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Abstract

In-depth exploration of exoplanet habitability involves a crucial screening process
to identify a subset with the potential for sustaining life. The Habitability Index for Tran-
siting Exoplanets (HITE) emerges as a vital tool, quantifying a planet’s habitability by
assessing the probability of it having a solid surface and liquid water. Represented by
the symbol H, the index assigns values on a scale from O to 1. The closer the value to 1,
the greater the potential for habitability. H integrates parameters derived from transit
data, encompassing orbital period, transit depth, duration, surface gravity, radius, and
effective temperature of the host star. Through the Virtual Planetary Laboratory (VPL),
the calculation of H is executed for exoplanets with terrestrial mass (0.3-10 M@) sourced
from the Transiting Exoplanet Survey Satellite (TESS) and K2 missions. The results show
that the exoplanets with the highest H values are TOI-700 d from TESS, with a value of
0.95202. Of the 228 planets examined, around 9.21% are identified as potentially habit-
able.
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1. Introduction

Since the discovery of the first exoplanet orbiting a Sun-like star in 1995, the field of
exoplanet research has grown rapidly. The number of confirmed and potential exoplanets,
the techniques used to detect and study them, and the amount of data collected from space
missions and ground-based telescopes have all increased significantly. Many researchers
have contributed to compiling and sharing information about exoplanets, making it acces-
sible to both scientists and the public. Resources like the Extrasolar Planet Encyclopedia
and the Exoplanet Orbit Database provide detailed information on confirmed and retracted
exoplanets, as well as those with well-defined orbits. Additionally, archives from space mis-
sions like Kepler and CoRoT, along with services like the Exoplanet Transit Database, offer
valuable data and tools for exoplanet research (Akeson et al., 2013).

The habitable zone (HZ) is a circumstellar region where liquid water could exist on a
rocky planet’s surface. Primarily used for mission planning, the HZ guides the selection of
planetary targets for further investigation. While a planet within the HZ doesn’t guaran-
tee habitability, it remains the most effective tool for identifying potentially life-sustaining
worlds (Ramirez, 2018). The habitable zone distance consists of two types, namely the con-
servative habitable zone and the optimistic habitable zone. The conservative habitable zone
has an outer boundary, which is defined as the place where condensation and scattering by
CO, exceed the capacity of the greenhouse, so it is called the maximum greenhouse limit,
while the inner boundary is defined as the situation where the average surface temperature
exceeds the water critical point, triggering an uncontrolled greenhouse that causes water
to evaporate in the form of H,O in a very short time span. For the optimistic habitable zone,
the boundary within the habitable zone corresponds to the initial Venus boundary based
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on the condition that liquid water has not existed on Venus for at least 1 Gyr, and the limit of
the existence of water on the planet’s surface is seen from the beginning of the planet’s forma-
tion. The outer boundary is based on the early Martian region, which is a region dense in CO,
and warm enough for liquid water to flow on the planet’s surface (Yustika et al., 2021). For a
planet to be habitable on the surface, it must be within the habitable zone flux boundary and
terrestrial (Barnes et al., 2015). Both conditions can be met based on available transit data.

Terrestrial planets have the main composition of rock, silicate, water, metal, and/or
carbon. Based on their mass and radius, terrestrial planets are divided into sub-terran plan-
ets, terran planets, and superterran planets. Table 1-1 shows the detailed classification of
terrestrial planets.

Table 1-1: Classification of Terrestrial Planets

Type Mass (M@®) Radius (r®)
Sub-terran 0.0194 0.8481
Terran 0.0165 1.4530
Super-terran 0.0150 2.8793

The transit method is one way to find exoplanets. From exoplanet transit data, parame-
ters can be obtained that can be used to estimate the properties of the planet. The Habitability
Index for Transiting Exoplanets (HITE) value (Barnes et al., 2015) can be used to determine
whether an exoplanet can be considered habitable. The habitability potential is obtained by
calculating the probability that a planet has a solid surface and liquid-phase water on the
surface. The closer the index value is to 1, the more potentially habitable it is based on sev-
eral parameters, namely orbital period P, transit depth d, transit duration D, surface gravity
of the host star g, radius of the parent star r*, effective temperature of the parent star T*, and
impact parameters b.

This research takes confirmed exoplanet transit data from the Transiting Exoplanet
Survey Satellite (TESS) mission and additionally K2 as a follow-up mission from Kepler. Ter-
restrial mass planets (0.3-10 M@) are included in the search for habitable exoplanets; an
orbital period of greater than 10 days is necessary for planets whose mass is unknown. The
aim of this research is to determine terrestrial exoplanets that are potentially habitable by
calculating the HITE value of terrestrial exoplanets from the TESS and K2 missions, then
comparing the number of terrestrial exoplanets that are potentially habitable and those that
are not habitable.

2. Methodology

Exoplanet transit data were taken from the NASA Exoplanet Archive (NASA Exoplanet
Science Institute, n.d.), and gaps were supplemented by the Exo.MAST (Mikulski Archive
for Space Telescopes) catalog (Space Telescope Science Institute, n.d.). Then the HITE value
calculation is carried out via the HITE Virtual Planetary Laboratory (VPL) website (Barnes et
al., n.d.).

The transit method represents a simple way to detect planets. If a planet passes in front of
its parent star from the observer’s perspective, the star will show brief and periodic dimming,
indicating the presence of a planet. Transit occurs when the planet’s orbital impact parameters
with respect to the host star are in radius units. The impact parameter b is defined as the
distance projected in the sky between the center of the star disk and the center of the planet
disk at the time of conjunction, as formulated in Eq. (2-1) (Stephan & Gaudi, 2023).

_acoscosi 1-—e?
- r 1+ esinsin @, (1)

Transit is characterized by transit duration D, ingress/egress time t, and transit depth
d. The transit depth is relative to the flux outside the transit, as seen in Eq. (2-2) (Stephan &
Gaudi, 2023).
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Eq. (2-3) can be used to estimate the planet’s radius based on the relationship between
transit depth and radius.

_ 3
r, =,dr.? (3)

The transit and star data give the planet’s radius R , but not the planet’s mass M_ or the
star’s mass M, so the mass needs to be determined in another way. The mass of the star is
estimated in Eq. (2-4) (Barnes et al., 2015).

10%cg 9 r*2 (4)
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G is the universal gravitational constant equal to 6.6728 x 10! m®/kgs?, log g in units
of cm/s?, and r, in units of meters.

Modeling based on the composition of Earth-like planets (Beltzer & Miranda, 2023) is
one of the mass-radius relationships of terrestrial planets and is displayed in Eq. (2-5).
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The HITE calculation steps begin with calculating the flux limit, minimum eccentricity,
maximum eccentricity, eccentricity distribution, terrestrial conditions, and eccentricity-
albedo degeneration. Then the HITE value can be calculated, which is symbolized by H.

The flux value F depends on the luminosity L,, semi-major axis a, albedo A, and eccentricity
e, and is defined by Eq. (2-6) (Barnes et al., 2015).

Fo L(1—-4)
 16ma*V1 — e? (6)

Luminosity L, is the total energy emitted by a star per second within a spherical surface
area, calculated from radius r, temperature T, and based on the Stefan-Boltzmann Law
shown in Eq. (2-7).

L. = 4mr.?oT.* (7)

The semi-major axis a is calculated from its relationship with the period P in Kepler’s
3rd Law, shown in Eq. (2-8).

a= jG(M . +Mpy)/4m? P2 (8)

Eq. (2-9) illustrates the effective insolation received by the planet at a given distance
based on the luminosity and semi-major axis.

L. 9)
Seff = ana?

The F__ value is determined by a process called the runaway greenhouse effect. There
comes a point at which the atmosphere becomes optically thick to infrared radiation,
decoupling the surface temperature from a fixed photospheric temperature, as high surface
temperatures render water vapor a nonnegligible component of the atmosphere. A planet’s
water inventory evaporates into the atmosphere if its instellation is greater than this value,
and eventually the planet is driven into space by photodissociation and atmospheric escape.
Below this threshold, significant water vapor escape is also possible. The stratospheric water
vapor level quickly rises by orders of magnitude near the “moist greenhouse” limit, resulting
in the loss of water equivalent to the entire Earth’s surface over hundreds of megayears (Innes
et al., 2023). The analytical greenhouse flux limit is shown in Eq. 10 (Barnes et al., 2015).
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; 4 (10)
Finex = B0 (ZR ln(p*v’ﬁpog))

B is the unitary coefficient to fit the detailed radiative transfer model, o is the Stefan-
Boltzmann constant, 1 is the latent heat capacity of water, R is the universal gas constant, p,
is the pressure at which the water vapor line strength is evaluated, k is the gray absorption
coefficient, and g is the gravitational acceleration on the surface given by mass and radius in
Eq. (2-11).

M (11)
9=63

Large eccentricities in multiplanetary systems have the potential to induce dynamic
instability and planetary system destruction. The minimum eccentricity value can be derived
by comparing D with the expected duration if the planet were in a circular orbit, D_which is
expressed in Eq. (2-12) (Barnes et al., 2015).

P (12)
P

ma
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The transit duration anomaly is shown as4=D/D.A=D/D.. When combined with
Kepler’s Second Law, the minimum eccentricity of the emin can be determined in Eq. (2-13)
(Barnes et al., 2015).

At -1 (13)
emin = | 4751
The maximum eccentricity is estimated with the Gladman formalism and Hill stability,
which requires Eq. (2-14).
A* -1 (14)
emin = 2751

. where . = ﬁ, {=p+p;Y,=J1-e?*andd= % The subscript i dgnotes a planet,
M, is the mass otM the star, and a,_ and a, are the serhi-major axes of the inner and outer

planets, respectively. Eq. (2-15) gives the maximum eccentricity (Barnes et al., 2015).
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Verifying if the exoplanet is terrestrial or has a solid surface is among the most crucial
tasks. Eq. (2-16) models the chance of a planet being non-gaseous (Barnes et al., 2015).

1,7,=1.5rG,
Procky(T,) = (2.5-1,), 157 B<r,<2.57 P, (16)
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An assessment scheme for potentially habitable planets is developed by combining all of
these ideas. Eq. (2-17) first establishes the intermediate parameter h,

h(Ae)=1,F_ <F<F__ (17)
0,

with the limit 0.05 <A< 0.8 and e _ <e<e__.If h = 1 it is likely that the planet is
terrestrial. Next, the HITE value can be calculated using Eq. (2-18),

_ Zh;p;(e) (18)
- Epj(e) p?‘acky

Where j is the index (A, ), and p,(e) is the eccentricity probability distribution (Barnes
et al., 2015).

3. Result and Analysis

Whereas the masses in the NASA Exoplanet Archive catalog have been verified by other
techniques, the mass calculations on the VPL HITE website rely solely on transit data.
Furthermore, an exoplanet with an unknown mass could have a mass greater than 10M@®,
in which case it would not be classified as a terrestrial planet or as a Neptune-like planet
(10M@-100M@) (Yustika et al., 2021). HITE relies on strong assumptions and limited data.
Transit observations constrain period and radius but not eccentricity or albedo, so Barnes
et al. adopt broad priors and empirical eccentricity distributions. This “eccentricity—albedo
degeneracy” means different (e, A) combinations can fit the data, undermining precision.
Likewise, radius alone cannot confirm a rocky composition; HITE downweights large planets
as likely “mini-Neptunes,” but the 1.5 R@ - 2 R@ cut-off is uncertain. HITE also assumes
Earth-like climate physics: it uses analytic runaway-greenhouse limits and ignores clouds
or atmospheric composition differences. In sum, HITE’s conceptual weaknesses include
oversimplified climate thresholds and unknown albedo, while its methodological limits stem
from sparse transit data (missing density, atmosphere, geochemistry) and the need to impose
arbitrary priors (Barnes et al., 2015). These factors mean HITE can rank candidates but
cannot guarantee true habitability — it highlights comparative potential rather than definitive
criteria.

Transit surveys like Kepler, K2, and TESS are inherently biased toward short-period, large
planets. As Jiang et al. (2024) note, the transit method disproportionately finds planets with
short orbital periods, because these yield more frequent, detectable transits. This over-samples
“hot” worlds very close to their stars, skewing habitability statistics. For example, Kepler/K2
almost never detects Earth-analogs at 1 AU, and TESS’s 27-day per-sector baseline makes
365-day orbits essentially undetectable except in the continuous-view zones. Conversely, the
radial-velocity (RV) method finds only massive, Jupiter-like planets. These detection biases
directly affect habitability assessments. Since known planets are overwhelmingly close-in
super-Earths or Neptunes, any HITE or habitability index computed on the sample will be
biased. Inferences about the true distribution of habitable worlds must thus correct for these
selection effects. Put simply, the observational pipeline (transit geometry, mission duration,
detection threshold) imposes a bias in the sample of available planets, which must be
considered when applying HITE or other indices to assess habitability.

Table 3-1 displays the list of exoplanets from this study that may be habitable. TOI-700
d from the TESS mission has the greatest possible habitability rankings. Understanding the
planetary system, composition, environment, and atmosphere of a planet is necessary to
confirm whether exoplanets are habitable.

The main possibly habitable exoplanets are shown in Figure (3-1) and (3-2) to be located
in the semi-major axis of less than 0.2 AU and to be orbiting class M stars, or stars with
a temperature between 3000 and 4000 K. It is still possible for a host star with a lower
temperature than our Sun to be habitable on exoplanets with low semi-major axes.

When a planet’s emission reaches the feasible limit for the habitable zone, it is said to
be livable. For all terrestrial planets, the flux limit is F_,_ = 67 W/m? (Barnes et al., 2015).
For aquatic planets, the alternative F___is 330 W/m* and for terrestrial planets, 415 W/
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m?. Exoplanets with high H values in Figure (3-3) are getting closer to 330 W/m? as their
maximum flux. Exoplanets that are dry or aquatic may or may not be habitable, while dry
planets typically have low H values. H will be high at not very high fluxes for aquatic worlds
at the outer limit of the habitable zone because the available energy may be insufficient to
prevent glaciation or freezing of the planet. However, because there is less water available for
clouds, snow, and ice, land planets are more resilient to global freezing. Low-tilt land planets
are frozen at 77% and aquatic worlds at 90% near the outer boundaries (Abe et al., 2011).

TOI-700 d has an H of 0.95202 and receives a flux from its star of about 0.86 + 0.2 of
Earth’s insolation flux, which places it within the conservative outer edge habitable zone
(Gilbert, et. al., 2020) and can be seen in Figure (3-4). The green area indicates a conservative
habitable zone, and further in is an optimistic habitable zone. This result is consistent with
earlier studies that found that for F < 415 W m™, a 1 M planet might be habitable (Abe et
al., 2011).

TOI-700 d has the greatest H value of the 21 exoplanets with values larger than zero;
its value would even surpass Earth’s H value of 0.829 if transit observations are conducted.
However, this does not imply that this planet is ‘more habitable’ than Earth. This indicates
that the twin planet of Earth circles the twin host star of the Sun. The application of HITE to
the exoplanets found by Kepler demonstrated the same thing. Among them is Kepler-442 b, a
confirmed exoplanet with an H value of 0.838 (Barnes et al., 2015).
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Figure 1: Exoplanet habitability population based on semi-major axis value
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Figure 2: Exoplanet habitability population based on the effective temperature of the host
stars
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Figure 3: Exoplanet habitability population based on F___

21 exoplanets—or roughly 9.21% of the 228 exoplanets—have an H value > 0 and may
be habitable. Just 0.379% of all exoplanets are represented by the 21 potentially habitable
exoplanets in this study. Seven planets, or roughly 0.335%, of the 2,086 planets identified in
the K2 mission are possibly habitable. On the other hand, we managed to find 14 planets that
are possibly habitable, or roughly 3.54%, of the 395 planets confirmed in the TESS mission
(Figure (3-5)). Recall that there are only 129 planets in the exoplanets determined by the H
value from the TESS mission and 99 planets from the K2 mission.

Unlike Earth Similarity Index (ESI) or Planetary Habitability Index (PHI), which are
static similarity or viability scores, HITE is explicitly a probabilistic ranking for transiting
planets using only transit and stellar data. HITE incorporates uncertainty (e.g., unknown
albedo) by integrating over parameter space, whereas ESI simply plugs in measured values.
ESI and PHI assume an Earth-like life paradigm; HITE assumes Earth-like climate limits but
then weights by transit-detectable factors (flux and size). In terms of application, ESI and PHI
are general conceptual measures (often applied to compare solar-system bodies or to prioritize
targets), while HITE is tailored for survey targets: it flags which transiting exoplanets deserve
further follow-up (e.g., JWST) based on likely habitability. In short, HITE is a transit-specific
probabilistic index, whereas ESI and PHI are phenomenological indices of similarity or life
criteria. Each index yields different rankings: for example, a large rocky world may score high
on ESI (if similar radius) but low on HITE if it orbits outside the HZ or has a low terrestrial
likelihood (Schulze-Makuch et al., 2011).

Atmospheric makeup critically influences surface temperature and thus habitability.
Standard habitable zone models assume an Earth-like N, -CO,-H,O atmosphere (or sometimes
N,-CO, for outer HZ). In that framework, the inner edge is set by runaway greenhouse (water
loss) and the outer edge by CO,’s maximum greenhouse effect. For a Sun-like star, Kopparapu
et al. (2013) find these edges at =0.99 AU and 1.70 AU. This 1-1.7 AU range assumes
moderate CO, (scaling with distance) and pressure broadening by N, Indeed, enhanced N,
raises greenhouse warming (via pressure broadening of CO,/H,O lines), which can modestly
widen the HZ (Goldblatt, et. al., 2009).

By contrast, CO,-rich or H,-dominated atmospheres dramatically shift these limits. A
dense CO, atmosphere can keep a planet warm at lower instellation, effectively extending the
outer habitable zone. However, at very high CO, pressures, the climate may saturate: CO,can
condense or form reflective clouds, limiting warming. (For example, 1-10 bar CO, has been
modeled for early Mars; too much CO, could trigger glaciation despite its greenhouse effect.)
In updated HZ models, the outer edge is indeed set by CO,’s diminishing returns (Kopparapu
et al., 2013).

Most strikingly, hydrogen-rich atmospheres enable habitable temperatures far outside
the classical HZ. Pierrehumbert & Gaidos (2011) showed that collision-induced absorption
in thick H -He envelopes produces a powerful greenhouse. Tens of bars of H, can maintain
liquid-water conditions even under very low flux. Specifically, a 3 M@ planet ~40 bar H, could
be ~280 K at 10 AU from a Sun-like star (and 1.5 AU around an M dwarf.
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Such worlds (“Hycean” or mini-Neptune-like) would be considered habitable even
though they are far beyond the Earth-Sun HZ. This result implies that planets usually
thought to be too cold might sustain warmth if they retain primordial H, atmospheres.

In summary, habitability indices based solely on Earth-like atmospheres can
misjudge these cases. A planet’s ESI or HITE score assumes typical greenhouse behavior,
but a CO,-dominated planet could be habitable outside HITE’s nominal habitable zone
flux range, and an H,-enveloped planet could be habitable well below that range. Hence,
atmospheric composition is a key uncertainty. Most published HZ boundaries (and thus
HITE thresholds) do not apply if the true atmosphere is extremely different from Earth’s.
Studies explicitly modeling different compositions (e.g., using 1D /3D climate models) show
that habitable-zone limits move outward for CO,-rich cases and vastly outward for H,
cases (Pierrehumbert & Gaidos, 2011). Any habitability metric or ranking must note these
assumptions.

4. Conclusions

This study has applied the Habitability Index for Transiting Exoplanets (HITE) to a sam-
ple of 228 terrestrial-mass (0.3-10 M@) exoplanets drawn from the TESS and K2 missions,
identifying 21 candidates (9.21%) with HITE values greater than zero. Among these, TOI-700
d stands out with an exceptional HITE score of 0.952, placing it well within the conservative
habitable-zone boundaries for an M-dwarf host and reinforcing previous validations of its
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Earth-like insolation conditions. In aggregate, our results suggest that roughly 0.379% of all
confirmed transiting exoplanets to date exhibit conditions marginally consistent with surface
liquid water, underscoring both the promise and rarity of potentially habitable worlds in cur-
rent transit surveys.

However, several key limitations temper these findings. First, HITE’s reliance on tran-
sit-derived parameters (period, depth, duration, stellar radius, and temperature) necessarily
omits direct measurements of planetary mass, eccentricity, atmospheric composition, and
albedo—parameters that critically influence surface habitability. The eccentricity-albedo de-
generacy and assumptions of Earth-analog greenhouse physics introduce uncertainties that
could both under- and overestimate true habitability. Moreover, the intrinsic detection biases
of transit surveys—favoring short-period and larger-radius planets—skew the sample away
from true Earth analogs at 1 AU, while radial-velocity methods conversely bias toward mas-
sive gas giants.

To advance beyond these constraints, future work should integrate multi-method ob-
servations: radial-velocity follow-up to constrain masses and densities; transit spectroscopy
(e.g., with JWST or upcoming ELTs) to probe atmospheric compositions; and direct imaging to
detect reflected light or thermal emission. Incorporating 1D and 3D climate modeling tailored
to diverse atmospheric chemistries (CO,-rich, H,-dominated, or hybrid mixtures) will refine
habitable-zone boundaries and improve indices like HITE. Additionally, as next-generation
missions expand the discovery space to longer-period and lower-mass planets, statistical cor-
rection for selection effects will be essential to estimate the true occurrence rate of habitable
terrestrial worlds.

In conclusion, while HITE provides a practical, probabilistic ranking to prioritize tran-
siting exoplanet targets, it remains a first-order filter rather than a definitive arbiter of hab-
itability. TOI-700 d and its high-scoring peers warrant intensive follow-up, but confirming
life-sustaining environments will demand a synthesis of transit data, mass measurements,
atmospheric characterization, and detailed climate simulations. By bridging these observa-
tional and theoretical approaches, the exoplanet community can move from identifying can-
didate “Earth-likes” toward assessing their true potential to host life.
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