species-specific, and the evolution of vision is determined by the 
anatomy, biochemical composition, habitat, behavioural patterns, and the available radiation 
environment. In general, nocturnal species have high rod cell density and lower cone cell 
numbers than diurnal species. Some species, such as bees, birds, some rodents, and few bat 
species have UV-sensitive photopigments [1,2,3,40,41]. The UV sensitivity of terrestrial 
nocturnal species could result from the evolution from the early vision in the oceans where they 
had exposure to UV radiation. 

Here, we discuss few animal species, showing features of their visual system closely correlated 
with the radiation environment. This shows that other animal species apart from humans have 
also developed their image-forming vision in correlation with the radiation environment. 
Dedicated species-specific studies would shed more light on the evolution of their vision to 
atmospheric conditions. The spectral sensitivities of M cones of three rodent species, gerbils, 
Wistar rats, and mice, have peaks at 511, 493, and 502 nm, respectively [42]. From Figure 2, 
we find that the peak spectral sensitivities of gerbils and mice closely match with the vision 
for Δλ=120 nm (~440–560 nm) with maximum absorption at 508 nm. Whereas the peak 
spectral sensitivity of Wistar rats matches with the absolute maximum of the direct radiance 
spectrum at 497.5 nm. Considering similar evolution of the visual system for the rodent species, 
the M cone photopigments of these rodent species could have evolved to maximise the total 
energy like the photopic vision of humans. 

The UV-sensitive photopigments of birds have maximum sensitivities around 360–373 nm and 
402–426 nm [41]. These bands appear to fall within the distinct regions with stable irradiance 
seen in the diffuse radiance spectrum shown in Figure 7. The low-resolution (4 nm) spectrum 
of diffuse radiance is utilised to identify and highlight the two regions with relatively stable 
energy. Deep-sea pearlside fish that migrate close to the surface during dusk and dawn have 
vision with peak spectral sensitivity at 494 nm, similar to the scotopic vision of the human eye 
[20]. The visions of pearlside and scotopic vision of humans are active during the intermediate 
illumination conditions and closely correlate to the radiation environment following optimum 
information-driven evolution (Figure 6). 
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Figure 7. Diffuse radiance reaching the surface of the Earth. A high resolution (0.01 nm) and 
low-resolution (4 nm) spectra are shown in the graph to highlight distinct regions at 350–380 

nm and 400–420 nm. 

4.2. Sources of Uncertainties 

Protovision developed ~530 Mya and evolved to the current human visual system, adapting to 
the changing environmental conditions and habitat. The changes in the atmosphere and 
radiation environment throughout millions of years would undoubtedly influence the eye’s 
evolution. The changes in the terrestrial landmass over the years (from the Pangea to the current 
continental map) resulted in different radiation environments available for the species. By the 
End-Cretaceous period, the landmass distribution put the continental plate of Africa (origin of 
homo sapiens) near the equator [32,43]. The human eye development would have been 
completed in this region before migrating to other continental plates. 

The evolution and its response to the changes in the environment are slow processes. Therefore, 
the primary sources of uncertainties in studying the evolution of a visual system are the 
different environmental conditions driven by changes in the atmosphere and solar radiation in 
the past. 

The sun’s evolution over different geological periods resulted in changes in spectral 
distribution and the magnitude of solar radiation. The young sun was 25% less luminous and 
had ten times stronger UV flux [44]. The modelled solar UV irradiance spectra for 3.9 Ga and 
2.0 Ga show stark variations, whereas the same for 0.8 Ga and the modern-day sun are closely 
matched [45,46]. This shows that the sun’s evolution does not contribute to the uncertainties 
in human vision (as it evolved much later). While analysing irradiance spectra, the spectral 
resolution could result in large offsets in the results. A high-resolution spectrum comprises 
absorption features of the atmospheric constituents. In contrast, a low-resolution spectrum 
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suppresses the spectral features in the surface radiance spectra, overruling the impact of 
atmospheric absorbers. 

 

5. Conclusions 

The impact of the atmosphere on the evolution of human vision is a sparsely studied area 
compared to the biological aspects. In this article, we investigated the limiting effect of 
radiation reaching ocean depths, determining the bandwidth of human vision. The FWHM of 
the irradiance at the ocean depths corresponds to the human eye’s observed spectral bandwidth, 
suggesting that its evolution started in shallow depths of the ocean. Furthermore, validating the 
existing hypotheses on the evolution of human vision with the representative radiance spectra 
indicates that the photopic and scotopic vision regimes may have resulted from different 
evolutionary directions. The results indicate that the human photopic vision evolved towards 
maximising the total energy within the limits of the vision bandwidth. On the other hand, the 
human scotopic vision evolved towards optimising information content with respect to solar 
irradiance (and not lunar irradiance). 

The visual systems of other species, such as rodents, birds, and deep-sea fish also strongly 
correlate to the atmospheric radiation environments. Our results show that the radiation 
environment defined by atmospheric compositions is detrimental to the evolution of visual 
systems. The close correlation of spectral characteristics of human vision to the radiation 
environment indicates that atmospheric conditions and biological development go hand-in-
hand during the evolution process. 
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