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Abstract

The prevalence of atmospheres on rocky planets is one of the major questions in exoplanet astronomy, but there are
currently no published unambiguous detections of atmospheres on any rocky exoplanets. The MIRI instrument on
JWST can measure thermal emission from tidally locked rocky exoplanets orbiting small, cool stars. This emission
is a function of their surface and atmospheric properties, potentially allowing detections of atmospheres. One way
to find atmospheres is to search for lower dayside emission than would be expected for a blackbody planet.
Another technique is to measure phase curves of thermal emission to search for nightside emission due to
atmospheric heat redistribution. Here, we compare strategies for detecting atmospheres on rocky exoplanets. We
simulate secondary eclipse and phase curve observations in the MIRI F1500W and F1280W filters for a range of
surfaces (providing our open-access albedo data) and atmospheres on 30 exoplanets selected for their F1500W
signal-to-noise ratio. We show that secondary eclipse observations are more degenerate between surfaces and
atmospheres than suggested in previous work, and that thick atmospheres can support emission consistent with a
blackbody planet in these filters. These results make it difficult to unambiguously detect or rule out atmospheres
using their photometric dayside emission alone. We suggest that an FIS00W phase curve could instead be
observed for a similar sample of planets. While phase curves are time-consuming and their instrumental
systematics can be challenging, we suggest that they allow the only unambiguous detections of atmospheres by

nightside thermal emission.

Unified Astronomy Thesaurus concepts: Extrasolar rocky planets (511)

1. Introduction

The distribution of atmospheres on rocky planets is one of
the major unanswered questions of exoplanet science, with
wide-ranging implications for the formation pathway, climate
variability, and ultimately surface habitability of potentially
Earth-like worlds (R. Wordsworth & L. Kreidberg 2022;
T. Lichtenberg & Y. Miguel 2025). So far, there are no rocky
exoplanets with unambiguously detected atmospheres. The
James Webb Space Telescope (JWST) can measure thermal
emission from rocky planets orbiting smaller, cooler stars,
which may contain indications of the presence or absence of
atmospheres. The signal-to-noise ratio for these observations is
highest in the mid-infrared, around 10-15 pum, which overlaps
with a CO, absorption feature. Observations with the F1500W
and F1280W photometric filters of the MIRI instrument on
JWST (G. H. Rieke et al. 2015; and possibly the MIRI/LRS
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instrument for hotter planets) therefore have the ability to detect
departures from the thermal emission due to a blackbody
planet. These departures could be caused by changes to albedo,
surface spectral features, atmospheric spectral features, or
atmospheric heat redistribution. These features can have
degenerate effects on thermal emission, especially in the
bandpasses of individual photometric filters.

Using such observations, STScl is currently implementing a
survey of rocky M dwarf exoplanets with 500 hr of JWST
Director’s Discretionary Time (DDT), informed by the report
from the Working Group on Strategic Exoplanet Initiatives
with the Hubble Space Telescope and JWST (S. Redfield et al.
2024). S. Redfield et al. (2024) proposed a program to observe
15-20 rocky planets with 2—15 secondary eclipses each using
the MIRI F1500W filter. Its aim is to detect emission that is
lower than expected for a bare-rock planet without an
atmosphere, which is proposed to be a signature of atmospheric
heat redistribution (D. D. Koll et al. 2019; D. D. Koll 2022).
Detecting atmospheres in this way is proposed as a test of the
“cosmic shoreline” hypothesis relating to the prevalence of
atmospheres on rocky exoplanets (K. J. Zahnle & D. C. Catling
2017). The purpose of this paper is to simulate potential
surfaces and atmospheres on a range of the most observable
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rocky exoplanets and to identify degeneracies and unambig-
uous signatures of atmospheres. We aim to use these results to
inform the planning and analysis of observations of rocky
planets with JWST.

The use of MIRI photometric filters to detect signatures of
atmospheres on rocky exoplanets was first demonstrated in
detail by D. Deming et al. (2009), who identified the
significantly lower emission at 15 pym that could be produced
by CO, absorption, as well as a correspondingly higher
emission at 11.3 um. We follow in particular the work of R. Hu
et al. (2012), who identified the variety of surface albedos and
identifiable spectral features possible for a range of exoplanet
surfaces.

M. Mansfield et al. (2019) simulated the thermal emission
observed by the JWST MIRI/LRS instrument for the surface
types considered in R. Hu et al. (2012), showing how the
observed emission depends on the surface type. M. Mansfield
et al. (2019) also showed how bare-rock planets can emit more
strongly from their daysides at longer wavelengths than would
be expected from their equilibrium temperatures, due to the
relatively higher emissivity of the modeled surfaces at longer
wavelengths. They suggested that their results ruled out
dayside bare-rock emission below a certain value and so could
be used as a method of detecting atmospheres on rocky planets.
D. D. Koll et al. (2019) compared strategies using MIRI/LRS
eclipses and phase curves to detect signs of atmospheric heat
redistribution on rocky planets and concluded that eclipses
were a more efficient way to do this, primarily using the results
of M. Mansfield et al. (2019) to discard the possibility of false
positives caused by high-albedo bare-rock planets.

J. Lustig-Yaeger et al. (2019) simulated similar emission
spectra for the TRAPPIST-1 system using both bare-rock and
atmospheric models, demonstrating the large potential effect of
atmospheric CO, absorption on the observed emission around
15 pm. J. Th et al. (2023) analyzed the observed emission from
TRAPPIST-1 b in the MIRI F1500W filter using similar models,
showing the possibility of deriving additional information by
combining it with observations in the F1280W filter.

This previous work has been used to interpret observations
of rocky exoplanets, such as the secondary eclipse depths of
TRAPPIST-1 b and c with the FI500W filter presented in
T. P. Greene et al. (2023) and S. Zieba et al. (2023). The
observation of TRAPPIST-1 b in T. P. Greene et al. (2023) was
consistent with the emission from a bare-rock planet with zero
Bond albedo. The emission from TRAPPIST-1c in S. Zieba
et al. (2023) was lower than that expected for a blackbody and
could be consistent with a bare-rock surface with a nonzero
Bond albedo or an atmosphere with a weak CO, absorption
feature. This analysis in S. Zieba et al. (2023) demonstrated the
degeneracy inherent in interpreting observations with a single
photometric point. Dayside emission in a single bandpass can
be modified by the planetary Bond albedo or atmospheric heat
redistribution or by surface and atmospheric spectral features.
Other eclipse observations of rocky planets with JWST have
also shown dayside emission consistent with a blackbody
(M. W. Mansfield et al. 2024; Q. Xue et al. 2024).

E. Ducrot et al. (2023) used observations on TRAPPIST-1 b
in two photometric filters to break some degeneracies inherent
in single-filter observations. They combined F1500W and
F1280W observations to reveal weaker emission in the
F1280W bandpass than the F1500W bandpass published
previously in T. P. Greene et al. (2023). In the suite of models
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fitted, this combined data set was consistent with a high-albedo
surface or a pure-CO, atmosphere with an inversion.

L. Kreidberg et al. (2019) showed an alternative approach,
measuring an entire phase curve of thermal emission in the
4.5 pm bandpass of the Spitzer Space Telescope over the orbit
of the rocky planet LHS 3844 b. This measurement found a
dayside emission consistent with a Bond albedo of less than 0.2
but also a nightside emission consistent with 0. This was
evidence supporting the lack of a substantial atmosphere,
which would have transported heat to the nightside and likely
produced a nonzero emission there (although degeneracies with
an atmospheric radiating level and planetary albedo still apply).
This type of method was previously demonstrated by S. Seager
& D. Deming (2009), who laid out the possibility of detecting
an atmosphere by finding deviations from the thermal phase
curve expected for a bare-rock planet.

B.-O. Demory et al. (2016) measured a similar thermal phase
curve with the same instrument for the “lava planet” 55 Cancri e
and detected nonzero nightside emission that was suggested to
be consistent with an atmosphere transporting heat to the
nightside, although a conservative reanalysis suggested that zero
nightside emission could not be ruled out (S. J. Mercier et al.
2022). M. Zhang et al. (2024) measured a phase curve of the
rocky planet GJ 367 b with the MIRI/LRS instrument on JWST.
Both the dayside and nightside emission from this planet were
consistent with the emission expected from a bare rock with zero
albedo, with no heat redistributed to the nightside. These
observations show the opportunity for phase curves to break the
degeneracy inherent in the dayside emission.

In this study, we simulate secondary eclipse observations
and phase curve observations for a suite of bare-rock and
atmospheric models to explore their degeneracies and to
suggest optimal observing strategies for unambiguous detec-
tions of atmospheres. We describe our bare-rock model and
atmospheric model in Section 2 and then present simulated
observations from both in Section 3. We discuss how our
results can inform future observing strategies and analysis in
Sections 4 and 5 and explore the differences in our
methodologies that lead to different conclusions from
D. D. Koll et al. (2019) and M. Mansfield et al. (2019), as
we favor phase curve observations over eclipse observations.

2. Methods
2.1. Converting Reflectance Data to Planetary Albedo

We use reflectance data from the RELAB database
(R. Milliken et al. 2021) and follow the process described
in B. Hapke (2012) and R. Hu et al. (2012) to derive the
reflectances and albedos that we need for the surface model.
For each surface listed in Table 1, we combine a
bidirectional visible reflectance spectrum with a biconical
near- and mid-infrared reflectance spectrum, scaling the
latter to align with the former following the RELAB manual
(R. Milliken et al. 2021; except for the “Frankenspectra”
data, which have already been combined). All the bidirec-
tional reflectance data were measured with an incidence
angle i = 30° and an emission angle ¢ = 0°, giving a phase
angle g = 30°. RELAB provides the wavelength-dependent
reflectance factor denoted REFF in B. Hapke (2012), which
we convert to the bidirectional reflectance rqq(, i, e, g):

raa(\, i e, ) = EOREFF(N, i, e, g), )
T



THE ASTROPHYSICAL JOURNAL LETTERS, 978:1.40 (17pp), 2025 January 10

Hammond et al.

Table 1
The Surface Types Used in the Bare-rock Model Described in Section 2.2
Surface RELAB Data Grain Size Petrogenesis Ap
Tholeiitic basalt RB-CMP-037, clrb37, birlrb037 Slab Volcanic igneous rock 0.34
Alkaline basalt (large) AN-G1M-008-C, c2an08c, birlan008c 80-160 pm Volcanic igneous rock 0.45
Alkaline basalt (small) AN-G1M-008-B, clan08b, birlan008b 36-80 pm Volcanic igneous rock 0.77
Trachybasalt AN-G1M-005-B, clan05b, birlan005b 36-80 um Volcanic igneous rock 0.37
Tephrite AN-G1M-006-B, clan06b, birlan006b 36-80 pm Volcanic igneous rock 0.53
Andesite AD-REA-003-W, cwad03, nlad03w Slab Volcanic igneous rock 0.40
Phonolite AN-G1M-012-B, clanl2b, birlan012b 36-80 um Volcanic igneous rock 0.53
Trachyte AN-G1M-018-B, clanl8b, birlan018b 36-80 pm Volcanic igneous rock 0.47
Rhyolite AN-G1M-010-A, clanl0a, birlan010a <63 pm Volcanic igneous rock 0.71
Gabbro HK-H1T-001, ¢1hk01, birlhk001 <2000 pm Plutonic igneous rock 0.60
Norite AN-G1M-019-B, clan19b, birlan019b 36-80 um Plutonic igneous rock 0.45
Diorite AN-GIM-017-A, clanl7a, birlanO17a <35 pm Plutonic igneous rock 0.68
Granite AN-GIM-011-A, clanlla, birlanO11a <63 pum Plutonic igneous rock 0.67
Harzburgite FB-JFM-040-P, cpfb40, nafb40p 25-500 pm Mantle residue 0.69
Lherzolite FB-JFM-008-P, cpfb08, nafb8p 25-500 pm Fertile mantle 0.58
Basalt glass BE-JFM-060, c1be60, birlbe060 <25 pm Volcanic igneous rock 0.62
Basalt tuff BU-WHF-030, c1bu30, birlbu030 <400 pm Pyroclastic ejecta 0.57
Lunar mare basalt LS-CMP-001, n1ls01, s11s01 <500 pm Volcanic igneous rock 0.34
Lunar anorthosite LR-CMP-224, c11r224, birllr224 <125 pm Primitive flotation crust 0.82
Basaltic shergottite DD-MDD-028, c1dd28, bir2dd028 <50 pm Igneous rock 0.50
Mars breccia MT-JFM-263, camt263, biramt263 Slab Impact breccia® 0.38
Albite (dust) albite_ ALI <1.6 um 0.90
Magnesium sulfate CC-JEM-019, clccl9, slccl9 <25 pm 0.81
Pyrite pyrite_SA-25G <0.03 pm 0.34
Hematite hematite_SA-500G <0.03 pm 0.55

Note. The single-scattering albedo w for each surface and a script to convert it to different albedos are available at doi:10.5281/zenodo.13691959. The horizontal lines

2 <

denote the conceptual groups of “extrusive igneous rocks,

other terrestrial igneous rocks,” and “extraterrestrial rocks and other minerals” in which these surfaces are

plotted in Figure 1. The “RELAB Data” column lists the identifiers for the sample data sets in the RELAB database. The Bond albedo values A are calculated for the

stellar spectrum of TRAPPIST-1.
% A. Lagain et al. (2022).

where 11, = cos(i). We then convert rgq(, i, e, g) to the single-
scattering albedo w(\) following B. Hapke (2012):""!

W()\) /’(’0 H
—————H (up)H (1), 2
Ar oo+

raa(A, i, e, 8) =
where ;1 = cos(e). We use the two-stream approximation for
the H functions as described in B. Hapke (2012):

1+ 2x

Ho)~ —— =
1+ 2v(\)x

3)

where v(A) = /1 — w(\). We then convert the derived w(\)
to the directional-hemispheric reflectance rg,()\):

1 -7

N = ,
O

“)

where iy is the incidence angle for the “direction” in the
directional-hemispheric reflectance. In our bare-rock model,
this is the local solar zenith angle; rgy()\) then tells us the
fraction of incoming stellar radiation scattered in all directions
by the surface.

' Note that, like X. Lyu et al. (2024), we omit the opposition effect, which is
included by R. Hu et al. (2012) in a similar derivation.

We also derive the spherical reflectance ry(\), again
following B. Hapke (2012) and using the approximation

Ll w(A)(l RS0 ) )

T4+ 90 31490

which then defines the emissivity of the surface as
€(A) = 1 — ry)). Figure 1 shows the spherical reflectance
r{A) for all our modeled surfaces. Several simplifying
assumptions have been made in deriving the spherical and
directional-hemispheric reflectances from the raw reflectance
data from the RELAB database, so these quantities may be
different for real planetary surfaces.

The spherical reflectance ry(\) can be thought of as the
wavelength-dependent equivalent of the Bond albedo. Table 1
lists the Bond albedo for each surface, which is the fraction of
incident irradiance scattered in all directions. We derive this by
integrating the incoming stellar spectrum on the planetary
dayside, multiplied by the directional-hemispheric reflectance
ran(A), over the dayside and all wavelengths. We use
TRAPPIST-1 to calculate the Bond albedo values in Table 1.
The values will vary depending on the stellar spectrum, which
is taken into account when simulating the other planets in our
sample. The Bond albedos in Table 1 are generally higher than
the fractional decrease in F1500W emission seen in Figure 2,
because the surfaces generally have higher emissivity at longer
wavelengths (M. Mansfield et al. 2019).
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Figure 1. A summary of the input data for the bare-rock and atmospheric models alongside the thermal emission for the typical temperatures of star and planets in this
paper. The top three panels show the spherical reflectances rg(\) for each of the planetary surfaces in Table 1. The single-scattering albedo w for each surface and a
script to convert it to different albedos are available at doi:10.5281/zenodo.13691959. The fourth panel shows the opacity of H,O and CO, at 500 K and 1 bar from
DACE (S. L. Grimm et al. 2021). The fifth panel shows the throughputs of the F1280W and F1500W filters, as well as the blackbody emission from a star at 2500 K, a

planet at 1000 K, and a planet at 400 K, each normalized to their maximum values.

2.2. Bare-rock Planet Model

We use a numerical model of a bare-rock planet with a
wavelength-dependent albedo to simulate the surface temper-
ature and resulting thermal emission from our list of targets.
We define a 10 x 10 grid of surface points on the dayside and
calculate their temperatures by balancing the total downward

flux F; and the upward flux F, at each grid point on the surface:

Fa(N) = f[l — ran (N Fs(X)  dA, (6)

E) = [eOBO Tun) - d, %)
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Figure 2. Simulated dayside emission—the average eclipse depth of five eclipses—in the F1500W and F1280W filters for TRAPPIST-1 ¢ and GJ 486 b, all the
surfaces in Table 1, and all the atmospheres in Table 2. The error bars show the 1o uncertainty on the eclipse depth, as is typically plotted for this type of measurement
(T. P. Greene et al. 2023; S. Zieba et al. 2023). They are shown without heat redistribution here, which we explore in all subsequent figures. Each individual eclipse is
assumed to have a baseline of four eclipse durations outside the eclipse. TRAPPIST-1 c represents the cooler planets in our sample, and GJ 486 represents the hotter
planets in our sample. The average relative emission in these bandpasses is higher for GJ 486 b than for TRAPPIST-1 c, for the reasons discussed in Section 3.2.

where Fg()) is the incoming stellar spectrum and B(A, T) is the
Planck function for temperature 7. These are integrated over all
modeled wavelengths and balanced, giving JENdX =
JF.(\)dX at each grid point. We use the stellar spectrum of
the member of the SPHINX model grid with the most similar

parameters to the modeled star (A. R. Iyer et al. 2023), scaled
to match the instellation of the effective temperature of the
modeled star. We numerically balance the upward and
downward fluxes to solve for the local surface temperature
Tsurr at each dayside grid point for a particular surface type,
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Table 2
The Atmospheric Properties Used in the Suite of AGNI Atmospheric Models
Described in Section 2.3

Surface Pressure
(bars) Composition

N, + 10° ppm CO,
N, + 10° ppm CO,
N, + 10° ppm CO,
N, + 10° ppm H,O
N, + 10° ppm H,O

Heat Redistribution Factor

[1, 0], [0.5, 0.5]

[1, 0], [0.5, 0.5], [0.75, 0.25]
[1, 0], [0.5, 0.5]
[1, 0], [0.5, 0.5]

[1, 0], [0.5, 0.5], [0.75, 0.25]

—_ = e =

1 N, + 10° ppm H,O [1, 0], [0.5, 0.5]
10 N, 4 10° ppm CO, [1, 0], [0.5, 0.5]
10 N, 4 10% ppm CO,  [1, 0], [0.5, 0.5], [0.75, 0.25]
10 N, + 10° ppm CO, [1, 0], [0.5, 0.5]
10 N, + 10° ppm H,O [1, 0], [0.5, 0.5]
10 N, + 10% ppm H,0  [1, 0], [0.5, 0.5], [0.75, 0.25]
10 N, + 10° ppm H,O [1, 0], [0.5, 0.5]

Note. The bracketed pair of values defining the modeled heat redistribution
determines the fraction of the incidence irradiation assigned to each of the two
columns defining the dayside and nightside. Therefore, [1, O] corresponds to no
heat redistribution, [0.5, 0.5] to full redistribution, and [0.75, 0.25] to the partial
redistribution used to calculate the phase curves in Section 3.4.

planet, star, and solar zenith angle. Finally, we integrate the
emitted flux seen by an observer from each point on the
10 x 10 planetary surface grid to derive the planetary spectrum.

2.3. Planetary Atmosphere Model

We use AGNI'? (H. Nicholls et al. 2025), a 1D radiative-
convective atmosphere model, to simulate the thermal emission
from a range of atmospheres on our list of targets. The radiative
transfer is implemented under the two-stream and correlated-k
approximations through the widely used model SOCRATES
(J. M. Edwards & A. Slingo 1996; D. S. Amundsen et al. 2017;
J. Manners et al. 2017). We use gas opacity data from the
DACE database'® (S. L. Grimm et al. 2021) for the H,O and
CO, atmospheres we simulate here (shown in Figure 1).
Collision-induced absorption and Rayleigh scattering are
included. As above, we use the SPHINX grid of stellar spectra
for the incoming stellar flux (A. R. Iyer et al. 2023). AGNI
couples the radiative transfer to a convective model using
mixing length theory (A. P. Lincowski et al. 2018; M. Joyce &
J. Tayar 2023). The temperature structure of the atmosphere is
found by solving for the state that conserves energy fluxes
through each model level, subject to the boundary conditions.
The effective temperature is set to 0, meaning that the planet is
in radiative equilibrium with the star and is not undergoing
secular cooling. A full description of the methods in AGNI can
be found in H. Nicholls et al. (2025).

Table 2 shows the suite of atmospheric models that we
analyze in this paper. The heat redistribution factor scales the
instellation applied to the model and is a simple representation
of heat redistribution from the dayside to the nightside by an
atmosphere. This is a highly simplified representation of the
real process of dynamical heat transport to the nightside, which
would be better modeled by parameterized advection (A. Lin-
cowski et al. 2024). As the purpose of the redistribution in our
model is just to produce a nonzero brightness temperature on

'2 hitps://github.com /nichollsh/ AGNI
13 https: / /dace.unige.ch /opacityDatabase
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the nightside, we assess that our simple method is sufficient for
our purposes and leave more realistic modeling to future work.

2.4. Simulating MIRI Emission Observations

We simulate a collection of planets based on the preliminary
“Targets Under Consideration” (TUC) list™ planned for the
survey program proposed by S. Redfield et al. (2024). We
added TRAPPIST-1 b and TRAPPIST-1c¢ to this list for
comparison with existing observations, ranked the list by MIRI
F1500W signal-to-noise ratio (SNR), and retained the top 30
targets by this metric. The omitted targets span a similar range
of equilibrium temperatures as the top 30 targets but have
greater observational uncertainty.

We convert the planetary spectra of the bare-rock and
atmosphere models to observations in the MIRI 1500W and
1280W filters, following the method in R. Luger et al. (2017).
We use the estimated eclipse SNR from R. Luger et al. (2017)
to estimate the uncertainty of the eclipse measurements (so our
plots show 1o error bars). We later calculate the uncertainty on
each point in a simulated phase curve observed with either of
these filters, following the method of R. Luger et al. (2017).15
We found that these simple estimates underestimated the
uncertainty on real measurements (e.g., T. P. Greene et al.
2023; S. Zieba et al. 2023), so we conservatively scaled up our
estimated errors on both the simulated eclipses and phase
curves by 50% to match the real uncertainty.

We simulate phase curves by modeling the dayside and
nightside emission due to two separate 1D atmospheric models,
with 25% of the dayside heating redistributed to the nightside.
We define the heat redistribution in this way (rather than the f
parameter defined in B. M. Hansen 2008) in order to refer
directly to the heating applied to each of the 1D models. We set
the resulting emission from the dayside and nightside columns
as the maximum and minimum of a sinusoidal phase curve with
its peak at zero phase (secondary eclipse). We do not add a
phase offset to this simulated phase curve, despite the
prevalence of such offsets for gaseous tidally locked exoplanets
(V. Parmentier & 1. J. M. Crossfield 2017). An offset due to
atmospheric dynamics would provide very strong evidence for
the presence of an atmosphere, but many 3D simulations of
rocky exoplanet atmospheres of this type do not predict
significant phase curve offsets (M. Hammond & N. T. Lewis
2021; S. R. Kane et al. 2021; M. Turbet et al. 2022). We
therefore note that a phase curve offset is another possible
source of evidence for an atmosphere, but we do not rely on it
for our conclusions.

2.5. Choice of Surfaces

We consider “bare-rock” end-member materials that are
conservatively plausible from a geological perspective, as well
as those that, despite not likely dominating most planetary
surfaces, result in high Ag and would therefore be the most
dangerous false positives for atmospheres. The surfaces of real
planets, including relatively geologically inactive ones, are
macroscopic mixtures—even Mercury has volatile-rich depos-
its at its poles (J. A. P. Rodriguez et al. 2023, and references
therein)—nevertheless, mixing between end-members would
not affect the spread in bare-rock Ap, being what we are

14 https:/ /outerspace.stsci.edu/pages/ viewpage.action?pageld=257035126
15 https://github.com/rodluger/planetplanet
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interested in. With the exceptions of MgSO, (magnesium
sulfate), FeS, (pyrite), and Fe,O; (hematite), we focus on
natural rather than synthetic samples to capture mineralogical
variability in the field (e.g., nonstoichiometric components).
This list, in Table 1, is not exhaustive for two reasons: first,
models cannot predict the detailed surface geology of an
exoplanet from observable bulk properties, so our best efforts
can only approximate a plausible spread; second, we found that
certain surface compositions that may be thermodynamically
and geologically plausible could not be included due to data
availability constraints.

The data availability is primarily limited by (i) which
samples are available on the RELAB database (R. Milliken
et al. 2021) and (ii) the necessity for a sample to have both
bidirectional reflectance spectra in the visible and near-infrared,
as well as biconical reflectance spectra at longer wavelengths.
Both data sets are needed to cover the range of stellar spectra
and planetary thermal emission that we model. We accounted
for grain size variations, as described below, but could not
include the effects of surface temperature on observed
reflectance spectra (which may be nonmonotonic; N. Bott
et al. 2023).

Partial melting of a silicate mantle produces an igneous crust.
Over most of modern Earth (its oceanic crust), this rock takes
the particular form of mid-ocean ridge basalt. If many rocky
exoplanets experience or have experienced mantle partial
melting as a way to lose heat during mantle convection (e.g.,
E. S. Kite et al. 2009), then analogous rock types may be
expected in high abundance on bare-rock planet surfaces.
However, the bulk silicate compositions of exoplanets need not
be the same as rocky planets in the solar system, which in itself
would lead to a diversity in oceanic crust analogs, even before
the divergent thermal histories of planets are invoked
(C. M. Guimond et al. 2024). To capture this diversity, we
include a wide variety of terrestrial igneous rock samples from
alkaline and subalkaline magma series (the well-known
progressions from mafic to felsic compositions upon melting),
many being reported in A. M. Nair & G. Mathew (2017) and
with detailed geologic settings given there, as well as ultramafic
samples with available measurements (lherzolite, harzburgite).
These samples thus qualitatively enact some of the expected
variability in exoplanet mantle melt fractions, oxygen fuga-
cities, and bulk refractory compositions. We do not exclude
felsic volcanic rocks (e.g., rhyolite, phonolite) from this list—
although Earth’s granitic continental crust formed in the
presence of liquid water, anhydrous fractional melting can
also produce felsic rocks and not necessarily in very low
volumes (J. G. Shellnutt 2013).

We also consider materials that appear less abundantly
across the planetary surfaces of the inner solar system yet
remain feasible for unknown exoplanets. In particular, the loss
of an early atmosphere—or prolonged but weak outgassing
(see B. J. Foley 2024)—may remain imprinted in surface
mineralogy via high-temperature gas—rock reactions that
proceed geologically quickly and in the absence of water
(e.g., M. Y. Zolotov 2007; K. S. Cutler et al. 2020; J. Filiberto
et al. 2020; H. Teffeteller et al. 2022). Sulfate minerals could be
produced by reactions between Mg silicates and SO, gas,
demonstrated experimentally, and proposed for Venus and
other planets (e.g., G. Berger et al. 2019; C. J. Renggli et al.
2019; P. B. Rimmer et al. 2021; X. Byrne et al. 2024). A
variety of chemical weathering paths produce hematite (e.g.,
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B. Fegley et al. 1995). Hematite may also result from escape of
an early envelope—oxygen left behind would oxidize FeO in
the silicate, as estimated in E. S. Kite & L. Schaefer (2021).
Conversely, enough H, in the early envelope (with respect to
the availability of O) could instead imprint reducing conditions
upon the surface, stabilizing metals and sulfides (E. S. Kite &
L. Schaefer 2021; H. E. Schlichting & E. D. Young 2022).
Such metals and sulfides are also common in enstatite
meteorites in our solar system. Planets with reducing surfaces
may additionally form through incomplete core—mantle
segregation during magma ocean crystallization (T. Lichtenb-
erg 2021) or accretion of sulfide-rich building blocks in certain
systems (D. M. Jorge et al. 2022).

Lastly, we include rock samples of extraterrestrial origin and
other genetic backgrounds, namely, lunar samples, Martian
meteorites, quickly cooled basaltic glass, and samples repre-
senting ejecta. Again, these samples can represent only a slice
of the possibilities for real planet surfaces. Volcanic ash, for
instance, can exhibit a very high albedo (M. T. Jones et al.
2007), so its possible presence on a particularly volcanic planet
presents a large false-positive risk for an atmosphere (E. S. Kite
2024, personal communication). We include one sample of
basalt tuff (lithified volcanic ash), but finer-grained and
differently composed samples were unavailable. A famous
example of a high-albedo surface that we do include is
lunar anorthosite rock, in this case formed by its staying afloat
upon a crystallizing magma ocean. Such primitive flotation
crusts of lower-density, bright felsic rocks are only observed
in the modern solar system on sub-planet-sized bodies
(see P. Frossard et al. 2019), but we do not strictly rule out
the possibility on TUC planets, as it has not strictly been ruled
out for primordial Earth (T. M. Harrison 2009). Not all flotation
crusts are so reflective, however—graphite is another material
of low-enough density to float on a magma ocean, and its
presence in Mercury's crust at weight-percent levels may be
part of the cause of the low albedos there (P. N. Peplowski
et al. 2016; H. Keppler & G. Golabek 2019).

Micrometeorite impacts on silicate crust produce small
amounts of iron metal or, again, graphite and in this way
decrease the single-scattering albedo of airless surfaces in the
solar system and presumably outside of it (W. Cassidy &
B. Hapke 1975; X. Lyu et al. 2024). However, space
weathering, which groups this and multiple other processes,
remains not well understood outside of the Moon and affects
different materials differently (e.g., M. J. Gaffey 2010;
D. L. Domingue et al. 2014; L. V. Moroz et al. 2014; C. Dukes
et al. 2016; C. M. Pieters & S. K. Noble 2016; H. M. Kaluna
et al. 2017; K. Yumoto et al. 2024); space weathering's effects
on albedo should be systematically investigated in future work
upon acquiring the necessary data. On real planets, weathering
competes with resurfacing processes to determine the “fresh-
ness” of the surface, which will also not be spatially
homogeneous. The net effects of these processes might be
ground-truthed via disk-integrated spectra of airless bodies in
the solar system (J. Madden & L. Kaltenegger 2018), although
we were unable to use such remote sensing observations for the
data availability reasons mentioned above.

As surface albedos depend strongly on regolith grain size
(e.g., A. Maturilli et al. 2014), we ensured that a variety of
grain sizes are included in Table 1, from very fine dust
(<1 pm) to outcrop. In fact, Table 1 indicates that grain size
has as big an effect as composition in controlling Ag. For



THE ASTROPHYSICAL JOURNAL LETTERS, 978:1.40 (17pp), 2025 January 10

comparison, lunar regolith has a mean particle size of
<10-100 pm, while Mercury's is finer (B. Gundlach &
J. Blum 2013; D. L. Domingue et al. 2016). Grain sizes of
extrasolar bare rocks are not known a priori. Nevertheless,
dusty regoliths are plausible across the TUC insofar as the
velocity of impactors increases with increasing surface gravity,
implying greater comminution and smaller particle sizes
(M. J. Cintala 1992; B. Gundlach & J. Blum 2013)—though
such impacts could also affect albedo in the other direction if
they generate more nanophase metals and glass. Hence, we
include feldspar mineral dust as the highest-albedo end-
member material, representing a tiny grain size and being
already a light-colored mineral. Ultimately, while the processes
that sculpt the surfaces of airless rocky exoplanets can be
informed to some degree by analogy to solar system bodies,
little is understood about how these and other processes might
operate on planets with higher gravity and different mineralogy
and in different radiative and dynamical environments.

We used GGchem (P. Woitke et al. 2018) to test the
thermodynamic stability of each surface material (as an
equilibrium condensate) under surface pressures of a gener-
ously low 10 nbar and temperatures corresponding to the range
in TUC equilibrium temperatures for various assumptions
about bulk element abundances similar to X. Byrne et al.
(2024). The only notable materials not stable under all
temperatures were sulfates, which decompose above
~650-750 K depending on bulk composition. No carbonates,
ices, or phyllosilicates were found to be stable above ~300 K at
10 nbar (i.e., most of the TUC), hence their exclusion from this
particular study. Future work should test whether mineral
stabilities are strongly affected by other factors in the space
environment, such as proton bombardment from the stellar
wind (e.g., T. B. McCord et al. 2001; C. Dukes et al. 2016).
Nevertheless, while we chose a very low, Io-like atmospheric
pressure to be conservative, the stability of phyllosilicates shifts
to higher temperatures at slightly less conservative atmospheric
pressures (e.g., they appear at 400 K at 0.01 mbar). Previous
theoretical work has shown that phyllosilicates can be
important even at 900K for planetary surfaces at higher
pressures than investigated here (O. Herbort et al. 2020) and
that OH absorbs onto silicate grains in protoplanetary disk
conditions at 700K (W. F. Thi et al. 2020). Phyllosilicate
formation does not require water ice; OH could be supplied
instead from organic matter, for example (N. Hirakawa et al.
2021). These points suggest that completely ruling out any
material on unknown exoplanet surfaces will be difficult.
Indeed, even the rockiness of the TUC is not definitely known,
as more than half of the targets do not have both mass and
radius measured, and eight planets out of those that do are too
underdense to be consistent with silicate—iron compositions
(C. T. Unterborn et al. 2023).

3. Results
3.1. Examples of MIRI F1500W and F1280 Emission

Figure 2 shows the simulated eclipse depth and lo
uncertainty in the MIRI F1500W and F1280W filters for
TRAPPIST-1 ¢ (T.q = (341.9 £ 6.6) K, T, = (2559 £ 50) K,
mgs = (10.296 £ 0.023); M. Gillon et al. 2017) and GJ 486 b
(Teq = (706 £ 20) K, T = (3291 £ 75) K, mgs =
(6.362 £ 0.018); J. Caballero & M. Brady 2022) for the suite of
surface and atmosphere models in Tables 1 and 2 (except the
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models with redistributions of 25% and 75%). We assume that
five eclipses are observed and averaged, with each eclipse
observation having a baseline of four eclipse durations outside
the eclipse itself (consistent with the photometric observations
of TRAPPIST-1 b and c in T. P. Greene et al. 2023 and
S. Zieba et al. 2023). We highlight these two planets because
JWST observations of their thermal emission have been
published (S. Zieba et al. 2023; M. W. Mansfield et al.
2024), and they span the range of equilibrium temperatures and
signal-to-noise ratios of our suite of modeled planets. The
differences in the fractional emission ranges between our
modeled planets are mostly due to their different signal-to-
noise ratios and their different equilibrium temperatures (which
scale the relative size of their emission in the F1500W and
F1280W filters, for the reasons described in M. Mansfield et al.
2019).

We simulate five eclipses because this is consistent with the
five and four eclipses observed in T. P. Greene et al. (2023) and
S. Zieba et al. (2023). A uniform precision could be achieved
for all the modeled planets with fewer eclipses for the targets
with higher SNR or more eclipses for the targets with lower
SNR (S. Redfield et al. 2024 suggest a range of 2—15 eclipses
over the proposed sample). However, this is irrelevant to our
main point, as we suggest that the dayside emission is highly
degenerate between atmospheres and surfaces regardless of
observational precision.

The emission values are normalized by the value of the
emission from a blackbody planet with no heat redistribution,
as calculated by our bare-rock model, to highlight deviations
from this value due to heat redistribution, atmospheric
absorption, and surface albedo and emissivity. Figure 2 shows
several important properties of the emission in the MIRI
F1500W and F1280W bandpasses from these models. First, the
bare-rock emission in both cases spans a wide range of values
due to the wide range of Bond albedo values shown in
Figure 1, overlapping with most of the atmospheric models.
The emission from the atmospheric models also spans a wide
range because of the variety of atmospheric structures, the
opacities in these bandpasses, and redistribution factors. Some
of the atmospheres with H,O have emission features in these
filters, showing how a thick atmosphere can still produce
emission consistent with that expected from a blackbody,
instead of the lower emission expected due to atmospheric
absorption or redistribution. This can in general be caused by
greenhouse warming of the surface and subsequent observation
of the surface (or near-surface) emission through a spectral
window or by the formation of a thermal inversion by strong
shortwave opacity in the atmosphere. If either of these effects
are sufficiently strong, the emission at a particular wavelength
could be greater than the expected blackbody value.

Second, Figure 2 shows how the difference in emission
between the FIS00W and F1280W filters is essentially the
same for all the bare-rock surfaces due to their similar
emissivities over this range (J. Th et al. 2023). However, the
relative emission between these filters varies for the atmo-
spheric models due to differences in atmospheric opacity. The
largest differences are due to the significant difference in CO,
opacity between the F1500W and F1280W bandpasses. Some
(but not all) of the atmospheric models can be distinguished
from bare-rock surfaces by this method (J. Ih et al. 2023).

Our models are a limited representation of all the possible
surfaces and atmospheres on such a planet. Different surfaces
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Modeled MIRI F1500W - F1280W Emission Difference Ranges
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Figure 3. Comparing the ranges of possible F1500W dayside emission (for five observed eclipses) from the bare-rock model, the atmospheric model with zero heat
redistribution, and the atmospheric model with full heat redistribution. Each observation is modeled as the average of five secondary eclipses, with a baseline of four
eclipse durations outside the eclipse. Each plotted range compiles the relevant models from the suites like those in Figure 2; for example, the leftmost range shows the
range of possible F1500W emission values for TRAPPIST-1 ¢ due to all the different surface types in Table 1. The planets are ordered by equilibrium temperature.
TRAPPIST-1 ¢ and GJ 486 b are highlighted in bold, as they are plotted in more detail in Figure 2. The bare-rock surfaces can only be distinguished from the
atmospheres with zero heat redistribution on GJ 806 b and LTT 1445 A b (that is, the uncertainties on their lower limits do not overlap). The bare-rock surfaces can be
distinguished from some of the atmospheres with full heat redistribution on more planets for a subset of atmospheres with both full heat redistribution and a low CO,

abundance.

or atmospheres could have higher albedos or emission features
or stronger differences in their FIS00W and F1280W emission.
Despite our wider selection of surface types than previous
studies, the Bond albedos of most types of igneous extrusive
rock are relatively low, resulting in relatively high dayside
emission, consistent with previous work (R. Hu et al. 2012;
M. Mansfield et al. 2019; X. Lyu et al. 2024). The surfaces with
small grain sizes, or the more unusual surfaces like magnesium
sulfate, provide the highest Bond albedo values. With that said,
regolith grain sizes of a few tens of microns are not unusual in
the solar system and can result in surprisingly high Bond
albedos even for common basalt. We do not attempt to provide
a prior likelihood on the prevalence of different surface types;
understanding the likelihood of high-albedo surfaces will
therefore be crucial to make progress in this area.

3.2. Detecting Atmospheres with Dayside FI1500W Emission

Figure 3 shows the range of emission values from each
planet in our suite for the bare-rock model, the atmospheric
model without heat redistribution, and the atmospheric model
with full global heat redistribution. For example, the leftmost
points show the highest and lowest values for the emission for
the bare-rock model of TRAPPIST-1 c. They are joined with a
shaded line to show that the models of emission span the region
between these two extremes; most of the ranges are covered
continuously by the variety of models in each category.

This plot is intended to show how an observation of the
F1500W emission can be consistent with several potential
surfaces or atmospheres. The possibility of bare-rock surfaces
with high albedos (see also the “feldspathic” and “granitoid”
surfaces modeled in S. Zieba et al. 2023) means that it is very
difficult to conclude that a low dayside emission in F1500W is
unambiguously due to an atmosphere. Figure 3 shows that only
two of the atmospheres we model with zero heat redistribution

can be distinguished from the range of potential surfaces
(comparing the lower end of the red and blue ranges for each
planet). These are the atmospheres with 1ppm CO, (which
provides a strong absorption feature in the FI500W bandpass
without significantly heating the atmosphere) for GJ 806 b and
LTT 1445 A b (which both have high signal-to-noise ratios).

Heat redistribution to the nightside lowers the emission from
the atmospheric models (as would an increased atmospheric
albedo due to clouds). Many of the CO,-dominated atmo-
spheres can be distinguished from bare-rock surfaces for the
planets with the higher signal-to-noise ratios. However, many
of the modeled planets are approaching the limit of a detectable
eclipse at the low values of fractional emission around 0.25 and
below in Figure 3.

There are plausible reasons to expect lower albedo values for
bare-rock surfaces in general. The lower end of the range of
possible surface emission values is driven by high-albedo
surfaces types in the “extraterrestrial rocks and other minerals”
category in Table 1. For TRAPPIST-1 ¢, Figure 2 shows that
the range of F1500W emission values due to the “extrusive
igneous rocks” and “other terrestrial igneous rocks” extends
down to ~0.45 rather than ~0.20 for the whole sample of
surfaces.

Similarly, we do not model the effect of space weathering on
the albedo and emissivity of the bare-rock surfaces. This could
plausibly decrease the albedo of these surfaces, making them
more readily distinguished from CO,-dominated atmospheres
(R. Hu et al. 2012). However, we suggest that this does not
allow unambiguous detections of atmospheres. As mentioned
above, the extent of darkening due to nanophase metals at a
given time reflects a competition between space weathering and
(poorly constrained) resurfacing processes acting against
weathering. While bare rocks in the solar system frequently
appear weathered and darker, these bodies are all small
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Figure 4. Comparing the ranges of the differences in dayside emission between the F1500W and F1280W filters from the bare-rock model, the atmospheric model
with zero heat redistribution, and the atmospheric model with full heat redistribution. Each observation is modeled as the average of five secondary eclipses in each of
the two filters, with a baseline of four eclipse durations outside the eclipse. More of the atmospheres can be detected than in Figure 3 by this metric, which makes use
of the CO, spectral feature in the F1S00W bandpass, which is weaker in the F1280W bandpass. Only the atmospheres with 1 ppm CO, can be reliably detected by this
metric, because for higher abundances of CO,, its opacity saturates the F1280W bandpass as well as the F1500W bandpass (see Figure 1). The atmospheres with H,O
cannot be detected by this metric, because the opacity of H,O is similar in both bandpasses (Figure 1), resulting in similar emission in both filters (Figure 2). The
atmospheres with full heat redistribution are not much more detectable by this metric than the atmospheres with zero redistribution. This is because any redistribution
reduces the emission in both the F1500W and F1280W filters by a roughly equal fraction.

and relatively geologically inactive. The geophysical heat
engine would persist for longer on more massive bodies
(D. J. Stevenson 2003; E. S. Kite et al. 2009), promoting
frequent reworking of the crust, irrespective of atmosphere
retention. Thus, even if we might expect (for example) high-
albedo lunar anorthosite to be weathered and become darker
(S. Yamamoto et al. 2018), we cannot guarantee that this is the
case for an unknown planet. For the purposes of understanding
the plausible range of emission, we do not model space
weathering because it would simply move the F1500W
emission of each surface upward toward the blackbody value.
As our range of surfaces already spans this range of emission,
modeling space weathering would not add to the possible range
of F1500W emission from our bare-rock models.

The ordering of the planets by equilibrium temperature in
Figure 3 shows how the emission from bare-rock surfaces in
the F1500W bandpass (as a fraction of the blackbody value)
rises with planetary equilibrium temperature, most strongly at
higher equilibrium temperatures. M. Mansfield et al. (2019)
showed how this is due to the peak of the Planck function
moving to shorter wavelengths for hotter planets, where the
emissivity of the bare-rock surfaces is relatively lower (see
Figure 1), which makes the emission at 15 um relatively
higher. This is a fractional effect on the change in emission
from a blackbody, so it has a larger absolute effect on the lower
end of the emission range than the higher end.

However, the minimum of the emission from the atmo-
spheric models also rises with equilibrium temperature. This is
because exactly the same process occurs for the emissivity of a
CO,-dominated atmosphere (the atmospheres with the lowest
F1500W emission are all CO,-dominated). Figure 1 shows how
CO, has low opacity from 5 to 10 pum; cool planets emit freely
in this range, and so their emission at 15 ym is relatively low.
However, the peak of the Planck function for hotter planets is
lower, from 2 to 5 pm, where the average CO, opacity is
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higher. This decreases the relative emissivity in this region,
which increases the relative emission at 15 pm. Therefore, the
increase in F1500W emission from bare-rock surfaces at higher
equilibrium temperatures that was identified in M. Mansfield
et al. (2019) does not aid so much in distinguishing them from
CO;,-dominated atmospheres, because exactly the same
increase in F1500W emission at higher equilibrium tempera-
tures occurs for CO,-dominated atmospheres.

So far, we have focused on the possibility of false-positive
detections of atmospheres when high-albedo surfaces are
observed. It would also be possible to derive a false-negative
detection of an atmosphere, because the upper range of the
emission from the modeled atmospheres extends up to the
expected value for a blackbody bare-rock planet, and even
above this value in many cases. Therefore, a measurement of
emission that is consistent with the blackbody value does not
necessarily demonstrate the absence of an atmosphere.

3.3. Detecting Atmospheres with Dayside FI1500W and
F1280W Emission

Figure 4 shows the difference in emission between the
F1500W and F1280W filters for each of our modeled planets,
normalized by the F1500W emission from a blackbody. This
difference is almost constant for the bare-rock surfaces but can
vary for the modeled atmospheres, generally due to the CO,
absorption feature in the F1500W bandpass.

Our modeling in Figure 4 reaches a similar conclusion for
TRAPPIST-1b—only a subset of atmospheres have a detect-
able difference in the relative emission in these two filters.
Some other planets with a higher signal-to-noise ratio have
more readily detectable differences in emission. Figure 2 shows
that these differences are strongest for a subset of the CO,
atmospheres (1 bar with 10> ppm CO, and 1 bar with 1 ppm
CO,). For the highest concentrations of CO,, the atmospheric
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Modeled MIRI F1500W Phase Curve Emission
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Figure 5. The ranges of modeled (and then fitted) FIS00W phase curve maxima and minima for the range of atmospheres in Table 1 compared to the zero flux
minimum expected on the nightside of a bare-rock planet. Each observation is modeled as a phase curve over one orbit. The plotted points are the true value of the
maxima and minima of the phase curves, and the error bars are the 1o uncertainty of the values fitted with J. Salvatier et al. (2016). As we did for the eclipse-only
observations, the error bars are conservatively scaled up by 50% to ensure that they are at least as large as they would be for real observations. With a heat
redistribution of 25% of the dayside energy to the nightside, almost every planet has detectable nightside emission. Those that do not are atmospheres with low CO,
abundances on planets with low signal-to-noise ratios; these also have detectably weak emission from their dayside as a result. We do not include the dayside emission
for bare-rock surfaces, as these are shown in Figure 3 with comparable precision to that achieved by a phase curve. Moreover, our aim in the current figure is to
identify unambiguous information by distinguishing nonzero nightside emission due to atmospheric heat redistribution.

opacity increases in the F1280W bandpass as well as the
F1500W bandpass, so the difference in emission between them
decreases. This metric does not generally detect
H,0O-dominated atmospheres, as its opacity is similar in both
filters (Figure 1). In all cases, the results are similar whether the
atmospheres have heat redistribution or not, because the
emission in the bandpasses of both filters changes by a similar
fraction when heat is redistributed.

Therefore, while there are some atmospheric compositions
that would be detectable from the difference between these two
filters, these compositions are a limited set of the total
possibilities. Moreover, observing the emission in two filters
requires observing twice as many eclipses as for one filter. For
example, measuring five eclipses of TRAPPIST-1 b, each with
a duration of the eclipse itself plus an additional out-of-eclipse
baseline of four eclipse durations, takes 15.1 hr. Each separate
observation also requires approximately one additional hour for
telescope slewing, target acquisition, and detector stabiliza-
tion.'® Measuring five eclipses for two filters then takes 40.2 hr
in total, which is similar to the time of 37.3 hr for a full orbital
phase curve observation.

3.4. Detecting Atmospheres with F1500W Phase Curves

This section shows simulations of the dayside and nightside
emission retrieved from phase curves observed in the F1500W
filter. The maximum of the phase curve is the same physical
quantity as the dayside emission measured from the simulated
secondary eclipses above, so it is also affected by the degeneracy
between surface Bond albedo and atmospheric properties.
However, the minimum of the phase curve is generally immune
to these degeneracies, if it is consistent with nonzero nightside

16 https: / /jwst-docs.stsci.edu/jwst-general-support /jwst-observing-
overheads-and-time-accounting-overview /
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emission, as the emission from the nightside of a bare-rock planet
will be negligible. A measurement consistent with zero nightside
emission would be degenerate between a bare-rock surface and
an atmosphere with weak heat redistribution or weak emission in
the observed bandpass. Planets hotter than the sample we
consider may have magma oceans whose currents could transport
some heat in the absence of atmospheres, but this transport is
expected to be inefficient and so would not significantly affect the
surface temperature and resulting nightside thermal emission
(E. S. Kite et al. 2016; T. G. Meier et al. 2023; Y. Lai et al. 2024).
We simulate phase curves containing two eclipses, with a
duration 20% longer than a single orbital period. Their
maximum and minimum are calculated by a 1D model for each
side of the planet, with stellar heating of 75% and 25% of the
total. We then add observational noise and fit a model of a
sinusoidal phase curve with a free amplitude, mean, phase offset,
and stellar baseline using J. Salvatier et al. (2016). These
atmospheres all assume that 25% of the stellar heating on the
dayside is redistributed to the nightside; atmospheres with less
redistribution would be less detectable by their nightside
emission. This fraction is unknown for exoplanets and depends
on a range of atmospheric properties, like surface pressure and
composition; our choice of 25% is to demonstrate that an
atmosphere with enough heat redistribution can be unambigu-
ously detected. The value of 25% is consistent with the order of
magnitude of the heat redistribution in the 3D atmospheric
simulations and scaling theory in D. D. Koll (2022). It is also
consistent with the outgoing longwave radiation on the nightside
plotted for a variety of simulations of TRAPPIST-1 e in
M. Turbet et al. (2022). If we modeled planets with full heat
redistribution (as we do for the eclipse-only observations above),
their nightside emission would be even more detectable.
Figure 5 shows the range of phase curve maxima (essentially
the same as the dayside emission shown in Figure 3) and the
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range of phase curve minima for atmospheres 2, 5, 8, and 11
with 25% heat redistribution in Table 2. The emission from the
“null hypothesis” of a bare-rock nightside is also shown for
each planet to determine which nightsides could be observa-
tionally distinguished from a bare-rock planet. Figure 5 shows
that almost all of these simulated atmospheres produce enough
nightside emission to be distinguished from a bare-rock planet.

A phase curve observation also provides a measurement of
dayside emission as well as nightside emission, with compar-
able precision to that shown in Figure 3. This information can
be complementary to nightside information; for example, many
of the simulated observations in Figure 5 with detectable
nightside emission have detectably low dayside emission in
Figure 3, providing corroborating evidence for an atmosphere.

Some atmospheres in Figure 5 produce too little nightside
emission to be distinguished from the bare-rock null hypoth-
esis. These are the atmospheres with low amounts of CO,,
which emit from low pressures but have little greenhouse
warming. While this may produce too little emission to be
detected on the nightside, the dayside emission will be
correspondingly low (see the lowest dayside emission value
for each planet in Figure 5). This provides the same evidence
for atmospheric absorption on the dayside as would be
provided by observing secondary eclipses only. Observing a
phase curve with a minimum flux consistent with zero should
not be taken as proof of the lack of an atmosphere, as thin
atmospheres may redistribute too little heat. D. Powell et al.
(2024) show that optically thick nightside clouds may produce
the same effect, suppressing detectable nightside emission from
a thick atmosphere.

Most of the atmospheres we simulate produce nightside
emission that can be distinguished from a bare-rock planet
using an observation of a single phase curve. Any atmosphere
that is thick enough to redistribute a nonnegligible fraction of
the dayside heating to the nightside will be detectable in this
way. An atmosphere detected by a phase curve will also be
better characterized than one detected by secondary eclipses
only, with a constraint on day—night heat transport and a
potential phase curve offset.

4. Discussion
4.1. Comparison to Previous Work

We reach some different conclusions to previous studies on
this topic. In this section, we compare our methodology and
results to D. D. Koll et al. (2019), J. Lustig-Yaeger et al.
(2019), M. Mansfield et al. (2019), and E. A. Whittaker et al.
(2022) to determine the causes of these differences.

M. Mansfield et al. (2019) present “a new method to detect
an atmosphere on a synchronously rotating rocky exoplanet
around a K/M dwarf, by using thermal emission during
secondary eclipse to infer a high dayside albedo that could only
be explained by bright clouds.” They used a similar
methodology to R. Hu et al. (2012) to simulate the broadband
MIRI/LRS emission from eight surface types to conclude that
“a high albedo could be unambiguously interpreted as a signal
of an atmosphere for planets with substellar temperatures of
Tsww = 410-1250K.” This significantly differs from our
conclusion in Section 3.2, where we suggest that high-albedo
bare-rock planets could produce dayside thermal emission that
is much lower than a blackbody planet and therefore highly
degenerate with an atmosphere.
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We have determined that the source of this discrepancy is
that M. Mansfield et al. (2019) calculated the surface
temperatures of each bare-rock surface using the geometric
albedo values derived in R. Hu et al. (2012; M. Mansfield
2024, private communication). The geometric albedo is the
ratio of planetary flux at zero phase angle (from the dayside for
a tidally locked planet) to the flux from a Lambert disk
(S. Seager 2010); it is an observational quantity and does not
control planetary energy balance or equilibrium temperature.
The Bond albedo determines the fraction of incoming total
stellar energy scattered into space in all directions, so it is the
quantity that controls planetary energy balance and equilibrium
temperature as described in Section 2.2 (note that we use its
wavelength-dependent equivalent rq,(\) there).

The geometric albedo is 50% lower than the Bond albedo for
the surfaces modeled here and in M. Mansfield et al. (2019),
because they are assumed to be Lambertian (S. Seager 2010).
Using the geometric albedo therefore results in significantly
higher bare-rock surface temperatures in M. Mansfield et al.
(2019) than for the equivalent surfaces in our Section 3.2 with
temperatures calculated using the Bond albedo. The difference
in our methods can be seen by comparing the spherical
reflectance (which gives the Bond albedo when integrated) for
“lunar anorthosite” in our Figure 1 to the “feldspathic” albedo
value in Figure 3 of M. Mansfield et al. (2019). Both use the
same original RELAB data (LR-CMP-224), but our albedo
values are approximately 50% higher.'’

This is why we are much more pessimistic about the prospects
of detecting atmospheres with eclipses only, as our modeled
bare-rock surfaces produce approximately 50% weaker emission
than the equivalents in M. Mansfield et al. (2019). Another
minor difference is that we consider a wider range of surface
types than M. Mansfield et al. (2019), which broadens the range
of possible surface emission values, increasing the degeneracy.
We note that E. A. Whittaker et al. (2022) applied the same
methodology as M. Mansfield et al. (2019), using the geometric
albedo to calculate temperatures of bare-rock surfaces.

D. D. Koll et al. (2019) also tackled this issue, comparing the
relative merits of phase curves, spectroscopy, and eclipse
photometry, for detecting atmospheres on rocky planets.
D. D. Koll et al. (2019) concluded that “infrared photometry
of secondary eclipses could quickly identify ‘“candidate”
atmospheres, by searching for rocky planets with atmospheres
thick enough that atmospheric heat transport noticeably reduces
their dayside thermal emission compared to that of a bare rock
[...] Candidate atmospheres can be further validated via
follow-up spectroscopy or phase curves.” They favor second-
ary eclipses over phase curves for detecting candidate atmo-
spheres due to the shorter observational time required. They
suggest that the false-positive bare rock scenario is unlikely
primarily by reference to M. Mansfield et al. (2019), supported
by discussion of low-albedo bare rocks in the solar system and
in L. Kreidberg et al. (2019).

Our conclusions are similar in general to those of D. D. Koll
et al. (2019): we also find that eclipse photometry could
identify signatures of candidate atmospheres, and that these
must then be followed up with more detailed measurements.
Our point of difference is that we do not discard the bare-rock
false-positive case following M. Mansfield et al. (2019),
because our use of the Bond albedo rather than the geometric

17 This can be inspected in more detail using the data sets at doi:10.5281/
zenodo.13691959.
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albedo results in much lower thermal emission from bare-rock
planets. We therefore suggest that one may as well proceed to
the detailed phase curve “follow-up,” as the secondary eclipse
measurements are too degenerate to contain useful information.
This is ultimately a qualitative point, and the conclusion of
D. D. Koll et al. (2019) may still apply if a strategy of initially
identifying candidates for later follow-up is preferable.

Our final comparison to previous work is with J. Lustig-
Yaeger et al. (2019), who focused mainly on observational
signatures of different atmospheres but also simulated the
emission signatures of bare-rock planets. Their Figure 1 shows
the secondary eclipse spectrum of TRAPPIST-1 b for a variety
of bare-rock surface types. As J. Lustig-Yaeger et al. (2019)
make clear, these spectra are calculated assuming zero Bond
albedo, so all have the same planetary equilibrium temperature.
This results in them emitting similarly to a blackbody at 15 um,
unlike our simulations, where many surfaces have much lower
emission due to their high Bond albedo and lower tempera-
tures. The main conclusion of J. Lustig-Yaeger et al. (2019)
from these results is that “an airless rock would likely have
significantly lower spectral variation than atmospheric fea-
tures.” This is consistent with our results, although we do not
focus on the specifics of the spectral variation of the emission
beyond the differences in the F1500W and F1280W filters in
Section 3.3.

4.2. False Positives and False Negatives

Detecting atmospheres by eclipse photometry alone depends
on our understanding of the link between atmospheric
thickness, global heat redistribution, and atmospheric emission
in the observed filter. This link is generally suggested to be that
thicker atmospheres on tidally locked planets redistribute more
heat (D. D. Koll 2022), and the planets then emit more weakly
from their daysides. This is suggested to contrast with the
higher emission from bare-rock surfaces, as igneous rocks
generally have lower Bond albedos (see Table 1) and relatively
higher emissivity in the F1280W and F1500W MIRI filters
(M. Mansfield et al. 2019).

While all these statements are physically reasonable, we
suggest that our results demonstrate plausible false-positive and
false-negative detections of atmospheres by eclipse observa-
tions. First, the wide range of surface types we consider have a
range of albedos, with the most reflective having Bond albedos
over 0.5. While low-albedo igneous rocks are probably more
likely surfaces (especially if they are darkened by space
weathering; R. Hu et al. 2012), it is not possible to entirely rule
out known or unknown high-albedo surfaces. Measuring low
emission in the F1500W filter from a high-albedo bare-rock
planet could therefore provide a false-positive detection of an
atmosphere.

Second, while thick atmospheres are generally likely to
redistribute heat and emit more weakly in the F1500W
bandpass, we suggest that there are plausible effects that could
counteract this. D. D. Koll (2022) demonstrates a very
compelling scaling relation between atmospheric thickness
and heat redistribution in an idealized 3D atmospheric general
circulation model, but there are many other surface and
atmospheric properties that could affect heat transport, such as
land-mass distribution, topography, condensation, or clouds
(N. T. Lewis et al. 2018; D. E. Sergeev et al. 2020).

Moreover, even with strong heat redistribution, an atmos-
phere may still emit like a bare rock in a particular bandpass.
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The greenhouse effect could warm the surface beyond its
equilibrium temperature, which could then emit at least as
strongly as a bare rock at wavelengths with low atmospheric
opacity. This is why some of the atmospheres in Figure 2 emit
more strongly than a blackbody surface would. In addition, an
atmosphere may form a thermal inversion if, for example, its
visible and thermal opacities scale differently with pressure
(A. A. A. Piette et al. 2023; M. Zilinskas et al. 2023). It could
then produce an emission feature in the F1500W bandpass if it
has high opacity in that spectral region.

Both of these effects could counteract the overall cooling
effect of heat redistribution, raising the emission in a particular
bandpass back up to the value expected for a blackbody. An
observation of such an atmosphere in that bandpass could
therefore provide a false-negative conclusion that there is no
atmosphere. Unlike the false positives and false negatives for
single-filter observations of secondary eclipses, we suggest that
nightside emission can provide an unambiguous detection of an
atmosphere.

4.3. Issues with Phase Curves

While we suggest that phase curves can resolve the
degeneracy between the dayside emission of bare-rock planets
and atmospheres, there would still be challenges in making and
interpreting observations of nightside emission.

Instrumental systematics are a key issue for the processing of
MIRI observations, particularly a distinctive exponential ramp
at the start of an observation (e.g., E. M.-R. Kempton et al.
2023; S. Zieba et al. 2023; T. J. Bell et al. 2024). P. C. August
et al. (2024) concluded that these systematics are more
problematic than previously expected when analyzing MIRI
filter eclipse observations of rocky exoplanets. Repeated
eclipse observations and phase curve observations have
different advantages and disadvantages when handling these
systematics. Repeated eclipse observations require a relatively
simple model to be fitted, which should not be degenerate with
the shape of an exponential ramp or linear trend. However,
every eclipse will have its own systematic shape, requiring a
new set of parameters to be fitted each time (S. Zieba et al.
2023). Observing a phase curve with at least two eclipses
provides a single periodic measurement that can separate an
exponential systematic ramp from the periodic planetary signal
more effectively than separated eclipse observations (M. Ham-
mond et al. 2024). However, the shape of the phase curve can
be degenerate with long-period systematics, with the strongest
effects on the inferred nightside emission furthest from the
anchoring effect of the eclipses (E. M.-R. Kempton et al. 2023).

There is an important potential false positive for the
detection of an atmosphere using a phase curve. Internal
heating processes could lead to a nonzero surface geothermal
heat flux at all longitudes, warming the nightside even in the
absence of an atmosphere. For internal heating via the decay of
radioactive isotopes in an Earth-like concentration, we expect
an associated heating rate at the surface on the order of a few
tens to a hundred mW m_z, which is insufficient to be detected
in the near-to-mid-infrared spectrum with JWST (T. G. Meier
et al. 2021). Tidal dissipation in the interior adds to this flux;
the tidal contribution to surface heating can be estimated from
the orbital parameters of the system (which would be refined
with a high-precision phase curve), with some assumptions
about the interior structure and rheology (e.g., A. C. Barr et al.
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2018; H. C. F. C. Hay & 1. Matsuyama 2019; E. Bolmont et al.
2020; M. Farhat et al. 2024).

The observed globally averaged surface heat flux on Io
(essentially the tidal heat flux here) is a few Wm 2, still
undetectable—though note that localized volcanoes could
contribute disproportionally to the observed thermal emission.
In this context, it is irrelevant whether the heat generated in the
interior is mostly transported at the surface by conduction
through the planet's crust, like Earth, or by the advection of hot
magma, like To. The planned DDT program aims to improve
constraints on the eccentricity of the target planets, which
should improve the precision of the upper limit on their tidal
heating.

The greatest issue with phase curves is the observational
time that they require, being comparable to the orbital period. It
may be possible to reduce this time by observing partial phase
curves—for example, starting before an eclipse and finishing
after the nightside is observed. However, we suggest that the
issues with instrumental systematics encountered for even a full
phase curve with two anchoring eclipses in E. M.-R. Kempton
et al. (2023) imply that a partial phase curve will be impractical
for constraining nightside emission.

4.4. Observing Strategy

We suggest three general strategies to spend 500 hr with
JWST searching for atmospheres of rocky exoplanets.

1. Observing secondary eclipses with the F1500W filter
only (S. Redfield et al. 2024). Given 500 hr, five eclipses
could be observed of each of the top 20 rocky planets
sorted by signal-to-noise ratio in the F1500W bandpass.
We suggest that these observations would be very
susceptible to false positives mistaking high-albedo
bare-rock surfaces for atmospheres or false negatives
mistaking atmospheres with high emission for bare-rock
surfaces.

2. Observing secondary eclipses with the F1500W and
F1280W filters (J. Th et al. 2023). Given 500 hr, five
eclipses could be observed of each of the top 10 rocky
planets sorted by signal-to-noise ratio in the F1500W
bandpass. We suggest that these observations would be
less degenerate than the first option, confidently identify-
ing atmospheres with an intermediate amount of CO,.
However, many types of atmosphere would still be
degenerate with bare-rock surfaces, and observing
eclipses in two filters would be more time-consuming.

3. Observing phase curves with the F1500W filter. Given
500 hr, 1.2 orbits (including two eclipses) could be
observed for each of 10 rocky planets selected for shorter
orbital periods, spanning the range of equilibrium
temperatures we model. An example sample would be
LHS 1140 c (period 3.8 days), LTT 1445 A c (3.1 days),
SPECULOOS-3 b (0.7 day), GJ 3929 b (2.6 days), GJ
1132 b (1.6 days), LHS 475 b (2.0 days), GJ 486 b (1.5
days), LHS 3844 b (0.5 day), GJ 1252 b (0.5 day), and
TOI-4527.01 (0.4 day). We suggest that this is the best
method for unambiguous detections of atmospheres, as it
does not rely on a particular atmospheric composition.
Crucially, it avoids the degeneracy between atmospheres
and high-albedo surfaces. Any atmosphere that transports
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enough heat to the nightside would be detectable in
this way.

We propose the third strategy as a way to provide
unambiguous detections of atmospheres. As discussed above,
this is a different conclusion about the optimal strategy from
that of D. D. Koll et al. (2019), who propose eclipse-only
photometry (the first strategy in our list) as a method
(M. Mansfield et al. 2019) to identify candidate atmospheres
for subsequent follow-up with phase curve or spectroscopic
observations. The primary reason for this difference is our use
of the Bond albedo instead of the geometric albedo to model
the temperature of bare-rock planets, resulting in a much
stronger degeneracy than identified in M. Mansfield et al.
(2019).

It could be beneficial to follow up observations of phase
curves in the F1500W filter with observations of phase curves
or secondary eclipses in the F1280W filter, if there is weak
global emission in the F1500W filter. If this were caused by a
CO, absorption feature, the F1280W filter could detect stronger
global emission as described in Section 3. Another modifica-
tion could be to additionally use observations from 5 to 12 ym
with MIRI/LRS, as these may be more optimal than the
F1500W and F1280W filters for hotter planets emitting more at
these shorter wavelengths. M. W. Mansfield et al. (2024)
presented eclipse observations of GJ 486 b with this
instrument, deriving a precise measurement of its brightness
temperature but not detecting any clear spectral features.

The three separate strategies described above could also be
combined. For example, observing just two F1500W eclipses
of each of the top 20 targets might identify targets with dayside
emission significantly below the blackbody value, although
with relatively large uncertainty. As we argue above that
reducing the uncertainty on the dayside emission would very
rarely produce a conclusive detection of an atmosphere, the
planets with the lowest dayside emission could then be
followed up with an observation of a phase curve. We stress
again that it is perfectly plausible that the dayside atmosphere
of a planet could emit at its blackbody temperature in the
F1500W filter while also emitting significantly from its
nightside. For example, the TRAPPIST-1c simulation in
Figure 5 has dayside emission consistent with its blackbody
value; for weaker heat redistribution, more planets would also
have dayside emission consistent with the blackbody value (see
the zero redistribution cases in Figure 3). Other processes like
thermal inversions or strong greenhouse warming could further
increase the dayside emission for atmospheric compositions
that we do not model. We reiterate, therefore, that targets for
atmospheric detections should not be ruled out on the basis of
blackbody dayside emission.

This strategy would be similar to the proposal of D. D. Koll
et al. (2019) to use “one to two eclipses with JWST [...]
confirmed by follow-up transit spectroscopy, eclipse spectrosc-
opy, or thermal phase curves.” We suggest that the difficulty of
identifying spectral features from transit and eclipse spectrosc-
opy of temperate rocky exoplanets (O. Lim et al. 2023;
J. Lustig-Yaeger et al. 2023; P. Wachiraphan et al. 2024)
promotes the use of phase curves for these follow-up
measurements. E. Ducrot et al. (2023) also suggest that a
combination of broadband emission spectra with phase curves
can provide robust detections of atmospheres on rocky planets,
as they demonstrate that eclipse observations of TRAPPIST-1 b
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in two photometric filters are not enough to rule out an
atmospheric or a bare-rock scenario.

5. Conclusions

We have presented simulations of JWST MIRI observations
in the F1500W and F1280W filters for a range of surfaces and
atmospheres on a selection of the most readily observable
rocky exoplanets. These have shown that the emission in the
F1500W filter is highly degenerate between the surfaces and
atmospheres. We suggest that it is more difficult than
previously suggested to detect an atmosphere with observations
in this filter alone. This is due to the increased range of possible
emission values from bare-rock atmospheres that we model and
the similar scaling with temperature of bare-rock emission and
emission from CO,-dominated atmospheres. We suggest that
no observation in this filter alone can unambiguously determine
the presence or absence of an atmosphere, being prone to false
positives or false negatives.

We also modeled an observational strategy using the
difference in emission in the F1500W and F1280W filters,
which is roughly uniform for the bare-rock surfaces but can
vary for different atmospheric compositions. A subset of
atmospheres have detectably different emission in these
bandpasses; these are generally atmospheres with enough
CO, to create significant opacity in the F1500W bandpass but
not so much that there is also significant opacity in the F1280W
bandpass. This technique would only be able to identify this
subset of atmospheres with the correct spectral properties, with
other types still indistinguishable from bare-rock surfaces with
high albedo, and would also take longer than single-filter
measurements.

We then simulated the detectability of nightside emission
from phase curve observations in the F1500W filter. This
showed that if 25% of the heating on the dayside is
redistributed to the nightside, almost every one of the simulated
atmospheres would have detectable emission from its nightside
given an observation of one full phase curve. We chose this
fraction of 25% as an example as this quantity is unknown for
rocky planets in general; atmospheres with more or less
redistribution would be more or less detectable. We suggest
that finding nightside emission would be an unambiguous
detection of an atmosphere. This technique would work for any
atmosphere redistributing enough of its dayside heating
regardless of composition. We suggest that a phase curve can
provide a model-independent detection of an atmosphere,
relying on the nightside emission that is simply a parameter of
the fitted time-series model. Conversely, dayside emission will
always be a model-dependent way to search for atmospheres,
relying on complex expectations about which surface types
could be feasible false positives and on the emission simulated
by more complex atmospheric models.

Despite their theoretical ability to provide an unambiguous
atmospheric detection, phase curves have limitations in reality.
They are time-consuming for planets with long orbital periods
and are not necessarily easy to successfully execute due to
issues with constraining instrumental systematics discussed in
Section 4. Nightside emission due to tidal dissipation could
also provide a false-positive detection of an atmosphere from a
phase curve; we suggest above that this is unlikely to be
detectable for these planets, but it must be considered when
interpreting a phase curve.
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Our conclusion that observations of eclipses are of very
limited use for detecting atmospheres differs from D. D. Koll
et al. (2019) and M. Mansfield et al. (2019), who proposed
MIRI eclipses as a method to detect atmospheres on rocky
planets (as candidates, in the case of D. D. Koll et al. 2019).
Section 4 identified that the primary cause of this difference
was our use of the Bond albedo to calculate the temperature of
bare-rock planets, rather than the use of the geometric albedo in
M. Mansfield et al. (2019). This produced an erroneously high
eclipse depth for the bare-rock surfaces in M. Mansfield et al.
(2019), which was inherited by D. D. Koll et al. (2019) in their
discussion of the bare-rock false positive. We also expanded on
the range of surface types modeled in R. Hu et al. (2012) and
M. Mansfield et al. (2019), which resulted in a stronger
atmosphere—surface degeneracy (together with the corrected
albedo). This motivated our argument that nightside emission is
the only method by which an atmosphere could be unambigu-
ously detected.

A strategy focused on phase curves would need to target
planets with shorter orbital periods, which might restrict the
distribution of the observed planets and the resulting statistical
power of a test of the “cosmic shoreline” hypothesis. However,
S. Redfield et al. (2024) state that the goal of the proposed
500 hr survey is to definitively identify which planets have
atmospheres. We suggest that an observing strategy focused on
observing phase curves of ~10 planets would allow the
unambiguous detections of atmospheres needed to meet this
goal. This would still not be a trivial exercise given the effects
of instrumental systematics on measurements of nightside
emission. Future studies could investigate the sample sizes
needed for statistical tests of hypotheses about the distribution
of atmospheres on rocky planets. We suggest that any statistical
tests, no matter how sophisticated, ultimately depend on
unambiguous information content in each observation that
could only be provided by phase curve observations.
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