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Exoplanets in the Optimistic Habitable Zone (OHZ) are often treated as candidates for life, but their atmospheric evolutionary
history and possibilities are rarely considered. This study investigates the susceptibility of terrestrial exoplanets to the “Venusian
Divergence”, a transition into a self-sustaining runaway greenhouse state. Using the Venus Similarity Index (VSI) framework,
we applied a greenhouse scaling factor of 3.18 (derived from the Venusian 75 /7, ratio) to a sample of 21 terrestrial exoplanets
(0.5Rs <R < 1.5Ry) identified via the NASA Planetary Systems Composite Data archive, of which 17 remained after applying
Recent Venus/Early Mars limits. Our results indicate that 64.71% of candidates achieved VSI > 0.8, with TOI-700 e emerging
as the closest Venus analog (VSI = 0.9637). Among candidates classified as Venus analogs, all clustered within a narrow bulk
density range of 4.90-5.56 g/cm?, reinforcing that density is a necessary but not sufficient condition for high Venusian similarity
in this sample. Interestingly, a number of planets clustered near the Earth’s VSI of 0.76, including LP 890-9 ¢ and Kepler-62 f,
showing that they are dissimilar to Venus even under greenhouse amplification. These findings suggest that orbital position alone
is insufficient to assess habitability, as when greenhouse amplification is accounted for, more than 60% of our sample resembles
Venus more than Earth.

Keywords: Habitable Zone; Optimistic Habitable Zone; Venusian Divergence; Venus Similarity Index; Runaway Green-

house Effect; Greenhouse Scaling Factor.

Introduction

The Habitable Zone (HZ) is defined as a circumstellar region
around a star in which liquid water could exist on a planet’s
surface 2. This is crucial to note, as liquid water is essential
for biological processes that allow life to form and be sus-
tained>. The location of the boundaries of the HZ of a star are
dependent on the stellar host type, which is classified by O, B,
A, F, G, K, and M. To comprehend habitability, we must un-
derstand the crucial difference between the Conservative and
Optimistic Habitable Zones (OHZ). The Conservative Habit-
able Zone is in between the inner and outer Optimistic HZ and
permits terrestrial planets to stably hold liquid water on them,
as well as balance heat through exchanges between the surface
and atmosphere through the Carbon-Silicate Cycle?, similar
to Earth. The inner Optimistic HZ is defined by the “Recent
Venus” limit, a boundary based on the observation that Venus
may have possessed surface liquid water as recently as one
billion years ago>*.

Evolutionary Divergence of Venus

The second planet of our Solar System, Venus, is located in
the Optimistic Habitable Zone of the Sun. Today, Venus sits
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at approximately 737 K (464 °C or 867 °F), covered in thick,
concentrated sulfuric acid clouds and contains most of its car-
bon dioxide in the atmosphere5 . Nevertheless, as little as
one billion years ago, we believe that it was capable of al-
lowing the existence of liquid water®®, which may have al-
lowed the chemical conditions necessary for life to emerge be-
cause Venus was located in the Conservative Habitable Zone
of our Sun®. However, as solar luminosity increased, Venus
surpassed that limit, triggering a runaway greenhouse effect.
Under these conditions, the positive feedback loop between
surface temperature and atmospheric water vapor becomes un-
stoppable®. Unlike Earth, where the Carbon-Silicate Cycle is
constant in regulating CO, levels '?, the loss of liquid oceans
on Venus terminated this process. This resulted in a massive
accumulation of volcanic CO,, causing extreme pressures in
the atmosphere, reaching 92-bar today '!.

Context

For exoplanets that sit similarly in their host star’s Optimistic
Habitable Zone, the risk of a Venus-like divergence may be
significant and could substantially reduce habitability. Their
placement actually makes them much more exposed to catas-
trophic solar events, such as flares and winds '%. In R. Luger '%,
they discuss how type-M stars emit significant amounts of
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their luminosity through high-energy radiation, particularly
extreme ultraviolet (XUV) and X-ray radiation. This radia-
tion triggers the photolysis of water molecules in the upper
atmosphere; as a result, the atmosphere is broken down, and
the resulting hydrogen escapes into space. For a planet to re-
main habitable, it would have to possess an unusually robust
magnetic field or a massive initial water inventory to survive
to the star’s extended pre-main-sequence phase'> where the
star emits even greater amounts of heat and radiation. As an
example, recent JWST observations of the TRAPPIST-1 sys-
tem '3, famously thought to host planets capable of habitabil-
ity, confirm the absence of dense atmospheres on the inner-
system terrestrial planets, from which we can estimate that
these planets are biologically hazardous, especially without
protection from extreme radiation and solar events. This pro-
vides empirical support for the atmospheric stripping models
that underpin the Venus Similarity Index. Furthermore, the
close proximity of the HZ to M-type host stars subjects these
planets to intense tidal forces, often resulting in tidal lock-
ing 413, This synchronous rotation creates a permanent day-
side, which can accelerate water loss through intensified con-
vection '°, or the permanent night-side can prevent a runaway
greenhouse effect entirely. Because most of the exoplanets
in this study are hosted by an M-type star, it is important to
keep in mind the limitations of this study and that current tech-
nologies do not allow us to accurately predict the fate of these
planets. This study investigates whether exoplanets located in
the Optimistic Habitable Zone may actually resemble Venus-
like runaway greenhouse worlds when a Venusian greenhouse
scaling factor is applied.

Methods

In research, we use a similarity index to see how closely an
object matches a reference point. For this project, the use of
the Venus Similarity Index ', or VSI, compared exoplanets to
Venus, assuming that they have a dense atmosphere dominated
by greenhouse gases and underwent the runaway greenhouse
effect. We define the runaway greenhouse effect as the driving
thermodynamic feedback mechanism and the resulting run-
away greenhouse state, which defines the final stable climate
configuration of the planet’. The mathematical formulation of
the Venus Similarity Index used in this study is based on the
Similarity Index framework established by Schulze-Makuch
etal. (2011)'8. This model was specifically adapted to iden-
tify Venusian-type exoplanets !”. The Index is as follows:

VSI = (VSIg x VSI,, x VSIy, x VSiz ) '/*

where VSIz = Radius in Venus Units (VU),
VSI, = Density in Venus Units (VU),

VSIy, = Escape Velocity in Venus Units (VU),
and VSlz; = Surface Temperature in Venus Units (VU).
The individual components are calculated as follows:

( |x — xo ) "
VSL,=(1-

|x + xo]
where wg (Radius) = 2.55,
wp (Density) = 3.61,
wy, (Escape Velocity) =1.71,
and wr, (Surface Temperature) = 1.47.

Similarly to the Earth Similarity Index, the values range
from O, not at all similar, to 1, identical. We will define that:
if the VSI value for an exoplanet comes out as 0.8 < VSI < 1,
it will be considered to be on the same divergence path as
Venus. The 0.8 threshold follows the convention established
in Raviprakash et al. (2026)!'7 and traces back to Schulze-
Makuch et al. (2011) '8, where a similarity score of 0.8 marks
the boundary for high similarity between two bodies. How-
ever, if it comes near 0.76, it is more like Earth and has a
higher chance of being able to successfully maintain liquid
water. Any VSIscore < 0.7 is likely to have a flux too low, too
small a radius, or too low of density to be a Venusian twin. The
goal is to see how the selected exoplanets compare to Venus if
they were to undergo a similar runaway greenhouse effect, and
apply the idea of the Optimistic HZ to reassess the habitability
of exoplanets that have similar properties to Venus.

To do this, NASA’s Planetary Systems Composite Data in
the Exoplanet Archive were utilized. The VSI requires the ra-
dius, density, escape velocity and surface temperature of an
exoplanet!”. The archive provides information on the radius,
density, and escape velocity, but not surface temperature. Ac-
curate calculations of the surface temperature of exoplanets
are extremely hard to do, as it requires knowledge about the
composition of the atmosphere, the planetary albedo, and the
current greenhouse effect of the planet. Because current re-
sources do not allow for the information yet, we will use the
ratio of the measured surface temperature to the calculated
equilibrium temperature of Venus. Venus is a perfect exam-
ple of a planet that, as we believe, had the potential to host
life but was overcome by greenhouse gases and high temper-
atures, which are hostile to life formation. To account for the
intense runaway greenhouse effect characteristic of Venusian
analogs, the surface temperature (7s) was estimated by apply-
ing a greenhouse scaling factor to the equilibrium temperature
(Tey) provided by the NASA Exoplanet Archive. A T, of 232
K was derived using Venus’s bond albedo of 0.75 using the
planetary equilibrium temperature equation (Eq. S1). Follow-
ing the ratio observed on Venus (T, venus / Tog, Venus = 3.18),
this study assumed a thick, CO;,-dominated atmosphere for
all candidates, consistent with the 737 K reference points uti-
lized in'°. This factor, f, of 3.18 represents the amplification
between the equilibrium temperature and surface temperature
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of Venus, the planet being used for comparison in this study,
caused by a dense greenhouse atmosphere.

It is important to note that this derivation involves a math-
ematical circularity. Because the scaling factor of 3.18 is it-
self defined as T venus/Teq, Venus, Venus’s own reference sur-
face temperature iS T, venus = f - Teg, Venus- When each planet’s
scaled surface temperature (Ts = f - T,4) is compared back to
Ts Venus in the VSIz sub-index, the shared factor f cancels
algebraically:

. |f'Teq_f'Teq,Venus|)l'47

VSIg, =(1
s ( f : Teq +f . Teq,Venus

_ (1 o |Teq - Teq,Venus| > 147
Teq + Teq,Venus

This is true for any positive value of f, meaning the tem-
perature sub-index is, in practice, a direct comparison of each
candidate’s equilibrium temperature to Venus’s own equilib-
rium temperature (232 K, implied by 737 K/ 3.18), regardless
of the scaling factor chosen. We confirmed this numerically
by recomputing VSI values using raw equilibrium tempera-
tures, reproducing the original VSI values for all candidates.
Because of this, we treat the VSI results in this study as an
answer to a conditional question of how similar would the
planet be to Venus if it were assumed to carry a Venus-like
atmosphere, rather than as an independent prediction of atmo-
spheric divergence. The Results section reports an unscaled
control calculation of VSI values alongside the scaled result
to make this dependence explicit.

This study did not verify the albedo assumption underlying
each equilibrium temperature reported by the NASA Plane-
tary Systems Composite Data Archive. T, values are drawn
from heterogeneous published sources, which may not share
a consistent albedo or redistribution convention with the 0.75
albedo used to derive Venus’s equilibrium temperature (232
K).

Archive Parameters

Parameters for filtering planets were applied to the archive.
Radius is presented as a value relative to Earth.

* Radius: 0.5Rg — 1.5Rg
* Equilibrium Temperature: 107 K — 285 K

These parameters yielded a sample of 21 planets. The es-
cape velocity was calculated using the standard equation:

Although Kane et al. (2026)'° utilized the parameters of
0.58Rs < r < 1.05Rg to restrict the calculations to more
Venus-sized planets, this study utilized 0.5 < r < 1.5, in or-
der to account for exoplanets that can be considered Super-
Earths and sub-Earths. The equilibrium temperature range of
107 K — 285 K was chosen to approximate the temperature
zone for planets orbiting cool stars, broadly advised by similar
temperature filtering approaches in prior exoplanet habitabil-
ity studies (e.g., studies using ~270 K runaway-greenhouse
cutoffs for M-dwarf samples). To note, this range was not
derived from a specific habitable-zone model. However, the
sample was then further checked with per-star Kopparapu Re-
cent Venus and Early Mars limits !, and the remaining sam-
ple is used in this study. Figure S1 illustrates this OHZ/CHZ
placement for the TRAPPIST-1 system, selected as an exam-
ple because it hosts more sampled planets than any other sin-
gle system in this study. Mass and density were then used to
ensure the sample consisted of terrestrial planets, and were not
used as filtering criteria to the archive. The mass range was
evaluated to not include planets exceeding 10Mg,. This was
done to prevent the sample from including high-mass gaseous
planets, such as Neptune, that do not possess a solid surface
to classify as terrestrial planets??. The density was assessed
to fall within 3 g/cm?® < p < 8 g/cm? to ensure that only ter-
restrial rocky planets were analyzed. To compare, the gaseous
planets in the Solar System have a mean density of 0.7-1.7
g/cm? and are composed primarily of hydrogen and helium,
as well as H/He envelopes. Planets exceeding a density of 8
g/cm? are typically classified as “Super-Mercuries”, metallic
core remnants that have undergone mantle stripping and have
an iron-rich composition, implying that there may be a lack of
volatile materials needed to sustain life.

21 exoplanet candidates met the radius/T;, filters, as well
as density and mass checks. However, 4 candidates were ex-
cluded upon applying per-star OHZ limits introduced in Kop-
parapu et al. (2013)! (See Supplementary Table S1). This left
17 planets for VSI analysis, and their raw measurements used
for this study can be found in Supplementary Table S2.

Results

Table 1 shows the 17 exoplanets that fall under the specified
parameters. The surface temperatures range from Ty ~ 627 K
to Tg ~ 906 K. 11/17 of them were calculated to have a VSI
> 0.8. This high frequency of high-scoring analogs shows
that when equilibrium temperatures are scaled by the Venusian
greenhouse factor (3.18 x T,,), many planets within the “Op-
timistic Habitable Zone” mathematically align more closely
with a runaway greenhouse state than a temperate one. Addi-
tionally, 4/11 planets with VSI values above 0.8 fall between
the stricter radius range 0.58 Rg, < r < 1.05 Rg, illustrating the
inclusion of larger mass terrestrial planets in our sample.
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Table 1 Planetary Parameters and VSI Scores Normalized to Venus Units with Scaled Surface Temperature with Measurement Uncertainty.
Cells without an uncertainty range indicate the archive did not report a measurement error for that parameter.

Planet Name Radius (VU) Density (VU) Ve (VU) Ts (VU) VSI Value
0.0158 0.0474 0.0185 0.0082 0.0206
TRAPPIST-1 g 1.18970:0138 0.9649"0-047% 1167970018 0.851310 0082 0.870010 079
Kepler-62 f 1.4858 100738 1.0515%93314 1.5224 101194 0.89751 00474 0.7549 00730
Teegarden’s Star ¢ 1.0748 1.0382701382 1.095570:9739 0.90175:0173 0.923210:9379

Kepler-1229 b
TRAPPIST-1 f

0.1159
1 ,4752:)‘ 1369

0.0137
1.10121’0.0126

0.2290
0.9714%57766

0.0458
0.958673 %438

1.454310.9°71
1076699174
L9133
1.105679%63

1.1488+0'0813

091487907
0939319201
0940679077
099639028

0.0863
1 ‘0096t0.0863

0.776210:0411
09245351
0.928610:9269
0.9366100330

0.9101 +0.1720

Proxima Cen b 1.0748 1.042010:93%
GJ 1002 b 1.0854 1.0363791387
Kepler-1649 ¢ 1.1 169f8:%8§}; 1~0573t8:§9‘g§
Kepler-442 b 1.4120+0-1159 1028670733
TRAPPIST-1 ¢ 0.969400136 0.935470045
Wolf 1069 b 11380 1.0496°0 1749
TOI-700 d 1.1307+5:9822 10611751759
LP 890-9 ¢ 1.4405+0:9379 1.051591754
TOL-700 e 1004250750 0.9905 03133
Teegarden’s Star b 1.1064 10515700958
Proxima Cen d 0.7292 0.822570:1202
L98-59 f 15595 0.9542+: 102

—0.0542 —0.1151
1.432910.9588 1.0398 0.799910-9%93
0.9364:4161 LO7H4483 0.93347 023

0.0972 0.0280 0.0679
1.1 662t0.0972 1 '0792t0.0280 0.8931 t040679

0.0320 0.0328 0.0656
1.165474:0365 1.159970 0358 0.87847 0%
1468900685 11736700087 0.762175.03%

0.0467 0.1001
1.0003700352 1.1775 0.963710-399

0.0587 0.0216 0.0419
1.13497 4034 1.19517 50510 0.88867 ) 0384

OGOISNN  L26TN 07us e
0.0796 0.0337 +0.0293
1.4851 t0.0796 1 '2297t0,0337 0'7324—0,0293

Holding the greenhouse scaling factor fixed at 3.18, we then
tested how the classification count responds to varying the 0.8
threshold (Table 2).

Table 2 Sensitivity of Venus-like Classification to VSI Thresholds
(Scaling Factor Fixed at 3.18)

Threshold Count

0.7 17
0.75 15
0.8 11
0.85 11
0.9 7

Varying the threshold from 0.7 to 0.9 shifts the classified
count from 17 planets (100.0%) down to 7 planets (41.18%).
The study’s stated result of 11 planets (64.71%) at the 0.8
threshold falls roughly in the middle of this range, meaning
the count is sensitive to the specific threshold. As seen in Ta-
ble 2, a shift of 0.05 in either direction changes the count by 2
to 4 planets. We retain 0.8 for consistency with prior VSI and
ESI studies, but report this table to demonstrate the threshold’s
sensitivity.

TOI-700 e has the highest VSI score of 0.9637, mirroring
the physical and thermal parameters of Venus by 96.37% (Ta-
ble 3). The eight planets with VSI < 0.8 are highlighted in
Table 1. Figure 1 shows how most exoplanets in this sample
have a VSI value higher than Earth.

Table 3 Planets with Highest VSI (Closet Similarity to Venus, VSI
> 0.8 Venusian Threshold)

Name VSI Value
TOI-700 e 0.9637
GJ 1002 b 0.9366
TRAPPIST-1 e 0.9334
Proxima Cen b 0.9286
TRAPPIST-1 0.9245

To test how much the VSI result depends on the greenhouse
scaling factor, we reassessed VSI using each planet’s equi-
librium temperature (Ts = T,,) compared directly to Venus’s
surface temperature of 737 K. Table 5 depicts the resulting
scores.

Under this unscaled control, zero of the 17 candidates reach
VSI > 0.8, with TOI-700 e, this study’s closest Venus analog,
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Figure. 1 Frequency distribution of VSI values across the 17-planet
sample, highlighting the clustering toward high Venusian similarity
and supporting the hypothesis that greenhouse amplification shifts
many HZ exoplanets toward Venus-like conditions.

Table 4 Planets with VSI Nearest Earth’s Reference Value (VSI ~
0.76). Proximity to this value indicates dissimilarity from Venus, not
confirmed similarity to Earth (see Discussion).

Name VSI Value
LP 890-9 c 0.7621
Kepler-62 f 0.7549
Kepler-1229 b 0.7762
L 98-59 f 0.7324
Proxima Cen d 0.7145

reaching only 0.7930, below the established Venusian thresh-
old. This shows that the classification in Table 1 depends on
the assumption that these candidates have a CO,-dominated
atmosphere, an assumption made by this study rather than
tested against any individual planet’s actual atmosphere. The
VSI values in Table 1 are therefore treated as answers to the
conditional question mentioned in the Methods.

Relationship between VSI Parameters and VSI Score

Figure 2 shows the relationship between planetary radius and
VSI. Testing this relationship statistically, the radius shows
a Pearson correlation of r = —0.505 (p = 0.039, significant)
and a Spearman correlation of p = -0.625 (p = 0.007, signif-
icant) with VSI, suggesting planets with larger radii tend to
rank lower in VSIL.

Figure 3 shows the relationship between the bulk density of
the planet and the calculated VSI and reveals a domain for the
Venusian analogs. As illustrated in Figure 3, while there is
no graphical correlation between density and VSI across the

11

—=—=- Venusian Threshold

1.0

o
o
3
.
>

3 [ )d
2 B EES
@
>
[ I iy U EL S ERIRI RIS S SO —— ” W | P ——
—&
g ]
[ ]
[ ]
0.7 A
0.6 0.8 1.0 1.2 1.4 1.6
Radius (VU)

Figure. 2 Relationship between planetary radius and VSI.
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Figure. 3 Relationship between density and VSI.

entire sample, a high density clustering is seen. All 11 of the
planets with VSI > 0.8 falls within a narrow density range of
4.90 g/cm? to 5.56 g/cm>. This aligns with established mod-
els suggesting that a specific density threshold is required to
maintain the proportions of silicate-metal mantle necessary for
sustained volcanic outgassing and the eventual onset of a run-
away greenhouse effect?!. Density shows no statistically sig-
nificant correlation with VSI (Pearson r = 0.341, p = 0.180;
Spearman p = 0.044, p = 0.866), consistent with the absence
of a clear visual trend.

Planets that exceed the Venusian threshold have escape ve-
locities between 10 km/s < v < 20 km/s, as seen in Figure
4. This is important to note, as escape velocity can help us
determine whether the planet has a thick enough atmosphere
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Table 5 Planetary Parameters and VSI Scores Normalized to Venus Units (VU) with Unscaled Surface Temperature

Planet Name Radius (VU) Density (VU) Ve (VU) Ts (VU) VSI Value
TRAPPIST-1 g 1.1897 0.9649 1.1679 0.2677 0.6535
Kepler-62 f 1.4858 1.0515 1.5224 0.2822 0.5699
Teegarden’s Star ¢ 1.0748 1.0382 1.0955 0.2836 0.6973
Kepler-1229 b 1.4752 0.9714 1.4543 0.2876 0.5870
TRAPPIST-1 f 1.1012 0.9586 1.0766 0.2954 0.7009
Proxima Cen b 1.0748 1.0420 1.0981 0.2957 0.7041
GJ 1002 b 1.0854 1.0363 1.1056 0.3133 0.7140
Kepler-1649 ¢ 1.1169 1.0573 1.1488 0.3175 0.6972
Kepler-442 b 1.4120 1.0286 1.4329 0.3270 0.6212
TRAPPIST-1¢ 0.9694 0.9354 0.9364 0.3388 0.7370
Wolf 1069 b 1.1380 1.0496 1.1662 0.3393 0.7057
TOI-700 d 1.1307 1.0611 1.1654 0.3647 0.7177
LP 890-9 ¢ 1.4405 1.0515 1.4689 0.3691 0.6269
TOI-700 e 1.0042 0.9905 1.0003 0.3703 0.7930
Teegarden’s Star b 1.1064 1.0515 1.1349 0.3758 0.7363
Proxima Cen d 0.7292 0.8225 0.6618 0.3826 0.5971
L 98-59 f 1.5595 0.9542 1.4851 0.3867 0.6150
11 . suggesting planets with higher escape velocities tend to rank
7 Venustan Threshold lower, which is not fully captured by a linear model.
1.0 11
=== Venusian Threshold
e
Y
2 0.9 '
2 1.0
>
g |
0.8 F=mmmmmm e g T +
ol TR
I t
0.7 1
0.8 f——=———=——————— e e e e
06 0.8 1.0 12 1.4 16
Escape Velocity (VU)
0.7 A
Figure. 4 Relationship between escape velocity and VSI. . . . i i
0.8 0.9 1.0 1.1 1.2 1.3

to maintain gases, and therefore potentially the proper gases
needed for life like oxygen, carbon dioxide, and nitrogen??.
Low escape velocities directly correlate with an inability to
retain an atmosphere, which would not allow for a runaway
greenhouse effect to occur??. Showing a Pearson correlation
of r = -0.432 (p = 0.083, not significant) and a Spearman

correlation of p = -0.615 (p = 0.009, significant) with VSI,

Surface Temperature (VU)

Figure. 5 Relationship between surface temperature and VSI.

Figure 5 shows the relationship between surface tempera-
ture and VSI. This parameter shows no statistically significant
correlation with VSI by either measure (Pearson » = —0.246,
p=0.341; Spearman p = —0.181, p = 0.486), consistent with
the absence of a clear trend in the figure. However, most high
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VSI candidates cluster in the 600 K — 900 K range. Conse-
quently, these high temperatures exceed the known limits for
biological life. Studies demonstrate that hyperthermophilic
extremophiles can only survive and reproduce at temperatures
up to approximately 394 K or 121 °C?3, a threshold nearly
300 K lower than the greenhouse scaled temperatures pro-
jected in this study. While liquid water can exist at higher
temperatures under sufficient atmospheric pressure, organic
macromolecules and cellular structures degrade rapidly under
such conditions?*. Furthermore, at these scales, the kinetic
energy of water molecules exceeds the intermolecular forces
required for the liquid phase of water, leading to total oceanic
evaporation and the loss of hydrogen via photodissociation?>.
However, Venus did not have enough water vapor in its atmo-
sphere for the runaway greenhouse to cause huge amounts of
photodissociation, but only experienced more water vapor in
its lower atmosphere and increased surface temperature>.

Geologically, a surface temperature between 600 K and 900
K dictates a state of extreme environmental hostility, similar
to Venus’s active volcanism and highly acidic clouds?®. Un-
der extreme runaway greenhouse gas conditions, massive vol-
canic outgassing on Venus builds a thick CO, atmosphere with
trace amounts of other gases, resulting in surface pressures up
to ~92-93 times that of Earth, as observed on present day
Venus 27 Biologically, these conditions provide no refuge
for existing life, although the idea of sulfur based life has been
introduced in Schulze-Makuch et al., 2004 1826,

Discussion

S. Raviprakash et al., 20267 provided the foundation for this
study and also applied the VSI Formula to exoplanets, but in-
cluded stricter parameters on the planets that were selected.
This study included planets that may be classified as Super-
Earths, making the sample more inclusive of larger terrestrial
planets found within the HZ of a star.

The classification of exoplanets within the “Optimistic Hab-
itable Zone” (OHZ) often provides a false sense of biological
potential by prioritizing orbital distance over atmospheric evo-
Iution. Although the OHZ identifies regions where liquid wa-
ter could exist under ideal conditions, it frequently fails to ac-
count for the “Venusian Divergence”: the process by which a
terrestrial planet’s atmosphere enters a self-sustaining loop of
heat retention. By applying the 3.18 greenhouse scaling factor
to this sample, it becomes evident that many candidates previ-
ously hailed as Earth-like would be thermal analogs to Venus.
This suggests that the OHZ boundaries are overly generous,
as they do not factor in the “Venus Zone”'°, where high in-
solation flux triggers a runaway greenhouse effect that perma-
nently desiccates the surface. As argued by Jakosky and Byrne
(2025)28, the divergent paths of Earth and Venus demonstrate
that initial location is a poor predictor of final habitability.

Consequently, planets such as TOI-700 e, despite their OHZ
status, demonstrate how the sheer magnitude of greenhouse
forcing could override any potential for a temperate climate !,
Overall, TOI-700 e has almost identical parameters as Venus,
which causes it to suffer from extreme conditions if the neces-
sary gases are present.

The threshold for a planet to be similar to Earth using the
Venus Similarity Index is 0.76, but this does not by itself es-
tablish that a planet is an Earth analog. A low VSI score
means that a planet is dissimilar to Venus; a planet with a VSI
value near 0.76 could be tidally locked, a cryoplanet, or a sub-
Neptune with a small, rocky core, and still appear numerically
close to Earth’s reference value for reasons unrelated to habit-
ability. A more genuine Earth-similarity claim would require
comparison with the Earth Similarity Index '®. Taking that into
account, the presence of several planets with VSI near 0.76
even after applying the greenhouse scaling factor suggests that
some planets may remain comparatively resistant to Venus-
like divergence under this study’s assumptions. These findings
reinforce the importance of incorporating atmospheric evolu-
tion into future habitability assessments rather than relying
primarily on orbital position.

Limitations

This study assumed that all planets have a Venus-like atmo-
sphere and lack magnetic field shielding, with a thick CO,
composition, allowing the greenhouse scaling factor of 3.18
to be applicable. This approach of using the VSI does not
predict actual atmospheric conditions, cannot model albedo
variations, and does not account for variability in atmospheric
conditions, but instead models a hypothetical Venus-like evo-
lutionary pathway. In reality, some of these planets may not
have or may never have a dense, CO,-rich atmosphere. Never-
theless, there are other greenhouse gases that absorb strongly
in the infrared spectrum such as water vapor, nitrous oxides,
and methane?’. To test how sensitive our results are to the as-
sumption, we recalculated the fraction of Venus analogs across
greenhouse scaling factors ranging from f =1.0to f = 3.5
(Figure 6). The analysis indicates that our findings depend
heavily on whether substantial greenhouse amplification oc-
curs, but are comparatively insensitive to the specific magni-
tude of that amplification once assumed.

Additionally, many of these planets orbit M-type stars and
may be tidally locked 413, If this is true, the planet would
most likely experience weather and temperature instability,
which can either radically trigger runaway greenhouse or shift
to more freezing states. Altogether, this study models a hypo-
thetical Venusian evolutionary pathway rather than claiming
that these planets definitely possess Venus-like atmospheres.
Future studies could test a range of scaling factors to see how
sensitive these classifications are to atmospheric assumptions.
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Figure. 6 Sensitivity of Venus-like classification to the greenhouse
scaling factor. The number of planets classified as Venus analogs
(VSI > 0.8) is shown as a function of the assumed greenhouse scaling
factor, f.

Conclusion

This study applied a Greenhouse Scaling factor of 3.18, found
from the ratio of T venus/Teq, Venus, to exoplanets with sim-
ilar parameters to Earth and utilized the VSI formula pro-
posed in S. Raviprakash et al., 2026'7, to investigate how
similar those exoplanets would be to Venus if they were to
undergo a runaway greenhouse effect under Venus-like con-
ditions. We found that of the sample, after Kopparapu OHZ
limits were applied, of 17 exoplanets 11 have a VSI score >
0.8. Some popular exoplanets believed to be able to host life,
such as TOI-700 e (VSI = 0.9637), TRAPPIST-1 e (VSI =
0.9334), TRAPPIST-1 f (VSI = 0.9245), and TRAPPIST-1 g
(VSI = 0.8700), have high VSI values, demonstrating how
greenhouse gases can dramatically alter the habitability of ter-
restrial planets within the HZ. This leads us to conclude that
atmospheric evolution of exoplanets is a critical factor in de-
termining long-term habitability, as many within the HZ of
their host star could evolve towards Venus-like conditions if
greenhouse gases dominate the atmosphere.
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Supplementary Figures

Optimistic HZ
Conservative HZ
@ TRAPPIST-1

Figure. S1 OHZ and CHZ placement around the host star, TRAPPIST-1. TRAPPIST-1 was selected as the illustrative example because it
hosts more sampled planets (four: e, f, g, h) than any other single system in this study, providing the clearest single-system view of OHZ/CHZ
geometry.

= (00)"

Equation S1. Planetary Equilibrium Temperature Equation
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Table S1 Per-Star OHZ Classification (Kopparapu Recent Venus/Early Mars Limits)

Planet Name Host Star Host Star L Planet Seff Recent Venus Early Mars Classification
Teff (K) Limit Limit
Teegarden’s Star d 3034753 0.000724 0.1062 1.4953 0.2094 OUTSIDE OHZ
TRAPPIST-1 h 256613 0.000550 0.1445 1.4732 0.1985 OUTSIDE OHZ
Kepler-186 f 378873 0.041210 0.1632 1.5435 0.2296 OUTSIDE OHZ
GJ 1002 ¢ 302473 0.001406 0.1812 1.4948 0.2092 OUTSIDE OHZ
TRAPPIST-1 g 2566130 0.000550 0.2519 1.4732 0.1985 IN OHZ
Kepler-62 f 4925110 0.209894 03111 1.6592 0.2739 IN OHZ
Teegarden’s Star ¢ 303478 0.000724 03172 1.4953 0.2094 IN OHZ
Kepler-1229 b 3784138817 0.029309 0.3358 1.5432 0.2295 IN OHZ
TRAPPIST-1 f 25662 0.000550 0.3734 1.4732 0.1985 IN OHZ
Proxima Cen b 29007150 0.001514 0.3754 1.4886 0.2063 IN OHZ
GJ 1002 b 302473 0.001406 0.4725 1.4948 0.2092 IN OHZ
Kepler-1649 ¢ 3240°¢! 0.005129 0.4984 1.5066 0.2145 IN OHZ
Kepler-442 b 44021150 0.117000 0.5607 1.5534 0.2512 IN OHZ
TRAPPIST-1 e 2566150 0.000550 0.6462 1.4732 0.1985 IN OHZ
Wolf 1069 b 315873 0.002944 0.6504 1.5019 0.2124 IN OHZ
TOI-700 d 345978 0.022909 0.8678 1.5200 0.2201 IN OHZ
LP 890-9 ¢ 2850" 12 0.001442 0.9099 1.4862 0.2051 IN OHZ
TOI-700 e 3459762 0.022909 0.9220 1.5200 0.2201 IN OHZ
Teegarden’s Star b 3034742 0.000724 0.9786 1.4953 0.2094 IN OHZ
Proxima Cen d 29007100 0.001514 1.0512 1.4886 0.2063 IN OHZ
L 98-59 341575 0.012303 1.0967 1.5172 0.2190 IN OHZ
Table S2 Planetary Parameters in Earth units
Planet Name Radii (R) Density (g/cm®)  Escape Velocity Surface
(km/s) Temperature (K)
+0.0150 +0.1378 +0.1917 +6.357
TRAPPIST-1 g 1.1290190130 5.0560"( 1228 12.0998 101911 627.4141533
+0.0700 +1.2368 +9.401
Kepler-62 f 14100190750 5.5100 15.7716" 5358 661.4479500
Teegarden’s Star ¢ 1.0200 5.4400 11.3493 664.621 9538
Kepler-1229 b 1.400010-1300 5.0900 15.067010-2002 674165377
—+0.0130 +0.1378 -+0.1803 +7.015
TRAPPIST-1 f 1.04501 00130 5.022910130% 11.153870:15%3 692.286177012
Proxima Cen b 1.0200 5.4600 11.3763 10302 693.2473390
GJ 1002 b 1.0300 5.4300 11.454310-6894 734.262712-62¢
Kepler-1649 ¢ 1.06007 1500 5.5400 119018103421 74412114010
Kepler-442 b 1.340010-1490 5.3900 14.844975-5993 766.38 717410
+0.9200 +0.1654 +0.1667 +8.046
TRAPPIST-1 e 0.92007003% 4.90161015% 9.70147(-1%¢7 794.046 15 040
Wolf 1069 b 1.0800 5.5000 12.08231:0069 795.318113300
TOI-700 d 1.073075:93% 5.5600 12.07341033%2 854.784 7116063
LP 890-9 ¢ 1367000350 5.5100 15.292810-0239 864.96 2272
TOI-700 0.9530 100820 5.1900 103635704552 867.82211-308
Teegarden’s Star b 1.0500 5.5100 117573752509 880.861 13053
Proxima Cen d 0.6920 4.3100 6.8566" 03011 896.76 13093
+1.7000 +0.8242 +15.923
L 98-59 f 1.4800 5.0000™3 7000 15385910 55 906.30" 12953
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