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Abstract

Determining which rocky exoplanets have atmospheres, and why, is a key goal for the James Webb Space
Telescope. So far, emission observations of individual rocky exoplanets orbiting M stars (M-Earths) have not
provided de*nitive evidence for atmospheres. Here, we synthesize emission data for M-Earths and *nd a trend in
measured brightness temperatures (ratioed to its theoretical maximum value) as a function of instellation. However,
the statistical evidence of this trend is dependent on the choice of stellar model, and we consider its identi*cation
tentative. We show that this trend can be explained by either the onset of thin/tenuous (<1 bar) CO2-rich
atmospheres on colder worlds, or a population of bare rocks with stronger space weathering and/or coarser regolith
on closer-in worlds. Such grain coarsening may be caused by sintering near the melting point of rock or frequent
volcanic resurfacing. Furthermore, we highlight considerations when testing rocky planet hypotheses at the
population level, including the choice of instrument, stellar modeling, and how brightness temperatures are derived.
We also *nd that fresh (unweathered) *ne-grained surfaces can serve as a false positive to the detection of moderate
atmospheric heat redistribution through eclipse observations. However, we argue that such surfaces are unlikely
given the ubiquity of space weathering in the solar system, the low albedo of solar system airless bodies, and the
high stellar wind environments of M-Earths. Emission data from a larger sample of M-Earths will be able to con*rm
or reject this tentative trend and diagnose its cause through spectral characterization.

Uni�ed Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Exoplanet surfaces (2118); Exoplanet
surface composition (2022); Exoplanet surface characteristics (496); Exoplanets (498); Extrasolar rocky
planets (511)

1. Introduction

A key goal for the James Webb Space Telescope (JWST) is
to determine the prevalence and origins of terrestrial (i.e.,
“rocky,” smaller than 1.5 R⊕) exoplanet atmospheres. Toward
this goal, studying terrestrial exoplanets orbiting M dwarfs
(“M-Earths”) is crucial, as these stars are the most abundant in
our neighborhood and their favorable signal sizes are currently
the most amenable to investigating potentially habitable
worlds (S. Seager 2013; J. K. Barstow & P. G. J. Irwin
2016; J. Lustig-Yaeger et al. 2019).

Observing the thermal emission of tidally locked rocky
exoplanets in secondary eclipse allows for ef*cient detection
of atmospheres on such worlds (D. D. B. Koll et al. 2019;
M. Mans*eld et al. 2019). Secondary eclipse observations
allow for measuring a planet’s dayside temperature, which can
constrain the amount of incident heat redistributed to the
nightside by the atmosphere. As a thick atmosphere should

cool the dayside by redistributing heat over the entire planet,
observing a colder dayside than expected for a “bare-rock”
planet can indicate the presence of an atmosphere. This effect
is evident in the nontidally locked solar system terrestrial
planets (e.g., see Figure 4 of Q. Xue et al. 2024). Additionally,
high-albedo cloud decks, like those on Venus, would further
cool the planet’s dayside.

Beyond their detection, characterizing the atmosphere is also
potentially viable. As many gas species expected in rocky planet
atmospheres (e.g., CO2, H2O, SO2) are infrared absorbers, they
both control the vertical thermal structure of the atmosphere and
create spectral features in thermal emission. As such, spectro-
scopic or multiband emission observations can simultaneously
constrain the thickness of the atmosphere and its composition
(e.g., D. Deming et al. 2009; E. A. Whittaker et al. 2022).

On the other hand, if the planet is airless, thermal emission
probes surface properties, such as its mineral composition,
level of roughness across multiple scales, and degree of space
weathering (R. Hu et al. 2012a; E. A. Whittaker et al. 2022;
E. C. First et al. 2024; X. Lyu et al. 2024; M. Tenthoff et al.
2024; K. Paragas et al. 2025). Thus, JWST thermal emission
observations provide the very *rst pathway toward probing
exoplanet surfaces at a population level.
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Under what conditions M-Earths could have atmospheres is
unclear. In this context, the search for atmospheres on M-Earths
can be framed as constraining the conditions in which such
atmospheres can exist, and this framing has been invoked in,
e.g., the Rocky Worlds Director’s Discretionary Time (DDT)

program10
(S. Red*eld et al. 2024). Whether solar system

empirical trends in atmosphere presence/absence can be
extrapolated to M stars (i.e., the “Cosmic Shoreline” hypoth-
esis; K. J. Zahnle & D. C. Catling 2017) is currently unknown,
and theory suggests the harsh stellar environment of M-Earths
is likely inhospitable for atmospheres (e.g., J. R. Davenport
et al. 2012; A. L. Shields et al. 2016; C. Dong et al. 2018—we
will discuss this point in more detail in Section 5). However,
these simple scaling laws do not account for the possible
diversity in initial volatile content of rocky worlds, which
remains poorly understood. For example, there is no consensus
explanation for Earth’s carbon, nitrogen, or water budget (e.g.,
M. M. Hirschmann et al. 2021; E. S. Kite & L. Schaefer 2021;
J. Li et al. 2021; S. Krijt et al. 2023), and volatile loss on rocky
exoplanets is also not well understood (e.g., E. S. Kite &
M. N. Barnett 2020; A. Nakayama et al. 2022).

Observations so far using secondary eclipses paint a murky
picture for the prospect of discovering atmospheres on
M-Earths. To date, no M-Earths observed in thermal emission
have been revealed to conclusively have a thick atmosphere. All
measured dayside temperatures are 1σ consistent with the no-
atmosphere (“bare-rock”) scenario and 2σ consistent with a
zero-albedo blackbody across a wide range of irradiation
(L. Kreidberg et al. 2019; I. J. M. Cross*eld et al. 2022;
T. P. Greene et al. 2023; S. Zieba et al. 2023b; R. Luque et al.
2024; M. Weiner Mans*eld et al. 2024; Q. Xue et al. 2024;
M. Zhang et al. 2024; P. Wachiraphan et al. 2025), or are
plagued by systematics on the order of the expected eclipse
depth, complicating interpretation (P. C. August et al. 2025).
Moreover, molecular features have not been detected in spectral
emission observations for M-Earths (R. Luque et al. 2024;
M. Weiner Mans*eld et al. 2024; Q. Xue et al. 2024; M. Zhang
et al. 2024; P. Wachiraphan et al. 2025). However, atmospheres
remain possible in some cases; e.g., TRAPPIST-1 c may have a
100 mbar Earth-like atmosphere (A. P. Lincowski et al. 2023;
S. Zieba et al. 2023b) and TRAPPIST-1 b shows different
brightness temperatures at 12.8 and 15 μm, possibly indicative
of a thermally inverted CO2-rich atmosphere (E. Ducrot
et al. 2024).

An alternative approach to interpreting secondary eclipse
depths is by examining these observations at the population
level to test hypotheses that explain possible trends in the
global population. For example, the Cosmic Shoreline
hypothesis predicts that more massive and less irradiated
exoplanets have thicker atmospheres (K. J. Zahnle &
D. C. Catling 2017). Thus, homogeneously studying popula-
tion-level emission data can aid in understanding controls on
atmosphere presence on M-Earths.

Here, we present a tentative 1D trend in the brightness
temperatures of M-Earths as a function of their irradiation
temperatures. We summarize the currently available emission
observations in Section 2. We present and statistically evaluate
the trend in Section 3, examining a variety of atmospheric and
geologic hypotheses that could explain this trend. In Section 4,
we explore various additional geologic and atmospheric

processes that may affect brightness temperatures but are
unlikely to explain the proposed trend. We discuss these
planets and future JWST targets in the context of the Cosmic
Shoreline hypothesis in Section 5.

2. Methods

2.1. Emission Observations of Rocky Planets

M-Earths observed in emission thus far span a wide range of
irradiation temperatures, which we de*ne as

( )=T T
R

a
, 1irr

where T
�
is the host star effective temperature, R

�
is the host star

radius, and a is the planet’s orbital semimajor axis. The
irradiation temperature is 2 times the equilibrium temperature
of a zero-albedo planet with global heat redistribution, and it is
equivalent to the substellar temperature of a tidally locked world
with zero albedo at all wavelengths (i.e., a perfect blackbody).
Irradiation temperatures of planets considered here range from
the molten sub-Earth GJ 367 b (Tirr= 1930 K) to the potential
“Venus twin” TRAPPIST-1 c (Tirr= 480 K).

The expected disk-integrated dayside temperature of a
planet can be calculated from the planet’s Bond albedo AB and
a heat redistribution factor f (B. M. Hansen 2008; N. B. Cowan
& E. Agol 2011),

( ) ( )/ /
=T T f A1 , 2d Birr

1 4 1 4

where f
2

3
for a planet with zero heat redistribution to the

nightside to f
1

4
for full heat redistribution. f is also often

commonly rewritten as ε, de*ned as

( )=f
2

3

5

12
, 3

so that ε varies from 0 with no heat redistribution to 1 with full
redistribution. Thus, the theoretical maximum disk-integrated
dayside temperature for a zero-albedo, zero-heat redistribution
planet is

( )
/

=T T
2

3
. 4d,max irr

1 4

Following recent works (M. Weiner Mans*eld et al. 2024;
Q. Xue et al. 2024), we de*ne the “brightness temperature
ratio” R as:

( )R
T

T
, 5

d

d,max

which compares the measured dayside brightness temperature
to the theoretical maximum. Another useful metric is the
inferred (or “effective”) albedo, which is the planetary Bond
albedo needed to reproduce the observed dayside temperature
assuming zero heat redistribution and unit emissivity and can
be calculated via

( )= RA 1 . 6i
4

2.2. Determining Brightness Temperature Ratios

How are dayside temperatures determined through observa-
tions? Secondary eclipse observations can help to constrain the10 https://rockyworlds.stsci.edu/
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planet’s dayside brightness temperature, which is the best-*t
temperature of a blackbody emitter in a given wavelength
band. This value can differ slightly from the true dayside
temperature, since observations do not span the full wave-
length range of the planet’s thermal emission and are thus
affected by wavelength-dependent gaseous molecular absorp-
tion or emissivity of the surface.

Brightness temperatures are derived from planet-to-star
contrast ratios during secondary eclipse (eclipse depths) and
require taking into account uncertainty in orbital, planetary,
and stellar parameters. Individual observations, however, have
accomplished this by using slightly different methodology.
This includes the use of spatially resolved (e.g., S. Zieba et al.
2023b; E. Ducrot et al. 2024) versus 0D energy balance
models (e.g., M. Weiner Mans*eld et al. 2024; Q. Xue et al.
2024), as well as *tting for per-frequency Oux (e.g.,
T. P. Greene et al. 2023) versus planet-to-star contrast ratios.

In this work, we combine the reported eclipse depths and
uncertainties from JWST and Spitzer emission observations of
TRAPPIST-1 c (S. Zieba et al. 2023b), TRAPPIST-1 b
(T. P. Greene et al. 2023; E. Ducrot et al. 2024), LTT 1445 A b
(P. Wachiraphan et al. 2025), GJ 1132 b (Q. Xue et al. 2024),
GJ 486 b (M. Weiner Mans*eld et al. 2024), LHS 3844 b
(L. Kreidberg et al. 2019), GJ 1252 b (I. J. M. Cross*eld et al.
2022), TOI-1685 b (R. Luque et al. 2024), and GJ 367 b
(M. Zhang et al. 2024) to homogeneously re-derive dayside
brightness temperature ratios. These observations utilize *ve
instruments that have different wavelength coverage, includ-
ing: the Spitzer Infrared Array Camera (IRAC; G. Fazio et al.
2004) Channel 2 (4–5 μm), the JWST Near Infrared
Spectrograph (NIRSpec; P. Jakobsen et al. 2022) G395H
grating (2.9–5.1 μm), the MIRI (G. H. Rieke et al. 2015) Low-
Resolution Spectrometer (LRS; 5–12 μm), and MIRI imaging
*lters F1280W (11.6–14.0 μm) and F1500W (13.5–16.5 μm).

To remove potential biases and avoid differences in
modeling schemes used in deriving brightness temperature
ratios, we use a nested sampling approach (with dynesty;
J. S. Speagle 2020) that takes into account uncertainties in
stellar effective temperature, stellar surface gravity [ ( )glog ],
stellar metallicity ([M]), as well as the orbital semimajor axis
to stellar radius ratio (a/R

�
) and planet-to-star radius ratio (Rp/

R
�
). These parameters are shown in Table 1. Following Q. Xue

et al. (2024), the broadband planet-to-star Oux ratio (Fp/F�) is

determined assuming an isothermal blackbody emitter for the
planet,

( )

( ( ))

( ( ) [ ])

/

/

/

= ×

×R

F

F

R

R

W d

W d
, 7

p p

B T T a R

hc

M T g

hc

2
,

inst,

, log , M
inst,

d,max

where Bλ is the Planck function, and Mλ is the model stellar
Oux. Winst,λ is the throughput (photon to electron conversion
ef*ciency) function for each instrument, which we determine
from Pandeia 4.0 (K. M. Pontoppidan et al. 2016). After
integrating over the instrument bandpass, the residual of this
value (compared to the reported eclipse depth) is then used to
calculate the log evidence during nested sampling, which gives
a posterior distribution for the brightness temperature ratio R.

The choice of stellar model has a large impact on the
modeled emission spectra of rocky planets. Stellar models are
not perfect and often conOict with observed stellar spectra and
as estimates of R inherently require accurate stellar models,
this can lead to inaccuracies in the interpretation of eclipse
spectra. However, many observations have used a single stellar
model to interpret eclipse data (e.g., L. Kreidberg et al. 2019;
S. Zieba et al. 2023b; R. Luque et al. 2024; P. Wachiraphan
et al. 2025). Here, we use both the SPHINX M-dwarf Spectral
Grid (A. R. Iyer et al. 2023a, 2023b, updated 2024 May 30),
which has been extensively vetted through observations of M
dwarfs, and PHOENIX stellar models (T.-O. Husser et al.
2013). The SPHINX models include improvements over
PHOENIX models speci*c to M-type stars, such as updated
molecular line lists (A. R. Iyer et al. 2023a). While no stellar
model is perfect, SPHINX models have generally performed
better than or comparable to PHOENIX models in terms of
*tting (absolute) stellar Oux in the mid-infrared from JWST
results (J. Ih et al. 2023; also JWST GO Program 1846 and
3730 teams, private communication). However, both models
show disagreement with observed spectra in the visible to
near-infrared (NIR; e.g., O. Lim et al. 2023;
H. Diamond-Lowe et al. 2024; M. Radica et al. 2025), and
as there is not yet a population-level study of the accuracy of
SPHINX versus PHOENIX models in JWST M-dwarf
observations, we include both. Brightness temperature ratios
can vary signi*cantly between the two models (up to ∼4% or
∼1σ), highlighting the importance of accounting for

Table 1
Host Star and System Parameters Used in Brightness Temperature Nested Sampling

Star T
�

log(g[cm s−2
]) [M/H] a/R

�
Rp/R�

(K)

TRAPPIST-1 c 2566 ± 26 +5.2395 0.0056
0.0073 0.053 ± 0.088 +28.549 0.129

0.212 0.08440 ± 0.00038

TRAPPIST-1 b 2566 ± 26 +5.2395 0.0056
0.0073 0.053 ± 0.088 20.83 ± 0.155 0.08590 ± 0.00037

LTT 1445 A b 3340 ± 150 +4.982 0.065
0.040 −0.34 ± 0.09 30.2 ± 1.7 0.0454 ± 0.0012

GJ 1132 b +

3229 62

78 +5.037 0.026
0.034 −0.17 ± 0.15 +15.26 0.45

0.59 0.04943 ± 0.00015

GJ 486 b +

3317 37

36 +4.9111 0.0110
0.0068 +0.15 0.12

0.13 +11.380 0.150
0.074 +0.037244 0.000056

0.000059

LHS 3844 b 3036 ± 77 5.06 ± 0.01 0 ± 0.5
a

7.109 ± 0.029 0.0635 ± 0.0009
GJ 1252 b 3458 ± 157 4.83497 ± 0.00292 0.1 ± 0.1 5.03 ± 0.27 0.0277 ± 0.0011
TOI-1685 b 3575 ± 53 +4.83 0.039

0.043 0.3 ± 0.1 5.46 ± 0.08 +0.027494 0.000531
0.000547

GJ 367 b 3522 ± 70 4.776 ± 0.026 −0.01 ± 0.12 3.329 ± 0.085 0.01399 ± 0.00028

Notes. Stellar and system parameters used for nested sampling, in order of irradiation temperature. Values are taken from: TRAPPIST-1 c/b (E. Agol et al. 2021),
LTT 1445 A b (P. Wachiraphan et al. 2025), GJ 1132 b (Q. Xue et al. 2024), GJ 486 b (M. Weiner Mans*eld et al. 2024), LHS 3844 b (R. Vanderspek et al. 2019),
GJ 1252 b (I. J. M. Cross*eld et al. 2022), TOI-1685 b (J. A. Burt et al. 2024, a/R

�
and Rp/R� from R. Luque et al. 2024), and GJ 367 b (E. Goffo et al. 2023).

a This value has not been measured, and we assume a relatively unconstrained prior.
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uncertainties in stellar modeling. For nested sampling, we use
a linear interpolation scheme for both SPHINX11 and
PHOENIX (using pysynphot; STScI Development Team
2013) to estimate model spectra between grid points.

2.2.1. Broadband versus Spectral Fitting for Determining Brightness

Temperatures

Five of the nine planets analyzed in this study involve
spectroscopically-resolved data, which involves an additional
uncertainty that we now discuss. With JWST, it is now
possible to retrieve wavelength-resolved eclipse depths for
rocky planets (eclipse spectra), giving information on possible
atmospheric and surface spectral features while simultaneously
constraining the dayside temperature. Assuming a blackbody,
such spectra can be *tted in Fp/F� versus wavelength space to
*nd the best-*t blackbody temperature.

On the other hand, early observations suggest that using
broadband “white-light” curves are more effective at mini-
mizing the effects of systematics and red noise, leading to
more robust bandpass-integrated eclipse depths. Spectroscopic
*tting may also be more sensitive to outlier points and the
exact shape of the blackbody spectrum. However, the
systematic ramps of LRS are likely wavelength-dependent
(Q. Xue et al. 2024; M. Weiner Mans*eld et al. 2024;
M. Zhang et al. 2024), and the “white-light” approach cannot
account for such effects.

Despite using the same fundamental data, these techniques
yield different values forR. For GJ 486 b, *tting the spectrum
lowers the derivedR value by ∼5% (∼3σ) when compared to
white light, greatly affecting interpretation of the data. We *nd
that a synthetic reconstruction of the white-light eclipse depth
using the eclipse spectrum is also lower than the observed
white-light eclipse depth for GJ 1132 b, GJ 367 b, and TOI-
1685 b. Future M-Earth observations with LRS will be needed
to better understand the impact of wavelength-dependent
systematics on derived brightness temperatures, as this may
serve as an additional false positive for atmosphere detection.

In this work, we mainly adopt brightness temperature ratios
using “white-light” broadband eclipse depths, although we
report values from spectral *tting as well. For spectral *ts, our
nested sampling algorithm uses the same methodology as
Equation (7), but over multiple wavelength bins simulta-
neously. For these *ts, we use the LRS emission spectra
reported in M. Zhang et al. (2024), Q. Xue et al. (2024),
M. Weiner Mans*eld et al. (2024), P. Wachiraphan et al.
(2025), and the NIRSpec G395H prayer-bead eclipse spectrum
reported in R. Luque et al. (2024). Our homogeneously re-
derived brightness temperature ratios are shown in Table 2,
and are consistent with those derived in the original
observations (see Appendix A).

2.3. Surface Modeling

To estimate the effects of surface compositions on bright-
ness temperatures, we largely follow the simpli*ed 0D energy
balance model of M. Mans*eld et al. (2019). Diverging from
M. Mans*eld et al. (2019), we use the approximations
presented in the B. Hapke (2012) scattering model and single
scattering albedo (w) data derived in R. Hu et al. (2012a) to
determine the spherical reOectance rs (equivalent to spherical

albedo in an isotropic scatterer):

( ) ( )
( )

( )=r r
r

1
1

6
, 8s 0

0

where r0 is the “diffusive reOectance”:

( )
( )

( )
( )=

+

r
w

w

1 1

1 1
. 90

Hemispherical emissivity εh is determined via,

( ) ( ) ( )= r1 . 10h s

Similarly, we use the B. Hapke (2012) model to derive the
geometric albedo Ag, which controls the amount of light
backscattered toward the observer (reOected light), ignoring
the opposition surge effect:

( ) ( ) ( ) ( )= +A r r0.49 0.196 . 11g 0 0
2

The strength of the opposition surge effect is highly dependent
on the surface material composition and grain size (e.g.,
B. Jost et al. 2016), and it not calculable a priori. Regardless, it
has little effect on the eclipse spectrum due to being a purely
observational reOected light effect that does not affect energy
balance. We note that the distinction between spherical
(wavelength-dependent Bond) albedo and geometric albedo
was erroneously not made in M. Mans*eld et al. (2019), and
we discuss implications in Section 5.2.

3. Results

3.1. Trend in Brightness Temperature Ratio with Irradiation
Temperature

We compare our homogeneously re-derived dayside bright-
ness temperatures ratios (Table 2) as a function of irradiation
temperature in Figure 1. While all individual observations are
consistent with a no-thick-atmosphere null hypothesis,
together these results show a trend in brightness temperature
as a function of irradiation temperature; R decreases with
colder temperatures.

To statistically evaluate this trend, we use both goodness-of-
*t hypothesis testing and model comparison based on
information-theory criteria. We adopt the “Oat line” (i.e., no
trend) model as our null hypothesis to compare to two simple
linear models with Student’s t-tests. These linear models
consist of a standard linear regression,

( )= +R T , 120 1 irr

with weighted least-squares *t coef*cients (using the SPHINX
model-derived R values) of α0= 0.8431± 0.0132 and
α1= 0.000130± 0.000013, and a “log-linear” regression,

( ) ( )= +R Tln , 130 1 irr

with coef*cients β0= 0.0413± 0.0896, β1= 0.1358± 0.0130.
Through t-tests, we reject the null hypotheses that α1= 0 or
β1= 0 (i.e., no trend) at p-values of 1.8× 10−5

(4.3σ) and
1.6× 10−5

(4.3σ), respectively.
To further compare various simple models, we calculate the

chi-square statistic (χ2
), relative corrected Akaike information

criterion (AICc), and Bayesian information criterion (BIC)

values, shown in Table 3. AICc is speci*cally used for small
sample sizes by further penalizing more complex models
(D. R. Anderson & K. P. Burnham 2002). According to all of11 https://github.com/ideasrule/sphinx
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our metrics, the log-linear description of the data is favored over
the null hypothesis. The log-linear model *nds the best AICc,
with a ΔAICc= 7.6 over the Oat line model, which implies
“considerably less” support for the latter (D. R. Anderson &
K. P. Burnham 2002). TheΔBIC value (10.2) also surpasses the
threshold indicating “very strong evidence” in favor of the log-
linear model (ΔBIC= 10; A. E. Raftery 1995), although this
value may be overly optimistic for our small sample size. This
trend suggests a Tirr-dependent process(es) that increases the
inferred albedo of colder planets.

However, nested sampling using PHOENIX stellar models
tends to push R toward unity (Figure 1). In this case, the
evidence for a log-linear trend, with coef*cients β0= 0.3701±
0.0609 and β1= 0.0884± 0.0088, or a linear trend where
α0= 0.8991± 0.0126 and α1= (7.79± 1.17)× 10−5, is much
weaker. While we still reject the null hypotheses that α1= 0 or
β1= 0 with p-values of 2.9× 10−4

(3.6σ) and 2.6× 10−5
(4.2σ),

respectively, ΔAICc suggests that the Oat line, linear, and log-
linear models are roughly equally as likely. Similarly, the lower
R values found from spectral *tting signi*cantly reduce the
statistical con*dence of the trend, with a Oat line being
marginally preferred in the PHOENIX spectral *tting case
(Table 3). Thus, while SPHINX (which is a stellar grid
speci*cally dedicated for the low-mass stars in this study) *tting
using broadband eclipse depths shows strong evidence for a
trend in R, we emphasize that this is a tentative identi*cation
that requires more data, more precise stellar modeling, or a better
understanding of the effects of wavelength-dependent systema-
tics on shallow eclipse spectra to further support.

3.2. Effects of Surface Composition on Brightness
Temperature

All planets in this study lack evidence for a thick atmosphere.
In the absence of an atmosphere, infrared emission observations
probe the composition of rocky exoplanet surfaces. Here, we
explore possible geophysical processes that could explain a
trend in R, making hotter solid surfaces darker.

3.2.1. Space Weathering

Space weathering is a generalized term that refers to surface
alteration primarily by stellar winds and micrometeorite
impacts. The surfaces of Mercury and the Moon are darker
than pulverized rocks of similar composition (B. Hapke 2001),
having low estimated Bond albedos of 0.06 and 0.13,
respectively (A. Mallama et al. 2002; G. Matthews 2008).
This darkening is also important for asteroids (e.g.,
C. R. Chapman 2004; C. M. Pieters & S. K. Noble 2016).
Darkening occurs primarily from the conversion of iron (Fe)

locked in silicates on the surface to nanometer-sized
nanophase metallic Fe (npFe0) and larger-grained microphase
Fe (mpFe0). These particles darken a thin (≲μm) surface layer,
lowering planetary albedo. In the case of an Fe-poor, carbon-
rich surface such as that of Mercury (C. M. Pieters &
S. K. Noble 2016), additional darkening is thought to be due to
graphite, possibly a relict of a graphite Ootation crust
(H. Keppler & G. Golabek 2019). Space weathering typically
reddens reOectance spectra by reducing albedo primarily in the
visible to NIR for npFe0, or reduces albedo over broader

Table 2
Planet Parameters and Homogeneously Derived R Values Used in This Study

Planet Tirr Eclipse Depth (s) R Instrument (s) Mp Rp
(K) (ppm) SPHINX PHOENIX (M⊕) (R⊕)

TRAPPIST-1 c 480 ± 5 421 ± 94 +0.877 0.075
0.073 +0.903 0.082

0.075 MIRI F1500W 1.31 ± 0.06 1.10 ± 0.01

TRAPPIST-1 b
a

562 ± 5 452 ± 86, 775 ± 90 +0.910 0.036
0.037 +0.933 0.040

0.039 MIRI F1280W, F1500W 1.37 ± 0.07 1.12 ± 0.01

Greene+23 861 ± 99 +0.993 0.052
0.049 +1.021 0.055

0.054 F1500W

LTT 1445 A b 600 ± 30 41 ± 9 +0.950 0.071
0.063 +0.955 0.072

0.066 MIRI LRS 2.7 ± 0.2 1.3 ± 0.1

Spectral Fit +0.948 0.043
0.043 +0.954 0.046

0.048

GJ 1132 b 826 ± 14 140 ± 17 +0.940 0.040
0.043 +0.952 0.044

0.042 MIRI LRS 1.84 ± 0.19 1.19 ± 0.04

Spectral Fit +0.902 0.038
0.038 +0.914 0.038

0.038

GJ 486 b 985 ± 10 135.5 ± 4.9 +0.973 0.017
0.016 +0.978 0.015

0.016 MIRI LRS 2.77 ± 0.07 1.29 ± 0.02

Spectral Fit +0.922 0.015
0.016 +0.932 0.014

0.013

LHS 3844 b 1138 ± 28 380 ± 40 +0.996 0.034
0.033 +1.002 0.034

0.033 IRAC Channel 2 2.2 ± 1.0
b

1.30 ± 0.02

GJ 1252 b 1540 ± 98 +

149 32

25 +1.067 0.105
0.094 +1.035 0.103

0.090 IRAC Channel 2 1.32 ± 0.28 1.18 ± 0.08

TOI-1685 b
a

1541 ± 40 +

119 18

23 +1.066 0.069
0.080 +1.008 0.058

0.076 NIRSpec G395H NRS 2 3.03 ± 0.33 1.38 ± 0.04

Spectral Fit +0.991 0.039
0.035 +0.976 0.035

0.033 NIRSpec G395H

GJ 367 b 1930 ± 45 79 ± 4 +1.074 0.047
0.047 +1.035 0.041

0.040 MIRI LRS 0.63 ± 0.05 0.70 ± 0.02

Spectral Fit
a

+1.002 0.045
0.049 +0.966 0.039

0.044

Notes. LHS 1478 b data are not included in our sample due to issues discussed in Appendix A.3. Planetary parameters and eclipse depths are from: TRAPPIST-1 c
(E. Agol et al. 2021; S. Zieba et al. 2023b), TRAPPIST-1 b (E. Agol et al. 2021; T. P. Greene et al. 2023; E. Ducrot et al. 2024), LTT 1445 A b (P. Wachiraphan
et al. 2025), LHS 3844 b (L. Kreidberg et al. 2019; R. Vanderspek et al. 2019), GJ 1132 b (Q. Xue et al. 2024), GJ 486 b (M. Weiner Mans*eld et al. 2024),
GJ 1252 b (A. Shporer et al. 2020; I. J. M. Cross*eld et al. 2022), TOI-1685 b (J. A. Burt et al. 2024; R. Luque et al. 2024), and GJ 367 b (E. Goffo et al. 2023;
M. Zhang et al. 2024).
a See Appendix A for a discussion of data considerations for these planets.
b LHS 3844 b does not have a measured mass, and we adopt the unconstrained value assumed in H. Diamond-Lowe et al. (2021).
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wavelengths in the case of mpFe0 or graphite-coating
(C. M. Pieters & S. K. Noble 2016). The effects of space
weathering on remote sensing observations are so ubiquitous
that the spectral slope (reddening) induced by npFe0

contamination can be used to estimate the exposure ages of
asteroids (e.g., R. Jedicke et al. 2004; M. Willman &
R. Jedicke 2011; S. Marchi et al. 2012). Space weathering
can be prevented by even thin, Mars-like atmospheres.

Most previous theoretical studies of exoplanet surfaces (e.g.,
R. Hu et al. 2012a; M. Mans*eld et al. 2019; E. A. Whittaker
et al. 2022; M. Hammond et al. 2025) model the emission
spectra of fresh, unweathered regolith and thus likely
overestimate the impact of composition on brightness temp-
erature for space weathered planets. The instellation (and
stellar type) dependence of space weathering is not well
understood. S. Zieba et al. (2023b) used stellar wind strength
scaling to estimate a space weathering timescale for TRAP-
PIST-1 c (the least irradiated planet considered here) of 102–
103 yr, compared to 105–107 yr for the Moon (according to

B. Hapke 1977), as stellar winds are expected to be more
intense for low-mass stars (C. Johnstone et al. 2015). If this is
correct, airless M-Earths would have to experience dayside
resurfacing through volcanism on very short timescales to
produce detectable nonzero surface albedo. Indeed, the Spitzer
phase curve of LHS 3844 b has suggested that it is highly
space weathered (X. Lyu et al. 2024). If space weathering is
ef*cient and atmospheres are lacking on M-Earths, then very
low-albedo surfaces are likely on these planets.

To quantify the effects of space weathering on measured
brightness temperatures, we simulate the effects of the mixture
of a host material and npFe0 or graphite absorbing particles,
following B. Hapke (2001) and X. Lyu et al. (2024), using
single scattering albedo pro*les from R. Hu et al. (2012a).
X. Lyu et al. (2024) found that the phase curve of LHS 3844 b
is most consistent with either mixtures of either 5 wt% npFe0

or 5 wt% graphite. They consider 5% an upper limit given the
∼5 wt% Fe crustal content of the Earth and the Moon
(P. G. Lucey et al. 1995; G. J. Taylor et al. 2006; S. R. Taylor
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Figure 1. Our homogeneously derived brightness temperature ratiosR (the measured dayside brightness temperature compared that of a perfect blackbody) using (a)

SPHINX and (b) PHOENIX stellar models as a function of irradiation temperature for M-Earths with emission data (Table 2). Point radii are proportional to planet
radii. There is an apparent trend in brightness temperature as a function of irradiation temperature; R decreases with decreasing temperatures. We include the chi-
square statistic χ2 andΔAICc (corrected Akaike information criterion) for *ve possible simple functions describing the observed data, noting that a trend is strongly
favored over a Oat line using SPHINX stellar models. “White-light” broadband data (values used in our study) are shown as circles, whereas *ts to spectra are shown
in squares. The star represents TRAPPIST-1 b F1500W data originally presented in T. P. Greene et al. (2023) not used in this study (see Appendix A.1). Rocky
surfaces of composition similar to Earth’s are expected to largely devolatilize around ∼1250 K and completely melt by 1500 K (F. K. Lutgens et al. 2000;
M. Mans*eld et al. 2019).
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& S. M. McLennan 2009). This is noticeably higher than
contamination in lunar soil samples, which suggest
∼0.1–0.5 wt% npFe0 (B. Hapke 2001; S. K. Noble et al.
2007), further supporting ef*cient space weathering for
M-Earths.

Due to uncertainties in the exact behavior of space weath-
ering around M stars, we test the effects of both weak Moon-
like (0.3 wt% npFe0 or graphite) and stronger LHS 3844 b-like
(5 wt%) space weathering on the albedo pro*les of R. Hu et al.
(2012a). We simulate MIRI LRS emission observations for a
wide range of irradiation temperature and surface types. We *nd
(Figure 2) that universal LHS 3844 b-like highly space
weathered surfaces, predicted by stellar wind scaling arguments,
cannot explain a trend in brightness temperature alone, as strong
space weathering pushes R very close to unity. However, if
space weathering is much weaker for rocky planets around M
stars than inferred in S. Zieba et al. (2023b), moderate-albedo
surfaces (e.g., fresh basalts or ultrama*c grains) that are more
space weathered on close-in planets are a possible explanation
for the observed trend. We note that, while npFe0 is the major
albedo-altering space weathering contaminant for the Moon and
most asteroids (C. M. Pieters & S. K. Noble 2016; B. W. Denevi
et al. 2023), this may not be the case for all M-Earths. The
expected surface mineralogy of M-Earths is largely uncon-
strained, and iron- and carbon-poor surfaces may be subject to
different forms of space weathering not yet understood.

3.2.2. Regolith Grain Size

The albedo pro*les used in previous surface studies (R. Hu
et al. 2012a; M. Mans*eld et al. 2019; X. Lyu et al. 2024)

assume a *ne-grained regolith formed by long-term weath-
ering of surface rock. Regolith formation on planet-sized
airless bodies is generally thought to be governed by “surface
gardening” processes spurred by micrometeorite and solar
wind bombardment (H. J. Melosh 1989). However, grains can
be coarsened by solid-state deformation when close to the
melting point (sintering, e.g., T. Demirci et al. 2017;
C. Mergny & F. Schmidt 2024), or by volcanic resurfacing.

Larger grain sizes decrease visible and NIR reOectance of
particulate regolith (e.g., N. Zaini et al. 2012; Y. Zhuang et al.
2023), both decreasing Bond albedo and the magnitude of
spectral features. Lunar regolith is considered *ne-grained,
with bulk optical properties dominated by particles
∼10–45 μm in size (E. M. Fischer & C. M. Pieters 1994).
However, closer-in planets may experience faster volcanic
resurfacing (B. Jackson et al. 2008a). To form the *ne-grained
regolith that is assumed in the albedo pro*les of R. Hu et al.
(2012a) and subsequent works requires long-term weathering
that may be reset by lava resurfacing or by high-temperature
sintering. Basaltic rock begins forming melt glass around
∼1250 K (J. D. Winter 2014), and thus sintering may be
important on hotter worlds like GJ 486 b and LHS 3844 b,
which are near this melting point. Some laboratory experi-
ments suggest this threshold may be near ∼1000 K for basaltic
rock (T. Demirci et al. 2017); however, others suggest a higher
value of ∼1250 K for lunar regolith (W. Han et al. 2022).
Given the short-term nature of these experiments, it remains
uncertain how sintering behaves on multimillion year
timescales.

To estimate the effects of grain size on R, we use results
from the RELAB Spectral Database.12 Particulates of the
basalt sample 79-3b (the same sample used in the “basaltic”
albedo pro*le of R. Hu et al. 2012a) were crushed and sorted
via particle size bins, ranging from <25 μm to 500 μm (PI:
John F. Mustard). Measured bidirectional reOectance values
cover the 0.3–25.0 μm wavelength range. These data were
converted to single scattering albedo, spherical reOectance, and
hemispherical emissivity values following methods in
B. Hapke (2012) and M. Hammond et al. (2025). Results
(Figure 2) con*rm that grain size can have a signi*cant impact
on R, with larger grain sizes leading to universally hotter
planets for the same underlying material. Thus, if hotter
planets have higher resurfacing rates and correspondingly
coarser surfaces, this can explain a 1D trend in brightness
temperatures.

3.3. Wavelength-dependent Effects of Atmospheres on R

While our sample of planets lack evidence for thick
atmospheres, we cannot rule out thin/tenuous <1 bar atmo-
spheres, because some models predict that volcanic outgassing
or volatile replenishment via cometary impacts outpaces
atmospheric loss after a ∼Gyr, reviving the atmosphere (e.g.,
Q. Kral et al. 2018; E. S. Kite & M. N. Barnett 2020). Such
revival would be easiest on colder, less irradiated planets. In
addition, thin atmospheres are expected to cause negligible
heat redistribution to the nightside (D. D. B. Koll 2022),
consistent with phase curve observations (L. Kreidberg et al.
2019; R. Luque et al. 2024; M. Zhang et al. 2024). To test the
effects that an onset of thin atmospheres would have on
observed R values, we forward model possible cloud-free

Table 3
Statistics of Simple Functions Describing the Data

Function χ2
(N = 9) ΔAICc ΔBIC

SPHINX Data

Log-Linear 0.8 0 0
Linear 0.8 0.1 0.1
Step Function 5.2 11.5 6.5
Flat Line 13.4 7.6 10.2
All Perfect Blackbodies ( =R 1) 18.9 ⋯ ⋯

PHOENIX Data

Log-Linear 0.4 0 0
Linear 0.8 0.4 0.4
Step Function 2.6 9.1 4.1
Flat Line 6.2 0.5 3.1
All Perfect Blackbodies ( =R 1) 9.9 ⋯ ⋯

SPHINX Data (Spectral)

Log-Linear 4.6 0.6 1.8
Linear 3.9 0 1.2
Step Function 1.3 3.8 0
Flat Line 9.5 2.0 5.8
All Perfect Blackbodies ( =R 1) 40.1 ⋯ ⋯

PHOENIX Data (Spectral)

Log-Linear 4.8 3.2 0.8
Linear 4.6 3.4 0.6
Step Function 1.5 7.8 0.2
Flat Line 6.5 0 0
All Perfect Blackbodies ( =R 1) 41.3 ⋯ ⋯

12 https://sites.brown.edu/relab/relab-spectral-database/
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atmospheres for each target, varying the surface pressure and
composition, similar to work done in E. A. Whittaker et al.
(2022), J. Ih et al. (2023), Q. Xue et al. (2024), and M. Weiner
Mans*eld et al. (2024). For each system, we use SPHINX
stellar models to calculate the stellar spectrum and use the
radiative-convective equilibrium code HELIOS (M. Malik et al.
2017, 2019b) to calculate the 1D thermal structure and emission
spectrum of the planet. HELIOS employs the scaling relation-
ship developed in D. D. B. Koll (2022) to calculate the
approximate heat redistribution given the surface pressure,
equilibrium temperature, and opacity of the atmosphere. We
model the atmosphere for surface pressures from 10−4–102 bar
in 1 dex intervals and for Earth-like CO2-poor (1% H2O,
400 ppm CO2) and Venus-like CO2-rich (96.5% CO2, 150 ppm
SO2, 20 ppm H2O) compositions (E. Marcq et al. 2018;
S. L. Olson et al. 2018). While this is not representative of
the diversity in mantle redox states expected for rocky
exoplanets (e.g., F. Gaillard et al. 2022; T. Lichtenberg &
Y. Miguel 2025), we focus on these two scenarios because N2/
O2- and CO2-dominated atmospheres are expected to be
particularly resilient to X-ray and extreme-ultraviolet (XUV)-
driven atmospheric loss due to ef*cient atomic line cooling
(F. Tian 2009; A. Nakayama et al. 2022; R. D. Chatterjee &
R. T. Pierrehumbert 2024). We assume a zero-albedo blackbody
at the surface. These forward models are calculated for each
planet/star pair based on parameters in Table 1 and 2 using the
median values for stellar effective temperature, metallicity, and
gravity as well as planetary radius, mass, and orbital radius. We
use the bandpass of each instrument weighted by the stellar
spectrum to calculate the binned eclipse depth, as done in
E. A. Whittaker et al. (2022) and J. Ih et al. (2023).

We show the brightness temperature ratios R in each
instrument bandpass in Figure 3, for surface pressures
corresponding roughly to Venus-, Earth-, and Mars-like surface
pressures in 2 dex intervals. Here, a clear trend in possible
atmospheric thickness is tricky to infer because the instrument
choice can have a large effect, with bandpasses that targets
speci*c absorption bands, e.g., IRAC Channel 2 or MIRI
F1500W for CO2, being the most discerning. However, when
viewed in consistent surface pressure space (Figure 4) upper
limits on surface pressure for Venus-like atmospheres become
somewhat larger for colder planets, possibly indicative of the
onset of thin atmospheres. Planets hotter than Tirr∼ 1000 K are
dif*cult to reconcile with even thin CO2-rich atmospheres.

It is worth considering whether these thin atmospheres are
sustainable. Thin (≲0.1 bar) CO2-rich atmospheres are likely
subject to atmospheric collapse on the nightside for warm
tidally locked M-Earths (R. Wordsworth 2015) and thus would
require constant resupply via volcanism. In addition, some
models predict that atmospheres on M-Earths would require
extremely high volcanic outgassing Ouxes to balance high
thermal escape rates (e.g., H. Diamond-Lowe et al. 2021, 2024;
I. J. M. Cross*eld et al. 2022; J. Krissansen-Totton 2023). For
example, B. J. Foley (2024) estimated that TRAPPIST-1 c
would have to have outgassing rates roughly 1–3 orders of
magnitude higher than those of modern-day Earth to sustain a
signi*cant CO2 or H2O-dominated atmosphere, whereas for
LHS 3844 b, this rises to 3− 5 orders of magnitude due to
higher thermal escape Ouxes. However, protective magnetic
*elds (A. Segura et al. 2010; H. Luo et al. 2024), cooling of
atmospheres by radiative recombination and atomic line cooling
(A. Nakayama et al. 2022), and/or potentially high initial
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volatile inventories (E. A. Bergin et al. 2023; B. Peng &
D. Valencia 2024) could allow M-Earths to retain atmospheres.
Outer, colder M-Earths are more likely to retain some
atmosphere because they experience far less atmospheric loss
Ouxes from processes like thermal escape, solar wind striping,
and impact-based erosion (e.g., I. Ribas et al. 2016; C. Dong
et al. 2018; E. S. Kite & M. N. Barnett 2020). Future
observations will be needed to break the degeneracies between
thin atmospheres and moderate-albedo surfaces.

Instruments included in this study offer tradeoffs between the
ef*ciency of atmosphere detection and observability of targets.
MIRI F1500W can offer ef*ciently ruling out thick atmospheres
with even a small amount of CO2, but may be sensitive to false
positives due to the limited wavelength coverage (J. Ih et al.
2023; M. Hammond et al. 2025). False negatives due to
thermally inverted atmospheres have also been suggested for
F1500W (E. Ducrot et al. 2024; also see Section 4.3).

On the other hand, MIRI LRS offers the most precise
constraints on planetary dayside effective temperature and is
simultaneously sensitive to select gaseous spectral features, the
effects of heat redistribution, and possibly surface mineralogy
(e.g., E. A. Whittaker et al. 2022; E. C. First et al. 2024;
K. Paragas et al. 2025). However, detailed characterization
incorporating spectral information may only be suitable for

very observationally favorable (and hot) targets unlikely to
host atmospheres due to low eclipse depths in the MIRI
LRS wavelength range for colder targets. Studying population-
level effects of the onset of thin atmospheres should ideally
use the same instrument(s), since, as shown in Figure 3, the
chosen instrument has a large effect on R. Upcoming large-
scale eclipse surveys, such as the Hot Rocks Survey
(H. Diamond-Lowe et al. 2023) and the Rocky Worlds DDT
program (S. Red*eld et al. 2024), both slated to use MIRI
F1500W, have the potential to provide such measurements.

A caveat to our atmosphere analyses is that we assume
blackbodies at the surface. Medium- to high-albedo surfaces
on planets with even thin atmospheres are more likely than
airless bodies, as they are not subject to space weathering, and
may modify the planet’s energy budget and subsequently R.

4. Additional Processes that Can Affect Brightness
Temperature

Several other processes not discussed above have the
potential to signi*cantly affect R. Here, we discuss a variety
of these processes and their potential impacts on R for the
M-Earths considered in this study.
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Figure 3. The calculated brightness temperature ratio (R) for each target from atmospheric forward models varying surface pressures, plotted against irradiation
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9

The Astrophysical Journal, 987:22 (19pp), 2025 July 1 Coy et al.



4.1. Thermal Beaming from Rough Surfaces

Real planets are not perfect isotropically scattering spheres
nor well-represented by a single blackbody emitter. The
thermal emission phase curves of airless rocky bodies in the
solar system have a measured disk-integrated emission Oux
higher than expected from a perfect sphere at low phase angles
(near eclipse for exoplanet observations), and a lower Oux at
large phase angles (e.g., L. A. Lebofsky et al. 1986; B. Hapke
1996; J. Emery et al. 1998; K. Wohlfarth et al. 2023). This
effect, known as thermal beaming, happens because hotter,
more illuminated facets are preferentially tilted toward the host
star at opposition, leading to thermal limb brightening. This
effect requires macroscopic roughness (typically at the scale of
centimeters to millimeters) and negligible heat redistribution
(extremely thin or no atmosphere).

We use an advanced thermal roughness model from
K. Wohlfarth et al. (2023) to quantify the effects of thermal
beaming on exoplanet eclipse measurements. Following
K. Wohlfarth et al. (2023), we assume a wavelength-albedo
pro*le based on lunar mare basalt (synthesis of Chandryaan-1
Moon Mineralogy Mapper / M3 data and returned samples).
The effects of surface roughness on disk-resolved brightness
temperatures for TRAPPIST-1 c are shown in Figure 5. We
*nd that, assuming Moon-like macroscopic roughness, this
effect leads to roughly 5%–15% deeper eclipse depths in the
LRS bandpass (dependent on the exact stellar and planetary
emission spectra), corresponding to a ∼2%–5% increase in
brightness temperature. This is one possible explanation for
hot (Tirr≳ 1500 K) planets where R 1—areas near the
substellar point are expected to be partially or fully molten and
have low albedo (e.g., Z. Essack et al. 2020), while the colder
limbs (where brightness temperature differences due to
thermal beaming are the largest) remain solid, increasing the
disk-integrated brightness temperature higher than that
expected of a blackbody.

Using secondary eclipse data alone, the effects of thermal
beaming are dif*cult to distinguish from those of space
weathering, as both lead to hotter brightness temperatures. In
addition, the dependence of roughness on irradiation temper-
ature is not obvious; sintering at high temperatures near the
melting point of rock will likely smoothen surfaces, but closer-
in worlds are likely subject to more frequent micrometeorite
impacts that promote roughness. Thermal beaming may be

directly detectable with spectroscopic phase curves (S. Zieba
et al. 2023a; M. Tenthoff et al. 2024).

4.2. Tidal Heating

Tidal heating, due to tidal dissipation associated with both
orbital eccentricity and rotational despinning, has been
invoked as a theoretical pathway for dayside temperatures
signi*cantly hotter than that expected of a blackbody (e.g.,
I. J. M. Cross*eld et al. 2022; X. Lyu et al. 2024). M-Earths in
particular may be subject to high levels of tidal heating due to
their close-in orbits (P. E. Driscoll & R. Barnes 2015).

4.2.1. Tidal Dissipation from Orbital Eccentricity

JWST transit, eclipse, and phase curve observations allow
for much more precise constraints on the eccentricity of rocky
planets than previous transit timing variation or radial velocity
measurements (e.g., A. S. Mahajan et al. 2024). All planets
included in this study exhibit extremely low eccentricity values
that are mostly 2σ within zero, consistent with a perfectly
circular orbit given the Lucy–Sweeney bias on eccentricity
(L. Lucy & M. Sweeney 1971). In addition, phase curve
observations of M-Earths have all been consistent with zero
nightside emission (L. Kreidberg et al. 2019; R. Luque et al.
2024; M. Zhang et al. 2024), whereas signi*cant tidal heating
is expected to produce detectable nightside emission (e.g.,
X. Lyu et al. 2024).

Here, we use a so-called “*xed Q” model to estimate upper
limits on the amount of tidal dissipation and the subsequent
effects on R using reported eccentricity values. Following
P. E. Driscoll & R. Barnes (2015), the tidal heat Oux (Ftidal, in
Wm−2

) is calculated via,

( ) ( )/ /

/
× =F R k G M R

e

a
4

21

2
Im , 14p ptidal

2
2

3 2 5 2 5
2

15 2

where G is the gravitational constant, M
�
is the stellar mass,

and e is the orbital eccentricity. ( )kIm 2 is the imaginary
component of the second-order Love number, which we set to
mimic modern-day Earth [ ( ) =kIm 0.0032 ]. This is equiva-
lent to a tidal quality factor of Q= 100 and k2 value of 0.3. A
*xed Q model can be seen as a conservative estimate on the
upper limit of heat Oux via tidal dissipation, as this process
becomes much less ef*cient as the mantle heats up to produce
higher melt fractions (P. E. Driscoll & R. Barnes 2015).
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We note that there is large uncertainty in the tidal
dissipation ef*ciency of close-in M-Earths. However, given
the approximation ( ) /k k QIm 2 2 , the ef*ciency of tidal
dissipation assumed in our calculations is stronger than Moon-
like (k2= 0.024, Q= 37.5) and Mars-like (k2= 0.164,
Q= 99.5) bodies (V. Lainey 2016). Dynamical modeling of
the TRAPPIST-1 system suggests that this ratio (k2/Q) is less
than or similar to Earth for the inner planets (R. Brasser et al.
2022). In addition, interior structure modeling of the
TRAPPIST-1 planets suggests that tidal heating, even at larger
assumed eccentricities, has a negligible effect on their total
energy budgets (V. Dobos et al. 2019).

Using each planet’s 2σ upper limit on eccentricity, we then
compare the tidal dissipation to the disk-averaged insolation
received by the star assuming zero albedo (Finsol) to calculate
the associated change in R,

( )

/

=

+

R
F F

F
. 15tidal

tidal insol

insol

1 4

We exclude TRAPPIST-1 b, as it does not have a reported
eccentricity value from eclipse observations, although it is
consistent with 0 (T. P. Greene et al. 2023). We also calculate
the circularization and tidal locking (or synchronization)

timescales τcirc and τsync following B. Gladman et al. (1996)

and B. Jackson et al. (2008b), where
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where Qp is the planet tidal quality factor (assumed to be 100),
Mp is the planet mass, ωp is the initial planet rotation rate, and
Ip is the planet moment of inertia. We set ωp equal to 2π/P
where P is the orbital period, =I M R0.4p p p

2, and k2= 0.3.
From these simple calculations, we show in Figure 6 and

Table 4 that tidal heating via orbital eccentricity alone is
unlikely to directly explain the observed trend in R assuming
an Earth-like interior structure. Higher upper limits are
associated with larger uncertainties in eccentricity and not
necessarily higher tidal heat Oux. In addition, orbital

circularization timescales for planets in this study are short
(τcirc< 107 yr), with even shorter synchronization times
(τsync< 103 yr), implying that eccentricities should be ef*-
ciently damped and that tidal locking should be extremely fast.
Although, as discussed earlier, even small amounts of tidal
heating may excite volcanic resurfacing, affecting the
observed surface and potential atmospheric compositions.

4.2.2. Asynchronous Rotation

The above calculations assume perfect tidal locking, i.e.,
rotation synchronous with orbital period. Warm (Tirr> 400 K)

M-Earths are generally assumed to be tidally locked, due to
extremely short tidal locking timescales from their close-in
orbits (see Table 4). While thick atmospheres may slow down
the tidal locking process, modeling suggests that these planets
are too close-in for this effect to be signi*cant (J. Leconte et al.
2015). However, recent studies have also suggested that
perfect tidal locking is dif*cult (e.g., J. Leconte 2018;
A. Revol et al. 2024). Asynchronous rotation would result in
a heating dependent on the rotation rate and heat capacity of
the surface material (e.g., X. Lyu et al. 2024), and as direct
measurements of M-Earth rotation rates may be out of reach
with JWST, this remains a source of uncertainty for the total
amount of tidal heating. Future phase curve observations may

Smooth Model ( = 0°) Rough Model ( = 30°) Difference

300
320
340
360
380
400
420
440
460
480

T 
(K

)

300
320
340
360
380
400
420
440
460
480

T 
(K

)

0

10

20

30

40

50

60

70

80

T 
(K

)

Figure 5. Effects of Moon-like macroscopic surface roughness on disk-resolved brightness temperatures at opposition (i.e., “thermal beaming”) for TRAPPIST-1 c,
assuming an rms roughness slope of ¯ = °30 (see K. Wohlfarth et al. 2023 for details). Thermal beaming imparts a limb brightening-type effect that increases the
disk-integrated brightness temperature (and thus eclipse depth) and may be detectable through phase curve observations (S. Zieba et al. 2023a; M. Tenthoff
et al. 2024), but is largely indistinguishable from other thermal brightening/surface darkening effects for individual planets with current data.
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be able to place more stringent constraints on the amount of
tidal heating experienced by airless M-Earths.

4.3. Hazes

The atmospheres tested in the thin atmosphere hypothesis of
Section 3.3 were assumed to be clear (absent of aerosols or
clouds). However, aerosols and clouds are ubiquitous in the
atmospheres of rocky planets in the solar system (including
Titan) and have been observed to be also prevalent in (albeit
non-“rocky”) exoplanets that span similar equilibrium tem-
peratures to those analyzed here (E. M. R. Kempton et al.
2023; T. G. Beatty et al. 2024).

Hazes in a planet’s dayside upper atmosphere can ef*ciently
absorb incident radiation at shorter wavelengths, creating a
thermal inversion—i.e., a stratosphere that is hotter than at
pressures deeper below (e.g., R. Hu et al. 2012b). This “Oips”
atmospheric features to be observed in emission rather than
absorption, as is seen on Titan (e.g., B. P. Coy et al. 2023). For
rocky planets around M stars in particular, even the NIR
molecular absorption of H2O can cause said inversions
(M. Malik et al. 2019a), but hazes can potentially be even
more ef*cient absorbers and have a greater impact on the
thermal pro*le. Given that such hazes form via UV
photochemistry on Titan (C. A. Nixon 2024), it is possible
that they also readily form around M-Earths that receive high
amounts of UV radiation (S. Peacock et al. 2019).

For narrowband observations covering speci*c absorption
features (i.e., MIRI F1500W), the inverted emission feature
could potentially cancel out the effects of redistributive
cooling and lead to a low inferred albedo. This mechanism
has been invoked to explain blackbody-likeR values for MIRI
F1500W observations despite potentially having a CO2-rich
atmosphere (E. Ducrot et al. 2024). Titan’s haze is formed
through complex processes that begin with photolysis of
methane (CH4) and nitrogen gas (N2). Laboratory experiments
have shown that hazes can form in CO2-dominated, hydro-
carbon-poor environments (S. M. Hörst et al. 2018; C. He et al.
2020). However, these experiments have also suggested that
haze formation ef*ciency in such environments is much less
than in Titan-like conditions, and thus, the feasibility of
extremely hazy CO2-dominated atmospheres remains unclear.

To test whether this effect can produce a false negative for a
thick atmosphere, we forward model 10 bar CO2 atmospheres

that have Titan-like tholin hazes, using the optical properties
from the OptEC(s) model (A. Jones et al. 2013) used in
E. Ducrot et al. (2024). We assume a *ducial value for the
optical band gap of 2.0 eV (H. Imanaka et al. 2004). In lieu of
detailed photochemical and microphysics modeling, we focus
on end member scenarios and assume vertically *xed volume
mixing ratios (VMRs) of 10−6–10−12 in 2 dex intervals. This
roughly encompasses the range of haze VMR observed in
Titan’s mid-to-lower atmosphere (S. Fan et al. 2019). We use
two log-normal particle size distributions of varying means of
50 nm and 100 nm to match lab experiment results in C. He
et al. (2020), with a geometric standard deviation of 1.1. We
show the range of derived R per planet–instrument pair in
Figure 7. For the photometric observations of TRAPPIST-1
planets, we *nd that a low inferred albedo could be explained
by a haze-induced thermal inversion (see Figure 8). However,
we *nd that this effect is of less concern for observations of
other planets due to instrument choice and irradiation
temperature. For instruments that capture a signi*cant amount
of the planet’s total thermal emission like MIRI LRS, the
continuum typically probes into colder regions of the
atmosphere (Figures 7 and 8; also M. Malik et al. 2019b).
Second, for planets with hotter irradiation temperature, there is
less spectral separation between the incident stellar Oux and
the outgoing thermal emission; as the deposited energy in the
atmosphere is reprocessed more uniformly through the
atmosphere, the thermal gradient is reduced (T. Guillot 2010).

We note that the effect of hazes on the atmospheric thermal
structure is highly dependent on model assumptions such as
the VMR, particle size distribution, and band gap, as most of
our tested scenarios do not exhibit low inferred albedo. In
addition, hazes can introduce high Bond albedo (e.g.,
E. M. R. Kempton et al. 2023) that would further cool the
dayside effective temperature.

We also simulated observations using the Titan-like tholin
haze models from D. Kitzmann & K. Heng (2018), which have
similar extinction cross sections as the OptEC(s) model below
2 μm but have roughly 1 order of magnitude larger absorption
cross sections past 2 μm, i.e., less contrast between the short
and longwave absorption. We *nd that with this haze model,
we are unable to produce thermal inversions strong enough to
match the observations of the TRAPPIST-1 planets.

Table 4
Parameters and Results of a Fixed Q Tidal Dissipation Model

Planet a M
�

τcirc τsync Eccentricity R tidal

(au) (M⊙) (Myr) (yr) Upper Limit

TRAPPIST-1 c 0.0158 0.09 1.3 80 +0.0016 0.0008
0.0015 1.1 × 10−3

TRAPPIST-1 b 0.01154 0.09 0.16 19 ⋯ ⋯

LTT 1445 A b 0.0381 0.26 6.2 970 <0.0059 2.6 × 10−5

GJ 1132 b 0.0157 0.1945 0.37 27 +0.0118 0.0099
0.0470 3.6 × 10−1

GJ 486 b 0.01714 0.312 0.32 23 +0.00086 0.00043
0.00160 9.5 × 10−4

LHS 3844 b 0.00622 0.15 0.0010 0.56 <0.001 1.1 × 10−2

GJ 1252 b 0.00915 0.38 0.0029 0.62 +0.0025 0.0018
0.0049a

1.7 × 10−1

TOI-1685 b 0.01138 0.454 0.010 1.9 +0.0011 0.0007
0.0013 8.6 × 10−3

GJ 367 b 0.00709 0.46 0.0028 0.35 +0.0027 0.0008
0.0008a

2.2 × 10−2

Notes. Eccentricity values are taken from: TRAPPIST-1 c (S. Zieba et al. 2023b), LTT 1445 A b (P. Wachiraphan et al. 2025), GJ 1132 b (Q. Xue et al. 2024), GJ
486 b (M. Weiner Mans*eld et al. 2024), LHS 3844 b (X. Lyu et al. 2024), GJ 1252 b (I. J. M. Cross*eld et al. 2022), TOI-1685 b (R. Luque et al. 2024), and GJ 367
b (M. Zhang et al. 2024).
a This is the reported e cos value and, thus, may underestimate the true eccentricity.
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To summarize, we *nd that false negatives for thick
atmospheres due to haze-induced thermal inversions are
unlikely, and in the case that they are present, broadband
observations are useful to distinguish between a thermal
inversion and weak heat redistribution scenario. JWST Cycle 2
phase curve observations of TRAPPIST-1 b and TRAPPIST-
1 c (GO-3077, PIs: Gillon & Ducrot) will be able to
de*nitively determine whether they host such extremely hazy
atmospheres.

4.4. Nightside Clouds

Another effect that can potentially affect the dayside heat
budget and give rise to a false negative is the preferential
formation of clouds on the nightside of the planet. Such
clouds, if optically thick, can inhibit radiative cooling and trap
the heat via ef*cient greenhouse effect on the nightside,
resulting in a net warming (e.g., M. Turbet et al. 2021).
Additionally, the clouds give rise to the nightside emission
emerging from lower pressures than the dayside emission; this
could in turn exaggerate the day/night brightness temperature
contrast relative to the actual temperatures at the surface
(D. Powell et al. 2024). However, a false-negative detection
via eclipses alone (i.e., a near blackbody-like R) due to this
effect requires an absence of IR-absorbing gases (e.g., CO2,
H2O, CH4) thought to be common in terrestrial atmospheres.
More work is required to establish in what regimes nightside
clouds can be false negatives for thick atmospheres.

5. Discussion

5.1. Cosmic Shoreline Hypothesis

The Cosmic Shoreline hypothesis posits that whether solar
system bodies are able to retain signi*cant atmospheres or not
is controlled by atmospheric escape processes, not initial
volatile endowment: “nurture,” not “nature” (K. J. Zahnle &
D. C. Catling 2017). The Cosmic Shoreline has been widely
invoked in observations of M-Earths, (e.g., E. May et al. 2023;
S. E. Moran et al. 2023; S. Red*eld et al. 2024; M. Weiner
Mans*eld et al. 2024; Q. Xue et al. 2024), as it presents an

empirically motivated population-level prediction of escape
theory that can be formally tested with observations. This
formalism also underscores much of the current framework of
the Rocky Worlds DDT program. It is still unclear which of
XUV radiation, bolometric instellation (radiation over all
wavelengths), or high-energy impactors is the main control on
atmospheric loss for Earth-sized planets (H. E. Schlichting &
S. Mukhopadhyay 2018; M. Wyatt et al. 2020; G. W. King &
P. J. Wheatley 2021).

M-Earths endure very high XUV Oux, especially in the pre-
saturation phase of their host stars, though stellar activity that
can drive atmospheric loss continues for many gigayears into
the main sequence (G. W. King & P. J. Wheatley 2021). In
addition, their close-in orbits subject them to high-energy
impactors, further promoting atmospheric loss (M. Wyatt et al.
2020). However, late-stage impactors, especially for colder
M-Earths, might replenish atmospheres depreciated by XUV
and high-energy impacts (Q. Kral et al. 2018).

In Figure 9, we show our sample of planets in the context of
these three loss mechanisms alongside solar system planets.
These results suggest that these planets are not expected to be
able to retain signi*cant atmospheres from multiple atmo-
spheric loss standpoints, consistent with their measured near
blackbody-like R values.

However, the solar system is unusual (e.g., most exoplane-
tary systems lack a Jupiter analog; R. B. Fernandes et al. 2019;
and the occurrence rate is even lower for the M-type stars
considered in this study; B. T. Montet et al. 2014), so the
reliance of these three scaled approaches on solar system data
introduces major uncertainty. As K. J. Zahnle & D. C. Catling
(2017) wrote, “we do not know if the shoreline is broad or
narrow (i.e., whether the transition from a thin atmosphere to
an atmosphere too thick and deep to be habitable to an ecology
like our own is gentle or abrupt), nor in which ways our solar
system is representative or unrepresentative of extrasolar
systems.” Figure 9 also does not consider processes that can
replenish volatiles over long timescales (e.g., late-stage
prolonged outgassing; E. S. Kite & M. N. Barnett 2020; or
cometary impacts; Q. Kral et al. 2018). Thus, more data are
needed to test if the tendency for planets closer to the
Shoreline to generally show higher inferred albedo corre-
sponds to a Cosmic Shoreline, or something else.

5.2. Can Re9ective Bare-rock Surfaces Be False Positives for
Atmospheres?

M. Mans*eld et al. (2019) argued that for warm
(400 K< Tirr< 1250 K) rocky planets, bare-rock surfaces
(originally presented in R. Hu et al. 2012a) are unlikely to
serve as false positives for atmosphere detection. However, the
energy balance model of M. Mans*eld et al. (2019) does not
distinguish between geometric and spherical albedo, leading to
estimated planetary Bond albedos that range from ∼70% to
∼100% that of the true value.

Geometric albedo refers to the fraction of light reOected
(and emitted) toward the observer when compared to a perfect
Lambertian disk. This value is fundamentally different from
the spherical albedo, which describes the total fraction of
incoming light scattered in all directions. The Bond albedo,
and subsequently the amount of radiation absorbed by the
planet, is determined by integrating the spherical albedo over
the incoming stellar spectrum. Hemispherical emissivity is
also determined via the spherical albedo. These quantities are
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Figure 7. Modeled brightness temperature ratios (R) per planet–instrument
setup of thick, hazy atmospheres, for two particle size distributions of Titan-
like tholins. The range inR for each planet spans the modeled volume mixing
ratios of haze particles (10−12–10−6

), assumed to be vertically constant. The
rest of the atmosphere is comprised of 10 bars of CO2. Brightness
temperatures are calculated in the bandpass of each instrument, with
TRAPPIST-1 b accounting for both MIRI F1280W and F1500W. While
Titan-like hazes can lead to low inferred albedo for narrowband photometric
observations (i.e., MIRI F1500W), we do not *nd a false-negative scenario for
thick atmospheres for any other planet–instrument pair.
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all fundamentally computed from the single scattering albedo
of the material, which we use in this work (Section 2.3). An
explicit comparison of albedo pro*les used in this study and
those used in M. Mans*eld et al. (2019) is shown in Figure 10.

The increased albedos used in our model cool the planet,
leading to higher values of inferred albedo for most bare-rock
surfaces than presented in M. Mans*eld et al. (2019). This
effect is also noticeable in the recent work of M. Hammond
et al. (2025), who derived relatively high (>0.34) Bond
albedos for a wide variety of plausible surface types from the
RELAB spectral database.

For some surface types, this cooling effect can be
comparable to the heat redistribution expected of thick
atmospheres. For TRAPPIST-1, our derived Bond albedos
for the surface pro*les from R. Hu et al. (2012a) are as
follows: metal-rich - 0.13, Fe-oxidized - 0.20, basaltic - 0.24,
ultrama*c - 0.49, feldspathic - 0.67, clay - 0.67, and granitoid -
0.69. Inferred albedos in the LRS bandpass are similarly high
(Figure 2). The inferred albedo of some of these surfaces is
comparable to the cooling expected of full heat redistribution
for a thick atmosphere ( = =RA 0.63, 0.78i ), suggesting that
some plausible geological surfaces (in the absence of space
weathering) may serve as false positives for atmospheric heat
redistribution. This was also recently highlighted by
M. Hammond et al. (2025).

However, the effect of surface composition on the Bond
albedo of airless planets is likely overestimated by the albedo
pro*les of R. Hu et al. (2012a). Mercury and the Moon have
low Bond albedos of 0.06 and 0.13, respectively, despite
having *ne-grained, largely basaltic regolith (A. Mallama et al.
2002; G. Matthews 2008). The discrepancy between theor-
etical and observed albedos is due to space weathering on the
outermost layer of the surface. Indeed, we *nd that the Bond
albedo of an example pulverized lunar basalt (RELAB ID: LR-
CMP-158, originally analyzed in C. M. Pieters & S. K. Noble
2016) for a Sun-like star is 0.23, about twice that of lunar
surface soils. Darkening from space weathering is ubiquitous
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Figure 8. Example HELIOS emission spectra and associated temperature-pressure pro*les for TRAPPIST-1 b, assuming a thick 10 bar CO2 atmosphere with Titan-
like tholin haze volume mixing ratios of 10−12–10−6, compared to blackbody models assuming no ( f = 2/3) and full ( f = 1/4) heat redistribution to the nightside.
While several of these atmospheres show strong thermal inversions, we *nd that only one tested scenario (VMR of 10−6, particle size mean of 0.05 μm) exhibits a
false negative for a thick atmosphere.

Figure 9. Observed inferred albedo values in the context of the Cosmic
Shoreline (K. J. Zahnle & D. C. Catling 2017) hypothesis, in (top) instellation,
(middle) estimated cumulative XUV radiation based on methods outlined in
Appendix B, and (bottom) median impact velocity space. Following
K. J. Zahnle & D. C. Catling (2017), median impact velocity is estimated as

+v v vimp esc
2

orb
2 , where vorb is the Keplerian orbital velocity. The

Shorelines follow the scaling laws (top) vesc ∝ I4, (middle) v Iesc XUV
4 , and

(bottom) vesc = 5 vimp. The dotted line is normalized to Mars, whereas the
shaded regions are calibrated to Venus and Mercury. The is large uncertainty
in the exact shoreline position; it is still unclear where the shoreline should lie
for M-Earths, and whether it is narrow or wide.
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for solar system airless bodies: ∼85% of near-Earth asteroids
exhibit a visual geometric albedo of <0.3 despite being
petrologically diverse (E. L. Wright et al. 2016; A. Morbidelli
et al. 2020). These values are overestimated compared to the
true Bond albedo due to the opposition surge effect
(I. Belskaya & V. Shevchenko 2000). Bond albedos are
typically ∼40% that of visual geometric albedo given standard
assumptions for asteroids (M. Müller 2007), implying 85% of
asteroids have a Bond albedo ≲0.12.

In addition, when considering the effects of *ne-grained
regolith on the Bond albedo of airless M-Earths, one must also
consider the effects of space weathering on their surfaces. As
stated before, regolith formation on planet-sized airless bodies
(such as the Moon and Mercury) is thought to be governed by
meteorite/micrometeorite impacts and solar wind bombard-
ment (H. J. Melosh 1989; D. S. McKay et al. 1991;
D. L. Domingue et al. 2014). This suggests that space
weathering, which is also caused by micrometeorite impacts
and solar wind bombardment (B. Hapke 2001), occurs via the
same pathways as regolith formation. The high Bond albedos
of surfaces presented in R. Hu et al. (2012a) and M. Hammond
et al. (2025) require *ne-grained regolith, as larger-grained or
natural slab surfaces show much lower albedo for the same
underlying material (e.g., Y. Zhuang et al. 2023; K. Paragas
et al. 2025). However, these studies do not consider the
potential darkening effects of space weathering and their
impact on brightness temperatures. Future studies of the
geological plausibility of the surface types presented in R. Hu
et al. (2012a) and the expected degree of space weathering on
airless M-Earths will be needed to more carefully assess the
risk of false-positive atmospheric detections through second-
ary eclipse measurements.

5.3. Future Tests

JWST Cycles 1–3 include emission observations of ∼25
M-Earths. Most of these observations aim to detect or rule out
the presence of an atmosphere, either through direct detection
of CO2 spectral features, or indirect detection via atmospheric
heat transport. Figure 11 shows that several of these targets
appear favorable when plotted against the instellation-based
“Cosmic Shoreline.” However, almost all M-Earth targets
experienced much more XUV radiation than Earth (due to
their low-mass host stars) and likely experienced frequent
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Figure 10. Comparison of spherical albedo values calculated using data from R. Hu et al. (2012a) used in this study (solid lines) with those in M. Mans*eld et al.
(2019; dashed–dotted lines). Colors represent surface types from R. Hu et al. (2012a).

Figure 11. Scheduled M-Earth emission observations for JWST Cycle 1–3
and Rocky Worlds DDT targets under consideration (TUCs) in the context of
the Cosmic Shoreline hypothesis: in (top) instellation, (middle) estimated
cumulative XUV radiation (see Appendix B), and (bottom) median impactor
velocity space. As in Figure 9, the dotted line is normalized to Mars, and the
shaded regions are calibrated to Venus and Mercury. The point area represents
the estimated relative signal-to-noise ratio (SNR) per instrument+planet setup;
SNR is calculated as × NESM obs , where Nobs = Neclipse + 4Nphasecurve (10
eclipses were assumed for TUCs). Planets with black borders represent
observations included in this study, all of which lack compelling evidence for
thick atmospheres. Separate TRAPPIST-1 observations are offset horizontally
for clarity. All data for DDT targets and Cycle 1–3 observations not included
in this study, except estimated system ages, are from the NASA Exoplanet
Archive. Despite many planets seeming like promising candidates for
atmospheric retention in terms of their instellation, the high cumulative
XUV of their low-mass host stars and high susceptibility to impact-based
atmospheric erosion leads to a more pessimistic outlook for the M-Earth
opportunity.
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high-energy impacts (due to their close-in orbits): both are
detrimental for atmospheric retention. These results are timely
for informing the upcoming 500 hr Rocky Worlds DDT
program to search for atmospheres on M-Earths with MIRI
F1500W (S. Red*eld et al. 2024).

Thus, if the Rocky Worlds DDT fails to *nd evidence for a
substantial M-Earth atmosphere on any target (i.e., a shallow
eclipse depth unlikely to be caused by surface mineralogy as
de*ned in M. Mans*eld et al. 2019 or systematic effects), this
would suggest that either cumulative XUV radiation or the
energy of impactors, both highly elevated for M-Earths
compared to terrestrial planets around FGK stars, are effective
at removing atmospheres of small planets. Another possibility
is that M-Earths form volatile poor compared to rocky planets
in the solar system (e.g., G. D. Mulders et al. 2015; S. J. Desch
et al. 2020). Such results would motivate atmosphere searches
for rocky planets around higher-mass stars. However, emission
observations of airless M-Earths would remain useful in
probing geological surface processes and crustal compositional
diversity of rocky exoplanets, as well as constraining their
outgassing and atmospheric loss histories (e.g., E. C. First
et al. 2024; B. J. Foley 2024; K. Paragas et al. 2025). As shown
in this work, this can be done by assessing trends in brightness
temperature.

6. Conclusions

Secondary eclipse data for M-Earths show a tentative trend
in the brightness temperature ratio R (the dayside brightness
temperature ratioed to that of a perfect blackbody) as a
function of irradiation temperature, with hotter planets
exhibiting lower inferred albedo. The trend is strongly favored
statistically over no trend when using the most recent stellar
models available for M dwarfs. However, the statistical
evidence is dependent on the stellar model and method used
to derive brightness temperature, and we consider its
identi*cation tentative. Options to explain this trend include:

1. Larger regolith grain sizes caused by higher rates of
volcanic resurfacing on close-in, hotter planets or grains
sintering at high temperatures;

2. Space weathering via micrometeorite impactors and
stellar winds darkening faster-orbiting, closer-in planets.
However, the degree of space weathering for outer
planets would have to be much less than that predicted
by the stellar wind strength scaling in S. Zieba et al.
(2023b);

3. Colder, outer planets retain thin (<1 bar) CO2-rich
outgassed atmospheres, while closer-in planets lose (or
never gain) such atmospheres quickly due to high
atmospheric loss Ouxes. However, such atmospheres
would likely be subject to atmospheric collapse on the
nightside and require constant resupply via volcanism.

We show that, assuming an Earth-like interior, tidal
dissipation due to orbital eccentricity is unlikely to directly
explain the proposed trend due to the extremely low
eccentricities of planets in this study. We also show that
Titan-like aerosols in CO2-dominated atmospheres have
potential, but are unlikely, to serve as false negatives for
atmospheres through photometric eclipse observations.

Future observations with JWST will begin to *ll in
unexplored parameter space (see Figure 11), which will help
to break the degeneracies between each scenario through

multiband or spectroscopic characterization. If the trend is
geological, these observations may constrain surface proper-
ties such as the mineralogy and grain size through silicate
absorption features like the Si-O stretch (e.g., K. Shirley &
T. Glotch 2019; E. C. First et al. 2024; K. Paragas et al. 2025).
Spectroscopic phase curves have the potential to directly
constrain the degree of space weathering and roughness of
regolith surfaces (M. Tenthoff et al. 2024). If the trend is
atmospheric, these observations may constrain the presence/
absence of gaseous absorption features, while phase curves
may directly probe the amount of heat redistribution from
thick atmospheres. Leveraging the statistical advantages of
much larger sample sizes, these observations will provide
further constraints on the location of the M-Earth “Cosmic
Shoreline.”
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Appendix A
Data Considerations for Individual Planets

A.1. TRAPPIST-1 b: F1500W versus F1280W

Early eclipse observations of TRAPPIST-1 b with MIRI
F1500W had originally suggested a blackbody-like brightness
temperature ( ±µR 0.99 0.0515 m ; T. P. Greene et al. 2023).
This, however, is at odds with more recent eclipse data with
F1280W, which suggests a lower brightness temperature at
12.8 μm ( ±µR 0.85 0.0612.8 m ; E. Ducrot et al. 2024).
Furthermore, reanalysis of the F1500W data suggests a slightly
lower eclipse depth, re*ning the 15 μm brightness temperature
to ±µR 0.95 0.0515 m (E. Ducrot et al. 2024). In this work,
we use the most up-to-date reduction of both F1280W and
F1500W data from E. Ducrot et al. (2024; giving a combined

±R 0.91 0.04), although we include the original
T. P. Greene et al. (2023) F1500W eclipse depth results in
Figure 1 and Table 2. TRAPPIST-1 b is the target of future
emission observations with JWST using F1500W [GO-3077
(PI: Gillon & Ducrot), GO-5191 (PI:Ducrot)], which will help
give more precise constraints on its dayside brightness
temperature.
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A.2. TOI-1685 b: NRS1 versus NRS2

NIRSpec G395H phase curve observations of TOI-1685 b
show strong levels of correlated noise (R. Luque et al. 2024).
These signals seem to be detector (NRS1 versus NRS2)

dependent and systematic rather than astrophysical in origin.
To account for this, R. Luque et al. (2024) performed a prayer-
bead analysis of the white-light phase curves and the eclipse
emission spectra that increases uncertainty estimates to
account for this correlated noise.

According to R. Luque et al. (2024), the NRS2 detector is
much less affected by this correlated noise, and thus, we use
the NRS2 prayer-bead analysis white-light phase curve
amplitude for our main analysis and the prayer-bead eclipse
spectrum for spectral analysis. We also adopt the reported
NRS2 prayer-bead analysis’ planet-to-star radius ratio (Rp/R�)
during nested sampling, as it conOicts signi*cantly with
previous results from J. A. Burt et al. (2024).

A.3. MIRI F1500W Systematics in Observations of LHS 1478 b

Recent results from the Hot Rocks Survey (H. Diamond-Lowe
et al. 2023) report a shallow MIRI F1500W eclipse depth for the
warm (Tirr= 840 K) M-Earth LHS 1478 b (P. C. August et al.
2025). The reported eclipse depth (138 ± 53 ppm) is less than
half that expected of a blackbody, and implies an R value of
0.66 ± 0.10, signi�cantly lower than any other planet con-
sidered in this study. However, these results are complicated by
the presence of strong correlated noise in the second visit.
Without the use of Gaussian processes to remove this correlated
noise, the second eclipse produces a negative eclipse depth that
is more than 5σ inconsistent with the *rst. With the use of
Gaussian processes for noise removal, P. C. August et al. (2025)

still failed to recover the second eclipse. For these reasons, we
do not include results from P. C. August et al. (2025) in this
study. All other planets in this study have shown repeatable or
very high con*dence (≳5σ) eclipse detections.

A.4. GJ 367 b Anomalous 9 μm Emission Feature

Following M. Zhang et al. (2024), for spectral *tting, we
disregard the anomalously deep eclipse depth at 9 μm, which
they attribute to poorly understood systematics. This does not
affect the white-light results. Table A1 shows a comparison of

R values derived in our study to those reported in the original
observations.

Appendix B
XUV Model

To estimate the cumulative XUV irradiation experienced by
the planets in this work, we follow the simpli*ed broken
power-law approach of J. G. Rogers et al. (2021). In this
framework,
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We use empirical isochrones derived for low-mass stars
from G. J. Herczeg & L. A. Hillenbrand (2015) to estimate
host stars’ bolometric luminosity as a function of mass and
time. We highlight that, as noted in K. J. Zahnle
&D. C. Catling (2017), the pre-saturation phase is the
dominant contributor to the total XUV radiation. The model
is then run through for the entire estimated system age,
ignoring error estimates for simplicity (see Table B1). Lower
limits were used in cases of poorly constrained ages. For
systems without estimated ages, we use the simple scaling law
presented in K. J. Zahnle & D. C. Catling (2017):

( )=I
I

I

L

L
, B3XUV

0.6

where IXUV is the estimated cumulative XUV Oux relative to
Earth, I is the planet’s present-day instellation (relative to
Earth), and L

�
is the luminosity of the host star (relative to the

Sun). This approach was consistent within a factor of ∼2.5
with our time-evolution model for all planets.

Table A1
Comparison of R with Previous Studies

Planet Reference Reported R Reduction Used R (This Work)

(if Applicable) SPHINX PHOENIX

TRAPPIST-1 c S. Zieba et al. (2023b) 0.88 ± 0.07
a

⋯
+

0.877 0.075

0.073 +0.903 0.082
0.075

TRAPPIST-1 b
b

T. P. Greene et al. (2023) 0.99 ± 0.05
a

F1500W Only +0.993 0.052
0.049 +1.021 0.055

0.054

LTT 1445 A b P. Wachiraphan et al. (2025) 0.952 ± 0.057 SPARTA +
0.950 0.071

0.063 +0.955 0.072
0.066

GJ 1132 b Q. Xue et al. (2024) 0.95 ± 0.04 SPARTA +
0.940 0.040

0.043 +
0.952 0.044

0.042

GJ 486 b M. Weiner Mans*eld et al. (2024) 0.97 ± 0.01 SPARTA +
0.973 0.017

0.016 +
0.978 0.015

0.016

LHS 3844 b L. Kreidberg et al. (2019) 1.01 ± 0.05
a

⋯
+0.996 0.034
0.033 +

1.002 0.034

0.033

GJ 1252 b I. J. M. Cross*eld et al. (2022) +1.01 0.11
0.09a

⋯
+1.067 0.105
0.094 +

1.035 0.103

0.090

TOI-1685 b R. Luque et al. (2024) 0.99 ± 0.07 Prayer-bead NRS2 +1.066 0.069
0.080 +

1.008 0.058

0.076

GJ 367 b
b

(Spectral) M. Zhang et al. (2024) 0.99 ± 0.06
a SPARTA +1.002 0.045

0.049 +0.966 0.039
0.044

Notes. Bolded values indicate the stellar model originally used to derive reported R values.
a This value is derived from the reported brightness temperature (in kelvin) and uncertainties.
b T. P. Greene et al. (2023) derived brightness temperature from the absolute Oux independent of stellar model, whereas M. Zhang et al. (2024) used the observed
stellar spectrum.
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There is large uncertainty in the time evolution of both
bolometric and XUV Ouxes, especially for the low-mass M
stars in this work (e.g., K. France et al. 2022; H. Diamond-
Lowe et al. 2024). The values shown in Figures 9 and 11
should be seen as rough estimations.
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System Age Values Used in This Study
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(Gyr)

TRAPPIST-1 7.6 A. J. Burgasser & E. E. Mamajek (2017)

GJ 1132 6.31 E. Gaidos et al. (2023)

GJ 486 3.51 E. Gaidos et al. (2023)

LHS 3844 7.8 S. R. Kane et al. (2020)

GJ 1252 6.61 E. Gaidos et al. (2023)

GJ 367 7.95 E. Gaidos et al. (2023)

LTT 1445 A 2 S. Rukdee et al. (2024)

GJ 357 >5 D. Modirrousta-Galian et al. (2020)

GJ 806 4 E. Palle et al. (2023)

HD 260655 3 R. Luque et al. (2022)

LHS 1140 >5 J. A. Dittmann et al. (2017)

LP 791-18 >0.5 I. J. Cross*eld et al. (2019)

LTT 3780 3.1 A. Bonfanti et al. (2024)

TOI-1468 >1 P. Chaturvedi et al. (2022)

TOI-1685 1.3 J. A. Burt et al. (2024)

TOI-1075 >2 Z. Essack et al. (2023)
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