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ABSTRACT

Through the combined efforts of the Kepler space telescope, Transiting Exoplanet

Survey Satellite, and various other ground- and space-based observations, thousands of

exoplanets have been discovered, some Earth-sized and in the habitable zones of their

host stars. With this, the exoplanet community begins the transition from exoplanet

detection to exoplanet characterization. Detailed atmospheric characterization brings

the hope of detecting the signatures of life on other worlds and constraining the

prevalence of life in our galaxy. Probing the atmospheres of terrestrial exoplanets

in the habitable zones of their host stars will require significant time and resources,

particularly for those orbiting stars most similar to our Sun. To increase the likelihood

of success for future missions dedicated to finding habitable exoplanets and detecting

life, we should prioritize targets where life will have had sufficient time to make a

detectable impact on the atmosphere. This work expands upon and applies a method

for prioritizing targets based on the likelihood of remaining continuously within the

habitable zone for 2 billion years (Gyr), similar to the amount of time life on Earth

took to make a significant impact on our atmosphere. Chapter 1 provides a broad

background detailing how exoplanets are determined to be potentially habitable

and their estimated occurrence rate, current and future missions that will search

for the signatures of life and what they will search for, and the importance of

target prioritization and how continuous habitable zone estimates can aid in this

effort. Chapter 2 updates and expands upon a Bayesian method for calculating the

likelihood an exoplanet is within the 2 Gyr continuous habitable zone (CHZ2), using

a combination of stellar evolution tracks and habitable zone models, and applies this

method to a sample of known potentially habitable exoplanets. Chapter 3 explores

an alternative to the commonly used method of defining habitable zone boundaries,
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pairing results from a perturbed parameter ensemble of planetary atmosphere general

circulation models with the Bayesian CHZ2 framework. Chapter 4 presents an updated

grid of stellar evolution tracks and applies the Bayesian CHZ2 method to the current

highest priority targets for the future NASA Habitable Worlds Observatory. This

method is also generalized such that it can be easily incorporated into an open-source

stellar model grid interpolation code and used with any stellar model grid or habitable

zone prescription.
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Chapter 1

OVERTURE

We currently stand at the precipice of answering - or at least constraining - one

of the fundamental questions of humanity: are we alone? With the discovery of

thousands of exoplanets, primarily through dedicated space telescope surveys like

Kepler (Borucki et al. 2010) and the Transiting Exoplanet Survey Satellite (TESS )

(Ricker et al. 2014), > 30 Earth-sized planets orbiting in the habitable zone (HZ)

of their host stars have been identified (Hill et al. 2023). With an ever increasing

number of known terrestrial HZ exoplanets, the exoplanet community has begun the

transition from exoplanet detection to exoplanet characterization. The James Webb

Space Telescope (JWST ) has enabled astronomers to start searching for atmospheres

around terrestrial HZ exoplanets transiting the nearest, lowest mass M dwarf stars

(Cadieux et al. 2024; Damiano et al. 2024). Future high-contrast direct imaging

missions, such as the planned NASA Habitable Worlds Observatory (HWO), will

deliver the needed sensitivity to probe the atmospheres of Earth-sized planets in the

HZ of Sun-like (F-, G-, K-type) stars (Fujii et al. 2018; The LUVOIR Team 2019;

Gaudi et al. 2020). With detailed atmospheric characterization comes significantly

greater observational cost, emphasizing the need for proper target prioritization in

order to maximize the chance of detecting Earth-like life or demonstrate the rarity of

Earth.
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1.1 Defining Potentially Habitable Exoplanets

With only one data point for a habitable world, Earth, an exoplanet’s potential

habitability is currently defined only by whether the exoplanet has a rocky composition

and if the exoplanet presently resides in the HZ of its host star. Determining if an

exoplanet has a nominally rocky composition requires modeling the interior structure

using the mass, radius, and bulk composition as inputs (Unterborn et al. 2023).

However, the large number of exoplanets discovered by the Kepler mission provided a

constraint on the upper radius limit for rocky planets through population statistics.

A dearth was found in the number of exoplanets discovered between ∼ 1.5 − 2 R⊕

(Fulton et al. 2017), now known as the small planet “radius valley” (Figure 1.1). This

radius valley separates rocky super-Earths from gaseous sub-Neptunes.

The proposed mechanism that causes the distinction between these two regimes

is thermally-driven atmospheric escape of the primordial H-He envelopes planets

form with. Small, short period planets below the radius valley lose their primordial

atmospheres to space soon after formation through XUV-driven photoevaporation

(e.g., Owen and Wu 2017) and/or core-powered mass loss (e.g., Gupta and Schlichting

2019), whereby the atmosphere is heated sufficiently by the cooling core to drive escape.

Above the radius valley, the mass of the planet is sufficient to retain the primordial

atmosphere. The trough of the radius valley occurs at ∼ 1.7 − 1.8 R⊕, which is

typically taken to be the upper radius limit for rocky planets. This corresponds to

an upper mass limit of ∼ 8− 9 M⊕, assuming an Earth-like composition and interior

structure (Zeng, Sasselov, and Jacobsen 2016). To a first order approximation, these

radius and mass limits can be used to determine if a discovered exoplanet is potentially

rocky.
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Figure 1.1. Modified figure from Cloutier 2024 showing the distribution of planet
radii for discovered short period exoplanets. The radius valley between ∼ 1.5− 2 R⊕
separates small, rocky super-Earths from gaseous sub-Neptunes.

For a rocky exoplanet to be considered potentially habitable, it must reside within

the host star’s HZ. This is typically defined by the orbital area around a star where the

flux received by a planet allows the presence of liquid water on the surface, assuming

an Earth-like atmosphere. In the simplest case, the HZ boundaries are calculated by

scaling the current HZ boundaries for our solar system with respect to the host star’s

luminosity:

d = d⊕ ×
(

L

L⊙

)0.5

(1.1)
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where d⊕ is the inner HZ (IHZ) or outer HZ (OHZ) boundary for Earth, L is the

host star luminosity, and L⊙ is the Sun’s luminosity. In reality, the HZ distance

also depends on the stellar effective temperature (Teff) (e.g., Kasting, Whitmire, and

Reynolds 1993), which determines the wavelength of peak energy emission according

to Wien’s Law. The total stellar flux absorbed by a planet is dependent on the

wavelength, with reflection due to Rayleigh scattering increasing and absorption

due to the dominant greenhouse gases, H2O and CO2, decreasing with increasing

wavelength. The limiting effective stellar flux is typically expressed relative to Earth,

with Seff = S/S⊕, and is determined via climate models for an Earth-like planet.

At the IHZ, the limiting Seff usually corresponds to two possible scenarios: a moist

or runaway greenhouse. Once a planet is close enough to the star that the mean

surface temperature reaches ∼ 340 K (for 1D models), a moist greenhouse may occur

where the stratosphere becomes sufficiently wet for photolysis to cause the volume of

Earth’s oceans to escape in ∼ 4.5 Gyr (Kasting, Whitmire, and Reynolds 1993). At

closer distances, a runaway greenhouse may ensue where a thermal runaway, caused

by water vapor rendering the atmosphere opaque to outgoing long-wave radiation,

pushes surface temperatures past the critical point of water (∼ 647 K at 220 bars,)

and the oceans fully evaporate. At the OHZ, the limiting Seff corresponds to the

maximum greenhouse or complete freezing point. By increasing the partial pressure

of CO2 and moving the planet outward, the maximum greenhouse boundary is found

when the cooling effects of Rayleigh scattering and CO2 condensation dominate over

the CO2 greenhouse (Kasting, Whitmire, and Reynolds 1993). Similarly, the complete

freezing point, assuming a constant amount of CO2, denotes the point where the

planet becomes permanently covered in snow or ice (Abe et al. 2011).

A commonly used set of HZ constraints are from the 1D, cloud-free, radiative

4



convective models of Kopparapu et al. 2013; Kopparapu et al. 2014, which furthered

the pioneering work of Kasting, Whitmire, and Reynolds 1993. The authors report

predictive equations for the limiting Seff at the IHZ and OHZ with respect to Teff for

an idealized Earth model. These take the form

Seff = a1Teff + a2T
2
eff + a3T

3
eff + a4 (1.2)

where ai are the coefficients from the regression on the Seff limits for each value of

Teff . Taking the effect of Teff into account, Eq. 1.1 becomes

d =

(
L/L⊙

Seff

)0.5

AU. (1.3)

The resulting HZ range for Earth is ∼ 0.95 − 1.68 AU for the runaway and max-

imum greenhouse case. However, the Kopparapu et al. 2014 HZ limits take into

account results from 3D general circulation models (GCM) (Leconte, Forget, Char-

nay, Wordsworth, Selsis, et al. 2013). Without accounting for the GCM results, the

runaway greenhouse limit would be ∼ 1 AU, placing Earth right on the boundary

and highlighting the limitations of 1D models. While 1D models benefit from their

relative simplicity and fast equilibration times, they are unable to self-consistently

account for clouds, surface variations, atmospheric and oceanic heat transport, and

orbital variables that would lead to uncertainty in HZ estimates. GCMs are able

to account for these multidimensional effects, enabling more realistic simulations

of planetary climates at the cost of added complexity. Using 1D and 3D models,

numerous HZ constraints have been reported over the past two decades and convey

the multitude of planetary properties that may effect the climate, such as atmospheric

composition (e.g., Kopparapu et al. 2013; Wolf and Toon 2013; Del Genio et al. 2019),

mass (Kopparapu et al. 2014), rotation rate (e.g., Yang, Cowan, and Abbot 2013;
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Kopparapu et al. 2017; Jansen et al. 2019; Chen et al. 2019), water inventories and

surface water distributions (e.g., Abe et al. 2011; Kodama et al. 2018; Kodama et

al. 2019), and the initial conditions following formation (Turbet et al. 2021; Turbet

et al. 2023). Figure 1.2 provides a summary of some recent HZ constraints from the

literature. These studies show the potential diversity of habitable and uninhabitable

terrestrial exoplanet atmospheres, but prove the difficulty of estimating an exoplanet’s

potential habitability when focusing on a small set of possible planetary and system

configurations. We may need a more concerted effort to determine a generalized

and flexible HZ that takes into account as many stellar and planetary parameters as

possible.

1.2 The Importance of Target Prioritization

A key goal of the Kepler mission was to determine η⊕, the occurrence rate of

terrestrial HZ exoplanets orbiting Sun-like stars. Using constraints on rocky planet

sizes and the HZ, various studies sought to determine η⊕ (e.g., Silburt, Gaidos, and Wu

2015; Kopparapu et al. 2018; Bryson et al. 2021). These give a range of ∼ 0.064− 0.88

planets per star, depending on the definition of Sun-like stars, rocky planet sizes, HZ

range, the exoplanet sample and properties used, and how survey selection effects

and biases are handled. The Astro2020 Decadal Survey recommended NASA design

a direct imaging mission with a 6-m aperture to search for and obtain atmospheric

spectra of ∼ 25 potentially habitable exoplanets in an effort to constrain the prevalence

of habitable planets. This number is based off an adopted occurrence rate of η⊕ = 0.24

(Kopparapu et al. 2018), approximately in the middle of estimates assuming more
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Figure 1.2. Modified figure from Wolf et al. 2017 showing various constraints from
the literature for the (a) IHZ, (b) OHZ (b), and (c) the full HZ range. Tidally locked
planets fall below the light yellow shaded region. Diamonds and solid lines denote
IHZ constraints. Triangles and dashed lines denote OHZ constraints.

conservative HZ limits. Achieving this goal will require surveying the HZs of ∼ 100

nearby stars and makes it clear why a dedicated direct imaging mission is needed.

While JWST may be capable of detecting atmospheric biosignatures (Stevenson

et al. 2016), markers indicating the presence of life, these observations rely on the
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transit method. Transmission spectroscopy requires that the exoplanet pass in front

of the host star relative to Earth, enabling an absorption spectrum of the exoplanet’s

atmosphere to be obtained as the star’s light passes through (e.g., Sing 2018). This

first limits the available targets to those with edge-on orbital planes relative to the

line-of-sight to Earth. Assuming a random distribution for orbital plane inclinations,

the probability of observing a transit can be estimated from the ratio of the stellar

radius to the orbital radius. For Earth orbiting the Sun, this corresponds to a ∼ 0.47%

chance of observing a single transit. Additionally, the depth of the transit signal is

proportional to the planetary radius over the stellar radius squared, giving a ratio

of ∼ 8× 10−5 for the Earth and Sun. Therefore, JWST will be limited to terrestrial

HZ exoplanets transiting the smallest, nearby M dwarfs where the orbital periods

are short and the planet-star radius ratio is larger (e.g., Greene et al. 2016; Morley

et al. 2017).

The method of directly imaging exoplanets, where an image or spectrum is taken

directly of reflected or emitted light from the planet with the aid of a coronagraph

blocking the star, provides several benefits compared to transits in the search for

habitable exoplanets around Sun-like stars (e.g., Kaltenegger and Traub 2009; Snellen

et al. 2015). Direct imaging is not limited by the orbital plane inclination, enabling

observations of both transiting and non-transiting exoplanets. Also, the spectrum

of the planet does not need to be disentangled from the spectrum of the star, which

can cause significant degeneracies for exoplanets orbiting active stars (e.g., Apai

et al. 2018; Rackham, Apai, and Giampapa 2018). As accurately determining the

potential habitability of a planet will require probing the near-surface conditions

and biosignatures that aren’t present at higher altitudes, reflected light observations

provide a shorter line-of-sight through the atmosphere down to the surface (e.g., The
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LUVOIR Team 2019; Gaudi et al. 2020). The main problem with direct imaging is

the needed sensitivity to detect Earth-sized exoplanets, where the planet-star contrast

ratio is ∼ 10−10 for the Earth and Sun. This is why only next-generation, direct

imaging space telescopes will be capable of achieving the goals set by the Decadal

Survey, as current technologies need further development (Fujii et al. 2018).

With a planned aperture of ∼ 6 meters, a coronagraph to suppress starlight, and

the need to both image and spectrally characterize terrestrial HZ exoplanets in a

reasonable amount of time, the number of stars accessible to HWO will be limited

(Mamajek and Stapelfeldt 2024). Exoplanets in the HZ must be bright enough to

observe and sufficiently separated from the host star such that the exoplanet will

not be covered by the coronagraph. The minimum separation will be determined

by the inner working angle (IWA) of the coronagraph, which is the on-sky angle

blocked by the coronagraph, and the distance to star. All combined, this will largely

limit targets to the nearest Sun-like stars, with the majority of M dwarfs being too

faint and having too small and close-in HZs to be observable. The NASA Exoplanet

Exploration Program mission star list (EMSL) for HWO (Mamajek and Stapelfeldt

2024) compiled the currently most accessible targets for this survey. Taking into

account the conservative moist and maximum greenhouse HZ limits for Earth ((0.95-

1.67 AU,) Kasting, Whitmire, and Reynolds 1993; Kopparapu et al. 2013) scaled by

Eq. 1.1 for other stars, exoplanet brightness, planet-star contrast ratio, the presence

of dust disks and/or close-in binaries, and hypothetical IWAs for HWO, the EMSL

reports a total of 164 potential targets. These targets are prioritized according to Tiers

A, B, and C based on the constraints used, with Tier A stars meeting the strictest

constraints (Table 1.1).

As a driving force behind the goal of atmospheric characterization is the detection
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Table 1.1. EMSL tier constraints

Parameter Tier A Tier B Tier C

IWA (mas) 83 72 65

Exoplanet brightness (Rc mag) ≤ 30.5 ≤ 31 ≤ 31

Contrast ratio ≥ 4× 10−11 ≥ 4× 10−11 ≥ 2.5× 10−11

Disk criterion No disk ≤ 10−4 contrast All disks allowed

Binary separation > 10” 5− 10” 3− 5”

F stars 14 15 37

G stars 15 23 17

K stars 17 11 12

M stars 1 2 0

Total stars 47 51 66

of biosignatures, further prioritization will be essential to maximize the chance of

detecting life on another world. Commonly cited atmospheric biosignatures, and

signatures of a potentially habitable planet, which may have been detectable at

various points in Earth’s history are O2, O3, CH4, and H2O (e.g., Schwieterman

et al. 2018). Ruling out abiotic false positives will likely require the detection of

multiple biosignatures, such as O2 and CH4, which makes obtaining as complete a

spectrum as possible critical. Obtaining a full spectrum of modern Earth from 0.2− 2

µm with a sufficient signal-to-noise ratio (SNR) could take ∼ 102-105 hours of exposure

time (Figure 1.3) (The LUVOIR Team 2019), not including the initial time required

to survey the HZs of each target for terrestrial exoplanets. The EMSL assumed an

upper limit of 60 days of total integration when selecting suitable targets, indicating

targets may be observed for months to achieve the desired goals. Without proper

prioritization, significant time and resources may be dedicated to targets with lower

likelihoods of hosting detectable life.
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Figure 1.3. Figure from the LUVOIR Final Report (The LUVOIR Team 2019) showing
the required exposure time per bandpass (left axis) to achieve SNR=8.5 for LUVOIR-B
(similar to concepts for HWO). The box and whisker plots show the median, 50%,
and 95% confidence intervals for the exposure time required to observe each bandpass
of the spectrum for modern Earth plotted underneath. The values above each box
and whisker are the percentage of targets for which a full spectrum can be obtained
over the mission lifetime.

1.3 Continuous Habitable Zones

For defining potentially habitable exoplanets, we used the current HZ boundaries

and assumed that the HZ is static. However, the HZ is not static and is inherently tied

to the host star’s evolution as L and Teff evolve with time. Calculating the evolution

of the HZ requires combining stellar evolution models, or functions describing the

luminosity evolution of the star (e.g., Gallet et al. 2017), with HZ models. Figure 1.4

shows the evolution of the HZ for a 1 M⊙, solar metallicity star from the pre-main

sequence to the red giant branch. The continuous habitable zone (CHZ) can be defined

as the orbital area remaining continuously with the HZ for some length of time. For

determining the CHZ, one usually starts from the beginning of the main sequence

(MS), which is referred to as the zero-age main sequence (ZAMS), and ends at the

terminal-age main sequence (TAMS). Prior to the ZAMS, planets are still undergoing

formation and significant evolution occurs as the star contracts until conditions in
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the core are sufficient for the fusion of hydrogen. At the ZAMS, the approximate

minimum in L is reached and increases from then on. Following the TAMS, the star

once again rapidly evolves, expands, and the HZ moves quickly outward. We must

consider the stellar evolutionary history to properly assess whether an exoplanet or

system is suitable for detailed characterization. It should be noted that a robust

analysis of an exoplanet’s potential for habitability and the presence of life requires

an interdisciplinary effort, taking into account additional factors like stellar activity

and planetary geophysical and chemical evolution (e.g., Lammer et al. 2009; Güdel

et al. 2014). However, we must start by considering the L and Teff evolution of the

host star, for which we will have the most complete information and understanding.

Figure 1.4. Figure from Gallet et al. 2017 showing the evolution of the HZ for a 1
M⊙, solar metallicity star. The IHZ (red) and OHZ (black) are shown for various HZ
prescriptions. The blue lines at the bottom mark various evolutionary phases.
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This work focuses on expanding upon a catalog of stellar evolution tracks and

a method for estimating the likelihood of exoplanet continuous habitability (Truitt

et al. 2015; Truitt and Young 2017; Truitt et al. 2020), as well as applying this method

to known terrestrial HZ exoplanets and systems. We use a definition for the CHZ

describing the orbital area around a star that has remained continuously within the

HZ for at least 2 Gyr, here referred to as the CHZ2. This constraint corresponds to

when the Great Oxidation Event occurred on Earth, about 2 Gyr after formation,

and denotes the approximate time life on Earth took to make a detectable impact

on the atmosphere (e.g., Holland 2006). At this point, modern Earth’s canonical

biosignatures, O2 and O3, became potentially observable (Figure 1.5). How long a

given orbital radius will remain in the CHZ and whether a CHZ2 will even exist is

governed by the stellar lifetime. The MS lifetime of a star is primarily determined by

the initial stellar mass, as more massive stars consume their hydrogen fuel quicker,

with tMS ∼ M−2.5 for Sun-like stars. The secondary determinant is the initial stellar

metallicity (Z), the fraction of elements heavier than helium, which impacts the

efficiency of energy transport within the stellar interior. Increasing metallicity will

increase the atmospheric opacity, reducing the efficiency of energy transport and

increasing outward pressure. This causes less energy production to be needed to resist

gravitational collapse and maintain hydrostatic equilibrium.

Knowledge of the initial mass and metallicity are sufficient to determine the

likelihood a given orbital radius is within the CHZ2 over the full MS lifetime. By

taking the output L and Teff from stellar evolution models, initialized for a given mass

and metallicity, the HZ boundaries are calculated over time (Figure 1.6). Summing the

total time spent in the HZ for a given orbital radius and comparing to the total length

of the evolution track determines the likelihood of continuous habitability. However,
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Figure 1.5. Figure from the LUVOIR Final Report (The LUVOIR Team 2019) showing
the atmospheric composition (left) and simulated spectra (right) throughout Earth’s
history. Modern Earth’s canonical biosignatures, O2 and O3, become potentially
observable ∼ 2 Gyr after formation during the Proterozoic eon.

an observer will want to know the probability of continuous habitability at the time

of observation, not the full MS. This requires constraining the current evolutionary

stage via measurement of the stellar age. We will discuss the difficulties of measuring

stellar ages for field stars in this work, but we must often rely on comparisons to

stellar evolution tracks.
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Figure 1.6. Figure from Truitt et al. 2015 showing the IHZ (black) and OHZ (dark
grey) at the ZAMS (solid) and TAMS (dashed) with respect to stellar mass. The
range of orbital radii that would at some point, over the full MS lifetime, be in the
HZ for 2 Gyr or longer are indicated by the dotted lines and shaded region.

1.4 Thesis Overview

Chapter 2 presents an updated version of the Bayesian method used in Truitt

et al. 2020 to estimate the likelihood that specific exoplanets are currently in the

CHZ2. The authors considered the orbital radius of a potentially habitable planet and,

by comparing measured host star properties to those from stellar evolution models, fit

a HZ evolution model. They used only the measured stellar mass and metallicity to

constrain the fit to HZ models over the full MS lifetime. We incorporated stellar age

in the Bayesian calculation, allowing us to determine the current probability that a
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specific radius is in the CHZ2. We then applied this method to Venus, Earth, Mars,

and a sample of 9 terrestrial HZ exoplanets, combining an updated grid of stellar

evolution models with the widely used HZ prescriptions from Kopparapu et al. 2013;

Kopparapu et al. 2014. We demonstrate the importance of having precise stellar ages

when calculating the likelihood an exoplanet is in the CHZ2, which is most exemplified

by the results for our own solar system.

Chapter 3 explores an alternative to how HZ prescriptions are typically derived,

where the instellation is increased or decreased, for a limited set of planetary config-

urations, until the planet’s climate reaches a limiting stellar flux and transitions to

an uninhabitable state. We incorporate a new HZ model using results from Kiang

et al. (2024, in prep). The authors use the ROCKE-3D GCM to model a perturbed

parameter ensemble (PPE) of terrestrial planetary atmospheres. They sample 11

variables, including Teff , instellation (S0X), CO2 pressure, and additional planetary

orbital, atmospheric, and surface parameters, for Earth-size planets in circular orbits.

By performing a multivariate regression on the output model atmosphere diagnostics,

we determine predictive equations for the HZ with uncertainty estimates, a novel fea-

ture for HZ prescriptions. This enables us to propagate an error through the Bayesian

HZ model and place confidence bounds on the probability of any given orbital radius

being in the CHZ2. Although our results were impacted by sampling errors in the

land planets ensemble, we still demonstrate the benefit of determining HZs with large

GCM PPEs and pairing these within a Bayesian framework for predicting continuous

habitability.

Chapter 4 applies our Bayesian HZ evolution method to the set of stars in the

EMSL (Mamajek and Stapelfeldt 2024). The EMSL represents the sample of nearby

stars with HZs most accessible to a future direct imaging survey with a 6-m-class
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telescope. The current system of prioritization for these targets uses the HZ boundaries

for our solar system from Kopparapu et al. 2013 scaled by the relation given in Eq. 1.1.

There is no consideration of Teff and HZ evolution, presenting a perfect opportunity

to demonstrate our Bayesian HZ evolution method on a large set of high-priority

targets. In order to encompass the diversity of stars in the EMSL, we generate an

updated grid of stellar evolution tracks with the Tycho stellar evolution code (Young

and Arnett 2005), which includes a new set of opacities, nuclear reaction rates, and

initial abundances. The updated grid spans masses of 0.2 − 1.6 M⊙, metallicities

([M/H]) of -1.75 to 0.5 dex, and evolutionary phases from the pre-MS to the end

of the subgiant branch. We will make the grid of stellar evolution tracks publicly

available through GitHub. We use the HZ prescriptions from Kopparapu et al. 2014,

but incorporating the recent water condensation limit proposed in Turbet et al. 2023.

Finally, we demonstrate an easy method for calculating CHZ2 likelihoods with any

model grid using the open source stellar model grid interpolation tool kiauhoku

(Claytor et al. 2020).
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Abstract

The number of potentially habitable planets continues to increase, but we lack the

time and resources to characterize all of them. With ∼ 30 known potentially habitable

planets and an ever-growing number of candidate and confirmed planets, a robust

statistical framework for prioritizing characterization of these planets is desirable.

Using the ∼ 2 Gyr it took life on Earth to make a detectable impact on the atmosphere

as a benchmark, we use a Bayesian statistical method to determine the probability

that a given radius around a star has been continuously habitable for 2 Gyr. We

perform this analysis on 9 potentially habitable exoplanets with planetary radii < 1.8

R⊕ and/or planetary masses < 10 M⊕ around 9 low-mass host stars (∼ 0.5− 1.1 M⊙)

with measured stellar mass and metallicity, as well as Venus, Earth, and Mars. Ages

for the host stars are generated by the analysis. The technique is also used to provide

age estimates for 2768 low-mass stars (0.5−1.3 M⊙) in the TESS Continuous Viewing

Zones.

2.1 Introduction

The search for habitable worlds is at the forefront of astronomy and astrobiology.

Over 4000 currently confirmed exoplanets and over 5000 Transiting Exoplanet Survey

Satellite (TESS ) candidates (Ricker et al. 2014) are currently cataloged. It is now

known that exoplanets are fairly common in the habitable zones (HZ) of Sun-like and

M-type stars (e.g., Tarter et al. 2007; Batalha et al. 2011; Petigura, Howard, and

Marcy 2013; Dressing and Charbonneau 2015; Bryson et al. 2020), and rocky planets

have been found inside HZs (e.g., Dittmann et al. 2017; Gillon et al. 2017; Bryson

et al. 2021). Preliminary target lists have been mooted for NASA direct imaging
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missions: HabEx (Gaudi et al. 2020), LUVOIR A/B (The LUVOIR Team 2019),

and Starshade Rendezvous (Seager et al. 2019). Therefore, it is now important to

quantitatively characterize these known and potential planetary systems in terms

of potential for habitability. The large number of theoretical and observational

uncertainties mean that any given planet can only be assigned a probability that it is

within the HZ and has been for some amount of time. With many known HZ planets,

and additional HZ planets likely to be discovered by current and future missions,

a robust statistical framework with estimates of as many contributing probability

distributions is desirable.

Each system with planets inside the HZ is of interest due to the potential for

the emergence of life. However, we assume that life’s ability to establish itself relies

largely on the stability of the planet’s environment (e.g., McKay 2014; Dong et

al. 2018). We therefore need to know how long a planet has resided within the HZ to

accurately predict the likelihood of life emerging and making a detectable impact on

the planet’s environment. Determining the length of time a planet spends in the HZ is

difficult due to the various uncertainties in the actual definition of the HZ and in the

characterization of the planetary system. Using the time it took for life on Earth to

significantly alter the atmosphere as a benchmark, we can use a Bayesian method to

determine the likelihood that a planet in a given system will spend a similar amount

of time in the continuous habitable zone (CHZ).

Previous work has shown that life on Earth made a detectable impact on the

atmosphere after ∼ 1− 2 Gyr following the Earth’s formation (Kasting, Whitmire,

and Reynolds 1993; Brocks et al. 1999; Kopp et al. 2005; Anbar et al. 2007; Crowe

et al. 2013), with the Great Oxidation Event (GOE) occurring around 2 Gyr following

formation (Summons et al. 1999; Kasting and Catling 2003; Holland 2006). Following
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the work of Truitt et al. 2015, Truitt and Young 2017, and Truitt et al. 2020, we

therefore define the orbital area around a host star that will remain habitable for at

least 2 Gyr, here called the 2 Gyr continuous habitable zone (CHZ2), as a conservative

estimate of the potential habitability of planets in the system across the entire main

sequence. More importantly, for specific planets, it is necessary to determine whether

they have already spent 2 Gyr in the HZ. We acknowledge that different timescales

could be adopted considering the HZ lifetimes of planets around various stellar types

(Rushby et al. 2013), but using Earth’s evolutionary history is a useful starting point

in order to narrow down the list of potentially habitable planets. Different timescales

can also be adopted considering the history of disequilibrium chemistry in the Earth’s

atmosphere. As far back as the Archean eon (4.0 − 2.5 Gyr ago), likely levels of

biogenic CH4 spurred detectable disequilibrium chemistry (Krissansen-Totton, Olson,

and Catling 2018). However, the magnitude of the Earth’s atmospheric disequilibrium

increased with time in correlation with increased biomass and the evolution of oxygenic

photosynthesis. Therefore, we find 2 Gyr to be a sufficiently conservative amount of

time to allow life to make a large, detectable impact on a planet’s atmosphere. Our

framework is flexible and allows this limit to easily be adjusted in the future.

Placing a likelihood on the current potential habitability of a detected planet will

require knowing the age of the system, but difficulties in directly measuring stellar

ages (Soderblom 2010) means field stars typically lack age measurements. By fitting

measurements of stellar properties to stellar evolutionary tracks, we can calculate

approximate ages for field stars. Uncertainties on estimates of stellar ages for Sun-like

stars are often on the order of 1 Gyr (Soderblom 2010; Torres, Andersen, and Giménez

2010). However, even a poorly known age can influence the prioritization of planets

by considering the necessary time for life to produce detectable biosignatures in their
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atmospheres. Stellar age estimates then prove critical for stars without proper age

measurements.

Along with our age estimates from fits to stellar evolution tracks, we incorporate

age measurements from the literature. A common observational measurement method

for field stars is gyrochronology, an approach to estimating the age of a low-mass

star via its rotation period. Over the course of a typical solar-type star’s life (F7

- K2 type, Mamajek and Hillenbrand 2008), magnetic braking leads to the loss of

angular momentum through mass loss (Weber and Davis 1967), which in turns causes

a slowdown in the rotation rate (Skumanich 1972). By comparing field star rotation

periods to stars with known ages and periods, the age of the star can be roughly

constrained. Barnes 2007 presents a color-dependent law for the rotational period of

solar-type stars, which can be used to create gyrochrones or plots of stars with the

same age, but differing periods and colors. If a star’s rotational period and color is

known, they can be matched to the nearest gyrochrone and give an estimate of the

age.

Samples of potentially habitable exoplanets can vary greatly depending on the HZ

and terrestrial planet limits. Determining which planets around a star lie within the HZ

requires using a model to determine where liquid surface water could potentially exist.

These models can vary from a simple consideration of the stellar flux to more complex

models considering a range planet masses and atmospheric compositions. Depending

on the size of the estimated HZ, contrasting models can predict a significantly different

sample of potentially habitable planets. Using optimistic constraints for the HZ

(Kopparapu et al. 2013) and rocky-planet boundaries (Zeng, Sasselov, and Jacobsen

2016; Fulton et al. 2017; Thompson et al. 2018), we estimate there to be ∼ 30 currently

known potentially habitable exoplanets.
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With these goals in mind, we use a Bayesian statistical method to determine the

likelihood that a given radius from each star has been continuously habitable for 2 Gyr

(Truitt et al. 2020) for 9 potentially habitable exoplanets around 9 0.5− 1.1 M⊙ host

stars with planetary radii < 1.8 R⊕ and/or masses < 10 M⊕ (see Section 2.2.1), as well

as Venus, Earth, and Mars. The results are intended to inform target prioritization

for future NASA missions, such as LUVOIR and HabEx, and ground-based follow-up

aimed at characterizing potentially habitable worlds. For planets that are not viable

candidates for follow-up with these missions due to distance or other factors, this

procedure provides characterization that can be validated by the observable planets,

providing a statistical estimate of the habitability potential of the local region of the

Galaxy. The method also enables rapid characterization of future discoveries in the

working angles of HabEx and LUVOIR target stars.

We use stellar mass, metallicity, and age, with their associated uncertainties, to

be our observational priors. Because stellar ages are not known for many systems,

we also develop an algorithm to determine best-fit model ages, generated using the

Tycho database of stellar evolution models, for potentially habitable systems. We

compare best-fit model ages for the sample of 9 potentially habitable exoplanet host

stars to known ages and perform the CHZ2 analysis. As an addition to this work, we

determine best-fit ages for a sample of 2768 TESS Continuous Viewing Zone (CVZ) F,

G, K, and early-M stars between 0.5− 1.3 M⊙. Future work includes expanding this

Bayesian method to include additional stellar and planetary properties and testing

various HZ model prescriptions.
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2.2 Methods

2.2.1 Sample Selection

We chose a sample of 9 potentially habitable exoplanets around host stars approx-

imately 0.5− 1.1 M⊙ with the lower limit determined by the current lower mass limit

on the Tycho Stellar Evolution Catalog. Parameters for the sample of exoplanets are

listed in Table 2.1 and the associated host star parameters are listed in Table 2.2.

The planets have radii < 1.8 R⊕ and/or masses < 10 M⊕, putting them within the

optimistic range for rocky planets. The upper radius limit for rocky planets is adopted

from Fulton et al. 2017; Thompson et al. 2018. 1.8 R⊕ is the approximate center of

the 1.5 − 2.0 R⊕ gap between rocky (“super-Earth”) and gaseous (“mini-Neptune”)

planets, indicating an optimistic threshold. For candidates with mass measurements,

we adopt the upper mass limit derived from the planetary mass-radius relation for

rocky cores from Zeng, Sasselov, and Jacobsen 2016, M = R3.7. Assuming the above

upper radius limit of 1.8 R⊕, we determine a value of ∼ 9 M⊕ and round up to 10 M⊕.

All 9 planets have instellation values within the optimistic Recent Venus (RV) inner

habitable zone (IHZ) and Early Mars (EM) outer habitable zone (OHZ) boundaries

for their system, calculated using the equations defined in Kopparapu et al. 2013 and

discussed in Section 2.2.3. From a HZ perspective, these are high-priority candidates

for spectral characterization.
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Table 2.1. Selected potentially habitable planets

Planets M⊕ R⊕ Period [d] Ref. NexSci Conf.?a

Kepler-1455 b - 1.75 49.27684 1 Y

Kepler-438 b - 1.12 35.23319 2 Y

KIC-7340288 b - 1.51 142.5324 3 N

Kepler-441 b - 1.462 207.2482 4(R),1(P) Y

Kepler-442 b - 1.34 112.3053 2 Y

HD 40307 g 7.1 - 197.8 5 Y

Kepler-62 f - 1.531 267.291 4(R),6(P) Y

Kepler-1544 b - 1.685 168.8116 4(R),7(P) Y

Kepler-452 b - 1.511 384.843 4(R),8(P) Y

References: 1. Thompson et al. 2018 2. Torres et al. 2015 3. Kunimoto, Matthews,
and Ngo 2020 4. Berger et al. 2018 5. Tuomi et al. 2013 6. Borucki et al. 2013 7.
Torres et al. 2017 8. Jenkins et al. 2015
aNexSci confirmed exoplanet via two different detection methods

2.2.2 Tycho Stellar Evolution Catalog

We use the stellar evolution code Tycho (Young and Arnett 2005) to expand the

catalog of evolutionary tracks in Truitt et al. 2015 and Truitt and Young 2017. Tycho

is a 1D stellar evolution code that utilizes a hydrodynamic formulation of the stellar

evolution equations. Tycho contains OPAL opacities (Alexander and Ferguson 1994;

Iglesias and Rogers 1996; Rogers and Nayfonov 2002), utilizes a combined OPAL and

Timmes equation of state (Timmes and Arnett 1999; Rogers and Nayfonov 2002),

gravitationally induced diffusion (Thoul, Bahcall, and Loeb 1994), general relativistic

gravity, automatic rezoning, and an adaptable nuclear reaction network paired with

a sparse solver. Low-temperature (∼ 2400 K) opacities, which include dust grain

opacities, were added in Truitt and Young 2017 and are based on Ferguson et al. 2005

and Serenelli et al. 2009. Tycho uses an adaptable 177 element network up to 74Ge
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Table 2.2. Stellar parameters for potentially habitable systems

Stars M/M⊙ Teff [K] log(L/L⊙)a [M/H]

Kepler-1455 0.528+0.036
−0.030 (1) 3899± 78 (2) −1.233+0.056

−0.081 (2[R,T]) −0.21± 0.11 (3)

Kepler-438 0.544+0.028
−0.043 (1) 3748± 112 (4) −1.357+0.142

−0.138 (4) 0.16± 0.14 (4)

KIC-7340288 0.57+0.02
−0.01 (5) 3949+79

−52 (5) −1.190+0.088
−0.111 (6) −0.31± 0.14 (7)

Kepler-441 0.573± 0.026 (1) 4340± 87 (8) −1.067+0.048
−0.053 (8[R,T]) −0.58± 0.15 (1)

Kepler-442 0.613± 0.03 (1) 4402± 88 (8) −0.862+0.048
−0.053 (8[R,T]) −0.37± 0.1 (4)

HD 40307 0.71± 0.02 (9) 4827± 44 (10) −0.642+0.011
−0.012 (11) −0.25± 0.03 (10)

Kepler-62 0.727+0.029
−0.059 (1) 4859± 97 (8) −0.595+0.048

−0.052 (8[R,T]) −0.37± 0.04 (12)

Kepler-1544 0.743+0.034
−0.030 (3) 4852± 97 (8) −0.604+0.048

−0.052 (8[R,T]) −0.08± 0.1 (3)

Kepler-452 1.07+0.06
−0.04 (13) 5772+63

−65 (13) 0.089+0.062
−0.067 (8[R],13[T]) 0.23± 0.04 (13)

References: 1. Mathur et al. 2017 2. Thompson et al. 2018 3. Torres et al. 2017 4.
Torres et al. 2015 5. Kunimoto, Matthews, and Ngo 2020 6. Stassun et al. 2019 7.
Gaidos et al. 2016 8. Berger et al. 2018 9. Bonfanti, Ortolani, and Nascimbeni 2016
10. Valenti and Fischer 2005 11. Sousa et al. 2008 12. Borucki et al. 2013 13.
Johnson et al. 2017
a[R,T] indicates value calculated using referenced radius and effective temperature.

that is utilized throughout the evolution. The network uses REACLIB rates (Angulo

et al. 1999; Rauscher and Thielemann 2000; Iliadis et al. 2001; Wiescher et al. 2006),

weak rates from Langanke and Martínez-Pinedo 2000, and screening from Graboske

et al. 1973. Mass loss is included, but is trivial for the mass range considered in this

work. Neutrino cooling due to the Urca process and plasma processes is included.

Turbulent convection is defined via a hydrodynamic formulation (Meakin and Arnett

2007; Arnett, Meakin, and Young 2009, 2010; Arnett and Meakin 2011) based on

3D, well-resolved simulations of convection between stable layers. Unlike most stellar

evolution codes relying on mixing-length theory, Tycho has no free convective overshoot

parameter.

The catalog currently contains models between 0.5− 1.3 M⊙, with metallicities

that fall between 0.1−3.0 of Z⊙. The metallicity models are in steps of 0.1 Z⊙ between
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0.1− 1.5 Z⊙ and steps of 0.25 Z⊙ between 1.5− 3.0 Z⊙. We added a finer grid of mass

models, in steps of 0.05 M⊙, between 0.5 − 1.0 M⊙. The mass models are in steps

of 0.1 M⊙ between 1.0− 1.3 M⊙. We use these models in Section 2.2.3 to determine

the HZ boundaries over the evolution of the star. The catalog also varies in [O/Fe]

between 0.44×, 1.0×, and 2.28× (O/Fe)⊙ for the full metallicity range. These models

are included in Section 2.2.5 when fitting the ages for stars.

While future direct detection mission such as HabEx and LUVOIR will concentrate

on Sun-like stars, virtually all of the simulated HZ planet detections for TESS are

around M-type and late K-type stars (Sullivan et al. 2015; Barclay, Pepper, and

Quintana 2018). There is then significant value in including host stars below 0.5 M⊙.

We will expand this catalog further and include stars down to 0.1 M⊙ in a future

paper.

2.2.3 Habitable Zone Models

Tycho outputs information on stellar surface quantities for each time-step of the

evolution. For this work, we use the stellar effective temperature and luminosity to

define the inner and outer boundaries of the HZ, as a function of stellar age, utilizing

equations from Kopparapu et al. 2013; Kopparapu et al. 2014. This method can be

used substituting other HZ prescriptions, but Kopparapu et al. are a commonly used

point of reference. These HZ prescriptions parameterize the location of the HZ as a

function of the host star luminosity and effective temperature, from which we can

calculate the associated time-dependent HZ distance for each stellar evolution track.

For a given orbital distance from any star we can predict how long and at what stellar

age a planet would remain habitable. Thus, for a perfectly characterized star (mass,
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metallicity, and age known exactly), we can say with high confidence whether a planet

has been continuously within the circumstellar HZ for 2 Gyr for a given HZ model.

Kopparapu et al. 2013; Kopparapu et al. 2014 give several possible definitions

for the HZ boundaries. The most optimistic HZ definition follows from Kopparapu

et al. 2013, where they empirically determine the inner and outer HZ edge assuming

that Venus and Mars once hosted habitable conditions. For the inner habitable zone

(IHZ) edge, the “recent Venus” (RV) case, they determined the effective solar flux on

Venus 1 Gyr ago, under the assumption that there may have been liquid water on the

surface prior to this time. Similarly, for the outer habitable zone (OHZ) edge, the

“early Mars” (EM) case, they determined the effective solar flux on Mars ∼ 3.8 Gyr

ago, when liquid water likely existed on the surface.

The conservative HZ definitions follow from Kopparapu et al. 2014, where they

define an IHZ edge by the “runaway greenhouse” case. Here, the effective solar flux

incident on the planet becomes sufficient to completely vaporize the oceans. The

OHZ edge is defined by the “maximum greenhouse” case. This outer edge is the

point where Rayleigh scattering becomes dominant over the greenhouse effect of CO2.

The conservative cases were calculated for masses of 0.1, 1, and 5 M⊕ to account for

gravitational effects on the atmosphere.

2.2.4 Bayesian Habitable Zone Probabilities

Bayesian statistics have been previously used to better understand the emergence

of life on planets (Spiegel and Turner 2012) and statistical analysis has been used in

Bean, Abbot, and Kempton 2017 to develop a method for surveying key terrestrial

exoplanet atmosphere composition characteristics, like H2O and CO2 abundances, in
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order to broadly assess many exoplanet habitability potentials, rather than spending

time gathering extensive data about individual exoplanets. However, these methods

focus on the characteristics of the exoplanet, but do not take into account the star

and the stellar environment. Truitt et al. 2015; Truitt and Young 2017 discuss how

the initial mass and composition will affect the surface properties, and therefore the

HZ evolution (e.g., Rushby et al. 2013; Waltham 2017).

This Bayesian approach to HZs aims to determine the probability that a given

orbital distance from the host star has spent 2 Gyr in the HZ, following the methods

of Truitt et al. 2020. Depending on the known properties of the star, this approach

could follow several different cases. The simplest example would involve knowing

the mass and metallicity of the star arbitrarily well, but not knowing the age. The

probability in this case would depend solely on how long the orbit remains in the HZ of

the star as predicted by the models. In other cases, there is an additional or multiple

uncertainties. If the metallicity and/or mass is unknown, then all metallicity and/or

mass models must be integrated over. If the metallicity or mass is known to within

some uncertainty, assumed to be Gaussian, then we must weight the contribution of

each model by the fit of the model mass and model metallicity to the Gaussian of

each measured value. Introducing the age for the star adds an additional Gaussian

prior distribution to the calculation. Here, we focus on the cases where the metallicity

and mass are known to within some uncertainty, but the age is unknown, as well as

the case where the metallicity, mass, and age are known to within some uncertainty.

The other cases are described in detail in Truitt et al. 2020. Although this work is

limited to considering metallicity, mass, and age, it can in principle be extended to

include other properties, such as planetary composition and stellar activity.
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2.2.4.1 Case 1: Metallicity and Mass Measurement but No Age Measurement

We first describe the case where the stellar metallicity and mass are known to

within some uncertainty, but the age is unknown. In this case, the age is limited to 12

Gyr to account for the age of the Universe. Our method relies on the expansion of

Bayes’ Theorem:

P (A|B) =
P (B|A)P (A)

P (B|A)P (A) + P (B|¬A)P (¬A)
(2.1)

where P (A|B) is the posterior likelihood, or the likelihood of outcome A occurring

given B, P (B|A) is the likelihood of B given that A is true, and P (A) is the prior

probability that the outcome A is true.

We apply Equation (2.1) to the Tycho models and measured distributions for the

stellar metallicity (Z) and mass (M) to calculate the Bayesian posterior probability.

In Equation (2.1), B = Z,M and A = CHZ2, or the outcome where a given radius is

in the CHZ2. Equation (2.1) therefore becomes

P (CHZ2|Z,M) =
P (Z,M |CHZ2)P (CHZ2)

P (Z,M |CHZ2)P (CHZ2) + P (Z,M |¬CHZ2)P (¬CHZ2)
. (2.2)

We now describe how we compute each component of Equation (2.2) for a chosen

model metallicity Zk and mass Mk, for any given radius from the star. The index k

refers to the specific model used, interpolated if necessary. We calculate P (CHZ2),

the initial probability that a given radius is within the CHZ2, by

P (CHZ2) =

∑
i,j(tCHZ2,ij∆Zj)∆Mi∑
i,j(ttot,ij∆Zj)∆Mi

(2.3)

where the index i runs through the Tycho model masses M = 0.5− 1.3 M⊙ and the

index j runs through the model metallicities from Z = 0.1− 3.0 Z⊙, tCHZ2,ij is the
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total time the radius is in the CHZ2 for a given Tycho model (Mi,Zj), ttot,ij is the total

lifetime for the given Tycho model (with a maximum of 12 Gyr), ∆Mi (Mi+1 −Mi) is

the distance between M values, and ∆Zj (Zj+1−Zj) is the distance between Z values.

Note that we first sum over all model metallicities and then over all model masses.

The initial probability that a radius is not in the CHZ2, P(¬CHZ2), is given by

P (¬CHZ2) = 1− P (CHZ2). (2.4)

The likelihood that a star has a model metallicity Zk and mass Mk if a given radius is

in the CHZ2 is given by

P (Zk,Mk|CHZ2) =
tCHZ2,kP (Zk)P (Mk)∑
i,j(tCHZ2,ijP (Zj))P (Mi)

(2.5)

where P (Z) and P (M) are probabilities given by the Gaussian distributions for each

measured value (Z ′±σZ , M ′±σM ). For example, the measured metallicity distribution

is given by

P (Z) =
1√
2π

e
1
2

∆′Z2

σ2
Z (2.6)

where ∆′Z is defined as Z ′ −Z, the difference between the measured mean and model

values. The likelihood that a star has metallicity Zk and mass Mk if a given radius is

not in the CHZ2 is given by

P (Zk,Mk|¬CHZ2) =
(ttot,k − tCHZ2,k)P (Zk)P (Mk)∑
i,j((ttot,ij − tCHZ2,ij)P (Zj))P (Mi)

. (2.7)

We combine Equations (2.3)-(2.5) and (2.7) to calculate the Bayesian posterior

probability in Equation (2.2), P (CHZ2|Zk,Mk). With a factor of P (Zk) and P (Mk)

cancelling out, we get
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P (CHZ2|Zk,Mk) =

tCHZ2,k
∑

i,j tCHZ2,ij∑
i,j(tCHZ2,ij

P (Zj))P (Mi)
∑

i,j ttot,ij

tCHZ2,k
∑

i,j tCHZ2,ij∑
i,j(tCHZ2,ij

P (Zj))P (Mi)
∑

i,j ttot,ij
+

(ttot,k−tCHZ2,k
)(1−

∑
i,j tCHZ2,ij∑
i,j ttot,ij

)∑
i,j((ttot,ij−tCHZ2,ij

)P (Zj))P (Mi)

.

(2.8)

We can now calculate the Bayesian posterior probability at each radius, for a

given Z and M , that it is in the CHZ2 at any time during the main sequence lifetime,

limited to 12 Gyr. Therefore, probabilities cannot exceed 10/12 because each radii

from the star must be habitable for at least 2 Gyr, limiting the maximum CHZ2 time

to 10 Gyr.

2.2.4.2 Case 2: Metallicity, Mass, and Age Measurement

Without knowledge of the age, we previously summed the total CHZ2 time and

main sequence lifetime. If we know the age measurement in the form of Gaussian

errors, A ± σA, we can similarly use this as the probability term P (A) using the

Gaussian probability

P (A) =
1√
2π

e
1
2

∆′A2

σ2
A (2.9)

where ∆′A is defined as A′ − A. P (A) is used to place a prior probability on the

total and CHZ2 times, ttot and tCHZ2 , thereby prioritizing model timesteps closer to

the mean age of the star in a similar way to how P (Z) and P (M) prioritize model

metallicities and masses closer to the mean stellar metallicity and mass. ttot is now

given by

ttot =
∑
m

(ttot,m − ttot,m−1)P (A) (2.10)
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where the index m runs through each model step and A = ttot,m. By combining

Equations (2.10) and (2.8), we can now calculate the Bayesian posterior probability

that each radius is currently within the CHZ2. We apply this method to our sample

of potentially habitable planets, with results summarized in Table 2.5 for each planet

and the Bayesian posterior distributions for each star shown in Figure 2.4. For all 9

sample stars, we applied a 4× linear and cubic interpolation to the mass models.

We use the methods for Case 1 and Case 2, as well as the 1 M⊕ HZ model from

Kopparapu et al. 2014, to calculate the the CHZ2 posterior likelihood for the Sun with

and without the age prior. The age of the Sun, determined via helioseismology and

solar models, is taken to be 4.57± 0.11 Gyr (Bonanno, Schlattl, and Paternò 2002).

The results are shown in Figure 2.1, which includes the orbits of Venus, Earth, and

Mars. This comparison exemplifies the extent to which a precise age measurement

can have on the CHZ2 probability distribution. Without an age measurement, Earth

is given only a ∼ 20% probability of being in the CHZ2, while Mars has a ∼ 80%

probability. Earth’s closer proximity to the Sun means it will leave the HZ sooner

than Mars, significantly reducing the probability that it would currently be within

the CHZ2 without knowing the age. With knowledge of the Sun’s age, we see that

both Earth and Mars have a 100% probability of being currently in the CHZ2, which

matches our current understanding of the Sun’s HZ.

2.2.5 Stellar Ages

Although most stars in this sample have measured ages, the vast majority of

TESS targets and some known potentially habitable systems lack age measurements.

Without measurements of the ages, we cannot determine how long planets have
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Figure 2.1. P(CHZ2 | Z,M) (left) and P(CHZ2 | Z,M,A) (right) for the Sun assuming
a 1 M⊕ planet with a runaway greenhouse conservative IHZ and maximum greenhouse
conservative OHZ.

resided in the HZ. Therefore, it is essential to estimate the stellar age in order to

more accurately predict the potential for life not only existing, but having made a

detectable impact. Measurement of stellar ages is relatively straightforward if the star

resides in a cluster (e.g., Sandage 1970; Lastennet and Valls-Gabaud 2002), but is

very difficult for field stars (Soderblom 2010). This often relies on estimates given

by fits to stellar evolution models like Tycho. By using luminosity (L) and effective

temperature (Teff) measurements, we can perform χ2 fits to models from the Tycho

stellar evolution catalog (Truitt et al. 2015; Truitt and Young 2017) to determine the

best-fit model ages:

χ2 =
(Lmod − Lobs)

2

σ2
L

+
(Tmod − Tobs)

2

σ2
T

(2.11)

where Lmod and Lobs are the model and observed luminosities, Tmod and Tobs are the

model and observed stellar effective temperatures, and σL and σT are the errors in the

observations (Young et al. 2001; Pagano et al. 2015). If mass and compositional mea-

surements are available, the search is constrained to models bracketing the measured

values of mass and metallicity. Model points were averaged and weighted by their
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associated χ2 value. Upper and lower uncertainties were derived from the weighted

standard deviation of the sample.

Uncertainties on estimates of stellar age for Sun-like stars are rarely less than 1 Gyr,

often times even significantly larger (Soderblom 2010; Torres, Andersen, and Giménez

2010). By operating within a Bayesian statistical framework, we can still extract useful

information from a roughly constrained age. Assuming a Gaussian distribution for the

best-fit age and uncertainty, we introduce the age as a prior probability distribution

in the calculation. Even a poorly known age can then influence the prioritization

of planets by taking into account that some planets may not have had enough time

for life to produce detectable biosignatures in their atmospheres. The best-fit ages

will then prove useful to determining the current habitability of the planets in these

systems.

Ages for 8 stars, except KIC-7340288, were available in the literature. We also

generated best-fit ages for all of the stars in the sample. The ages for all 9 host

stars along with source references are provided in Table 2.3. We prefer stellar ages

determined via gyrochronology for use as the age prior in Section 2.3 to determine the

P(CHZ2) profiles for each system. Ages determined via gyrochronology tend to have

tighter constraints on the age and the method is observationally calibrated, rather

than relying on fits to isochrones or evolutionary tracks. For those stars with only

isochrone ages, we take the average of the literature age and our fits to evolutionary

tracks. For Kepler-442, which has a large upper error of ∼ 8 Gyr, we also average the

literature age with our age. Figure 2.2 shows an over-plot of the measured literature

ages and the best-fit model ages. Aside from Kepler-1455 and Kepler-441, the observed

values fall within the predicted range of values determined by the models. Kepler-1455

and Kepler-441 are near the lower mass tail of the model space (∼ 0.5 M⊙) and will
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likely benefit from further increasing the mass and metallicity resolution and range of

the model space.

Table 2.3. Stellar ages for potentially habitable systems

Stars AgeTycho [Gyr] Agelit [Gyr] Ref. Tech.a

Kepler-1455 5.84+3.55
−3.49 1.4+0.6

−0.2 1 1,2

Kepler-438 6.03+3.45
−3.49 4.4+0.8

−0.7 2 1,2

KIC-7340288 5.77+3.50
−3.31 - - -

Kepler-441 4.99+2.04
−1.13 1.9+0.5

−0.4 2 1,2

Kepler-442 6.09+3.41
−3.47 2.9+8.1

−0.2 2 1,2

HD 40307 4.65+3.63
−2.79 6.9± 4.0 3 1

Kepler-62 5.82+3.55
−3.48 4.0± 0.6 2 1,2

Kepler-1544 3.50+2.30
−1.12 3.90+7.30

−0.80 1 2

Kepler-452 4.62+2.67
−1.36 6± 2 4 2

References: 1. Torres et al. 2017 2. Torres et al. 2015 3. Bonfanti, Ortolani, and
Nascimbeni 2016 4. Jenkins et al. 2015
aMeasurement Techniques: 1. Gyrochronology 2. Isochrone

Since the age determination is easily automated, we have determined ages for

a sample of TESS continuous viewing zone (CVZ) targets from the TESS Input

Catalog (TIC). The sample of 2768 stars was retrieved from the TIC version 8.1 via

the Mikulski Archive for Space Telescopes (MAST) at the Space Telescope Science

Institute. The sample spans masses of 0.5− 1.3 M⊙, ecliptic latitudes of θ < −78◦

and θ > 78◦, TESS apparent magnitudes Tmag < 10, and all stars have luminosities

consistent with dwarf stars. Potential planets in these systems will receive the most

observation time from TESS and likely from both ground- and space-based follow-up

missions. Stellar ages will be essential for placing probabilistic constraints on the

habitability potential of each for future target prioritization. A sample of estimated
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Figure 2.2. Comparison of measured literature ages and Tycho stellar evolution catalog
best-fit model ages for sample of potentially habitable systems.

ages is included in Table 2.4, which includes the stellar parameters taken from the

TIC.

An overview of the results of this age analysis is shown in Figure 2.3. Notably, we

see a concentrated band of stars at higher ages and a more dispersed group of stars at

lower ages. This feature is present in both the Northern and Southern CVZ samples,

indicating no directional correlation. In addition, only one star in the sample, TIC

30270183, is known to be a member of a cluster or moving group. Hayden et al. 2015

observed two distinct populations in compositional ([α/Fe] versus [Fe/H]) space at

R > 5 kpc in the Milky Way’s disk. One population is roughly solar-α and spans a

large range of [Fe/H], which merges with a lower-α population at super-solar [Fe/H].

This could be indicative of a lower metallicity, older stellar population and a higher
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Table 2.4. TESS CVZ stellar ages

TIC AgeTycho [Gyr] M/M⊙ Teff [K] L/L⊙ [M/H]

55454149 6.62+1.59
−2.32 1.03± 0.13 5754± 132 2.45± 0.08 -

141912469 2.79+1.83
−1.45 1.20± 0.18 6232± 138 2.68± 0.12 −0.59± 0.09

38844604 5.67+2.29
−2.48 1.05± 0.13 5813± 131 3.27± 0.12 -

350824257 6.16+1.65
−1.71 1.05± 0.13 5830± 117 2.76± 0.10 −0.10± 0.10

233080190 3.05+0.92
−0.51 1.23± 0.18 6290± 128 4.45± 0.16 -

33879314 5.06+1.95
−3.17 1.04± 0.12 5782± 104 1.26± 0.05 −0.12± 0.05

280162266 2.85+1.50
−1.05 1.24± 0.19 6304± 129 2.85± 0.12 -

289540757 2.04+3.80
−0.95 1.12± 0.15 6034± 119 1.22± 0.04 -

441724181 5.72+2.29
−2.59 1.06± 0.13 5865± 124 1.52± 0.05 -

232629681 4.80+2.64
−1.70 1.10± 0.14 5987± 108 4.81± 0.17 −0.04± 0.03

55295030 6.24+1.76
−3.09 1.11± 0.14 6005± 119 2.55± 0.10 −0.53± 0.05

220411843 4.18+4.23
−2.91 0.94± 0.12 5398± 140 0.58± 0.02 0.06± 0.05

219898046 6.41+1.95
−2.35 1.01± 0.13 5697± 131 2.52± 0.07 -

149625812 8.12+1.35
−2.35 1.03± 0.13 5751± 128 1.87± 0.07 -

287140180 5.62+2.32
−2.44 1.04± 0.12 5778± 112 3.31± 0.09 -

198161860 2.41+2.42
−1.37 1.25± 0.19 6330± 127 2.00± 0.07 -

441812317 3.52+2.20
−1.25 1.16± 0.16 6124± 124 2.93± 0.10 -

256299260 3.14+1.22
−0.32 1.20± 0.17 6219± 119 4.33± 0.18 -

289572073 4.80+0.70
−1.12 1.12± 0.14 6024± 120 3.75± 0.14 -

Note: Table 2.4 is published in its entirety in the machine-readable format. A
portion is shown here for guidance regarding its form and content.

metallicity, younger population. Determining the exact nature of these age bands is

beyond the scope of this work, but we will further investigate this in the future.

2.3 CHZ2 Planet Profiles

CHZ2 posterior probabilities for the sample of 9 potentially habitable exoplanets,

as well as Venus, Earth, and Mars, are included in Table 2.5, with the full CHZ2
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Figure 2.3. Tycho best-fit model ages for TESS Northern and Southern CVZ sample
of F, G, K, and early-M stars, using stellar properties from the TIC version 8.

distributions for each star, including the Sun, displayed in Figure 2.4. < P0.1 >,

< P1 >, < P5 >, and < PRV/EM > are the posterior probabilities averaged over the

orbital range of the planet for each HZ model from Section 2.2.3 (0.1 M⊕, 1 M⊕, 5

M⊕, and Recent Venus/Early Mars).

Although all 9 exoplanets fall within the current HZ around their host star, we

determine Kepler-1455 b and Kepler-438 b to have approximately P(CHZ2) ≈ 0 for

all cases, or essentially little to no chance of having been continuously in the HZ for

2 Gyr. This indicates that they are situated too close to the inner edge to spend a

significant amount of time in the HZ and will likely soon leave the HZ.

KIC-7340288 b, an unconfirmed super-Earth planet candidate (Kunimoto,

Matthews, and Ngo 2020), is consistently a high probability target in our sample. The

planet candidate’s orbital range puts it at the peak CHZ2 probability (P ≈ 0.9) for all

HZ cases considered. Given KIC-7340288 b’s relatively large size (R = 1.511 R⊕), the

planet candidate is more likely to have retained its atmosphere and would be better

able to regulate the surface temperature and retain water. Therefore, our prediction
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Table 2.5. Planetary CHZ2 posterior likelihoods

Planets M⊕ R⊕ Orbit [au] < P0.1 > < P1 > < P5 > < PRV/EM >

Kepler-1455 b - 1.75 0.20− 0.23 0.0 0.0 0.0 0.048

Kepler-438 b - 1.12 0.16− 0.18 0.001 0.005 0.007 0.068

KIC-7340288 b - 1.51 0.44− 0.45 0.900 0.905 0.905 0.906

Kepler-441 b - 1.462 0.55− 0.58 0.345 0.345 0.34 0.362

Kepler-442 b - 1.34 0.37− 0.40 0.340 0.458 0.584 0.903

HD 40307 g 7.1 - 0.57− 0.61 0.797 0.865 0.885 0.906

Kepler-62 f - 1.531 0.70− 0.75 0.801 0.838 0.850 0.894

Kepler-1544 b - 1.685 0.53− 0.56 0.523 0.661 0.743 0.959

Venus 0.815 0.950 0.72 0.0 0.0 0.0 0.0

Earth 1.00 1.00 1.00 0.0 1 1 1

Mars 0.107 0.531 1.52 1 1 1 1

Kepler-452 b - 1.511 1.04− 1.09 0.402 0.499 0.533 0.833

Note: The orbital radius ranges indicated here are representative of ±1σ semimajor
axis orbits and these are calculated using the periods in Table 2.1 and stellar masses
in Table 2.2.

that KIC-7340288 b has remained in a stable HZ environment for 2 Gyr should be

seen as a substantial indicator of the planet candidates potential habitability.

Notably, Earth resides at the inner edge of the CHZ2 for the 1 M⊕ HZ model and

is outside the inner edge for the 0.1 M⊕ model. Being that Earth is the only habitable

planet we know of in the Universe, this shows that too conservative of HZ models are

likely to exclude planets that have a high potential of being habitable. Although Mars

has a 100% probability of being in the CHZ2 across all models and would generally be

considered uninhabitable, it is better to include a potential Mars-like planet rather

than excluding an Earth-like planet.

40



P(CHZ2 |Z,M,A) vs. Distance from Star (AU)

Figure 2.4. P(CHZ2 |Z,M,A) for Kepler-1455 b, Kepler-438 b, KIC-7340288 b, Kepler-
441 b, Kepler-442 b, HD 40307 g, Kepler-62 f, Kepler-1544 b, the Sun (Venus, Earth,
Mars), and Kepler-452 b assuming a 0.1, 1, and 5 M⊕ runaway greenhouse conservative
inner habitable zone (IHZ) and maximum greenhouse conservative outer habitable
zone (OHZ), as well as an optimistic case assuming a Recent Venus (RV) IHZ and
Early Mars (EM) OHZ. The orbital range of planets are indicated by filled rectangles.
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2.4 Conclusions

This work builds upon Truitt et al. 2020 by further expanding the Tycho model

space and adding a stellar age prior. The additions improve the framework’s ability

to estimate the time-dependent habitability of a planet given only limited knowledge

of stellar properties and planetary orbital radius. We further applied this Bayesian

method to analyzing the long-term habitability of 9 likely-rocky exoplanets with a high

probability of being in the HZ (Table 2.5). The posterior probability distributions used

priors of measured stellar metallicity, mass, and age fitted to Tycho stellar evolution

models and HZ definitions from Kopparapu et al. 2013; Kopparapu et al. 2014. Two

such exoplanets, Kepler-1455 b and Kepler-438 b, are shown to be unlikely to have

spent 2 Gyr in the HZ for this model. KIC-7340288 b, a recently discovered super-

Earth planet candidate included in our sample, is consistently found to have the

highest probability of having been in the HZ for 2 Gyr.

The addition of an age prior and a method for estimating stellar ages from Tycho

models will prove invaluable in future work estimating the continuous habitability of

unstudied TESS candidates. By attaining fits to stellar ages comparable to published

gyrochronology measurements and other isochrone ages, we demonstrate the ability

to estimate ages for future potentially habitable systems with existing observations.

We applied this method for age estimation to a sample of F, G, K, and early-M TESS

CVZ stars from the TIC and produced ages for 2768 stars. Stars in the TESS CVZs

will receive the most observing time from TESS and are the only TESS targets likely

to yield detections of potentially habitable planets around Sun-like stars. The inner 5◦

of the TESS CVZs are also coincident with that of JWST, so many candidates found
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here are the most likely for JWST follow-up. The techniques presented here can be

rapidly applied to candidates detected around HabEx and LUVOIR target stars.

In the near-term, we will include stellar evolution models down to 0.1 M⊙, as this

will enable the analysis of the remainder of potentially habitable systems, as well as

the majority of the systems likely to be found with TESS. Increasing the resolution of

the models in the lower-mass regime will provide better fits to K and M dwarfs as

well.

Our finding that Mars is given an equal probability to Earth of being in the CHZ2

by our model is a prime example of the need for additional observational and model

constraints in order to more accurately predict potential habitability. To explore

the effects of introducing additional priors to the Bayesian method, we will include

stellar and planetary properties important to stellar and planetary evolution, such

as stellar [O/Fe] ratios, planetary composition, and stellar activity, an increasingly

important factor in the study of M-dwarf systems. Expanding the suite of HZ models

will provide additional confidence constraints on individual systems. Planetary mass,

atmospheric composition, stellar multiplicity, and various other factors will impact the

ability of liquid water to remain present on a planet for long enough for the presence

of life to be remotely detectable. These properties can be added individually as priors

as measurements and theoretical predictions become available.
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Chapter 3

PAIRING A GENERAL CIRCULATION MODEL ENSEMBLE AND BAYESIAN

FRAMEWORK TO PREDICT HABITABLE ZONE EVOLUTION

3.1 Introduction

With the launch of JWST, we have entered a new era for exoplanet science as

atmospheric detection and characterization of terrestrial exoplanets in the circumstellar

habitable zone (HZ) becomes possible. This will initially be limited to transiting

exoplanets orbiting nearby M dwarfs, those most amenable to transmission and

emission spectroscopy with JWST (e.g., Greene et al. 2016; Morley et al. 2017). In

the near- and medium-future, potential ground-based extreme precision radial velocity

(EPRV) surveys (Laliotis et al. 2023; Newman et al. 2023) and next-generation space

telescopes, such as the NASA Habitable Worlds Observatory direct-imaging mission,

will aim to detect, measure masses, and characterize the atmospheres of terrestrial

exoplanets in the HZs of nearby Sun-like (F-, G-, K-type) host stars (Astro2020

Decadal Survey). A driving force behind attempts to characterize the atmospheres

of terrestrial HZ exoplanets is the detection of biosignatures, the markers left by life,

which will enable us to determine if we are not alone in the universe (e.g., Seager

and Deming 2010). While biosignatures may be detectable in the atmospheres of

Earth-sized transiting exoplanets orbiting M dwarfs with JWST (Stevenson et al. 2016)

and extremely large telescopes (Hawker and Parry 2019), only a next-generation direct

imaging mission will be capable of doing so for both transiting and non-transiting

exoplanets in the HZs of Sun-like stars (Fujii et al. 2018).
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For both M dwarf and Sun-like hosts, detailed characterization of terrestrial

exoplanet atmospheres will require a significant amount of time and resources for

even a single planet. This makes it essential to prioritize observations by those most

likely to host detectable life. A critical first step is determining if liquid water could

remain stable on the surface of a given exoplanet by using planetary climate models.

These models typically determine the HZ boundaries by the limiting stellar flux that

results in a moist or runaway greenhouse at the inner HZ (IHZ) edge and maximum

greenhouse or complete freezing point at the outer HZ (OHZ) edge. A common point

of reference in the exoplanet community are the 1D, cloud-free, radiative convective

models of Kopparapu et al. 2013; Kopparapu et al. 2014, which built upon the work of

Kasting, Whitmire, and Reynolds 1993. The authors provide predictive equations for

the HZ boundaries with respect to the stellar effective temperature for an idealized

Earth model. Numerous studies use these HZ definitions to determine the potential

habitability of discovered exoplanets (e.g., Borucki et al. 2013; Wright et al. 2016;

Luque et al. 2019; Gilbert et al. 2023), the occurrence rate of terrestrial exoplanets

in the HZs of Sun-like stars (η⊕) (e.g., Silburt, Gaidos, and Wu 2015; Kopparapu

et al. 2018; Bryson et al. 2021), or for prioritizing target stars with HZs most accessible

to potential missions (The LUVOIR Team 2019; Gaudi et al. 2020; Mamajek and

Stapelfeldt 2024).

Although 1D models benefit from their relative simplicity and fast equilibration

times, they are unable to self-consistently account for clouds, surface variations,

atmospheric and oceanic heat transport, and orbital variables that would lead to

uncertainty in habitability estimates. 3D general circulation models (GCMs) are

needed to simulate these multidimensional effects. While uncertainties in GCMs

arise from needing to account for a large number of boundary conditions and pa-
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rameterizations for scale-dependent physical processes, multi-model intercomparison

projects (MIPs) are organized to quantify model mean predictions (e.g., the Coupled

Model Intercomparison Project, Eyring et al. 2016), and such MIPs are emerging

now for exoplanet models (e.g., Fauchez et al. 2021; Haqq-Misra et al. 2022; Christie

et al. 2022). Including the effects of atmospheric and ocean dynamics can extend the

HZ compared to estimates from 1D models (Leconte, Forget, Charnay, Wordsworth,

and Pottier 2013; Way et al. 2017). The complexity of 3D models leads to long

computational times to reach climatological equilibrium, but present a means to more

rigorously constrain the variability of habitable atmospheres.

Both 1D and 3D models aimed at determining the limits of habitability have

focused on specific planetary configurations or scenarios and vary a single or narrow

set of parameters. Kasting, Whitmire, and Reynolds 1993 and Kopparapu et al. 2013

focused on Earth-like planets with H2O and CO2 dominated atmospheres, with

Kopparapu et al. 2014 expanding to planets with different masses. Others have

explored the importance of rotation rate or tidal locking (e.g., Yang, Cowan, and

Abbot 2013; Kopparapu et al. 2017; Jansen et al. 2019; Chen et al. 2019), water

inventories and surface water distributions (e.g., Abe et al. 2011; Kodama et al. 2018;

Kodama et al. 2019), the ability for atmospheric water to condense following formation

(Turbet et al. 2021; Turbet et al. 2023), atmospheric composition (e.g., Wolf and Toon

2013; Del Genio et al. 2019), and various other factors. These studies have shown

the diversity of potentially habitable, and uninhabitable, climates with respect to

potential stellar and planetary properties and initial conditions, but also prove the

difficulty in trying to define the HZ based on correlations to a limited sampling of

possible variables or specific scenarios.

Beyond determining whether an exoplanet currently resides within the HZ, the
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continuous habitability until the time of observation should also be considered when

prioritizing exoplanets by those most likely to host detectable life. Earth likely required

∼ 1− 2 Gyr of continuous habitability in order for life to make detectable impacts

on the atmosphere through disequilibrium chemistry or high O2 and O3 abundances

(Krissansen-Totton, Olson, and Catling 2018). If Earth is a typical example of a

habitable planet and life on Earth is typical of life in the universe, then exoplanets

must maintain habitable conditions for billions of years before life would be remotely

detectable. This leads to the concept of the continuous habitable zone (CHZ), the

orbital area around a star remaining continuously within the HZ for a given length of

time.

The CHZ is generally studied with respect to the stellar luminosity evolution, by

pairing HZ definitions with a parameterization of the stellar luminosity evolution

or stellar evolution models. The length of time required for a planet to be in CHZ

typically ranges from 2 − 4 Gyr (Valle et al. 2014; Truitt et al. 2015), but can

also be defined by the maximum amount of time a planet or orbital radius resides

in the HZ (Gallet et al. 2017). Recently, Mello and Friaça 2023 used a minimal

mantle and atmospheric model to simulate the evolution of the HZ, showing that the

stellar luminosity evolution moves the IHZ outward and the cooling of the planetary

interior, and subsequent decrease in CO2 outgassing, contracts the OHZ with time.

While low-dimensional models are computationally efficient and can be run over

geologic timescales to explore continuous habitability, 3D models are restricted to

short timescales. In order to determine the habitability lifetime for a GCM planet

model, equilibrated model runs at different incident stellar fluxes are stages in the

planet’s atmospheric evolution. By then considering the stellar luminosity evolution
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of the host star, the limiting incident stellar fluxes for the IHZ and OHZ determine

the habitability lifetime for that planet (Wolf et al. 2017).

Truitt et al. 2020 developed a Bayesian method to determine the probability that

a planet is within the 2 Gyr continuous habitable zone, referred to as the CHZ2.

By pairing HZ models from Kopparapu et al. 2013 and Kopparapu et al. 2014 with

Tycho (Young and Arnett 2005) stellar evolution models, they evolve the HZ over

the full main sequence evolution, up to 12 Gyr. For a given star, the measured mass

and metallicity, with assumed Gaussian uncertainties, place a likelihood on each

HZ evolution model. Integrating over all models determines the posterior likelihood

distribution, where each orbital radius is assigned a probability of being within the

CHZ2. Ware et al. 2022 expanded upon this Bayesian framework by including the

stellar age as a prior on the stellar evolution models. This enables the calculation of

the current CHZ2 probability, the time at which a telescope would observe the planet.

This method was applied to several known HZ exoplanets (as well as Venus, Earth,

and Mars for validation), providing a demonstration of how these probabilities of

continuous habitability can be used to prioritize follow-up observations of potentially

habitable exoplanets.

In this work, we introduce the use of statistics of the 3D planetary general

circulation model (GCM) perturbed parameter ensemble from Kiang, N. Y. et al.

(2024, in preparation) (referred to as K24 from here on) to define HZ boundaries and

estimate CHZ2 probabilities. We compare to results using the Kopparapu et al. 2014

HZ models. K24 use the ROCKE-3D GCM (Way et al. 2017) to model an ensemble of

land planet atmospheres, with the goal of exploring the influence of a large subset of

parameters on the fractional habitability of land planets within the HZ. While most

studies focus on aqua planets similar to Earth, which can include planets completely
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covered by a global ocean or planets with exposed land surrounded by circulating

oceans, land planets with small water inventories and dominated by exposed land are

shown to have wider HZs (Abe et al. 2011; Leconte, Forget, Charnay, Wordsworth,

Selsis, et al. 2013). This is a result of drier tropics, which allow increased radiative

cooling at the IHZ and lower cloud fractions (lower albedo) at the OHZ.

By performing multivariate regressions on the output climate diagnostics from K24,

we determine predictive equations and uncertainty estimates for the HZ boundaries

with respect to the stellar effective temperature (Teff) and planet instellation, with

other perturbed parameters imposing uncertainties in those predictions. Using outputs

from Tycho stellar evolution models, we use these equations to model the HZ as the star

evolves and calculate the CHZ2 posterior distributions for a sample of known potentially

habitable systems. Excluding the planetary parameters, such as CO2 partial pressure

and surface albedo, in the regressions quantifies their role as unknowns for exoplanets

observed with near-term missions. The variance in model climate diagnostics from

these excluded parameters is included in the associated standard error for each

regression coefficient, which leads to uncertainty in the HZ boundaries. This enables

us to propagate HZ uncertainties through the Bayesian model and place confidence

bounds on the probability of any given orbital radius being in the CHZ2.

The goal of this work is to provide a demonstration of concept for defining HZ

boundaries through the statistics of GCM PPEs, where each planet model provides

a time slice equilibrium of the climate for the sampled parameters, and combining

this with a Bayesian framework to predict the potential continuous habitability of

exoplanets. While the results of this analysis are ultimately limited by the ensemble

size, choice of sampled parameters, and sampling ranges, we provide a starting point

for combining theoretical planetary system science models with stellar evolution
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models for the purpose of informing future studies and observations. This work can

be expanded upon through more comprehensive GCM model ensembles and stellar

evolution catalogs, coupled models for planetary interior evolution and surface life,

and future observations of terrestrial exoplanets.

In Section 3.2, we describe our methodology and sample of known potentially

habitable exoplanets and host stars. In Section 3.3, we present our results for the HZ

definitions using the ROCKE-3D land planets ensemble and calculated CHZ2 posterior

distributions compared against the Kopparapu et al. 2014 HZ models. Finally, Section

3.4 presents the discussion of results.

3.2 Methods

3.2.1 Sample Selection

Our methods frame continuous habitability from the perspective of the luminosity

and Teff evolution of the host star. Although the majority of known HZ exoplanets

orbit M dwarfs (Hill et al. 2023), exoplanets in the HZs of M dwarfs pose problems for

our current methods. Very low-mass stars evolve slowly and the luminosity and Teff

of these stars change little over time, rendering our framing less informative over the

lifetime of the universe. The continuous habitability of these exoplanets will depend

more on the evolution of the X-ray/UV environment and the planetary rotation

rate. M dwarf stars retain active chromospheres far longer than Sun-like stars (e.g.,

Miles and Shkolnik 2017; Loyd et al. 2018), potentially causing photo-evaporation

of short period exoplanet atmospheres (e.g., Cloutier and Menou 2020) and harm to

life. Further, exoplanets in their HZs tend to be in synchronous rotation (e.g., Barnes
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2017), leading to a reliance on a stable sub-stellar cloud deck to maintain habitable

surface conditions (e.g., Kopparapu et al. 2016). Additionally, the future NASA direct

imaging mission will aim to characterize Earth-like exoplanets around nearby Sun-like

stars (Astro2020 Decadal Survey). For these reasons, we choose to focus our analysis

on rocky exoplanets in the HZs of Sun-like stars.

We selected a sample of 7 confirmed exoplanets in the HZ around K- and G-type

host stars, including 6 exoplanets from Ware et al. 2022. We exclude 3 exoplanets from

that sample that orbit M dwarfs. Planetary and stellar parameters from the literature

for the sample of exoplanets are listed in Table 3.1 and Table 3.2, respectively. The

exoplanets fall within the optimistic range for rocky planets, with radii < 1.8 R⊕ and

masses < 10 M⊕. The upper radius limit for rocky planets is adopted from Fulton

et al. 2017; Thompson et al. 2018, where 1.8 R⊕ is the approximate center of the

1.5− 2.0 R⊕ gap between rocky super-Earth and gaseous sub-Neptune planets. The

upper mass limit is adopted from the planetary mass-radius relation for rocky cores

from Zeng, Sasselov, and Jacobsen 2016, M = R1.37. Assuming a radius of 1.8 R⊕, we

determine an upper mass limit of ∼ 9 M⊕ and round up to 10 M⊕. This optimistic

upper mass limit is influenced by known, large exoplanets with densities consistent

with a rocky composition (e.g., Kepler-20 b, Bonomo et al. 2023).

All 7 exoplanets have instellations within the optimistic Recent Venus (RV) and

Early Mars (EM) HZ boundaries, determined using the equations defined in Kopparapu

et al. 2014. We did not include exoplanets from Hill et al. 2023 that only spend a

portion of their orbit in the HZ due to eccentricity. The HZ boundaries for each star

were calculated using the luminosities and Teff chosen from the literature. We adopted

luminosities and Teff for four stars from Petigura et al. 2022, which reported the

stellar radii determined via the Stefan-Boltzmann relation. The authors calculated the
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luminosity for this purpose, but did not report the value. Rather than independently

calculating the luminosity, we backed out their value using the reported radii and Teff .

In order to determine their original uncertainties on the luminosities, we “subtracted

in quadrature” using the uncertainties in the radii and Teff . Similarly for Kepler-441,

we backed out the calculated luminosity from the radius and Teff reported in Berger

et al. 2018.

Table 3.1. Selected terrestrial habitable zone exoplanets

Planets M⊕ R⊕ Period [d] Ref. α [AU]a NexSci Conf.?b

Kepler-441 b ... 1.462 207.24871± 0.00057 1,2 0.558± 0.012 Y

Kepler-442 b ... 1.395 112.30341± 0.00057 1,2 0.391± 0.009 Y

Kepler-1544 b ... 1.685 168.81128± 0.00054 1,2 0.541± 0.015 Y

Kepler-62 f ... 1.531 267.291± 0.005 1,3 0.724± 0.017 Y

HD 40307 g 7.1 ... 197.8+5.7
−9.0 4 0.593+0.017

−0.024 Y†

HD 216520 c 9.440 ... 154.43± 0.44 5 0.527± 0.019 Y

Kepler-452 b ... 1.511 384.843+0.007
−0.012 1,6 1.062± 0.023 Y†

References: 1. Berger et al. 2018 2. Gajdoš, Vaňko, and Parimucha 2019 3. Borucki
et al. 2013 4. Tuomi et al. 2013 5. Burt et al. 2021 6. Jenkins et al. 2015
aSemi-major axis calculated from period in Table 3.1 and stellar mass in Table 3.2.
bNexSci confirmed exoplanet.
†Marked as controversial in the NASA Exoplanet Archive.

For HD 40307, we adopt the mean Teff (4870 K) from the PASTEL catalogue

(Soubiran, Brouillet, and Casamiquela 2022), which includes measurements from

various high-resolution spectroscopy studies. However, we find their reported uncer-

tainty (18 K) too small. The sources that Soubiran, Brouillet, and Casamiquela 2022

referenced to determine their mean Teff and uncertainty have values ranging 4774-4977

K, a significantly wider spread than the reported uncertainty. To better represent

the range of Teff measurements, we assume an uncertainty of 100 K, which is nearly
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equivalent to the spread between the mean and the upper and lower extremes of the

reference values.

For Kepler-442 we could not find a spectral type reported in the literature. To

gain a rough estimate of the spectral type, we visually compared the 2MASS (Cutri

et al. 2003) J −H and H −Ks colors to the spectral type table provided by Pecaut

and Mamajek 2013. We found the colors and Teff to be consistent with that of a

K-dwarf and assume this going forward.

Two confirmed exoplanets in our sample, HD 40307 g and Kepler-452 b, are marked

as controversial in the NASA Exoplanet Archive. HD 40307 g was detected by Tuomi

et al. 2013 via the radial velocity method and a subsequent follow-up analysis of the

system was reported in Díaz et al. 2016, both using publicly available data from the

HARPS survey (Mayor et al. 2003). They found in the latter analysis that the signal

reported at P ∼ 200 days is inconclusive, which corresponds to HD 40307 g. To date,

no follow-up studies using independent observations have been published to further

confirm or reject the candidate. Therefore, we retain HD 40307 g in our sample.

Kepler-452 b was detected by Jenkins et al. 2015 via the transit method using

data from the Kepler mission. Two follow-up studies (Mullally et al. 2018; Burke

et al. 2019) of the Kepler data found Kepler-452 b to fall below the 99% confidence

threshold required for statistical validation due to problems with systematic false

positive in the regime of small, long period Kepler planet candidates. As with HD

40307 g, no independent follow-up studies have been published to further confirm or

reject the candidate and we therefore retain Kepler-452 b in our sample.

The stellar parameters listed in Table 3.2 are used for comparison to stellar

evolution models. We use the measured iron abundance relative to solar, [Fe/H], to

compare to the overall metallicity, Z, of the models. It is common for only [Fe/H] to
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be reported in the literature and subsequently in stellar modeling to assume Z scales

accordingly. However, specific abundances can vary significantly for the same [Fe/H]

and Truitt et al. 2015; Truitt and Young 2017 show that the HZ distance can be

significantly altered with only changes to abundance ratios. Due to the typically large

variation between sources for abundance measurements of the same star, attributable

to differences in methods and solar normalization (e.g., Hinkel et al. 2016; Furlan

et al. 2018), we adopt conservative 0.15 dex uncertainties in [Fe/H], unless the reported

uncertainty is higher.

Table 3.2. Stellar parameters for habitable zone exoplanet host stars

Stars Teff [K] L/L⊙ M/M⊙ [Fe/H]

Kepler-441 4340± 177 (1) 0.086± 0.003 (2)† 0.54± 0.02 (3) −0.57± 0.18 (1)

Kepler-442 4427± 70 (4) 0.137± 0.007 (4)† 0.63± 0.02 (3) −0.59± 0.15 (4)

Kepler-1544 4744± 110 (4) 0.229± 0.009 (4)† 0.74± 0.03 (3) 0.00± 0.15 (4)

Kepler-62 4863± 100 (4) 0.253± 0.014 (4)† 0.71± 0.03 (3) −0.34± 0.15 (4)

HD 40307 4870± 100 (5) 0.260± 0.010 (6) 0.71± 0.02 (7) −0.31± 0.15 (5)

HD 216520 5103± 20 (8) 0.353± 0.003 (8) 0.82± 0.04 (8) −0.17± 0.15 (8)

Kepler-452 5775± 100 (4) 1.143± 0.055 (4)† 1.08± 0.04 (4) 0.24± 0.15 (4)

References: 1. Torres et al. 2015 2.Berger et al. 2018 3. Berger et al. 2020 4.
Petigura et al. 2022 5. Soubiran, Brouillet, and Casamiquela 2022 6. Stassun
et al. 2019 7. Bonfanti, Ortolani, and Nascimbeni 2016 8. Burt et al. 2021
†Luminosity calculated using radius and effective temperature from reference.

3.2.2 Tycho Stellar Evolution Catalog

We use the stellar evolution code Tycho (Young and Arnett 2005) to update the

catalog of evolutionary tracks in Ware et al. 2022. Tycho is a 1D stellar evolution code

that utilizes a hydrodynamic formulation of the stellar evolution equations. Tycho
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contains OPAL opacities (Alexander and Ferguson 1994; Iglesias and Rogers 1996;

Rogers and Nayfonov 2002), utilizes a combined OPAL and Timmes equation of state

(Timmes and Arnett 1999; Rogers and Nayfonov 2002), and gravitationally induced

diffusion (Thoul, Bahcall, and Loeb 1994). Tycho utilizes an adaptable 177 element

reaction network up to 74Ge combined with REACLIB rates (Angulo et al. 1999;

Rauscher and Thielemann 2000; Iliadis et al. 2001; Wiescher et al. 2006), weak rates

from Langanke and Martínez-Pinedo 2000, and screening from Graboske et al. 1973.

Turbulent convection is defined via a hydrodynamic formulation (Meakin and Arnett

2007; Arnett, Meakin, and Young 2009, 2010; Arnett and Meakin 2011) based on 3D,

well-resolved simulations of convection between stable layers, which eliminates the

need for free convective parameters (i.e., “convective overshoot”).

We have updated the Tycho catalog to include a finer resolution grid of model

masses, enabling a more precise calculation of the posterior probability distributions

described in Section 3.2.4. The catalog contains mass models between 0.5− 1.3 M⊙,

with steps of 0.01 M⊙. The model metallicities remain unchanged and are between

0.1−3.0 of Z⊙, with steps of 0.1 Z⊙ between 0.1−1.5 Z⊙ and steps of 0.25 Z⊙ between

1.5− 3.0 Z⊙. We use these models in Section 3.2.3 to determine the HZ boundaries

over the evolution of the star. The catalog also varies in [O/Fe] between 0.44×, 1.0×,

and 2.28× (O/Fe)⊙ for the full metallicity range. However, we leave out those models

for this analysis as there are not [O/Fe] measurements available in the literature for

all the stars in our sample. When available, we plan to include [O/Fe] ratios as a

prior in our Bayesian method, as this can have a significant effect on the evolution of

the HZ (Truitt et al. 2015).
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3.2.3 Habitable Zone Models

Following Ware et al. 2022, we include the HZ models from Kopparapu et al. 2014.

Here, we specifically focus on the conservative 1 M⊕ model, defined by a runaway

greenhouse IHZ and maximum greenhouse OHZ, and the optimistic RV/EM model,

assuming the incident solar fluxes for Venus and Mars when liquid water may have

been present on the surfaces. The authors parameterize the HZ with respect to the

Teff and luminosity of the star. By taking outputs from the Tycho stellar evolution

models, we calculate the HZ boundaries for each time-step of the star’s main sequence

evolution. For a given orbital radius, we can predict how long a planet would remain

within the HZ.

As a comparison and complement to the 1D models, we incorporate statistics from

a ROCKE-3D GCM PPE of land planet atmospheres (Kiang, N. Y. et al. 2024, in

preparation). The authors conducted a Latin hypercube sampling of 10 variables for

Earth-size, all land planets in circular orbits: stellar Teff , instellation compared to

modern Earth (S0 = 1361 W m−2 from Prša et al. 2016), rotation period, surface

pressure, N2/CO2 pressure, surface albedo, surface roughness, soil texture, and initial

water inventory. Final climatological mean diagnostics are reported for an ensemble

of 110 planets, which includes 18 planets that did not reach climatological and/or

hydrological equilibrium: 17 planets, with mean surface temperatures > 115◦C, likely

reached a runaway greenhouse state at which the GCM was not designed to account

for the change in atmospheric mass; one failed to complete due to numerical issues at

extreme conditions not normally handled by the GCM.

In order to define HZ boundaries to combine with outputs from Tycho, we must

determine suitable metrics to quantify the potential habitability of a given planet with
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respect to the effective temperature and luminosity of the host star. Typically when

defining HZ boundaries, a single or limited number of specific planet configurations are

tested. Kopparapu et al. 2014 test several planetary masses and background N2 partial

pressures while adjusting the surface temperature or CO2 partial pressure for the IHZ

and OHZ, respectively. Upon reaching the limit of a runaway or maximum greenhouse

state, the associated effective incident stellar flux determines the edges of the HZ. The

original design of the land planets ensemble was intended to investigate the diversity

of climates within the HZ and not to define its edges. The parameter ranges were

confined within ranges expected to yield mostly habitable conditions, in particular the

instellation range was limited to 0.62− 1.471 S0. This results in few planets outside

the HZ, making these boundaries less constrained. For those planets that do not have

a habitable climate, we only know that the sampled instellation is outside the HZ and

not where the precise boundary is for that specific planetary configuration. Despite

these limitations, we can determine simplified HZ definitions for this demonstration

with surface temperature diagnostics by performing statistical regressions with respect

to the currently observable properties, Teff and instellation. The variance in the mean

climate diagnostics includes the effects of the excluded planetary parameters, which

is reflected in the standard errors of the regression coefficients. This enables us to

place confidence bounds on the HZ boundaries, a significant change from previous

HZ studies where a limited number of planetary configurations are tested and the

uncertainty is largely unknown.

A combined ensemble of climatologically and hydrologically equilibrated and

unequilibrated planets presents difficulties. For models which crashed prior to reaching

equilibrium, the climate outputs only diagnose the state of the climate up to that point

and do not indicate the eventual equilibrium state. For these reasons, we focus on the
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93 equilibrated planets. We note that simulations with numerical instabilities still

provide useful information on the extent of the HZ, if indicative of a physically unstable

climate, and could be incorporated in future studies. While we exclude the crashed

planets, many planets that reached equilibrium also have climates akin to a runaway

greenhouse, albeit at lower surface temperatures than Earth-like planets with larger

water inventories. These hotter planets have mean surface temperatures exceeding

100◦C and the majority of their water is held in the atmosphere, with the remainder

being non-interactive water bound to the soil or sub-surface water that requires long

computational times to fully evaporate. A combination of more temperate planets

with mean surface temperatures < 50◦C and those planets in a hotter climate regime

creates non-linearity, with respect to instellation, in the temperature and water metrics

at the transition point. As this work is largely a demonstration-of-concept, we perform

simple linear regressions for the predictive equations used to define the HZ boundaries,

with the understanding that this will introduce additional uncertainty. A detailed

discussion of alternative methods for non-linear fits to the output climate diagnostics

is included in K24. Our goal here is to show the impact on estimates of habitability

when considering a large number of parameters and their possible ranges, as well as

make recommendations for future ensembles to aid in more comprehensive and robust

definitions of the HZ.

3.2.3.1 Habitable Zone Boundaries

One possible metric to define the habitability of a planet is the surface temperature.

For the IHZ, the upper temperature limit can be taken to be 100◦C, the boiling

point of water and disinfection threshold. While the boiling point will depend on
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the surface pressure, few organisms on Earth can exist above this temperature.

The macromolecules essential to life become unstable on the timescales of cellular

metabolism as the temperature approaches the proposed theoretical upper limit for life

of ∼ 150◦C (Bains, Xiao, and Yu 2015; Schulze-Makuch, Airo, and Schirmack 2017).

We take 100◦C as the upper limit and determine an IHZ based on the mean surface

temperature of each planet’s coolest grid cell. If the climatological mean surface

temperature of a planet is 100◦C, some area of the planet remains below the upper

limit. The minimum mean surface temperature better represents this variability by

determining the average coolest temperature over a climatological period, making use

of a GCM’s ability to capture the surface heterogeneity of a planet’s climatology. We

perform a multivariate linear regression on the minimum mean surface temperature,

with respect to Teff and instellation, achieving an adjusted R2 = 0.453, indicating

about half of the variance is captured by the host star properties.

While the problem of crashed planets is less important for determining the OHZ

for the land planets ensemble, low-sampling near the OHZ makes the determination

of a definitive threshold for habitability difficult. Kodama et al. 2021 use a GCM

to study the OHZ for land planets. The threshold is assumed to be the onset of a

globally ice-covered state, where snow cover is maintained at every latitude. For the

ROCKE-3D land planets ensemble, snow tends to collect in latitudinal bands rather

than being distributed at all latitudes. The location of these bands depends on the

obliquity and if the planet is synchronously rotating. Additionally, in the 110-member

ensemble no planet maintains 100% of their hydrologically available water inventory in

a frozen state, likely due to temporal variability. As mentioned in Section 3.2.3, even

for planets that are mostly frozen, we only know the sampled instellation at which

this occurs and not the exact boundary. Instead we use the maximum mean surface
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temperature (i.e., the mean temperature of the warmest grid cell) to determine if, on

average, all grid cells remain below 0◦C throughout a climate cycle. Although temporal

variability still leads to small amounts of melting, planets below this threshold largely

remain frozen. The maximum mean surface temperature is an improvement over the

global means used by 1D models, which are not sufficient metrics for potential surface

habitability. We again perform a multivariate linear regression, with respect to Teff

and instellation, achieving an adjusted R2 = 0.532.

3.2.4 Bayesian Habitable Zone Probabilities

The Bayesian method used in this work follows those described in Truitt et al. 2020;

Ware et al. 2022, where we aim to determine the probability that a given orbital

distance from the host star has spent 2 Gyr in the HZ. Depending on the known

properties of the star, this approach could follow several different cases. In this

work, we focus on the case where the metallicity, mass, and age are known to within

some uncertainty, assumed to be Gaussian. We apply this method to our sample

of potentially habitable planets, with the Bayesian posterior distributions for each

star presented in Section 3.3.3. Other potential cases are described in detail in

Truitt et al. 2020. Although we only consider metallicity, mass, and age in this work,

the flexibility of Bayesian statistics means our method can be expanded to include

additional cases considering other properties, such as planetary composition and stellar

activity.

The only change from Ware et al. 2022 is that we include the 95% confidence

intervals for the land planets ensemble CHZ2 posterior distributions. The means and

standard errors for the ensemble surface temperature metrics’ regression coefficients
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are used to define HZs by randomly sampling from multivariate Gaussian distributions.

For each sampled combination of coefficients and each timestep in a given stellar

evolution model, we determine the orbital radius at which the chosen HZ threshold

is reached. We then take the median and 95% confidence interval of the orbital

radius distribution for each HZ boundary. By considering both the IHZ and OHZ, we

define the median, upper and lower 95% confidence interval as three separate HZs.

These then determine the range of CHZ2 posterior probabilities for each orbital radius,

allowing us to show the effect of observationally unknown planet parameters on the

HZ evolution. In the future, uncertainties in the HZ should be included as a prior

probability distribution in the Bayesian framework.

3.2.5 Stellar Ages

As in Ware et al. 2022, we aim to assess the current probability that an exoplanet

is within the CHZ2. This requires we know the age of the star within some uncertainty.

Without knowledge of the age, we can only postulate on the continuous habitability

of the exoplanet with respect to the full main sequence lifetime of the star up to the

maximum age of the model.

Measuring stellar ages for stars in clusters is relatively straightforward (e.g.,

Sandage 1970; Lastennet and Valls-Gabaud 2002), but is more difficult for field stars

(e.g., Soderblom 2010). Ages are often determined via isochrones and/or empirical

age-rotation and age-activity relations with uncertainties for Sun-like stars on the

order of 1 Gyr or larger (e.g., Soderblom 2010; Torres, Andersen, and Giménez

2010). Although precise ages are preferred, by operating within a Bayesian statistical

framework, a poorly known age still provides a useful constraint on the posterior
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probability distribution. Assuming a Gaussian distribution, we introduce the age as a

prior in the calculation. We were able to retrieve ages from the literature for all of the

stars in our sample. For comparison, and to enable the calculation of ages for future

analysis where stars may lack age measurements, we estimate ages for our sample of

host stars by fitting measured properties to Tycho stellar evolution models.

Using the method described in Ware et al. 2022, we find that the method does not

properly capture the sensitivity of age uncertainties to changes in the uncertainties

of the measured properties. We have made an adjustment to the fitting algorithm

to correct this. Starting with luminosity, Teff , and metallicity measurements from

the literature, assumed to be Gaussian, we perform χ2 fits to models from the Tycho

stellar evolution catalog:

χ2 =
(Lmod − Lobs)

2

σ2
L

+
(Tmod − Tobs)

2

σ2
T

(Zmod − Zobs)
2

σ2
Z

(3.1)

where Lmod, Tmod, and Zmod are the model luminosities, Teff , and metallicities. Lobs,

Tobs, Zobs are the measured luminosities, Teff , and metallicities. σL, σT , σZ are the

uncertainties in the observations. We keep all model points which fit to within 1σ of

the measured values and determine the likelihood, P , of each χ2 fit:

P = exp(−χ2/2) (3.2)

We take the median and 68% confidence interval of the remaining models points,

weighting by the likelihood.

The ages for all host stars derived in this work and from literature sources are

provided in Table 3.3. For consistency and comparison to our best-fit ages, we preferred

literature ages from the stellar property sources used in this work. The ages from

this work fall within the 1-σ errors in the literature sources, except for Kepler-442.
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Petigura et al. 2022 report an age of 13.1+4.8
−7.1 for Kepler-442 from fits to isochrones,

which places a significant portion of the age distribution above the age of the universe.

We use our age estimates in our CHZ2 analysis, except for Kepler-441 and HD

216520 for which we use the literature ages. These sources either used empirical

gyrochronology relations (Kepler-441) or a compilation of ages from various methods

(HD 216520). Lower mass stars evolve slowly, making fits to stellar evolution models

difficult without extremely precise measured properties. The relatively large uncer-

tainties for measured stellar properties compared to the evolutionary rate of change

in those properties typically results in large age uncertainties for low-mass stars. For

this reason, ages from empirical relations currently provide more precise estimates.

In Section 3.4.1, we compare the effects on the CHZ2 for stars similar in mass to

Kepler-441 and Kepler-452, which represent the mass range for our sample, at various

ages and uncertainties. We then discuss the broader implications for planets in HZ of

the lowest and highest mass Sun-like stars.

Table 3.3. Stellar ages for potentially habitable systems

Stars AgeTycho [Gyr] Agelit [Gyr] Ref. Methoda

Kepler-441 1.59+7.26
−1.49 1.9+0.5

−0.4 1 1,2

Kepler-442 5.72+2.67
−4.13 13.1+4.8

−7.1 2 2

Kepler-1544 3.12+3.20
−2.76 7.9+7.0

−5.5 2 2

Kepler-62 4.68+4.01
−3.37 10.6+6.2

−6.7 2 2

HD 40307 6.16+4.21
−4.44 6.9± 4.0 3 2

HD 216520 7.13+3.63
−4.46 6± 3 4 1,2

Kepler-452 2.37+2.12
−2.31 2.9+2.2

−1.7 2 2

References: 1. Torres et al. 2015 2. Petigura et al. 2022 3. Bonfanti, Ortolani, and
Nascimbeni 2016 4. Burt et al. 2021
aMeasurement Methods: 1. Gyrochronology 2. Isochrones
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3.3 Results

3.3.1 Inner Habitable Zone Comparison

We compare the HZ boundaries from Kopparapu et al. 2014 versus the land planets

ensemble for the IHZ in Figure 3.1(a). The median 100◦C minimum mean surface

temperature boundary sits entirely inside the 1 M⊕ boundary and extends inside

the RV boundary for stars ≳ 4400 K. The land planets ensemble boundary shows a

stronger Teff dependence than the Kopparapu et al. 2014 models. While it is difficult

to make a direct comparison between the Kopparapu et al. 2014 and land planets

ensemble boundaries due to differences in their definition and model parameters, it

is expected that the HZ will be highly dependent on spectral type (e.g., Rugheimer

et al. 2013; Shields et al. 2013; Rugheimer et al. 2015). The land planets ensemble

demonstrates that, for the same instellation, planets orbiting cooler stars will be

warmer than those around hotter stars. As Teff decreases, the Wien peak of the stellar

spectrum moves toward the near-IR where water absorption becomes dominant and

Rayleigh scattering becomes less important. This effect is seen for higher Teff in the

Kopparapu et al. 2014 models, but tapers off as the planetary albedo approaches a

minimum near zero for the coolest stars.

The small instellation range sampled for the land planets ensemble (0.62−1.471 S0)

has a large impact on the confidence levels of the HZ boundaries. For the hottest stars,

the 100◦C boundary is extrapolated outside the sampling range. None of the planets

with a G2-type (5772 K) host star that reached equilibrium surface temperatures

> 100◦C and the population of planets with surface temperatures > 100◦C is over

represented by M dwarf host stars. While the limited inference allowed by the small
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instellation range is compounded by the small sample size, the trend of hotter host

stars with cooler surface temperatures, and vice versa, is indicative of the importance

of stellar spectral type. With decreasing planetary albedo it becomes easier to heat

the planet for a given instellation level, a trend potentially exacerbated by increased

stellar activity in late type stars.

Interestingly, while planets with surface temperatures exceeding 100◦C are likely

uninhabitable, land planets may maintain stable surface water due to limited water

inventories coupled with high pressure atmospheres. The hottest planet in the ensemble,

with a mean surface temperature of 283◦C and orbiting an M8.2-type host star, reached

equilibrium, indicating there are likely certain planet configurations that maintain

stable, extreme climates. This could present difficulties for determining the potential

habitability of land planets without a direct measurement of the surface temperature,

as signs of a runaway greenhouse atmosphere may not be readily discernible.

3.3.2 Outer Habitable Zone Comparison

Figure 3.1(b) compares the EM, 1 M⊕, and ROCKE-3D land planets ensemble 0◦C

maximum mean surface temperature (complete freezing point) OHZs. The median land

planets ensemble boundary is shifted inwards for all spectral types, most significantly

for Sun-like stars. As before, a stronger Teff dependence is present in the land planets

ensemble boundary than is seen with the Kopparapu et al. 2014 models. The 1 M⊕

OHZ is defined by the maximum greenhouse, where the CO2 partial pressure was

increased until Rayleigh scattering became dominant over the greenhouse effect. For

the coolest M dwarf host stars, Rayleigh scattering never becomes an important factor

as the stellar spectrum peak shifts into the near-IR. While considering the effects of
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Figure 3.1. Comparison of the RV/EM, 1 M⊕, and ROCKE-3D land planets ensemble
HZ boundaries. The land planets ensemble HZ boundaries are defined by (a) the
100◦C minimum mean surface temperature for the IHZ and (b) the 0◦C maximum
mean surface temperature (complete freezing point) for the OHZ. The shaded regions
represent the 95% confidence intervals on the land planets ensemble HZ boundaries.
The vertical dotted lines represent the land planets ensemble sampling range for the
instellation (0.62−1.471 S0). Over-plotted are the land planets ensemble models, with
(a) pink indicating planets with minimum mean surface temperatures > 100◦C and
(b) light blue indicating planets with maximum mean surface temperatures < 0◦C.

clouds and surface ice is likely to push the OHZ closer than is seen in these 1D models,

drawing firm conclusions for the land planets ensemble boundary is complicated by a

number of factors.

By pushing planets to the maximum CO2 greenhouse in the Kopparapu et al. 2014

models, the final CO2 partial pressure for an Earth-like planet orbiting the Sun is ∼ 8
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bars and increases with decreasing Teff . The land planets ensemble sampled up to 10

bars of CO2, but only two planets ended up with > 8 bars and only 10 have > 1 bar.

Again, the goal of the land planets ensemble was not to push ever configuration to

the extremes, but to instead sample from the possible ranges of parameters. The land

planets ensemble OHZ is extrapolated past the instellation sampling range for stars

≲ 4200 K. The coldest 20 planets with maximum mean surface temperatures < 0◦C

are dominated by K and G dwarf hosts, with only five of these having M dwarf hosts.

This leaves the OHZ to be based mainly on hotter planets for the cooler host stars.

3.3.3 CHZ2 Planet Profiles

We use the Kopparapu et al. 2014 and ROCKE-3D GCM land planets ensemble HZ

boundaries combined with Tycho stellar evolution models and a Bayesian framework

to determine posterior likelihood distributions for the CHZ2 around 7 K and G dwarf

host stars with potentially habitable exoplanets, as well as for the Sun. The land

planets ensemble HZ boundaries are defined by the 93 planets that reached equilibrium.

Figure 3.2 shows the CHZ2 posterior distributions for the full 8 star sample with the

1 M⊕ and RV/EM HZ boundaries compared against the land planets ensemble 100◦C

minimum mean surface temperature IHZ and 0◦C maximum mean surface temperature

OHZ. CHZ2 posterior likelihoods for each planet are provided in Table 3.4, which are

determined by taking the average of the posterior distributions over the 1σ semi-major

ranges listed in Table 3.1. Average posterior likelihoods for the land planets ensemble

HZ boundaries have upper and lower “uncertainties”. While this is unconventional to

place an uncertainty on a probability, inherently a measure of uncertainty itself, this

allows us to show the range of estimates given by the 95% confidence intervals. In the
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future, HZ boundaries with uncertainties should be integrated as a prior probability

distribution, resulting in a single likelihood for each orbital radius.

As we are only considering host stars with Teff ≳ 4300 K, the land planets ensemble

CHZ2 is generally shifted inwards relative to Kopparapu et al. 2014. The RV IHZ is

typically within the 100◦C minimum mean surface temperature 95% confidence interval,

with the 1 M⊕ IHZ being less optimistic for all stars. This results in an increased

CHZ2 probability for Kepler-442 b (P ∼ 0.375) and HD 216520 c (P ∼ 0.491), a

significant increase over the 1 M⊕ model and on par with the RV/EM model. The

median probability for Venus does not increase relative to the Kopparapu et al. 2014

models, but ranges from P = 0− 1 based on the 95% confidence intervals.

The largest differences result from the significantly more conservative land planets

ensemble OHZ, reducing the outer extent of the CHZ2 by > 0.5 AU for the Sun

and Kepler-452. The probabilities for Kepler-441 b, Kepler-62 f, and Mars decrease

to P ∼ 0, while HD 40307 g drops from P ∼ 0.55 for Kopparapu et al. 2014 to

P = 0.114. Kepler-1544 b remains largely constant and Kepler-452 b still increases

over the 1 M⊕ model due to orbiting relatively close in. Earth is notable in that the

Kopparapu et al. 2014 models gives a 100% chance of being in the CHZ2, but straddles

the lower 95% confidence for the outer land planets ensemble CHZ2, with a range

of P = 0 − 0.710. This is due to the restricted land planets OHZ, which is heavily

impacted by the small sampled instellation range and sample size relative the number

of sample parameters. While the Earth sits within the land planets ensemble HZ,

taking into account the Sun’s evolutionary history results in Earth not being within

the median CHZ2.
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Figure 3.2. CHZ2 posterior likelihood distributions for the sample of host stars in
3.2 and the Sun using the 1 M⊕ and RV/EM models and the land planets ensemble
100◦C minimum mean surface temperature IHZ and 0◦C maximum mean surface
temperature OHZ. Grey shaded regions denote the 95% confidence interval. Colored
vertical bars correspond to the 1σ semi-major axis range for the sample of exoplanets
in Table 3.1. Bars for Venus, Earth, and Mars are widened for clarity.

3.4 Discussion

CHZ2 posterior likelihoods for exoplanets in the HZ are meant to aid in prioriti-

zation of observations by considering the likelihood that life has both evolved and

made a detectable impact on the atmosphere. Exoplanets can be ranked or separated

into tiers based on their associated CHZ2 probability. Considering average posterior

likelihoods in Table 3.4 for the 100◦C minimum mean surface temperature IHZ and

0◦C maximum mean surface temperature OHZ, Kepler-442 b, Kepler-1544 b, and HD

216520 c would be the highest priority targets for follow-up observations aimed at

detecting biosignatures. Although further work is needed to improve the reliability
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Table 3.4. Planetary CHZ2 posterior likelihoods

Planets < P1M⊕ > < PRV/EM > < PLand Planets >

Kepler-441 b 0.012 0.035 0

Kepler-442 b 0.038 0.365 0.375+0.033
−0.060

Kepler-1544 b 0.415 0.611 0.390+0.169
−0.169

Kepler-62 f 0.552 0.557 0.000+0.007
−0.000

HD 40307 g 0.547 0.588 0.114+0.258
−0.083

HD 216520 c 0.029 0.418 0.491+0.223
−0.193

Venus 0 0 0.000+1.000
−0.000

Earth 1 1 0.000+0.710
−0.000

Mars 1 1 0

Kepler-452 b 0.156 0.424 0.221+0.177
−0.156

Note: CHZ2 posterior likelihoods for the sample of planets. These are calculated by
taking the average of each posterior likelihood distribution over the 1σ range of the
semi-major axis given in Table 3.1. For Venus, Earth, and Mars their semi-major
axes are taken to be 0.723, 1, and 1.524 AU, respectively. Uncertainties in the
averages for the land planets ensemble HZ boundaries correspond to the upper and
lower 95% confidence intervals.

of the HZs defined using the land planets ensemble, we show the advantages of HZs

based on a variety of planetary configurations taking into account current unknowns

that will affect habitability. Determining if exoplanets are currently in the HZ and

their likelihood of continuous habitability is benefited by having a single HZ definition

with confidence intervals rather than a HZ for each possible scenario. The confidence

intervals can be taken as conservative and optimistic HZ limits or integrated as priors

into models to place a single probability on the continuous habitability for a given

exoplanet. Here we discuss the importance of stellar age when determining the CHZ,

HZs for land planets in the literature, potential alternative metrics for defining the

HZ from GCM ensembles, and recommended changes for future ensembles to enable

more robust determinations of the HZ boundaries.
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3.4.1 Effect of Age and Spectral Type on the CHZ2

Solar-type stars with solar metallicity have main sequence lifetimes of ∼ 10 Gyr.

As a result, the HZ evolves significantly over the age of the universe, but the CHZ is

wide enough to provide a stable radiation environment for life to evolve and make

a detectable impact on the atmosphere. For M, late-type K, and F dwarfs, the

HZ evolution differs substantially. In Figure 3.3, we compare the CHZ2 posterior

probability distributions for solar metallicity 0.55 and 1.1 M⊙ stars with various ages

and uncertainties. These model stars are similar in mass to Kepler-441 and Kepler-452,

representing the upper and lower mass range of the sample considered in this work. For

low-mass stars, the effects of the age and uncertainty are insignificant, only becoming

important for young stars where planets have not yet reached 2 Gyr of continuous

habitability. For higher mass stars, the age is critical to constraining the CHZ2 as

the HZ shifts outward with time, increased uncertainty contributes to significant

broadening of the probability distribution and reduces the maximum possible CHZ2

probability.

M and late-type K dwarfs evolve slowly, with main sequence lifetimes far exceeding

the age of the universe. Therefore, the HZs of even the oldest stars have remained

relatively constant until now. Over the 8 Gyr considered in Figure 3.3(a), the CHZ2

shifts outward only a few hundredths of an AU for the 0.55 M⊙ model. The age

precision is less important as well, generally only affecting the maximum CHZ2

probability with increasing uncertainty (Figure 3.3(b)). Unless a planet orbits at the

inner or outer edge of HZ, it will remain in the HZ with little change in instellation or

spectral energy distribution (SED). The continuous habitability is therefore nearly

independent of the luminosity and Teff evolution of the host star. Planets in the HZ of
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these low-mass stars are orbiting close in, likely leading to tidal locking and significant

effects from stellar activity. Without knowledge of the planetary properties and stellar

activity evolution, the current model becomes less informative for determining the

CHZ2.

Planets orbiting in the HZ of F dwarfs encounter the opposite problem. For the 1.1

M⊙ model, the outer edge of the CHZ2 shift outwards nearly 0.5 AU over the 4 Gyr

considered (Figure 3.3(c)). The IHZ evolves slower due to the parameterization in

Kopparapu et al. 2014, but still increases > 0.2 AU. The age precision becomes more

important, with increasing uncertainty significantly decreasing the maximum CHZ2

probability and increasing the posterior distribution width (Figure 3.3(d)). The rapid

evolution of the HZ decreases the likelihood of HZ planets remaining continuously

habitable and reduces the total lifetime of the HZ over the main sequence. The 1.1

M⊙ model has a main sequence lifetime of ∼ 7 Gyr, still long enough for 2 Gyr to

remain a feasible threshold for continuous habitability. For stars ≳ 1.4 M⊙, depending

on the metallicity, the main sequence lifetime can drop below 2 Gyr. While 2 Gyr

is a conservative threshold for the time life needs to evolve and make a detectable

impact, the likelihood of finding detectable life on planets in the HZs of early-type F

dwarfs is substantially decreased even for more optimistic thresholds. Luckily, only a

small fraction (∼ 2%) of the stars in the current NASA ExEP mission star list for

HWO (Mamajek and Stapelfeldt 2024) exist in this regime. However, ∼ 40% of the

current target sample are F dwarfs and precise stellar ages will be needed to properly

constrain the area of continuous habitability.

Mello and Friaça 2023 combine a minimal mantle and atmospheric model to

study the evolution of the CHZ for various planetary parameters and stellar types.

Although they consider the CHZ with respect to the full main sequence lifetime,
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more conservative than the CHZ2 considered in this work, they similarly caution the

potential continuous habitability of planets orbiting F dwarfs with stellar masses

>≳ 1.1 M⊙. When considering both the rapid luminosity evolution of higher mass

stars and the cooling timescales of the planetary interior, the CHZ becomes restricted

or even nonexistent for small planets (≲ 0.5 M⊕) and those orbiting F dwarfs. We do

not consider the planetary interior evolution in this work, but combining an interior

model and GCM would be fruitful for future studies on continuous habitability.

3.4.2 Habitable Zone for Land Planets in the Literature

While most studies of planetary habitability focus on aqua planets like Earth

with surfaces dominated by oceans, a handful of works have explored the limits of

habitability for land planets and the water inventories or land fractions that divide

these two populations. Abe et al. 2011 use a GCM to study the IHZ and OHZ for

land planets with 1 R⊕ around a Solar-type star. The initial water inventories vary

between 20, 40, and 60 cm of water, falling within the range sampled by K24. The IHZ

is defined by the runaway greenhouse case and the OHZ is defined by the complete

freezing point, where permanent snow is present at every latitude. They find IHZ

limits of 1.7 S0, regardless of the initial water inventory, and OHZ limits of 0.77

S0 and 0.58 S0 for low- and high-obliquity planets, respectively. This compares to

1.90+0.44
−0.24 and 1.03+0.13

−0.13 S0 for the 100◦C minimum mean surface temperature and 0◦C

maximum mean surface temperature boundaries at Teff = 5772. While their OHZ falls

outside the 0◦C maximum mean surface temperature 95% confidence interval, this is

unsurprising given the differences in definition, parameters sampled, sampling ranges.

Kodama et al. 2018; Kodama et al. 2019; Kodama et al. 2021 built off the work
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Figure 3.3. CHZ2 posterior likelihood distributions using the Kopparapu et al. 2014 1
M⊕ HZ model for solar metallicity, 0.55 (top) and 1.1 (bottom) M⊙ stars, assuming
an insignificant uncertainty in the mass and metallicity. The ages start from 2.5 Gyr
to ensure 2 Gyr has passed since the end of the pre-main sequence. The left plots
show posteriors for various ages and assume a small 0.1 Gyr uncertainty. The right
plots show posteriors for a constant age with various uncertainties. The ages are 6
and 3.5 Gyr, respectively, which are approximately half the maximum model age or
main sequence lifetime.

of Abe et al. 2011 and explored the relationship between the HZ boundaries and the

surface water distribution or water inventory for Earth-sized land planets orbiting

Solar-type stars. They find that the runaway greenhouse IHZ ranges from ∼ 1.3

S0 for planets with larger water inventories and meridionally dispersed distributions

(water pools at equally spaced longitudes) to ∼ 1.8 S0 for planets with small water
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inventories (∼ 1% Earth’s oceans) and zonally uniform distributions concentrated at

the poles. At the IHZ, they find a clear division between the climate regimes of aqua

planets and land planets as the tropics dry out. This is occurs at a water inventory of

∼ 10% Earth’s oceans or a land fraction of ∼ 40%. Higher water inventories or smaller

land fractions than these thresholds result in a generally constant IHZ instellation of

∼ 1.3 S0. At the OHZ, the division between aqua and land planets is less clear. The

complete freezing point follows the same trend for water distribution or inventory as

the IHZ and varies between 0.92 − 0.77 S0, with the lower limit in agreement with

Abe et al. 2011 for a planet with 0◦ obliquity. Kodama et al. 2019; Kodama et al. 2021

also tested planets with the topographies of Venus, Earth, and Mars. They found that

the limiting instellations for the IHZ and OHZ generally fall between the meridionally

dispersed and zonally uniform cases. Overall, these studies show similar results to

the IHZ boundary in this work, but future work is needed to determine the level of

agreement between these models, especially for the OHZ.

3.4.3 Alternative Habitable Zone Metrics

We focused on temperature metrics from the ROCKE-3D land planets ensemble

to define the IHZ and OHZ. There are a multitude of other metrics we did not explore

which help describe the relative habitability of a planet. For one, we only considered

the maximum mean and minimum mean surface temperatures of the planets. The

mean surface temperature is the first and most common reference point for describing

the overall climate of a planet. For planets with relatively small differences in surface

temperature between zones (e.g., fast rotators with denser atmospheres), the mean

surface temperature should be sufficient. If the planet has a large surface temperature
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gradient (e.g., tidally locked planets or those with higher obliquities), the mean surface

temperature may neglect these variations. The absolute maximum and minimum

surface temperatures may be better choices in these cases.

One could also explore HZ boundaries based on the phase distribution of water

or the availability of water for life. The fraction of total water that exists as ice

versus ground and lake liquid water can probe the outer edge. Similarly, the total

atmospheric water could define planets that have reached the complete evaporation

point, where all water not molecularly bound to the soil is evaporated. However,

both the coldest and hottest planets still maintain unbounded liquid surface water in

the land planets ensemble. At a minimum instellation of 0.62 S0, temporal surface

temperature variations on cold planets still cause melting. For hot planets with surface

temperature exceeding 100◦C, liquid surface water persists due to the long model

times required to fully evaporate all water, which is a consequence of ROCKE-3D

preventing evaporation from deep surface layers.

A common obstacle for all of the aforementioned metrics of habitability is what

threshold should be used to distinguish a habitable and uninhabitable planet. For

surface temperature, the OHZ is easiest as a planet which remains permanently

below freezing will either be in a state of global glaciation for aqua planets or

with a fully frozen water inventory for land planets, save for briny water or water

heated geothermally which may remain unfrozen. At the IHZ, the exact boundary

of habitability is less clear. While planets with temperatures exceeding boiling, with

respect to the surface pressure, or the maximum temperature threshold for life are likely

uninhabitable, the runaway greenhouse or rapid water loss states should occur prior to

reaching these thresholds. For the distribution of water between phases, small amounts

of liquid surface water could still exist with temporal variations, even if the planet
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is largely uninhabitable. For example, with decreasing instellation the land planets

ensemble asymptotically approaches 100% frozen water inventory. These metrics are

therefore best used in combination to diagnose a planets habitability holistically. This

is why the runaway greenhouse and maximum greenhouse or complete freezing point

are the most attractive options, by setting clear boundaries between planets which

may still have detectable surface life and those where only sub-surface life may still

remain. However, we plan to explore these alternative metrics in the future with an

expanded ensemble and with an updated version of ROCKE-3D that is able to handle

planets entering a runaway greenhouse state.

3.4.4 Recommendations for Future Ensembles

The original intent of K24 was to explore the relative habitability and distribution

of water for planets with small water inventories and various configurations within

the typical range of instellations consistent with HZ planets. Defining HZ boundaries

would always be complicated for this sample, but it presented an opportunity to

understand how this could be done for a more holistic sample than previous studies,

demonstrate the uncertainty in the HZ and continuous habitability introduced by a

large set of possible parameters, and plan for future large ensembles to define the

HZ in a more robust manner. Recommended updates for future ensembles include

a wider range of instellations, adding host stars with spectral types earlier than

G2, introducing additional greenhouse gases, a range of planetary masses and radii,

sampling various surface water distributions or ocean and continent configurations,

and a wider range of water inventories.

For exploring HZ boundaries, the most relevant change to the parameter sampling
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would be an increase in the range of instellations. Based on the results of Abe et

al. 2011; Kodama et al. 2018; Kodama et al. 2019; Kodama et al. 2021, this range

should at least span 0.58− 1.8 S0. However, there is a lack of studies using GCMs to

define the HZ for land planets orbiting stars other than the Sun. While the results of

this work are limited by the sampling, a stronger Teff dependence for land planets could

push the boundaries beyond these limits for the hottest and coolest host stars. For

the OHZ in particular, this range should likely extend to 0.2 S0, the approximate edge

of the EM boundary for a Teff = 2516 K host star. These recommended instellation

ranges assume a similar method is used for future ensembles, where instellations are

sampled rather than incrementally increasing or decreasing the incident flux until a

runaway greenhouse or complete freezing point is reached. Based on the difficulty of

defining HZs in this work, the IHZ in particular, it may be best to instead institute the

former method. This will require significantly more computational time, but would

provide more robust results for the instantaneous edges of the HZ.

The current ensemble covers the sub-solar regime of stars that could host potentially

habitable planets, with JWST and near-term missions focused on characterizing

planets around late-type M dwarfs. HWO and future missions will seek to characterize

planets in the HZ of Sun-like stars, up to early-type F stars. Taking into account

the preliminary NASA ExEP mission star list for HWO (Mamajek and Stapelfeldt

2024), the Teff range should extend up to 7000 K, the approximate upper limit for

solar metallicity F1V stars.

Variation in the initial atmospheric composition is limited to N2 and CO2 in

the land planets ensemble. Secondary greenhouse gases, such as CH4, are typically

ignored for HZ studies, focusing solely on the effects of H2O and CO2. Ramirez and

Kaltenegger 2018 find that CH4 has a significant effect on the OHZ Earth-like planets
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using 1D models, with a net greenhouse effect due to increased IR absorption for

host stars hotter than 4500 K. Below 4500 K, increased near-IR stellar flux leads to

absorption by CH4 and a net cooling effect. While CH4 is efficiently lost through

photolysis and diffusion limited escape, significant abiotic and biotic sources could

maintain higher CH4 concentrations (Ramirez and Kaltenegger 2018). In fact, a

previously higher level of CH4 is a proposed solution to the faint young Sun problem

for both early Earth (e.g., Haqq-Misra et al. 2008; Wolf and Toon 2013) and Mars

(e.g., Ramirez 2017; Wordsworth et al. 2017). Although Ramirez and Kaltenegger

2018 focused on the OHZ, the land planets ensemble shows that greenhouse gases

other than H2O cannot be ignored for the IHZ of planets with low water inventories.

The runaway greenhouse for Earth-like planets with significant water inventories

occurs when surface temperatures exceed the critical point of water (∼ 647 K at

220 bars, Kasting, Whitmire, and Reynolds 1993) and the oceans fully evaporate.

Water dominates the atmospheres of these planets near the IHZ, making the effects of

additional greenhouse gases negligible. The land planets considered in K24 do not have

enough water to reach this pressure threshold. The hottest planets in the ensemble

with fully evaporated surface water, neglecting non-interactive and sub-surface water,

do not even reach the water volume mixing ratios of the classic moist greenhouse limit

for Earth (1E-3,). The runaway greenhouse can be better defined as the complete

evaporation point for these dry planets and additional greenhouse gases play a larger

role in determining this limit. Therefore, it may be beneficial to explore the climate

sensitivity, at both the IHZ and OHZ, to CH4 or other greenhouse gases in future

ensembles.

A key parameter included in Kopparapu et al. 2014, but absent from the land

planets ensemble and most other HZ parameterizations, is variance in planetary mass
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and radius. Kopparapu et al. 2014 tested both increasing the background N2 partial

pressure with increasing radius, under the assumption that larger planets will have

denser atmospheres, and the effect of increased gravity with increasing mass. The

largest effect was seen for the IHZ with increasing gravity. Increased gravity led to

a smaller H2O column depth, which increases the outgoing longwave radiation and

enables more efficient cooling. The land planets ensemble included variation in N2

partial pressure, but the results of Kopparapu et al. 2014 demonstrate that planetary

mass and radius should be considered as well.

K24 assume a flat topography for all planets in the ensemble and water is allowed to

pool in a single lake in each grid cell, but can redistribute through general circulation.

The results of Kodama et al. 2018; Kodama et al. 2019; Kodama et al. 2021 show that

the prescribed water body distribution can have a significant effect on the HZ limits.

It may be useful to sample the extremes explored in these works: zonally uniform

water pool regions versus the meridionally uniform dispersed case and fully ocean-

covered versus continent-bearing planets with a variety of continental configurations

(e.g., Venus, early to modern Earth, and Mars). Kodama et al. 2019 also found that

the initial water inventory will impact the HZ limits, with a transition between the

behaviors of aqua and land planet climates occurring at ∼ 10% of Earth’s oceans for

the IHZ. While a comprehensive study of both aqua and land planets would be best,

future land planet ensembles should sample up to this transition point, or at least

high enough for a circulating ocean to form, in order to consider the full range of

potential land planets.
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3.5 Conclusions

In this work, we used a Bayesian framework, combined with statistics from a 3D

GCM perturbed parameter ensemble (Kiang, N. Y. et al. 2024, in preparation) and a

grid of stellar evolution models, to determine posterior probabilities for the location

of the CHZ2 for G and K stars with known potentially habitable exoplanets. The

GCM ensemble focused on Earth-sized land planets with minimal water inventories as

opposed to Earth-like aqua planets, for which HZ boundaries are typically defined.

Land planets are better suited to maintain habitable conditions due to drier atmo-

spheres, which increase radiative cooling at the IHZ and reduce cloud fractions (albedo)

at the OHZ. We performed multivariate linear regressions on surface temperature

metrics, with respect to stellar Teff and planetary instellation, to define HZ boundaries

for the IHZ and OHZ. Our regressions did not include perturbed parameters that

would be unknowns for near-term missions, such as CO2 partial pressure and surface

albedo. The variance from these parameters in the is included in the standard errors

of the regression coefficients, enabling us to determine confidence intervals for the

HZ boundaries. Other studies of HZ limits typically focused on specific planetary

configurations, where a single limiting instellation is found for each stellar spectral

type.

For the IHZ, we defined boundaries using the 100◦C minimum mean surface

temperature threshold. For the OHZ, we defined a boundary using the 0◦C maximum

mean surface temperature threshold, where each GCM grid cell remains below freezing

on average. We found significant differences in the HZ range when comparing to the

conservative runaway/maximum greenhouse 1 M⊕ and optimistic RV/EM HZs defined

by Kopparapu et al. 2014. In general, the IHZ and OHZ boundaries defined using

82



the land planets ensemble extended inwards to those from Kopparapu et al. 2014 for

hotter G and K host stars, but predicted comparable HZs for M stars. This is a result

of the stronger stellar Teff dependence for the land planets ensemble HZ boundaries.

While the differences between the HZs are expected due to separate definitions of the

HZ boundaries, the use of 1D versus 3D models, and the planetary configurations

considered (e.g., aqua versus land planets), the sampling of parameters in the land

planets ensemble made a significant impact on the robustness of the HZ boundaries

defined in this work. The limited instellation range (0.62 − 1.471 S0) sampled in

K24 caused the majority of planets around hotter G and early-type K host stars to

maintain temperate climates. For planets with late-type K and M host stars, the shift

in the stellar spectrum towards the near-IR leads to lower planetary albedos and higher

surface temperatures at the same instellation. This caused a large number of models

near the IHZ to crash upon reaching a hotter climate state beyond the capabilities of

ROCKE-3D and those near the OHZ never reached the complete freezing point.

Although our results were impacted by the sampling in the land planets ensemble,

we still demonstrated the benefit of determining HZs with large GCM perturbed

parameter ensembles and pairing these within a Bayesian framework for predicting

continuous habitability. Our comparison of CHZ2 posterior probability distributions

for the sample of selected known potentially habitable systems followed the same

trends seen in the HZ boundaries, with the land planets ensemble CHZ2 shifting

inward relative to Kopparapu et al. 2014 for these hotter G and K host stars. However,

by including the 95% confidence intervals in the land planets ensemble HZ boundaries

we show the range of CHZ2 probabilities predicted by the variance in perturbed

parameters. For planets orbiting in the middle of the HZ around lower mass stars,

which evolve more slowly, their CHZ2 probabilities may only differ by ∼ 1% (e.g.,
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Kepler-442 b). For planets orbiting closer to the edge of the HZ around higher mass

and more quickly evolving stars, their range of CHZ2 probabilities could be 0− 100%

(e.g., Venus). Caution should be exercised in prioritizing exoplanets near the edge of

the HZ, since taking into account the possible range of unknown planetary parameters

and uncertainties in stellar properties reduces the likelihood of continuous habitability.

Perturbed parameter ensembles present a means to approach planetary habitability

in a more holistic and robust manner. We look forward to future ensembles covering a

broader range of planetary parameters, with a recommendation to prioritize a larger

range of instellations to aid in determination of the HZ boundaries. Based on the

results of prior HZ studies and the preliminary target list for the future HWO NASA

direct imaging mission, it would be beneficial to include spectral types up to early

F stars, additional greenhouse gases, a range of planetary masses and radii, various

surface water distributions, and a large range of initial water inventories. We only

included prior probabilities on the stellar mass, metallicity, and age in our CHZ2

calculations, but the flexibility of Bayesian statistics encourages the introduction

of additional constraint on planetary and stellar parameters. Consideration of the

impact of geological and biological processes on the atmospheric composition and

climate regulation are critical to determining the potential habitability of a planet. By

incorporating models of outgassing rates, we could better constrain the likely range

of atmospheric compositions with additional input from measurements of planetary

mass and bulk compositions. As the ultimate goal of this work is to develop a more

comprehensive method for prioritizing planets most likely to host detectable life for

future missions, additional work is needed to predict the continuous habitability of

exoplanets orbiting low mass stars. Since the luminosity evolution is slow over billion
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year timescales, the effects of stellar activity and synchronous rotation are of greater

importance.
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Chapter 4

CONTINUOUS HABITABLE ZONE PREDICTIONS FOR POTENTIAL

HABITABLE WORLDS OBSERVATORY TARGET STARS

4.1 Introduction

Future direct imaging space telescopes, such as NASA’s UV/O/IR direct imaging

mission, coined the Habitable Worlds Observatory (HWO), will be the first telescopes

capable of both detecting and characterizing Earth-sized exoplanets in the habitable

zones (HZ) of nearby Sun-like (F-, G-, K-type) stars. Currently, the James Webb Space

Telescope (JWST ) will seek to characterize the atmospheres of transiting terrestrial

exoplanets orbiting the smallest, nearby M dwarf stars. However, to access exoplanets

at any orbital inclination, those with longer orbital periods, and to probe down to

surface, direct imaging of reflected light is required (The LUVOIR Team 2019; Gaudi

et al. 2020). For an Earth-like exoplanet orbiting in the HZ of a G2-dwarf, detection

of reflected light requires a sensitivity of ∼ 10−10 for the planet-star contrast at visible

wavelengths (Fujii et al. 2018). Achieving this level of contrast and surveying the entire

HZ to initially detect terrestrial HZ exoplanets, not including detailed spectroscopic

characterization, will require a significant amount of time and resources for even

a single system. This makes prioritization based on the likelihood that discovered

exoplanets will host detectable life critical to consider.

With the release of the NASA ExEP mission star list (EMSL) for HWO (Mamajek

and Stapelfeldt 2024), we now have a sample of the 164 stars with HZs most accessible

to a future direct imaging survey with a 6-m-class telescope. The current system for
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ranking these targets is based on the conservative moist greenhouse inner habitable

zone (IHZ) and maximum greenhouse outer habitable zone (OHZ) boundaries for our

solar system from Kasting, Whitmire, and Reynolds 1993 and Kopparapu et al. 2013.

These boundaries are then combined with a simple luminosity scaling relation to

determine the current HZ boundaries for other stars. There is no consideration of

the effect of stellar effective temperature, other HZ models, or the evolution of the

HZ. Stellar effective temperature will have a significant effect on the extent of the

HZ (e.g., Rugheimer et al. 2013; Shields et al. 2013; Rugheimer et al. 2015) and 1D

and 3D climate models have shown a wide range of possible HZ limits (e.g., see Wolf

et al. 2017, and references therein). Further, the use of the moist greenhouse IHZ

boundary should be reexamined. Studies with 3D GCMs and energy balance models

have shown that Earth would transition directly to a runaway greenhouse for F-,

G-, K-, and M-type stars (Leconte, Forget, Charnay, Wordsworth, and Pottier 2013;

Ramirez 2020). Additionally, the moist greenhouse does not imply that a planet is

uninhabitable, only that the stratosphere is wet enough for the planet to lose the

volume of Earth’s oceans to photolysis in ∼ 4.5 Gyr.

As this sample is composed mainly of F-, G-, and K-type stars where HZ evo-

lution with respect to stellar luminosity plays a more significant role over billion

year timeframes, this presents a perfect opportunity to extend our Bayesian 2 Gyr

continuous habitable zone (CHZ2) method to the EMSL. We apply this method to the

164 stars in the EMSL, combining an updated grid of Tycho stellar evolution tracks

with the runaway greenhouse and maximum greenhouse HZ definitions of Kopparapu

et al. 2014. In addition, we incorporate the IHZ definition from Turbet et al. 2023,

which defines the initial IHZ boundary where Earth-like planets will be able to form

oceans following formation. For targets in the EMSL, which lack discovered terrestrial
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HZ exoplanets, we must instead consider the total extent of the CHZ2 to prioritize tar-

gets. By integrating over the posterior CHZ2 distribution outside hypothetical HWO

coronagraph inner working angles (Mamajek and Stapelfeldt 2024), we demonstrate a

method for prioritizing targets according to the accessibility of the CHZ2 through a

single CHZ2 metric for each star.

To streamline the process of determining stellar ages and CHZ2 posterior likelihood

distributions, we combine both methods inside the open-source stellar model grid

interpolation code kiauhoku (Claytor et al. 2020). This enables us to determine stellar

ages, masses, and CHZ2 posteriors together, greatly improving the efficiency and

robustness of our results. We compare our results to the SPORES (Stellar/System

Properties & Observational Reconnaissance for Exoplanet Studies with HWO) catalog

(Harada et al. 2024), which determined masses and ages in a similar manner for all of

the EMSL stars.

In Section 4.2, we discuss updates to the Tycho stellar evolution code and model

grid, the HZ definitions used, our updated Bayesian CHZ2 method, and the process

for calculating the CHZ2 metric. Section 4.3 reports our results and comparison of

masses and ages to those in the SPORES catalog. Section 4.4 discusses issues with

determining stellar masses and ages for the lowest mass stars in the EMSL, trends

and implications for the derived CHZ2 metrics, and future work. Finally, Section 4.5

presents a summary of our work.
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4.2 Methods

4.2.1 Tycho Stellar Evolution Catalog

We use the stellar evolution code Tycho (Young and Arnett 2005) to generate

a new catalog of stellar evolution tracks. Tycho is a 1D stellar evolution code that

utilizes a hydrodynamic formulation of the stellar evolution equations. We have

updated Tycho to include the latest Los Alamos OPLIB high temperature opacities

(Colgan et al. 2016) and ÆSOPUS 2.0 low temperature opacities (Marigo et al. 2022),

a 522 element reaction network up to 99Tc utilizing the latest REACLIB rates (Cyburt

et al. 2010), and the Asplund, Amarsi, and Grevesse 2021 protosolar abundances

as our reference solar mixture. As with previous versions, Tycho uses a combined

OPAL and Timmes equation of state (Timmes and Arnett 1999; Rogers and Nayfonov

2002), gravitationally induced diffusion (Thoul, Bahcall, and Loeb 1994), general

relativistic gravity, time lapse, curvature, and automatic rezoning. The reaction

network uses weak rates from Langanke and Martínez-Pinedo 2000 and screening from

Graboske et al. 1973. Neutrino cooling and mass loss are included, but the latter

is trivial for the low mass stars considered in this work. Tycho avoids the need for

free convective parameters (i.e., “convective overshoot”) by utilizing a description of

turbulent convection based on 3D, well-resolved simulations of convection between

stable layers (Meakin and Arnett 2007; Arnett, Meakin, and Young 2009, 2010; Arnett

and Meakin 2011).

The new Tycho stellar evolution catalog spans masses of 0.2− 1.6 M⊙ in steps of

0.01 M⊙, metallicities ([M/H]) of −1.75−0.5 dex in steps of 0.25 dex, and evolutionary

phases from the pre-main sequence birth to the first convective dredge-up or a maximum
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age of 15 Gyr. These parameter ranges are sufficient for the studying the 164 F, G, K

and early-M main sequence and subgiant stars in the EMSL, with the caveat that we

neglect rotation and departures from the initial scaled solar abundances.

In Section 4.2.4, we use stellar model grid interpolation to determine the stellar age,

mass, and CHZ2 posterior likelihood distributions for all stars in the EMSL. When

interpolating between tracks, stellar age is not an optimal dimension for comparison.

Depending on the initial mass and metallicity, consecutive tracks can vary substantially

in the lifetime of each evolutionary phase and which phases are reached. In order to

simplify and improve the accuracy of interpolation, the original tracks output by the

stellar evolution model are transformed onto a uniform basis, with an equal number of

steps for each evolutionary phase. We transform the Tycho stellar evolution catalog

tracks to an equivalent evolutionary phase (EEP) basis, using the EEP definitions of

Dotter 2016. The main difference is that we do not go up to or past the tip of the red

giant branch (RGB). We only need to simulate up to the end of the subgiant branch for

the EMSL stars, so we stop the tracks at the maximum extent of the first convective

dredge-up. The first dredge-up is an event in the first half of the RGB where the

convective envelope extends deep enough to bring the products of Hydrogen burning

to the surface. The maximum convective depth provides an easily distinguishable

feature when examining the total convective mass in the stellar interior (Figure 4.1)

and we apply this as the final EEP for all tracks in our grid that reach the RGB. We

recommend this EEP for studies focused on earlier phases of evolution to avoid the

large computational time required to reach the Helium flash at the tip of the RGB.
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Figure 4.1. Evolution of the total convective mass for 1− 1.6 M⊙, solar metallicity
Tycho stellar evolution tracks. Here, tracks start from the base of the RGB and end
just after the maximum convective depth is reached during the first dredge-up. The
maximum convective mass provides a common final EEP for all tracks that reach the
RGB in our model grid.

4.2.2 SPORES Catalog

Following the publication of the EMSL for HWO, the SPORES collaboration

created a catalog of system properties for all 164 stars (Harada et al. 2024). This

includes averaged spectroscopic abundances from the Hypatia Catalog (Hinkel et

al. 2014) and independently, uniformly derived stellar properties via spectral energy

distribution modeling. We adopt the stellar radii (R⋆), effective temperatures (Teff),

and iron abundances ([Fe/H]) for use in Section 4.2.4 to calculate stellar ages, masses,

91



and CHZ2 posterior likelihood distributions. The [Fe/H] values reported in the

SPORES Catalog are normalized to the solar photospheric iron abundance reported

in Asplund et al. 2009. We normalize the photospheric [Fe/H] for each timestep in

the Tycho stellar evolution tracks to the same scale as the SPORES catalog to avoid

introducing systematic errors when fitting to the Tycho models. For stars in the

SPORES catalog without [Fe/H] from Hypatia, we use the values reported in the

EMSL. The SPORES catalog also report masses and ages from sampling of the MIST

(MESA Isochrones and Stellar Tracks) isochrone grid (Dotter 2016), which we compare

to in Section 4.3.1.

4.2.3 Habitable Zone Models

Following Ware et al. 2022, we include the 1 M⊕ HZ model from Kopparapu

et al. 2014, defined by a runaway greenhouse IHZ and maximum greenhouse OHZ.

The authors parameterize the HZ with respect to the Teff and luminosity of the star.

By taking outputs from the Tycho stellar evolution models, we calculate the HZ

boundaries for each time-step of the star’s main sequence evolution.

We also include a new IHZ boundary from Turbet et al. 2023, determined using

a 3D general circulation model (GCM), as a compliment to the 1D HZ model from

Kopparapu et al. 2014. Climate models often assume the planet’s initial water begins

condensed on the surface. Turbet et al. 2021 showed that if water is assumed to

initially be fully vaporized following the magma ocean phase, a new IHZ instellation

limit can be determined where atmospheric water vapor condenses on the surface. The

authors find that this so-called “water condensation limit” (WCL) is always at a lower

instellation than the runaway greenhouse limit at the zero-age main sequence (ZAMS).
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If a planet has an instellation exceeding the WCL at the ZAMS, that planet will be

unable to ever form oceans on its surface and will lose its water through photolysis and

atmospheric escape. This has significant consequences for planets near the IHZ, such

as Venus. Figure 4.2 shows the HZ definitions along with the instellations for Venus

and Earth at the ZAMS and at solar age (4.57 Gyr). While Earth would have been

outside the WCL at the ZAMS, Venus has always been inside the WCL. This implies

Venus would never have been able to form oceans. This result is crucial to take into

account when determining the potential habitability of exoplanets and prioritizing

exoplanets and stellar systems for detailed biosignature searches. We incorporate

these results into our model, with the WCL defining the initial IHZ at the ZAMS. We

keep the IHZ distance constant as the star evolves until the stellar luminosity increase

causes the runaway greenhouse limit to exceed the WCL.

4.2.4 Stellar Masses, Ages, and CHZ2 Posterior Likelihood Distributions

Previously, we calculated stellar ages and CHZ2 posterior likelihood distributions

separately. This involved first performing χ2 fits to Tycho stellar evolution tracks to

obtain best-fit stellar ages and/or retrieving literature measurements of stellar age

determined via empirical age relations. We then combined the age with measured

stellar masses and metallicities from the literature, in order to avoid fitting the Tycho

best-fit mass to the stellar evolution tracks a second time, to place prior probabilities

on our HZ evolution models. By calculating the Bayesian likelihood that a range of

orbital radii are within the CHZ2 we produced posterior likelihood distributions for

the location of the CHZ2 around a given star. While this method is functional and

effective, we have significantly improved the efficiency, robustness, and reproducibility
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Figure 4.2. HZ definitions used in this work: runaway greenhouse IHZ and maximum
greenhouse OHZ from Kopparapu et al. 2014; water condensation limit IHZ from
Turbet et al. 2023. Over-plotted are the instellations for Venus and Earth at the
ZAMS and solar age (4.57 Gyr).

of our method by combining both calculations within the open-source kiauhoku1

stellar model grid interpolator.

First presented in Claytor et al. 2020, kiauhoku performs interpolation between

stellar evolution tracks that have been transformed to an EEP basis and maps stellar

observables, in this case effective temperature, radius, and [Fe/H], onto the stellar

model fundamental properties of mass, metallicity, and age. Combined with the

Markov Chain Monte Carlo (MCMC) sampling Python package emcee (Foreman-

1https://github.com/zclaytor/kiauhoku
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Mackey et al. 2013; Foreman-Mackey et al. 2019), this results in sampled posterior

distributions for each parameter of interest. In order to include the location of the

CHZ2 as a sampled parameter, we calculate the CHZ2 boundaries for each timestep

in the stellar evolution tracks, starting from the ZAMS. We then use an ensemble of

walkers running individual Markov chains to sample the posterior distributions for

mass, age and CHZ2 location.

We place priors on the initial mass, initial metallicity, age, and EEP range. For

mass and metallicity, we restrict the sampling to within the bounds of the Tycho

model grid and use the joint log-normal and power-law Chabrier initial mass function

(Chabrier 2003) to positively weight lower mass models. For age, we use the Gaussian

Q-function to constrain samples below the age of the universe (13.787±0.020 Gyr,

Planck Collaboration et al. 2020), which takes the form

P =
1

2
(1 + erf(

Agemod − Ageuni

σuni

√
2

)) (4.1)

where erf is the error function, Agemod is the model age, and Ageuni is the age of the

universe. For the EEP range, we use the luminosity classes reported in the EMSL

to determine the upper and lower limits: the ZAMS to terminal-age main sequence

(TAMS) for dwarfs (V), the TAMS to first dredge-up for subgiants (IV), and the

ZAMS to first dredge-up for uncertain classifications (IV-V). We use a χ2 distribution

to calculate the log-likelihood for each model grid point:

ln(P ) = −1

2

∑
i

(
xobs,i − xmod,i

σobs,i

)2 (4.2)

where xobs,i and xmod,i are the SPORES catalog measured and Tycho modeled stellar

effective temperatures, radii, and [Fe/H], respectively. After obtaining a sampled

posterior distribution for the CHZ2 boundaries, we compare a range of orbital radii to
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the posterior distribution to determine the likelihood that any given orbital distance

around a star is within the CHZ2.

This combined method for determining stellar ages and CHZ2 locations enables

us to generalize the Bayesian CHZ2 routine from Ware et al. 2022 to any stellar

model grid. This also eliminates additional uncertainty introduced by fitting ages

separately and using literature masses to constrain the HZ evolution models. Alongside

the published version of this chapter, we will be releasing a GitHub module within

kiauhoku to enable users to calculate CHZ2 boundaries for any stellar model grid with

options for various published HZ models, sample full CHZ2 posterior distributions for

a range orbital radii, and calculate CHZ2 posterior likelihoods for individual planets.

Additionally, the Tycho stellar model grid will be included as an option to use within

kiauhoku.

4.2.5 Determining a CHZ2 Metric

The goal of determining CHZ2 posterior distributions for each star in the EMSL is

to demonstrate a method for further prioritizing observations based on the likelihood a

terrestrial HZ exoplanet in the system will host detectable signatures of life. However,

at the time of this writing none of the EMSL star have any candidate or confirmed

terrestrial HZ exoplanets, assuming an upper radius limit of 1.8 M⊕ and the HZ

definitions from Kopparapu et al. 2014. Therefore, instead of ranking exoplanets

within each system based on their CHZ2 likelihoods, we must derive a metric for

prioritization by considering the full CHZ2 posterior distribution for each system. For

a star with exact knowledge of the stellar properties, such as the Sun, this metric would

be defined by the total range of the CHZ2 given by the inner and outer boundaries.
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For the stars in the EMSL with significant associated uncertainties for measured

stellar properties, we must integrate over the full CHZ2 posterior distribution. In this

case, each orbital radius is weighted by the likelihood of being within the CHZ2.

HWO will be a direct imaging mission, in which a coronagraph will be used to block

the light from star and reveal the faint reflected light of the planets. Coronagraphs

have an associated inner working angle (IWA), inside of which any planets would be

hidden behind the coronagraph or the diffracted light from the host star. We must

take into account the IWA when integrating over the CHZ2 posterior distribution,

with the IWA defining the lower integration limit. The metric equation then takes

the form

metric =

∫ ∞

IWA

P (CHZ2)dr (4.3)

where the IWA is converted from a projected angle on the sky to an orbital radius

using the distance reported in the EMSL, typically from Gaia. Currently, we do not

know the final specifications for HWO, but we can utilize the IWA estimates from the

EMSL for each tier of targets. The EMSL used three separate IWAs to determine the

accessibility of the HZ, ranging from conservative to optimistic: 83 mas for tier A,

72 mas for tier B, and 65 mas for tier C. We use these IWA estimates to calculate

the CHZ2 metric for each star and then rank the stars within their respective tiers.

The CHZ2 can be interpreted as a proxy for the range of the CHZ2 with a higher

metric indicating a combination of a more accessible CHZ2 for HWO and a higher

likelihood of continuous habitability for terrestrial exoplanets in the HZ. We retain

each star within their respective EMSL tiers to account for the additional factors used

to initially rank them, such as the presence of a disk or close stellar companion.
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4.3 Results

We used 50 walkers, a burn-in phase of 1,000 iterations, and 10,000 final iterations

with the MCMC sampler for each of the 164 stars in the EMSL. We used long chains

to ensure convergence, with longer computational times not being an issue for this

relatively small sample. To check the quality of the final samples, we compared the

SPORES catalog effective temperature, radius, and [Fe/H] to the sampled posterior

distribution for each star. If the literature values fell within the 2σ, we flagged the

samples as reliable. The effective temperatures and radii reported in the SPORES

catalog have median uncertainties of ∼ 0.8% and ∼ 1.9%, respectively. These are more

than two times lower than the systematic noise floors of ∼ 2.4% and ∼ 4.2% set by

measured interferometric angular diameters and bolometric fluxes (Tayar et al. 2022).

Further, the SPORES catalog uses the means of the log iron abundance measurements

in Hypatia, which will skew the mean and uncertainty relative to the linear mean.

When taking the mean of log abundances, one should first convert the abundances to a

linear scale then take the log of the mean value. Additionally, the median and spread

about the median often better represent the range of abundance measurements, where

significant systematic differences between methods are common (Hinkel et al. 2016).

For these reasons, we use a more conservative 2σ threshold to determine reliable

samples.

In total, 153 stars were flagged as reliable. For these stars, we calculated the mean,

median, and root median square offset (RMedS) between the sample median and

input effective temperatures, radii, and [Fe/H]. These are shown in Table 4.1 and

demonstrate that the samples are well converged, with the mean, median, and RMedS

offsets being close to zero for all parameters.
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Table 4.1. MCMC sample offsets compared to SPORES catalog

Parameter Mean Median RMedS

∆Teff (K) 15 7 7

∆R (R⊙) 0.01 0 0

∆[Fe/H] (dex) 0.033 0.01 0.01

∆M (M⊙) 0.03 0.03 0.03

∆Age (Gyr) 1.84 1.29 1.29

Note: Offsets were only calculated for stars with samples flagged as reliable.

4.3.1 Stellar Masses and Ages

From our sampling of effective temperature, radius, and [Fe/H], we obtained

posterior distributions for the masses and ages of the EMSL stars. We report the

SPORES catalog inputs and the median and 68% credible intervals for the masses

and ages of all 164 stars in Table B.1. Figure 4.3 compares the masses derived in

this work, for the 153 stars with samples flagged as reliable, to those in the SPORES

catalog. We find a generally tight correlation, with virtually all of the masses having a

< 2σ discrepancy as determined by the residuals normalized by the quadrature sum of

the uncertainties. We compare the median uncertainties between both sets of masses

in Table 4.2. We achieve a median uncertainty of 0.03 M⊙ (2.8%) from our sampling,

compared to 0.05 M⊙ (4.6%) for the SPORES catalog. Aside from differences in the

stellar model physics and inputs, one obvious factor could have influenced the tighter

constraints for our samples. We applied priors on the evolutionary phases in the

MCMC sampling generally according to the spectral types reported in the EMSL.

However, after an initial round of sampling without any EEP priors, we also checked

the posterior distributions to determine if stars near the TAMS were more likely to

be dwarfs or subgiants and adjusted the EEP priors accordingly. Overall, the two sets
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of mass agree well, with a RMedS offset of 0.03 M⊙, well within the quadrature sum

of the median uncertainties (0.06 M⊙). The mean, median, and RMedS offsets for

both the masses and ages are listed in Table 4.1.

Figure 4.3. (top) Median masses from MCMC sampling of Tycho stellar model grid
compared to masses from the SPORES catalog. Only stars with samples flagged
as reliable are shown. The black dashed line represents a 1:1 correlation. (bottom)
Residuals normalized by the quadrature sum of the uncertainties. The grey shaded
region shows stars with < 2σ discrepancy.

Figure 4.4 compares the ages derived in this work to those in the SPORES catalog.

While there initially appears to be significant discrepancies between the two sets of

ages, accounting for the uncertainties results in all but four of the 153 stars having
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discrepancies < 2σ. The Tycho ages systematically skew older for younger stars in

the SPORES catalog and vice versa. This is likely due to the EEP priors previously

mentioned, along with the prior for the age of universe, which limits the range of

possible ages relative to the SPORES catalog. We compare the median uncertainties

between boths sets of ages in Table 4.2. We achieve a median uncertainty of 1.15

Gyr (25.3%) from our sampling, compared to 1.89 Gyr (41.2%) for the SPORES

catalog. An additional factor influencing the tighter age constraints is our method of

calculating the log-likelihood with respect to the measured [Fe/H]. We compared the

photospheric [Fe/H] at each EEP step in the Tycho tracks to the measured [Fe/H]

rather than the initial metallicity of the model, which is the more commonly used

method. This places an additional constraint on the age beyond effective temperature

and radius. Since Tycho includes both gravitational settling and a more realistic

treatment of convection, the photospheric abundances are more likely to be predictive

than models lacking one or both of these effects. Further, this avoids the problem

of fitting to the initial uniform bulk composition, which is based on a protosolar

abundance mixture and will change over time due to nucleosynthesis, mixing, and

gravitational settling of heavier elements in the envelope. As with the masses, the

overall ages of the two sets agree well, with a RMedS offset of 1.29 Gyr, which is

within the quadrature sum of the median uncertainties (2.21 Gyr).

4.3.2 CHZ2 Posterior Likelihoods

From our sampling of the Tycho stellar model grid, we also obtained posterior

distributions for the CHZ2 boundaries. By comparing a range of orbital radii to

101



(Gyr)

(G
yr
)

Figure 4.4. (top) Median ages from MCMC sampling of Tycho stellar model grid
compared to ages from the SPORES catalog. Only stars with samples flagged as
reliable are shown. The black dashed line represents a 1:1 correlation. Error bars are
excluded for clarity. (bottom) Residuals normalized by the quadrature sum of the
uncertainties. The grey shaded region shows stars with < 2σ discrepancy.

the inner and outer CHZ2 posteriors, we calculate the CHZ2 posterior likelihood

distributions for all 164 stars in the EMSL. We convert the likelihood posteriors to a

single CHZ2 metric value using the method described in Section 4.2.5. Here we focus

on the 153 stars with samples flagged as reliable, but the full list of CHZ2 metric

results is provided in Table B.2 with stars separated into their EMSL tiers and ranked

according to the metric value.

Figure 4.5 shows the CHZ2 metric with respect to the age derived in this work
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Table 4.2. Median mass and age uncertainties

Parameter Median MedianSPORES

σM (M⊙) 0.03 (2.8%) 0.05 (4.6%)

σAge (Gyr) 1.15 (25.3%) 1.89 (41.2%)

Note: Median uncertainties were only calculated for stars with samples flagged as
reliable.

and spectral type for EMSL Tier A, B, and C stars. Results are comparable between

tiers, with minimal difference in the overall trends. This is expected, as we are only

considering the properties of the star irrespective of distance, binarity, the presence of

a disk, or other factors that are already accounted for with their separation into tiers.

The CHZ2 metric begins close to 0 for stars < 2 Gyr in age, as these stars are not

yet old enough to obtain a CHZ2. The CHZ2 metric then increases with age, peaking

close to solar age between 3− 4 Gyr with late-F to early-G stars typically having the

highest values of ∼ 0.8− 0.9, before slightly tapering off for the oldest stars. We mark

stars with logg < 4, determined by the mass derived in this work and the SPORES

catalog radius, as these are likely to be subgiants. Although the sample of potential

subgiants is small (∼ 9), these stars follow the same general trends as the sample of

dwarf stars, albeit with lower CHZ2 metrics than the peak as they tend to be older.

We discuss these trends further in Section 4.4 along with how these metrics can factor

into future prioritization and future work that is needed.

4.4 Discussion

We determined masses, ages, and CHZ2 metrics for the 164 stars in EMSL through

MCMC sampling of our Tycho stellar model grid. Sampled posterior distributions for
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Figure 4.5. CHZ2 metric vs. age for stars with samples flagged as reliable, separated
into tiers A (top), B (middle), and C (bottom) according to the EMSL. Stars with
logg < 4, determined by the Tycho derived mass and SPORES catalog radius, are
marked by triangles to denote likely subgiants. Stars are colored according to the
spectral type from the EMSL.

153 of the stars were deemed reliable with the median sampled effective temperatures,

radii, and [Fe/H] falling within 2σ of the inputs. We examine here the other 11 stars

for which the samples were deemed unreliable. These stars were all K- and M-type

dwarfs, typically with sub-solar [Fe/H]. Stellar evolution models are known to struggle

simulating low-mass stars, with radii underestimated by ∼ 5% for stars < 0.7 R⊙ and

effective temperature overestimated by ∼ 3% for stars < 5000 K (Boyajian et al. 2012).

A major contributing factor is likely the exclusion of the effects of magnetic fields and

starspots (e.g., Morales, Ribas, and Jordi 2008; Somers, Cao, and Pinsonneault 2020),
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which lead to inflated radii and cooler effective temperatures relative to predictions.

This is exacerbated for lower metallicity stars as decreasing opacity causes smaller

model radii and higher model temperatures.

While insufficient models likely explain the majority of the offset between the input

and sampled radii and effective temperatures for these 11 stars, we also compare the

SPORES catalog properties to those derived from interferometric angular diameters

and bolometric luminosities. 8 of the 11 stars have interferometric radii and effective

temperatures reported in the literature, with the effective temperatures being generally

consistent with those in the SPORES catalog. However, radii are found to be

systematically overestimated in the SPORES catalog, with a median offset of 0.03 R⊙

compared to the literature for HD 88230 (Boyajian et al. 2012), HD 95735 (Boyajian

et al. 2012), HD 103095 (Karovicova et al. 2020), HD 165341 (Boyajian et al. 2012), HD

201091 (Boyajian et al. 2012), HD 201092 (Boyajian et al. 2012), HD 209100 (Demory

et al. 2009), and HD 217987 (Boyajian et al. 2012). As the posterior distributions

skewed toward smaller radii for these stars, the input radii may have contributed to

the tension between the sampled radii and effective temperatures.

4.4.1 Trends and Implications for CHZ2 Metrics

The CHZ2 metrics show expected trends with respect to age and spectral type.

Older stars in this sample tend to have slightly lower CHZ2 metrics, likely due to two

factors. The CHZ2 shrinks as stars evolve, with more rapid changes in luminosity as

hydrogen is depleted in the core. Based on the ages derived in this work, the oldest

stars are typically K dwarfs, which biases the CHZ2 metric towards lower values. For

F, G, and K dwarfs, the median values are 0.297, 0.448, and 0.382, respectively. While
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K dwarfs have longer main sequence lifetimes, the size of the HZ scales with ( L
L⊙

)0.5

and hence results in a smaller CHZ2. The opposite is true for F dwarfs, with G dwarfs

striking a balance between these two with both long main sequence lifetimes and

larger HZs.

Notably, the CHZ2 metric peaks between 3− 4 Gyr for early-G and late-F dwarfs,

which is most exemplified by Tier C stars. Stars close in spectral type to the Sun

may have the largest zones of continuous habitability, combining the benefits of long

lifetimes, large HZs, and slow evolution rates. This result matches that found in Mello

and Friaça 2023, in which the authors combine a minimal mantle and atmospheric

model to study the evolution of the CHZ for various planetary parameters and stellar

types. In their model, the IHZ expands as the luminosity increases and the OHZ

contracts as geologic activity, and hence CO2 outgassing, decreases with time. This

results in planets becoming geologically dead within ∼ 5− 7 Gyr for those between

0.5 − 1 M⊕, after which the planets rely solely on their host star’s luminosity to

maintain habitable surface temperatures. The authors speculate that the average

age for habitable planets is therefore younger than the age of the Earth, with only

super-Earth’s maintaining habitable conditions for longer periods.

One may expect subgiants in this sample to have significantly lower CHZ2 metrics

than dwarfs as they leave the main sequence and begin to rapidly evolve. However, the

luminosity remains relatively constant on the subgiant branch, only changing once the

star nears the RGB. The effective temperature decreases significantly throughout the

subgiant branch, reaching ∼ 4000 K for a solar twin at the base of the RGB. While this

will have a slight effect on the HZ boundaries, pushing the HZ further out as the Wien

peak shifts towards the infrared, the overall shift is marginal relative to the luminosity

of the star at the TAMS. The impact this shift in peak wavelength would have on life
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is less clear, but increased interest in the potential for life on exoplanets has spurred

further research. A recent study (Vilović, Schulze-Makuch, and Heller 2024) explored

the effects of two photosynthetic organisms grown under a solar spectrum and a

simulated K dwarf spectrum (4,300 K). Garden cress Lepidium sativum, a common

garden plant, exhibited comparable growth and photosynthetic efficiency, a measure of

how effectively an organism converts photons to chemical energy, under both spectra.

Surprisingly, the cyanobacterium Chroococcidiopsis exhibited increased culture growth

and photosynthetic efficiency under the K dwarf spectrum. While further research is

needed to apply a broad consensus for life on Earth, these results are encouraging for

the prospects of life on other worlds surviving the spectral shift during the subgiant

branch.

Overall, the three highest ranked stars according to the EMSL tier and CHZ2

metric are HD 142860 (F6V), HD 23249 (K0IV), and HD 19373 (G0V). These stars

cover a range of ages from 3.93 − 7.28 Gyr, providing an excellent sub-sample of

systems for comparative planetology from younger to older than the Earth. Further,

HD 23249 provides the opportunity explore the potential habitability of systems with

evolved subgiant host stars.

4.4.2 Future Work

In this work we have only focused on using the Tycho grid of stellar evolution

models, combined with the HZ definitions of Kopparapu et al. 2014 and Turbet

et al. 2023, to estimate ages, masses, and CHZ2 posterior likelihood distributions

for stars in the EMSL. There are a plethora of stellar model grids that exist, with

some taking into account effects of rotation (e.g., YREC, Claytor et al. 2020) and
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magnetic fields (e.g., SPOTS, Somers, Cao, and Pinsonneault 2020). Considering

our difficulties with sampling for the lowest mass K and M dwarfs and the known

systematic offsets between model grids (e.g., Tayar et al. 2022), it will be essential

to compare to predictions from a variety of stellar models. While the Kopparapu

et al. 2014 HZ definitions are some of the most commonly used in the exoplanet

community, a large number of HZ definitions have been reported in the literature over

the past two decades (e.g., see Wolf et al. 2017, and references therein). Considering

the limitations of 1D climate models in realistically simulating planetary atmospheres

and the various planetary parameters that can impact the climate as discussed in

Chapter 3, comparisons with HZ definitions determined with 3D GCMs and alternative

planetary configurations will better inform target prioritization for HWO. A benefit

of using kiauhoku is that we can easily compare offsets between stellar model grids

for derived masses and ages. With the addition of our module for computing CHZ2

posterior distributions, we will also be able to compare offsets between grids for the

CHZ2 metrics.

As discussed in Chapters 2 and 3, stellar ages are notoriously difficult to constrain

for field dwarfs, especially low-mass K and M dwarfs with long main sequence lifetimes.

Alternative methods to fitting surface properties to stellar model grids often provide

more precise estimates, such as through asteroseismology (e.g., Huber et al. 2022) or

empirical relations between age and rotation (e.g., Barnes and Kim 2010), activity

(e.g., Lorenzo-Oliveira et al. 2018), or elemental abundances (e.g., Nissen 2015). We

plan to incorporate age estimates from these sources in the future to enable better

constraints on the current location of the CHZ2.
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4.5 Conclusion

Searching for terrestrial HZ exoplanets around Sun-like stars and probing their

atmospheres for biosignatures through direct imaging will be a daunting task, but

represents our best chance at constraining the prevalence of life in our galaxy. Con-

sidering the potential for life to have made a detectable impact on the atmosphere

presents a means to prioritize targets in the lead-up to future missions. For the targets

in the EMSL (Mamajek and Stapelfeldt 2024), which have been determined to be best

targets for the HWO direct imaging mission, only the present-day HZ was used in

separating targets in priority tiers. This presented a clear opportunity to demonstrate

how consideration of the continuous HZ could be used to further prioritize targets.

The goal of this work was to determine the likelihood of terrestrial HZ exoplanets

remaining continuously habitable and the accessibility of the CHZ2 for the EMSL

stars. Here we provide a summary of the updates to our methods, our results, and

key takeaways:

• As in Ware et al. 2022, we used the 1 M⊕ runaway greenhouse and maximum

greenhouse HZ definitions from Kopparapu et al. 2014, but with the addition

of the WCL initial IHZ boundary from Turbet et al. 2023. This is a critical

addition as it defines the boundary at the ZAMS where Earth-like planets will

be able to form oceans following the magma ocean phase.

• We updated our Bayesian CHZ2 method to work with the open-source stellar

model grid interpolation code kiauhoku (Claytor et al. 2020), enabling the

simultaneous sampling of stellar age, mass, and the CHZ2 boundaries.

• With the need for a means to easily compare the CHZ2 posterior distributions

for stars in the EMSL, as there are not currently discovered terrestrial HZ
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exoplanets for this sample, we developed a CHZ2 metric. By integrating over

the CHZ2 posterior distributions outside hypothetical HWO IWAs, we could

directly compare likelihood and accessibility of the CHZ2 for each star.

• Comparison of our derived masses and ages to those in the SPORES catalog

(Harada et al. 2024) showed generally good agreement, with RMedS offsets

comparable to the median uncertainties for each set. We do achieve improved

median uncertainties compared to the SPORES catalog, most likely due our

additional prior on the evolutionary phases.

• We note that we fail to achieve reliable MCMC samples for 11 K and M dwarfs,

a well known problem for stellar evolution models (e.g., Boyajian et al. 2012).

The addition of the effects of magnetic fields and starspots to Tycho or the use

of a model grid which already accounts for some of these effects (Somers, Cao,

and Pinsonneault 2020) may be necessary to achieve reliable sampling for these

stars.

• We report CHZ2 metrics results for the 164 stars in the EMSL. Our results show

that late-F and early-G dwarfs near solar may be the best targets for habitable

exoplanet searches. The median CHZ2 metric is highest for F- and G-type and

the CHZ2 distribution with age peaks between 3− 4 Gyr. This result is backed

up by Mello and Friaça 2023, where the combined evolution of the geosphere

and atmosphere shows that the continuous HZ begins to shrink for Earth-twins

soon after solar age due to a decrease in geologic activity. However, the highest

ranked stars in Tier A of the EMSL are HD 142860 (F6V), HD 23249 (K0IV),

and HD 19373 (G0V). The inclusion of an evolved subgiant among the stars in

Tier A with the highest CHZ2 metric may be unrealistic due to decreased rates of

outgassing for Earth-sized planets, but recent results show that photosynthetic
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organisms on Earth may withstand the shift in the spectral energy distribution

during the subgiant branch (Vilović, Schulze-Makuch, and Heller 2024).

• Future work is needed to compare our CHZ2 metrics results between stellar

model grids and for various HZ definitions. While the overall trends may be

similar since the HZ will always move outward with increasing luminosity and

the HZ boundaries shift outward with decreasing effective temperature, results

for individual stars will certainly vary. Examining the effects from the inclusion

of stellar ages derived using more precise methods will also be a worthwhile

investigation.

In conclusion, we presented an updated version of Bayesian CHZ2 method from

Ware et al. 2022, where we determine the likelihood that any given orbital radius

around a star is within the CHZ2, and applied this method to the 164 stars in the

EMSL. Using a CHZ2 metric to compare the likelihood and accessibility of the CHZ2

between stars, we demonstrate a method for prioritizing future direct imaging searches

habitable exoplanets and biosignatures. We emphasize the need for alternative stellar

evolution models to better simulate the lowest mass K and M dwarfs, as well as the

need for comparisons between stellar model grids and HZ definitions to explore offsets

in the CHZ2 metrics. We hope that the future release of an open-source module for

calculating CHZ2 posterior distributions will be useful to the community and spur

increased interest in the study of continuous HZ evolution.
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Chapter 5

EPILOGUE

This thesis dissertation presented three studies on the extension and application of a

Bayesian continuous habitable (CHZ) method for estimating the long-term habitability

potential of terrestrial habitable zone (HZ) exoplanets. Future direct imaging searches

of systems with Sun-like host stars for habitable exoplanets and biosignatures will

present significant difficulties for even the best of targets, requiring extensive vetting

and target prioritization to maximize our chances of detection. With NASA funding

both precursor and preparatory science for the Habitable Worlds Observatory (HWO)

and establishing a working group dedicated to host star characterization, consideration

of the long-term habitability of potential target systems will be beneficial to these

efforts.

Chapter 2 expanded upon the Bayesian method for estimating the 2 Gyr continuous

habitable zone (CHZ2) likelihood for exoplanets from Truitt et al. 2020. The authors

only considered the measured mass and metallicity of the host star, combining Tycho

(Young and Arnett 2005) stellar evolution tracks with the HZ prescriptions from

Kopparapu et al. 2013; Kopparapu et al. 2014 to calculate the CHZ2 likelihood for the

full main sequence lifetime. By adding a prior for the stellar age into the posterior

likelihood calculation, we improved upon this method by calculating the current CHZ2

likelihood. This was most exemplified for the Sun for which the astrophysical age has

been measured to high precision (4.57± 0.11, Bonanno, Schlattl, and Paternò 2002),

increasing the CHZ2 likelihood for Earth from ∼ 20% without an age prior to 100%

with the age prior.
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Chapter 3 explored using the results of a perturbed parameter ensemble (PPE) of

general circulation models (GCM) for land planet atmospheres (Kiang et al. 2024,

in prep) to define HZ boundaries. We performed multivariate linear regressions

on surface temperature metrics, with respect to stellar effective temperature and

planetary instellation, to determine prescriptions for the inner HZ (IHZ) and outer

HZ (OHZ). The HZ boundaries were defined by the instellations at which planets

reached 0◦C (complete freezing point) at the OHZ and 100◦C at the IHZ, since a

runaway greenhouse threshold could not be used as the GCM, ROCKE-3D, crashes at

this point. The regressions did not include parameters from the PPE that would be

unknowns for near-term missions, such as CO2 partial pressure and surface albedo. The

variance from these parameters was included in the standard errors of the regression

coefficients, enabling calculation of confidence intervals for the HZ boundaries that

can be propagated through the Bayesian CHZ2 calculation. This was a novel way

of determining the HZ boundaries as other studies typically focused on a limited

set of planetary configurations for aqua planets like Earth, where a single limiting

instellation was found for each stellar spectral type.

We found significant offsets relative to the commonly used HZ prescriptions of

Kopparapu et al. 2014, with the IHZ and OHZ boundaries derived in this work

generally being shifted inward towards higher instellations. A direct comparison of the

HZs was difficult due to a number of factors, such as the differences in HZ boundary

definitions, the small PPE sample size (93 planets reached equilibrium), and the small

PPE instellation range (0.62− 1.471 S0). The small sample size and instellation range

also affected the robustness of the derived HZ prescriptions. For planets with late-type

K and M host stars, the shift in the stellar spectrum towards the near-IR leads to

lower planetary albedos and higher surface temperatures at the same instellation. This
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caused a large number of models near the IHZ to crash upon reaching a hotter climate

state and those near the OHZ never reached the complete freezing point. The opposite

was true for planets with hotter host stars, causing the IHZ and OHZ boundaries to

be dominated by lower and higher mass host stars, respectively. While the HZ results

were impacted, we still demonstrated the usefulness of defining HZ boundaries that

take into account a large number of planetary parameters that may effect habitability,

as current HZ prescriptions for limited sets of planetary configurations give a massive

range of possible HZ boundaries (e.g., Wolf et al. 2017). Combined within a Bayesian

framework for calculating CHZ2 likelihoods, this enables various stellar and planetary

uncertainties to be taken into account when estimating the long-term habitability

potential of exoplanets.

Chapter 4 applied our Bayesian CHZ2 method to the samples of stars in the NASA

Exoplanet Exploration Program mission star list (EMSL) for HWO (Mamajek and

Stapelfeldt 2024), the current highest priority targets for a future direct imaging survey

of potentially habitable exoplanets orbiting Sun-like stars. We used an updated grid of

stellar evolution tracks combined with the HZ prescriptions from Kopparapu et al. 2014

and Turbet et al. 2023 to calculate CHZ2 posterior likelihood distributions for all

164 stars in the EMSL. We also combined our CHZ2 method with the open-source

stellar model grid interpolation code kiauhoku (Claytor et al. 2020), enabling the

simultaneously calculation of stellar mass, age, and CHZ2 likelihood. Comparing our

derived masses and ages to those from the SPORES (Stellar/System Properties &

Observational Reconnaissance for Exoplanet Studies with HWO) catalog (Harada

et al. 2024), we found generally good agreement, but with increased precision in this

work.

As the stars in the EMSL lack known terrestrial HZ exoplanets, we derived a CHZ2
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metric to be able to compare the CHZ2 posterior likelihood distributions between stars.

We used our CHZ2 metric results to rank stars within their respective EMSL tiers,

demonstrating a method for further prioritizing observations based on the long-term

habitability potential and the accessibility for HWO. Overall, our results showed

that late-F and early-G dwarfs near solar age are likely the best targets. However,

subgiants should not be discounted, as the second-highest ranked star in EMSL Tier

A is the K0IV star HD 23249. For some of the lowest mass stars in the sample, we

had difficulty determining reliable masses, ages, and CHZ2 metrics. This reflects the

need for stellar model grids better suited for active, slowly evolving low-mass stars.

From the recommendation for the Terrestrial Planet Finder in 2000 to what is

now known as the Habitable Worlds Observatory in 2020, the search for habitable

exoplanets and life on other worlds has been a major point of emphasis in the

Astrophysics Decadal Surveys for the past two decades. As the community dedicates

to a mission that may finally answer fundamental questions about life in the universe,

we must consider the vast array of variables that could influence our ability to find

habitable, and inhabited, exoplanets. Considering of long-term habitability is one

such variable and a flexible Bayesian framework for continuous habitability can aid in

factoring in the small amounts of information we do have about what makes a planet

Earth-like. Future work is needed to account for other stellar and planetary aspects of

habitability, such as the influences of stellar activity and the coupled evolution of the

atmosphere and geosphere that likely play a significant role in the ability for habitable

conditions to be maintained over billions of years. However, we are hopeful the work

detailed in this dissertation can aid in this collective endeavor and look forward to

what is to come.
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Table B.1. Derived masses and ages for EMSL stars

Star SpT Tier M σ+
M σ−

M Age σ+
Age σ−

Age Flag

(M⊙) (M⊙) (M⊙) (Gyr) (Gyr) (Gyr)

HD 72673 K1V C 0.75 0.02 0.02 9.54 1.57 3.55 1
HD 72905 G0.5V B 1.00 0.03 0.03 1.73 1.80 1.50 1
HD 74576 K2.5V C 0.78 0.03 0.02 8.02 3.39 4.61 1
HD 75732 A K0IV-V C 0.94 0.07 0.02 5.53 1.08 5.48 1
HD 76151 G2V C 1.01 0.03 0.03 3.03 1.38 1.33 1
HD 78366 G0IV-V C 1.07 0.03 0.02 1.49 0.92 1.43 1
HD 78154 A F7V C 1.30 0.03 0.04 2.77 0.62 0.36 1
HD 82885 A G9IV-V B 0.97 0.03 0.02 5.48 1.88 1.95 1
HD 84117 F9V A 1.12 0.03 0.04 3.08 1.04 0.63 1
HD 84737 G0V B 1.13 0.06 0.03 6.37 0.68 1.16 1
HD 86728 A G4IV B 1.02 0.03 0.03 7.45 1.17 1.15 1
HD 88230 K7V A 0.63 0.02 0.02 5.45 2.11 2.95 2
HD 89449 F6IV-V C 1.39 0.03 0.03 1.90 0.27 0.17 1
HD 90589 F3V C 1.44 0.04 0.03 1.13 0.17 0.34 1
HD 90839 F8V A 1.09 0.03 0.03 2.14 0.80 1.62 1
HD 90089 A F4V C 1.29 0.04 0.04 0.77 0.45 0.74 1
HD 91324 F9V C 1.15 0.12 0.07 5.02 0.67 1.05 1
HD 95128 G1.5IV-V A 1.02 0.03 0.03 6.92 1.02 0.96 1
HD 95735 M2V B 0.20 0.00 0.00 0.02 0.00 0.00 2
HD 100623 A K0V A 0.75 0.02 0.01 10.13 1.03 2.06 1
HD 101501 G8V A 0.88 0.02 0.02 6.27 1.23 2.11 1
HD 102365 G2V A 0.93 0.05 0.03 6.94 1.67 6.78 1
HD 102870 F9V C 1.28 0.05 0.05 3.75 0.69 0.74 1
HD 103095 K1V C 0.63 0.01 0.01 6.66 2.03 1.78 2
HD 105452 A F1V C 1.30 0.10 0.07 1.36 0.62 1.33 1
HD 109085 F2V C 1.38 0.02 0.02 1.53 0.16 0.17 1
HD 109358 G0V A 0.96 0.04 0.03 6.23 1.67 2.07 1
HD 110897 F9V C 0.87 0.03 0.03 7.98 1.45 1.43 1
HD 114710 F9.5V A 1.10 0.04 0.03 2.28 1.05 2.07 1
HD 114613 G4IV C 1.24 0.03 0.03 5.12 0.35 0.32 1
HD 114837 A F6V C 1.11 0.05 0.04 4.65 0.68 0.91 1
HD 115404 A K2.5V C 0.75 0.02 0.02 10.62 2.06 3.49 1
HD 115617 G6.5V B 0.95 0.03 0.01 8.13 1.03 1.99 1
HD 122064 K3V C 0.79 0.02 0.02 9.87 2.32 4.00 1
HD 125276 A F9V C 0.89 0.02 0.02 5.86 1.04 1.21 1
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Table B.1 – continued from previous page

Star SpT Tier M σ+
M σ−

M Age σ+
Age σ−

Age Flag

(M⊙) (M⊙) (M⊙) (Gyr) (Gyr) (Gyr)

HD 126660 A F7V C 1.28 0.04 0.04 3.35 0.42 0.56 1
HD 128167 F4V B 1.22 0.03 0.03 1.74 0.32 0.36 1
HD 128621 K1V B 0.91 0.02 0.02 2.75 3.60 2.50 1
HD 128620 G2V B 1.05 0.05 0.04 6.91 1.87 2.44 1
HD 131156 B K5V C 0.65 0.01 0.02 5.57 1.70 2.58 1
HD 131156 A G8V B 0.86 0.03 0.02 5.50 2.17 3.07 1
HD 131977 K4V A 0.75 0.02 0.01 8.35 3.40 4.77 1
HD 134083 F5V B 1.28 0.02 0.02 1.85 0.19 0.29 1
HD 136352 G2.5V B 0.87 0.01 0.00 11.06 0.51 0.86 1
HD 140538 A G5V B 0.97 0.03 0.03 3.53 1.69 2.36 1
HD 141004 G0V A 1.06 0.05 0.04 6.74 1.06 1.23 1
HD 140901 A G7IV-V C 0.95 0.03 0.01 5.63 1.08 5.33 1
HD 142373 G0V A 0.96 0.05 0.03 8.77 0.83 1.10 1
HD 142860 F6V A 1.16 0.04 0.03 3.93 0.61 0.64 1
HD 143761 G0IV B 0.95 0.03 0.03 9.92 1.08 1.04 1
HD 146233 G3V A 0.98 0.03 0.03 6.10 1.58 1.61 1
HD 147513 G1V A 1.01 0.03 0.03 2.82 1.51 1.71 1
HD 149661 K0V A 0.84 0.02 0.02 8.08 1.49 2.73 1
HD 155886 K1V B 0.74 0.02 0.02 8.98 2.74 4.38 1
HD 155885 K1V B 0.74 0.02 0.01 8.83 2.74 4.24 1
HD 156026 K5V A 0.65 0.02 0.02 4.47 2.51 3.46 1
HD 156274 A G9V B 0.75 0.01 0.01 10.35 0.75 1.56 1
HD 157214 G0V C 0.88 0.03 0.01 11.38 0.83 1.69 1
HD 156897 A F2V C 1.30 0.02 0.03 1.89 0.37 0.17 1
HD 158633 K0V C 0.76 0.01 0.01 9.77 0.81 1.56 1
HD 160032 F4V C 1.26 0.05 0.04 2.62 0.50 0.36 1
HD 160915 F5V C 1.18 0.04 0.03 2.94 0.49 0.80 1
HD 160691 G3V B 1.07 0.03 0.03 7.97 1.17 1.17 1
HD 165341 A K0V B 0.84 0.01 0.01 8.48 0.80 1.41 1
HD 165341 B K4V B 0.67 0.01 0.01 4.89 1.71 2.58 2
HD 165185 G0V C 1.03 0.03 0.03 1.46 1.52 1.40 1
HD 166620 K2V C 0.75 0.02 0.01 11.46 1.11 2.17 2
HD 165499 G0V B 1.06 0.04 0.04 5.30 1.29 1.35 1
HD 168151 F5V C 1.22 0.04 0.03 3.31 0.43 0.44 1
HD 182572 G7IV-V C 1.03 0.02 0.02 9.62 1.00 0.89 1
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Star SpT Tier M σ+
M σ−

M Age σ+
Age σ−

Age Flag

(M⊙) (M⊙) (M⊙) (Gyr) (Gyr) (Gyr)

HD 185144 K0V A 0.80 0.03 0.03 6.68 2.93 4.48 1
HD 187013 F5.5IV-V C 1.26 0.03 0.03 2.52 0.40 0.43 1
HD 187691 A F8V B 1.22 0.03 0.03 3.48 0.56 0.41 1
HD 190360 G7V B 0.96 0.03 0.02 10.77 1.08 1.48 1
HD 189567 G2V C 0.92 0.03 0.02 8.25 1.05 1.52 1
HD 190248 G8IV-V A 1.02 0.03 0.03 8.49 1.58 1.44 1
HD 191408 A K2.5V C 0.73 0.02 0.01 10.22 2.39 3.78 2
HD 192310 K2V A 0.82 0.02 0.02 8.58 1.55 2.79 1
HD 193664 G0V C 0.99 0.02 0.03 3.73 1.14 1.54 1
HD 197692 F5V C 1.33 0.05 0.03 1.49 0.34 0.69 1
HD 199260 F6V C 1.14 0.03 0.03 1.56 0.63 1.03 1
HD 201091 K5V A 0.70 0.01 0.01 4.96 0.79 1.46 2
HD 201092 K7V A 0.57 0.02 0.02 6.99 3.19 4.83 2
HD 202560 M0V A 0.55 0.01 0.01 9.48 1.67 3.06 2
HD 203608 F9V A 0.88 0.03 0.03 7.58 1.34 1.29 1
HD 206860 G0IV-V C 1.02 0.03 0.03 2.55 1.24 1.41 1
HD 207129 G0V C 1.04 0.03 0.03 3.24 1.07 1.30 1
HD 209100 K4V A 0.75 0.01 0.01 9.34 2.75 4.39 2
HD 210302 F6V A 1.27 0.03 0.02 1.88 0.22 0.50 1
HD 212330 A G2IV-V B 1.00 0.05 0.05 9.38 1.03 1.03 1
HD 213845 A F5V C 1.32 0.07 0.03 1.31 0.37 1.28 1
HD 215648 A F6V C 1.15 0.04 0.04 4.92 0.47 0.47 1
HD 216803 K4V B 0.74 0.01 0.02 3.53 2.92 3.11 1
HD 217987 M1V B 0.45 0.05 0.01 7.37 4.57 5.76 2
HD 219134 K3V A 0.76 0.01 0.01 11.97 1.20 2.33 1
HD 219623 F8V C 1.13 0.02 0.02 3.85 0.60 1.06 1
HD 166 G8V B 0.95 0.03 0.03 3.41 2.37 3.06 1
HD 693 F8V A 1.08 0.03 0.02 5.59 0.45 0.53 1
HD 739 F5V C 1.25 0.03 0.03 1.81 0.22 0.44 1
HD 1581 F9.5V B 0.98 0.05 0.05 5.34 2.02 1.78 1
HD 2151 G0V C 1.13 0.04 0.04 6.04 0.53 0.59 1
HD 3651 A K0.5V B 0.86 0.01 0.01 8.21 0.69 1.19 1
HD 4391 G5V B 0.98 0.04 0.04 3.40 1.84 2.84 1
HD 4628 K2V A 0.73 0.02 0.02 10.53 2.15 3.46 1
HD 4614 A F9V A 0.95 0.02 0.03 1.24 1.50 1.04 1
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Star SpT Tier M σ+
M σ−

M Age σ+
Age σ−

Age Flag

(M⊙) (M⊙) (M⊙) (Gyr) (Gyr) (Gyr)

HD 4813 F7V A 1.13 0.03 0.03 1.80 0.75 1.01 1
HD 5015 F8V C 1.24 0.06 0.06 4.09 0.77 0.80 1
HD 7570 F9V B 1.19 0.04 0.03 2.21 0.52 0.91 1
HD 7788 A F5V C 1.36 0.03 0.03 2.12 0.26 0.28 1
HD 9826 A F8V C 1.26 0.05 0.05 3.69 0.70 0.68 1
HD 10361 K2V A 0.75 0.02 0.02 6.36 3.96 3.76 1
HD 10360 K2V A 0.76 0.03 0.02 9.16 2.63 4.61 1
HD 10647 F9V C 1.10 0.04 0.03 1.71 0.88 1.54 1
HD 10476 K1V A 0.82 0.02 0.01 9.27 0.92 1.62 1
HD 10700 G8V B 0.77 0.02 0.02 9.06 0.89 1.73 1
HD 10780 G9V A 0.87 0.02 0.02 6.51 1.65 2.62 1
HD 14412 G8V C 0.76 0.02 0.01 8.66 1.37 2.48 1
HD 17051 F9V B 1.19 0.05 0.04 1.07 0.81 1.04 1
HD 16895 A F7V A 1.19 0.03 0.03 2.14 0.58 0.67 1
HD 17206 F7V A 1.27 0.09 0.04 1.61 0.50 1.59 1
HD 17925 K1.5V B 0.84 0.03 0.03 5.73 3.32 3.70 1
HD 19373 G0V A 1.11 0.04 0.03 5.75 0.95 1.05 1
HD 20010 A F6V C 1.17 0.04 0.03 4.80 0.51 0.56 1
HD 20766 G2IV A 0.91 0.03 0.02 5.08 1.28 3.41 1
HD 20807 G1V A 0.95 0.04 0.04 4.38 1.75 2.33 1
HD 20630 G5V A 0.99 0.04 0.03 3.38 1.74 2.21 1
HD 20794 G6V B 0.85 0.06 0.03 7.04 1.22 7.01 1
HD 22001 A F3V C 1.37 0.02 0.02 1.75 0.15 1.73 1
HD 22049 K2V C 0.79 0.03 0.03 5.68 4.40 4.27 1
HD 22484 F9IV-V B 1.11 0.03 0.03 6.14 0.66 0.63 1
HD 23249 K0IV A 1.13 0.09 0.10 7.28 2.06 1.39 1
HD 23754 F5IV-V C 1.44 0.02 0.02 1.57 0.13 0.13 1
HD 25457 F7V C 1.19 0.05 0.04 1.33 0.73 1.28 1
HD 25998 F8V C 1.23 0.05 0.06 0.72 1.08 0.68 1
HD 26965 A K0.5V A 0.79 0.02 0.02 9.44 1.35 3.29 1
HD 30495 G1.5V B 1.01 0.04 0.03 2.34 1.73 1.92 1
HD 30652 F6V A 1.25 0.05 0.02 1.16 0.41 1.02 1
HD 32147 K3V B 0.80 0.02 0.02 9.92 1.62 2.75 1
HD 33262 A F9V B 1.06 0.03 0.02 2.38 0.80 0.89 1
HD 32923 G1V C 0.96 0.03 0.02 10.58 0.72 0.84 1
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Star SpT Tier M σ+
M σ−

M Age σ+
Age σ−

Age Flag

(M⊙) (M⊙) (M⊙) (Gyr) (Gyr) (Gyr)

HD 34411 G1.5V A 1.03 0.04 0.03 7.85 1.09 1.19 1
HD 33564 F7V C 1.29 0.03 0.05 2.12 0.64 0.43 1
HD 35296 F8V A 1.13 0.03 0.03 2.54 0.63 1.08 1
HD 39091 G0V B 1.09 0.03 0.03 3.40 1.10 0.85 1
HD 37394 K1V B 0.86 0.03 0.02 7.17 1.79 2.67 1
HD 38392 K2.5V B 0.76 0.02 0.02 10.98 1.77 3.32 1
HD 38393 F6.5V A 1.18 0.04 0.03 2.14 0.61 0.64 1
HD 38858 G2V C 0.94 0.06 0.04 3.64 2.22 3.28 1
HD 43834 A G7V C 0.96 0.02 0.02 5.70 1.80 1.75 1
HD 43042 F5.5IV-V B 1.30 0.05 0.03 1.21 0.49 1.18 1
HD 43386 F5V B 1.25 0.05 0.02 1.56 0.36 0.76 1
HD 46588 A F8V B 1.09 0.04 0.04 2.96 0.92 0.84 1
HD 48682 F9V C 1.14 0.02 0.02 2.77 0.60 0.81 1
HD 50281 K3.5V C 0.75 0.02 0.02 3.80 3.43 2.86 1
HD 50692 G0V B 0.99 0.03 0.03 5.22 1.46 1.23 1
HD 53705 G1.5V B 0.93 0.05 0.04 10.58 1.32 1.70 1
HD 55575 F9V B 0.92 0.03 0.02 9.16 1.09 1.17 1
HD 58855 F6V B 1.09 0.03 0.03 3.81 0.56 0.58 1
HD 64379 F5V C 1.22 0.04 0.03 1.10 0.54 1.06 1
HD 65907 A F9.5V B 0.95 0.04 0.03 5.89 1.27 1.64 1
HD 69830 G8V C 0.90 0.03 0.03 5.06 1.92 2.87 1
HD 69897 F6V B 1.09 0.04 0.04 4.00 0.69 0.72 1
HD 219482 F6V C 1.16 0.03 0.02 1.29 0.59 1.07 1
HD 222368 F7V C 1.17 0.08 0.04 4.45 0.72 1.15 1

Note: Follows same ordering as EMSL and SPORES catalog. Flag = 1 indicates
MCMC sampling was deemed reliable.
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Table B.2. CHZ2 metric for EMSL stars

Star SpT Tier CHZ2 metric Flag

HD 142860 F6V A 0.776 1
HD 23249 K0IV A 0.711 1
HD 19373 G0V A 0.699 1
HD 95128 G1.5IV-V A 0.693 1
HD 84117 F9V A 0.683 1
HD 190248 G8IV-V A 0.673 1
HD 34411 G1.5V A 0.667 1
HD 693 F8V A 0.666 1
HD 141004 G0V A 0.661 1
HD 203608 F9V A 0.609 1
HD 109358 G0V A 0.608 1
HD 142373 G0V A 0.527 1
HD 102365 G2V A 0.479 1
HD 35296 F8V A 0.478 1
HD 10476 K1V A 0.458 1
HD 20807 G1V A 0.457 1
HD 101501 G8V A 0.450 1
HD 146233 G3V A 0.436 1
HD 20630 G5V A 0.421 1
HD 26965 A K0.5V A 0.404 1
HD 219134 K3V A 0.388 1
HD 16895 A F7V A 0.382 1
HD 114710 F9.5V A 0.367 1
HD 185144 K0V A 0.366 1
HD 192310 K2V A 0.355 1
HD 10780 G9V A 0.348 1
HD 38393 F6.5V A 0.348 1
HD 20766 G2IV A 0.338 1
HD 147513 G1V A 0.326 1
HD 209100 K4V A 0.324 2
HD 4628 K2V A 0.314 1
HD 90839 F8V A 0.313 1
HD 131977 K4V A 0.307 1
HD 149661 K0V A 0.297 1
HD 10360 K2V A 0.281 1
HD 100623 A K0V A 0.256 1
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Star SpT Tier CHZ2 metric Flag

HD 10361 K2V A 0.243 1
HD 201091 K5V A 0.231 2
HD 4813 F7V A 0.188 1
HD 201092 K7V A 0.171 2
HD 202560 M0V A 0.155 2
HD 88230 K7V A 0.140 2
HD 156026 K5V A 0.132 1
HD 4614 A F9V A 0.129 1
HD 17206 F7V A 0.106 1
HD 210302 F6V A 0.099 1
HD 30652 F6V A 0.002 1
HD 187691 A F8V B 0.788 1
HD 22484 F9IV-V B 0.745 1
HD 69897 F6V B 0.728 1
HD 160691 G3V B 0.701 1
HD 58855 F6V B 0.690 1
HD 143761 G0IV B 0.674 1
HD 212330 A G2IV-V B 0.669 1
HD 86728 A G4IV B 0.665 1
HD 165499 G0V B 0.665 1
HD 84737 G0V B 0.642 1
HD 128620 G2V B 0.626 1
HD 1581 F9.5V B 0.604 1
HD 53705 G1.5V B 0.574 1
HD 55575 F9V B 0.568 1
HD 136352 G2.5V B 0.547 1
HD 115617 G6.5V B 0.546 1
HD 46588 A F8V B 0.538 1
HD 65907 A F9.5V B 0.523 1
HD 190360 G7V B 0.502 1
HD 82885 A G9IV-V B 0.501 1
HD 165341 A K0V B 0.481 1
HD 39091 G0V B 0.469 1
HD 10700 G8V B 0.446 1
HD 50692 G0V B 0.444 1
HD 131156 A G8V B 0.413 1
HD 156274 A G9V B 0.402 1
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Star SpT Tier CHZ2 metric Flag

HD 7570 F9V B 0.397 1
HD 33262 A F9V B 0.393 1
HD 155885 K1V B 0.381 1
HD 155886 K1V B 0.377 1
HD 3651 A K0.5V B 0.376 1
HD 20794 G6V B 0.345 1
HD 32147 K3V B 0.329 1
HD 30495 G1.5V B 0.313 1
HD 38392 K2.5V B 0.309 1
HD 140538 A G5V B 0.299 1
HD 4391 G5V B 0.298 1
HD 17925 K1.5V B 0.285 1
HD 128621 K1V B 0.262 1
HD 37394 K1V B 0.257 1
HD 166 G8V B 0.218 1
HD 165341 B K4V B 0.209 2
HD 72905 G0.5V B 0.203 1
HD 216803 K4V B 0.140 1
HD 128167 F4V B 0.090 1
HD 217987 M1V B 0.087 2
HD 17051 F9V B 0.064 1
HD 134083 F5V B 0.051 1
HD 43386 F5V B 0.017 1
HD 43042 F5.5IV-V B 0.006 1
HD 95735 M2V B 0.004 2
HD 102870 F9V C 0.882 1
HD 126660 A F7V C 0.847 1
HD 78154 A F7V C 0.823 1
HD 9826 A F8V C 0.815 1
HD 168151 F5V C 0.774 1
HD 5015 F8V C 0.768 1
HD 160032 F4V C 0.734 1
HD 114613 G4IV C 0.729 1
HD 222368 F7V C 0.699 1
HD 187013 F5.5IV-V C 0.686 1
HD 182572 G7IV-V C 0.679 1
HD 215648 A F6V C 0.673 1
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Star SpT Tier CHZ2 metric Flag

HD 114837 A F6V C 0.667 1
HD 91324 F9V C 0.664 1
HD 2151 G0V C 0.663 1
HD 20010 A F6V C 0.659 1
HD 160915 F5V C 0.651 1
HD 219623 F8V C 0.641 1
HD 32923 G1V C 0.611 1
HD 48682 F9V C 0.582 1
HD 157214 G0V C 0.554 1
HD 43834 A G7V C 0.529 1
HD 207129 G0V C 0.509 1
HD 7788 A F5V C 0.485 1
HD 125276 A F9V C 0.473 1
HD 110897 F9V C 0.457 1
HD 189567 G2V C 0.402 1
HD 193664 G0V C 0.400 1
HD 69830 G8V C 0.397 1
HD 191408 A K2.5V C 0.372 2
HD 33564 F7V C 0.372 1
HD 140901 A G7IV-V C 0.364 1
HD 76151 G2V C 0.339 1
HD 75732 A K0IV-V C 0.334 1
HD 22049 K2V C 0.303 1
HD 38858 G2V C 0.292 1
HD 122064 K3V C 0.279 1
HD 206860 G0IV-V C 0.274 1
HD 166620 K2V C 0.264 2
HD 14412 G8V C 0.258 1
HD 158633 K0V C 0.256 1
HD 115404 A K2.5V C 0.242 1
HD 72673 K1V C 0.231 1
HD 103095 K1V C 0.231 2
HD 74576 K2.5V C 0.224 1
HD 89449 F6IV-V C 0.210 1
HD 156897 A F2V C 0.193 1
HD 10647 F9V C 0.183 1
HD 131156 B K5V C 0.176 1
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HD 50281 K3.5V C 0.165 1
HD 165185 G0V C 0.147 1
HD 78366 G0IV-V C 0.110 1
HD 105452 A F1V C 0.103 1
HD 199260 F6V C 0.096 1
HD 25457 F7V C 0.089 1
HD 739 F5V C 0.067 1
HD 25998 F8V C 0.050 1
HD 219482 F6V C 0.038 1
HD 64379 F5V C 0.014 1
HD 197692 F5V C 0.005 1
HD 22001 A F3V C 0.004 1
HD 213845 A F5V C 0.001 1
HD 90589 F3V C 0.000 1
HD 90089 A F4V C 0.000 1
HD 109085 F2V C 0.000 1
HD 23754 F5IV-V C 0.000 1

Note: Sorted according to EMSL tier and CHZ2 metric. Flag = 1 indicates MCMC
sampling was deemed reliable.
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