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ABSTRACT

While most of the 6000 discovered exoplanets are highly unlike the Earth, the first rocky worlds in the habitable zone (HZ)
provide intriguing targets for the search for life in the cosmos. As detections increase, it is critical to test the empirical HZ
as well as its limits using known exoplanets. However, there is not yet a list of rocky worlds that observers can use to test
the limits of surface habitability.We analysed data from Gaia DR3 and the NASA Exoplanet Archive (NEA) of all known
exoplanets, identifying future targets to test limits of habitability through (i) orbits near the edges of the HZ, (ii) similar
irradiation environments to modern Earth, and (iii) large eccentricities. We prioritize targets for transmission observations,
light curve measurements, and direct imaging, identify the oldest HZ rocky worlds based on the NEA and complementary
literature data, and provide theoretical limits for the empirical HZ and a 3D-HZ for each system. Our analysis shows 45
rocky worlds in the empirical HZ and 24 in a narrower 3D-HZ. For context, we compare their demographics to those of
the full catalogue of exoplanets in the NEA. The resulting list of rocky exoplanet targets in the HZ will allow observers to
shape and optimize search strategies with space- and ground-based telescopes - such as the James Webb Space Telescope
(JWST), Extremely Large Telescope (ELT), Habitable Worlds Observatory (HWO), and Large Interferometer For Exoplanets
(LIFE) - and design new observing strategies and instruments to explore these worlds, addressing the question of the limits
of exoplanet surface habitability.

Key words: astrobiology — exoplanets — astronomical data bases: catalogues - planets and satellites: terrestrial planets—

planetary systems.

1 INTRODUCTION

Several successful ground- and space-based searches have in-
creased the number of known exoplanets to over 6000 (Chris-
tiansen 2025). An underexplored aspect of these discoveries is
that the growing number of exoplanets allows observers to build
a target list that can probe the limits of the habitable zone (HZ)
empirically.

The HZ is defined as the orbital range around one or multiple
stars at which liquid water could be stable on a rocky planet’s
surface (e.g. M. H. Hart 1979; J. F. Kasting, D. P. Whitmire & R. T.
Reynolds 1993; Y. Abe et al. 2011; R. K. Kopparapu et al. 2013; J.
Cullum, Stevens & Joshi 2014; R. M. Ramirez & L. Kaltenegger
2014, 2016, 2018; J. Cullum & D. P. Stevens 2016), facilitating
detection of possible atmospheric biosignatures (e.g. L. Kalteneg-
ger 2017; Y. Fujii et al. 2018; E. W. Schwieterman et al. 2018;
T. Lichtenberg & Y. Miguel 2024). The HZ has been modelled
in 1D to 3D for a wide range of stars, with insightful results
probing different aspects of planet characterization: 1D models
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can explore a wide parameter space while 3D general circulation
models (GCMs) can provide insightful views into the influence
of dynamics, relative humidity, and initial cloud feedback, but
require more assumptions in topography and rotation rate (e.g. J.
F. Kasting et al. 1993; Y. Abe et al. 2011; R. K. Kopparapu et al.
2013, 2014, 2016; J. Leconte et al. 2013, 2015; E. T. Wolf & O.
B. Toon 2014; R. M. Ramirez & L. Kaltenegger 2014; R. Barnes,
V. S. Meadows & N. Evans 2015; M. Turbet et al. 2017; Z. Yang
et al. 2023). Thus, both 1D and 3D models provide important
insights into the nature of exoplanets and work in combination to
explore new worlds. While the exploration of models is ongoing,
we use the limits of the Empirical HZ defined by J. F. Kasting
et al. (1993) and R. K. Kopparapu et al. (2013), extended to hot
stars by R. M. Ramirez & L. Kaltenegger (2018). For comparison,
we provide an additional, narrower 3D model inner limit defined
by J. Leconte et al. (2013) for Earth-like planets and parametrized
into a polynomial representation for different stellar host stars by
R. M. Ramirez & L. Kaltenegger (2018). Thus, readers can create
specific target lists using the values provided (see discussion).
To identify potentially rocky exoplanets, we adopt a maximum
radius of 2 R, (see also M. L. Hill et al. 2023). Note that the discus-
sion on the proposed radii value that indicates rocky composition
is ongoing, with limits between 1.6 and 1.96 Rg, (e.g. L. A. Rogers
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2015; A. Wolfgang, L. A. Rogers & E. B. Ford 2016; O. R. Lehmer &
D. C. Catling 2017; L. Kaltenegger 2017; R. Luque & E. Pallé¢ 2022;
S. Miiller et al. 2024). For planets without measured radii, we
adopt a maximum mass of 5 Mg in our analysis (see also M. L.
Hill et al. 2023).

Several catalogues (e.g. L. Kaltenegger & D. Sasselov 2011; S.
R. Kane et al. 2016; K. G. Stassun et al. 2018; M. L. Hill et al.
2023) have identified exoplanets in the HZ for earlier epochs, and
interesting recent research has specifically focused on assessing
dynamical viability (S. R. Kane et al. 2024), properties of the
164 target stars for the Habitable Worlds Observatory (HWO) (C.
K. Harada et al. 2024; E. Mamajek & K. Stapelfeldt 2024), and
threats to HZ exoplanetary systems within 10 pc (T. Pyne et al.
2025), as well as exploring the effects of stellar magnetism on
the habitability of exoplanets (A. S. Atkinson, D. Alexander & A.
O. Farrish 2024) and the limitations of potential ultraviolet (UV)
surface flux (X. Li et al. 2024). However, the list of potentially
habitable planets has grown since those publications, and new
stellar data for host stars are available from the Gaia DR3 release.
In addition, discussions of the influence of the chosen stellar
parameters (DR3 compared to NASA Exoplanet Archive), mea-
surement uncertainty on the list of potentially habitable targets
(e.g. L. Kaltenegger & D. Sasselov 2011), and critical analysis of
which targets could test our understanding of the edges of the HZ
have been missing to prioritize further observations of potential
habitable worlds.

In this paper, we present a target list of 45 exoplanets in the
empirical HZ (27 transiting) and 24 in a narrower 3D HZ (15
transiting). We identify the best exoplanets that can test the limits
of surface habitability, orbiting close to the theoretical inner and
outer limits of the empirical HZ (see detailed discussion on HZ
choices in methods). We also identify exoplanets that can test
how eccentricity influences habitability, exoplanets that receive
similar flux to modern Earth, and priority targets for transmission
observations, light curve measurements, and direct imaging.

2 METHODS

To identify potentially rocky planets in the HZ, we downloaded
and analysed the default values from the NASA Exoplanet
Archive (NEA) (date: 2025 December 20) (Christiansen 2025) for
all confirmed 4524 exoplanet systems and 6065 unique exoplan-
ets.

When available, we updated the stellar data from the NEA
(temperature and radius) with results from Gaia DR3 (C. Babusi-
aux et al. 2023, Gaia Collaboration et al. 2016, Gaia Collaboration
et al. 2023) for stars with renormalized unit weight error (RUWE)
<1.4 by cross-referencing Gaia DR3 data with DR3 designations
from the NASA Exoplanet Archive (see discussion). Updates to
the host star radius with Gaia DR3 translate into a correspond-
ing reduction or increase in radius of transiting exoplanets (see
discussion). We removed 345 host stars without effective temper-
ature (T¢g) in Gaia DR3 or the NEA from our analysis, because
the HZ limits are sensitive to Ts (e.g. J. F. Kasting et al. 1993;
L. Kaltenegger & D. Sasselov 2011). We consistently calculated
stellar luminosity (Lg,,) from stellar radius (Rg,,) and T, and
any missing semimajor axis values from stellar mass (M) and
planet orbital period (Poy). This selection provides a sample of
4078 host stars with T ¢ between 2566 and 7184 K.

Planets in multiple-star systems are flagged in the NEA and in
our target list (available at A. Bohl et al. 2026). None of the final
targets of rocky planets in the HZ orbit multiple stars. When com-
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paring with the demographics of the whole exoplanet sample, we
did not recalculate the HZ for multiple hosts but used the asso-
ciated stellar parameters in the NEA, which typically correspond
to only one star in the system, even if the exoplanet is flagged as
orbiting multiple stars. We undertook an in-depth analysis only
for the final sample of rocky planets in the HZ, which do not
include multiple hosts according to NEA. The limits of the HZ
for exoplanets in multiple-star systems can be assessed following,
e.g. L. Kaltenegger & N. Haghighipour (2013), N. Haghighipour &
Kaltenegger (2013), and S. R. Kane & N. R. Hinkel (2013), if
observers are interested in these candidates.

A sub-set of planets in the NEA is flagged as eccentric. To
include eccentricity, we calculate the time-averaged flux values
to assess the averaged incident irradiation for those planets fol-
lowing E. Bolmont et al. (2016). If the NEA only provides upper
limits on the eccentricity, we do not include them in our calcu-
lation, and set the eccentricity to zero so as not to overestimate
eccentricity.

The flux boundaries of the HZ can be expressed as a polyno-
mial fit depending on stellar temperature (e.g. J. F. Kasting et al.
1993). The HZ limits we focus on in our analysis are based on (i)
observations in our own Solar system (empirical HZ) (e.g. J. F.
Kasting et al. 1993; R. K. Kopparapu et al. 2013; R. M. Ramirez &
L. Kaltenegger 2018; L. Kaltenegger 2017) and (ii) a representa-
tive 3D-GCM model (J. Leconte et al. 2013; R. M. Ramirez & L.
Kaltenegger 2016). We calculate the empirical HZ flux limits as
well as the 3D inner HZ flux limit and compare these limits with
the stellar flux the planet receives (see Table 1).

The empirical HZ limits we chose for our analysis are based
on solar irradiation when neither a young Venus (Recent Venus,
RV) nor a young Mars (Early Mars, EM) had liquid surface water
(J. F. Kasting et al. 1993; R. K. Kopparapu et al. 2013). The RV
limit corresponds to a flux equivalent of 1.76 present-day solar
irradiance at Earth’s orbit (Sy), and the EM limit to about 0.32 S.
These flux values correspond to 0.75 and 1.77 au, respectively in
our Solar system, which excludes present-day Venus but includes
present-day Mars. The 3D global climate model we chose for our
analysis (J. Leconte et al. 2013) has been specifically developed to
quantify the climate response of Earth-like planets to increased
insolation in hot and extremely moist atmospheres, and has a
polynomial representation for different stellar host stars (R. M.
Ramirez & L. Kaltenegger 2016).

The two limits at the outer edge of the HZ are nearly the same,
and thus, we only show the empirical HZ limit for the outer edge.
However, note that the inner limit of the HZ is debated (J. F.
Kasting et al. 2014). It could correspond to lower solar flux than
the empirical RV limit, but cannot be assessed directly because of
Venus’ young surface. Thus, young Venus could have lost its wa-
ter much earlier, or it could have never had liquid surface water
(M. Turbet et al. 2021). An idealized 3D land-planet model for
dry ‘Dune’ planets, which could be mostly desert with water-rich
areas near their poles, shows that such planets could be habitable
to 0.77 au from the Sun, almost at the inner edge of the empirical
HZ, because of a much weaker positive water vapour feedback
(Y. Abe et al. 2011). Note that some 1D models suggested that the
inner edge of the HZ might be even closer to the Sun, as close
as 0.38 au (A. Zsom et al. 2013), but that result remains highly
controversial (J. F. Kasting et al. 2014). Regarding the largest pos-
sible distance of the inner HZ limit from the Sun, a conservative
theoretical 1D Runaway Greenhouse would put the inner limit
at 0.99 au for our Solar system, but is arguably too far from the
Sun if cloud feedback cools the surface of an Earth-like planet, as
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Table 1. Sample table of the Catalog of Habitable Zone Rocky Planets. Planets are sorted first by whether their nominal values place them as rocky
HZ planets, then by descending TSM values for those that transit (above dotted row), and by apparent angular separation for planets with contrast
ratio above 10~ 8 for direct imaging of those that do not transit (below dotted row). Incident flux (Flux) is provided in units of modern Earth flux
(So), along with the minimum and maximum value (Min, Max), two inner limits of the HZ - the empirical Recent Venus (RV) and a 3D model (3D)
limit — and the outer empirical Early Mars (EM) limit. The maximum and minimum possible stellar flux reaching each planet is calculated based on
measurement uncertainties in stellar temperature (T ), uncertainties in the semimajor axis, and nominal eccentricity. The full table is available at A.

Bohl et al. (2026).

Planet name Radius Mass Flux Min Max RV 3D EM TSM 0 Contrast Age d T of

R@ M@ So So So S() SQ S() mas GyI‘ pc K
TRAPPIST-1d  0.79%001  039%001 111 103 121 147 077 020 2275 178 17le-7  7.6%%2 12.47 2566%20
TRAPPIST-1e  0.92%001  0.69%002 065 0.51 082 147 077 020 1771 235 1357  7.6%%2 12.47 2566%26
TRAPPIST-1f 1.05%001 104%005 037 034 040 147 077 020 1507 3.09 1.00e-7  7.6%%2 12.47 2566%20
TRAPPIST-1g 1137007 1.32%004 025 023 027 147 077 020 1355 376 7928  7.6%22 1247 256626
LHS1140b 1734003 564019 043 038 049 1.50 081 021 893 631 4.56e-8 7.84%37° 1499 3096%48
Proxima Cen b 1.06%0% 064 063 065 149 079 020 13442 37.26 599e-8  5.2%16! 1.30 2829.357021
Wolf 1061 ¢ 341704 134 098 1.83 151 083 022 2731 2067 3.35e-8 6.38%253 431 3342449
Gl 667Cc 3843 092 072 121 1.51 083 022 1148 1725 1.80e-8 2+8 724 3313.4473596
GI 682b 44137 127 091 146 150 082 021 2025 1599 4.76e-08  6.4%43 501 315580 T3 d
GI273b 2891027 122 094 1.56 1.52 084 022 33.69 1538 293e-08 10.31%02 592002 3387 +49.0

expected (e.g. R. K. Kopparapu et al. 2013; L. Kaltenegger 2017).
The maximum time spent in the HZ we show in Table 1 is the
percentage of the orbital period of each planet within the HZ
limits, calculated by numerically solving Kepler’s equation.

Note that we focus on the HZ limits for Earth-like atmospheres
that are dominated by N,-H,0-CO, here. Additional greenhouse
gases, such as significant amounts of molecular hydrogen (H,)
(e.g. D. J. Stevenson 1999; R. Pierrehumbert & E. Gaidos 2011;
R. M. Ramirez & L. Kaltenegger 2017), CH, (R. M. Ramirez &
L. Kaltenegger 2018), and ZnS (R. K. Kopparapu et al. 2018) can
extend or curtail the outer edge of the HZ, an effect that is not
considered in this study, where we focus on atmospheres similar
to Earth’s. Differences in surface pressure and gravity for planets
between 0.5 to 5 Mg, the mass limit we chose in our analysis,
only change the HZ limits by up to 4 per cent (R. K. Kopparapu
et al. 2014) and this effect has, therefore, not been included in our
analysis.

To explore which worlds might be at a similar or more ad-
vanced stage of evolution compared to life on Earth, we first
compile data from the NEA, where 2946 of 6065 exoplanets
have age estimates for their host star. We then supplement the
missing values through a literature search for the final set of
rocky HZ exoplanet hosts. Two methods are predominantly used
to estimate stellar ages: gyrochronological and isochronal age
estimates, based on the slowing spin rate or the star’s prop-
erties compared to stellar models, respectively. Due to cool M
stars’ extremely long lifespans of 100 Gyr or more, characteris-
tics such as luminosity, radius, gravitational acceleration, and
temperature do not change strongly after entering the main se-
quence, so isochronal methods are highly inaccurate. Thus, for
M and K dwarfs’ age estimates, we adopt gyrochronological es-
timates over isochronal ones; for G dwarfs, we use available
isochronal estimates over gyrochronological ones. However, we
note that gyrochronological ages may also be an underestimate,
as the potential gravitational influence of exoplanets on their
host stars can transfer angular momentum, causing these stars
to possibly spin more quickly than a planet-less star of the same
age (P. F. Maxted, A. M. Serenelli & J. Southworth 2015). For
cases with multiple age estimates, we report the value from the

most recent papers using our chosen methodology and cite our
sources.

To assess exoplanets’ potential for observations, we calcu-
lated the transmission spectroscopy metric (TSM) following E.
M. Kempton et al. (2018) to guide transit observations, and the
maximum apparent angular separation (0) in combination with
the star—planet contrast ratio as guidelines for target selection
for direct imaging and secondary eclipse measurements. If these
calculations require missing planetary mass or radius, we used a
mass-radius relation of M = 0.993 R*>7 (L. Zeng, D. D. Sasselov &
S. B. Jacobsen 2016) below 2 Rg or 5 Mg, and an empirical mass—
radius relation for larger planets (J. Chen & D. Kipping 2017; D.
R. Louie et al. 2018), which we use for comparing the subset of
rocky HZ planets with the overall exoplanet demographics. For
all TSM calculations we used a scale factor of 0.167 for rocky
planets, and scale factors binned by planet radii for all non-rocky
planets (following E. M. Kempton et al. 2018). To calculate the
maximum apparent angular separation of the planets, we use
the nominal values of the semimajor axis of the planet and the
nominal distance to the planetary system, but do not include the
effect of eccentricity. To calculate the star-to-planet contrast ratio,
we use the nominal values for the star and planet and assume an
Earth-analogue bond albedo of 0.3 for all exoplanets, which we
assume can be approximated as Lambertian spheres. Note that
the contrast ratio can thus easily be scaled for any other albedo
values.

Our analysis focuses on the target list of potentially habitable
planets in the HZ, but we also discuss which systems would
benefit from further observations, because the uncertainties on
the stellar and planetary measurements given in the NEA and
DR3 allow for the possible inclusion of these exoplanets in the
HZ, even though with nominal values they are not placed in the
HZ. We use the term ‘nominal’ here to refer to the value listed
in the curated NEA table, as well as the curated Gaia value if
the stellar parameters are updated through DR3. Note that we
include this discussion to motivate future observation of these
candidates to constrain the uncertainties further, thereby exclud-
ing or including them in the list of targets for rocky planets in the
HZ. To estimate the maximum error bars on the incident stellar
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flux at the planet’s orbit, we explore the full uncertainty range of
the measurements to calculate the smallest and largest possible
stellar flux received by the planets: e.g. the smallest possible in-
cident flux value is given for the minimum stellar temperature
combined with the minimum stellar radius and the maximum
orbital distance. These values are reported as Min S, for the
minimum possible flux and as Max Sy for the maximum possible
flux. This simplified approach shows that further observations for
these stars could constrain these uncertainties further and could
exclude these potential candidates.

3 RESULTS

We analyse the data from the NEA of all known exoplanets, iden-
tifying (Section 3.1) targets to prioritize for transmission obser-
vations, light-curve measurements, and direct imaging, (Section
3.2) those that allow exploration of the limits of habitability and
those that provide similar irradiation environments to modern
Earth, (Section 3.3) those that can probe the effect of eccentric-
ity on habitability, and (Section 3.4) those that are potentially
evolved rocky worlds. We also provide the theoretical limits for
the empirical HZ and a 3D-HZ for each system, and identify
the oldest HZ rocky worlds based on data from the NEA and
complementary literature data.

We identify a total of 290 exoplanets in the empirical HZ and
a subset of 45 rocky worlds in the empirical HZ, which provides
our target list, and 24 in a narrower 3D-HZ (see Table 1). 27 rocky
exoplanets in the empirical HZ transit, compared to 15 rocky
exoplanets in the narrower 3D HZ.

For context, we further compare the demographics of the rocky
exoplanet sample in the HZ to those of the full catalogue of
exoplanets in the NEA. Fig. 1 first shows a colour-magnitude
diagram for all exoplanet host stars compared to the Gaia DR3
star sample within 100 pc, followed by the sub-set of host stars
of rocky exoplanets in the empirical HZ. While evolved stars are
known to host exoplanets (M. I. Jones et al. 2014; A. Vanderburg
et al. 2020; M. P. Dollinger & M. Hartmann 2021, e.g.), no rocky
HZ planet has yet been found orbiting evolved stars, although
such planets would provide compelling targets for biosignature
searches (L. Kaltenegger et al. 2020a). The star slightly to the right
of the main sequence in the rocky host star panel of Fig. 1 is K2-
288 B b, a multiple-star system.

To put the rocky HZ exoplanets in context, we show their pa-
rameters (coloured gradient) compared to all known exoplanets
(grey) in Fig. 2. The sub-set of exoplanets in the empirical HZ
comprise lighter shades of the gradient, and exoplanets in the 3D
HZ comprise darker shades of the gradient. Rocky HZ planets in
our sample are defined with < 2 Rg, or < 5 Mg, for non-transiting
planets, and shown as opaque circles against the full sample
(semitransparent).

The radius-mass plot for all exoplanets with measured mass
and radius values is shown in the top left panel of Fig. 2, and ex-
cludes planets with only an upper limit on their mass. It identifies
five rocky HZ exoplanets with both measured mass and radius:
LHS 1140 b orbiting an M4.5 dwarf star at 15 pc and TRAPPIST-
1d, -1e, -1f, and -1g orbiting an M8 dwarf star at 12 pc. These five
exoplanets have been the focus of James Webb Space Telescope
(JWST) observations (e.g. B. Benneke et al. 2023; O. Lim et al.
2023; C. Cadieux et al. 2024; T. P. Greene et al. 2023), which
provided first insights into the atmospheric composition of rocky
planets in the HZ of these systems. TRAPPIST-1d, -1e, -1f, and -1g
have nominal mass and radii values of 0.79 Rg 0.79 Rg/0.39 Mg,
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Figure 1. Colour-magnitude diagram of all exoplanet host stars (top)
and rocky HZ exoplanet host stars (bottom) compared to all stars with
Gaia DR3 data within 100 pc. Planets that do not require uncertainties in
stellar flux to overlap the HZ are shown as dark circles, while planets that
require flux uncertainties to overlap the HZ are shown as slightly lighter
circles.

0.92 Rg/0.69 Mg, 1.05 Re;/1.04 Mg, and 1.13 Rg,/1.32 Mg, respec-
tively. All four exoplanets have slightly lower nominal density
than Earth: 0.79, 0.89, 0.91, and 0.92 pg, respectively. LHS 1140 b
has a nominal radius of 1.73 Rg and a nominal mass of 5.6 Mg,
resulting in a slightly higher density than Earth’s: 1.08 pg.

The bottom panels of Fig. 2 show the radius distribution as well
as the mass distribution of known exoplanets, showing patterns
of planet demographics mixed with detection biases, like the
broad transition zone between the mass of a mini-Neptune and a
gas giant like Jupiter, as well as the smaller number of exoplanets
detected at larger orbital periods and lower masses and radius.
Rocky exoplanets in the HZ are found in the region of lower
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Figure 2. Comparison of the sub-set of rocky HZ exoplanets (gradient)
to all known exoplanets: mass versus radius (top), eccentricity versus inci-
dent flux (middle), minimum mass versus incident flux (bottom left), and
radius versus incident flux (right). HZ planets are shown in lighter shades
of the gradient, planets in the 3D-HZ limits are shown in darker shades of
the gradient, and all other known exoplanets in grey (no gradient). Rocky
planets are opaque, while non-rocky planets are semitransparent. Planets
with only upper mass limits are not shown in the mass-radius plot.

stellar incident irradiation in both plots. Note that, especially,
the distribution of rocky exoplanets in the HZ is still strongly
influenced by the limited number of observations, and thus only
shows a first indication of the underlying distribution.

Fig. 3 shows all known exoplanets that receive stellar flux be-
tween 0.1 and 10 Sy. The empirical HZ limits and a 3D inner HZ
limit are shown as dashed lines. A solid grey line indicates similar

irradiation to modern Earth for different stellar types. Transiting
rocky planets are plotted as circles, while non-transiting planets
where only minimum masses are known are plotted as diamonds.
Maximum uncertainties on a planet’s incident stellar irradiation
are shown as error bars as discussed in methods.

The Catalog of Habitable Zone Rocky Planets [see Table 1, full
table available at A. Bohl et al. (2026)] lists planet data (name,
radius and corresponding uncertainty, and mass and correspond-
ing uncertainty), incident stellar flux (average, min, and max
flux), flux at two inner limits of the HZ [empirical RV and a
3D model (3D)], and an outer empirical EM limit. All flux is
provided in units of modern Earth flux (Sp). The maximum and
minimum possible stellar flux reaching each planet is calculated
based on the measurement uncertainties in stellar temperature
(T ), semimajor axis, and nominal orbital eccentricity. Apparent
angular separation (@), planet-star contrast ratio, a stellar age
estimate, distance to the system in pc (d), and (Tg) are also
given.

The sample of rocky exoplanets in the HZ in Table 1 is sorted
first by descending TSM values for those that transit (above dotted
row), and by angular separation for non-transiting planets with
contrast ratio above 10~8 (below dotted row) to determine direct
imaging targets. Note that while the apparent angular separation
from the host star is one important metric for direct imaging feasi-
bility, the contrast ratio is also important, with both requirements
varying by instruments. Target selection can easily be adjusted
using the full table that provides, among others, contrast ratio,
apparent angular separation, and J and Ks 2MASS magnitudes of
the star.

Note that the CSV file (available at A. Bohl et al. 2026) has a
much wider range of parameters, among them multiplicity flags,
references for planetary, stellar, and age values, and three stellar
magnitude bands (visual V' Johnson magnitudes, J and Ks 2MASS
magnitudes). The host stars of the rocky exoplanets in the em-
pirical HZ have apparent magnitudes between 5.36 to 13.88 in
the infrared J 2MASS band, 4.38 to 13.40 in the near-infrared Ks
2MASS band, and 9.84 to 18.00 in the visual V Johnson band.

3.1 Best transiting and direct imaging rocky HZ
exoplanets

To prioritize exoplanets for follow-up observations, we calcu-
late three metrics that identify the best targets for transmission
spectroscopy, light-curve measurements, and direct imaging. The
TSM identifies the best targets for transit observations, and the
apparent angular separation (f) in combination with the contrast
ratio between the host star and its planet identifies the best targets
for direct imaging observations and secondary eclipse and light-
curve measurements.

Table 2 shows the five best targets for transiting (left) and
five best tragets for non-transiting (right) rocky planets, sorted
by contrast ratio (top) and angular resolution (middle), and by
TSM (transiting planets) or angular resolution for contrast ratios
larger than 10~8 (direct imaging, secondary eclipse, lightcurves)
(bottom). Fig. 4 shows the 6 of each exoplanet versus its contrast
ratio (top) and the TSM value of each planet versus its contrast
ratio (bottom), colour-coded for host star temperature. Earth’s 6,
contrast ratio, and TSM value at 5, 10, and 100 pc are shown for
comparison. For consistency, Earth’s temperature and TSM value
here are calculated from the J-band magnitude of 3.67 (C. N. A.
Willmer 2018) for the Sun.
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Figure 3. All known exoplanets shown in terms of their host star’s temperature and the incident stellar flux they receive. Transiting rocky exoplanets
are shown as circles, and planets where only minimum mass is known are shown as diamonds. Exoplanets in the HZ are coloured with a gradient,
and exoplanets < 2 Rg and < 5 Mgare shown as smaller symbols. Exoplanets with dark borders are within the HZ without error bars in flux. Empirical
HZ limits and the 3D inner HZ limit are shown as dashed lines. A solid grey line indicates similar irradiation to modern Earth for different stellar

temperatures.

3.2 Best rocky exoplanets to test the limits of the HZ

To explore the limits of surface habitability, Table 3 shows the
best rocky exoplanets near the inner and outer regions of the
empirical HZ for transmission spectroscopy (sorted by highest
TSM) and for direct imaging (sorted by highest # and contrast
ratio). In addition to probing the edges of habitability, Table 3
shows 10 exoplanets (transiting and non-transiting) that receive
stellar insolation similar to Earth’s, which can explore whether
Earth-like insolation provides Earth-like surface conditions.

3.3 Best rocky exoplanets to test the effects of eccentricity
on habitability

Eccentric planets could help constrain the effect of eccentricity
on habitability (see e.g. E. Bolmont et al. 2016; B. Liu et al. 2024).
The eccentricity of rocky HZ exoplanets is generally low (see
Fig. 2) (e.g. M. L. Hill et al. 2023), except for the few targets listed
in Table 4. Observing these planets, especially at different times
in their orbit or over a full orbit, could provide insights into how
eccentricity influences habitability and how atmospheres react to
different stellar irradiation.

MNRAS 547, 1-12 (2026)

In the full table (available at A. Bohl et al. 2026), we include the
calculated time-averaged flux values, which were used to assess
whether the planets lie within the HZ limits. We also calculate
the time spent in the HZ as the maximum percentage of the
orbital period of each planet within the HZ limits, based on mea-
surement uncertainties for semimajor axis, eccentricity, T, and
Rstar~

3.4 Best potentially evolved rocky exoplanets in the HZ

Age estimates for exoplanets in the HZ vary significantly and
carry large uncertainties. However, even first estimates are useful
to compare with Earth’s atmosphere and observable spectra at a
given time, as these have changed significantly since its forma-
tion (see e.g. L. Kaltenegger, W. A. Traub & K. W. Jucks 2007; F.
Selsis et al. 2007; S. Rugheimer et al. 2015; S. Rugheimer & L.
Kaltenegger 2018; L. Kaltenegger, Z. Lin & S. Rugheimer 2020b;
R. C. Payne & L. Kaltenegger 2023). Although it is unknown what
sets the evolution time-scale on a rocky exoplanet, comparing
tabulated stellar age estimates for hosts of rocky HZ exoplanets
to the evolution of Earth allows for a first comparison of their
evolutionary stages and time-scales.
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Table 2. Transitingand non-transiting planet targets from the final rocky
HZ planet list ranked by contrast ratio, by angular separation, and by
either TSM (for transit observation) or by angular resolution after filter-
ing for contrast ratio above 1078 (for direct imaging of non-transiting
planets).

Transiting Value Direct imaging Value
Best rocky HZ planets sorted by contrast
TRAPPIST-1d 1.7e-7 GJ3323b 1.9e-7
LP 890-9 ¢ 1.6e-7 GJ 1061 c 1.5e-7
TRAPPIST-1e 1.4e-7 Ross 508 b 1.0e-7
TRAPPIST-1 1.0e-7 GJ 1002 b 6.8e-8
TRAPPIST-1g 7.9e-8 Teegarden’s Star ¢ 6.8¢-8
Best rocky HZ planets sorted by 6 (mas)
LHS 1140 b 6.3 Proxima Cen b 37.3
TOI-700 d 5.2 GJ251¢c 35.1
K2-3d 4.6 GJ 667 C ex 29.4
TOI-700 e 4.3 GJ 667 C fx 21.5
TRAPPIST-1g 3.8 Wolf 1061 ¢ 20.7
Best transits by TSM Best direct image by 6, contrast
TRAPPIST-1d 22.8 Proxima Cen b (37.3, 6.0e-8)
TRAPPIST-1 e 17.1 Wolf 1061 ¢ (20.7, 3.4e-8)
TRAPPIST-1 15.1 GJ667Cc (17.3,1.8e-8)
TRAPPIST-1g 13.6 GJ682b (16.0, 4.8-8)
LHS 1140 b 8.9 GJ273b (15.4,2.9¢-8)

Figure 4. Apparent angular separation of rocky exoplanets in the HZ
plotted versus contrast ratio between host star and planet (top) and versus
transmission spectroscopy metric (TSM) (bottom). Rocky planets in the
HZ with nominal values are plotted as opaque circles, and rocky planets
in the HZ including measurement uncertainties (in irradiation and planet
size) are plotted as triangles. Other HZ planets are larger, semitransparent
circles. Gradient corresponds to host star T'egr. A TSM value of 10 is shown
as a dashed line.

Table 3. Rocky planets in the HZ with the nearest irradiation values to
the HZ boundaries (Inner HZ, Outer HZ) and to modern Earth irradiation
(Earth-like flux), sorted by descending TSM for transiting planets and de-
scending angular separation and contrast ratio for non-transiting planets.
All exoplanets in the present Earth-like flux category receive stellar fluxes
within £15 per cent of present Earth line shown in Fig. 3.

Category Planet name TSM 0 Contrast
mas
Inner HZ
Transiting K2-239d 6.9 2.2 1.7e-8
TOI-700 e 2.2 4.3 1.0e-8
K2-3d 1.7 4.6 7.1e-9
Non-transiting Wolf 1061 ¢ 27.3 20.7 3.4e-8
GJ 1061 ¢ 58.5 9.5 1.5e-7
Outer HZ
Transiting TRAPPIST-1g 13.6 3.8 7.9e-8
Kepler-186 fx 0.3 2.4 1.2e-9
Kepler-441 b 0.1 2.3 1.1e-9
Non-transiting GJ 1002 ¢ 36.3 15.2 3.0e-8
GJ 667 C ex 9.4 29.4 5.2e-9
Present Earth-like Flux
Transiting TRAPPIST-1 e 17.7 2.3 1.3e-7
TOI-715b 2.4 2.0 4.8e-8
Kepler-1652 b 0.5 0.7 1.3e-8
Kepler-442 b 0.2 1.1 1.7¢-9
Kepler-1544 b 0.2 1.7 1.5e-9
Kepler-452 bx 0.1 1.9 3.2e-10
Non-transiting Proxima Cen b 134 37.3 6.0e-8
GJ1061d 47.6 14.7 6.1e-8
GJ 1002 b 44.7 9.4 6.8e-8
Wolf 1069 b 19.1 7.0 3.4e-8

Note. + Indicates controversial planets in the NEA (see discussion).

Table 4. Best HZ rocky planets to test the effects of high eccentricity on
habitability. Planets with only an upper limit on eccentricity are excluded.

Category Planet name Ecc TSM 0 Contrast
mas
Non-transiting Ross 508 b 0.33 12.8 4.8 1.0e-7
GJ3323b 0.23 90.2 6.1 1.9e-7
Wolf 1061 ¢ 0.11 27.3 4.5 3.4e-8
Transiting K2-72e 0.11 1.7 1.6 2.0e-8

In the final list of 45 rocky exoplanets in the empirical HZ, 15 of
the 35 host stars were missing stellar age estimates in their NEA
default values. Searching the literature, we tabulated missing age
estimates for 10 stars, and updated the existing values for 6 stars
with more recent values, which use methods that improve esti-
mates for the specific host star’s stellar type. Thus, the age esti-
mates of 16 host stars are based on a literature search (G. Anglada-
Escudé et al. 2012; W. J. Borucki et al. 2013; J. M. Jenkins et al.
2015; G. Torres et al. 2015, 2017; D. J. Armstrong et al. 2016; T. D.
Morton et al. 2016; J. E. Schlieder et al. 2016; A. J. Burgasser & E.
E. Mamajek 2017; T. A. Berger et al. 2020; S. Dreizler et al. 2020; J.
Maldonado et al. 2020; L. Delrez et al. 2022; A. Fukui et al. 2022; S.
G. Engle & E. F. Guinan 2023; E. Gaidos et al. 2023; E. Gonzalez-
Alvarez et al. 2023; D. Kossakowski et al. 2023; S. Dholakia et al.
2024; G. Dransfield et al. 2024) and differ from the NEA’s values.
Note that three stars only have qualitative tabulated age estimates
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Table 5. Rocky HZ planet host stars with the oldest estimated nominal
ages. Planets with similar ages are ranked by descending TSM for those
that transit and descending angular separation for those that do not tran-
sit with contrast ratios above 1078,

Category Planet name Age TSM 0 Contrast
Gyr mas
Transiting K2-239d 133203% 69 22 17e8
LHS 1140 b 7.84%338 63 6.0 4.6e-8
TRAPPIST-1d 7.6%22 227 1.8 1.7e-7
TRAPPIST-1 e 7.6%%2 17.7 2.3 1.3e-7
TRAPPIST-1 f 7.6%22 151 3.1 1.0e-7
TRAPPIST-1g  7.6%22 135 38  7.9e8
Non-transiting GI273b 10.3%%2 337 154  29e-8
GJ 1002 ¢ 7.5%3.6 36.3 152 3.0e-8
GJ 1002 b 7.5%3.6 482 94 6.8e-8
GJ1061d 7.0%0:5 476 147  6.1e-8
GJ 1061 ¢ 7.0%0-5 58.5 9.5 1.5e-7

Figure 5. Tabulated age estimates for rocky HZ planets versus stellar
irradiation up to 2 times modern Earth’s. Dot sizes correspond to planet
radii or minimum masses, and gradient corresponds to host star T .
Planets that require flux uncertainties to be in the HZ are included, but
planets that could be rocky based on size uncertainty are excluded. Earth,
Venus, and Mars are included for reference.

(GJ 1061, GJ 667 C, Wolf 1069). Five stars are still missing age
estimates (K2-72, Kepler-1649, Kepler-186, Kepler-452, Ross 508).

The host stars and rocky HZ exoplanets with the oldest esti-
mated nominal ages (transiting and non-transiting) are shown in
Table 5. Among the 30 exoplanet host stars with age estimates,
17 stars (and their 24 exoplanets) have nominal ages older than
Earth’s, which would allow a similar or longer timescale for
evolution on those exoplanets. High uncertainties in these age
estimates are reflected in the large error bars in Table 5 and Fig. 5.

Fig. 5 plots tabulated age estimates versus T of rocky HZ
planets’ host stars and provides the context of important mile-
stones in the evolution of life on Earth, although the exact times
of older milestones are debated. Fossils indicating that life had
been established on Earth date back to about 1 Gyr after Earth’s
formation (3.5 Gyr ago) (e.g. A. P. Nutman et al. 2016), but life
might have already originated beforehand (e.g. E. A. Bell et al.
2015). The Great Oxidation Event about 2.45 Gyr ago (about 2 Gyr
after Earth’s formation) marked the accumulation of atmospheric
0,, as a result of oxygenic photosynthesis that had developed
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earlier (e.g. J. F. Kasting 2013). Multicellular fossils date back
to around 1.6 Gyr ago (about 2.9 Gyr after Earth’s formation) (L.
Miao et al. 2024). Land plants conquered the land masses at about
0.5 Gyr ago (about 4 Gyr after Earth’s formation) (T. M. Lenton et
al. 2016); dinosaurs roamed between about 250 to 66 Myr ago; and
humans evolved only recently on this large time-scale, with the
oldest Homo sapiens fossil claim about 300 000 yr ago (Hublin,
Ben-Ncer, Bailey et al. 2017).

4 DISCUSSION

4.1 Customizing the HZ planet list for specific criteria

The reader can easily choose to create a sub-set of planets from
our final lists, e.g. creating a list for the 3D HZ, or including
planets that may be in the HZ due to the uncertainties in stel-
lar measurement. The number of rocky exoplanets that might
be in the empirical HZ increases by nine if one includes the
whole possible range of flux due to measurement uncertainties
in stellar parameters of the host stars, which influence the inci-
dent flux. The list of rocky HZ planets then becomes 54 (32 of
which transit). If we also include the measurement uncertain-
ties on planet size, that number increases further to 73 (44 of
which transit). Using the 3D inner limit rather than the empir-
ical inner limit results in 24 rocky exoplanets in the 3D HZ. If
one includes all rocky exoplanets that might be in the 3D HZ
with measurement uncertainties in flux, that number increases
to 41.

In addition to the rocky HZ planet list, we create a full list of
HZ exoplanets for observers interested in a wide range of planet
types, using both (i) host stars based on NEA with Gaia DR3
stellar parameter updates (NEA-Gaia) and (ii) NEA-only stellar
data (see discussion below on the difference between the lists due
to differences in stellar data). Both lists are available online (A.
Bohl et al. (2026)).

4.2 Comparison to earlier work

An influential 2023 paper (M. L. Hill et al. 2023) used solely
NEA stellar data for their analysis of rocky planets in the HZ.
To account for planets that had not been discovered at that time,
we repeated the M. L. Hill et al. (2023) analysis for NEA data
only, and found the same results when assuming the same criteria
for selection. Note that there were seven planets, including one
rocky planet, since identified as false positives in the M. L. Hill
et al. (2023) HZ planet list (HD 217850 b, HD 131664 b, GJ 832 c,
HD 114613 b, KIC 5951458 b, BD-00 4475 b, HD 203473 b).

As this analysis shows, a small percentage of exoplanets can
turn out to be false positives. To avoid false-positives, we chose to
use the confirmed planet assignment on the NEA in our analysis,
but we note that four planets (Kepler-186 f, Kepler-452 b, and GJ
667 C e & f) are flagged as controversial in the NEA and may turn
out to be false positives. Their names are followed by an asterisk
sign in our tables to indicate their controversial nature.

As shown by our comparison to the results from M. L. Hill et
al. (2023), a few false positives can be found even in confirmed
planet data. Before Kepler, transit surveys required independent
confirmation through a series of follow-up observations to ex-
clude false-positive scenarios such as stellar eclipsing binaries.
However, only a small number of Kepler planets could be verified
due to large observation time requirements either by RV or by
transit timing variation in multiple-planet systems, prompting
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the development of probabilistic validation to demonstrate that
all astrophysical false positive scenarios are negligibly likely (for
more details see e.g. T. D. Morton et al. 2016; G. Ross et al. 2024,
and references therein). In addition, it can be difficult to separate
RV signals caused by stellar activity from those resulting from
orbiting planets, which highlights the importance of simulta-
neous photometric measurements to derive the stellar rotation
periods and identify activity signals (for more details see e.g. A.
Vanderburg et al. 2016, and references therein).

To assess the potential habitability of eccentric exoplanets, M.
L. Hill et al. (2023) included planets that spend any time in the
HZ. The percentages of each planet’s orbit within the HZ, includ-
ing uncertainties and without uncertainties, are both listed in the
tables available at A. Bohl et al. (2026), so the reader can also
choose to use a smaller list of planets that spend 100 per cent of
their time in the HZ. We chose to follow E. Bolmont et al. (2016)
in comparing the averaged flux for eccentric planets to the limits
of the HZ. The averaged flux values account for the eccentricity of
an HZ planet’s orbit, assuming that an Earth-like atmosphere can
buffer some orbital eccentricity, but only to a certain point. Note
that due to using the averaged flux, our eccentricity inclusion is
more conservative than including all planets that spend any time
in the HZ, but less conservative than requiring 100 per cent time
in the HZ.

4.3 Exoplanet systems with large measurement
uncertainties that might be in the HZ

Stellar data are critical to assess which planets are in the HZ, be-
cause HZ limits depend on incident stellar irradiation. Whether
or not planets could be rocky is also determined by stellar pa-
rameters, because planetary radius and mass are calculated in
comparison to stellar parameters. In addition, all measurements
have uncertainties; our analysis also identified the stars with
measurement uncertainties that may allow for their planets to
be located in the HZ. For these specific stars, observations to
constrain these parameters and measurement uncertainties fur-
ther can either include or exclude those exoplanets from the HZ.
When we include the full range of possible uncertainties on the
stellar parameters and eccentricity, the number of rocky planets
that might be in the empirical HZ increases to 54 (five of these
nine potentially additional rocky candidates in the HZ transit:
Gliese 12 b, Kepler-399 d, Kepler-438 b, K2-72 c, and TOI-1452
b, while four do not transit: Kepler-138 e, Ross 128 b, Teegarden’s
Star b and d). Updated parameters for these systems will be able to
characterize their incident irradiation further and exclude them
from or include them in the empirical HZ.

4.4 Effect of the update of stellar data from Gaia DR3

In this study, we have updated the NEA exoplanet host star pa-
rameters with Gaia DR3 for stars with RUWE <1.4, if data are
available (hereafter referred to as NEA-Gaia data). The Gaia DR3
data set provides a uniformly derived set of stellar parameters
that is especially impactful for deriving broad population-level
information. Thus, we have chosen to use the DR3 data when
available. However, the NEA data were individually compiled for
each star and can provide improved estimates for individual stars.
Here, we provide an analysis of the differences of the rocky HZ
planet derived depending on whether one used the original NEA
data or the updated Gaia DR3 stellar data.

Updating the host star properties influences not only the in-
cident flux at the planet’s position, but also where the HZ lim-
its lie in terms of orbital distances for the system, because the
parametrization of the HZ flux limits depends on T (e.g. J.
F. Kasting et al. 1993). Thus, some planets gain - and several
others lose - their assignment as planets in the HZ due to the
update to DR3 stellar data. Note that stellar radii changes due to
DR3 updates also in turn change the associated planetary radii
accordingly because a planet’s size is measured as a fraction of
the star’s size; some planets fall below 2 Earth radii or exceed 2
Earth radii because of the update.

To identify the changes due to Gaia DR3 updates of stellar data,
we ran an analysis on the full NEA-only data for comparison.
While there is still a large overlap between rocky planets in the
HZ, this comparison shows how critical stellar parameters are in
determining which planets orbit in the HZ, as well as their plan-
etary characteristics, since these are derived from stellar data.

NEA-only stellar data without including measurement uncer-
tainties finds 42 rocky planets in the empirical HZ (see Table 6),
compared to 45 with DR3 updates (see Table 1).

38 rocky HZ planets overlap in both NEA-Gaia and NEA-only
lists (NEA-only: 42, NEA-Gaia: 45) (see Table 7). Seven planets
enter the HZ when updating stellar data with DR3: four of these
seven planets are missing stellar radii in the NEA (GJ 667 C ¢ &
ex & fx, GJ 682 b), two others change stellar T and stellar radius
(K2-239 d, Kepler-441 b), and one planet radius changes (Kepler-
1606 b) due to a stellar radius update, moving it below 2 Earth
radii. Four planets in the NEA-only list are not in the updated
rocky planet NEA-Gaia HZ list (Kepler-1638 b, Kepler-283 c,
Kepler-440 b, Ross 128 b). Three of these host stars have different
T and stellar radius (Kepler-1638 b, Kepler-440 b, Ross 128 b),
and one planet’s radius changed from rocky to not with a stellar
radius update (Kepler-283 c).

While there is a large overlap between rocky planets in the HZ,
this comparison shows how critical the stellar parameters are in
determining which planets orbit in the HZ and their character-
istics, such as radius and minimum mass, as those are derived
based on stellar data. Especially for planets in one but not both
lists, a more in-depth study of stellar parameters is important to
assess whether these worlds could be potentially habitable. Ex-
ploration of Gaia stellar data for exoplanet host stars is underway
to constrain their stellar parameters further (see e.g. P. de Laverny
et al. 2025).

4.5 Stellar activity

Multiple M dwarfs in our list have recorded instances of stellar
activity. Five stars and their seven planets (out of 45 rocky HZ
planets) have at least one recorded flare in TESS databases from
Z. Yang et al. 2023 and M. Pietras et al. 2022: GJ 1061, GJ 273,
GJ 3323, L 98-59, and Proxima Cen. Some teams (e.g. A. S. Atkin-
son et al. 2024) have calculated a planet’s habitability based on
the activity of their host star, which allocates an Alfvén Surface
Habitability Criterion below 1 for the rocky HZ planets GJ 1002
b and c, GJ 273 b, GJ 3323 b, Teegarden’s Star ¢, TRAPPIST-
1 d, Proxima Cen b, and Wolf 1061 c, and Wolf 1069 b. These
planets may arguably require a strong magnetic field to protect
surface life or otherwise may experience accelerated atmospheric
loss. In addition, UV flux limits may arguably influence surface
habitability in parts of the HZ (R. Spinelli et al. 2024), especially
for M dwarfs <2800 K. However, note that these concerns mostly
address surface habitability, and do not exclude habitability on
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Table 6. Sample table of the Catalog of Habitable Zone Rocky Planets based on NEA data only (without Gaia DR3 updates). Here, planets are sorted
as in Table 1 by whether their nominal values place them as rocky HZ planets, then by descending TSM values for those that transit (above dotted
row), and by angular separation (8) for contrast ratios above 10~# for direct imaging of those that do not transit (below dotted row). Incident flux,
with the minimum and maximum value (Flux, Min, Max), two inner limits of the HZ-the empirical Recent Venus (RV) and a 3D model (3D) limit-
and the outer empirical Early Mars (EM) limit are provided in units of modern Earth flux (Sp). The maximum and minimum possible stellar flux
reaching each planet is calculated based on measurement uncertainties in stellar temperature (T ), measurement uncertainties in semimajor axis,
and nominal eccentricity. The full table is available at A. Bohl et al. (2026).

Planet name Radius Mass Flux Min Max RV 3D EM TSM 0 Contrast Age d Tt
R@ M@ S() So So S() S() S() mas GyI‘ pc K

TRAPPIST-1d  0.79%001  039#001 131 1.03 121 147 077 020 2275 178 1.71e-7 7.6%22 1247  2566%2°
TRAPPIST-1e  0.92%001  069%002 065 051 082 147 077 020 17.71 234  1.35e-7 7.6%%2 1247 2566120
TRAPPIST-1f  1.017%01  1,04%003 037 034 04 147 077 020 1507  3.09 1.00e-7 7.6%22 1247  2566%2°
TRAPPIST-1g  1.13%00% 132209 025 023 027 147 077 020 1355 376 7928  7.6%%2 1247 25662
LHS 1140 b 1738002 560019 043 038 049 150 0.81 021 893 631  4.56e-8  7.84%38 1499 30964
Proxima Cen b 1.06%%% 054 033 082 149 079 021 169.21 3726  5.99-8 5.2%1.61 1.30  2900%100
Wolf 1061 ¢ 341704 134 098 183 1.51 083 022 2731 2067 3.35-8  6.38%25 431 33429
GJ273b 2897027 122 094 156 1.52 0.84 022 33.69 1538 293e8  10.31%02 592 3382%%
Ross 128 b 1.40%021 147 117 187 150 082 021 6080 1480  6.6e-8 7.3%33 337 3192*60
GJ 1002 ¢ 1.36%%17 026 021 032 149 080 021 3631 1522 297e-8  7.48%3° 485 30242
GJ1061d 1.64702% 057 045 072 149 080 021 47.60 1470  6.13e-8 7.0%03 3.67 2953 %%

—-0.23

Table 7. Comparison of rocky planets in the HZ using NASA Exoplanet
Archive data only (NEA-only) versus updated stellar data based on Gaia
DR3 parameters for RUWE <1.4 (NEA-Gaia).

Category Planet names

Overlap (38) GJ 251¢,GJ273b,GI1002b & ¢, GJ 1061 ¢ & d,
GJ 3323 b, K2-3d, K2-72 ¢, K2-288 B b,

Kepler-62 e & f, Kepler-186 fx, Kepler-296 e & f,
Kepler-442 b, Kepler-452 bx, Kepler-1229 b,
Kepler-1410 b, Kepler-1544 b, Kepler-1649 c,
Kepler-1652 b, L 98-59 f, LHS 1140 b, LP 890-9 c,
Proxima Cen b, Ross 508 b, TOI-700d & e,
TOI-715 b, TOI-1266 d, TRAPPIST-1d & e & f & g,
Teegarden’s Star ¢, Wolf 1061 c, Wolf 1069 b

NEA-Gaia (+7) GJ 667 Cc & ex & fx, GJ 682 b,

not K2-239 d, Kepler-1606 b,

NEA-only Kepler-441 b,

NEA-Only (+4) Kepler-1638 b, Kepler-283 c, Kepler-440 b,
not NEA-Gaia Ross 128 b

Note. x Indicates controversial planets in the NEA (see discussion).

such worlds for either sub-surface or radiation-adapted life (e.g. J.
T. O’'Malley-James & L. Kaltenegger 2017). In addition, UV levels
on the surface are not only determined by O3, but by additional at-
mospheric molecules such as CO, and H, O, which block UV radi-
ation from reaching the ground shortwards of 200 nm. This could
provide effective UV protection above 200 nm for exoplanets, e.g.
with Archean, CO,-, or H,O-rich atmospheres (J. T. O’'Malley-
James & L. Kaltenegger 2017), making such planets interesting
targets to assess the influence of UV radiation on their surface
habitability.

4.6 Target selection for transit observations, direct
imaging, and light-curve measurements for missions in
the design stage, such as HWO and LIFE

We analysed all the NEA exoplanets known to date, identify-
ing the rocky HZ planets so that observers and modellers can
choose rocky HZ exoplanets based on their priorities, e.g. J mag-
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nitude, estimated age of the system, apparent angular separation,
contrast ratio, and TSM, to name a few of the possibilities. For
transit observations, we chose to use the TSM as described in
our methods, which allows observers to prioritize planets for
transmission spectroscopy. Our rocky HZ target list can help ob-
servers prioritize targets for spectroscopic follow-up in current
and future JWST observations, as well as extremely large tele-
scope (ELT) observations in the 2030s.

Specific instruments for direct observations have different limi-
tations in terms of contrast ratio and apparent angular separation.
Thus, we chose a generic contrast ratio limit above 1078 for the
targets shown in Table 2, so that the target list for direct imaging
presented in this paper does not use specific instrument require-
ments. Table 1 provides a wide range of curated parameters for
the rocky HZ planets and their host stars, allowing observers to
create their own prioritized target list by identifying which of
these HZ rocky planets are the best targets for direct imaging,
given their specific instrument specifications.

As another example of how this target list could be used, we
select the planned NASA Habitable Worlds Observatory (HWO)
mission concept that is currently undergoing trade-off studies of
three baseline design ideas. While HWO is currently not designed
to observe any of the known HZ rocky planets, and thus there is
currently no overlap between its target stars (E. Mamajek & K.
Stapelfeldt 2024) and the known rocky HZ planets we identified
here, this might inspire creative ideas for updating its mission
designs if known exoplanets are considered a priority. Another
example is the European LIFE mission concept (e.g. S. P. Quanz et
al. 2022) that is currently in an early design phase and has not yet
released a final list of target stars. Thus, this list of rocky planets
in the HZ can provide interesting known exoplanet targets for
mission design and any trade-off studies.

5 CONCLUSION

To assess the limits of surface habitability, it is critical to charac-
terize rocky exoplanets in the HZ. Observations of known rocky
exoplanets on the edges of the HZ can now empirically explore
these boundaries.
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In this paper, we analysed the data from Gaia DR3 and the NEA
of all known exoplanets, identifying those that can (i) can probe
of the limits of habitability orbiting at the edges of the HZ, (ii)
provide similar irradiation environments to modern Earth, (iii)
explore the effect of eccentricity on habitability, (iv) are poten-
tially evolved rocky worlds, and (v) present targets to prioritize
for transmission observations, light-curve measurements, and di-
rect imaging. We presented a target list of 45 rocky exoplanets
in the empirical HZ (27 transiting) and 24 in a narrower 3D-
HZ (15 transiting). We also discussed the differences in targets
when using NEA-only data compared to updating the host star
data with Gaia DR3. We also provided the theoretical limits for
the empirical HZ and a 3D-HZ for each system, and identified
the oldest HZ rocky worlds based on data from the NEA and
complementary literature data.

We compared the demographics of the rocky HZ planets with
the full catalogue of exoplanets in the NEA, and calculated the
transmission spectroscopy metric as a guide for transit observa-
tions, as well as the contrast ratio and apparent angular separa-
tion as a guide for secondary eclipse and direct imaging observa-
tions.

We also tabulate age estimates for the rocky planets in the HZ
to compare their possible stage of evolution to life on Earth. 23 ex-
oplanets have nominal ages older than Earth’s, which could allow
a similar or longer time-scale for evolution on those exoplanets.

We identified the oldest rocky HZ exoplanets (Table 5) and
rocky HZ planets with the highest TSM, angular separation, and
contrast ratio as priority targets for transit observations and for
direct imaging and light-curve measurements (Table 2).

We provided the best transiting and non-transiting planets to
test the limits of surface habitability near the inner and outer
regions of the empirical HZ (Table 3). In addition to probing
the edges of habitability, we showed in the same table which
rocky planets receive incident stellar flux comparable to Earth’s,
making them very interesting targets for further observations. We
also highlighted eccentric rocky HZ planets that can assess the
influence of eccentricity on habitability (Table 4).

The resulting planetary target characteristics allow observers
to shape and optimize their search strategies with space- and
ground-based telescopes - such as the JWST, ELTs, and con-
cepts like the HWO and LIFE - and design new observing strate-
gies and instruments to explore these intriguing worlds, ad-
dressing the question of the limits of surface habitability on
exoplanets.

ACKNOWLEDGEMENTS

This research has made use of the NASA Exoplanet Archive,
which is operated by the California Institute of Technology, under
contract with the National Aeronautics and Space Administra-
tion under the Exoplanet Exploration Program.

This work has made use of data from the European Space
Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia),
processed by the Gaia Data Processing and Analysis Consor-
tium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/conso
rtium). Funding for the DPAC has been provided by national in-
stitutions, in particular the institutions participating in the Gaia
Multilateral Agreement.

We thank Eric Mamajek, Jessie Christiansen, Rebecca Payne,
and the anonymous referee for helpful comments and discus-
sions.

DATA AVAILABILITY

The final data (with values from the NASA Exoplanet Archive,
from Gaia DR3, and those calculated in this work) are available
on zenodo (https://doi.org/10.5281/zenodo.18134528) (A. Bohl
et al. 2026).

REFERENCES

Abe Y., Abe-Ouchi A., Sleep N. H., Zahnle K. J., 2011, Astrobiology, 11,
443

Anglada-Escudé G. et al., 2012, ApJ, 751, L16

Armstrong D. J., Pugh C. E., Broomhall A. M., Brown D. J., Lund M. N.,
Osborn H. P., Pollacco D. L., 2016, MNRAS, 455, 3110

Atkinson A. S., Alexander D., Farrish A. O., 2024, ApJ, 969, 147

Babusiaux C. et al. 2023, A&A, 674, A32

Barnes R., Meadows V. S., Evans N., 2015, ApJ, 814, 91

Bell E. A., Boehnke P., Harrison T. M., Mao W. L., 2015, Proc. Natl. Acad.
Sci. USA, 112, 14518

Benneke B. et al., 2023, in AAS Meeting Abstracts. p. 124.10

Berger T. A., Huber D., Gaidos E., van Saders J. L., Weiss L. M., 2020, AJ,
160, 108

Bohl A., Lawrence L., Lowry G., Kaltenegger L., 2026, CSV Files for
‘Probing the Limits of Habitability: A Catalog of Rocky Exoplanets
in the Habitable Zone’. Zenodo

Bolmont E., Libert A. S., Leconte J., Selsis F., 2016, A&A, 591, A106

Borucki W. J. et al., 2013, Science, 340, 587

Burgasser A. J., Mamajek E. E., 2017, ApJ, 845, 110

Cadieux C. et al., 2024, ApJ, 970, L2

Chen J., Kipping D., 2017, ApJ, 834, 17

Christiansen J. et al. 2025, Planet. Sci. J., 6, 186

Cullum J., Stevens D. P., 2016, Proc. Natl. Acad. Sci., 113, 4278

Cullum J., Stevens D., Joshi M., 2014, Astrobiology, 14, 645

de Laverny P., Ligi R., Crida A., Recio-Blanco A., Palicio P. A., A&A, 699,
A100

Delrez L. et al., 2022, A&A, 667, A59

Dholakia S. et al., 2024, MNRAS, 531, 1276

Dollinger M. P., Hartmann M., 2021, ApJS, 256, 10

Dransfield G. et al., 2024, MNRAS, 527, 35

Dreizler S. et al., 2020, MNRAS, 493, 536

Engle S. G., Guinan E. F., 2023, ApJ, 954, L50

Fujii Y. et al., 2018, Astrobiology, 18, 739

Fukui A. et al., 2022, PASJ, 74, L1

Gaia Collaboration et al. 2016, A&A, 595, Al

Gaia Collaboration et al. 2023, A&A, 674, Al

Gaidos E., Claytor Z., Dungee R., Ali A., Feiden G. A., 2023, MNRAS, 520,
5283

Gonzalez-Alvarez E. et al., 2023, A&A, 675, A141

Greene T. P, Bell T. J,, Ducrot E., Dyrek A., Lagage P.-O., Fortney J. J.,
2023, Nature, 618, 39

Haghighipour N., Kaltenegger L., 2013, ApJ, 777, 166

Harada C. K., Dressing C. D., Kane S. R., Ardestani B. A., 2024, ApJS, 272,
30

Hart M. H., 1979, Icarus, 37, 351

Hill M. L., Bott K., Dalba P. A., Fetherolf T., Kane S. R., Kopparapu R. K.,
Li Z., Ostberg C., 2023, AJ, 165, 34

Hublin JJ. et al. 2017, Nature, 546, 289

Jenkins J. M. et al., 2015, AJ, 150, 56

Jones M. L., Jenkins J. S., Bluhm P., Rojo P., Melo C. H. F., 2014, A&A, 566,
All13

Kaltenegger L., 2017, ARA&A, 55, 433

Kaltenegger L., Haghighipour N., 2013, ApJ, 777, 165

Kaltenegger L., Sasselov D., 2011, ApJ, 736, L25

Kaltenegger L., Traub W. A., Jucks K. W., 2007, ApJ, 658, 598

Kaltenegger L., MacDonald R. J., Kozakis T., Lewis N. K., Mamajek E. E.,
McDowell J. C., Vanderburg A., 2020a, ApJ, 901, L1

Kaltenegger L., Lin Z., Rugheimer S., 2020b, ApJ, 904, 10

MNRAS 547, 1-12 (2026)


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://doi.org/10.5281/zenodo.18134528
http://dx.doi.org/10.1089/ast.2010.0545
http://dx.doi.org/10.1088/2041-8205/751/1/L16
http://dx.doi.org/10.1093/mnras/stv2419
http://dx.doi.org/10.3847/1538-4357/ad4605
http://dx.doi.org/10.1073/pnas.1517557112
http://dx.doi.org/10.3847/1538-3881/aba18a
http://dx.doi.org/10.5281/zenodo.18134528
http://dx.doi.org/10.1051/0004-6361/201628073
http://dx.doi.org/10.1126/science.1234702
http://dx.doi.org/10.3847/1538-4357/aa7fea
http://dx.doi.org/10.3847/2041-8213/ad5afa
http://dx.doi.org/10.3847/1538-4357/834/1/17
http://dx.doi.org/10.1073/pnas.1522034113
http://dx.doi.org/10.1089/ast.2014.1171
http://dx.doi.org/10.48550/arXiv.2505.22205
http://dx.doi.org/10.1051/0004-6361/202244041
http://dx.doi.org/10.1093/mnras/stae1152
http://dx.doi.org/10.3847/1538-4365/ac081a
http://dx.doi.org/10.1093/mnras/stad1439
http://dx.doi.org/10.1093/mnras/staa248
http://dx.doi.org/10.3847/2041-8213/acf472
http://dx.doi.org/10.1089/ast.2017.1733
http://dx.doi.org/10.1093/pasj/psab106
http://dx.doi.org/10.1093/mnras/stad343
http://dx.doi.org/10.1038/s41586-023-05951-7
http://dx.doi.org/10.1088/0004-637X/777/2/166
http://dx.doi.org/10.3847/1538-4365/ad3e81
http://dx.doi.org/10.1016/0019-1035(79)90141-6
http://dx.doi.org/10.3847/1538-3881/aca1c0
http://dx.doi.org/10.1088/0004-6256/150/2/56
http://dx.doi.org/10.1051/0004-6361/201323345
http://dx.doi.org/10.1146/annurev-astro-082214-122238
http://dx.doi.org/10.1088/0004-637X/777/2/165
http://dx.doi.org/10.1088/2041-8205/736/2/L25
http://dx.doi.org/10.1086/510996
http://dx.doi.org/10.3847/2041-8213/aba9d3
http://dx.doi.org/10.3847/1538-4357/abb9b2

12 A. Bohl et al.

Kane S. R., Hinkel N. R., 2013, ApJ, 762, 7

Kane S. R. et al., 2016, ApJ, 830, 1

Kane S. R., Li Z., Turnbull M. C,, Dressing C. D., Harada C. K., 2024, AJ,
168, 195

Kasting J. F., 2013, Chemical Geology, 362, 13

Kasting J. F., Whitmire D. P., Reynolds R. T., 1993, Icarus, 101, 108

Kasting J. F., Kopparapu R., Ramirez R. M., Harman C. E., 2014, Proc.
Natl. Acad. Sci. USA, 111, 12641

Kempton E. M. et al., 2018, PASP, 130, 114401

Kopparapu R. K. et al., 2013, ApJ, 765, 131

Kopparapu R. K., Ramirez R. M., SchottelKotte J., Kasting J. F., Domagal-
Goldman S., Eymet V., 2014, ApJ, 787, L29

Kopparapu R. K., Wolf E. T., Haqq-Misra J., Yang J., Kasting J. F., Mead-
ows V., Terrien R., Mahadevan S., 2016, ApJ, 819, 84

Kopparapu R. K. et al., 2018, ApJ, 856, 122

Kossakowski D. et al., 2023, A&A, 670, A84

Leconte J., Forget F., Charnay B., Wordsworth R., Pottier A., 2013, Nature,
504, 268

Leconte J., Wu H., Menou K., Murray N., 2015, Science, 347, 632

Lehmer O. R., Catling D. C., 2017, ApJ, 845, 130

Lenton T. M., Dahl T. W., Daines S. J., Mills B. J., Ozaki K., Saltzman M.
R., Porada P., 2016, Proc. Natl. Acad. Sci. USA, 113, 9704

Li X., Wang S., Han H., Liu J., 2025, ApJS, 276, 29

Lichtenberg T., Miguel Y., 2025, Treatise on Geochemistry (Third Edi-
tion), 7, Elsevier, p. 51

Lim O. et al., 2023, in AAS Meeting Abstracts, p. 125.06

Liu B., Marsh D. R., Walsh C., Cooke G., Sainsbury-Martinez F., 2024,
MNRAS, 532, 4511

Louie D. R., Deming D., Albert L., Bouma L. G., Bean J., Lopez-Morales
M., 2018, PASP, 130

Luque R., Pallé E., 2022, Science, 377, 1211

Maldonado J. et al., 2020, A&A, 644, A68

Mamajek E., Stapelfeldt K., 2024, preprint (arXiv:2402.12414)

Maxted P. F., Serenelli A. M., Southworth J., 2015, A&A, 577, A90

Miao L., Yin Z., Knoll A. H., Qu Y., Zhu M., 2024, Sci Adv., 10, 4

Morton T. D., Bryson S. T., Coughlin J. L., Rowe J. F., Ravichandran G.,
Petigura E. A., Haas M. R., Batalha N. M., 2016, ApJ, 822, 86

Miiller S., Baron J., Helled R., Bouchy F., Parc L., 2024, A&A, 686, A296

Nutman A. P., Bennett V. C., Friend C. R. L., van Kranendonk M. J., Chivas
A. R, 2016, Nature, 537, 535

O’Malley-James J. T., Kaltenegger L., 2017, MNRAS, 469, L26

Payne R. C., Kaltenegger L., 2023, MNRAS, 527, L151

Pierrehumbert R., Gaidos E., 2011, ApJ, 734, L13

Pietras M., Falewicz R., Siarkowski M., Bicz K., PreA P., 2022, ApJ, 935,
143

Pyne T., Banyal R. K., Swastik C., De A., 2025, AJ, 169, 13

Quanz S. P. et al., 2022, A&A, 664, A21

Ramirez R. M., Kaltenegger L., 2014, ApJ, 797, L25

Ramirez R. M., Kaltenegger L., 2016, ApJ, 823, 6

Ramirez R. M., Kaltenegger L., 2017, ApJ, 837, L4

Ramirez R. M., Kaltenegger L., 2018, ApJ, 858, 72

Rogers L. A., 2015, ApJ, 801, 41

Ross G., Vanderburg A., de Beurs Z. L., Collins K. A,, Siverd R. J., Burdge
K., 2024, MNRAS, 528, 5160

Rugheimer S., Kaltenegger L., 2018, ApJ, 854, 19

Rugheimer S., Segura A., Kaltenegger L., Sasselov D., 2015, ApJ, 806, 137

Schlieder J. E. et al., 2016, ApJ, 818, 87

Schwieterman E. W. et al., 2018, Astrobiology, 18, 663

Selsis F., Kasting J. F., Levrard B., Paillet J., Ribas I., Delfosse X., 2007,
A&A, 476, 1373

Spinelli R., Borsa F., Ghirlanda G., Ghisellini G., Haardt F., Rigamonti F.,
2024, MNRAS, 533, L76

Stassun K. G. et al., 2018, AJ, 156, 102

Stevenson D. J., 1999, Nature, 400, 32

Torres G. et al., 2015, ApJ, 800, 99

Torres G. et al., 2017, AJ, 154, 264

Turbet M., Forget F., Leconte J., Selsis F., Bolmont E., 2017,LPI Contrib.
2042, 4016

Turbet M., Bolmont E., Chaverot G., Ehrenreich D., Leconte J., Marcq E.,
2021, Nature, 598, 276

Vanderburg A., Plavchan P., Johnson J. A., Ciardi D. R., Swift J., Kane S.
R., 2016, MNRAS, 459, 3565

Vanderburg A. et al., 2020, Nature, 585, 363

Willmer C. N. A., 2018, ApJS, 236, 47

Wolf E. T., Toon O. B., 2014, Geophys. Res. Lett., 41, 167

Wolfgang A., Rogers L. A., Ford E. B., 2016, ApJ, 825, 19

Yang Z., Zhang L., Meng G., Han X. L., Misra P., Yang J., Pi Q., 2023, A&A,
669, A15

Zeng L., Sasselov D. D., Jacobsen S. B., 2016, ApJ, 819, 127

Zsom A., Seager S., Wit J. D, StamenkoviA V., 2013, Apl, 778,109

SUPPORTING INFORMATION
Supplementary data are available at MNRAS online.

ALL HZ Gaia NEA
ALL HZ NEA only
Tablel rocky HZ Gaia NEA
Table6 rocky HZ NEA only

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

This paper has been typeset from a TgX/ITgX file prepared by the author.

© The Author(s) 2026.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 547, 1-12 (2026)


http://dx.doi.org/10.1088/0004-637X/762/1/7
http://dx.doi.org/10.3847/0004-637X/830/1/1
http://dx.doi.org/10.3847/1538-3881/ad6a50
http://dx.doi.org/10.1016/j.chemgeo.2013.05.039
http://dx.doi.org/10.1006/ICAR.1993.1010
http://dx.doi.org/10.1073/pnas.1309107110
http://dx.doi.org/10.1088/1538-3873/aadf6f
http://dx.doi.org/10.1088/0004-637X/765/2/131
http://dx.doi.org/10.1088/2041-8205/787/2/l29
http://dx.doi.org/10.3847/0004-637x/819/1/84
http://dx.doi.org/10.3847/1538-4357/aab205
http://dx.doi.org/10.1051/0004-6361/202245322
http://dx.doi.org/10.1038/nature12827
http://dx.doi.org/10.1126/science.1258686
http://dx.doi.org/10.3847/1538-4357/aa8137
http://dx.doi.org/10.1073/pnas.1604787113
http://dx.doi.org/10.1093/mnras/stae1758
http://dx.doi.org/10.1088/1538-3873/aaa87b
http://dx.doi.org/10.1051/0004-6361/202039478
http://arxiv.org/abs/2402.12414
http://dx.doi.org/10.1051/0004-6361/201525774
http://dx.doi.org/10.3847/0004-637X/822/2/86
http://dx.doi.org/10.1051/0004-6361/202348690
http://dx.doi.org/10.1038/nature19355
http://dx.doi.org/10.1093/mnrasl/slx047
http://dx.doi.org/10.1093/mnrasl/slad147
http://dx.doi.org/10.1088/2041-8205/734/1/L13
http://dx.doi.org/10.3847/1538-4357/ac8352
http://dx.doi.org/10.3847/1538-3881/ad8ebe
http://dx.doi.org/10.1051/0004-6361/202140366
http://dx.doi.org/10.1088/2041-8205/797/2/L25
http://dx.doi.org/10.3847/0004-637X/823/1/6
http://dx.doi.org/10.3847/2041-8213/aa60c8
http://dx.doi.org/10.3847/1538-4357/aab8fa
http://dx.doi.org/10.1088/0004-637X/801/1/41
http://dx.doi.org/10.1093/mnras/stad3857
http://dx.doi.org/10.3847/1538-4357/aaa47a
http://dx.doi.org/10.1088/0004-637x/806/1/137
http://dx.doi.org/10.3847/0004-637x/818/1/87
http://dx.doi.org/10.1089/ast.2017.1729
http://dx.doi.org/10.1051/0004-6361:20078091
http://dx.doi.org/10.1093/mnrasl/slae064
http://dx.doi.org/10.3847/1538-3881/aad050
http://dx.doi.org/10.1038/21811
http://dx.doi.org/10.1088/0004-637X/800/2/99
http://dx.doi.org/10.3847/1538-3881/aa984b
http://dx.doi.org/10.1038/s41586-021-03873-w
http://dx.doi.org/10.1093/mnras/stw863
http://dx.doi.org/10.1038/s41586-020-2713-y
http://dx.doi.org/10.3847/1538-4365/aabfdf
http://dx.doi.org/10.3847/0004-637x/825/1/19
http://dx.doi.org/10.1051/0004-6361/202142710
http://dx.doi.org/10.3847/0004-637x/819/2/127
http://dx.doi.org/10.1088/0004-637X/778/2/109
https://www.academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stag028#supplementary-data
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHODS
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION

