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A B S T R A C T
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 e x oplanets. However, ther e 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
e x oplanets, identifying futur e 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 tr ansmission observ ations,
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 cont ext, w e compare their demographics to those of
the full catalogue of e x oplanets 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 Larg e Interfer ometer For Exoplanets
( LIFE ) – and design new observing strategies and instruments to e xplor e these worlds, addressing the question of the limits
of e x oplanet surface habitability .

Key wor ds: astr obiology – e x oplanets – astronomical data bases: catalogues – planets and sat ellit es: t errestrial planets –
planetary systems.
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 INTRODUCTION

everal successful ground- and space-based searches have in- 
reased the number of known e x oplanets to over 6000 (Chris-
iansen 2025 ). An under e xplor ed aspect of these discoveries is
hat the growing number of exoplanets allows observers to build
 target list that can probe the limits of the habitable zone (HZ)
mpirically.

The HZ is defined as the orbital range around one or multiple
tars at which liquid water could be stable on a rocky planet’s
urface (e.g. M. H. Hart 1979 ; J. F. Kasting, D. P. Whitmire & R. T.
eynolds 1993 ; Y. Abe et al. 2011 ; R. K. Kopparapu et al. 2013 ; J.
ullum, St ev ens & Joshi 2014 ; R. M. Ramirez & L. Kaltenegger
014 , 2016 , 2018 ; J. Cullum & D. P. St ev ens 2016 ), facilitating
etection of possible atmospheric biosignatures (e.g. L. Kalteneg- 
er 2017 ; Y. Fujii et al. 2018 ; E. W. Schwieterman et al. 2018 ;
. Lichtenberg & Y. Miguel 2024 ). The HZ has been modelled

n 1D to 3D for a wide range of stars, with insightful results
r obing differ ent aspects of planet characterization: 1D models
 E-mail: acb338@cornell.edu 
These authors contributed equally to this work. 

r  

s
i

The Author(s) 2026. 
ublished by Oxford University Press on behalf of R oy al Astronomical Society.
reative Commons A t tribution License ( https://creativecommons.org/licenses
 epr oduction in any medium, provided the original work is properly cited. 
an e xplor e a wide par ameter space while 3D gener al circulation
odels (GCMs) can provide insightful views into the influence

f dynamics, relative humidity, and initial cloud feedback, but
 equir e mor e assumptions in topography and r otation rate (e.g . J.
. Kasting et al. 1993 ; Y. Abe et al. 2011 ; R. K. Kopparapu et al.
013 , 2014 , 2016 ; J. Leconte et al. 2013 , 2015 ; E. T. Wolf & O.
. Toon 2014 ; R. M. Ramirez & L. Kaltenegger 2014 ; R. Barnes,
. S. Meadows & N. Evans 2015 ; M. Turbet et al. 2017 ; Z. Yang
t al. 2023 ). Thus, both 1D and 3D models provide important
nsights into the natur e of e x oplanets and work in combination to
 xplor e new worlds. While the exploration of models is ongoing,
e use the limits of the Empirical HZ defined by J. F. Kasting

t al. ( 1993 ) and R. K. Kopparapu et al. ( 2013 ), ext ended t o hot
tars by R. M. Ramirez & L. Kaltenegger ( 2018 ). For comparison,
e provide an additional, narrower 3D model inner limit defined
y J. Leconte et al. ( 2013 ) for Earth-like planets and parametrized

nto a polynomial r epr esentation for different stellar host stars by
. M. Ramirez & L. Kaltenegger ( 2018 ). Thus, readers can create

pecific target lists using the values provided (see discussion).
To identify potentially r ocky e x oplanets, we adopt a maximum

adius of 2 R ⊕ (see also M. L. Hill et al. 2023 ). Note that the discus-
ion on the proposed radii value that indicates rocky composition
s ongoing, with limits between 1.6 and 1.96 R ⊕ (e.g. L. A. Rogers
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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015 ; A. Wolfgang, L. A. Rogers & E. B. F ord 2016 ; O . R. Lehmer &
. C. Catling 2017 ; L. Kaltenegger 2017 ; R. Luque & E. Pallé 2022 ;
. Müller et al. 2024 ). For planets without measured radii, we
dopt a maximum mass of 5 M ⊕ in our analysis (see also M. L.
ill et al. 2023 ).
Several catalogues (e.g. L. Kaltenegger & D. Sasselov 2011 ; S.

. Kane et al. 2016 ; K. G. Stassun et al. 2018 ; M. L. Hill et al.
023 ) have identified e x oplanets in the HZ for earlier epochs, and
nter esting r ecent r esear ch has specifically focused on assessing
ynamical viability (S. R. Kane et al. 2024 ), properties of the
64 target stars for the Habitable Worlds Observatory ( HWO ) (C.
. Harada et al. 2024 ; E. Mamajek & K. Stapelfeldt 2024 ), and

hr eats to HZ e x oplanetary systems within 10 pc (T. Pyne et al.
025 ), as well as exploring the effects of stellar magnetism on
he habitability of e x oplanets (A. S. Atkinson, D. Alexander & A.
. Farrish 2024 ) and the limitations of potential ultraviolet (UV)

urface flux (X. Li et al. 2024 ). How ev er, the list of potentially
abitable planets has grown since those publications, and new
tellar data for host stars are available from the Gaia DR3 release.
n addition, discussions of the influence of the chosen stellar
arameters (DR3 compared to NASA Exoplanet Archive), mea-
urement uncertainty on the list of potentially habitable targets
e.g. L. Kaltenegger & D. Sasselov 2011 ), and critical analysis of
hich targets could test our understanding of the edges of the HZ
ave been missing to prioritize further observations of potential
abitable worlds.
In this paper, we present a target list of 45 e x oplanets in the

mpirical HZ (27 transiting) and 24 in a narrower 3D HZ (15
ransiting). We identify the best e x oplanets that can test the limits
f surface habitability, orbiting close to the theoretical inner and
uter limits of the empirical HZ (see detailed discussion on HZ
hoices in methods). We also identify e x oplanets that can test
ow eccentricity influences habitability, e x oplanets that r eceive
imilar flux to modern Earth, and priority targets for transmission
bservations, light curve measurements, and direct imaging.

 METHODS

o identify potentially rocky planets in the HZ, we downloaded
nd analysed the default values from the NASA Exoplanet
rchiv e (NEA) (dat e: 2025 December 20) (Christiansen 2025 ) for

ll confirmed 4524 e x oplanet systems and 6065 unique e x oplan-
ts.

When available, we updated the stellar data from the NEA
temperature and radius) with r esults fr om Gaia DR3 (C. Babusi-
ux et al. 2023 , Gaia Collaboration et al. 2016 , Gaia Collaboration
t al. 2023 ) for stars with renormalized unit weight error (RUWE)
1.4 by cr oss-r efer encing Gaia DR3 data with DR3 designations

rom the NASA Exoplanet Archive (see discussion). Updates to
he host star radius with Gaia DR3 translat e int o a correspond-
ng reduction or increase in radius of transiting e x oplanets (see
iscussion). We removed 345 host stars without effective temper-
ture ( T eff) in Gaia DR3 or the NEA from our analysis, because
he HZ limits are sensitive to T eff (e.g. J. F. Kasting et al. 1993 ;
. Kaltenegger & D. Sasselov 2011 ). We consistently calculated
tellar luminosity ( L star ) from stellar radius ( R star ) and T eff, and
ny missing semimajor axis values from stellar mass ( M star ) and
lanet orbital period ( P orb ). This selection provides a sample of
078 host stars with T eff between 2566 and 7184 K.

Planets in multiple-star systems are flagged in the NEA and in
ur target list (available at A. Bohl et al. 2026 ). None of the final
argets of rocky planets in the HZ orbit multiple stars. When com-
NRAS 547, 1–12 (2026)
aring with the demographics of the whole e x oplanet sample, we
id not recalculate the HZ for multiple hosts but used the asso-
iat ed st ellar paramet ers in the NEA, which typically correspond
o only one star in the syst em, ev en if the e x oplanet is flagged as
rbiting multiple stars. We undertook an in-depth analysis only
or the final sample of rocky planets in the HZ, which do not
nclude multiple hosts according to NEA. The limits of the HZ
or e x oplanets in multiple-star systems can be assessed following,
.g. L. Kaltenegger & N. Haghighipour ( 2013 ), N. Haghighipour &
altenegger ( 2013 ), and S. R. Kane & N. R. Hinkel ( 2013 ), if
bservers are interested in these candidates.

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

The flux boundaries of the HZ can be e xpr essed as a polyno-
ial fit depending on stellar temperature (e.g. J. F. Kasting et al.

993 ). The HZ limits we focus on in our analysis are based on (i)
bservations in our own Solar system (empirical HZ) (e.g. J. F.
asting et al. 1993 ; R. K. Kopparapu et al. 2013 ; R. M. Ramirez &
. Kaltenegger 2018 ; L. Kaltenegger 2017 ) and (ii) a r epr esenta-

ive 3D - GCM model (J. Leconte et al. 2013 ; R. M. Ramirez & L.
altenegger 2016 ). We calculate the empirical HZ flux limits as
ell as the 3D inner HZ flux limit and compare these limits with

he stellar flux the planet receives (see Table 1 ).
The empirical HZ limits we chose for our analysis are based

n solar irradiation when neither a young Venus (Recent Venus,
V) 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
imit corresponds to a flux equivalent of 1.76 present-day solar
rradiance at Earth’s orbit ( S 0 ), and the EM limit to about 0.32 S 0 .
hese flux values correspond to 0.75 and 1.77 au, respectively in
ur Solar system, which e x cludes pr esent-day Venus but includes
resent-day Mars. The 3D global climate model we chose for our
nalysis (J. Leconte et al. 2013 ) has been specifically developed to
uantify the climate response of Earth-like planets to increased

nsolation in hot and e xtr emely moist atmospher es, and has a
olynomial r epr esentation for differ ent stellar host stars (R. M.
amirez & L. Kaltenegger 2016 ).
The two limits at the outer edge of the HZ are nearly the same,

nd thus, we only show the empirical HZ limit for the outer edge.
ow ev er, not e that the inner limit of the HZ is debated (J. F.
asting et al. 2014 ). It could correspond t o low er solar flux than

he empirical RV limit, but cannot be assessed directly because of
enus’ young surface. Thus, young Venus could have lost its wa-

er much earlier, or it could hav e nev er had liquid surface water
M. Turbet et al. 2021 ). An idealized 3D land–planet model for
ry ‘Dune’ planets, which could be mostly desert with water-rich
reas near their poles, shows that such planets could be habitable
o 0.77 au from the Sun, almost at the inner edge of the empirical
Z, because of a much weaker positive water vapour feedback

Y. Abe et al. 2011 ). Note that some 1D models suggested that the
nner edge of the HZ might be even closer to the Sun, as close
s 0.38 au (A. Zsom et al. 2013 ), but that r esult r emains highly
ontroversial (J. F. Kasting et al. 2014 ). Regarding the largest pos-
ible distance of the inner HZ limit from the Sun, a conservative
heoretical 1D R unaw ay Greenhouse would put the inner limit
t 0.99 au for our Solar system, but is arguably too far from the
un 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 (abov e dott ed 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 
( S 0 ), 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 eff), 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 θ Contrast Age d T eff
R ⊕ M ⊕ S 0 S 0 S 0 S 0 S 0 S 0 mas Gyr pc K 

TRAPPIST-1 d 0.79 ±0 . 01 0.39 ±0 . 01 1.11 1.03 1.21 1.47 0.77 0.20 22.75 1.78 1.71e-7 7.6 ±2 . 2 12.47 2566 ±26 

TRAPPIST-1 e 0.92 ±0 . 01 0.69 ±0 . 02 0.65 0.51 0.82 1.47 0.77 0.20 17.71 2.35 1.35e-7 7.6 ±2 . 2 12.47 2566 ±26 

TRAPPIST-1 f 1.05 ±0 . 01 1.04 ±0 . 03 0.37 0.34 0.40 1.47 0.77 0.20 15.07 3.09 1.00e-7 7.6 ±2 . 2 12.47 2566 ±26 

TRAPPIST-1 g 1.13 +0 . 02 
−0 . 01 1.32 ±0 . 04 0.25 0.23 0.27 1.47 0.77 0.20 13.55 3.76 7.92e-8 7.6 ±2 . 2 12.47 2566 ±26 

LHS 1140 b 1.73 ±0 . 03 5.6 ±0 . 19 0.43 0.38 0.49 1.50 0.81 0.21 8.93 6.31 4.56e-8 7.84 ±3 . 79 14.99 3096 ±48 

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
Pr o xima Cen b 1.06 ±0 . 06 0.64 0.63 0.65 1.49 0.79 0.20 134.42 37.26 5.99e-8 5.2 ±1 . 61 1.30 2829.35 +0 . 21

−0 . 36
Wolf 1061 c 3.41 +0 . 43 

−0 . 41 1.34 0.98 1.83 1.51 0.83 0.22 27.31 20.67 3.35e-8 6.38 ±2 . 53 4.31 3342 ±49 

GJ 667 C c 3.8 +1 . 5 
−1 . 2 0.92 0.72 1.21 1.51 0.83 0.22 11.48 17.25 1.80e-8 2 +8 7.24 3313.44 +36 . 06

−2 . 41 
GJ 682 b 4.4 +3 . 7 

−2 . 4 1.27 0.91 1.46 1.50 0.82 0.21 20.25 15.99 4.76e-08 6.4 ±4 . 3 5.01 3155.80 +1 . 41
−0 . 50

GJ 273 b 2.89 +0 . 27 
−0 . 26 1.22 0.94 1.56 1.52 0.84 0.22 33.69 15.38 2.93e-08 10.31 ±6 . 2 5.92 ±0 . 02 3382 ±49 . 0
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HZ. To estimate the maximum error bars on the incident stellar
 xpected (e.g . R. K. Kopparapu et al. 2013 ; L. Kaltenegger 2017 ).
he maximum time spent in the HZ we show in Table 1 is the
ercentage of the orbital period of each planet within the HZ

imits, calculated by numerically solving Kepler’s equation.
Note that we focus on the HZ limits for Earth-like atmospheres

hat are dominated by N 2 -H 2 O - CO 2 here. Additional greenhouse
ases, such as significant amounts of molecular hydrogen (H 2 )
e.g. D . J . St ev enson 1999 ; R. Pierrehumbert & E. Gaidos 2011 ;
. M. Ramirez & L. Kaltenegger 2017 ), CH 4 (R. M. Ramirez &
. Kaltenegger 2018 ), and ZnS (R. K. Kopparapu et al. 2018 ) can
xtend or curtail the outer edge of the HZ, an effect that is not
onsidered in this study, where we focus on atmospheres similar
o Earth’s. Differences in surface pressure and gravity for planets
etween 0.5 to 5 M ⊕, the mass limit we chose in our analysis,
nly change the HZ limits by up to 4 per cent (R. K. Kopparapu
t al. 2014 ) and this effect has, ther efor e, not been included in our
nalysis.

To e xplor e which worlds might be at a similar or more ad-
anced stage of evolution compared to life on Earth, we first
ompile data from the NEA, where 2946 of 6065 exoplanets
ave age estimates for their host star . W e then supplement the
issing values through a literature search for the final set of

 ocky HZ e x oplanet hosts. Two methods ar e pr edominantly used
 o estimat e st ellar ages: gyr ochr onological and isochr onal age
stimates, based on the slowing spin rate or the star’s prop-
rties compared to stellar models, respectively. Due to cool M
tars’ e xtr emely long lifespans of 100 Gyr or mor e, characteris-
ics such as luminosity, radius, gravitational acceleration, and
emperature do not change strongly after entering the main se- 
uence, so isochronal methods are highly inaccurate. Thus, for
 and K dwarfs’ age estimat es, w e adopt gyr ochr onological es-

imat es ov er isochronal ones; for G dwarfs, w e use available
sochronal estimates over gyr ochr onological ones. However, we
ote that gyr ochr onological ages may also be an underestimate,
s the potential gravitational influence of e x oplanets on their
ost stars can transfer angular momentum, causing these stars

o possibly spin more quickly than a planet-less star of the same
ge (P. F. Maxted, A. M. Serenelli & J. Southworth 2015 ). For
ases with multiple age estimat es, w e report the value from the
ost recent papers using our chosen methodology and cite our
ources.

To assess e x oplanets’ potential for observations, we calcu- 
ated the transmission spectroscopy metric (TSM) following E.

. Kempton et al. ( 2018 ) to guide transit observations, and the
aximum apparent angular separation ( θ) in combination with

he star–planet contr ast r atio as guidelines for target selection
or direct imaging and secondary eclipse measurements. If these
alculations r equir e missing planetary mass or radius, we used a
ass–radius relation of M = 0 . 993 R 

3 . 7 (L. Zeng, D. D. Sasselov &
. B. Jacobsen 2016 ) below 2 R ⊕ or 5 M ⊕, and an empirical mass–
adius relation for larger planets (J. Chen & D. Kipping 2017 ; D.
. Louie et al. 2018 ), which we use for comparing the subset of

ocky HZ planets with the overall exoplanet demographics. For
ll TSM calculations we used a scale factor of 0.167 for rocky
lanets, and scale factors binned by planet radii for all non-rocky
lanets (following E. M. Kempton et al. 2018 ). To calculate the
aximum apparent angular separation of the planets, we use

he nominal values of the semimajor axis of the planet and the
ominal distance to the planetary system, but do not include the
ffect of eccentricity. To calculate the star-to-planet contrast ratio,
e use the nominal values for the star and planet and assume an
arth-analogue bond albedo of 0.3 for all e x oplanets, which we
ssume can be appr o ximated as Lambertian spher es. N ote that
he contrast ratio can thus easily be scaled for any other albedo
alues.

Our analysis focuses on the target list of potentially habitable
lanets in the HZ, but we also discuss which systems would
enefit from further observations, because the uncertainties on
he stellar and planetary measurements given in the NEA and
R3 allow for the possible inclusion of these e x oplanets in the
Z, even though with nominal values they are not placed in the
Z. We use the term ‘nominal’ here to refer to the value listed

n the curated NEA table, as well as the curated Gaia value if
he st ellar paramet ers are updat ed thr ough DR3. N ot e that w e
nclude this discussion to motivate future observation of these
andidat es t o constrain the uncertainties further, ther eby e x clud-
ng or including them in the list of targets for rocky planets in the
MNRAS 547, 1–12 (2026)
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Figure 1. Colour–magnitude diagram of all exoplanet host stars (top) 
and r ocky HZ e x oplanet host stars (bottom) compar ed to all stars with 
Gaia DR3 data within 100 pc. Planets that do not r equir e uncertainties in 
st ellar flux t o ov erlap the HZ ar e shown as dark cir cles, while planets that 
r equir e flux uncertainties to overlap the HZ are shown as slightly lighter 
circles. 
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ux at the planet’s orbit, we e xplor e the full uncertainty range of
he measurements to calculate the smallest and largest possible
t ellar flux receiv ed by the planets: e.g. the smallest possible in-
ident flux value is given for the minimum stellar temperature
ombined with the minimum stellar radius and the maximum
rbital distance. These values are reported as Min S 0 for the
inimum possible flux and as Max S 0 for the maximum possible

ux. This simplified approach shows that further observations for
hese stars could constrain these uncertainties further and could
 x clude these potential candidates.

 R E S U LT S

e analyse the data from the NEA of all known exoplanets, iden-
ifying (Section 3.1 ) targets to prioritize for transmission obser-
ations, light-curve measurements, and direct imaging, (Section
.2 ) those that allow exploration of the limits of habitability and
hose that provide similar irradiation environments to modern
arth, (Section 3.3 ) those that can probe the effect of eccentric-

ty on habitability, and (Section 3.4 ) those that are potentially
v olv ed rocky w orlds. We also provide the theoretical limits for
he empirical HZ and a 3D-HZ for each system, and identify
he oldest HZ rocky worlds based on data from the NEA and
omplementary literature data.

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

For cont ext, w e further compare the demographics of the rocky
 x oplanet sample in the HZ to those of the full catalogue of
 x oplanets in the NEA. Fig. 1 first shows a colour–magnitude
iagram for all e x oplanet host stars compared to the Gaia DR3
tar sample within 100 pc, followed by the sub - set of host stars
f r ocky e x oplanets in the empirical HZ. While ev olv ed stars are
nown to host e x oplanets (M. I. Jones et al. 2014 ; A. Vanderburg
t al. 2020 ; M. P. Dollinger & M. Hartmann 2021 , e.g.), no rocky
Z planet has yet been found orbiting evolved stars, although

uch planets would provide compelling targets for biosignature
earches (L. Kaltenegger et al. 2020a ). The star slightly to the right
f the main sequence in the rocky host star panel of Fig. 1 is K2-
88 B b, a multiple-star system.

To put the r ocky HZ e x oplanets in cont ext, w e show their pa-
ameters (coloured gradient) compared to all known exoplanets
grey) in Fig. 2 . The sub - set of exoplanets in the empirical HZ
omprise lighter shades of the gradient, and e x oplanets in the 3D
Z comprise darker shades of the gr adient. R ocky HZ planets in

ur sample are defined with ≤ 2 R ⊕, or ≤ 5 M ⊕ for non-transiting
lanets, and shown as opaque circles against the full sample
semitransparent).

The radius–mass plot for all e x oplanets with measur ed mass
nd r adius v alues is shown in the top left panel of Fig . 2 , and e x-
ludes planets with only an upper limit on their mass. It identifies
ve rocky HZ exoplanets with both measured mass and radius:
HS 1140 b orbiting an M4.5 dwarf star at 15 pc and TRAPPIST-
d, -1e, -1f, and -1g orbiting an M8 dwarf star at 12 pc. These five
 x oplanets have been the focus of James Webb Space Telescope
 JWST ) observations (e.g . B . Benneke et al. 2023 ; O. Lim et al.
023 ; C. Cadieux et al. 2024 ; T. P. Greene et al. 2023 ), which
rovided first insights into the atmospheric composition of rocky
lanets in the HZ of these systems. TRAPPIST-1d, -1e, -1f, and -1g
ave nominal mass and r adii v alues of 0 . 79 R ⊕ 0 . 79 R ⊕/ 0 . 39 M ⊕,
NRAS 547, 1–12 (2026)

R

 . 92 R ⊕/ 0 . 69 M ⊕, 1 . 05 R ⊕/ 1 . 04 M ⊕, and 1 . 13 R ⊕/ 1 . 32 M ⊕, respec-
ively. All four e x oplanets hav e slightly low er nominal density
han Earth: 0.79, 0.89, 0.91, and 0.92 ρ⊕, respectively. LHS 1140 b
as a nominal radius of 1 . 73 R ⊕ and a nominal mass of 5 . 6 M ⊕,
esulting in a slightly higher density than Earth’s: 1 . 08 ρ⊕.

The bottom panels of Fig. 2 show the radius distribution as well
s the mass distribution of known e x oplanets, showing patterns
f planet demographics mixed with detection biases, like the
road transition zone between the mass of a mini-Neptune and a
as giant like Jupiter, as well as the smaller number of e x oplanets
et ect ed at larger orbital periods and lower masses and radius.
ocky e x oplanets in the HZ ar e found in the r egion of lower
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Figure 2. Comparison of the sub - set of r ocky HZ e x oplanets (gradient) 
to all known e x oplanets: 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 e x oplanets in gr ey (no gr adient). R ocky 
planets are opaque, while non-rocky planets are semitransparent. Planets 
with only upper mass limits are not shown in the mass–radius plot. 
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tellar incident irradiation in both plots. Note that, especially,
he distribution of r ocky e x oplanets in the HZ is still strongly
nfluenced by the limited number of observations, and thus only
hows a first indication of the underlying distribution.

Fig. 3 shows all known e x oplanets that r eceiv e st ellar flux be-
ween 0.1 and 10 S 0 . The empirical HZ limits and a 3D inner HZ
imit are shown as dashed lines. A solid grey line indicates similar
rradiation to modern Earth for different stellar types. Transiting
 ocky planets ar e plotted as cir cles, while non-transiting planets
here only minimum masses are known are plotted as diamonds.
aximum uncertainties on a planet’s incident stellar irradiation

re shown as error bars as discussed in methods.
The Catalog of Habitable Zone Rocky Planets [see Table 1 , full

able available at A. Bohl et al. ( 2026 )] lists planet data (name,
adius and corresponding uncertainty, and mass and correspond- 
ng uncertainty), incident stellar flux (average, min, and max
ux), flux at two inner limits of the HZ [empirical RV and a
D model (3D)], and an outer empirical EM limit. All flux is
rovided in units of modern Earth flux ( S 0 ). The maximum and
inimum possible stellar flux reaching each planet is calculated

ased on the measurement uncertainties in stellar temperature
 T eff), semimajor axis, and nominal orbital eccentricity. Apparent
ngular separation ( θ), planet–star contrast ratio, a stellar age
stimat e, distance t o the syst em in pc ( d ), and ( T eff) are also
iven.

The sample of r ocky e x oplanets in the HZ in Table 1 is sorted
rst by descending TSM values for those that transit (above dotted
ow), and by angular separation for non-transiting planets with
ontr ast r atio above 10 −8 (below dot t ed row) t o det ermine direct
maging targets. Note that while the apparent angular separation
rom the host star is one important metric for direct imaging feasi-
ility, the contrast ratio is also important, with both r equir ements
arying by instruments. Target selection can easily be adjusted
sing the full table that provides, among others, contrast ratio,
pparent angular separation, and J and K s 2MASS magnitudes of
he star.

Note that the CSV file (available at A. Bohl et al. 2026 ) has a
uch wider range of parameters, among them multiplicity flags,

 efer ences for planetary, stellar, and age values, and three stellar
agnitude bands (visual V Johnson magnitudes, J and K s 2MASS
agnitudes). The host stars of the rocky exoplanets in the em-

irical HZ have apparent magnitudes between 5.36 to 13.88 in
he infrared J 2MASS band, 4.38 to 13.40 in the near-infrared K s
MASS band, and 9.84 to 18.00 in the visual V Johnson band.

.1 Best transiting and direct imaging rocky HZ
 x oplanets

o prioritize e x oplanets for follow -up observ ations, we calcu-
ate three metrics that identify the best targets for transmission
pectr oscopy, light-curve measur ements, and dir ect imaging . The
SM identifies the best targets for transit observations, and the
pparent angular separation ( θ) in combination with the contrast
atio between the host star and its planet identifies the best targets
or direct imaging observations and secondary eclipse and light- 
urve measurements.

Table 2 shows the five best targets for transiting (left) and
ve best tragets for non-transiting (right) rocky planets, sorted
y contr ast r atio (top) and angular resolution (middle), and by
SM (transiting planets) or angular resolution for contrast ratios

arger than 10 −8 (direct imaging, secondary eclipse, light curv es)
bottom). Fig. 4 shows the θ of each exoplanet versus its contrast
atio (top) and the TSM value of each planet versus its contrast
 atio (bot tom), colour-coded for host star temperature. Earth’s θ,
ontr ast r atio, and TSM v alue at 5, 10, and 100 pc are shown for
omparison. F or consistency, Earth’ s temper ature and TSM v alue
er e ar e calculated fr om the J- band magnitude of 3.67 (C. N. A.
illmer 2018 ) for the Sun.
MNRAS 547, 1–12 (2026)
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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 e x oplanets ≤ 2 R ⊕ and ≤ 5 M ⊕are 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. 
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.2 Best rocky exoplanets to test the limits of the HZ

o e xplor e the limits of surface habitability, Table 3 shows the
est r ocky e x oplanets near the inner and outer r egions of the
mpirical HZ for transmission spectroscopy (sorted by highest
SM) and for direct imaging (sorted by highest θ and contrast

atio). In addition to probing the edges of habitability, Table 3
hows 10 e x oplanets (tr ansiting and non-tr ansiting) that receive
tellar insolation similar to Earth’s, which can e xplor e whether
arth-like insolation provides Earth-like surface conditions.

.3 Best rocky exoplanets to test the effects of eccentricity
n habitability

ccentric planets could help constrain the effect of eccentricity
n habitability (see e.g. E. Bolmont et al. 2016 ; B. Liu et al. 2024 ).
he eccentricity of rocky HZ exoplanets is generally low (see
ig . 2 ) (e.g . M. L. Hill et al. 2023 ), e x cept for the few targets listed

n Table 4 . Observing these planets, especially at different times
n their orbit or over a full orbit, could provide insights into how
ccentricity influences habitability and how atmospheres react to
ifferent stellar irradiation.
NRAS 547, 1–12 (2026)
In the full table (available at A. Bohl et al. 2026 ), we include the
alculat ed time-av er aged flux v alues, which w ere used t o assess
hether the planets lie within the HZ limits. We also calculate

he time spent in the HZ as the maximum percentage of the
rbital period of each planet within the HZ limits, based on mea-
urement uncertainties for semimajor axis, eccentricity, T eff, and
 star .

.4 Best potentially evolved rocky exoplanets in the HZ

ge estimates for e x oplanets in the HZ vary significantly and
arry large uncertainties. How ev er, ev en first estimat es are useful
o compare with Earth’s atmosphere and observable spectra at a
iven time, as these have changed significantly since its forma-
ion (see e.g. L. Kaltenegger, W. A. Traub & K. W. Jucks 2007 ; F.
elsis et al. 2007 ; S. Rugheimer et al. 2015 ; S. Rugheimer & L.
altenegger 2018 ; L. Kaltenegger, Z. Lin & S. Rugheimer 2020b ;
. C. Payne & L. Kaltenegger 2023 ). Although it is unknown what

ets the evolution time-scale on a rocky exoplanet, comparing
abulat ed st ellar age estimat es for hosts of r ocky HZ e x oplanets
 o the ev olution of Earth allows for a first comparison of their
volutionary stages and time-scales.
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Table 2. Transiting and 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 10 −8 (for direct imaging of non-transiting
planets). 

Transiting Value Direct imaging Value 

Best rocky HZ planets sorted by contrast 
TRAPPIST-1 d 1.7e-7 GJ 3323 b 1.9e-7 
LP 890-9 c 1.6e-7 GJ 1061 c 1.5e-7 
TRAPPIST-1 e 1.4e-7 Ross 508 b 1.0e-7 
TRAPPIST-1 f 1.0e-7 GJ 1002 b 6.8e-8 
TRAPPIST-1 g 7.9e-8 Teeg ar den’s Star c 6.8e-8 

Best rocky HZ planets sorted by θ (mas) 
LHS 1140 b 6.3 Pr o xima Cen b 37.3 
TOI-700 d 5.2 GJ 251 c 35.1 
K2-3 d 4.6 GJ 667 C e ∗ 29.4 
TOI-700 e 4.3 GJ 667 C f∗ 21.5 
TRAPPIST-1 g 3.8 Wolf 1061 c 20.7 

Best transits by TSM Best direct image by θ, contrast 
TRAPPIST-1 d 22.8 Pr o xima Cen b (37.3, 6.0e-8) 
TRAPPIST-1 e 17.1 Wolf 1061 c (20.7, 3.4e-8) 
TRAPPIST-1 f 15.1 GJ 667 C c (17.3, 1.8e-8) 
TRAPPIST-1 g 13.6 GJ 682 b (16.0, 4.8-8) 
LHS 1140 b 8.9 GJ 273 b (15.4, 2.9e-8) 

Figur e 4. Appar ent angular separation of rocky exoplanets in the HZ 

plott ed v ersus contr ast r atio betw een host star and planet (t op) and v ersus 
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 
cir cles. Gradient corr esponds to host star T eff. 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 e x oplanets in the pr esent Earth-like flux category r eceiv e st ellar fluxes 
within ±15 per cent of present Earth line shown in Fig. 3 . 

Category Planet name TSM θ Contrast 
mas 

Inner HZ 

Transiting K2-239 d 6.9 2.2 1.7e-8 
TOI-700 e 2.2 4.3 1.0e-8 

K2-3 d 1.7 4.6 7.1e-9 
Non-transiting Wolf 1061 c 27.3 20.7 3.4e-8 

GJ 1061 c 58.5 9.5 1.5e-7 
Outer HZ 

Transiting TRAPPIST-1 g 13.6 3.8 7.9e-8 
Kepler-186 f∗ 0.3 2.4 1.2e-9 
Kepler-441 b 0.1 2.3 1.1e-9 

Non-transiting GJ 1002 c 36.3 15.2 3.0e-8 
GJ 667 C e ∗ 9.4 29.4 5.2e-9 

Present Earth-like Flux 
Transiting TRAPPIST-1 e 17.7 2.3 1.3e-7 

TOI-715 b 2.4 2.0 4.8e-8 
Kepler-1652 b 0.5 0.7 1.3e-8 
Kepler-442 b 0.2 1.1 1.7e-9 

Kepler-1544 b 0.2 1.7 1.5e-9 
Kepler-452 b ∗ 0.1 1.9 3.2e-10 

Non-transiting Pr o xima Cen b 134 37.3 6.0e-8 
GJ 1061 d 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 t o t est the effects of high eccentricity on 
habitability. Planets with only an upper limit on eccentricity are excluded. 

Category Planet name Ecc TSM θ Contrast 
mas 

Non-transiting Ross 508 b 0.33 12.8 4.8 1.0e-7 
GJ 3323 b 0.23 90.2 6.1 1.9e-7 

Wolf 1061 c 0.11 27.3 4.5 3.4e-8 
Transiting K2-72 e 0.11 1.7 1.6 2.0e-8 
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In the final list of 45 rocky exoplanets in the empirical HZ, 15 of
he 35 host stars were missing stellar age estimates in their NEA
efault values. Searching the lit erature, w e tabulat ed missing age
stimates for 10 stars, and updated the existing values for 6 stars
ith mor e r ecent values, which use methods that impr ove esti-
ates for the specific host star’s stellar type. Thus, the age esti-
ates of 16 host stars are based on a literatur e sear ch (G. Anglada-
scudé et al. 2012 ; W. J. Borucki et al. 2013 ; J. M. Jenkins et al.
015 ; G. Torres et al. 2015 , 2017 ; D . J . Armstrong et al. 2016 ; T. D.
orton et al. 2016 ; J. E. Schlieder et al. 2016 ; A. J. Burgasser & E.

. Mamajek 2017 ; T. A. Berger et al. 2020 ; S. Dreizler et al. 2020 ; J.
aldonado et al. 2020 ; L. Delrez et al. 2022 ; A. Fukui et al. 2022 ; S.
. Engle & E. F. Guinan 2023 ; E. Gaidos et al. 2023 ; E. González-
lvarez et al. 2023 ; D. Kossakowski et al. 2023 ; S. Dholakia et al.
024 ; G. Dransfield et al. 2024 ) and differ from the NEA’s values.
ote 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 10 −8 .

Category Planet name Age TSM θ Contrast 
Gyr mas 

Transiting K2-239 d 13.32 +10 . 3
−9 . 5 6.9 2.2 1.7e-8 

LHS 1140 b 7.84 ±3 . 8 6.3 6.0 4.6e-8 
TRAPPIST-1 d 7.6 ±2 . 2 22.7 1.8 1.7e-7 
TRAPPIST-1 e 7.6 ±2 . 2 17.7 2.3 1.3e-7 
TRAPPIST-1 f 7.6 ±2 . 2 15.1 3.1 1.0e-7 
TRAPPIST-1 g 7.6 ±2 . 2 13.5 3.8 7.9e-8 

Non-transiting GJ 273 b 10.3 ±6 . 2 33.7 15.4 2.9e-8
GJ 1002 c 7.5 ±3 . 6 36.3 15.2 3.0e-8 
GJ 1002 b 7.5 ±3 . 6 48.2 9.4 6.8e-8 
GJ 1061 d 7.0 ±0 . 5 47.6 14.7 6.1e-8 
GJ 1061 c 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 eff.
Planets that r equir e 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. 
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GJ 1061, GJ 667 C, Wolf 1069). Five stars are still missing age
stimates (K2-72, K epler-1649, K epler-186, K epler-452, Ross 508).

The host stars and rocky HZ exoplanets with the oldest esti-
ated nominal ages (transiting and non-transiting) are shown in

able 5 . Among the 30 e x oplanet host stars with age estimates,
7 stars (and their 24 e x oplanets) have nominal ages older than
arth’s, which would allow a similar or longer timescale for
volution on those e x oplanets. High uncertainties in these age
stimates ar e r eflected in the large error bars in Table 5 and Fig. 5 .

Fig. 5 plots tabulated age estimates versus T eff of rocky HZ
lanets’ host stars and provides the context of important mile-
tones in the evolution of life on Earth, although the exact times
f older milestones are debated. Fossils indicating that life had
een established on Earth date back to about 1 Gyr after Earth’s
ormation (3.5 Gyr ago) (e.g. A. P. Nutman et al. 2016 ), but life

ight have already originated befor ehand (e.g . E. A. Bell et al.
015 ). The Great Oxidation Event about 2.45 Gyr ago (about 2 Gyr
fter Earth’s formation) marked the accumulation of atmospheric
 2 , as a result of oxygenic photosynthesis that had developed
NRAS 547, 1–12 (2026)
arlier (e.g. J. F. Kasting 2013 ). Multicellular fossils date back
o around 1.6 Gyr ago (about 2.9 Gyr after Earth’s formation) (L.

iao et al. 2024 ). Land plants conquered the land masses at about
.5 Gyr ago (about 4 Gyr after Earth’s formation) (T. M. Lenton et
l. 2016 ); dinosaurs roamed between about 250 to 66 Myr ago; and
umans ev olv ed only recently on this large time-scale, with the
ldest Homo sapiens fossil claim about 300 000 yr ago (Hublin,
en-Ncer, Bailey et al. 2017 ).

 DISCUSSION

.1 Customizing the HZ planet list for specific criteria

he reader can easily choose t o creat e a sub - set of planets from
ur final lists, e.g . cr eating a list for the 3D HZ, or including
lanets that may be in the HZ due to the uncertainties in stel-

ar measurement. The number of rocky exoplanets that might
e in the empirical HZ increases by nine if one includes the
hole possible range of flux due to measurement uncertainties

n st ellar paramet ers of the host stars, which influence the inci-
ent flux. The list of rocky HZ planets then becomes 54 (32 of
hich transit). If we also include the measurement uncertain-

ies on planet size, that number increases further to 73 (44 of
hich transit). Using the 3D inner limit rather than the empir-

cal inner limit results in 24 rocky exoplanets in the 3D HZ. If
ne includes all r ocky e x oplanets that might be in the 3D HZ
ith measurement uncertainties in flux, that number increases

o 41.
In addition to the rocky HZ planet list, we create a full list of
Z e x oplanets for observers interested in a wide range of planet

ypes, using both (i) host stars based on NEA with Gaia DR3
t ellar paramet er updat es (NEA - Gaia ) and (ii) NEA -only stellar
ata (see discussion below on the difference between the lists due
o differences in stellar data). Both lists are available online (A.
ohl et al. ( 2026 )).

.2 Comparison to earlier work

n influential 2023 paper (M. L. Hill et al. 2023 ) used solely
EA stellar data for their analysis of rocky planets in the HZ.
o account for planets that had not been discovered at that time,
 e repeat ed the M. L. Hill et al. ( 2023 ) analysis for NEA data

nly, and found the same results when assuming the same criteria
or selection. Note that there were seven planets, including one
ocky planet, since identified as false positives in the M. L. Hill
t al. ( 2023 ) HZ planet list (HD 217850 b, HD 131664 b, GJ 832 c,
D 114613 b, KIC 5951458 b, BD-00 4475 b, HD 203473 b).
As this analysis shows, a small percentage of exoplanets can

urn out to be false positives. To avoid false-positives, we chose to
se the confirmed planet assignment on the NEA in our analysis,
ut w e not e that four planets (K epler-186 f, K epler-452 b , and GJ
67 C e & f) are flagged as controversial in the NEA and may turn
ut to be false positives. Their names are followed by an asterisk
ign in our tables to indicate their controversial nature.

As shown by our comparison to the results from M. L. Hill et
l. ( 2023 ), a few false positives can be found even in confirmed
lanet data. Before Kepler, transit surveys required independent
onfirmation through a series of follow-up observations to ex-
lude false-positive scenarios such as stellar eclipsing binaries.
ow ev er, only a small number of Kepler planets could be verified

ue to large observation time r equir ements either by RV or by
ransit timing variation in multiple-planet systems, prompting
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he development of probabilistic validation to demonstrate that
ll astrophysical false positive scenarios are negligibly likely (for
ore details see e.g. T. D. Morton et al. 2016 ; G. Ross et al. 2024 ,

nd r efer ences ther ein). In addition, it can be difficult t o separat e
V signals caused by stellar activity from those resulting from
rbiting planets, which highlights the importance of simulta- 
eous photometric measurements to derive the stellar rotation
eriods and identify activity signals (for more details see e.g. A.
anderburg et al. 2016 , and r efer ences ther ein).
To assess the potential habitability of eccentric e x oplanets, M.

. Hill et al. ( 2023 ) included planets that spend any time in the
Z. The percentages of each planet’s orbit within the HZ, includ-

ng uncertainties and without uncertainties, are both listed in the
ables available at A. Bohl et al. ( 2026 ), so the reader can also
hoose to use a smaller list of planets that spend 100 per cent of
heir time in the HZ. We chose to follow E. Bolmont et al. ( 2016 )
n comparing the averaged flux for eccentric planets to the limits
f the HZ. The averaged flux values account for the eccentricity of
n HZ planet’s orbit, assuming that an Earth-like atmosphere can
uffer some orbital eccentricity, but only to a certain point. Note
hat due to using the averaged flux, our eccentricity inclusion is

ore conservative than including all planets that spend any time
n the HZ, but less conservative than requiring 100 per cent time
n the HZ.

.3 Exoplanet systems with large measurement
ncertainties that might be in the HZ

tellar data are critical to assess which planets are in the HZ, be-
ause HZ limits depend on incident stellar irradiation. Whether
r not planets could be rocky is also determined by stellar pa-
ameters, because planetary radius and mass are calculated in
omparison to stellar parameters. In addition, all measurements
ave uncertainties; our analysis also identified the stars with
easurement uncertainties that may allow for their planets to

e located in the HZ. For these specific stars, observations to
onstrain these parameters and measurement uncertainties fur- 
her can either include or e x clude those e x oplanets fr om the HZ.

hen we include the full range of possible uncertainties on the
t ellar paramet ers and eccentricity, the number of rocky planets
hat might be in the empirical HZ increases to 54 (five of these
ine potentially additional rocky candidates in the HZ transit:
liese 12 b , K epler-399 d, K epler-438 b , K2-72 c, and TOI-1452
, while four do not transit: Kepler-138 e, Ross 128 b, Teeg ar den’s
tar b and d). Updated parameters for these systems will be able to
haracterize their incident irradiation further and e x clude them
rom or include them in the empirical HZ.

.4 Effect of the update of stellar data from Gaia DR3

n this study, we have updated the NEA e x oplanet host star pa-
ameters with Gaia DR3 for stars with RUWE < 1.4, if data are
vailable (hereafter referred to as NEA- Gaia data). The Gaia DR3
ata set provides a uniformly derived set of stellar parameters
hat is especially impactful for deriving broad population-level
nformation. Thus, w e hav e chosen t o use the DR3 data when
vailable. How ev er, the NEA data w ere individually compiled for
ach star and can provide improv ed estimat es for individual stars.
er e, we pr ovide an analysis of the differences of the rocky HZ

lanet derived depending on whether one used the original NEA
ata or the updated Gaia DR3 stellar data.
Updating the host star properties influences not only the in- 
ident flux at the planet’s position, but also where the HZ lim-
ts lie in terms of orbital distances for the system, because the
arametrization of the HZ flux limits depends on T eff (e.g. J.
. Kasting et al. 1993 ). Thus, some planets gain – and several
thers lose – their assignment as planets in the HZ due to the
pdat e t o DR3 st ellar data. Not e that st ellar radii changes due t o
R3 updates also in turn change the associated planetary radii

ccordingly because a planet’s size is measured as a fraction of
he star’s size; some planets fall below 2 Earth radii or e x ceed 2
arth radii because of the update.
To identify the changes due to Gaia DR3 updates of stellar data,

e ran an analysis on the full NEA-only data for comparison.
hile there is still a large ov erlap betw een rocky planets in the
Z, this comparison shows how critical st ellar paramet ers are in

etermining which planets orbit in the HZ, as well as their plan-
tary characteristics, since these are derived from stellar data.

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

38 rocky HZ planets overlap in both NEA- Gaia and NEA-only
ists (NEA -only: 42, NEA - Gaia : 45) (see Table 7 ). Seven planets
nter the HZ when updating stellar data with DR3: four of these
even planets are missing stellar radii in the NEA (GJ 667 C c &
 ∗ & f∗, GJ 682 b), two others change stellar T eff and stellar radius
K2-239 d, Kepler-441 b), and one planet radius changes (Kepler-
606 b) due to a stellar radius update, moving it below 2 Earth
adii. Four planets in the NEA-only list are not in the updated
ock y planet NEA - Gaia HZ list (K epler-1638 b , K epler-283 c,
 epler-440 b , Ross 128 b). Thr ee of these host stars have differ ent
 eff and stellar radius (K epler-1638 b , K epler-440 b , Ross 128 b),
nd one planet’s radius changed fr om r ocky to not with a stellar
adius update (Kepler-283 c).

While there is a large ov erlap betw een rocky planets in the HZ,
his comparison shows how critical the stellar parameters are in
etermining which planets orbit in the HZ and their character- 

stics, such as radius and minimum mass, as those are derived
ased on stellar data. Especially for planets in one but not both

ists, a more in-depth study of st ellar paramet ers is important to
ssess whether these worlds could be potentially habitable. Ex- 
loration of Gaia stellar data for e x oplanet host stars is underway
o constrain their stellar parameters further (see e.g. P. de Laverny
t al. 2025 ).

.5 Stellar activity

ultiple M dwarfs in our list have r ecor ded instances of stellar
ctivity. Five stars and their seven planets (out of 45 rocky HZ
lanets) have at least one r ecor ded flar e in TESS databases from
. Yang et al. 2023 and M. Pietras et al. 2022 : GJ 1061, GJ 273,
J 3323, L 98-59, and Pr o xima Cen. Some teams (e.g . A. S. Atkin-

on et al. 2024 ) have calculated a planet’s habitability based on
he activity of their host star, which allocates an Alfvén Surface
abitability Criterion below 1 for the rocky HZ planets GJ 1002
 and c, GJ 273 b, GJ 3323 b, Teeg ar den’s Star c, TRAPPIS T-
 d, Pr o xima Cen b, and W olf 1061 c, and W olf 1069 b. These
lanets may arguably r equir e a strong magnetic field to protect
urface life or otherwise may experience accelerated atmospheric
oss. In addition, UV flux limits may arguably influence surface
abitability in parts of the HZ (R. Spinelli et al. 2024 ), especially

or M dwarfs < 2800 K. How ev er, not e that these concerns mostly
ddress surface habitability, and do not exclude habitability on
MNRAS 547, 1–12 (2026)
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M

Table 6. Sample table of the Catalog of Habitable Zone Rocky Planets based on NEA data only (without Gaia DR3 updates). Her e, planets ar e 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 ( θ) for contrast ratios above 10 −8 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 ( S 0 ). The maximum and minimum possible stellar flux 
reaching each planet is calculated based on measurement uncertainties in st ellar t emperatur e ( T eff), measur ement 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 θ Contrast Age d T eff
R ⊕ M ⊕ S 0 S 0 S 0 S 0 S 0 S 0 mas Gyr pc K 

TRAPPIST-1 d 0.79 ±0 . 01 0.39 ±0 . 01 1.11 1.03 1.21 1.47 0.77 0.20 22.75 1.78 1.71e-7 7.6 ±2 . 2 12.47 2566 ±26 

TRAPPIST-1 e 0.92 ±0 . 01 0.69 ±0 . 02 0.65 0.51 0.82 1.47 0.77 0.20 17.71 2.34 1.35e-7 7.6 ±2 . 2 12.47 2566 ±26 

TRAPPIST-1 f 1.01 +0 . 01 1.04 ±0 . 03 0.37 0.34 0.4 1.47 0.77 0.20 15.07 3.09 1.00e-7 7.6 ±2 . 2 12.47 2566 ±26 

TRAPPIST-1 g 1.13 +0 . 02 
−0 . 01 1.32 ±0 . 04 0.25 0.23 0.27 1.47 0.77 0.20 13.55 3.76 7.92e-8 7.6 ±2 . 2 12.47 2566 ±26 

LHS 1140 b 1.73 ±0 . 02 5.60 ±0 . 19 0.43 0.38 0.49 1.50 0.81 0.21 8.93 6.31 4.56e-8 7.84 ±3 . 8 14.99 3096 ±48

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
Pr o xima Cen b 1.06 ±0 . 06 0.54 0.33 0.82 1.49 0.79 0.21 169.21 37.26 5.99e-8 5.2 ±1 . 61 1.30 2900 ±100

Wolf 1061 c 3.41 +0 . 43 
−0 . 41 1.34 0.98 1.83 1.51 0.83 0.22 27.31 20.67 3.35e-8 6.38 ±2 . 5 4.31 3342 ±49

GJ 273 b 2.89 +0 . 27 
−0 . 26 1.22 0.94 1.56 1.52 0.84 0.22 33.69 15.38 2.93e-8 10.31 ±6 . 2 5.92 3382 ±49

Ross 128 b 1.40 ±0 . 21 1.47 1.17 1.87 1.50 0.82 0.21 60.80 14.80 6.6e-8 7.3 ±3 . 3 3.37 3192 ±60 

GJ 1002 c 1.36 ±0 . 17 0.26 0.21 0.32 1.49 0.80 0.21 36.31 15.22 2.97e-8 7.48 ±3 . 6 4.85 3024 ±52

GJ 1061 d 1.64 +0 . 24 
−0 . 23 0.57 0.45 0.72 1.49 0.80 0.21 47.60 14.70 6.13e-8 7.0 ±0 . 5 3.67 2953 ±98 

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 c, GJ 273 b, GJ 1002 b & c, GJ 1061 c & d, 
GJ 3323 b, K2-3 d, K2-72 e, K2-288 B b, 
Kepler-62 e & f, Kepler-186 f∗, Kepler-296 e & f, 
K epler-442 b , K epler-452 b ∗, K epler-1229 b , 
K epler-1410 b , K epler-1544 b , K epler-1649 c, 
K epler-1652 b , L 98-59 f, LHS 1140 b , LP 890-9 c, 
Pr o xima Cen b, Ross 508 b, TOI-700 d & e, 
TOI-715 b, TOI-1266 d, TRAPPIST-1 d & e & f & g, 
Teeg ar den’s Star c, Wolf 1061 c, Wolf 1069 b 

NEA- Gaia ( + 7) GJ 667 C c & e ∗ & f∗, GJ 682 b, 
not K2-239 d, Kepler-1606 b, 
NEA-only K epler-441 b , 
NEA-Only ( + 4) K epler-1638 b , K epler-283 c, K epler-440 b , 
not NEA- Gaia Ross 128 b 

Note. ∗ Indicates controversial planets in the NEA (see discussion). 
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uch worlds for either sub - surface or radiation-adapted life (e.g. J.
. O’Malley-James & L. Kaltenegger 2017 ). In addition, UV levels
n the surface are not only determined by O 3 , but by additional at-
ospheric molecules such as CO 2 and H 2 O, which block UV radi-

tion from reaching the ground shortwards of 200 nm. This could
r ovide effective UV pr otection above 200 nm for e x oplanets, e.g .
ith Ar chean, C O 2 -, or H 2 O-rich atmospheres (J. T. O’Malley-

ames & L. Kaltenegger 2017 ), making such planets interesting
argets to assess the influence of UV radiation on their surface
abitability.

.6 Target selection for transit observations, direct
maging, and light-curve measurements for missions in
he design stage, such as HWO and LIFE

e analysed all the NEA e x oplanets known to date, identify-
ng the rocky HZ planets so that observers and modellers can
hoose r ocky HZ e x oplanets based on their priorities, e.g . J mag -
NRAS 547, 1–12 (2026)
itude, estimated age of the system, apparent angular separation,
ontr ast r atio, and TSM, to name a few of the possibilities. For
r ansit observ ations, w e chose t o use the TSM as described in
ur methods, which allows observers to prioritize planets for
ransmission spectroscopy. Our rocky HZ target list can help ob-
ervers prioritize targets for spectroscopic follow-up in current
nd future JWST observations, as well as e xtr emely large tele-
cope (ELT) observations in the 2030s.

Specific instruments for direct observations have different limi-
ations in terms of contr ast r atio and apparent angular separation.
hus, we chose a generic contrast ratio limit above 10 −8 for the

argets shown in Table 2 , so that the target list for direct imaging
resented in this paper does not use specific instrument require-
ents. Table 1 provides a wide range of curated parameters for

he rocky HZ planets and their host stars, allowing observers to
reate their own prioritized target list by identifying which of
hese HZ rocky planets are the best targets for direct imaging,
iven their specific instrument specifications.

As another example of how this target list could be used, we
elect the planned NASA Habitable Worlds Observatory ( HWO )
ission concept that is currently undergoing trade-off studies of

hree baseline design ideas. While HWO is currently not designed
 o observ e an y of the known HZ rock y planets, and thus there is
urrently no overlap between its target stars (E. Mamajek & K.
tapelfeldt 2024 ) and the known rocky HZ planets we identified
ere, this might inspire creative ideas for updating its mission
esigns if known e x oplanets ar e consider ed a priority. Another
xample is the European LIFE mission concept (e.g. S. P. Quanz et
l. 2022 ) that is currently in an early design phase and has not yet
eleased a final list of target stars. Thus, this list of rocky planets
n the HZ can provide interesting known exoplanet targets for

ission design and any trade-off studies.

 CONCLUSION

o assess the limits of surface habitability, it is critical to charac-
erize r ocky e x oplanets in the HZ. Observations of known r ocky
 x oplanets on the edges of the HZ can now empirically e xplor e
hese boundaries.
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In this paper, we analysed the data from Gaia DR3 and the NEA
f all known e x oplanets, identifying those that can (i) can pr obe
f the limits of habitability orbiting at the edges of the HZ, (ii)
rovide similar irradiation environments to modern Earth, (iii)
 xplor e the effect of eccentricity on habitability, (iv) are poten-
ially ev olv ed rocky w orlds, and (v) present targets to prioritize
or tr ansmission observ ations, light-curve measurements, and di- 
 ect imaging . We pr esented a target list of 45 r ocky e x oplanets
n the empirical HZ (27 transiting) and 24 in a narrower 3D-

Z (15 transiting). We also discussed the differences in targets
hen using NEA-only data compared to updating the host star
ata with Gaia DR3. We also provided the theoretical limits for
he empirical HZ and a 3D-HZ for each system, and identified
he oldest HZ rocky worlds based on data from the NEA and
omplementary literature data.

We compared the demographics of the rocky HZ planets with
he full catalogue of e x oplanets in the NEA, and calculated the
ransmission spectroscopy metric as a guide for transit observa- 
ions, as well as the contr ast r atio and apparent angular separa-
ion as a guide for secondary eclipse and direct imaging observa-
ions.

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

We identified the oldest r ocky HZ e x oplanets (Table 5 ) and
ocky HZ planets with the highest TSM, angular separation, and
ontr ast r atio as priority targets for tr ansit observ ations and for
irect imaging and light-curve measurements (Table 2 ).
We provided the best transiting and non-transiting planets to

est the limits of surface habitability near the inner and outer
egions of the empirical HZ (Table 3 ). In addition to probing
he edges of habitability, we showed in the same table which
ocky planets receive incident stellar flux comparable to Earth’s,

aking them very interesting targets for further observations. We
lso highlighted eccentric rocky HZ planets that can assess the
nfluence of eccentricity on habitability (Table 4 ).

The resulting planetary target characteristics allow observers
o shape and optimize their search strategies with space- and
round-based telescopes – such as the JWST , ELTs, and con- 
epts like the HWO and LIFE – and design new observing strate-
ies and instruments to e xplor e these intriguing worlds, ad- 
ressing the question of the limits of surface habitability on
 x oplanets.
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