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Abstract

The James Webb Space Telescope (JWST) will make it possible to comprehensively measure the thermal emission
spectra of rocky exoplanets orbiting M dwarfs and thus characterize their atmospheres. In preparation for this
opportunity, we present model atmospheres for three M-dwarf planets particularly amenable to secondary eclipse
spectroscopy—TRAPPIST-1b, GJ 1132b, and LHS 3844b. Using three limiting cases of candidate atmospheric
compositions (pure H,O, pure CO,, and solar abundances) we calculate temperature—pressure profiles and
emission spectra in radiative-convective equilibrium, including the effects of a solid surface. We find that the
atmospheric radiative transfer is significantly influenced by the cool M-star irradiation; H,O and CO, absorption
bands in the near-infrared are strong enough to absorb a sizeable fraction of the incoming stellar light at low
pressures, which leads to temperature inversions in the upper atmosphere. The non-gray band structure of gaseous
opacities in the infrared is hereby an important factor. Opacity windows are muted at higher atmospheric
temperatures, so we expect temperature inversions to be common only for sufficiently cool planets. We also find
that pure CO, atmospheres exhibit lower overall temperatures and stronger reflection spectra compared to models
of the other compositions. We estimate that for GJ 1132b and LHS 3844b we should be able to distinguish between
different atmospheric compositions with JWST. The emission lines from the predicted temperature inversions are
currently hard to measure, but high-resolution spectroscopy with future extremely large telescopes may be able to
detect them.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Radiative transfer (1335); Extrasolar rocky

planets (511)

1. Introduction

With the Transiting Exoplanet Survey Satellite (TESS)
conducting an all-sky survey, we have the opportunity to
detect a large number of planets orbiting bright nearby M-type
stars (Ricker et al. 2015). Small rocky planets are the prize of
any space-based transit survey, and such planets are known to
be commonplace around M dwarfs (Dressing & Charbonneau
2015; Mulders et al. 2015; Gaidos et al. 2016). Also, the
geometric probability of finding transiting planets of a given
temperature is greater for smaller stars than stars of other, larger
types. In addition, M dwarfs are intrinsically less luminous
such that the relative spectroscopic signal of a transiting planet
is larger. The shift to cooler stars also helps our search for
habitable planets. Whereas habitable planets around G stars
reside on wide orbits with periods ~100 days, habitable zones
around M stars are located much closer in, with periods of
~few days, enhancing the crucial repeatability of observations
(Kopparapu et al. 2013, 2016).

Although terrestrial, potentially habitable planets are among
the most fascinating candidates for characterization surveys,
they are mostly out of reach with current instrumentation
(Cowan et al. 2015). Thus, a more pragmatic approach is to
focus on warm (i.e., hotter than habitable) rocky super-Earths.
Such planets may have experienced a similar evolution as their
Earth-analog counterparts and thus may possess similar
atmospheric and interior properties, and due to their larger
size and higher temperatures, provide the advantage of a better
signal.

Still, even in this regime our observational data are limited,
providing us with few constraints on the planetary and
atmospheric properties of those objects. One way to improve
our understanding is to build self-consistent atmospheric
models based on first principles. Not only do these models
strengthen our physical intuition, they also allow us to make
predictions about the planets’ spectral appearance, serving as
guidance for future observations.

Modeling the atmospheres of rocky planets is not a new
endeavor; after all, there are such objects in the solar system.
However, only a few other works have specifically studied the
radiative transfer and thermal emission spectra of the near-term
observable exoplanets around M stars. Recent assessments of
the observability of the TRAPPIST-1 planets GJ 1132b and
LHS 1140b with the James Webb Space Telescope (JWST)
(Barstow & Irwin 2016; Morley et al. 2017; Batalha et al.
2018) focused on mapping out the optimal observation
strategies and the connected uncertainties and relied on
simplified radiative transfer schemes. On the other side of the
spectrum are the habitability studies of Wolf (2017), Lincowski
et al. (2018), and Meadows et al. (2018), which explore the
potential habitability of the temperate planets in the TRAP-
PIST-1 system and Proxima Centauri b. Using sophisticated
atmospheric models, like three-dimensional global climate
models, based on our solar system knowledge, their meticulous
examination is optimized to study individual planets, but may
lack flexibility when interested in a wider parameter regime of
known and yet to be discovered super-Earths and terrestrial
planets.
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In this work, we choose an intermediate approach, using a
radiative-convective model to self-consistently assess the
temperature profiles and corresponding thermal emission and
reflection spectra of hot rocky exoplanets, incorporating the
radiative balance with a solid surface at the base of the
atmosphere. We focus on the M dwarf planets TRAPPIST-1b,
GJ 1132b, and LHS 3844b, as they are currently the best
targets for emission spectroscopy of rocky, terrestrial planets
and representative of future TESS discoveries amenable for
follow-up spectroscopic JWST observations (Kempton et al.
2018).

The main advantage of thermal emission spectroscopy over
the more widely used transmission spectroscopy is that it
suffers less from signal loss if the atmosphere is cloudy.
Furthermore, the transmission signal is diminished for atmo-
spheres with a high mean molecular weight, which is not the
case for the thermal emission signal (e.g., Miller-Ricci et al.
2009). Thermal emission spectra also provide a direct probe of
the atmospheric structure (i.e., vertical temperature gradients).
Finally, Morley et al. (2017) found that hotter terrestrial planets
are easier to characterize by emission than by transmission
spectroscopy. However, due to their choice of parameterized
vertical temperature profiles, they may have overpredicted the
emission signal strength.

In terms of the atmospheric composition, we construct
numerical models of pure water and pure CO, atmospheres,
and in order to cover another cornerstone of possible
atmospheric conditions, add the case of a solar composition,
hydrogen-dominated, low-mean-molecular-weight atmosphere,
even though the explored planets are unlikely to retain such an
atmosphere over their lifetimes. The notion seems reasonable
given that future exoplanet discoveries with TESS are likely to
exhibit planetary and atmospheric properties similar to those of
the models explored in this work.

Our knowledge of the specific atmospheric properties of the
three test planets in this study is scarce. The mean density of
TRAPPIST-1b suggests a volatile-rich envelope with 10-10*
bar pressure (Grimm et al. 2018), even though the planet
probably already lost a large fraction of its initial mass due to
photoevaporation (Bolmont et al. 2017; Dong et al. 2018).
Spectroscopic analyses have so far indicated a feature-less
transmission spectrum, consistent with a high mean-molecular
weight composition, as given by a water-dominated or Venus-
like atmosphere, and have ruled out a cloud-free, hydrogen-
dominated atmosphere (de Wit et al. 2016; Zhang et al. 2018).

For GJ 1132b, even though planetary evolution calculations
favor a tenuous atmosphere, a thick steam atmosphere is
possible (Schaefer et al. 2016) and a high mean molecular
weight atmosphere is consistent with observations (Southworth
et al. 2017; Diamond-Lowe et al. 2018).

The reported photometric radius of LHS 3844b of 1.3 Rg,qm
at the TESS and MEarth bandpasses (Vanderspek et al. 2019)
lies below the radius gap presented in Fulton et al. (2017) and
the photoevaporation valley (Owen & Wu 2013; Owen &
Alvarez 2017), suggesting that the planet does not possess a
primordial hydrogen envelope. This is consistent with the very
recent Spitzer observations of LHS 3844b by Kreidberg et al.
(2019), whose analysis indicates a bare rock planet with no
extended gaseous envelope. Even if this particular planet does
not possess a thick atmosphere, we take it as an example for
future discoveries of hotter rocky planets, which, with different
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Table 1
Planetary System Parameters Used in This Study

Planet Rpl loglo g a Rgar Tstar Teq“l

(Rz) (oggems ™) (aw) R K (K

TRAPPIST-1b (1)  1.12 2.9 0.0115  0.121 2511 393

GJ 1132b (2) 1.16 3.068 0.0153 0207 3270 580

LHS 3844b (3) 1.32 3.112° 0.00622 0.189 3036 806
Notes.

 Assuming a zero Bond albedo.

® Estimated with 2.3 M, based on Chen & Kipping (2017).

References. (1) Delrez et al. (2018), Grimm et al. (2018), (2) Berta-Thompson
et al. (2015), Bonfils et al. (2018), (3) Vanderspek et al. (2019).

evolution pathways could, still possess primordial or secondary
envelopes.

In general, there is an ongoing debate on the extent to which
super-Earths orbiting M stars are expected to possess
substantial atmospheres at all. Young M stars exhibit a
comparatively strong XUV flux, which, depending on the
planet’s atmospheric composition, may lead to loss of the
envelope due to photoevaporation (Tian 2009; Lopez et al.
2012; Owen & Wu 2013; Jin et al. 2014; Chen & Rogers 2016).
Another possibility is that some planets form at the end of the
accretion disk phase and undergo most of their evolution after
the gas disk dispersal. These planets would never have
extended envelopes to begin with (Lopez & Rice 2018). Thus,
our model atmospheres are constructed under the assumption
that the explored planets were able to retain their atmospheres
or outgas secondary ones (Elkins-Tanton & Seager 2008; Kite
et al. 2009; Rogers & Seager 2010).

Our methodology is presented in detail in Section 2. In these
models we look for unique characteristics, which can help
constrain the properties of the planets’ atmospheres (see
Section 3.1). We find that the low stellar temperature leads to
unexpected consequences for the radiative transfer in the planet
atmospheres. In Section 3.2, we explore the dependency of
high-altitude temperature inversions on the planetary and stellar
parameters and offer an explanation for why they only emerge
in the cooler temperature regime. We discuss the observability
of the modeled atmospheres and inversions in Section 4.1,
comment on our assumptions and chosen parameters in
Section 4.2, and compare with other works in Section 4.3.
We conclude in Section 5.

2. Method

The planetary parameters of TRAPPIST-1b, GJ 1132b, and
LHS 3844b are given in Table 1. We use the open-source
radiative transfer code HELIOS® (Malik et al. 2017, 2019) to
calculate the temperature structures of these three planets in
radiative-convective equilibrium and the corresponding synth-
etic emission and reflection spectra. We consider cloud-free
atmospheres including Rayleigh scattering. The three simulated
atmospheric models consist of 100% H,0, 100% CO,, and
solar composition in chemical equilibrium.

The solar model includes opacities calculated with HELIOS-K
(Grimm & Heng 2015) from the following line lists: H,O

6 https://github.com/exoclime/HELIOS
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Figure 1. Opacity vs. wavelength for the three atmospheric models used in this
work, 100% H,0, 100% CO,, and solar abundances. The opacity function for
the solar model is weighted with the mass mixing ratio of the respective
constituents, obtained from equilibrium chemistry. Shown is an excerpt of the
opacity tables for one temperature and pressure (500 K and 1 bar), including all
the opacity sources for each model. Overplotted (dashed lines) is the
contribution of the Rayleigh scattering cross sections for the three models.

(Barber et al. 2006), CO, (Rothman et al. 2010), CO (Li et al.
2015), CH4 (Yurchenko & Tennyson 2014), NH; (Yurchenko
etal. 2011), HCN (Harris et al. 2006), C,H, (Gordon et al. 2017),
PH; (Sousa-Silva et al. 2015), H,S (Azzam et al. 2016), Na and
K (Burrows et al. 2000; Burrows & Volobuyev 2003; Kur-
ucz 2011), and collision-induced absorption (CIA) of H,—H, and
H,—He (Richard et al. 2012). The molecular lines are treated as
Voigt profiles with a far-wing cutoff at 100 cm™' from line
center. Pressure broadening is considered using the default
parameters given in the ExoMol online database for H,O, CO,
CH4, NH3, HCN, PH3, and H,S, and using the self-broadening
prescription from the HITEMP/HITRAN database for CO, and
C,H,. The treatment of the alkali opacities is described in detail
in the appendix of Malik et al. (2019). For lower temperatures,
Na and K are assumed to be removed from the gas phase by
the formation of Na,S and KCl condensates, respectively. We
further include Rayleigh scattering cross sections of H, and
He (Cox 2000; Lee & Kim 2004; Sneep & Ubachs 2005;
Thalman et al. 2014). The chemical equilibrium mixing ratios are
calculated with FastChem (Stock et al. 2018), taking the solar
elemental abundances as reported in Table 1 of Asplund et al.
(2009). FastChem is tested between 100 and 6000 K to
accurately calculate the thermochemical equilibrium mixing
ratios from a chemical network of 550 gas-phase species,
including ions.

The H,O model includes H,O line opacities and H,O
Rayleigh scattering cross sections (Cox 2000; Wagner &
Kretzschmar 2008), and the CO, model includes CO, line
opacities, CO, scattering cross sections (Cox 2000; Sneep &
Ubachs 2005; Thalman et al. 2014), and CO,—CO, CIA
(Richard et al. 2012). The opacity functions of the three
atmospheric models used in this work are shown in Figure 1.

HELIOS utilizes a hemispheric two-stream method with
improved scattering accuracy (Heng et al. 2018) and
convective adjustment, for which we set the adiabatic
coefficient kK = (d InT/d In P)g, with the temperature 7, the
pressure P, and the entropy S, to 2/7 for the solar case, and to
1/4 for the H,O and CO, cases. For the temperature iteration
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we use 300 spectral bins between 0.33 pm and 10° zm with 20
Gaussian points in each bin, assuming a k-correlation. The
emission spectra are generated at a resolution of R = 3000
utilizing opacity sampling.

In order to obtain pronounced spectral features we simulate
sufficiently thick atmospheres with a surface pressure of 10 bar.
We set the heat redistribution factor f (Burrows et al. 2008;
Spiegel & Burrows 2010) to 0.25, indicating maximally
efficient heat circulation, based on Koll (2019), who found
that for 10bar atmospheres the dayside-to-nightside heat
transport for moderately irradiated tidally locked planets is
very efficient. In their Equation (9), they provide an
approximation for f, parameterized by the longwave optical
depth at the surface, the surface pressure and the equilibrium
temperature. Using our values, we find f < 0.3 for all setups in
this work.

We further incorporate a new addition to the HELIOS
radiative transfer scheme. We include the radiative effects of a
(presumed solid) planetary surface, using a constant surface
albedo Agys = 0.1. This allows us to properly account for
optically thin spectral windows and to treat the surface feedback
on the atmospheric temperature structure. The formalism of the
surface treatment is described in the Appendix. We consider
any interior remnant heat to be negligible and set it to zero.

Our stellar spectra are taken from the PHOENIX online
library (Husser et al. 2013) and interpolated for the stellar
temperatures in Table 1, log, g, = 5.227, 5.067, 5.06, and
[M/H]gar = 0.04, —0.12, 0 for TRAPPIST-1b (Delrez et al.
2018), GJ 1132 (Berta-Thompson et al. 2015), and LHS 3844
(Vanderspek et al. 2019), respectively. The values marked with
y are our own calculations using Newton’s law of gravity. The
metallicity of LHS 3844 is unknown and thus set to solar.

3. Results
3.1. Temperature Profiles and Spectra

The top, middle, and bottom panels of Figure 2 show the
temperature profiles in radiative-convective equilibrium, the
emission spectra, and the secondary eclipse spectra for the three
test planets and the three atmospheric models, respectively.
Inlaid in the bottom panels, the spherical albedo indicates what
fraction of the total planetary spectrum is due to the reflected
stellar flux. We find that the model atmospheres feature the
following characteristics.

1. Six of the nine calculated temperature profiles exhibit
clear inversions in the upper atmospheric regions, P < 10
mbar. They are predominantly found in the TRAPPIST-
1b models and to a lesser extent in the GJ 1132b and LHS
3844b models, in this order. In terms of atmospheric
composition, inversions appear to be favored in the H,O
models, followed by the CO, and the solar models.

2. Only one of the nine simulated atmospheres possesses a
convective zone, even though strong greenhouse gases
such as H,O and CO, are present.

3. The CO, atmospheres are significantly cooler than their
counterparts of H,O or solar composition. The relative
strengths of Rayleigh scattering and surface reflection
(due to the non-zero surface albedo), to atmospheric
absorption leads to a larger fraction of stellar light being
reflected and a smaller fraction being absorbed and
converted to heat. Consequently, the CO, atmospheres
also show a stronger reflectance spectrum than the other
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Figure 2. Top row: dayside temperature profiles for TRAPPIST-1, GJ 1132b, and LHS 3844b for the three atmospheric compositions, 100% H,0, 100% CO,, and
equilibrium chemistry with solar abundances. A convective zone (orange) appears in the HO model for GJ 1132b. Middle row: planetary emission spectra for the
three planets explored. Bottom row: secondary eclipse spectra for the three planets explored. Inlaid: spherical albedo vs. wavelength. Longward of 3 pm the spherical

albedo is essentially zero in all cases. The color scheme is the same in all panels.

two cases. In fact, averaging over the spectra of the three
planets, we obtain Ag = 0.004, 0.29, 0.01 for the Bond
albedos of the H,0, CO, and the solar models,
respectively.

Above all, we find prevalent temperature inversions in our
models, which have not been reported in previous parameter-
ized models of similar super-Earth atmospheres (e.g., Miller-
Ricci et al. 2009; Morley et al. 2017), but are consistent with
the findings of the habitability studies on terrestrial planets of
Lincowski et al. (2018) and Meadows et al. (2018).

Note that the utilized PHOENIX stellar models do not
consider the heterogeneous nature of M star photospheres. In
particular, not including bright spots likely leads to over-
predicting the secondary eclipse signal at shorter wavelengths.
(Gully-Santiago et al. 2017; Morris et al. 2018).

In Figure 3, we show the vertical mixing ratios of the
atmospheric species in the solar abundance models. For
TRAPPIST-1b, H,O, CH4, NH3, and H,S, followed by PHs,
dominate as absorbers, with the other species playing minor
roles. The hotter planets GJ 1132b and LHS 3844b, exhibit a
larger pool of major absorbers, with CO,, CO, Na, and K also

contributing non-negligibly. For all planets, the background
gases H, and He play an active role for the radiative transfer via
Rayleigh scattering and CIA absorption.

In the next section, we explore the parameter regime where
temperature inversions occur and seek a physical explanation.

3.2. Emergence of a Temperature Inversion

Neglecting any interior heat, the atmospheric radiation is
effectively determined by one external factor, the incoming
stellar flux. At the top-of-atmosphere (TOA) the downward
flux is given by the Stefan—Boltzmann law as

Rstar 2 4
Fl.toa = — 05B Tgtars (D

where R, is the stellar radius, a is the orbital distance, osp
is the Stefan—Boltzmann constant, and T, is the stellar
temperature. Assuming a blackbody spectrum for the star, the
quantities (Ry,/a) and Ty, uniquely determine the amount and
the wavelength distribution of the external irradiation. The
atmospheric heat content for a planet (in global energy balance)
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is usually parameterized by the equilibrium temperature

_ 0.25 05
Teq:(ﬂ) (ﬁ) Toars

4 a @

where Ag is the planet’s Bond albedo. From an atmospheric
perspective, the only “free” parameters are (Rq,./a) and Ty, as
before. The albedo Ag is an intrinsic property of the atmosphere
and surface and is a consequence of the intricate interplay
between matter and radiation. Thus, Ag cannot be chosen
independently of the atmospheric model. We hence conduct a
two-dimensional parameter space exploration in (Ry,/a) and
T using the three atmospheric models (100% H,O, 100%
CO, and solar composition) and the surface gravity
log,, & = 3.05. As before, we assume Agy,+ = 0.1. Furthermore,
we set up the star as a blackbody (for the models shown in
Figure 4 only), in order to exclude the intricate wavelength
dependence of a realistic star. We have found the latter choice
to have a minor effect on the qualitative shape of the
atmospheric temperature profile (not shown).

Figure 4 shows which combinations of values in our
calculations lead to atmospheric temperature inversions, where
dT/dP < 0. Consistent with our previous findings, the
temperature inversions are more ubiquitous in a wider
parameter regime for H,O models than for CO, models and
solar composition models. In addition, H,O atmospheres often
feature stronger, more pronounced inversions than the other
two cases. The upper left panels of Figure 4 show the
temperature profiles of slicing through the H,O model grid,
once with changing Ty, and once with changing (Ry../a),
intersecting at the model closest to TRAPPIST-1b. Interest-
ingly, we find that reducing (Ry../a) has a larger impact on the
emergence of temperature inversions than increasing T, This
leads to the conclusion that the prevailing atmospheric
temperatures are more important than the stellar peak emission
in this regard. In general, the boundary between models with
and without inversions roughly follows the equilibrium
temperature contours, supporting the result that the atmospheric
heat content is the major factor at hand, with the stellar
temperature playing a secondary role. Note that the equilibrium
temperatures are approximated assuming Ag = 0.1. In reality,
the Bond albedo varies between the individual models. For

optically thin atmospheres, we expect Ag 2 Agr = 0.1, but
Ap < Agys With increasing optical thickness. In the following,
we offer an explanation for our results.

In contrast to hotter stars, e.g., the Sun, the bulk emission of
an M star happens at longer, NIR wavelengths. For instance,
TRAPPIST-1, with a temperature of 2511 K, has its peak
emission at 1.2 um (Wien’s law). There, H,O and CO, have
sufficiently strong absorption bands to absorb a part of the
incoming stellar flux high up in the atmosphere. This has a
twofold effect. First, a temperature inversion, may be created,
even in the absence of gases efficiently absorbing in the optical.
Second, due to the increased attenuation of stellar flux, only a
smaller fraction of it reaches the lower near-surface layers,
muting the accumulation of heat and subsequent convective
instability. As result, the lower atmosphere is more isothermal
and convective zones are rarer, and if present, less pronounced
for planets around M dwarfs than around hotter stars. Note that
for thinner atmospheres than those explored here, near-surface
convection may still arise. In this case, the larger amount of
stellar flux deposited at the surface and the corresponding
increase in temperature create a larger lapse rate between the
surface and the immediate atmospheric layers above.

In the top left panel of Figure 5 we first focus on the solid
green line representing the temperature profile in the H,O
model for TRAPPIST-1b. In the top right panel, the pressure
level of the wavelength-varying photosphere is shown. For an
atmospheric model with n vertical layers, the location of the
photosphere is calculated using the transmission weighting
function W, which at the ith layer is given by

n—1
U=0-T) ] T

j=i+1

i=n—1

3)

with 7 being the transmission function over the width of the
respective layer. To first order, the photosphere coincides with
the atmospheric layer where ¥ is maximal. The transmission
weighting function is closely related to the commonly used
contribution function (e.g., Irwin 2009), but without taking the
atmospheric thermal emission into account. At the wavelengths
of the stellar irradiation, around 1-2 pm the strong H,O line
cores make the photosphere extend nearly to the TOA, thus the
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Figure 4. Top left: grid of dayside temperature profiles for a TRAPPIST-1b-like planet with changing stellar temperature (top) and stellar radius over orbital distance
ratio (bottom). The atmospheric composition is 100% H,O. Convective regions are displayed in thick orange. The model with parameters closest to TRAPPIST-1b is
marked in black. Other panels: emergence of a temperature inversion vs. stellar temperature and stellar radius over orbital distance for the three explored atmospheric
compositions: 100% H,O (top right), 100% CO, (bottom left), and solar abundances (bottom right). A temperature inversion is marked as strong (weak) if the
maximum temperature is more (less) than 20% higher than the minimum temperature in the inversion layers. Overlaid are the corresponding equilibrium temperatures
for an assumed Bond albedo of 0.1. Also, the locations of the three test planets in terms of those parameters are marked. The dashed lines in the top right panel

represent the model slices shown in the top left.

atmosphere is able to absorb the stellar energy there
(connecting magenta line). Note that the transmission weight-
ing function, downsampled at resolution R = 50, misses the
highest peaks, originating from strong H,O lines. In this low-
resolution case, the photosphere is located significantly below
the found inversion layers. Thus, models at such a resolution
might substantially underpredict the occurrence of high-altitude
inversions.

Figure 5 also shows why the inversion disappears when
increasing the atmospheric temperatures. We find this behavior
to be predominantly an opacity effect, namely a consequence of
the non-gray band structure of the opacities. In the top left
panel, we show test models, for which the opacities are pre-
calculated at fixed temperatures, 800 and 1200 K, independent
of the actual atmospheric conditions. With higher temperature
more spectral lines become active, filling up the spectral bands
and increasing the overall opacity, particularly in the infrared
(see bottom right). This amplification of absorption and
emission shifts the photosphere higher up in the infrared,

allowing the atmosphere to sufficiently cool, thus preventing a
temperature inversion (connecting yellow line). We have tested
and found this behavior to be true for both the H,O and CO,
models.

We would like to further highlight that the overall slope of
the opacity function depends on the pressure (see the bottom
left panel of Figure 5). While in the lower atmosphere the HO
opacity has an increasing slope with wavelength, higher up this
trend vanishes, hence, the propensity for H,O to absorb at the
peak of the stellar blackbody increases at higher altitudes,
leading to temperature inversions in atmospheres that are
optically thick at those locations.

Our observed trend on the emergence of temperature
inversions in the atmospheres of rocky planets contrasts with
the appearance of temperature inversions in hot Jupiters. In the
latter case, only very hot conditions are expected to lead to
temperature inversions, through the shortwave absorption
bands of metal oxides/hydrides or the lack of water emission
due to its dissociation (e.g., Fortney et al. 2008; Arcangeli et al.
2018; Malik et al. 2019).
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Figure 5. Top left: temperature profiles for TRAPPIST-1b for the pure H,O (solid) and pure CO, (dashed) atmospheres. The original profiles (from Figure 2) are
compared to two test simulations, which use opacities calculated at the fixed temperatures of 800 and 1200 K. Top right: location of the maximum of the transmission
weighting function (equal ~photosphere) for the original and Top,c = 1200 K simulations. The yellow and magenta lines enhance visibility of the connection between
the shape of the transmission weighting function and the temperature profiles. The pure H,O case is shown in the top right and bottom panels. Bottom left: opacities at
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left, and bottom right panels, the quantities are shown both in R = 3000 (shaded) and R = 50 (solid line) resolution. The shaded regions in the background show the

approximate wavelengths encapsulating ~half of the stellar and planetary radiation.

4. Discussion
4.1. Observability

The JWST will be the first observation facility to
comprehensively record the spectral appearance of rocky
exoplanets. In the following, we first discuss whether the
different atmospheric models for the three test planets can be
distinguished with JWST based on their emission spectra.
Second, we estimate if the temperature inversions found in this
study may be observable either with JWST or ground-based
spectroscopy.

4.1.1. Distinguishing Atmospheric Compositions

Using the JWST instrument noise simulator PandExo
(Batalha et al. 2017) we generate mock secondary eclipse
observations of our models. We observe each planet and each
atmospheric composition with the NIRSpec G395M mode, and
MIRI LRS mode, and determine for various numbers of
eclipses the confidence level at which two models are mutually
exclusive. We do this by applying the chi-squared test for
goodness of fit between mock data and a synthetic spectrum of

two different models. In terms of instrument parameters, we set
the saturation level to 60% full well and the total observation
time to three times the eclipse duration. We obtain the same
results for a noise floor of 0 or 30 ppm. Testing various binning
resolutions, we find that R = 5 is a reasonable compromise
between signal strength and wavelength information content.

Figure 6 shows a snapshot of those results. In the following
we assume that models are distinguishable if one model’s
theoretical values and the other model’s simulated data differ
by more than 5o.

In the case of LHS 3844b, the different atmospheric models
should be distinguishable with only 2 eclipses. Although the
overall planet-to-star contrast is larger in the MIRI bandpass,
contrasting the opacity bands of the different models makes
NIRSpec the favorable instrument for this planet. The first
upward bump in the H,O spectrum at 3.8 pm is a spectral
window into the band structure of H,O. This window is filled
by CH, absorption in the solar model. The second feature at
4.8 ym (again seen as an upward bump) is the blueward side of
a strong H,O absorption band, which is less pronounced in the
solar model compared to the H,O model due to the smaller
H,O abundance. We expect that the CO, model should be
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Figure 6. Simulated JWST secondary eclipse spectra for TRAPPIST-1b (top), GJ 1132b (middle), and LHS 3844b (bottom) for the three atmospheric compositions
explored. The mock data points with 1o error bars for NIRSpec (left) and MIRI (right) are shown for 10-eclipse mock runs and rebinned to the resolution R = 5. The
HELIOS synthetic spectra are shown as both, binned to the resolution of the data (solid lines), and in the original resolution R = 3000 (shaded). The data points are

slightly offset against each other for clarity.

distinguishable from the other models mainly due to two
effects: first, CO, has a strong absorption band at 4.3 um,
which is missing in the H,O and solar models, and second, the
CO, model exhibits weaker overall emission due to its
generally lower atmospheric temperatures. By enriching the
solar model with CO, we can reproduce the 4.3 absorption
feature (not shown), diminishing the ability to distinguish
between the solar and CO, models somewhat. Still, even a

solar model enriched with a 10%*x solar value of CO, can be
distinguished from the pure CO, model with only four eclipses
for LHS 3844b.

The overall smaller signal of GJ 1132b renders the NIRSpec
yield so weak that MIRI takes over as the preferred instrument
for this planet. With MIRI 5-10 eclipses are required to
distinguish between the H,O and CO, models and between the
CO, and solar models. However, because the H,O and solar
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Figure 7. Top left: TRAPPIST-1b temperature profiles for the pure HO atmosphere. From the original profile in radiative-convective equilibrium, we artificially
construct another test model, which is identical but without the temperature inversion. Top right: emission spectra of the models shown on the left. Bottom left:
simulated JWST secondary eclipse spectra observed with MIRI over 30 eclipses for the two models shown above, rebinned to R = 10. The theoretical HELIOS
spectra are shown rebinned to the mock data (solid lines) and in original resolution (shaded). The data points are slightly offset against each other for clarity. The
colors in the top and bottom left panels match. Bottom right: zoom of the original HELIOS spectrum calculated here at a resolution of R = 100,000 around 5.3 pum,
the longwave limit of CRIRES+. Overlaid are spectra, which are convolved with Gaussians at various resolving powers.

models exhibit very similar eclipse spectra in the MIRI
bandpass, we find NIRSpec to fare better, with ~15 eclipses
needed to distinguish between these two scenarios, in contrast
to 230 eclipses using MIRIL.

For TRAPPIST-1b, we find that the planetary signal is
generally too weak to allow for differentiating between the
atmospheric models. Only in the case of the H,O versus CO,
models do we find that using MIRI for approximately 19
eclipses might do the trick.

4.1.2. Temperature Inversion

We focus here on the H,O atmosphere using TRAPPIST-1b
parameters, as this scenario provides the most pronounced
temperature inversion among the explored models. In the
planetary spectrum, the existence of an inversion can be
inferred from the presence of emission features in addition to
absorption features. The strength of the features hereby
correlates with the temperature difference in the inversion
layers, similar to the depths of the absorption features that are
indicative of a temperature decline with altitude.

The top left panel of Figure 7 shows two temperature profiles
that we will compare. In addition to our original result, we

include a model with an artificial removal of the inversion by
extending the temperature from its minimum point upward at a
constant value. Thus, the temperature inversion becomes the
only difference between these otherwise identical atmospheres.
Note that the “no inversion” model is not in strict radiative-
convective equilibrium and should not be treated as a realistic
atmosphere. Specifically, the inversion model adds emission
features in wavelengths where the molecular absorption is
strongest and the thermal emission has a significant contrib-
ution. In this case, those locations are the absorption bands of
H,0 around 1.9, 2.8, and 5-8 pm (see the top right panel of
Figure 7), with the latter having the larger flux contrast between
the inversion and no inversion models.

A simulated JWST observation with MIRI LRS at these
wavelengths, using the same PandExo parameters as in
Section 4.1.1, suggests that the two models are indistinguish-
able, independent of the rebinning resolution (see the bottom
left panel of Figure 7). The emission features prove to be too
narrow to have a significant impact on the overall flux in
MIRTI’s bandpass. In fact, according to our calculation, the
TOA flux of the inversion model, integrated over 5-8 pm, is
only ~10% higher than that in the other model. Another test
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using the H>O model of LHS 3844b leads to the same negative
result. Although the planetary signal is around three times
higher, the inversion is too small to leave a detectable impact
on the spectrum (not shown).

While spaceborne observations at low resolution do not
appear to be the correct tool, high-dispersion spectroscopy may
just do the trick. With sufficient resolving power the individual
emission lines may be verifiable with the cross-correlation
technique applied to ground-based observations (e.g., Snellen
et al. 2010; Birkby et al. 2013; de Kok et al. 2013). For this test
we generate the theoretical spectrum at R = 100,000. Follow-
ing the approach described in Pino et al. (2018b), we convolve
the original spectrum with Gaussians in order to simulate
observations at various resolving powers and estimate the
required limit to resolve the emission lines. According to our
analysis, this limit is R ~ 50,000 (see Figure 7, bottom right
panel). This is consistent with the similar previous estimate of
Pino et al. (2018a; their Figure 2). Note that the highest
resolving power possible with JWST is R ~ 3000, in which
case the recorded flux merely assumes the shape of the
pressure-broadened line wings.

Unfortunately, in the near future, there will be only one
instrument capable of measurements at the required infrared
wavelengths, CRIRES+, with its upper detector limit of
5.3 pm (Seemann et al. 2014). The low signal strength of a
terrestrial planet around a faint M dwarf could also be an issue.
In our example the TRAPPIST-1b-like planet exhibits an
emission line contrast of 15 ppm (at 5.3 pum). Together with the
star’s K-band magnitude of 10.3 (Gillon et al. 2017), this goal
may be just out of reach for current and near-future
instruments. Although there are many high-resolution studies
that successfully detected molecular lines in emission spectra,
both the planet-to-star contrast and the stellar brightness were
always larger than the values given here (e.g., Brogi et al. 2012;
Birkby et al. 2013; de Kok et al. 2013). However, in the future,
a variety of planned high-resolution instruments mounted on
30m class telescopes could be ideal for detecting these
inversions. For instance, the Extremely Large Telescope’s
METIS instrument will have the required specifications.

4.2. Comments on the Modeling Setup

Modeling rocky planets with atmospheric temperatures
exceeding those of potentially habitable planets comes with
two advantages. First, modeling atmospheres above the water
condensation regime allows us to generate atmospheres without
having to include the intricate gas-liquid phase transition of
water, which impacts atmospheric temperatures through latent
heat release. Second, condensation results in the formation of
clouds, which may mask spectral features, diminishing the
information recoverable from these atmospheres (e.g., Morley
et al. 2013, 2015). The temperature regime in our case study is
too high for thermodynamically formed water clouds or Venus-
like sulfuric condensates (Buck 1981; Sanchez-Lavega et al.
2004; Lincowski et al. 2018), but the solar model of LHS
3844b could potentially exhibit KCI condensates. In addition to
thermodynamically formed clouds, the comparatively strong
UV-flux of M stars may promote the formation of photo-
chemically formed hazes (Horst et al. 2018; Fleury et al. 2019).

Only extended atmospheres provide the necessary optical
thickness to imprint deep spectral features on the planetary
emission. Because not all planets are expected to feature
substantial envelopes throughout their lifetimes, we recommend,
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prior to any in-depth atmospheric characterization attempts,
conducting tests to assess the existence of suitable candidate
atmospheres.

For instance, this can be done via secondary eclipse
photometry in the infrared, as explored in our companion
study Koll et al. (2019). The gist is that in extended
atmospheres zonal winds will transport a fraction of the
incoming stellar flux as heat to the nightside, thus reducing the
observed dayside flux compared to a no-atmosphere case.

Another strong indication for a thick atmosphere could be
the inference of a high planetary Bond albedo, as suggested by
our other companion study Mansfield et al. (2019). That study
argues that there is an upper limit to the surface albedo for any
reasonable geochemical composition. Thus, measuring an
albedo above this limit would point to the presence of
atmospheric scatterers.

By assuming an atmospheric pressure of 10bar, we
inherently imply that the planet in question has already passed
such a first atmospheric assessment successfully. Our models
are thus to be understood under the premise that there is prior
knowledge for an extended planetary envelope to be present.

Our chosen value of 0.1 for the surface albedo is based on
solar system findings that rocky bodies without an extended
atmosphere and icy surface are dark. For instance, the Bond
albedos of Mercury, the Moon, and Ceres are all within 0—0.2
(Lundock et al. 2009; Madden & Kaltenegger 2018). Also,
potential surface materials for exoplanets are thought to possess
low albedos (Hu et al. 2012; Mansfield et al. 2019).

4.3. Consequences of Temperature Inversions

Because temperature profiles with inversions exhibit cooler
lower atmospheres compared to non-inverted profiles, they
may activate condensation for species close to their saturation
levels, potentially opposing predictions based on non-inverted
profiles. Such an enhancement in chemical stratification, via
cold trapping condensates at high pressures, could impair
characterization efforts with transmission spectroscopy.

In theory, temperatures in the upper atmosphere are the
driving factor for Rayleigh—Jeans atmospheric escape such that
the prevalent occurrence of temperature inversions in atmo-
spheres of M dwarf exoplanets could lead to higher atmo-
spheric loss rates than previously thought. However, in practice
upper limits on the atmospheric mass loss are commonly
estimated using energy-limited escape rates, given by the
energy of incident XUV photons, such that the Rayleigh—Jeans
impact is probably minor (Lammer et al. 2003; Selsis et al.
2007; Pierrehumbert 2010; Owen & Alvarez 2016).

4.4. Comparison to Other Works

Recently, Morley et al. (2017) assessed the feasibility and
yield of JWST observations of the TRAPPIST-1 planets GJ
1132b, and LHS 1140b. Comparing our CO, models with their
Venus composition models of TRAPPIST-1b and GJ 1132b,
we find that our spectra exhibit a significantly lower flux in the
spectral windows of CO,, e.g., 3—4 and 5-7 pm. The main
cause for this discrepancy is their use of a simplified, analytical
temperature profile, which is defined by a constant skin
temperature above and an adiabatic lapse rate below 0.1 bar. In
contrast, as pointed out in Section 3.2, we find that planets
around M stars exhibit smaller temperature gradients in the
lower atmosphere, which accordingly mutes the size of the
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spectral features. This discrepancy applies to both TRAPPIST-
Ib and GJ 1132b models. We also derive lower atmospheric
temperatures because our CO, atmosphere has a larger Bond
albedo. This reduces the size of the predicted thermal signal.

As part of their habitability study of the TRAPPIST-1
system, Lincowski et al. (2018) generated a cloud-free
TRAPPIST-1b atmospheric model with a Venus-like composi-
tion and 10 bar surface pressure, similar to our CO, case. They
too modeled the atmosphere in radiative-convective equili-
brium and found a temperature profile qualitatively similar to
ours. Their and our temperature profiles fully coincide in the
intermediate atmospheric layers, 0.1 bar < P < 1 mbar, and
exhibit the same inversion trend in the upper layers, P < 1
mbar, with our model being only slightly cooler there. The
largest difference is found in the lower atmosphere,
P > 0.1 bar, where they predict a steeper lapse rate and higher
temperatures close to the surface. Consequently, they predict a
somewhat larger thermal emission in the CO, opacity
windows. This temperature discrepancy is caused by the
addition of H,O in their Venus-like atmosphere. Because H,O
features less pronounced opacity windows in the mid-infrared
than CO,, the atmosphere can cool less efficiently, which
drives the temperatures up. By adding H,O to our CO, model
we can qualitatively reproduce their results (not shown).

Exploring the climate of Proxima Centauri b, Meadows
et al. (2018) also obtained temperature inversions in the
upper atmosphere, P < 1 mbar, in their CO,-rich model.
The parameters of this system (Rgyu/a = 0.014 and Ty, =
3050 K; Anglada-Escudé et al. 2016) place this planet deep
into the inversion regime in in the bottom left panel of Figure 4,
consistent with our prediction on the emergence of temperature
inversions.

Lastly, we compare with Lustig-Yaeger et al. (2019), who
conducted a thorough observability study of the TRAPPIST-1
system for JWST. They found that for TRAPPIST-1b a 10 bar
clear-sky CO, atmosphere could be detected with MIRI LRS if
observed for 20-30 eclipses. This is broadly consistent with our
estimates, which range between 19 to more than 30 eclipses, to
distinguish the CO, atmosphere from the H,O or solar cases
with this instrument.

5. Conclusions

The principal goal of the current study is to better understand
the radiative implications of M stars on atmospheric tempera-
tures of rocky exoplanets with a surface. To this end, we have
presented self-consistently calculated models of atmospheres in
radiative-convective equilibrium, taking TRAPPIST-1b, GJ
1132b and LHS 3844b as case studies. Using three contrasting
atmospheric compositions—pure H,O, pure CO,, and hydro-
gen-dominated with solar abundances—our results indicate the
following salient characteristics.

1. The peak emission of M stars in the near-infrared enables
the greenhouse gases H,O and CO, to act as shortwave
absorbers, causing a gradual attenuation of the incoming
stellar flux throughout the atmosphere. This leads to a
reduction in the amount of energy deposited in the lower
atmospheric layers, effectively suppressing convection if
the atmosphere is thick enough. Furthermore, a temper-
ature inversion appears if the gas in the upper atmosphere
cannot efficiently cool.
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2. The emergence of temperature inversions depends mainly
on the planet’s equilibrium temperature and only secon-
darily on the stellar temperature and spectral energy
distribution. With increasing temperature, the opacity
windows of the absorbing gases are filled up, which
enhances the upper atmosphere’s ability to cool, acting
against the creation of an inversion. Therefore, we predict
temperature inversions to be common in the atmospheres
of planets orbiting M stars, if the atmospheric temperatures
are sufficiently low. Conversely, the occurrence of
inversions is diminished or even fully suppressed as
temperatures rise. Interestingly, this behavior contrasts
the emergence of temperature inversions in hot Jupiters,
where only the very hot atmospheres are expected to
feature inversions.

3. The CO, atmospheres feature overall lower temperatures
and stronger reflectance spectra than the other two
composition cases. Because the CO, opacity in the
near-infrared is comparatively weak, a significant fraction
of radiation is reflected back by Rayleigh scattering and
the surface instead of being absorbed by the atmosphere.
This is reflected by the much higher Bond albedo
Ag =~ 0.3 of the CO, model, compared to the other
cases, where Ag < 0.01. This effect is expected to
diminish if additional greenhouse gases such as water
vapor are added in modest mixing ratios, which will act
to fill in the substantial opacity windows.

Regarding observability, we estimate that for LHS 3844b
two eclipse runs with JWST should be sufficient to distinguish
between the different atmospheric models defined in this work.
The fainter GJ 1132b requires for the same task ~5-15 eclipse
observations and for TRAPPIST-1b it is only possible to
distinguish between the H,O and CO, models with approxi-
mately 19 eclipses. The emission features indicative of the
temperature inversions are not resolvable by JWST. Ground-
based high-dispersion instruments have the necessary resolu-
tion, but the weak signal may prove problematic.

We expect the herein explored models to form a representa-
tive basis of cornerstone atmospheres sampling the possible
parameter space of the not yet understood atmospheric
properties of rocky exoplanets. In future works, we plan to
build on this foundation and include additions that increase the
sophistication and physical realism of the atmospheric
modeling.
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Appendix
Implementation of a Surface Layer

For this work, we have extended HELIOS to include a solid
surface layer as a lower boundary to the atmosphere. The
surface participates in the radiative convergence iteration via its
temperature until it is in radiative equilibrium with the
overlying atmosphere. The surface temperature is calculated as

1—AF T ior |
Eurf — |:( ) 1,BOA + mterlor:| , (4)
€0SB €

where A is the surface albedo, F| goa is the downward flux at
the bottom-of-atmosphere (BOA), ¢ = (1 — A) is the surface
emissivity, ogg is the Stefan—-Boltzmann constant, and Tiyerior
is the interior temperature of the planet, a surrogate for the
interior heat flux Finerior = 058 Tirerior- Note that F represents a
flux integrated over all wavelengths. The upward flux at BOA
reads

Fioa = AF| poa + €ospTonts (%)

conserving the boundary condition F; goa = F| Boa + Finteriors
independent of the surface albedo. Numerically, the surface acts
as a “ghost layer” at BOA, by taking both the downward
atmospheric flux and the interior heat flux into account.

One complication is that due to the limited wavelength
coverage of the numerical model, integrating the thermal flux
over all wavelengths will always return less than the correct
value from the Stefan—Boltzmann law. Hence, the thermal
emission must be adjusted as

58 Tyt

(6)

B) corr (Tourt) = B) uncorr (Tgurt) Amax ’
7Tj; ) B)\,uncorr(Tsurf) dX

where B) .o 15 the corrected blackbody function for T
at wavelength A, B) uncorr 1S the analogous uncorrected black-
body function, and A.;, and A,. are the lower and upper
wavelength boundaries of the model. As the fraction term in
Equation (6) is always larger than unity, not correcting for this
discrepancy results in an artificial energy sink at the surface.
Note that the emissivity should be present in both the numerator
and denominator terms, but for a wavelength-independent
emissivity they cancel each other out. The correct upward
spectral flux at BOA is given by

F; soa = AF, goa + €mB) corr (Tiurt), @)

where F represents a wavelength-dependent (per unit wave-
length) flux.

Note, that this formulation holds only for hot and dry
atmospheres, beyond temperatures where condensation is
expected. For cooler planets, the latent heat and sensible heat
need to be added to the near-surface fluxes.
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