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ABSTRACT

Context. The TRAPPIST-1 planetary system is favourable for transmission spectroscopy and offers the unique opportunity to
study rocky planets with possibly non-primary envelopes. We present here the transmission spectrum of the seventh planet of the
TRAPPIST-1 system, TRAPPIST-1 h (Rp=0.752 Ry, T¢q=173K) using Hubble Space Telescope (HST), Wide Field Camera 3 Grism
141 (WFC3/G141) data.

Aims. Our purpose is to reduce the HST observations of the seventh planet of the TRAPPIST-1 system and, by testing a simple
atmospheric hypothesis, to put a new constraint on the composition and the nature of the planet.

Methods. First we extracted and corrected the raw data to obtain a transmission spectrum in the near-infrared (NIR) band (1.1-1.7um).
TRAPPIST-1 is a cold M-dwarf and its activity could affect the transmission spectrum. We corrected for stellar modulations using
three different stellar contamination models; while some fit the data better, they are statistically not significant and the conclusion
remains unchanged concerning the presence or lack thereof of an atmosphere. Finally, using a Bayesian atmospheric retrieval code,
we put new constraints on the atmosphere composition of TRAPPIST-1h.

Results. According to the retrieval analysis, there is no evidence of molecular absorption in the NIR spectrum. This suggests the
presence of a high cloud deck or a layer of photochemical hazes in either a primary atmosphere or a secondary atmosphere dominated
by heavy species such as nitrogen. This result could even be the consequence of the lack of an atmosphere as the spectrum is better
fitted using a flat line. Variations in the transit depth around 1.3um are likely due to remaining scattering noise and the results do not
improve while changing the spectral resolution. TRAPPIST-1 h has probably lost its atmosphere or possesses a layer of clouds and
hazes blocking the NIR signal. We cannot yet distinguish between a primary cloudy or a secondary clear envelope using HST/WFC3
data; however, in most cases with more than 30~ confidence, we can reject the hypothesis of a clear atmosphere dominated by hydrogen
and helium. By testing the forced secondary atmospheric scenario, we find that a CO-rich atmosphere (i.e. with a volume mixing ratio
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of 0.2) is one of the best fits to the spectrum with a Bayes factor of 1.01, corresponding to a 2.10" detection.

Key words. Planets and satellites: atmospheres — Techniques: photometric, Techniques: spectroscopic

1. Introduction

The TRAPPIST-1 planetary system was discovered by |Gillon
et al.[(2016) and |Gillon et al.| (2017), using the Transiting Plan-
ets and PlanetIsimals Small Telescope (Gillon et al.[2011}[2013).
TRAPPIST-1 h is the most outer planets detected in this sys-
tem, its detection was first suggested in |Gillon et al.|(2017)), but
later confirmed in|[Luger et al.|(2017b)). Further observations us-
ing Spitzer and K2 photometry followed the discovery to better
constrain planetary parameters (Delrez et al.| 2018} Ducrot et al.
2018; [Burdanov et al.|[2019; [Ducrot et al.[2020). Since then, im-
portant scientific efforts have been carried out to observe, char-
acterise, and model the seven planets orbiting this M8-type star.
This is motivated by the fact that the TRAPPIST-1 system offers
the most favourable conditions to study rocky planets in the hab-

itable zone, that is to say planets that could harbour liquid water
on their surface as defined in Kasting et al.| (1993).

TRAPPIST-1 is close (39.14 light years), cool (2559 K), and
small (0.117 Ry), making it favourable for observations (Gillon
et al.|2017). On the other hand, the star is also the limiting fac-
tor in studying the atmosphere of TRAPPIST-1 planets. M-type
stars stay for millions of years in the pre-main sequence (PMS)
phase, during which planets are exposed to strong non-thermal
extreme UV (EUV) and far-UV irradiation, which is expected
to lead to atmospheric hydrodynamical escape (Vidal-Madjar]
et al.|2003} Bourrier et al.|[2017b) and a runaway greenhouse
effect (Ramirez & Kaltenegger|2014). TRAPPIST-1 is a very
cold M-dwarf, but it is supposedly very active with strong flar-
ing events (Vida et al.|[2017) and EUV flux (Wheatley et al.
2017). Atmospheric erosion might have stripped all planets in
the TRAPPIST-1 system of their atmospheres (Lammer et al.
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Table 1. Stellar and planetary parameters used in this work

Parameter Value
Spectral type MS-V

R (Ro) 0.1170 + 0.0036
M; Mo) 0.0802 + 0.0073
T (K) 2559 + 50
log(g) 5.21

Fe/H 0.040 = 0.080
Ry, Re) 0.752 = 0.032
M, Ms) 0.331 fg:gig

a (AU) 0.059 + 0.004
Terr (K) 173 + 4

S (Se) 0.165 + 0.025
a/R; 109 + 4

i (deg) 8976003

ea

b 0.45

Porb (days) 18.767 iggg;‘
Timia (BJDmg) | 2458751.06983 + 0.00021°

Notes. Values are from |Gillon et al.| (2017) and [Luger et al.| (2017a).
@ Fixed to zero ® Obtained in this work

2003} Bolmont et al.|2017). Whether or not an atmosphere was
sustained depends on the initial amount of accreted volatiles dur-
ing the planetary formation phase, and the intensity of the atmo-
spheric escape due to the star activity.

The TRAPPIST-1 planetary system is very compact, all the
planets are within 0.06 AU and they are co-planar (Luger et al.
2017albj |Delrez et al.|2018). In addition to this, they all have
a circularised orbit with eccentricities below 0.01 (Gillon et al.
2017; |[Luger et al.|2017b) and present gravitational interactions
forming a resonant chain, thus suggesting that the system had a
relatively peaceful history. TRAPPIST-1 h is the furthest and the
smallest known planet of this planetary system. It has a radius
of 0.752+0.032 R® and a mass of 0.331f8&596 M@ (Luger et al.
2017b; |Gillon et al.|[2017), which suggests a density similar to
that of Mars (~ 4000 kg/m?). The planetary parameters are de-
tailed in Table|l|along with stellar and orbital parameters of the
system.

Two possible formation scenarios have been proposed for
the TRAPPIST-1 system and in particular for TRAPPIST-1 h.
The first one suggests that all the planets that formed beyond the
water frost line migrated inwards, causing the resonance, and
they are now located between planets g and h. This possibility
was proposed in the discovery papers |Gillon et al.| (2017) and
Luger et al.| (2017b)), but also detailed in |Ormel et al. (2017),
Tamayo et al.[(2017), and|Coleman et al.| (2019). If TRAPPIST-1
h formed far from the host star, it could be volatiles-rich because
the atmospheric escape would only remove between 1 and 10%
of the total planet mass (Tian & Ida2015; [Bolmont et al.[[2017}
Bourrier et al.[2017b;; [Turbet et al.[2020a). TRAPPIST-1 h could
also have formed in situ, and a short migration or an eccentricity
damping could have caused the resonant chain (MacDonald &
Dawson|2018). In this case, the planet is probably dry (Turbet
et al.[2020a)) because of the strong atmospheric erosion.

On the other hand, TRAPPIST-1 h, being the furthest planet
of the system, might have had a more important quantity of ini-
tial gas than inner planets. It could have formed with TRAPPIST-
1 f and g in a different part of the proto-planetary disk leading to
a different bulk composition (Papaloizou et al.|2018; [Turbet et al.
2020a)). Volatiles could also have been brought after by cometary
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impacts or degassing (Kral et al.[2018}; IDencs & Regaly|2019;
Turbet et al.[2020a; Kimura & Ikoma|2020), and this is favoured
for outer planets because volatiles’ impacts dominate over the
impact erosion mechanism (Kral et al.[2018).

For close-in planetary systems, the effects of gravitational
tides by the star on the planets are important and shape the orbital
dynamics, that is to say they slow down the rotation rate, reduce
the obliquity, and circularise the orbit. As shown in |Turbet et al.
(2018)), the evolution timescales for TRAPPIST-1 h is 7 mil-
lion years for the rotation and 80 million years for the obliquity.
Knowing the age of the TRAPPIST-1 system, which is 8 billion
years (Burgasser & Mamajek 2017), it is likely that TRAPPIST-
1 his in a synchronous rotation state. However, tidal heating is
unlikely to be the dominant interior heating process for outer
planets (Turbet et al.|2018; Makarov et al.| 2018} [Dobos et al.
2019) as compared with direct atmospheric warming. The re-
ceived stellar flux is indeed two orders of magnitude higher than
the tidal heating for TRAPPIST-1 h (Turbet et al.|2020a). It is
then unlikely that TRAPPIST-1 h tidal heating caused the melt-
ing of the mantle leading to the out-gassing of volcanic gases
(Turbet et al.|2020a).

As of today, TRAPPIST-1 h is the only planet of the system
for which the near-infrared (NIR) spectrum (1.1-1.7um) from the
Hubble Space Telescope (HST) Wide Field Camera 3 Grism 141
(WFC3/G141) has not been published. The other planets’ spec-
tra have already been studied with different pipelines and stellar
contamination models in [de Wit et al.| (2016) and [de Wit et al.
(2018)), Zhang et al.| (2018), and Wakeford et al.| (2019). From
these analyses, we learned that the TRAPPIST-1 planets proba-
bly do not have an H,, He extended atmosphere. However, it was
impossible to rule out this hypothesis using only HST/WFC3
(de Wit et al.|2018; |Moran et al.||2018). All spectra are consis-
tent with flat spectra and could be fitted with different models
including a high altitude cloud cover and/or a high metallicity
hydrogen-rich atmosphere. A featureless spectrum could also be
the result of the absence of an atmosphere around these plan-
ets. However, [Bourrier et al.| (2017b)) and [Bourrier et al.| (2017a)
analysed Lyman-ao HST/STIS transits of TRAPPIST-1 b and ¢
and detected a decrease in the flux, which might hint at the pres-
ence of an extended hydrogen exosphere.

We present the first attempt to characterise the atmosphere of
the seventh planet of the system, TRAPPIST-1 h. In Sec.[2.1] we
analyse the HST/WFC3 G141 raw data using the python package
Iraclis (Tsiaras et al. [ 2016bla, 2018) and detail the stellar con-
tamination models used to correct our spectrum in Sec.[2.2} Sec-
tion[2.3]presents the atmospheric characterisation of TRAPPIST-
1 h. First, different atmospheric scenarios are discussed based on
the recent review by [Turbet et al|(2020a). Then, we detail the at-
mospheric retrieval set-ups we performed using the Bayesian ra-
diative transfer code TauREx3 (Al-Refaie et al.|2021))'{ Finally,
we discuss our findings in Sec. @]

2. Data analysis
2.1. Hubble WFC3 data reduction and extraction

We used the raw spatially scanned spectroscopic images ob-
tained from Proposal 15304 (PL: Julien de Wit) in the Mikul-
ski Archive for Space Telescopeﬂ Three transit observations of
TRAPPIST-1 h were acquired using the Grism 256 aperture and
256 x 256 sub-array with an exposure time of 112.08 s. We refer

! https://github.com/ucl-exoplanets/TauREx3_public
2 https://archive.stsc"i.e"du/hst/
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Fig. 1. White light curve fits for the three visits on TRAPPIST-1h (top:
July 2017, middle: September 2019, and bottom: July 2020). For every
observation, we show the de-trended flux (colour points) and the best fit
model (dotted lines) along with the residuals from the best fit model.

to the data taken in July 2017, September 2019, and July 2020
as Observations 1, 2, and 3, respectively. Each visit is made up
of four HST orbits, with 60 exposures in Observation 2 and 50
exposures for Observations 1 and 3, each being made in the for-
ward spatial scan mode.

To reduce and analyse the data, we used Iraclis E| (Tsiaras
et al.2016bjal |2018)), a publicly available pipeline, dedicated to
the analysis of the scanned spectroscopic observations obtained
with the near-infrared grisms (G102, G141) of Hubble’s Wide
Field Camera 3. The reduction of the raw observations follows
these steps: zero-read subtraction, reference pixels correction,
non-linearity correction, dark current subtraction, gain conver-
sion, sky background subtraction, flat-field correction, and cor-
rections for bad pixels and cosmic rays. For all three observa-
tions, we used the reduced spatially scanned spectroscopic im-
ages to extract the white and spectral light curves. We used the
default ’low’ resolution from Iraclis for the spectral light curves
bins, which correspond to a resolving power of around 50 at
1.4um.

3 https://github.com/ucl-exoplanets/Iraclis

Using the extracted light curves and the time of the observa-
tions, we first looked for contamination from others TRAPPIST-
1 planets transits using the python package PyLightcurve
(Tsiaras et al.|2016a) EL The planets and transit parameters were
set to those of |Gillon et al.|(2017). TRAPPIST-1 ¢ was also tran-
siting during the second orbit of the first observation (July 2017)
and we then suppressed this orbit from the rest of the analysis.
We plot in the appendix [B.T|the extracted raw flux and the corre-
sponding predicted transits of TRAPPIST-1 planets for the three
visits.

The first orbit always presents a stronger wavelength-
dependent ramp than the other orbits and is usually suppressed
from the analysis. However, we decided to keep the first HST
orbit in every transit observation in order to conserve an out-of-
transit baseline and correctly fit the transit parameters. Indeed,
every attempt was made to keep as many exposures as possible.
For Observations 1 and 2, we removed the first two exposures
of these first orbits, but kept all exposures of every subsequent
orbit. However, for Observation 3, an adequate fit could only be
obtained by removing the first exposure of every orbit, a practice
which is normal as these exposures present significantly lower
counts than the following exposures (e.g. [Deming et al.| 2013
Tsiaras et al.|2016b; |[Edwards et al.|[2021).

We fitted the white light curves and the spectral light curves
using the transit model from PyLightcurve (Tsiaras et al.[2016a))
and the Markov chain Monte Carlo (MCMC) method imple-
mented in emcee (Foreman-Mackey et al.|[2013). For the white
light curve fitting of all the observations, the only free planetary
parameters are the mid-transit time and the planet-to-star radius
ratio. The other planetary parameters were fixed to the values
from [Luger et al.| (2017a) (a/Rs=109+4 and i=89.76°) and stel-
lar parameters are from |Gillon et al.| (2017) (T,=2559+50 K,
log(g)=5.21, Fe/H=0.04). We also fitted for the coefficients ra,
rb, and rb,. We adopted the parameterisation of [Claret et al.
(2012) and [Claret et al.| (2013)) with four parameters to describe
the limb-darkening coefficient. We used the PHOENIX database
(Claret|2018) and ExoTETHYyS package (Morello et al.[2020) to
obtain the limb-darkening coefficients for the white light curve
analysis but also in every wavelength bin for the spectral curves
fitting (see Table [2). We accounted for the ramp time-dependent
systematic effect in the white light curve fitting using the follow-
ing formula with t being the time, ty the beginning time of each
HST orbit, T the mid-transit time, ng.,, a normalisation factor,
ra the slope of a linear systematic trend, and (rb; , rb, ) the coeffi-
cients of the exponential systematic trend along each HST orbit:

Ry (t) = ni (O(1 = ry(t = To))(1 = rp, 070, (1

We then fitted for the planet-to-star radius ratio in every wave-
length band. We used the white light curve divide method (Krei-
dberg et al[2014) along with a spectral-dependent visit-long
slope (Tsiaras et al|2018)) model to account for the systematic
effects as follows, with y, being the slope for the wavelength-
dependent systematic effects along each orbit, LC,, the white
light curve signal, and M,, the white light curve best fit model:

LCw
M,
The white light curve fits for the three different observa-
tions are shown in Fig. The planet-to-star radius ratio

are found to be compatible with 0.0575+0.0006 for Observa-
tion 1, 0.0565+0.0009 for Observation 2, and 0.0575+0.0012

Ry(®) = ny" ()1 = xa(t = To))

@

4 https://github.com/ucl-exoplanets/pylightcurve
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Fig. 2. Spectral light curve fits of the September 2019 visit (Observation 2) for the transmission spectra of TRAPPIST-1 h. An artificial offset in the
y-axis was applied for clarity. For each light curve, the left panel shows the de-trended spectral light curves with the best fit model in dotted lines
with the centred wavelength and the right panel shows the residuals and values for the standard deviation (o) in ppm, the reduced Chi-squared

(¥?), and the auto-correlation (R?).

for Observation 3. We found the following mid-transit
times in BJDppp: 2458319.4282 + 0.00020 for Observa-
tion 1, 2458751.06983 + 0.00021 for Observation 2, and
2459051.3428 + 0.00021 for Observation 3. The spectral light
curve fit for the second observation is presented in Fig. 2] while
the two other spectral light curve fits are in appendix [B.2] We
computed the final transmission spectrum by combining the
three spectral fits using a weighted mean of the transmission
spectra. After the initial white light curve fit, the errors on each
exposure were scaled to match the root mean square of the resid-
uals. The white fitting was then performed a second time with
these scaled errors. A similar scaling was also applied to the
spectral light curves. This method ensures that the recovered un-
certainties on the transit depth are not underestimated (T'siaras
et al.||2016b). The transmission spectra and the recovered final
transit depth are overplotted in Fig.[3] along with the correspond-
ing residuals. We note a rise in the transit depth around 1.3um.
All three observations exhibit similar features over these regions,
suggesting this is of astrophysical origin and part of the transit
spectrum and not a contamination, or poor fitting, of a single
visit. We also present in appendix [B.3]the three white light curve
fits in the same plot using a planet-to-star radius ratio weighted
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by the mean of the three white light curve best fits for the transit
model. The combined extracted spectrum and the uncertainties
are presented in Table 2]

2.2. Modelling the stellar contamination

TRAPPIST-1 is known for presenting a heterogeneous photo-
sphere that can lead to a misinterpretation of the transmission
spectra. The goal of this section is to use different existing mod-
els to correct our spectrum for a stellar contribution. The star
presents a ~ 1% photometric variability in the I+z bandpass in-
terpreted as active regions rotating in and out of view (Gillon
et al.|2016). [Rackham et al.| (2018 show that it would cause a
non-negligible effect (transit light source effect, TLSE) on the
transmission spectrum if the variability is consistent with rota-
tional modulations. Several previous studies have examined the
stellar surface models using a variety of methods, but their re-
sults are not consistent. In the present study, three stellar models
from three studies,|Zhang et al.| (2018]),|Morris et al.|(2018)), and
Wakeford et al.|(2019), were introduced and examined.

Table [3] shows the temperature and the covering fraction of
each component for each model. We note that 7; is the tempera-
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Table 2. Combined transit depth, associated uncertainties and limb-darkening coefficients.

Wavelength (um) Bandwidth (um) Transit depth (ppm)  Error (ppm) Limb-darkening coefficients
al a2 a3 a4
1.1262 0.0308 3128.22 129.30 2.0139 -1.6261 0.8709 -2.0398
1.1563 0.0293 2981.61 132.61 2.1956  -2.0725 1.2403 -0.3147
1.1849 0.0279 3224.87 121.09 2.1292  -1.9036 1.0964 -0.2708
1.2123 0.0269 3275.06 112.69 1.9514 -1.5303 0.8020 -0.1849
1.2390 0.0265 3476.20 95.97 1.9236 -1.5957 0.8838 -0.2137
1.2657 0.0269 3264.82 95.65 2.0255 -1.8405 1.0765 -0.2698
1.2925 0.0267 3589.24 115.10 2.1105 -2.1495 1.3561 -0.3578
1.3190 0.0263 3686.39 110.98 2.1650 -2.2486 1.4262 -0.3772
1.3454 0.0265 3368.20 126.87 1.2204 -0.1088  -0.1857 0.0789
1.3723 0.0274 2900.07 108.34 1.0023  0.4493 -0.6644 0.2195
1.4000 0.0280 3271.69 109.38 0.9553  0.4582 -0.6187 0.1988
1.4283 0.0285 3321.59 103.01 0.7774  0.7086 -0.7252 0.2128
1.4572 0.0294 3111.09 113.41 0.9247  0.4694 -0.6071 0.1921
1.4873 0.0308 3070.67 113.98 1.0279  0.2998 -0.530181 0.18063
1.5186 0.0318 3037.95 112.45 1.2541 -0.1103  -0.2727 0.1188
1.5514 0.0337 3125.30 102.78 1.5025 -0.6408 0.1247 0.0082
1.5862 0.0360 3472.00 114.20 1.7942  -1.3368 0.6809 -0.1553
1.6237 0.0390 3045.52 95.82 1.9296 -1.7566 1.0358 -0.2629
1.3750 0.5500 3268.70 51.38 2.009 -1.7704 1.0225 -0.2546

Notes. The final transmission spectrum was computed in ppm using the three HST/WFC3 G141 transit observations from July 2017, September

2019, and July 2020 on TRAPPIST-1 h.
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Fig. 3. Recovered transit depths for the three observations and combined
transmission spectrum with 1 and 20 uncertainty ranges (top). First,
we suppressed the white light curve values from each visit raw flux,
then, we computed the weighted mean, and finally we added the mean
white light curve value to obtain the transit depth. Residuals are from
the spectral light curves analysis and the combined spectrum (bottom).

ture, f; is the covering fraction at the photosphere, and f; is the
covering fraction at the transit chord. The M 18 model is the best

fit model from Morris et al.| (2018]). Z18 is the best fit contami-
nation model taken from Table 16 in|/Zhang et al.|(2018). W19 is
the 37T .., model from|Wakeford et al.|(2019). We note that what
we call the W19 model here is not the best fit model in their anal-
ysis, as they conclude that TLSE is not significant in their data,
but they did not exclude 37.,,.

Table 3. Summary of the adopted TRAPPIST-1 stellar models.

Model | Z18 MI18 W19
T1(K) | 2000 2500 2400
T>(K) | 2400 5300 3000
T3(K) | 3000 - 5800
fi 0.38  0.999952  0.64
)i 0.14 48x107 035
i 0.10 1.0 0.646
5 0.45 0.0 0.354

We define the wavelength-dependent contamination factor &,
as

61 = &1 X Orea s

3

where 9, is the measured transit depth and 6.4, is the actual
transit depth. For each stellar surface model, £, was calculated
as

_ fllS],/[+f2lSZ.A+f3153./l

= fiS1a+ 282+ /353 “
/3 =l-fi-f (%)
== f-1 (6)

where §'; , is the stellar flux of each temperature component. We
used the BT-Settl model for each temperature, with the metal-
licity [Fe/H]= 0 dex and the stellar surface gravity log g at 5.2,
from the SVO theoretical spectra web server ().

5> http://svo2.cab.inta-csic.es/theory/newov2/
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2.3. Atmospheric modelling
2.3.1. Possible atmospheric scenarios

Turbet et al.| (2020a) reviewed the different atmospheric scenar-
ios for TRAPPIST-1 planets. We discuss the different possibili-
ties mentioned for TRAPPIST-1 h, such as a Hy/He rich atmo-
sphere, a H,O envelope, as well as a O,, a CO,, a CHy4/NH3,
or a N, dominated atmosphere. First, numerical modelling us-
ing mass and radius measurements have shown that a H,/He
envelope is unlikely for all TRAPPIST-1 planets. Turbet et al.
(2020a) constructed a mass-radius relation using the |Grimm
et al.| (2018) atmospheric climate calculation and estimated that
for a ’cold’ scenario assuming 100 x solar metallicity and based
on TRAPPIST-1 h irradiation, the maximum hydrogen to core
mass fraction is 4 x 107* for a clear atmosphere. Using the es-
timation of Wheatley et al.[(2017)) for the EUV flux received by
the planet (10 erg.s~'.cm2) and the results from Bolmont et al.
(2017), Bourrier et al.| (2017b)) and [Bourrier et al.| (2017a), they
computed the equivalent mass loss over the age of the system (8
billion years) and found 10%? kg (i.e. 5 X 10~ mass fraction).
A hydrogen-rich envelope could be ripped out in ~100 million
years for TRAPPIST-1 h (Turbet et al.[2020a)), meaning that this
type of atmosphere is not completely impossible but unstable
and unlikely to be sustained around this low mass planet. The
recent publication by|/Hori & Ogihara (2020) has also shown that
the total mass loss over the planet lifetime is supposedly higher
than the initial amount of accreted gas.

Regarding a water-rich atmosphere scenario, [Turbet et al.
(2019a), [Turbet et al.| (2020b) and Turbet et al.| (2020a) esti-
mated the water content in TRAPPIST-1 planets by taking the
runaway greenhouse limit into account, while Bourrier et al.
(2017b)) investigated the hydrodynamic water loss. Combining
those two pieces of information leads to the conclusion that
TRAPPIST-1 h could have lost less than three Earth oceans
and could have retained water in its atmosphere or surface. [Lin-
cowski et al.|(2019) show that O, atmospheres would be the best
candidate for TRAPPIST-1 planets as a remnant of H,O erosion
and [Wordsworth et al|(2018)) determine that O, build-up is lim-
ited to one bar for TRAPPIST-1h.

We note that NH; and CH,4 are highly sensitive to photo-
dissociation (Turbet et al.|2018)) and for TRAPPIST-1h to sus-
tain a CHy4 or a NHj3 rich atmosphere would require an important
source of those species. Assuming an Earth-like methane pro-
duction rate, the planet could have a concentration up to 0.3%
(Rugheimer et al.|2015). However, methane or ammonia pho-
tolysis rates could decrease via the formation of high altitude
clouds or hazes (Sagan & Chybal[1997; Wolf & Toon|2010; |Ar-
ney et al.|2016).

An Earth-like atmosphere, that is one bar and a N, rich atmo-
sphere, might be stable against stellar wind for TRAPPIST-1 h if
CO; is abundant (Dong et al.|2018| [2019); CO, could accumu-
late in TRAPPIST-1 planets (Lincowski et al.|[2019) because it
is less sensitive to atmospheric escape (Dong et al.|2017} [2018|
2019). However, [Turbet et al. (2018)) and [Turbet et al.| (2020a))
show that TRAPPIST-1 h would probably experience a CO, col-
lapse. The planet is far from the star and probably tidally locked,
favouring CO, surface condensation. Furthermore, CO and O,
could also be found in the case of a CO; rich atmosphere due to
the photo-dissociation of CO, and the low recombination of CO
and O, (Gao et al.[2015; [Hu et al.|2020).

Finally, a water ocean at the surface of TRAPPIST-1 h, im-
plying a potential habitability, is unlikely. As the planet is be-
yond the CO; collapse region, the atmosphere does not warm
the surface (Turbet et al.[2020al). To counterbalance the CO, con-
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densation, the planet would require a very thick CO, atmosphere
with volcanic gases such as H, and CHy, but, as explained above,
neither H, nor CH, are expected to be stable in the TRAPPIST-
1 h atmosphere (Pierrehumbert & Gaidos||2011; Wordsworth
et al.|2017;Ramirez & Kaltenegger|2017} Lincowski et al.[2018}
Turbet et al.|2018| [2019b} [2020b). Very few observational con-
straints have been brought on TRAPPIST-1 planets, leaving a
wide range of atmospheric possibilities. The goal of the follow-
ing section is to analyse the TRAPPIST-1 h IR spectrum with
regards to the predictions mentioned above in order to bring new
constraints and prepare further observations.

2.3.2. Retrieval analysis set-up

We used TauREx3 (Al-Refaie et al.[2021; |Al-Refaie et al.[2021)
and the nested sampling algorithm Multinest (Feroz et al.[|2009)
with an evidence tolerance of 0.5 and 1500 live points to perform
the atmospheric retrieval analysis. TauREx3 is a fully Bayesian
code that maps the atmospheric parameters space to find the best
fit model for the transmission spectrum. It includes the molecular
line lists from the ExoMol project (Tennyson et al.|2016; |Chubb
et al.[2021), HITEMP (Tennyson & Yurchenko|[2018])), and HI-
TRAN (Rothman et al.||[1987; Rothman et al. [ 2013). We simu-
lated the atmosphere assuming a constant temperature-pressure
profile and every layer of the simulated atmosphere is uniformly
distributed in log spaced, with a total of 100 ranging from 1072
to 10° Pa. We included the collision-induced absorption (CIA)
of H2-H2 (Abel et al.||2011} [Fletcher et al.||2018)), H,-He (Abel
et al.|[2012), and Rayleigh scattering. We used a wide range of
temperatures (50-1000K) to adjust the temperature of the planet,
using the effective temperature (~173 K) as the initial value. The
planetary radius was also fitted as a free parameter in the model
and its value ranges from +50% of the published value reported
in Table[I] The planetary radius fitted corresponds to the bottom
of the atmosphere, that is the radius of the planet assumed to be
at one bar here. Clouds were included using a simple grey opac-
ity model and the top clouds pressure varies from 1072 to 10°
Pa. We considered the following opacity sources: H,O (Polyan-
sky et al.[2018)), CO, (Rothman et al.[2010), NH; (Yurchenko
et al.|2011)), and CO (Yurchenko & Tennyson|2014).

We performed two different atmospheric retrievals by forc-
ing a primary and then a secondary atmosphere. We modelled
the TRAPPIST-1 h atmosphere using H,, He, and N, as fill gas
and H,0, CO, CO,, NHj3, and CHy, as trace gases. We note that
H,, He, and N, do not display features in the spectrum; they con-
tribute to the continuum and shape the mean molecular weight.
The ratio between H, and He abundances was fixed to the so-
lar value of 0.17, while the ratio between the abundance of N,
over the abundance of H, varied between 10712 and 1072 for
the primary model and between 10~'? and 10 for the secondary
scenario. The mean molecular weight can then evolve towards
higher values and we were able to test a Hydrogen rich and then a
Nitrogen rich atmosphere. The abundance of the other molecular
absorption sources were included in the fit as a volume mixing
ratio, allowing us to vary between 1072 and 1072,

A flat-line model, only including a cloud deck, was per-
formed to assess the significance of the different scenarios com-
pared to a baseline. A baseline is representative of the lack of an
atmosphere (e.g. an atmosphere with no spectral features) or a
flat spectrum that can only be fitted by a high altitude cloud deck.
The significance was computed using a Bayes factor, that is the
difference of logarithm evidence between the best fit model and
the baseline model. The Bayesian evidence was computed using
Bayes’ theorem for a set of 8 parameters in a model H for the
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data D (Feroz et al.|2009)

P(DI0, H)P(6|H)
POD. H) = == ==, (M)
where P(6|D, H) =P(6) is the posterior probability distribution,
P(D|9, H) =L(0) is the likelihood, P(8H)= m(6) is the prior,
and P(D/H)= E is the Bayesian evidence. The nested sampling
method estimates the Bayesian evidence of a given likelihood
volume and the evidence can be expressed as follows:

E = f L(O)n(6) do. 3

To compare the two Hy and H; models, in our case the flat-line
model and the primary or secondary scenario, we can compute
the respective posterior probabilities, given the observed data set
D?

P(H,|D) _ P(D|H)P(H,) _ E|P(H))
P(Ho|D)  P(DIHy)P(Hy)  EoP(Hp)’

®

where P(H;)/P(Hy) is the a priori probability ratio for the two
models, which can often be set to unity (Feroz et al.[[2009). We
used the logarithm version of the model selection to compute
the Bayes factor, Alog(E) between the flat-line and the tested
model. This factor is also called the atmospheric detectability
index (ADI) in [Tsiaras et al.| (2018) and defined as a positive
value. The significance (o) represents the strength of a detec-
tion and it was estimated using a|Kass & Raferty| (1995), Trotta
(2008), and |Benneke & Seager| (2013) formalism. We used Ta-
ble 2 in Trotta (2008) and Table 2 in Benneke & Seager| (2013)
to find the equivalence between the Bayes factor and the signifi-
cance o and evaluate the strength of a detection. A Bayes factor
of 1 corresponds to a 2.10 detection and is considered weak, a
Bayes factor greater than 3 (30) is considered significant, and
one superior to 11 (50) is considered as a strong detection. For
the rest of the paper, we define Alog(E)=10g(Eamospheric Model)-
log(EFiat ine)- The atmospheric model can be considered a better
fit compared to the flat line if the Alog(E) is superior to 3.

3. Results
3.1. Atmospheric retrieval results

There is no evidence of molecular absorption in the recovered
spectrum of TRAPPIST-1h from the two retrieval results. Both
primary and secondary retrieval analyses have logarithm evi-
dence (109.92 and 110.18, respectively) comparable to the one
of the flat-line model, that is 110.55. This result favours the sce-
nario of a planet with no atmosphere, that is the presence of a
high cloud layer in a primary atmosphere or a secondary enve-
lope. It is consistent with previous work on other TRAPPIST-1
planets (de Wit et al.|2018; Wakeford et al.|[2019; [Zhang et al.
2018). Figurel4d|(top) shows the extracted spectrum with the best-
fit atmospheric results: flat-line (red), primary (blue), and sec-
ondary model (purple). The flat-line and the secondary best fit
models are similarly flat with a transit depth around 3220 ppm,
while the primary models are found around 3274 ppm. This dif-
ference is due to the different radius and temperature estimations
depending on the scale height and the weight of the atmosphere.
We present the correlations among parameters for the primary
and the secondary model in Fig. 5] We overplotted the two pos-
terior distributions for a direct comparison, but the values are
displayed for the secondary best-fit model. The primary model
posterior distribution alone is presented in Appendix [B.4}
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Fig. 4. Best-fit models to TRAPPIST-1 h HST WFC3 G141 data from
atmosphere retrievals (top) and stellar contamination models based on
Zhang et al.| (2018), Wakeford et al.| (2019), and Morris et al.| (2018)
(bottom).

The secondary atmospheric retrieval analysis estimates the
radius to be 0.69f8:8§R@ and the temperature reaches 345”_’?52K.
The mean molecular weight distribution is bi-modal, and the
code is able to retrieve two solutions: a light atmosphere with
a 2.3 g/mol mean molecular weight and a heavier solution with a
mean molecular weight reaching 25.353;/0, g/mol correspond-
ing to a 16 km scale height. This is correlated to the abundance
of N retrieved as the ratio of inactive gases, that is log(N,/H>).
When we allowed this ratio to increase beyond one, the best fit
value was constrained to I.OIféjg. Yet, we note the presence of a
second solution, around seven, which corresponds to the primary
analysis retrieved value and creates the bi-modal distribution in
the mean molecular weight. Nitrogen is the only parameter that
impacts the value of the mean molecular weight as no constraints
can be put on H,O, CHy, CO, CO,, and NHj3. From both pos-
teriors distributions, we found the anti-correlation between the
radius, temperature, and layer for top clouds, that is the radius
decreases with increasing temperature and decreasing layer for
top clouds. The latter is found really high in the atmosphere,

log(Pclouds)zl.OZfiigg, which corresponds to a cloud layer at ap-

proximately 10~ bar. Considering the pressure of this layer, it
is likely that these clouds may not be condensation clouds, but
rather photochemical mists or hazes with particles big enough
not to have a spectral slope. From those two retrievals analyses,
we show that the atmosphere must be either secondary (probably
dominated by nitrogen) or primary with a very high photochem-
ical haze layer. The two retrieval analyses have similar statistical
results so we cannot favour one solution. We cannot rule out the
hypothesis of a lack of an atmosphere either as the log(E) of the
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Table 4. Statistical results of the atmospheric retrieval analysis and the stellar contamination modelling on TRAPPIST-1h HST WFC3 G141 data.

Model ¥’ i log(E) Alog(E)
Flat-line 64.95 3.61 110.55 N/A
Atmosphere primary 65.20 3.62 109.92  -0.63
Atmosphere secondary 6525 3.62 110.18 -0.37
Stellar|Zhang et al.| (2018) 54.02  3.00 N/A N/A
Stellar|Wakeford et al.|(2019) 60.70 337 N/A N/A
Stellar Morris et al.| (2018) 63.91 3.55 N/A N/A
Corrected by|Zhang et al.[(2018)

Flat-line 5494 3.05 11548 N/A
Atmosphere primary 5054 281 115.02 -0.46
Atmosphere secondary 5477 3.04 115.20 -0.28
Corrected by [Wakeford et al.[(2019)

Flat-line 6141 341 11213 N/A
Atmosphere primary 6191 344 111.51 -0.62
Atmosphere secondary 61.80 3.43 112.01 -0.12
Corrected by [Morris et al.[(2018))

Flat-line 65.11 3.62 110.39 N/A
Atmosphere primary 65.28 3.63 109.79  -0.60
Atmosphere secondary 6523 3.62 110.12 -0.27

Notes. Chi-squared (%) and reduced chi-squared (§*2) were computed using the result of the retrieval best-fit model and the stellar contamination
models. Bayesian logarithm evidence (log(E)) and the Bayes factor (Alog(E)) were computed when applicable, i.e. only for the atmospheric

retrieval analysis.

flat-line model remains the highest. We can reject a primary clear
atmosphere as expected for this planet as the primary model does
indeed require a layer of clouds to correctly fit the spectrum (see

Sec. |1).

3.2. Including the stellar contamination

We present in Fig. ] (bottom) the stellar contamination mod-
els and in Table [4] the statistical results on both the atmosphere
and stellar models. We computed the chi-squared (y2) and the
reduced chi-squared (g?2) for all models and indicate the log-
arithm evidence (log(E)) from the retrieval analysis. The stel-
lar contamination model of Zhang et al.|(2018)) is favoured, ac-
cording to the chi-squared computation but none of the mod-
els we tested here are significant and can explain variations in
the TRAPPIST-1h spectrum. In particular, the rise in the tran-
sit depth around 1.3um is not reproduced. To account for stellar
contamination, we corrected our HST/WFC3 extracted spectrum
by subtracting the stellar contributions using the [Zhang et al.
(2018)), [Wakeford et al.|(2019), and [Morris et al.| (2018)) formal-
ism. We present in Table [5] the transit depth after subtraction of
the stellar contamination for the three models and conduct the
same retrieval analysis as in Sec. [3.I] on those corrected spec-
tra. We overplotted all the different spectra as a comparison in
appendix [B.3] Statistical results on the retrieved corrected spec-
tra are detailed in Table E} For all the corrected spectra, the flat
line is the favoured model, but the correction by [Zhang et al.
(2018)) leads to the highest log(E). We present in Fig. E] best-fit
atmospheric retrieval results on the three spectra, while posterior
distributions are in Appendix [B.8] and [B.9] We note transit
depth variations at 1.2 ym, 1.45um, and 1.6um on the primary
best fit model on the spectrum corrected by |[Zhang et al.| (2018)).
This is due to the contribution of CO, to the best-fit solution, but
the amount of CO; is not constrained (see posterior distributions
in Appendix and the model is not statistically significant.
We also observe variations in the transit depth around 1.54m on
the primary best fit model on the spectrum corrected by [Morris
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et al.| (2018)). This is due to the absorption of ammonia. Once
again, this absorption is not constrained in terms of abundance
and the log(E) remains below the one of the flat line. As an indi-
cation, we put the best-fit opacity contributions from those two
models in appendix [B.6] The correction made here to the spec-
tra does improve the retrieval statistical results in the case of the
Zhang et al.|(2018)) correction, but it does not lead to molecular
detection and does not allow us to provide further constraints on
the atmosphere of TRAPPIST-1 h.

To better constrain the stellar contamination, we also tried
to add the optical value found in Luger et al.|(2017a) using K2
photometry. As seen in the plot of Appendix and in the y?
computation results in Appendix [A.2] the existing stellar mod-
els discussed here fit the spectrum poorly. First, we cannot en-
sure inter-instrument calibration at this accuracy and combining
a different transit depth could lead to misinterpretations of the
spectrum (Yip et al.|[2020). In addition, it is possible that the
stellar spot distribution has changed in the intervening time be-
tween the observations, but this is unlikely as they are not that
far apart. K2 light curves were taken between 15 December 2016
and 4 March 2017, while the HST data were taken in July 2017,
September 2019, and July 2020. A more likely explanation is
that for both K2 and HST data, multiple transits were stacked,
regardless of the phase of the star’s rotation. If the stellar rota-
tional phase and activity were different from time to time, the
effect in the transmission spectrum would be suppressed when
they are stacked. Adding this point does not further constrain the
stellar contamination models in the case of TRAPPIST-1h.

4. Discussion
4.1. Primary clear atmosphere

We show in Sec. [3.T]that the HST/WFC3 extracted spectrum was
compatible with either a secondary or a primary cloudy and hazy
atmosphere if we retain the hypothesis of a presence of an atmo-
sphere. In this section, we explore the case of a primary clear
atmosphere by fixing the molecular absorption of the different
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Fig. 5. Posterior distributions for the primary (blue) and the secondary retrieval (purple) on the extracted TRAPPIST-1h spectrum. Only the values

from the secondary best-fit analysis are displayed.

species to 1073, which forces spectral features. The tempera-
ture was allowed to vary between +20% of the equilibrium one
(173K) and the radius was fitted between +50% of the published
value. We tested six different opacity sources, H,O, CO,, CO,
CH,4, NH3, and N, separately by running a retrieval for each
sources. We included collision-induced absorption and Rayleigh
scattering and fixed the He/H, ratio to 0.17. The atmosphere was
simulated as in Sec. with 100 layers ranging between 1072
and 10° Pa.

We measured the size of a clear atmosphere in the case of
TRAPPIST-1 h in those six configurations and show that a pri-
mary clear atmosphere is rejected in each case. We present in
Table 6] best-fit results from the six tested scenarios. We indi-
cate the radius, the temperature, and the mean molecular weight,
and we estimate the corresponding scale height. For comparison,
we also indicate the results from the flat-line model of Sec. 311

Statistical results, that is to say the logarithm evidence, from pri-
mary clear models are below the one of the flat line with an ab-
solute difference of 3 or more, while including H,O, CH4, NH3,
or N,. This result indicates that a primary clear atmosphere is re-
jected with high confidence (i.e. 30). Primary clear atmospheric
scenarios with traces of CO or CO, have higher Alog(E), re-
maining below the one of the flat-line model, but they cannot be
rejected as firmly as the others (see also Fig.[9]in Sec.[f.2).

A primary clear atmosphere scenario was previously re-
jected for TRAPPIST-1 planets using HST/WFC3 G141 spectra
(de Wit et al|[2018}; [Zhang et al.|2018}; Wakeford et al|[2019).
Performing the same exercise with a fixed 10~ water abundance
for the others six TRAPPIST spectra from [Zhang et al.| (2018),
we also confirm that a primary clear atmospheric model does
not fit their spectra. We note that we simulated planet atmo-
spheres with the same 100 layers between 1072 and 107> even
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Fig. 6. Best fit models to TRAPPIST-1 h HST WFC3 G141 data af-
ter subtraction of stellar contamination contributions according to the
Zhang et al.| (2018) (top), [Wakeford et al.|(2019) (middle), and Morris
et al.[|(2018) (bottom) formalism.

though they have a different size, radius, and mass. We present
in Fig.[7|the best-fit atmospheric retrieval results in the case of a
Hydrogen-dominated atmosphere with water as a trace gas (the
volume mixing ratio was fixed to 10~3) for the seven planets of
the TRAPPIST-1 system. The results are presented in number
of scale height and we can see that TRAPPIST-1 planets are un-
likely to possess a clear atmosphere dominated by hydrogen with
water in a low quantity. The comparison of logarithm evidence
between a flat-line model and a primary clear atmosphere for all
seven planets is detailed in appendix [A.T] This is in agreement
with theoretical modelling as detailed in Sec.[2.3.T]and in|Turbet
et al.| (2020b) and Hor1 & Ogihara (2020).
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Table 5. Corrected transit depth in ppm using stellar contamination
models.

Wavelength (um) Transit depth (ppm)

1.1262 3072.99 3193.93 3129.83
1.1563 2934.85 3032.81 2983.10
1.1849 3171.13 3259.82 3226.35
1.2123 3202.19 3283.50 3276.38
1.2390 3406.64 3477.46 3478.10
1.2657 3207.19 3257.41 3266.07
1.2925 3520.20 3564.16 3590.50
1.3190 3643.19 3673.80 3687.80
1.3454 3388.59 3396.28 3369.86
1.3723 2948.59 2939.83 2901.69
1.4000 3341.90 3318.92 3273.55
1.4283 3414.44 3373.99 3323.56
1.4572 3193.82 3149.00 3112.83
1.4873 3141.10 3090.15 3072.24
1.5186 3093.99 3037.20 3039.34
1.5514 3165.61 3101.84 3126.55
1.5862 3499.04 3418.90 3473.19
1.6237 3057.41 2980.84 3046.45
References 1 2 3

References. (1)Zhang et al|(2018)); (2)Wakeford et al.|(2019); (3) Mor-
ris et al.|(2018)

4.2. Steam atmosphere

From the review of the possible atmospheric scenario (Turbet
et al. [2020b), TRAPPIST-1h could have a water-, methane-,
ammonia-, nitrogen-, or even a carbon-dioxide-rich atmosphere
depending on the evolution of the planet, on the species col-
lapses, and on the photo-chemistry. A steam atmosphere is un-
likely for TRAPPIST-1h as it would require the planet to have
retained its atmosphere and to be stable against stellar wind (see
Sec. [2.3.1). However, we tested those different hypothesis by
using a similar approach as in Sec. [d.1] but allowing for heav-
ier atmospheres by increasing the volume mixing ratio of the
tested molecular absorber from 0.01 to 0.8 progressively. Best-
fit atmospheric results along with derived parameters and statis-
tical criteria are detailed in Appendix [A.3] We note that some
forced secondary steam atmospheric models have log(E) equal
to or slightly above the one of the flat-line model. The differ-
ence in log(E) is above one for one case, with the CO-rich at-
mosphere having a volume mixing ratio fixed to 0.2. This model
has a Alog(E) of 1.01 corresponding to 2.10 confidence, hence a
"weak detection’ in Benneke & Seager (2013)) classification. The
best-fit spectrum of the models presenting an elevated log(E) are
plotted in Fig. [8| They correspond to the model of 20% CO,
and CO and 80% of N, and NHj3. Carbon dioxide and carbon
monoxide have similar absorption features in the HST/WFC3
wavelength range, which leads to similar best-fit results. More-
over, as the features are very small, we obtained the same vol-
ume mixing ratios for those species. We note that N, acts as a
fill gas in the atmosphere as it does not have features; the best-
fit spectrum is then similar to that of the flat line. We can add
a CO-rich atmosphere to the possible atmospheric scenario for
TRAPPIST-1h.

We note that Alog(E) remains below one for most of the other
tested models, meaning that they are not statistically significant.
We present in Fig. [9|the comparison of the log evidence for a flat

line to that of single molecule retrievals from the primary clear
analysis of Sec.[d.T]and the secondary models of Sec.[4.2]follow-
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Fig. 7. Comparison of the best-fit atmospheric results for TRAPPIST-1 planetary spectra in the case of a forced primary clear atmosphere with a
volume mixing ratio of water fixed to 10~ in a H-dominated atmosphere. We used spectra from Zhang et al.| (2018) for the TRAPPIST-1bto g
retrievals and present the results in units of scale height.

ing the formalism of Fig.6 in Mugnai et al.|(2021)). We decided to  as similar molecular abundances could lead to different weights
represent the Alog(E) with respect to the mean molecular weight and metallicities. Primary atmospheric models with a metallic-
of the modelled atmospheres to compare the different scenarios ity below 50 times solar (i.e. mmw=2.70 g/mol) are rejected with
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Table 6. Best-fit atmospheric results and derived parameters for a primary clear retrieval analysis.

Model Rp(Ro) T(K)  u(gmol) Hkm) 2 7 log(®) AlogE)
Flat-line | 0.61+0.110 296+225 230 7128 6495 3.61 11055 N/A
H,0 0.70£0.003  140+2 232 7527 12868 7.15 7478  -35.77
CO, 0.71£0.003  157+26 235  86.84 6837 3.80 10899 -1.56
CcoO 0.72£0.003  158+25 233 88.84 70.53 3.92 107.93 -2.62
CH, 0.69+0.003 13942 232 7220 14635 8.13 6548  -45.07
NH; 0.68+0.003  140+3 232 7056 107.58 598 8538  -25.17
N, 0.72£0.003  156+26 233 8785 69.71 387 10682 -3.73

Notes. The primary clear atmospheric scenario was simulated including the molecular absorption with a volume mixing ratio fixed to 10~ in a

H-dominated atmosphere.
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Fig. 8. Comparison of the best-fit atmospheric results for the TRAPPIST-1h spectrum in the case of four forced secondary clear atmospheres with
a volume mixing ratio of CO, fixed to 0.2 (upper left),CO to 0.2 (upper right), N, to 0.8 (bottom left), and ammonia to 0.8 (bottom right).

more than 5o confidence (i.e. the Bayes factor is inferior to -11),
except for CO and CO,. In addition, if the atmosphere was pri-
mary, it would be unlikely that it does not contain any water. The
equivalence between abundances, the mean molecular weight,
and solar metallicity is presented in Appendix Table [A.3]and a
figure of all Alog(E) with respect to the abundances is presented
in Appendix B.T1] The area between dashes represents the set
of Bayes factor values for which it is not possible to conclude
compared to a flat line, that is with absolute Alog(E) below 3.
Models with a Alog(E) between -3 and -11 can be significantly
rejected compared to a flat line, while the ones below -11 are
strongly disfavoured.

4.3. Impact of changing the spectral resolution

Neither stellar contamination nor atmospheric absorption can ex-
plain the rise in the transit depth around 1.3 um. This is proba-
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bly due to scattering noise remaining after the extraction and the
spectral light curve fitting. By changing the resolution of the data
extraction, we investigated if the scattering at 1.3um remains sig-
nificant and if a single narrow band of the spectrum caused this
“feature’. We performed the same data analysis as in Sec. [3.1]us-
ing two other binning resolutions with a resolving power of 25
and 70 around 1.4um, respectively. We also performed the same
retrieval analysis using the primary, the secondary, and the flat-
line set-ups on the two spectra. We obtained similar results; the
flat-line model is the best fit according to the Bayes factor.

We present in Fig[I0] the best-fit atmospheric results on the
two spectra of TRAPPIST-1 h. The log(E) of the flat line is
47.52 and 163.62 for the very low and the high resolution spec-
tra whereas the log(E) of the primary model reaches 47.04 and
163.15, respectively. Log(E) of the secondary model are also
below the one of the flat-line model, that is 47.42 and 163.42.
Changing the resolution of the spectrum does not flatten or in-
crease the rise of the transit depth at 1.3um and it was recovered
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in each case. Results from Sec. [3.2] are confirmed while using
different resolutions. A flat-line model remains the best-fit to the
TRAPPIST-1 h spectrum.

5. Conclusion

Terrestrial planets with a secondary envelope are challenging
to characterise especially given the low resolution and narrow
wavelength coverage of HST. Here, we have presented a trans-
mission spectrum of a 0.7 R® planet, TRAPPIST-1h, the seventh
planet of the highly studied TRAPPIST-1 system. This planet is
the furthest and the smallest planet of the system, yet we were
able to obtain a spectrum by combining three different HST
observations. We cannot make a strong claim from the analy-
sis of the spectrum as it is better fitted using a flat line. How-
ever, we were able to rule out with more than 30~ confidence a
primary clear atmosphere, as for the other TRAPPIST planets.
Given these observations, we are not yet able to distinguish be-
tween a featureless cloudy H-dominated atmosphere and a clear
or cloudy secondary envelope with smaller spectral features. The
two models have similar statistical significance and cannot be
distinguished from retrieval analysis. We cannot completely rule
out the possibility that TRAPPIST-1h has lost its atmosphere
over its lifetime either as the evidence for a flat-line model is
favoured. We tested secondary clear atmospheric scenarios and
found that a CO-rich atmosphere with a volume mixing ratio of
0.2 in an hydrogen atmosphere obtained the best statistical re-
sult with a Bayes factor of 1.01 (i.e. a 2.10 detection). Yet this
result is not significant enough and is mostly driven by the last
points of the spectrum. This could be due to stellar activity even
though all the stellar contamination models tested here were not
able to reproduce those points and the rise of the transit depth
around 1.3um. Other absorbing species, such as H,S or H,CO,
could also create features around 1.3um, but they are unlikely to
be produced in the TRAPPIST-1 h atmosphere with such a high
level of absorption. The feature is likely caused by either stellar
contamination, or by the planet. However, as previously stated in
this paper, we cannot find an explanation for it. We note that the
while these scatter data points will cause the atmospheric model
to be poorly fit, the same is true of the flat and cloudy models.
Therefore, as each will feature these points equally poorly, the
evidence between the two will be independent of this and so not
overly affected. Future observations with the James Webb Space
Telescope (JWST) will hopefully remove the ambiguity; how-
ever, as shown in Fig. EL we can rule out clear H/He atmospheres
with high confidence. It is then necessary to obtain more data on
this planet and on the other six planets of the system to prove the
presence of an atmosphere and better constrain the nature of this
intriguing planetary system.

Acknowledgements. This study makes use of observations with the NASA/ESA
Hubble Space Telescope, obtained at the Space Telescope Science Institute
(STScI) operated by the Association of Universities for Research in Astronomy.
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Appendix A: Additional tables

Table A.1. Best-fit logarithm evidence of a flat-line and a primary clear
model for the seven planets of the TRAPPIST-1 system.

Model Flat-line Primary clear
TRAPPIST-1b | 76.54 45.37
TRAPPIST-1¢ | 77.42 68.28
TRAPPIST-1d | 71.92 37.84
TRAPPIST-1e | 82.16 58.06
TRAPPIST-1 f 79.58 65.72
TRAPPIST-1g | 79.73 75.73
TRAPPIST-1h | 110.55 74.78

Notes. The primary clear atmospheric scenario was simulated includ-
ing H,O with a volume mixing ratio fixed to 10~ in a H-dominated
atmosphere for all seven planets of the TRAPPIST-1 system.

Table A.2. Statistical results of the stellar contamination modelling on
combined TRAPPIST-1h HST WFC3 G141 data and the K2 photometry

value from Luger et al.|(2017a).

Model X’ v

Flat-line 72.14 3.80
Stellar Zhang et al.| (2018)) 73.74 3.81
Stellar Wakeford et al.[(2019) | 197.75 10.15
Stellar Morris et al.| (2018) 99.37 5.23

Notes. Chi-squared (y?) and reduced chi-squared (§*2) were computed
using the result of the stellar contamination models.

Appendix B: Additional figures
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Table A.3. Best-fit atmospheric results and derived parameters for secondary retrieval analysis.

Model Rpr(Rg) T(K) u(g/mol)  H(km) met (x solar) ¥’ i log(E) Alog(E)
Flat-line 0.61+0.11  296+225 2.30 71.28 1 6495 3.61 110.55 N/A
VMR(H,0)

0.01 0.69+0.003 139+2 2.46 69.09 20 150.67 8.37 63.55 -47.00
0.2 0.71+0.003 142+6 5.45 32.98 350 9725 540 91.46 -19.09
0.5 0.72+0.003  147+x15 10.16 18.78 900 7843 435 101.89 -8.66
0.8 0.72+0.003  153+24 14.87 13.50 1400 7292 4.05 105.07 -5.48
VMR(CO,)

0.01 0.71£0.003  155+22 2.72 73.68 50 64.22  3.57 109.55 -1.00
0.2 0.72+0.003  173+24 10.65 21.48 950 63.69 354 111.35 0.80
0.5 0.72+0.003  174+24 23.16 10.03 2400 63.93 3,55 111.26 0.71
0.8 0.73+£0.003  174+25 35.67 6.54 3800 64.30 3.57 110.98 0.43
VMR(CO)

0.01 0.72+0.003  159+27 2.56 81.36 30 68.36  3.80 109.28 -1.27
0.2 0.72+0.003  174+24 7.45 31.19 600 63.23 3.51 111.56 1.01
0.5 0.73£0.003  175+26 15.16 15.45 1500 63.64 354 111.38 0.83
0.8 0.73+0.003  174+24 22.87 10.21 2300 63.97 355 111.15 0.60
VMR(CHy)

0.01 0.68+0.003 13943 2.44 66.32 20 170.07 9.45 63.39 -47.16
0.2 0.69+0.003 14145 5.05 33.60 300 104.28 5.79 87.53 -23.02
0.5 0.70£0.003  145+12 9.17 19.87 800 81.64 454 99.81 -10.74
0.8 0.71+£0.004  150+18 13.30 14.43 1300 7492 416 103.72 -6.83
VMR(NH3)

0.01 0.66+0.003 140+3 2.45 63.82 20 11231 6.24  82.99 -27.56
0.2 0.69+0.004  145+11 5.25 33.95 350 7248 4.03 10448 -6.07
0.5 0.70£0.005  158+26 9.67 20.39 850 67.57 375 109.48 -1.07
0.8 0.71+£0.004  168+26 14.09 15.11 1500 65.14 3.62 110.59 0.04
VMR(N3)

0.01 0.72+0.003  159+27 2.56 81.54 30 71.67 398 107.73 -2.82
0.2 0.73+£0.003  171+£25 7.45 30.78 600 65.33 3.63 11047 -0.08
0.5 0.73£0.003  174+24 15.16 15.36 1500 6496 3.61 110.67 0.12
0.8 0.73£0.003  171+£25 22.87 10.05 2300 64.72 3.59 110.72 0.17

Notes. Secondary atmospheric scenarios were simulated including molecular absorption with a fixed volume mixing ratio increasing progressively
from 0.01 to 0.8.
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Fig. B.1. Left: Raw extracted light curves for the TRAPPIST-1h observations (top: Observations 1 July 2017, middle: Observations 2 September
2019, and bottom Observations 3: July 2020). Right: Predicted planetary transits using PyLightcurve transits model and Gillon et al.| (2017) system
parameters at the time of the observations.
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Fig. B.2. Spectral light curve fits of the July 2017 (top) and 2020 (bottom) visits (Observation 1 and 3) for the transmission spectra of TRAPPIST-
1H. An artificial offset in the y-axis has been applied for clarity. For each light curve, the left panel shows the de-trended spectral light curves with
the best fit model in dotted lines with the centred wavelength, and the right panel shows the residuals and values for the standard deviation (o) in
ppm, the reduced Chi-squared (§?), and the auto-correlation (R?).
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Fig. B.3. White light curve fits for the three visits on TRAPPIST-1h (top). The transit model (dotted line) was simulated using a weighted mean of
the three observations’ planet-to-star radius ratios, i.e. 0.0572.

Article number, page 19 of 25



R, = 0.06+33}

T, = 188.07+335%°

TP

log(H,0) = =7.89*3}

log(H;0)

A&A proofs: manuscript no. main

10g(CHq) = —7.40%3%;

10g(CHy)

10g(CO,) = —6.91*3%,

109(CO;)

log(CO) = —7.254397

log(CO)

log(NH3) = —7.49*3¢

log(NH3)

g(N,/H,) = —6.99+2

log(N2/H>)

109 (Peiouds) = 0.83*17

10g(Pciouds)

2
N N N N N N S v 6 & Y0
%% %% Y% %o DN Voo vy by 0D D%Y%Y

/\j’ 1 (derived) = 2314397
©
g
e
2 %
2 )
b
3
AR
e
I
"
I
27
ebbelﬁba R .Q,\") ’LQQ hQQ bQQ %QQNQQQ /,\Q /% /b /v /’1/ /,\Q /% /b /bt A% /,@ /% /b /bt /’L /&Q /% /Q: /b& /’L /\,Q /Q- /6 /\x /’L /\’0 /Q- /6 /D\ /’L/\:j) Q_Q \:p ")_Q b\(? ’L?;\/ '1,?‘0 T&b q,bb
Rp To log(H20) log(CHa) log(CO,) log(CO) log(NH3) log(N2/H2) 109(Pciouds) u (derived)

Fig. B.4. Posterior distributions for the primary atmospheric retrieval on the extracted TRAPPIST-1h spectrum.
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Fig. B.8. Posterior distributions for the primary atmospheric retrieval (top) and the secondary retrieval (bottom) on TRAPPIST-1h spectra corrected

by the stellar contamination model of Wakeford et al.| (2019).
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Fig. B.9. Posterior distributions for the primary atmospheric retrieval (top) and the secondary retrieval (bottom) on TRAPPIST-1h spectra corrected

by the stellar contamination model of (2018).
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Fig. B.10. Best fit models to TRAPPIST-1 h HST/WFC3 G141 data (black) and K2 optical value (Luger et al.[2017a)) (grey) from stellar contami-
nation models based on[Zhang et al.| (2018))/Wakeford et al.|(2019), and Morris et al (2018)) .

Alog(E)

—— Hy0 —— CH,4 unconclusive
— COy —— NH3 — Flat
co — Nz
-50 T T
1073 1072 107!

Volume mixing ratio
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that is with absolute Alog(E) below 3. Models below the dashed lines are strongly disfavoured compared to the flat line.
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