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Abstract

Understanding the physical characteristics of Venus, including its atmosphere, interior, and its evolutionary
pathway with respect to Earth, remains a vital component for terrestrial planet evolution models and the emergence
and/or decline of planetary habitability. A statistical strategy for evaluating the evolutionary pathways of terrestrial
planets lies in the atmospheric characterization of exoplanets, where the sample size provides sufficient means for
determining required runaway greenhouse conditions. Observations of potential exo-Venuses can help confirm
hypotheses about Venus’s past, as well as the occurrence rate of Venus-like planets in other systems. Additionally,
the data from future Venus missions, such as DAVINCI, EnVision, and VERITAS, will provide valuable
information regarding Venus, and the study of exo-Venuses will be complimentary to these missions. To facilitate
studies of exo-Venus candidates, we provide a catalog of all confirmed terrestrial planets in the Venus zone,
including transiting and nontransiting cases, and quantify their potential for follow-up observations. We examine
the demographics of the exo-Venus population with relation to stellar and planetary properties, such as the
planetary radius gap. We highlight specific high-priority exo-Venus targets for follow-up observations, including
TOI-2285b, LTT 1445 A ¢, TOI-1266 ¢, LHS 1140 ¢, and L98-59 d. We also discuss follow-up observations that
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may yield further insight into the Venus/Earth divergence in atmospheric properties.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Exoplanet catalogs (488); Exoplanet
atmospheres (487); Exoplanet systems (484); Exoplanets (498); Venus (1763); Observational astronomy (1145)

Supporting material: machine-readable tables

1. Introduction

Exoplanets have been discovered at an extraordinary rate over
the past several decades, with thousands of confirmed exoplanets
now known (Akeson et al. 2013). This large sample of known
planets has motivated studies of exoplanet populations/demo-
graphics (Tremaine & Dong 2012; Ford 2014; Winn &
Fabrycky 2015) and comparison to the Solar System architecture
(Limbach & Turner 2015; Martin & Livio 2015; Horner et al.
2020; Kane et al. 2021). Although initial discoveries were
dominated by giant planets (Butler et al. 2006; Udry &
Santos 2007), subsequent surveys and improved instrumentation
have enabled the detection of terrestrial planets. Radial velocity
(RV) surveys have improved dramatically in understanding
noise sources and increasing precision (e.g., Pepe et al. 2014;
Fischer et al. 2016; Stefansson et al. 2016; Gupta et al. 2021),
and legacy RV data have allowed the detection of long-period
planets (e.g., Fischer et al. 2014; Butler et al. 2017; Trifonov
et al. 2020; Fulton et al. 2021; Rosenthal et al. 2021). In parallel,
space-based transit surveys, such as the Kepler mission (Borucki
et al. 2010) and the Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2015), have pushed the sensitivity of
exoplanet experiments deeply into the terrestrial regime.
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A significant challenge in characterizing the terrestrial planet
population is the modeling of their potential surface conditions
(Way et al. 2017; Fauchez et al. 2021; Wolf et al. 2022). A
subset of the discovered terrestrial exoplanets will have system
properties that make them amenable to follow-up observations
to study their atmospheres (Morley et al. 2017; Batalha et al.
2018; Lincowski et al. 2019; Lustig-Yaeger et al. 2019). These
atmospheric studies are crucial for ascertaining the true nature
of the planetary surface properties and its evolutionary
pathway. A direct comparison is generally made to our local
analog of Venus, whose differing atmospheric evolution from
Earth has been the subject of considerable amounts of research
effort (Donahue et al. 1982; Kasting 1988; Hamano et al. 2013;
Way et al. 2016; Kane et al. 2019; Way & Del Genio 2020;
Turbet et al. 2021). This research can be furthered by studying
Earth-like and Venus-like exoplanets to identify whether
incident flux is primarily responsible for the climate divergence
of Venus, or whether it is due to other factors, such as planet
size, degassing rates, and atmospheric loss.

Atmospheric spectroscopy is likely to produce the most
robust diagnostic that can distinguish between the various
exo-Venus scenarios (Ehrenreich et al. 2012; Barstow et al.
2016), and various methods have been developed to predict
the potential signal-to-noise ratio (S/N) of transmission
spectroscopy observations (Kempton et al. 2018; Ostberg &
Kane 2019). With a vast array of exoplanet targets now
available, and coupled with limited follow-up opportunities,
the prioritization of terrestrial targets is becoming increasingly
important. Categorizing the known planets as lying in the
habitable zone (HZ) of their host star (Kasting et al. 1993;
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Kopparapu et al. 2013, 2014), the region around a star where
surface water may be present on terrestrial planets given
sufficient atmospheric pressure, is an effective means to
creating such a prioritization scheme, with a focus on
potential Earth analogs. To aid in these efforts, various
catalogs of HZ planets have been constructed (Hill et al.
2023), including those based on Hipparcos data (Chandler
et al. 2016), Kepler discoveries (Kane et al. 2016), and the
TESS observational strategy (Kaltenegger et al. 2019). Given
the intrinsic biases of exoplanet detection methods toward
close-in planets, many more exoplanets lie within the Venus
zone (VZ) of their system, defined as the region around a star
interior to the runaway greenhouse boundary, and thus where
terrestrial planets may be Venus analogs in a post-runaway
greenhouse state (Kane et al. 2014).

In the near-term, the primary method for studying the
atmospheric composition of Venus-like worlds will be through
transmission spectroscopy, which is used to determine the
wavelengths at which light is absorbed when passing through a
planet’s atmosphere. Venus’s transmission spectrum was
modeled in preparation for Venus stellar occultation in 2012,
which demonstrated that the Venusian cloud and haze layers
prevent transmission spectroscopy from probing the atmos-
phere below an altitude of 80 km (Ehrenreich et al. 2012). The
effect of clouds on Venus’s transmission spectrum was also
shown to cause difficulties for retrieval algorithms that were
unable to consistently differentiate Earth- and Venus-like
atmospheres (Barstow et al. 2016). Lincowski et al. (2018)
modeled the transmission spectra of the TRAPPIST-1 planets
assuming that they had 10-bar Venus-like atmospheres. Their
work illustrated that the weaker CO, absorption bands at 1.05
and 1.3 ym and absorption caused by sulfuric acid clouds are
likely to be the best avenues for determining whether a planet
has Venus-like surface conditions. Simulated JWST observa-
tions of the TRAPPIST-1 planets with Venus-like atmospheres
showed that their atmospheres could be detected in less than 20
transit observations, but discerning their compositions would
take more than 60 transit observations (Lustig-Yaeger et al.
2019). The catalog and selection criteria provided in this work
will help to guide the identification of VZ planets for
atmospheric follow-up observations to test atmospheric evol-
ution scenarios.

Here we present the results of a compilation and analysis of
VZ candidates from the known inventory of exoplanets. The
purpose of the VZ catalog is to study the demographics of
terrestrial planets that lie within the VZ and to facilitate the
prioritization of follow-up targets whose atmospheric char-
acterization will provide critical diagnostics in determining the
inner edge of the HZ. Section 2 describes the extraction and
parsing of exoplanet data, the radius constraints used to identify
terrestrial planets, and the calculations that allow the analyses
of the bulk data characteristics. The creation of an extensive
table of terrestrial planets whose orbits lie partially or wholly
within the VZ is presented in Section 3. In Section 4, we
provide a discussion of the VZ population demographics and
highlight potential priority for James Webb Space Telescope
(JWST) targets, as well as other important follow-up
opportunities. Since the catalog includes both transiting and
nontransiting exoplanets, we further discuss the importance of
nontransiting targets for future studies of terrestrial planet
evolution. Section 5 includes a summary of the main results,
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concluding remarks, and an outline of further potential uses of
the VZ catalog.

2. Data Extraction and Calculations

We define terrestrial VZ planets to be planets with radii
R, <2.0 Ry, that spend any portion of their orbits within the
boundaries of the VZ. Note that the radius limit for terrestrial
planets depends on numerous factors, including formation
scenarios and composition (Unterborn & Panero 2019), and not
all planets within this range will indeed be rocky (Rogers 2015).
However, this radius cutoff was chosen to account for
uncertainties in radius measurements or calculations to
minimize the exclusion of any terrestrial planets from the
sample. Terrestrial VZ planets with measured radii have an
average uncertainty of 0.2 R, while the maximum uncertainty
is as high as 1.03 Rg. Planets with radii R, >2.0 Rq and
relatively high or low mass likely require significant Fe
enrichment relative to their host star or surface volatiles to
explain their anomalously higher-than-expected or lower-than-
expected density. These planets would therefore be more likely
to be super-Mercuries or volatile-rich mini-Neptunes/water
worlds, respectively (Unterborn et al. 2016; Unterborn &
Panero 2019).

The inner boundary of the VZ is defined as 25 X the incident
flux received by Earth (F.), which is the insolation flux limit
where Venus would begin to lose the majority of its
atmosphere (Zahnle & Catling 2017). Note that this does not
account for variations in stellar activity as a function of spectral
type but is broadly encapsulating the vast range of expected
stellar ages and masses, as well as planetary masses and
atmospheres, expected to lie within our sample. The outer VZ
boundary is the runaway greenhouse boundary, which
corresponds to the inner boundary of the conservative HZ
(CHZ) and is defined as the insolation flux threshold where
liquid water on Earth’s surface would be evaporated, forcing it
into a runaway greenhouse state (Kopparapu et al. 2013, 2014).
To determine whether a planet orbits within the VZ, we used
Kepler’s equation to calculate the planet’s distance from its
host star as a function of its orbit. If a planet’s distance is ever
less than the distance of the outer VZ boundary and greater
than the distance of the inner VZ boundary, then the planet
orbits within the VZ. The 317 known terrestrial planets from
the NASA Exoplanet Archive (NEA) that spend any amount of
their orbit in the VZ (hereafter referred to as VZ terrestrial
planets) are shown in Figure 1. It should be noted that planets
within the VZ are not guaranteed to have Venus-like surface
conditions. The VZ is instead a first-order estimate for
identifying planets that may be Venus-like and for guiding
target selection for follow-up observations with JWST or other
future facilities. These observations will be the primary method
of producing more accurate predictions of the surface
conditions of VZ planets.

The possibility of habitable worlds within the VZ cannot be
discounted either, as it has been shown that Venus could have
maintained temperate surface conditions for as recently as
1 Gya (Way & Del Genio 2020). However, this scenario
requires a young Venus to be cool enough to allow water to
condense on its surface, which faces challenges owing to the
possible lack of cloud formation at the substellar point (Turbet
et al. 2021). Atmospheric spectroscopy of terrestrial planets in
the VZ will be essential for investigating both the possibility of
a temperate period in Venus’s history and the conditions that
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Figure 1. Terrestrial planets from the NEA that spend any part of their orbit in the VZ. The inner VZ boundary is indicated by the left line, and the right line is the

outer VZ boundary. Earth and Venus are shown for reference (blue stars).

force a planet into a runaway greenhouse. Furthermore,
terrestrial planets have long been known to differ significantly
in their geologic (Head et al. 1977) and tectonic evolution
(Head & Solomon 1981), and their mechanisms of global
lithospheric heat transfer and loss (Head et al. 1981) suggested
the presence of ongoing global plate tectonics (Head &
Crumpler 1987), a hypothesis tested by the Magellan mission.
Magellan data revealed a geologically very young surface (<1
Gyr; McKinnon et al. 1997) and a single global lithospheric
plate lacking a system of ongoing plate tectonics (Solomon
etal. 1991, 1992). Similarly, the currently observed atmosphere
of Venus may have formed relatively recently geologically,
transitioning from Earth-like oceanic conditions (Way & Del
Genio 2020; the great climate transition) during the early stages
(Byrne et al. 2021) of the young remnant surface geological
record (Ivanov & Papaloizou 2011), or in an additive manner
throughout this period (Khawja et al. 2020). Alternatively, the
current Venus atmosphere may be a “fossil atmosphere” dating
from some time earlier in the history of Venus (Head et al.
2021). Indeed, the conundrum of the Earth—Venus relationship
(Head 2014) is one of the most compelling outstanding
scientific questions today. As we explore both forward models
and inverse models to understand the nature, origin, and
evolution of the Venus atmosphere, the greatly enlarged
exploratory parameter space provided by the demographics of
terrestrial exoplanets in the VZ is designed to contribute a
much-needed broader perspective on the problem and a guide
to obtaining the most critical observations to improve our
understanding.

All of the planetary and stellar data used in this work were
acquired from the NEA (Akeson et al. 2013) using the
Application Program Interface. We used the default properties
for each system, and the data are current as of 2023 January 19
(NASA Exoplanet Archive 2023). Each planetary system was
required to have nonnull values for the host star effective
temperature and the planetary semimajor axis, or the means to
calculate it, or else it was removed from the sample. If orbital
eccentricity was not measured for a planet, the orbit was
assumed to be circular, while the argument of periastron was
set to 90° if no value was available. The majority of VZ planets

have an orbital eccentricity of 0, with 76% of them having no
measured eccentricity, which were then assumed to be 0, while
6% of planets were observed to have O eccentricity. The
remaining planets all had nonzero eccentricities. Assuming
circular orbits may have excluded planets that would enter the
VZ with eccentric orbits; however, we expect this to have a
negligible effect on the total amount of terrestrial VZ planets.
This assumption may exclude planets beyond the outer VZ
boundary; however, a circular orbit is the appropriate
assumption for planets between the inner VZ boundary and
the host star because of the likelihood of tidal locking.

If not available for a given system, the values for stellar
luminosity, planet incident flux, and planet equilibrium
temperature were calculated when possible. If either a
measured planet radius or mass was not available, then the
missing values were calculated using the methodology of Chen
& Kipping (2017). Due to the restraints of the mass—radius
relationship, radius calculations were limited to planets with
mass M, <25 Mg, while mass calculations required planet
radius R, <5 Rg. We did not incorporate the uncertainties
when calculating the mass or radius using the Chen & Kipping
(2017) method. The estimated RV amplitude for each planet
was calculated when possible, using Equations (12)-(14) from
Lovis et al. (2010). If the semimajor axis of the planet was not
available, it was calculated from the orbital period and
stellar mass.

3. A Catalog of VZ Exoplanets

Here we present the data for all known VZ planets that were
identified using the methodology described in Section 2. These
results are shown in Table 1, where the data are listed in
alphabetical order based on the planet names. The percentage
of a planet’s orbit that is spent within the VZ and CHZ is
shown in the columns labeled “VZ (%)” and “CHZ (%),”
respectively. If a planet does not spend 100% of its orbit in the
VZ, then it will spend the remainder of its orbit either in the
CHZ or between the inner VZ boundary and the host star.
Thus, the summation of the CHZ and VZ columns will
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Table 1

Venus Zone Planet Properties
Planet CHZ (%) VZ (%) Loc R, (Ry) M,* (M) P (days) e a (au) Teq (K) TSM K (ms™h
Kepler-367 ¢ 0 100 0.437 1.20 1.75 53.58 0 0.253 375 0.83
Kepler-243 ¢ 0 100 0.008 1.99 4.84 20.03 0 0.142 613 3.38
Kepler-261 ¢ 0 100 0.068 1.99 4.94 24.57 0 0.156 553 6.73
Kepler-327 d 0 100 0.270 1.72 4.10 13.97 0 0.090 427 7.75
Kepler-1651 b 0 100 0.180 1.84 4.45 9.88 0.13 0.072 471 24.50 2.070
Kepler-37 ¢ 0 100 0.008 0.75 0.35 21.30 0 0.140 613 5.00 0.095
Proxima Cen b 75 25 -1 1.08 1.27 11.19 0.35 0.049 251 190.71 1.591
TRAPPIST-1 ¢ 0 100 0.557 1.10 1.31 2.42 0 0.016 340 24.27 3.106
LHS 1140c 0 100 0.332 1.16 1.76 3.78 0.27 0.027 402 32.77 2272

Notes. An extended version of the table is available in electronic version, which provides uncertainties for all relevant parameters for all planets in the catalog.
 Values that are italicized in the planet radius (R,) and mass (M,,) columns indicate that they were determined using a mass-radius relationship rather than being from

observations.

° Planets that did not have a measured eccentricity are denoted by an italicized 0.

(This table is available in its entirety in machine-readable form.)

Table 2
Venus Zone Host Star Properties
Host Star R (R>) M (M) Tetr logg L (L) Jmag Vmag [Fe/H] (dex) Dist
CD Cet 0.17 0.16 3130 493 0.003 8.775 13.950 0.13 8.61
EPIC 201170410 0.28 0.29 3648 5.00 0.012 13.464 17.698 —0.05 —1.00
EPIC 211822797 0.58 0.62 4057 4.70 0.082 12.277 15.133 0.20 186.20
G 264-012 0.30 0.30 3326 4.85 0.011 8.837 13.078 0.10 16.01
GJ 1061 0.16 0.12 2953 0.002 7.523 12.700 —0.08 3.67
GJ 1132 0.21 0.18 3270 0.004 9.245 13.680 0.00 12.61
GJ15A 0.38 0.38 3607 4.87 0.022 5.252 8.090 —0.34 3.56
GJ 251 0.36 0.36 3451 4.96 0.017 6.104 9.890 —0.03 5.58
GJ 273 0.29 0.29 3382 0.009 5.714 9.840 0.09 5.92

Note. An extended version of the table is available in electronic version, which provides parameters for all host stars in the catalog.

(This table is available in its entirety in machine-readable form.)

generally constitute 100% of the orbit, except in cases where
the planet ventures interior to the inner VZ boundary.

The location column, marked “Loc,” indicates where the
relative location of the planet’s semimajor axis, a, lies within
the VZ. The location values range from 0 to 1, where 0 is the
inner VZ boundary and 1 is the outer VZ boundary. Planetary
radii (R,) and masses (M) are included in the table, with
italicized values representing those that were calculated using
the Chen & Kipping (2017) mass-radius relationship. Orbital
period, P, semimajor axis, a, planetary equilibrium temper-
ature, Teq, and RV amplitude, K, are included for each planet
when available. We included the calculated transmission
spectroscopy metric (TSM) value for each planet using the
methods of Kempton et al. (2018). The TSM is used to estimate
the achievable S/N of transmission spectroscopy with JWST
assuming 10 hr of observations. In this work we do not focus
on the magnitude of individual TSM values, but instead on
TSM values in reference to each other. In general, we view the
planets with the largest TSM values compared to other planets
in the sample as having the most potential for success in
follow-up observations. The orbital eccentricity, e, of a planet
was set to O when no eccentricity measurement was available,
which is listed as a single italicized O in the table. Measured
eccentricities of 0 are listed as “0.000.”

Table 2 includes details for each VZ planet’s host star. R,
and M, are the radius and mass of the star in solar units,
respectively. Jmag and Vmag are the J-band and V-band

magnitude of the star, respectively. The stellar effective
temperature, T, surface gravity, logg , luminosity, L,, and
distance, d, of the stars are also shown in Table 2. In the case of
the NEA providing null values for L,, we calculated L, using
R, and T, when they are available.

4. Discussion
4.1. Demographics

Unveiling the demographics of various planet populations
provides insight into planet formation and evolution scenarios,
which are particularly important for the potential creation of
runaway greenhouse planets. Figure 2 presents property
distributions for the planets in our sample, including orbital
eccentricity (top left), orbital period (top right), planet radius
(bottom left), and planet mass (bottom right). The shown
distributions compare the VZ terrestrial planets (yellow) with
all terrestrial planets (blue) and the general planet population
(black). For the VZ terrestrial (yellow) and all terrestrial (blue)
populations, the period distribution is remarkably Gaussian (at
least in log space), such that the distribution peaks approxi-
mately at the mean value. However, this is not true of the
general planet population, which is rather asymmetric owing to
inclusion of cold giant planets. It is interesting to note that the
orbital period limit of the terrestrial planet distribution
approximately coincides with the outer edge of the VZ. This
is due to planet detection missions being biased toward closer-
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Figure 2. Histograms illustrating the distribution of orbital eccentricity (top left), orbital period (top right), planet radius (bottom left), and planet mass (bottom right).
In the top two panels, the yellow distribution indicates terrestrial VZ planets and the blue distribution is all known terrestrial planets. In the bottom two panels, the red
distribution is all known planets within the VZ, regardless of their size. In all four plots the black distribution is all known planets regardless of radius or location.

in planets, which has resulted in the discovery of only 29
terrestrial planets with orbits beyond the outer VZ boundary
(Hill et al. 2023). The planet radius and mass histograms
compare VZ planets of all radii to all known exoplanets. A
radius gap is visible in both the VZ and all planet distributions
(e.g., Lopez & Fortney 2013; Owen & Wu 2013; Fulton et al.
2017), with a sharp cutoff of VZ planets at ~14 R.,. The cutoff
is present because the gravitational force of high-mass planets
typically prevents their size from exceeding =14 R,.
Exceptional cases such as hot Jupiters can exceed this limit
because their atmospheres puff up from high insolation flux;
however, these planets are too close to their stars to be in
the VZ.

Host star properties such as T (top left), log g (top right),
Jmag (bottom left), and stellar distance (bottom right) are
displayed in Figure 3. All plots compare the host stars of VZ
terrestrial planets to those of all terrestrial planets and all
planets regardless of their size. Terrestrial VZ planets (yellow)
are most commonly found around cooler, smaller stars, where

the sensitivity of observations toward terrestrial planets is
greater and is thus likely related to an observational bias. By
contrast, the two other subsets (black and blue) have been more
commonly detected around hotter, brighter Sun-like stars that
are better suited for RV observations. Similarly, the depend-
ence of the respective detected planet populations on logg
demonstrates that the terrestrial planets, including those in the
VZ, are overwhelmingly found around main-sequence stars,
whose relatively small sizes enable the detection of propor-
tionally small planets. Furthermore, the majority of exoplanets
have been found around fainter stars, with the distribution of
host star J-band magnitudes peaking at ~13. Note that the J-
band magnitude distribution for the sample that includes all
exoplanet host stars has an additional peak at ~7, largely due to
the effect of RV surveys that target preferentially brighter stars
than those included in transit surveys. The bottom right panel
of Figure 3 shows the distribution of stellar distances for the
respective samples, where the number of known planets
naturally rises with increasing distance owing to the volume-
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distribution is all known planets regardless of size or location.

limited nature of the various exoplanet surveys. Note also the
indication of the nearest exoplanet, Proxima Centauri b, at the
far left of the figure—a nontransiting exo-Venus candidate (see
Section 4.4).

Figure 4 displays relationships between various parameters
for terrestrial VZ planets compared to all known planets. The
top left panel shows planet mass versus planet radius. Since
most VZ planets lack either a radius or mass measurement, the
trend seen is representative of the mass—radius relationship that
was used to calculate the missing mass or radius values (Chen
& Kipping 2017). The top right panel displays orbital period
versus orbital eccentricity for all planets with nonzero
eccentricities. Few VZ planets are displayed since the majority
did not have measured eccentricities. The bottom left panel
displays orbital period versus planet mass, and the bottom right
panel shows orbital period versus planet radius. The upper limit
planet radius set for our VZ sample can be seen in the bottom
right panel. Similarly, there is a cutoff in mass in the bottom
left panel caused by how most masses were calculated using
the mass—radius relationship. There is an additional radius
cutoff for all known planets around 10 R, which is also caused

by the mass—radius relationship. The relationship plateaus at
higher planet mass and radius as demonstrated in the top left
panel.

4.2. JWST VZ Targets

Observations of exoplanet atmospheres will provide infor-
mation that is necessary for understanding their climates.
During Cycle 1, JWST will conduct such observations for eight
terrestrial VZ planets: GJ 357 b (Luque et al. 2019), GJ 1132b
(Bonfils et al. 2018), TRAPPIST-1b (Agol et al. 2021),
TRAPPIST-1c¢c (Agol et al. 2021), TOI-776b (Luque et al.
2021), TOI-776 ¢ (Luque et al. 2021), LTT 1145 Ab (Winters
et al. 2022), and L98-59 b (Demangeon et al. 2021). TOI-776 ¢
has a radius of 2.02 R, but is within the upper radius limit for
terrestrial planets when considering uncertainties. All of these
planets will be observed with the Mid-Infrared Instrument
(MIRI; Wright et al. 2004), the Near-Infrared Spectrograph
(NIRSpec; Bagnasco et al. 2007), or the Near-Infrared Slitless
Spectrograph (NIRISS; Doyon et al. 2012) aboard JWST.
MIRI will be primarily used to observe the emission spectra of
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Figure 4. The relationships between various planet properties. In all plots, the black circles are all known planets regardless of size or location, while the blue squares

are terrestrial VZ planets.

exoplanets, while NIRISS and NIRSpec will conduct transmis-
sion spectroscopy.

TOI-776 b, TOI-776 ¢, and L98-59 b have the three highest
TSM values among the VZ JWST targets. However, they are in
close vicinity to the inner VZ boundary, which may have led to
significant atmospheric loss (Van Eylen et al. 2018). TOI-776 b
and TRAPPIST-1c VZ planets are intriguing, as they both
have additional terrestrial VZ planets within their respective
systems. TOI-776b is accompanied by TOI-776¢c, and
TRAPPIST-1¢c, b, and d are all in the VZ. Atmospheric
spectroscopy of multiple VZ planets within the same system
offers the opportunity to investigate how VZ planet evolution
may vary based on location in the VZ. Furthermore, the
TRAPPIST-1 VZ planets will also be useful for comparison to
their neighboring planets in the conservative HZ, TRAPPIST-
le, f, and g. Transmission or emission spectroscopy of VZ and
HZ exoplanets in the same system would be a unique
opportunity to investigate evolutionary differences between
Earth and Venus using exoplanets. TRAPPIST-1 ¢ will receive
six transit and four eclipse observations, while TRAPPIST-1 b,
TOI-776 b, and TOI-776c will each receive two transit
observations.

GJ357b has a radius of 1.22 R, and is located 0.01 au
(Loc =0.093) from the inner VZ boundary. The close
proximity to its host star causes GJ357b to experience an
incident flux of ~13 Fg, placing it at risk of sustaining
significant atmospheric loss. Transmission spectroscopy of the
planet will aid in determining the presence of an atmosphere

and, in turn, be a useful test for the location of the inner VZ
boundary. GJ357b will be observed for a single transit by
JWST NIRSpec during Cycle 1 observations. GJ 1132 b is also
located close to the inner VZ boundary, and its eccentric orbit
results in it spending 23% of the orbit between the inner VZ
boundary and its host star. It has a radius of 1.13 R.,, making it
also susceptible to substantial atmospheric loss and a useful test
for the location of the inner VZ boundary as well. GJ 1132 b is
anticipated to have two transits observed by JWST NIRSpec
during Cycle 1.

LTT 1145 A b orbits a single star but is in an M-dwarf triple
binary system with LTT 1145 BC. The system the planet is in
makes it unique from the other VZ planets being observed by
JWST; however, since LTT 1145 BC are 34 au from LTT 1145
A, it is unlikely that they have any significant contribution to
the energy budget of LTT 1145 Ab. There are two sets of
observations planned for LTT 1145 A b, with a single transit
observation by JWST NIRSpec and three secondary eclipse
observations by JWST MIRI. Additional observations of its
neighboring terrestrial planet in the VZ would illustrate
whether their differences in received flux resulted in different
climates.

L98-59 b spends 63% of its orbit in the VZ and the rest
between the inner VZ boundary and its host star. Throughout
its eccentric orbit the planet receives stellar flux that varies
from 19 to 29 F;,. The likelihood that the planet has sustained
significant atmospheric loss is increased by both its high
incident flux and its smaller size of 0.85R,. Two transit



THE ASTRONOMICAL JOURNAL, 165:168 (13pp), 2023 April

0 102
’ ) @
) ". e ® o ° o
®
1.8 °® ®
° o@ ©

1.6 LA ° e 9
3 ° o
24 10!
1.4 &
> ....
S @ o ° 7
212 ® o =
o °
.- %
21.0

0
0.8 ® 10
0.6 @ VZ Terrestrial Planets
$8 IWST Targets in vz
0.4 06 08
VZ Location

Figure 5. Terrestrial VZ planets colored based on their TSM value. The x-axis
represents the planets’ location in the VZ, where 1 indicates the outer VZ
boundary and 0 is the inner VZ boundary. Data points denoted by crosses are
VZ planets that are planned to be observed by JWST.

observations with JWST NIRSpec are planned for the planet,
and detection of an atmosphere on this planet would
demonstrate that VZ planets can sustain an atmosphere closer
to the star than predicted by the inner VZ boundary. Besides
L98-59 b, there are three other terrestrial planets in its system
that are also in the VZ. Observations of all planets in the system
would be valuable for understanding the runaway greenhouse
effect across a range of planet scenarios for the same host star.

The success of these observations will be highly dependent
on the planets’ atmospheres. If they were to have Venus-like
atmospheres, then it is likely that JWST will be unable to
detect any molecular species in their transmission spectra
given the allotted observation time, but it may still be able to
determine the presence of an atmosphere. If the planets have
Earth-like or oxygen-desiccated atmospheres, then detecting
molecules in their atmospheres may be achieved in as little
as six transits (Lustig-Yaeger et al. 2019; Pidhorodetska
et al. 2021).

4.3. VZ Targets for Future Observations

Here we highlight the VZ planets with high scientific value that
are the most amenable to atmospheric spectroscopy and should be
considered for observations in JWST Cycle 2+ or by other future
facilities. All planets we considered were required to be known to
transit, and the TSM value was used as the basis for quantifying
the observational potential of planets. A high equilibrium
temperature can cause a planet to have a high TSM value, but
planets closer to the outer VZ boundary maximize similarities
between the planets and Venus. Figure 5 displays the VZ location
and radii of VZ planets, with points colored based on their TSM
value. Based on our selection criteria, an optimal planet would be
at 0.95 R, at the far right of the figure, and colored yellow. There
is a scarcity of planets in that region, and therefore no planets that
exactly match our criteria. Hence, we handpicked the planets we
deemed to have the best combination of observation potential, size
similarity to Venus, and general scientific promise. The five
planets we determined to have the best combination of scientific
intrigue and observational amenability are TOI-2285b (Fukui
et al. 2022), LTT 1445 Ac (Winters et al. 2022), TOI-1266 ¢

Ostberg et al.

(Demory et al. 2020), LHS 1140 ¢ (Lillo-Box et al. 2020), and
L98-59 d (Demangeon et al. 2021).

TOI-2285 b is the only planet of the six that spends a portion
(12%) of its orbit in the CHZ owing to its orbital eccentricity of
0.3. The TSM of this planet is the second lowest of the group,
but its orbit makes it an interesting test case for the climate of a
planet in both the VZ and HZ. Out of the six planets,
LTT 1445 A c is the closest in size and mass to that of Venus,
with a measured radius and mass of 1.14 R, and 1.54 M.,
respectively. The planet orbits a single star in an M-dwarf triple
binary with LTT 1445 BC and has a TSM of 45, which is the
third highest of the group. TOI-1266 c is in the center of the VZ
and has the second-highest TSM value of the six targets. It has
a measured radius of 1.55 R, and a measured mass of 2.2 M,
making it considerably larger and more massive than Venus.
Observing its atmosphere would help determine whether the
surface conditions of more massive planets in the VZ differ
from those closer to Venus in size. In addition, the detection or
nondetection of an atmosphere on TOI-1266 c would help
justify the location of the inner VZ boundary by illustrating
whether planets more massive than Venus can sustain an
atmosphere despite having a higher equilibrium temperature
and orbiting a highly active M-dwarf star.

LHS 1140 c is the second most similar to Venus in size from
the six future targets, with a measured radius of 1.16 R,. The
planet orbits an ultracool red dwarf, but its orbital period of 3.7
days results in an incident flux of 4.3 F,, and an equilibrium
temperature of 709 K, which is the hottest of the group.
Determining whether the planet has an atmosphere would help
inform the atmospheric escape experienced by Earth-sized VZ
planets with high incident flux, which will test the location of
the inner VZ boundary.

L98-59d is in a heavily populated VZ with three other
terrestrial planets. Planet d was chosen from this system, as it is
the farthest planet from the inner VZ boundary that is also
known to transit. L98-59 d has by far the largest TSM value in
the group and the third-highest TSM value of all VZ planets.
The large number of VZ planets and their amenability to
atmospheric spectroscopy make the L98-59 system an
important benchmark for studying the VZ.

The high-priority targets of particular interest are those that
have a neighboring terrestrial planet or planets in the VZ or HZ.
LTT 1445 A c has a single terrestrial neighbor in the VZ that is
planned to be observed by JWST, while L9859 d has three
neighboring VZ planets, one of which will be observed by
JWST. Currently the VZ only provides a general estimate for
the climates of terrestrial planets, but observations of multiple
VZ planets within the same system can be used to study the
evolutionary differences of planets in the inner and outer VZ of
the same system. LHS 1140 c is the only planet in the group
with a neighboring terrestrial planet in the HZ. Observations of
both LHS 1140c and b provide a chance to compare the
differences between Earth and Venus to planets in a similar
system.

4.4. Nontransiting Planets of Interest

Limiting terrestrial VZ targets to those that are known to
transit excludes 37 planets that may be useful for testing the VZ
boundaries and studying evolutionary pathways of VZ planets.
The atmospheres of these planets will be inaccessible to JWST,
but a concept mission named the Mid Infrared Exoplanet
CLimate Explorer (MIRECLE; Mandell et al. 2022) would use
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Figure 6. The ESM values of all nontransiting, terrestrial VZ planets at both 7.5 pum (left) and 15 pm (right).

thermal emission to constrain the surface temperature and
atmospheric composition of nontransiting rocky exoplanets.
Although MIRECLE is currently a concept, it is valuable to
identify which nontransiting VZ planets would be beneficial for
studying Venus and the VZ. Nontransiting planet candidates
were chosen based on their vicinity to the outer VZ boundary,
similarity in size to Venus, and emission spectroscopy metric
(ESM; Kempton et al. 2018) value at both 7.5 and 15 pum
(Figure 6). Similar to TSM, ESM values provide a first-order
S/N estimate of the emission spectrum of a planet. A more
detailed explanation of both the TSM and ESM can be found in
Kempton et al. (2018). Using these criteria, we chose six
planets: GJ 3323 b (Astudillo-Defru et al. 2017); GJ 1061 b,
GJ 1061 c, and GJ1061d (Dreizler et al. 2020); Proxima
Centaurib (Anglada-Escudé et al. 2016); and Teegarden’s
Star b (Zechmeister et al. 2019).

GJ 3323 b has ESM values of 10.1 and 56.0 at 7.5 and
15 pum, respectively. These ESM values are the second highest
among all nontransiting, terrestrial VZ planets. Its orbit places
it at roughly the center of the VZ, and it has a measured mass
and estimated radius of 2.02 M, and 1.25 R, respectively. The
planet is a good test case to study the runaway greenhouse limit
for more massive planets.

Proxima Centauri b has a measured mass of 1.27 M, an
estimated radius of 1.05R,;, and an orbital eccentricity of
~0.35 (Bixel & Apai 2017; Kane et al. 2017). Its eccentric
orbit causes it to spend 75% of its orbit in the HZ and 25% in
the VZ, during which it receives varying incident flux that
ranges from 0.36 to 1.55 F,. Studying the planet is valuable for
determining whether its short exposure to higher insolation flux
was sufficient enough to force it into a runaway greenhouse.
This will also inherently be a test for the climate evolution of
planets with eccentric orbits that straddle the runaway green-
house boundary. Its ESM value of 33.3 at 15 ym makes it a
strong candidate for observations with emission spectroscopy.

Teegarden’s Star b is physically similar to Earth as well, with
a measured mass and estimated radius of 1.05 M, and 1.02 R,
respectively. It has an ESM value of 18.8 at 15 um, which is
second lowest of the six nontransiting planets we chose. The
planet spends all of its orbit within VZ and is only 0.03 au from
the outer VZ boundary, which makes it an excellent case for
testing runaway greenhouse conditions. In addition, Teegar-
den’s Star was determined to have an age greater than 8 Gyr
(Zechmeister et al. 2019), allowing for the opportunity to study
any correlations between planet age and the onset of the

runaway greenhouse effect (Foley & Smye 2018; Foley 2019;
Unterborn et al. 2022).

The GJ 1061 system has three planets with eccentric orbits
that all spend some portion of their orbits in the VZ. The orbit
of GJ 1061 b has an eccentricity e = 0.31 and a semimajor axis
in the inner half of the VZ (loc =0.36). It has the highest
equilibrium temperature among the GJ 1061 VZ planets and
therefore has the highest ESM of the three planets. GJ 1061 ¢
spends 73% of its orbit within the VZ and the rest within the
conservative HZ. Similarly, GJ 1061 d spends 22% of its orbit
in the VZ and the rest in the conservative HZ. Given their
orbits, GJ 1061 b and c both offer an opportunity to study the
effect of varying insolation flux on a planet’s climate.
However, it should be noted that the eccentricity values
reported for these planets are upper limits (Dreizler et al. 2020),
and circular orbits would make planet ¢ orbit within only the
VZ and planet d only in the HZ. Despite this, the system as a
whole would be a useful sample of planetary atmospheres that
span across the VZ of a single star.

4.5. Direct Imaging of Nearby Stars

Their intrinsic brightness and closer orbital distance from
their host stars make VZ planets potentially interesting targets
for the next-generation space-based direct imaging (DI)
missions, assuming that those VZ planets have similar
characteristics to that of Venus. Successful DI of an exoplanet
requires the target planet to have planet-to-star flux ratios that
are above the instrument’s minimum contrast ratio requirement
at locations in the planet’s orbit where the planet—star angular
separation is larger than the instrument’s inner working angle
(IWA). In our estimate of the DI prospects of VZ planets
around nearby stars, we assumed usage of the Habitable
Exoplanet Observatory (HabEx) mission concept with an
external starshade. The HabEx starshade has a required contrast
ratio performance of 1 x 10~'°, and optimistically 4 x 10"
(Gaudi et al. 2020) at the IWA of 70 mas, which is the angular
radius of the starshade itself as seen from the telescope in the
visible channel. Typically, planets that orbit inside the IWA of
the instrument are considered undetectable owing to the
obstruction of the starshade. However, it has been demon-
strated that this inner limit can be pushed further inward if
taking into account the transmittance profile of the starshade
itself (Gaudi et al. 2020; Li et al. 2021). For HabEx, such a
limit, which we refer to as IWA s, is at angular separation of
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56.4 mas from the center of the starshade, where the starshade
transmittance is only 0.5. Here we employed the 56.4 mas of
IWA( s and the required 1 x 1079 contrast threshold as the
hard limit of HabEx visibility of VZ planets.

We first checked detectability of known VZ planets taking
reported orbital parameters and distance to each star. None of
the known VZ planets can be directly imaged owing to the
small on-sky angular separation of those planets. Out of these
known VZ planets, Proxima Cen b has the largest angular
separation of 50 mas, which puts it just inside the HabEx
IWA, 5 limit of 56.4 mas. Next, we checked whether additional
undiscovered VZ planets could be detected through direct
imaging. We expanded our VZ planet DI detectability estimate
to nearby stars within 30 pc. We queried the Gaia Data Release
3 (DR3) database (Gaia Collaboration et al. 2022) and collected
all stars within 30pc with effective temperatures between
2500 and 7500 K. In total, 3814 nearby stars were collected.

For each star, we calculated the angular separation of the
runaway greenhouse boundary (Kopparapu et al. 2013, 2014)
based on the distance, stellar radius, and effective temperature
values from Gaia DR3. We injected one fictitious VZ planet
with 1 Earth radius at the runaway greenhouse boundary
around each star with circular face-on orbit and assumed a
geometric albedo similar to that of Venus from the Haystacks
modern solar system model, which is 0.6 (Roberge et al. 2017).
Following Li et al. (2021), we estimated flux ratio variation
along the entire orbit for each fictitious planet and determined
the maximum planet-to-star flux ratio of the fictitious planet
while being outside the IWAgs. In the case of face-on
inclination angles, flux ratios of planets are constant since
they have the same phase throughout their entire orbit. The
planet detectability based on flux ratios was only estimated to
the first order. That is, no noise sources such as sky noise,
residual starlight from imperfect starshade, clock-induced
charge, and so on, were included in the estimation. We show
the result in Figure 7, where the maximum angular separations
of fictitious VZ planets are plotted against their distances from
Earth to their host stars. Each individual point in the figure
represents one fictitious VZ planet orbiting at the runaway
greenhouse boundary around one of the nearby stars. Points are
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color-coded based on the planets’ maximum flux ratios at any
point throughout their entire orbits. VZ planets that are grayed
out are therefore undetectable at any orbital locations under our
DI setup. Planets that have maximum angular separations
smaller than IWA, 5 of 56.4 mas or have maximum flux ratios
below the instrument minimum contrast threshold of 1 x 10~ '°
are indicated by gray points. The two red horizontal lines
represent the angular sizes of HabEx starshade TWA and
WA 5.

As can be seen in Figure 7, there is a clear downward trend
in terms of VZ planets’ detectability as a function of angular
separation. The number of potentially detectable VZ planets
around nearby stars quickly diminishes toward the 30 pc
distance mark. This is because at larger distances most VZ
planets at the runaway greenhouse boundaries extend smaller
than IWAq s angular separations from their host stars, thus
blocked by the starshade. For a few fictitious VZ planets that
have large angular separation at large distances (top right
corner of Figure 7), high stellar effective temperatures push the
runaway greenhouse boundaries outward to larger separations
and, as a result, make planet—star distances larger. Conse-
quently, the planet-to-star flux ratios drop lower because of the
large orbital distances. Out of the collected 3814 nearby stars
from Gaia, 172 of them may have VZ planets orbiting at the
runaway greenhouse boundaries that have large enough angular
separations and high enough flux ratios that make them
potential future DI targets. Note that the face-on inclination
Figure 7 assumed means that all fictitious VZ planets on
circular orbits would have the same phase and angular
separation from their host stars throughout their entire orbits.
If we were to increase the assumed orbital inclination toward
edge-on, VZ planets whose orbits were outside the IWAq 5
from the star would have higher maximum flux ratios at smaller
phase angles (i.e., smaller angular separation, nearer to the star
and the IWA 5 such that a larger fraction of the planetary disk
would be illuminated), which would further increase the
number of potential VZ planets detectable by future DI
missions. However, note that Figure 7 is not a complete
representation of the DI detectability for all nearby potential
VZ planets thanks to the magnitude limitation of Gaia. Because
many bright stars from the Gaia catalog suffer from over-
saturation, those with Gaia magnitude G <7 were not in the
Gaia data (Gaia Collaboration et al. 2016) and thus were not
included in the figure.

4.6. Contributions to Future Biosignature Searches and
Interpretation

The search for exoplanet biosignatures is one of the
fundamental motivating science goals in the design of future
exoplanet observatories (Fujii et al. 2018; The LUVOIR
Team 2019; Gaudi et al. 2020). The most referenced
biosignature gas is molecule oxygen (O,), which on Earth is
ultimately the result of robust production by photosynthesis
organisms (Meadows et al. 2018). In recent years many
possible mechanisms for generating abiotic O, in planetary
atmospheres have been proposed. These abiotic O, mechan-
isms include water loss with the selective retention of O,
during a runaway greenhouse (e.g., Luger & Barnes 2015;
Tian 2015; Schaefer et al. 2016) and the decomposition of
CO,-rich atmospheres into CO and O, in the absence of
photochemical catalysts such as HO | species and/or under the
influence of photolysis driven by the UV spectral energy
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distributions of M-dwarf hosts (e.g., Gao et al. 2015; Hu et al.
2020). Importantly, these so-called oxygen false-positive
mechanisms, while supported by theory, remain speculative;
we do not yet have observational evidence of their existence.
Venus, for example, contains no free O, despite evidence for
water loss from the D/H ratio of atmospheric water vapor
(Kane et al. 2019). In the case of Venus, O, sinks must have
outcompeted the net O, source from H loss, though this is just
one data point. Most of these proposed abiotic O, mechanisms
would be most efficiently realized for terrestrial planets that
orbit in the VZ, where insolation and presumably water loss are
more efficient than for planets in the traditional HZ (Luger &
Barnes 2015). The VZ then provides a novel opportunity to
advance the search for exoplanet biosignatures by testing for
the existence of some of the most probable false positives on
planets that are the least likely to be inhabited. If O, is not
found on VZ planets, it may be a more compelling biosignature
on HZ worlds. In contrast, if O, is common on VZ worlds, we
must be more circumspect with biosignature interpretations on
planets in the HZ. Abundant abiotic O, on VZ planets could be
detected via O,—0, collisionally induced absorption features at
1.06 and 1.27 pm in transmission spectroscopy and these and
additional visible absorption features in reflected light
observations (Schwieterman et al. 2016; Lincowski et al.
2018; Schwieterman et al. 2018). The best candidates to be
observed in search for O, signatures are those closest to the
outer VZ boundary since they are less likely to have
experienced hydrodynamic loss of oxygen in their
atmospheres.

5. Conclusions

In this work we presented a broad overview of the known
terrestrial planets in the VZ and provided both measured and
estimated data for each. There are currently 317 known
terrestrial planets in the VZ, and TESS will continue to provide
additional VZ planet candidates, as its second extended mission
is planned to end in 2025. At the time of writing, the VZ is
most heavily populated toward the inner VZ boundary.
Although these planets would, in theory, be more amenable
to atmospheric observations, their high equilibrium temperature
and incident flux make them less useful for comparison to
Venus and more susceptible to atmospheric loss. Observations
of the atmospheres of VZ planets near the outer VZ boundary
present an opportunity to simultaneously study planets that
may help us understand Venus’s past and test the location of
the outer VZ and inner HZ boundaries.

We listed the eight terrestrial VZ planets that are planned to
be observed by JWST, including two pairs of neighboring
planets from the TRAPPIST-1 and TOI-776 systems. Observa-
tions of multiple VZ planets in the same system can give
insight into how differences in planet size, planet mass, and
incident flux can result in differences in climate over time
without needing to factor in the effects of different host stars.
The other JWST VZ targets have unique properties, but all can
provide valuable information for understanding the different
evolutionary pathways of VZ planets. However, the ability of
JWST to obtain information about the atmospheres of VZ
planets will be highly dependent on their atmospheric
composition and cloud coverage, as a Venus-like atmosphere
is likely to prevent the detection of any molecular absorption
with the time allotted for each planet. However, even a
nondetection of molecules in any of the VZ target atmospheres
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is still valuable since it will illustrate the sensitivity of the
JWST instruments and inform future target selection of VZ
planets.

Aside from the JWST VZ targets, we chose an additional six
terrestrial VZ planets to be considered for future JWST
observations. The planets were chosen based on their TSM
value, location in the VZ, and size. L'TT 1445 A ¢ and L98-59
d were chosen since studying observations of their atmospheres
will be particularly valuable for comparison to their neighbor-
ing VZ planets, which are already planned to be observed by
JWST. In general, observations of the five suggested planets
can be used to investigate how the onset of a runaway
greenhouse, or location of the outer VZ boundary, may be
dependent on planet mass, incident flux, and orbital eccen-
tricity. In response to the development of the mission concept,
MIRECLE, that can study the atmospheres of nontransiting
exoplanets, we also provided six nontransiting VZ planets that
cannot be probed by JWST. In comparison to the five transiting
targets, almost all of the nontransiting targets are more similar
to Venus in size and are located closer to the outer VZ
boundary. Their locations make them prime targets for testing
the outer VZ boundary, and the previously mentioned mission
concept would provide the means to make these planets
accessible.

The study of Venus-like exoplanets has become increasingly
important given the announcement of several future in situ
Venus missions like DAVINCI+ (Garvin et al. 2022),
VERITAS (Cascioli et al. 2021), Venera-D (Vorontsov et al.
2011; Zasova et al. 2019), and EnVision (Widemann et al.
2020). The data gathered from these missions will provide
invaluable information about Venus, such as updates on the
structure and composition of its atmosphere, determining its
water-loss history, and compiling a high-resolution map of its
surface. These missions will inherently benefit exoplanetary
science since their data will be used to improve climate models
capable of simulating Venus-like surface conditions, which will
enhance our ability to predict the climates of VZ planets.
Modeling the climates of an assortment of VZ planets will
strengthen our understanding of what forced Venus into a
runaway greenhouse, test the location of the VZ boundaries,
and potentially justify the possibility of a temperate period in
Venus’s past. In particular, if many planets in the VZ are found
to have Earth-like surface conditions, it will illustrate that the
differences in insolation flux between Earth and Venus are not
the primary reason for the divergence between the two planets.
All of these results would benefit the study of planetary
habitability and help identify future targets for the search for
life in the universe.
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