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ABSTRACT

The ultracool dwarf star TRAPPIST-1 hosts seven Earth-size transiting planets, some of which could
harbour liquid water on their surfaces. UV observations are essential to measure their high-energy
irradiation, and to search for photodissociated water escaping from their putative atmospheres. Our
new observations of TRAPPIST-1 Ly-« line during the transit of TRAPPIST-1c show an evolution of
the star emission over three months, preventing us from assessing the presence of an extended hydrogen
exosphere. Based on the current knowledge of the stellar irradiation, we investigated the likely history
of water loss in the system. Planets b to d might still be in a runaway phase, and planets within the
orbit of TRAPPIST-1g could have lost more than 20 Earth oceans after 8 Gyr of hydrodynamic escape.
However, TRAPPIST-1e to h might have lost less than 3 Earth oceans if hydrodynamic escape stopped
once they entered the habitable zone. We caution that these estimates remain limited by the large
uncertainty on the planet masses. They likely represent upper limits on the actual water loss because
our assumptions maximize the XUV-driven escape, while photodissociation in the upper atmospheres
should be the limiting process. Late-stage outgassing could also have contributed significant amounts
of water for the outer, more massive planets after they entered the habitable zone. While our results
suggest that the outer planets are the best candidates to search for water with the JWST, they also
highlight the need for theoretical studies and complementary observations in all wavelength domains

to determine the nature of the TRAPPIST-1 planets, and their potential habitability.
Keywords: planetary systems - Stars: individual: TRAPPIST-1

1. INTRODUCTION

The TRAPPIST-1 system has been found to host an
unprecedented seven Earth-sized planets (Gillon et al.
2016, Gillon et al. 2017). All seven of the TRAPPIST-1
planets were detected using the transit method (Winn
2010), which allows for the direct determination of
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their radii (Gillon et al. 2017, Table 1). Masses for the
TRAPPIST-1 planets (Gillon et al. 2017, Table 1) were
derived through transit-timing variations (TTV, Holman
& Murray 2005). The seventh planet’s properties were
recently refined by Luger et al. (2017), who showed that
three-body resonances link every planet of this complex
system. The combined mass and radius measurements
for the TRAPPIST-1 planets are consistent with rocky
water-enriched bulk compositions, with TRAPPIST-1
f having a density low enough to harbor up to 50% of
water in its mass. Three of the TRAPPIST-1 planets
(e to g) orbit within the habitable zone (HZ) (e.g.,
Kopparapu 2013), where water on a planet’s surface
is more likely to be in a liquid state. The planets in
the TRAPPIST-1 system present unique opportunity
thus far for single-system comparative studies aimed at
understanding the formation and evolution of terrestrial
exoplanet atmospheres.

The atmospheres of terrestrial exoplanets are ex-
pected to be diverse and shaped by a number of physical
processes (e.g., Leconte et al. 2015). Observationally
probing the TRAPPIST-1 planets over a broad wave-
length range from the ultraviolet (UV) to the infrared
(IR) provides insights into their current state and the
dominant physical processes shaping their atmospheres.
Because the TRAPPIST-1 planets transit their host stars
as seen from Earth, their atmospheres can be probed
via transmission spectroscopy (e.g. Seager & Sasselov
2000; Kaltenegger & Traub 2009). The atmospheres of
TRAPPIST-1b and ¢ were probed at IR wavelengths by
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Table 1
Characteristics of the TRAPPIST-1 exoplanets. Note that the mass of planet h could not be determined with TTV, we therefore
computed the mass range for two extreme compositions: 100% ice and 100% iron. We chose to base our analysis on the masses derived by
Gillon et al. (2017) rather than those of Wang et al. (2017) and Quarles et al. (2017), because these latter works were still under
reviewing at the time of submission of this paper.

Planets b c d e f g h
My, (Mg) | 0.85£0.72 | 1.384+0.61 | 0.41+0.27 | 0.62+0.58 | 0.68+0.18 | 1.34+0.88 | 0.06 — 0.86
Rp(Rg) 1.086 1.056 0.772 0.918 1.045 1.127 0.752
pp(pP) 0.66+0.56 | 1.17£0.53 | 0.894+0.60 | 0.80£0.76 | 0.6040.17 | 0.94+0.63 | 0.14 — 2.02
ap (au) 0.01111 0.01521 0.02144 0.02817 0.0371 0.0451 0.059

de Wit et al. (2016) using the Hubble Space Telescope
(HST), which found the atmospheres of these planets to
be inconsistent with clear, hydrogen-rich “primordial”
atmospheres. However, a number of plausible scenarios
still exist for the atmospheres of TRAPPIST-1b and c,
including water-rich and aerosol-laden atmospheres. A
robust interpretation of current and future observations
of TRAPPIST-1 at IR wavelengths will require a better
understanding of atmospheric chemistry and escape
processes shaping these planets, which can be provided
by observations at UV wavelengths.

Ultraviolet transit spectroscopy is a powerful way
to search for signatures of atmospheric escape from
exoplanets. Extended atmospheres of neutral hydro-
gen have been detected through observations of the
stellar Lyman-a line (Ly-a, at 1215.67A) during the
transit of Jupiter-mass planets (Vidal-Madjar et al.
2003; Ehrenreich et al. 2012; Lecavelier des Etangs
et al. 2010, 2012) and Neptune-mass planets (Kulow
et al. 2014, Ehrenreich et al. 2015). Because of their
spatial extent and kinetic broadening (e.g., Ekenbéck
et al. 2010, Bourrier & Lecavelier des Etangs 2013),
exospheres transit longer than the lower atmospheric
layers probed at optical/infrared wavelengths, and yield
deep transit signatures over a large spectral range.
The case of the warm Neptune GJ436b, in particular,
revealed that small planets around cool M dwarfs can
support giant exospheres, yielding up to half-eclipses of
the star at Ly-o (Bourrier et al. 2015, Bourrier et al.
2016b). UV observations of Earth-size planets in a
system like TRAPPIST-1 thus offer great perspectives
for constraining their atmospheric properties. The
faint Ly-a line of this cold M8 star was detected by
Bourrier et al. 2017 (hereafter B17) using the Hubble
Space Telescope (HST), with enough light to perform
transit spectroscopy. Hints of variations were identified
at the time of the transits of inner planets b and c,
which could either indicate extended atmospheres of
neutral hydrogen or intrinsic stellar variability. The
first objective of the present study was to reobserve
the TRAPPIST-1 system in the Ly-a line during a
TRAPPIST-1c transit, to search for signatures of an
extended atmosphere, and to improve our understanding
of the high-energy stellar emission.

Despite recent efforts (France et al. 2013, France
et al. 2016) our understanding of the atmospheres of
exoplanets around M dwarf stars remains limited by the
lack of observational and theoretical knowledge about
the UV and X-rays spectra of these cool stars. Yet
these stars currently offer the best opportunity to detect

and characterize Earth-size planets in the habitable
zone (HZ). Measuring their UV irradiation is crucial
because it impacts the stability and erosion of planetary
atmospheres (e.g., Lammer et al. 2003, Koskinen et al.
2007, Bolmont et al. 2017), controls photochemical
reactions in the outer atmosphere (Miguel et al. 2015),
and can further influence the developement and survival
of life on a planet surface (see, e.g., O’Malley-James &
Kaltenegger 2017, Ranjan et al. 2017 for TRAPPIST-1).
The high present-day X-rays to ultraviolet (XUV) emis-
sion from TRAPPIST-1 (Wheatley et al. 2017) and the
fact that M dwarfs can remain active for several billon
years suggest that the atmospheres of the TRAPPIST-1
planets could have been subjected to significant mass
loss over the course of their history. Water, in particular,
could have been lost through photolysis and atmospheric
escape, a process which has been previously studied by
Bolmont et al. (2017) for TRAPPIST-1b, ¢, and d. At
the time of their study, only those three planets were
known, and the XUV emission of the star was not yet
observationally-constrained.

Our second objective in this paper is to revise the
calculations of water-loss for all TRAPPIST-1 planets,
benefiting from our improved knowledge of the system
architecture (Gillon et al. 2017) and of the stellar XUV
irradiation (Wheatley et al. 2017, B17, and new Ly-«
measurements presented in this paper). The planet prop-
erties used in our analysis are given in Table 1. HST
observations of TRAPPIST-1 are presented in Sect. 2,
and used in Sect. 3 to study the high-energy stellar emis-
sion and its temporal evolution. Sect. 4 describes how the
stellar irradiation influences the water loss from the plan-
etary atmospheres, while Sect. 5 addresses the limiting
effect of hydrogen production. We discuss the evolution
of TRAPPIST-1 exoplanet atmospheres in Sect. 6.

2. OBSERVATIONS AND DATA REDUCTION

We observed the H1 Ly-a line (1215.6702A) of
TRAPPIST-1 at four independent epochs in 2016,
using the Space Telescope Imaging Spectrograph (STIS)
instrument on board the HST. The log of these obser-
vations is given in Table 2. The star was observed at
three epochs during Mid-Cycle Program 14493 (PI: V.
Bourrier). Two consecutive HST orbits were obtained
on 26 September (Visit 1), at a time when none of the
seven planets were transiting (all planets were between
135° and 330° past their last respective transits). A
single HST orbit was obtained during the transit of
TRAPPIST-1b on 30 September (Visit 2), and another
one about 1.7h after the transit of TRAPPIST-1¢ on
23 November (Visit 3). No other planets were close
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Figure 1. Orbital positions of the TRAPPIST-1 planets at the
time of the HST observations in Visit 4. Each rectangle corre-
sponds to the space covered by a planet during one of the HST
orbits. Upper panel: View from the above of the planetary sys-
tem. Planets are moving counterclockwise. The dashed black line
indicates the line-of-sight (LOS) toward Earth. Star and orbital
trajectory have the correct relative scale. Lower panel: View from
Earth.

to transiting during Visits 2 and 3. Results of this
reconnaissance program were published in B17. We
obtained five new orbits on December 25, 2016 during
the GO/DD Program 14900 (PI: J. de Wit). Visit 4 was
scheduled to include a TRAPPIST-1c transit, to search
for the signature of a hydrogen exosphere around the
planet. The configuration of the planetary system at
the time of Visit 4 is shown in Fig. 1. Note that because
of occultations by the Earth and the time required to
acquire the target star with the HST, about a third of
an HST orbit could be spent observing TRAPPIST-1 at
Lyman-a.

Table 2
Log of TRAPPIST-1 Ly-a observations in 2016.

Visit ~ Date Time (UT)
Start End

1 Sept-26  02:51:50 04:59:45

2 Sept-30  22:55:05 23:27:38

3 Nov-23  20:56:10 21:28:35

4 Dec-25 03:17:58 10:10:17

All four visits made use of STIS Far Ultraviolet
Multi-Anode Microchannel Array (FUV-MAMA) de-
tector, and the G140M grating at 1222 A. Data were
reduced with the CALSTIS pipeline. In the region
of the Ly-a line the background is dominated by the
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Figure 2. Raw spectra of the stellar Ly-a line in Visit 4 (solid
line histogram), after correction from the geocoronal emission line
(superimposed as a dashed line). Colors correspond to HST orbits
at consecutive orbital phases (increasing from black, blue, green,
orange, red). Gray vertical lines indicate the range excluded from
our analysis, where the airglow is so strong that its correction re-
sults in spurious flux values.

Earth’s geocoronal airglow emission (Vidal-Madjar et al.
2003). The error bars in the final 1D spectra account for
the uncertainty in the airglow flux, but the correction
performed by the pipeline can yield spurious flux values
where the airglow is much stronger than the stellar line.
The position, amplitude, and width of the airglow line
profile varies in strength and position with the epoch
of observation (e.g. Bourrier et al. 2016a), and we thus
excluded from our analysis the contaminated ranges
[3 ; 129]kms™—1 (Visit 1), [-4 ; 102]kms~! (Visit 2),
[-8 ; 110] kms™—! (Visit 3), and [-29 ; 116] kms~! (Visit
4), defined in the star rest frame. Airglow is much
stronger in Visit 4 because TRAPPIST-1 was nearly
four months past opposition (see Fig. 2), and we found
that the stellar spectrum between -150 and -29kms~!
depended on the areas of the 2D images used to build the
background profile. The background is extracted and
averaged automatically by the pipeline from two regions
above and below the spectrum. For the FUV-MAMA
D1 aperture used in Visit 4, the standard regions are 5
pixels wide and located £30 pixels from the spectrum
along the cross-dispersion axis. We varied this distance
and found that individual airglow-corrected exposures
showed differences in the blue wing of the stellar Ly-a
line when the background was extracted from regions
farther than ~25 pixels from the spectrum. We thus
limited the effect of airglow contamination by measuring
an accurate local background within extraction regions
that extend between 6 and 20 pixels from each side of
the spectrum.

Data in each orbit, obtained in time-tagged mode,
were divided into five shorter sub-exposures (varying
from 380 to 450s depending on the duration of the
initial exposure). This allowed us to check for variations
at short time scales within a given HST orbit caused by
the telescope breathing (e.g., Bourrier et al. 2013). We
modeled the breathing effect using either a Fourier series
decomposition (Bourrier et al. 2016a) or a polynomial
function (e.g., Ehrenreich et al. 2012). The model was
fitted to the flux integrated over the entire Ly-« line,
excluding the range contaminated by airglow emission,
and using the Bayesian Information Criterion (BIC) as
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Figure 3. Ly-a fluxes for all sub-exposures in Visit 4, integrated
over the entire line (excluding the airglow range) and phase-folded
on the HST orbital period. No variations caused by the telescope
breathing were detected, with no significant deviations from the
mean flux (black dashed line). Colors correspond to HST orbits
at consecutive orbital phases (increasing from black, blue, green,
orange, red).

a merit function (Crossfield et al. 2012). No variations
caused by the telescope breathing were detected in any
of the visits (see Fig. 3 for Visit 4), most likely because
it is dominated by the photon noise from the very faint
Ly-a line and because there are not enough HST orbits
to sample its variations properly in Visits 1 to 3.

3. ANALYSIS OF TRAPPIST-1 FUV OBSERVATIONS
3.1. Long-term evolution of the stellar Ly-a line

A high-quality reference spectrum for the intrinsic
stellar Ly-a line of TRAPPIST-1 was built by B17 as
the average of all spectra obtained in Visits 1, 2, and 3,
excluding the spectral ranges contaminated by airglow
emission or showing hints of flux variations. We first
compared the Ly-a line spectra obtained in each expo-
sure of Visit 4 with this reference spectrum, searching for
absolute flux variations over ranges covering more than
STIS spectral resolution (about two pixels). As can be
seen in Fig.4 the flux in the red wing of Visit 4 spectra
is systematically higher than or equal to the reference
spectrum, with a significant (>30) increase in orbits 2,
3, and 5. Similarly the reference spectrum shows very
little emission in the blue wing at velocities lower than
about -160 kms—!, whereas the flux in Visit 4 spectra is
systematically higher than or equal to the reference in
this range, with a marginal (>20) increase in orbits 2,
3, and 4. Therefore it comes as a surprise that Visit 4
displays an overall lower flux in the blue wing between
about -120 and -55kms™!, with significant decreases in
orbits 2 and 5 compared to the reference spectrum.

To investigate the source of these differences we stud-
ied the evolution of the Ly-« line over the three months
span of our observations, averaging all spectra within
each visit, and integrating them in four complementary
spectral bands (Fig. 5). In agreement with the above
spectral analysis, the flux in the symmetric wing bands
(£[130 ; 250]kms~!) did not vary significantly from
Visit 1 to Visit 3 (top panels in Fig. 5) but increased
noticeably in Visit 4. This variation likely traces an
increase in the emission of the intrinsic stellar Ly-« line
(Sect. 3.2). However, while we do not expect similar
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Figure 4. Ly-« line spectra in Visit 4, overplotted with their
average over the visit (black spectrum), and with the reference
spectrum from B17 (grey spectrum). Spectra were shifted along
the vertical axis (dotted black lines indicate the null level in each
orbit). The dashed range is contaminated by airglow emission.
TRAPPIST-1 Ly-« line is so faint that in some pixels no photons
were detected over the duration of the exposure.

absolute flux levels in the observed wing bands because
of interstellar medium (ISM) absorption in the red wing
of the Ly-a line (see B17), it is surprising that the
relative flux increase in Visit 4 is much larger and more
significant in the red wing than in the blue wing. The
flux in the blue wing even shows a marginal decline at
lower velocities ([-130 ; -50] kms~1) from Visit 1 to Visit
4 (third panel in Fig. 5), while the flux at velocities
closer to the Ly-a line core ([-50 ; -25] kms™!) remained
at about the same flux level (bottom panel in Fig. 5).

This comparison suggests that the shape of the line
evolved between Visit 1 and Visit 4, with a change in the
spectral balance of the Ly-a line flux between the blue
and the red wings. The search for absorption signatures
possibly caused by the transit of TRAPPIST-1c in Visit
4 is made difficult by this evolution, since the spectra
from Visits 1-3 cannot be used as a reference for the
out-of-transit stellar line. We investigate this question
in more details in Sect. 3.3.

3.2. High-energy stellar emission
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Figure 5. Evolution of the Ly-a flux over time, integrated in four
complementary bands (indicated in each panel). All spectra have
been interpolated over a common wavelength table before being
averaged in each visit. Each point thus corresponds to the mean
spectrum over a visit. The dashed line indicates the flux level in
Visit 1, measured outside of any planet transit.

To further study the evolution of the stellar Ly-«
line, we sought to reconstruct its intrinsic profile at the
time of Visit 4 using the same approach as in B17. We
assumed a Gaussian line profile, which was absorbed by
the ISM using the column density derived in B17. The
model was then convolved by the STIS line spread func-
tion (LSF), and compared with the average of all spectra
in Visit 4. We excluded the pixels beyond 250 kms~!
from the fit, where the wings of the line become too faint.
We also excluded the core of the line fully absorbed
by the ISM and possibly biased by the airglow correction.

Contrary to the reconstruction performed in B17 on
Visit 1-3 reference spectrum, in Visit 4, we found that it
was not possible to fit the entire line profile well with
our theoretical Gaussian model. Trying out different
spectral ranges for the reconstruction, we found that a
good fit was obtained when excluding the band [-190 ;
-55]kms~!, even in the range contaminated by the air-
glow (Fig. 6). This best-fit line profile for Visit 4 peaks
at about the same flux level as the reference spectrum
in Visit 1-3 but displays much broader wings, which is
consistent with the stability of the Ly-« line core and
the variability of its wings noted in Sect. 3.1. Assuming
this best-fit model is correct, it would suggest that both
wings of the Ly-« line have increased similarly from Visit
1-3 to Visit 4, but that the band [-190 ; -55] kms~! is
re-absorbed by an unknown source in this epoch. Alter-

natively, the intrinsic Ly-« line of TRAPPIST-1 could
have become asymmetric in Visit 4. Both scenarios
would explain why the line profile observed in Visit 4
appears unbalanced between the blue and the red wing
(see Sect. 3.1 and Fig. 5). We further investigate this
question in Sect. 3.3.

The Lyman-a line arises from different regions of
the stellar atmosphere, ranging from the low-flux
wings of the line formed in the colder regions of the
lower chromosphere, to the core of the line, which is
emitted by the hot transition region between the upper
chromosphere of the star and its corona. M dwarfs
display a lower chromospheric emission than earlier-type
stars, but equivalent amounts of emission from the
transition region and the corona (see Youngblood et al.
2016 and references). This trend might be even more
pronounced for late-type M dwarfs like TRAPPIST-1,
since B17 suggested that this ultracool dwarf might have
a weak chromosphere compared to its transition region
and corona, based on its Lyman-a and X-ray emission
(Wheatley et al. 2017) and the shape of its Ly-a line.
Interestingly though, the broader wings of TRAPPIST-1
Ly-a line in Visit 4 might trace an increase in the
temperature and emission of the stellar chromosphere.

In addition to the Ly-a line, the spectral range of
the STIS/G140M grating covers the Sitn (1206.5A)
and Ov (1218.3A) transitions, and the Nv doublet
(1242.8 A and 1238.8 A). We averaged our nine STIS
spectra of TRAPPIST-1 to search for these stellar
emission lines, and detected the Nv doublet (Fig. 7).
The two lines of the doublet were averaged and fitted
with a Gaussian profile. Assuming that the width of the
line is controlled by thermal broadening, we obtained a
best-fit temperature on the order of 3x10° K, which is
close to the peak emissivity of the NV lines at 2x10° K.
We further derived a total flux in the doublet of about
7.3x10" " ergs~! cm~2. This line strength is consistent
with the fits to the X-ray spectrum of TRAPPIST-1 by
Wheatley et al. 2017, which predict N v line strengths of
1x107'7 and 100x10~'7ergs~' ecm ™2 for two different
models designed to span the possible range of EUV lu-
minosities (the APEC and cemekl models respectively).
The dispersion is larger in the regions of the other stellar
lines and there is no clear evidence for their detection.
More observations will be required to characterize the
chromospheric and coronal emission from TRAPPIST-1.

3.3. The mysterious shape of TRAPPIST-1 Ly-« line

B17 reported a hint of absorption in the blue wing of
the Ly-a line in Visit 3, possibly caused by a hydrogen
exosphere trailing TRAPPIST-1c. The long-term
evolution of the intrinsic Ly-a line prevents us from
comparing the different visits from one another, and
we thus took the average of all spectra in Visit 4 as a
reference to search for the presence of an exosphere in
this epoch. We highlight the long-term variability in
Fig. 8, where we plotted the flux integrated in the same
spectral bands as in Fig. 5 but phase-folded over the
TRAPPIST-1c orbital period. The spectrum measured
in Visit 3 shows a lower flux level at high velocities in the
wing bands compared to the average flux in Visit 4 but
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Figure 6. Ly-« line profiles of TRAPPIST-1. Solid-line profiles
correspond to our best estimates for the theoretical intrinsic Ly-
a line in Visit 1-3 (blue) and in Visit 4 (black). They yield the
dashed-line profiles after ISM absorption and convolution by STIS
LSF. ISM absorption profile in the range 0-1 has been scaled to
the vertical axis range and plotted as a dotted black line. The
dashed-line profile in Visit 4 was fitted to the observations (red
histogram, equal to the average of all spectra in Visit 4) outside
of the hatched regions, and excluding the variable range between
-187 and -55kms~1! (highlighted in orange). Note that the model
fits the observations well, even in the range contaminated by the
airglow (except where it is strongest between 0 and 50kms™1).
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Figure 7. Average spectrum of TRAPPPIST-1 in the star rest
frame in the ranges of the Si1il line (top panel), the O v line (middle
panel), and the N v doublet (bottom panel). Pixels are binned by
two for the sake of clarity. The blue dashed lines indicate the rest
wavelength of the stellar lines. The green line is the mean flux in
the range (excluding the region blueward of the O Vv line, since it is
dominated by the red wing of the Ly-a line). In the bottom panel,
the lines of the Nv doublet have been averaged in velocity space
and fitted with a Gaussian model. Each NV line is indicated by
a dotted blue line at the velocity of its transition relative to the
other line of the doublet.

similar flux levels in other parts of the line, consistent
with the changes in the intrinsic line shape discussed
in Sect. 3.1. No significant deviations to the average
spectrum were found in Visit 4, and in particular no
variations that would be consistent with the transit
of an extended exosphere surrounding TRAPPIST-1c.
More observations will be required to assess the possible
short-term variability in the Ly-« line and to search for
residual absorption signatures.

If the Ly-a line model derived in Sect. 3.2 corresponds
to the actual intrinsic line of the star in Visit 4, what is
the origin of the much lower flux observed in the band
[-190 ; -70] kms~! (Fig. 6) ? Despite our careful extrac-
tion of the stellar spectrum (Sect. 2), it is possible that
the stronger airglow in this epoch was overcorrected at
some wavelengths. However, the airglow becomes neg-
ligible beyond about -100kms™!, and therefore cannot
explain the lower flux observed at larger velocities. If
confirmed, this feature might imply that colder hydro-
gen gas is moving away from the star at high velocities
and is absorbing about half of the Ly-a flux in this veloc-
ity range. This absorption is unlikely to originate from
TRAPPIST-1c alone, as it occurs in all orbits of Visit 4
and displays no correlation with the planet transit. Ra-
diative braking is less efficient around TRAPPIST-1 than
around the M2.5 dwarf GJ 436 (Bourrier et al. 2015), be-
cause its radiation pressure is about three times lower
and thus more than five times lower than stellar grav-
ity (B17). This could lead to the formation of giant
hydrogen exospheres around the TRAPPIST-1 planets
even larger than the one surrounding the warm Neptune
GJ 436b (Ehrenreich et al. 2015), and possibly extending
both behind and ahead of the planets because of gravi-
tational shear (Bourrier et al. 2015). Furthermore, the
XUV spectrum of TRAPPIST-1 (Sect. 4.2) yields pho-
toionization lifetimes for neutral hydrogen atoms rang-
ing from ~20h at the orbit of TRAPPIST-1b to nearly
600h at the orbit of TRAPPIST-1h (i.e., longer than
the planetary period). Because of the very low Ly-«
and UV emission from TRAPPIST-1, neutral hydrogen
exospheres could thus extend along the entire planetary
orbits, and could even cross the orbit of several planets.
This not only suggests that some planets could be ac-
creting the gas escaped from their companions, but also
that a large volume of the TRAPPIST-1 system could
be filled with neutral hydrogen gas, providing a possi-
ble explanation for the persistent absorption signature
in Visit 4. Given that the evaporating planets sustain-
ing this system-wide hydrogen cloud would be in differ-
ent relative positions at a given epoch, the structure of
the cloud and its absorption signature would be highly
variable over time, which could explain why it was not
detected in Visit 1. We note, though, that the hydro-
gen cloud would still have to be accelerated to very high
velocities away from the star (possibly through charge-
exchange with the stellar wind, Holmstrom et al. 2008,
Ekenbéck et al. 2010, Bourrier et al. 2016b) to explain
the velocity range of the measured absorption.

Alternatively, this variation could have a stellar
origin. This is also an intriguing possibility, because
the Ly-a line of TRAPPIST-1 was well approximated
with a Gaussian profile in previous visits (B17), and the
Ly-a line profiles of later-type M dwarfs do not show
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Figure 8. Ly-a flux integrated in the same complementary bands
as in Fig. 5, and plotted as a function of time relative to the transit
of TRAPPIST-1c. Vertical dotted lines indicate the transit contact
times. Black points correspond to Visit 4, and the orange point for
Visit 3. The dashed line is the mean flux in Visit 4.

evidence for strong asymmetries (e.g., Bourrier et al.
2015, Youngblood et al. 2016). The intrinsic Ly-« line of
TRAPPIST-1 might have become asymmetric in Visit 4
because of variations in the up-flows and down-flows of
stellar hydrogen gas, or because of absorption by colder
hydrogen gas at high altitudes in the stellar atmosphere.
Filaments made of partially-ionized plasma are, for the
Sun, a hundred times cooler and denser than the coronal
material in which they are immersed, and can thus be
optically thick in the Ly-« line (e.g., Parenti 2014). The
large velocities of the putative absorber of TRAPPIST-1
Ly-a line might indicate that we witnessed the eruption
of a filament that was expelled by a destabilization of
the stellar magnetic field. Such eruptions can reach large
distances and velocities (between 100 to 1000 kms~? for
the Sun, e.g. Schrijver et al. 2008). In any case, our
new observations of TRAPPIST-1 raise many questions
about the physical mechanisms behind the emission of
the Ly-« line in an ultracool dwarf.

Despite these unknowns, our best-fit Gaussian profile
can be used to estimate a conservative upper limit on
the total Ly-« irradiation of the planets at the epoch of
Visit 4 (Sect. 4.2). More observations of TRAPPIST-1
at Ly-a will be required to beat down the photon noise,
to assess the effects of stellar variability, and to reveal ab-
sorption signatures caused by the putative planets’ exo-
spheres. The long-term variability of TRAPPIST-1 Ly-«
line emphasizes the need for contemporaneous observa-
tions obtained outside and during the planet’s transits.

4. EVOLUTION OF THE PLANETS UNDER HIGH-ENERGY
IRRADIATION

Two types of spectral radiation are involved in the
escape of water from an exoplanet: far-UV (FUV,
100-200 nm) to photo-dissociate water molecules and
XUV (0.1-100 nm) to heat up the upper atmosphere
and allow for the escape of the photo-dissociation
products, hydrogen and oxygen (e.g., Vidal-Madjar
et al. 2003, Lammer et al. 2003). In this section, we
study the evolution of water loss from the TRAPPIST-1
planets, in particular during their runaway greenhouse
phase (see Barnes & Heller 2013; Luger & Barnes 2015
and Bolmont et al. 2017 for generic brown dwarfs and
M-dwarfs and Ribas et al. 2016 and Barnes et al. 2016
for the M-dwarf planet Proxima-b). The idea is that
once a planet reaches the HZ, its water can recombine
and condense. Thus the amount of water reaching the
upper layers of the atmosphere would be much lower
than the amount available during a runaway phase.
With a low mass of 0.0802 £+ 0.0073 Mg, TRAPPIST-1
(stellar type M8) is just above the limit between brown
dwarfs and M-dwarfs and is expected to cool down for
about 1Gyr before reaching the Main Sequence (MS).
During this initial phase all TRAPPIST-1 planets,
including those in the HZ today (planets e, f and g
according to Gillon et al. 2017), were hot enough for the
water potentially delivered during the formation process
to be injected in gaseous form into the atmosphere, and
lost more easily (Jura 2004, Selsis et al. 2007).

In a first step we estimated the duration of the run-
away greenhouse phases for the TRAPPIST-1 planets.
Figure 9 shows the present day orbital distances of
the seven planets, and the evolution of the HZ inner
limits for a TRAPPIST-1 analog. Using the mass
of TRAPPIST-1 (0.0802 M) yielded an HZ inner
edge much closer-in to what is shown in Gillon et al.
(2017), because low-mass star evolution models tend to
underestimate the luminosity for active stars (Chabrier
et al. 2007) such as TRAPPIST-1 (Luger et al. 2017,
Vida et al. 2017). We therefore revised the stellar mass
for TRAPPIST-1 following the prescription of Chabrier
et al. (2007), by greatly reducing convection efficiency
in CLES stellar evolution models (Scuflaire et al. 2008).
We estimate a stellar mass of 0.091£0.005 Mg using
TRAPPIST-1’s luminosity (Filippazzo et al. 2015),
density and metallicity (Gillon et al. 2017) as inputs.
The error bars include uncertainties associated with
these input parameters, as well as on the initial helium
abundance. This stellar mass is fully consistent with
the most recent dynamical mass estimates based on
ultra cool binaries for TRAPPIST-1s spectral type
(Dupuy & Liu 2017), and with the larger radius derived
by Burgasser & Mamajek (2017). The inferred age
is greater than 2Gyr (the star evolves too slowly to
constrain its age through stellar evolution models),
consistent with the 3-8 Gyr (Luger et al. 2017) and
7.6+£2.2 Gyr (Burgasser & Mamajek 2017) age estimates
for TRAPPIST-1. The evolution of the HZ inner edge
was calculated for two different assumptions regarding
the rotation of the planets. The first one (S, = 1.5 Sg,
where S}, is the insolation received by the planet and Sg
the solar insolation received by the Earth) corresponds
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to a synchronized planet. This estimation comes from
Yang et al. (2013), which showed that a tidally locked
planet could sustain surface liquid water closer to the
star due to the protection of the substellar point by
water clouds. The second one (S, = 0.84 Sg) is the
classical limit, computed for a non-synchronous planet
(Kopparapu 2013). Note that the planet does not
require as much incident flux as the Earth to maintain
the same surface temperature because of the redness
of the star. For instance, the albedo of ice and snow
is significantly lower in the infrared (Joshi & Haberle
2012), which means that the temperature of a planet is
higher around TRAPPIST-1 than around a Solar-type
star for a given flux and therefore, the inner edge of the
HZ corresponds to a lower incoming flux. We estimated
the age at which the planets entered the shrinking HZ
(Table 3), considering that their migration stopped when
the gas disk dissipated (Luger et al. 2017, Tamayo et al.
2017). This age corresponds to the end of the runaway
greenhouse phase, and we found it lasted between a
few 10 Myr (for planet h) to a few 100 Myr (for planet
d, in the synchronized scenario). The HZ stabilized
at about 1 Gyr, earlier than the lower limit on the age
of TRAPPIST-1 given by Luger et al. (2017). This
suggests that planets d to h have already been subjected
to the strongest phases of their atmospheric erosion,
but that planets b and ¢ might still be in their runaway
greenhouse phase if they were formed with enough water.
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Figure 9. Architecture of the TRAPPIST-1 system and evolu-
tion of the inner edge of the HZ for two different hypotheses: a
synchronized planet (Sp = 1.5 Sg, see Yang et al. 2013) and a
non-synchronized planet (S, = 0.84 Sg, see Kopparapu 2013).
The thick blue line corresponds to HZ inner edges which were cal-
culated from evolutionary models for a 0.091 Mg dwarf (Sect. 4
and Van Grootel et al. (submitted)). The blue areas correspond
to the uncertainties on the HZ inner edge due to the uncertainty
of the mass of the star.

4.1. Water loss model

We calculated mass-loss rates from TRAPPIST-1 plan-
ets using an improved formalism based on the energy-
limited formula (e.g. Lecavelier des Etangs 2007, Selsis
et al. 2007, Luger & Barnes 2015):

: Rxuv o 3 Fxuv(ap)
Mtot —¢ 2 P ) 1
( R, ) 4G pp Kiige (1)

with Fxuv(ap) the XUV irradiation. The heating effi-
ciency € is the fraction of the incoming energy that is
transferred into gravitational energy through mass loss.
As in Bolmont et al. (2017) and Ribas et al. (2016), we
calculated € using 1D radiation-hydrodynamic mass-loss
simulations based on Owen & Alvarez (2016). € varies
with the incoming XUV radiation. For example, for to-
day’s estimated XUV flux (see next Section and Table
4) we obtain values of 0.064, 0.076, 0.089, 0.099, 0.107,
0.112 and 0.115, respectively for planets b to h. These
efficiencies are on the same order as the 10% assumed by
Wheatley et al. 2017 but larger than the 1% assumed by
Bourrier et al. (2017).

In the following sections, we consider a constant XUV
flux and an evolving XUV flux. For the latter as-
sumption, € is computed accordingly. In the energy-
limited formula the parameter ( R}’%’V )? accounts for the
increased cross-sectional area of planets to XUV radia-
tion, while Ki;q. accounts for the contribution of tidal
forces to the potential energy (Erkaev et al. 2007). Both
are set to unity for these cool and small planets (Bolmont
et al. 2017). The mean density of the planets was calcu-
lated using masses derived from TTV in Gillon et al. 2017
(See Table 1). We consider here that the atmospheres of
the planets are mainly composed of hydrogen and oxy-
gen and compute their joint escape using the formalism
of Hunten et al. (1987). The escape rates of both ele-
ments depend on the temperature of the thermosphere,
the gravity of the planet and a collision parameter be-
tween oxygen and hydrogen. As in Bolmont et al. (2017)
and Ribas et al. (2016), we adopt a thermosphere tem-
perature of 3000 K obtained through our hydrodynamic
simulations. We caution that more detailed models, in-
cluding FUV radiative transfer, photochemical schemes,
and non-LTE kinetics in the rarefied gas regions of the
upper atmosphere, will be required to determine accu-
rately the outflow properties. For example the hydrody-
namic outflow of hydrogen could drag water molecules,
which are only slightly heavier than oxygen atoms, up-
ward and they would be photodissociated at high alti-
tudes into more escaping oxygen and hydrogen atoms.
Nonetheless, our assumptions likely maximize the XUV-
driven escape (see Bolmont et al. 2017), and our esti-
mates of the water loss should be considered as upper
limits.

4.2. Estimation of the planets’ XUV irradiation

To calculate the planetary mass losses, we needed
estimations of the XUV irradiation from TRAPPIST-1
over the whole history of the system. In a first step,
we calculated the present day stellar irradiation. We
used the same value as in Bourrier et al. (2017) for the
X-ray emission (57100A)7 studied by Wheatley et al.
(2017). The stellar EUV emission between 100-912 A
is mostly absorbed by the ISM but can be approxi-
mated from semi-empirical relations based on the Ly-«
emission. The theoretical Ly-a line profile derived for
Visit 4 (Sect. 3.2) yields an upper limit on the total
Ly-o emission of 7.5+£0.9x10 2ergs ™ cm™2 at 1lau.

This is larger than the emission derived for previous

visits (5.13@ x1072ergs~tecm~2, B17), in agreement

with the increase in flux suggested by observations
(Sect. 3.1). We chose to consider those two estimates as
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Table 3
Age at which the TRAPPIST-1 planets enter the HZ for two different hypothesis: a synchronized planet (S, = 1.5 Sg) and a
non-synchronized planet (S, = 0.84 Sg).

Assumption Tuaz (Myr)

on HZ limit | planet b | planet ¢ | planet d | planet e | planet f | planet g | planet h
Sp=1.5 Sg - - 461 211 107 65 33
Sp = 0.84 Sg — — — 494 218 135 67

lower and upper limits on the present Ly-« emission of
TRAPPIST-1, and used the Linsky et al. (2014) relation
for M dwarfs to derive corresponding limits on the EUV
flux. Table 4 gives our best estimate for today’s range
of fluxes emitted by TRAPPIST-1 at Ly-a and between
5 - 912A. We computed the ratio of these two fluxes
to the bolometric luminosity and obtained a value of
log10(Lxuv/Lbol) between -3.39 and -3.73, which is
about a factor 2.5 lower than estimated from the X-ray
flux by Wheatley et al. (2017).

In a second step, we estimated the past stellar irradia-
tion. We consider that when the planets were embedded
in the protoplanetary disk, they were protected from irra-
diation and did not experience mass loss. In that frame,
water loss began at the time when the disk dissipated,
which we assume to be 10 Myr (Pascucci et al. 2009;
Pfalzner et al. 2014; Pecaut & Mamajek 2016). We in-
vestigated two different scenarios, depending on our as-
sumptions for the temporal evolution of the XUV emis-
sion after the disk dissipation:

- A constant Lxyy equal to today’s range of emis-
sion. This assumption might be supported by the
X-ray flux of TRAPPIST-1, which is consistent
with a saturated emission typical of earlier type
M-dwarfs, according to Wheatley et al. 2017).

- An evolving Lxyy, considering the ratio
Lxuv/Lve to be constant throughout the
history of the star. The ratio was set to the
present day estimate of the star luminosities (see
Table 4). We used the evolutionary models of
Baraffe et al. (2015) to compute the evolution of

the bolometric luminosity.

Here we set the stellar mass to its nominal value of
0.091 Mg. Considering the range allowed by the uncer-
tainties would slightly change our water loss estimates,
at the time the planet reached the HZ for the constant
XUV flux prescription, and at all ages for the evolving
XUV flux prescription. We estimate that the difference
would be less than 4% at an age of 8 Gyr.

4.3. Water loss evolution

Using the energy-limited model in Sect. 4.1 and our
estimates for the XUV irradiation in Sect. 4.2, we
calculated the mass loss from TRAPPIST-1 planets
over time. In order to calculate the hydrogen loss,
we used the method (2) of Ribas et al. (2016), which
consists in calculating the ratio between the oxygen and
hydrogen fluxes as a function of the XUV luminosity.
We consider here an infinite water reservoir.  This
allows us to consider that the ratio of hydrogen and
oxygen remains stoichiometric even though the loss is

not stoichiometric. This provides us with an upper limit
on the mass loss (see Ribas et al. 2016 for a discussion
on the effect of a finite initial water reservoir). The
loss is given in units of Earth Ocean equivalent content
of hydrogen (referred as 1 FOp). In other words, the
mass loss is expressed in unit of the mass of hydrogen
contained in one Earth ocean (1.455 x 10%° kg, with an
Earth ocean mass corresponding to 1.4x10?' kg). For
example we estimate a current mass loss from planet b of
0.008 Mycean/Myr, for the nominal XUV flux (Table 4).
This corresponds to escape rates of oxygen and hydro-
gen from planet b of 2.9 x 108 g/s and 4.3 x 107 g/s,
respectively. The values for the other planets can be
found in Table 5. Figure 10 shows the evolution of
the hydrogen loss from the TRAPPIST-1 planets as a
function of the age of the system in the two scenarios
assumed for the evolution of the XUV flux. Table 6 gives
the corresponding mass loss at different times of interest.

Planet b and c never reach the HZ, so they are
expected to have lost water via the runaway greenhouse
mechanism (Sect. 4) throughout the full lifetime of
the star. If TRAPPIST-1 is 3 Gyr old (the lower
estimate of the age given in Luger et al. 2017), planet
b potentially lost more than 20 EOp and planet c
more than 10 FOpg. If planets b and ¢ formed with
an Farth-like water content, they are likely dry today,
whatever the assumptions on the XUV flux and the age
of the star. Alternatively they might have formed as
ocean planets (Léger et al. 2004), in which case a loss of
20 Earth oceans for planet b would represent only 0.5%
of its mass. Currently this scenario is not favoured by
the planet formation model proposed by Ormel et al.
(2017), which excludes water fractions larger than about
50%, and by the densities of planets b and ¢ derived
observationally by Gillon et al. (2017) and Wang et al.
(2017), although we note that they still allow for a
significant water content.

If we consider that the water loss only occurs during
the runaway phase, planets d to f lost less than 4 EOg
before reaching the HZ, and planets g and h lost less
than 1 FOpg. In that scenario the outer planets of the
TRAPPIST-1 system might thus still harbour substan-
tial amounts of water, especially planets e to h if the low
densities derived by Wang et al. (2017) are confirmed.
What if hydrodynamic water loss continued once the
planets reached the HZ? After 3 Gyr, we estimate that
planets g and those closer-in would have lost more than
7 EOpg. After 8 Gyr, they would have lost more than
20 EOp (Table 6). Interestingly, the relation obtained
by Guinan et al. 2016 for M0-5 V dwarf stars yields an
age of about 7.6 Gyr for TRAPPIST-1, using the X-ray
flux obtained by Wheatley et al. 2017 in the ROSAT
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Table 4
High-energy emission from TRAPPIST-1.
Wavelength domain XUV (0.5 — 100 nm) Lo
Lxuv (erg.s™ 1) | logio(Lxuv/Lbol) | La (erg.s™!) | logio(La/Lbol)
Lower estimate 5.26 x 1026 -3.58 1.44 x 1026 -4.15
Mean estimate 6.28 x 1026 -3.51 1.62 x 1026 -4.09
Upper estimate 7.30 x 1026 -3.44 1.81 x 1026 -4.05
Table 5
Current mass loss rate, hydrogen loss rate and oxygen loss rate for the TRAPPIST-1 planets.
Planet b ¢ d e f g h
Mass loss (Mocean/Myr) | 82 x 1073 [ 2.9 x 1073 [ 23 x 1073 | 1.7x 1073 | 1.4 x 1073 | 6.4 x 1074 | 2.9 x 10~
Hydrogen loss (g/s) 43x107 | 23x107 | 1.3x107 | 1.2x107 | 1.1x107 | 1.2x107 | 4.3 x 10°
Oxygen loss (g/s) 2.9 x 108 1.0 x 108 8.2 x 107 5.7 x 107 | 4.7 x 107 1.5 x 107 7.5 x 106

band (0.14ergs™!cem™2 at 1au). This age is at the up-
per limit of the range derived by Luger et al. (2017), and
if confirmed suggests that all TRAPPIST-1 planets have
lost substantial amounts of water over the long history of
the system. Refined estimates of the planet densities will
however be necessary to determine whether they still har-
bour a significant water content. We also note that our
estimates for the water loss once planets are in the HZ
(Table 6) are probably upper limits. If the planet is able
to retain its background atmosphere, the tropopause is
expected to act as an efficient cold trap, preventing water
from reaching the higher parts of the atmosphere (e.g.,
Wordsworth & Pierrehumbert 2014; Turbet et al. 2016).
In that case, water escape would be limited by the dif-
fusion of water through the cold trap. However, if the
background pressure is low, the water vapor mixing ratio
increases globally in the atmosphere (Turbet et al. 2016)
and hydrogen escape is no longer limited by the diffusion
of water. The farther out the TRAPPIST-1 planets, the
more likely there would have been able to sustain an
important background atmosphere, thus protecting the
water reservoir once in the HZ.

4.4. Consequences of the uncertainty on the planetary
masses

While the radii of the TRAPPIST-1 planets are
known to a good precision, their masses remain very
uncertain. We set today’s XUV luminosity to the
nominal estimate in Table 4, and investigated the effect
of changing the value of the planetary mass within the
range of uncertainty estimated by Gillon et al. (2017)
(see Table 1). For planet h, we investigated a range
of compositions from 100% ice to 100% iron, which
corresponds to masses between 0.06 Mg and 0.86 Mg.
Figure 11(b) shows that for most planets the uncertainty
on their mass dominates the final uncertainty on the
mass loss, compared to the effect of varying the XUV
irradiation with its uncertainty (see also Luger &
Barnes 2015). This is because hydrogen loss is not only
inversely proportional to the planetary mass (see Eq.
1), but is also linked to the ratio of the escape fluxes
of hydrogen and oxygen (rp = Fo/Fu), which is a
function of the cross-over mass (see Hunten et al. 1987;
Bolmont et al. 2017). For a given value of the XUV
luminosity and an infinite initial water reservoir, the

hydrogen mass loss is described by a polynomial in M}
of the form a/M,, + BM,, where a and [ are constants
depending, for example, on the radius of the planet (we
refer to Egs. 8 and 9 of Bolmont et al. 2017 to derive
these values). The mass flux decreases with increasing
planetary mass and the ratio of the flux of oxygen over
the flux of hydrogen decreases with increasing planetary
mass. For high masses, the mass flux is lower (gravity
wins over cross section) but the mass loss mainly occurs
via hydrogen escape. This results in a high hydrogen
escape rate. For low masses, the outflow is a mixture
of hydrogen and oxygen, meaning less hydrogen escape
for an equal energy input, but the overall mass flux is
higher. For low enough mass, the increased overall mass
flux does more than compensate and this also results
in a high hydrogen loss. The hydrogen loss is therefore
high for very low mass and very high mass planets with
a minimum for intermediate mass. Figure 11(a) shows
this dependance of the hydrogen flux with mass for
each planet of the system. For all planets but planet
b, the minimum loss is achieved for an intermediate
mass in the range allowed by the observations (this
range is displayed as a thicker line on the graph). The
lower curves delimiting the colored areas in Figure 11(b)
correspond to the hydrogen loss calculated for this
intermediate mass for all planets but b. For planet b,
the minimum hydrogen loss is obtained for the highest
mass allowed by the observations.

In the end the uncertainty on the hydrogen loss comes
mainly from the uncertainty on mass rather than the
uncertainty on the prescribed luminosity (although we
note that our calculations assume an unlimited water
supply, yielding upper limits on the water losses; see
Sect. 4.3). The uncertainty on the hydrogen loss thus
ranges from about 80% for planets b and e, ~ 50% for
planets d and h, ~20% for planet ¢ and g and only 4%
for planet f. Table 7 gives the upper and lower estimates
of hydrogen loss for the mass range for each planet and
for the different times considered in this study. Due
to the relative precision of the mass of planet f, the
mass loss is relatively well constrained with our model,
with a loss of less than 0.5 FEOpg before reaching the
HZ and less than 20 EOp at an age of 8 Gyr. Given
that the low density of planet f is compatible with a
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Figure 10. Cumulative hydrogen loss for the TRAPPIST-1 planets for the two different assumptions for the evolution and values of
the XUV flux (see Table 4). The masses of the planets are the masses from Table 1. Because of our assumptions, these estimates likely

represent upper limits on the actual loss.

non negligible water content (Gillon et al. 2017), this
could indicate that water loss may not have been a very
efficient process and/or that the planet formed with a
large fraction of its mass in water.

We note that for most planets, the estimates of the
masses from Wang et al. (2017) are more precise but
consistent compared to Gillon et al. (2017). However,
for planet f, the mass ranges obtained by these different
studies are incompatible, and using the mass from Wang
et al. (2017) would lead to a higher mass loss than what
is shown on Figure 11(b). More data is needed to refine
our measurements of the masses of the planets of the
system.

5. HYDROGEN LOSS VS HYDROGEN PRODUCTION
5.1. Photolysis

The atmospheric mass loss can be limited by the
amount of hydrogen formed by photo-dissociation of wa-
ter molecules. We computed the rate of hydrogen pro-
duction driven by the FUV part of the spectrum, which
is taken to be restricted to the Ly « emission (as in Bol-
mont et al. 2017). We note that water molecules could
further be dissociated through impact with high-energy
electrons, in particular those produced by the ioniza-
tion of water (considering the high X-ray emission of
TRAPPIST-1 and the large ionization cross-section of
water in the XUV; Heays et al. 2017). Figure 12 shows
the hydrogen loss for the nominal irradiation (Table 4)
and planet masses, and the hydrogen quantity available
due to photo-dissociation of water for two different effi-
ciencies: €, = 1 (each photon leads to a dissociation, see
Bolmont et al. 2017) and 0.2. We obtained the following
results for a constant XUV luminosity:

1. For planets b and ¢, photo-dissociation is not the
limiting process for high efficiencies. The hydro-
gen loss is limited by the hydrodynamic escape as
computed in the previous section;

2. For planets d to g, photo-dissociation is the lim-
iting process whatever the efficiency: the rate of
hydrogen formation by photo-dissociation is below
the escape rate of hydrogen.

Photo-dissociation of water also becomes the limiting
process for planets b and c if €, < 0.60. Because of
various processes, such as photon backscattering or re-
combination of hydrogen atoms, only a fraction of the
incoming FUV photons actually results in the loss of a
hydrogen atom. As a result we do not expect photo-
dissociation to be more efficient than 20% (Bolmont et al.
2017). It should be the limiting process for all planets,
and the mass losses estimated in Sect. 4 can be considered
as upper limits. The quantity of hydrogen avaible from
photolysis assuming a 20% efficiency is given in Table 8
for each planet, to be compared with the hydrodynamic
hydrogen loss. We note that the photolysis process does
not depend on the mass of the planets (only on their
radii, known to a high precision for the TRAPPIST-1
planets), so these results are more robust than the hy-
drogen loss estimates, which highly depend on the mass
of the planets.

5.2. Outgassing

Water is contained within a rocky planets mantle in
the form of hydrated minerals, as unbound fluids, or
in melt. This water can be released to the surface
through volcanic activity. Such outgassing processes are
very different during the early stages of planet evolution
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Table 6
Cumulative hydrogen loss (in EOg) for different times (table corresponding to Fig. 10). Tyyz is the age at which a planet enters in the
HZ (see Table 3). The two values given for each column correspond to the uncertainty coming from the different luminosity prescriptions
(between low and high, see Table 4).

H loss (EOpq)
Planet | Mass Tuz, Tuz, 3 Gyr 8 Gyr
(Mg) | (1.5Sg) | (0.84 Sg)
Lxuv evol b 0.85 - - 29.2-35.4 | 71.5-86.9
c 1.38 — — 15.2-17.6 | 38.1-44.1
d 0.41 | 2.35-2.87 - 9.12-11.2 | 22.2-27.2
e 0.62 1.20-1.46 | 2.05-2.49 | 7.98-9.57 | 19.6-23.4
f 0.68 | 0.70-0.86 | 1.14-1.39 | 7.46-8.89 | 18.4-21.8
g 1.34 | 0.31-0.37 | 0.58-0.67 | 7.79-8.46 | 20.1-21.7
h 0.46 | 0.07-0.09 | 0.14-0.17 | 2.91-3.23 | 7.40-8.15
Lxyv cst b 0.85 - - 25.3-30.7 | 67.5-82.1
c 1.38 — — 13.7-15.8 | 36.5-42.1
d 0.41 | 1.17-1.44 - 7.80-9.57 | 20.8-25.5
e 0.62 | 0.47-0.56 | 1.12-1.34 | 6.95-8.28 | 18.6-22.1
f 0.68 0.21-0.25 | 0.45-0.54 | 6.52-7.70 | 17.4-20.6
g 1.34 | 0.14-0.15 | 0.31-0.33 | 7.34-7.89 | 19.6-21.1
h 0.46 | 0.02-0.02 | 0.05-0.06 | 2.69-2.94 | 7.18-7.86
Table 7

Cumulative hydrogen loss (in EOpg) for different times. Thy is the age at which a planet enters in the HZ (see Table 3). The two values
given for each column correspond to the uncertainty coming from the masses (for the mean estimation of the XUV luminosity, see

Table 4).
Mass H loss (EOp) Uncertainty
Planet range Tyyz Tuz 3 Gyr 8 Gyr range

(Mg) (1.5 Sg) | (0.84 Sg) %

Lxyv cst b 0.13-1.57 — — 18.8-160 | 50.3-429 79

c 0.77-1.99 - - 14.5-19.2 | 38.6-51.3 14

d 0.14-0.68 | 1.04-3.16 - 6.97-21.0 | 18.6-56.0 50

e 0.04-1.20 | 0.49-5.21 | 1.17-12.5 | 7.26-77.6 | 19.4-207 83

f 0.50-0.86 | 0.23-0.25 | 0.48-0.55 | 6.99-7.88 | 18.7-21.0 6

g 0.46-2.22 | 0.12-0.19 | 0.28-0.43 | 6.60-10.3 | 17.6-27.5 22

h 0.06—-0.86 | 0.02—0.05 | 0.05-0.13 | 2.59-6.84 | 6.92-18.3 45
Table 8

Hydrogen loss and hydrogen production (in EOg) for different times. The two values given for each column correspond to the quantity of
hydrogen lost (calculated for the nominal estimate of the XUV luminosityin Table 4, and the nominal masses) and the quantity of
hydrogen available from photolysis (in bold, assuming an efficiency of 20%).

H loss (EOpq)
Planet | Mass Tuz Tuz, 3 Gyr 8 Gyr
(Mg) | (1.5Se) (0.84 Sg)
Lxuyv evol b 0.85 — - 32.4-13.0 | 79.5-28.6
c 1.38 — - 16.5-6.54 | 41.2-14.4
d 0.41 2.62-0.65 — 10.2-1.76 | 24.8-3.88
e 0.62 1.33-0.39 2.28-0.55 8.79-1.44 | 21.6-3.18
f 0.68 0.79-0.21 1.27-0.29 8.19-1.08 | 20.1-2.38
g 1.34 0.34-0.12 0.63-0.19 | 8.13-0.85 | 20.9-1.87
h 0.41 0.08-0.02 0.16-0.03 | 3.07-0.20 | 7.78-0.43
Lxyv cst b 0.85 - - 28.1-9.30 | 75.0-24.8
c 1.38 — - 14.8-4.69 | 39.4-12.5
d 0.41 1.31-0.19 - 8.70-1.26 | 23.2-3.37
e 0.62 0.51-0.07 1.23-0.17 | 7.63-1.03 | 20.4-2.76
f 0.68 0.23-0.02 0.50-0.05 | 7.12-0.77 | 19.0-2.06
g 1.34 0.14-0.01 0.32-0.03 7.62-0.61 | 20.3-1.62
h 0.41 | 0.02-<0.01 | 0.05-<0.01 | 2.82-0.14 | 7.52-0.37
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Figure 11. Effect of planetary mass on the hydrogen loss for the TRAPPIST-1 planets, for the range of masses in Gillon et al. (2017).
The XUV flux is set to its nominal estimate (Lxyv = cst) (a) Normalized hydrogen flux as a function of planetary mass for the different
planets. The thick part of each curve corresponds to the allowed range determined by Gillon et al. (2017) and the vertical line corresponds
to the mass which corresponds to the lowest hydrogen flux. (b) Hydrogen loss from the planets. The thicker line corresponds to the loss
calculated for the mass given in Gillon et al. (2017) and the thin lines correspond to the lower and upper estimation within the mass range
given in the same article.



14 V. BOURRIER ET AL.

20

15

\

PRI W (T ST N S SN SRR N T R

10

Hydrogen loss (EOH)

bcdef gh

15 — Hydrogen loss

Hydrogen available

from photolysis

10

Hydrogen loss (EOH)

Time (Myr)

Figure 12. Hydrogen loss (full lines) and hydrogen production
(dashed lines) by photolysis for the planets of TRAPPIST-1. The
amount of hydrogen formed by photolysis was calculated for two
efficiencies of the process: 1 (upper dashed lines) and 0.2 (lower
dashed lines). With a realistic value of the photolysis efficiency,
we find that photolysis is the limiting process as the hydrogen loss
cannot occur faster than the hydrogen production.

(< 10-100 Myr, see Solomatov 2007), where the surface
and a significant fraction of the planets mantle could be
molten (magma ocean phase), and a later stage, where
the largest fraction of the planet’s mantle is solid. In
the following sections, we will discuss the amounts of
outgassed water during the magma ocean phase of the
TRAPPIST-1 planets, assuming they are rocky, and we
compute the water outgassing rates for the later stage of
subsolidus convection as a function of time.

5.2.1. Outgassing from a magma ocean

At the early stages of planet evolution, magma oceans
can outgas large fractions of water. The amount of out-
gassed water can range from less than 1% to 20% of
a terrestrial-like planet mass based on typical composi-
tions (see Elkins-Tanton & Seager 2008). For the Earth
(Mgarth = 5.972x10%* kg), this would correspond to up
to 800 oceans of water assuming chondritic CI mete-
orites as the planet’s building blocks. This number is
clearly an upper limit, considering the fact that the Earth
(and possibly the planets in the TRAPPIST-1 system),
might have formed from much drier (intermediate size)
planetary bodies or lost significant amounts of water in
the impact-driven formation processes. Furthermore, the
model of Hamano et al. (2013) suggests that planets with

steam atmospheres at orbits with a stellar influx larger
than about 300 Wm~2 (the Earths current incoming
solar radiation) would have much longer magma ocean
phases and could hence possibly outgas much more of
their initial water at an early stage in the first few 10-
100 Myr, and thus end up much drier than planets at
greater distances from their host star. Based on the heat
fluxes for the TRAPPIST-1 planets today (see Gillon
et al. 2017), planets b-d would fall in orbits with such
elevated heat fluxes. However, at this point in time, it is
almost impossible to estimate the initial water inventory
after the planet formation phase (including magma ocean
and a possible later delivery of water), because of a lack of
detailed understanding of what the early radiation envi-
ronment of TRAPPIST-1 looked like, whether the plan-
ets migrated inwards from a greater distance during this
epoch (at subcritical lower stellar flux levels), whether
any of the planets had a steam atmosphere (hydrogen-
and methane-rich atmospheres would have no outgoing
radiation limit to slow cooling, see Elkins-Tanton 2013;
and hence not fall under the Hamano et al. 2013 di-
chotomy), and whether any water was delivered by im-
pactors after the magma ocean phase. Therefore, what
we can constrain at this point in time are the limits to
the outgassed amount of water during the magma ocean
phase, and the later maximum subsolidus outgassing of
water assuming plausible ranges of post-magma-ocean
water content in the planets mantles (see next sections).

5.2.2. QOutgassing after the magma ocean phase

After the magma ocean phase, rocky planets cool
mainly through subsolidus convection and outgas water
through volcanism. Volcanic activity and outgassing are
driven by the formation and transport of melt within the
planet’s subsurface, which depend on the thermal profile,
the melting temperature of rock, and on the advective
transport of rock parcels within a planets lithosphere.

5.2.3. Methods

Melt is formed only where the temperature exceeds
the melting temperature of rock. We, therefore, have to
model 1) the interior depth-dependent thermal evolution
of a planet and know 2) the melting curve of mantle rock
in order to assess a planet’s ability to generate melt.

1. The thermal histories of planets are computed
with an extended 1D boundary layer model (Sta-
menkovié¢ et al. 2012), which agrees well with spher-
ical 2D thermal evolution models (i.e., Hiittig &
Stemmer 2008). The thermal evolution is described
by two thermal boundary layers, which drive ther-
mal convection and are used to parameterize the
heat flux out of the core and out of the convective
mantle, which is fed by secular cooling and radio-
genic heat sources decaying in time. For simplicity,
we assume the Earth’s radiogenic heat content to
obtain a first insight into the TRAPPIST-1 plan-
ets; we do not expect our conclusions to signifi-
cantly vary for alternative values based on some
first tests.

We try to mimic an initially fully molten man-
tle by fitting the initial upper mantle tempera-
ture Ty, (0) to the solidus temperature of peridotite,
Tinelt, peridotite (See below). For the highest initial
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core-mantle boundary (CMB) temperature, T.(0),
we use the melting temperatures of MgSiOg per-
ovskite from Stamenkovié¢ et al. (2011). This as-
sumption allows us to fluently connect to an ini-
tial early magma ocean stage. All scaling relations
and parameters can be found in Stamenkovié et al.
(2012).

2. Our melt model has been described in detail in Sta-
menkovi¢ & Breuer (2014) and for the melting tem-
perature in the upper mantle (where the melt that
drives outgassing is produced) uses the solidus for
Earth-like PeridOtite’ Tmelmperidotite- Tmelt,peridotite
is obtained by fitting the data from Herzberg et al.
(2000), Zerr et al. (1998), and Fiquet et al. (2010)
(see Eq. 7 in Stamenkovi¢ & Breuer 2014).

Water can have a significant effect on reducing the
solidus temperature of mantle rock (e.g., Asimow
et al. 2004; Aubaud et al. 2004; Grove et al. 2009;
Hirschmann 2006). Asimow et al. (2004) com-
pute melting curves for water-under-saturated and
water-saturated peridotite. Their water-saturated
melting curve is close to a prediction based on the
homologous temperature approach (for details, see,
e.g., Katayama & Karato 2008; Stamenkovié et al.
2011). In the homologous temperature model, the
melting temperature change corresponds to the en-
thalpy change of diffusion creep, E*, (at smaller
pressures approximately activation energy change),
so that Treit,dry/Tmelt,wet = Ed,y JE% . This cor-

wet *
responds to a melting point reduction of ~20%
due to water saturation when we use the model
of Karato & Wu (1993) for activation energies of
dry and wet olivine. We, therefore, use our water-
saturated homologous temperature based melting
curve as the reference melting curve for water-
saturated upper mantle rock.

The upper mantle water concentrations are thought
to generally be below water saturation levels, typically
between 50-200 ppm (partially up to 1000 ppm, still
not saturated) (Aubaud et al. 2004; Hirschmann 2006),
at subduction zones locally over-saturated (e.g., Grove
et al. 2009), and plumes are found to contain about
300-1000 ppm of water (Hirschmann 2006 for review).
The storage capacity of olivine on the other hand has
been estimated to increase with depth from ~25ppm at
10km to ~1300 ppm at 410km for the Earth, strongly
varying with water fugacity and hence temperature and
depth. It is, however, possible that this value is about
~3-3.5 times too small, leading to more than ~0.4
weight % of water for mantle rock (see Hirschmann 2006
and references therein). On the other hand, based on
geochemical constraints on KoO/Hy0 ratios in basalts
(Hirschmann 2006 for review), the bulk water content
is estimated to be between 500-1900 ppm. For our first
order of magnitude estimate for the TRAPPIST-1 sys-
tem, we assume no depth-dependence of water content
or storage capability and use average bulk values of
500 ppm (minimal value bulk mantle) to 0.4% (upper
saturation value) for mantle rock. The rheology is fixed
to a Newtonian-type viscosity for a wet bulk mantle
based on Karato & Wu (1993).

We vary the pressure dependence (activation volume
V*) of the mantle viscosity, from V*=0 to values
calculated in Stamenkovié¢ et al. 2011. We propagate
this uncertainty in mantle viscosity throughout all
calculations. Furthermore, we follow the probabilistic
approach of Stamenkovié¢ & Seager (2016), where we
also propagate an uncertainty in our heat flux (Nusselt)
scaling parameter g, allowing it to vary between 0.2-1/3.
By accounting for all uncertainties, we make sure that
our results are as robust as possible. Within this
parameter space, we highlight a favored model with a
value of 8 ~0.3 for the Nusselt-Rayleigh parameter and
a pressure-dependent activation volume as computed
in Stamenkovié¢ et al. (2011) suggesting that this
standard model best represents the thermal evolution of
rocky planets of variable core size between 0.1-2 Earth
masses representative of the possible refractory planet
masses for the TRAPPIST-1 planets. We fix the surface
temperature to 298 K, as surface temperature variations
found in the TRAPPIST-1 system today (unless above
many 100K close to the magma ocean phase) have no
impact on the interior evolution.

Knowing a planet’s ability to generate melt at depth
and in time is however not sufficient to calculate whether
that parcel of melt can be brought to the surface leading
to potential outgassing. The latter depends strongly on
two factors, 1) the density cross-over pressure of mantle
rock and 2) the tectonic mode of a planet.

1. Melt generated at depth will rise to the surface as
long as the density of melt is smaller than that of
the surrounding solid rock. However, on the Earth
typical mantle rock at pressures above 12 GPa does
not rise to the surface due to the density-cross over,
where melt becomes denser than surrounding solid
rock (Ohtani et al. 1995). We note that this pres-
sure value of 12 GPa varies with rock composition
and especially water content (Jing & ichiro Karato
2009). Hence, we use the terrestrial value only as
a reference point to explore whether the density
cross-over pressure might affect outgassing on the
TRAPPIST-1 planets. Moreover, we do not ac-
count for any other mechanisms that could cause
intrusive volcanism.

2. The tectonic mode has two end members: plate tec-
tonics (PT), as found on the Earth, and stagnant
lid (SL) convection, as found on modern-day Mars.
In the following, we will model outgassing for stag-
nant lid planets. Modeling outgassing in the plate
tectonics mode is too sensitive to planet properties
that we do not yet know from the TRAPPIST-1
planets, and hence we leave this to future work
and refer to Schaefer & Sasselov (2015) for a more
detailed discussion on outgassing on plate tectonics
worlds.

For the TRAPPIST-1 planets, the uncertainties in
mass are yet too large to infer much structural or compo-
sitional detail. At this point in time, what we can do is
model the thermal evolution, melt generation, and water
outgassing assuming a terrestrial (refractory) planetary
body with a mass between 0.1-2 Earth masses with vari-
able iron core sizes from 0-65% (corresponding to core-
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less to Mercury-structured) in the stagnant lid mode -
and put the TRAPPIST-1 planets in context with these
results. Also, we note that we do not include tidal heat-
ing at this point in time. To make significant conclusions
about the effects of tidal heating on the thermal evolu-
tion of the TRAPPIST-1 planets, we need much better
constraints on planet masses, their volatile content, and
their structures. Therefore, better constraints on planet
masses will significantly improve our predictions in the
near future.

5.2.4. Results

We find that after the magma ocean phase, the
TRAPPIST-1 planets can outgas significant amounts of
water, especially the more massive ones. We show in
Fig. 13 - whilst accounting for significant uncertainties
in structure and model parameters - the range of mini-
mal planet ages where outgassing can occur as a function
of planet mass. Within this domain, we also plot the so-
lution for our standard model (in pink) without and with
consideration of the density cross-over at 12 GPa. We see
in Fig. 13 that the minimal ages during which outgassing
can occur vary largely (mainly modulated by core frac-
tion and Nusselt-Rayleigh parameter uncertainty). How-
ever, our standard model shows a robust behavior, in-
dependent of density crossover, suggesting that planets
formed from more massive refractory parent bodies will
be able to outgas much longer. Fig. 14 (showing the out-
gassed amount of water, in Earth oceans, for 500 ppm
and 0.4 weight % of water respectively) also exemplifies
that planets with more massive refractory parent bodies
can outgas more water and outgas that water at much
later times in their evolution.

Combining this finding with Fig. 9, which shows
that planets within the orbits of TRAPPIST-1d and
TRAPPIST-1h enter the HZ within 100Myr to a
few hundred Myr, and considering that the largest
atmospheric loss processes occur before entering the
HZ, suggests that especially planets farther away from
TRAPPIST-1 and planets that are more massive could
deliver up to 1-2 ocean masses of water after they entered
the HZ. This emphasizes that late-stage geophysical out-
gassing might be a critical component helping to sustain
habitable environments within the TRAPPIST-1 system.
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Figure 13. Duration of outgassing: As a function of refractory
planet mass, we show the minimal duration of outgassing with-
out (a) and with (b) consideration of an Earth-like reference den-
sity cross-over, including all uncertainties specified in the methods
(Sect. 5.2.3) in shaded blue. This uncertainty range is reduced to
the domain in between the pink lines when considering only our
standard model. When the density cross-over is considered, more
massive planets can lack any extrusive volcanism due to the melt
source region being too deep (and hence at too high pressures).
However, for our standard model, we find that for all cases, more
massive planets can outgas longer.
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Figure 14. Outgassed water: We plot the range for the amount of
outgassed water as a function of planet age for planets of refractory
planet mass M=0.1 (red), 1 (blue), and 2 (green). The two col-
ored lines delimit in each case the range of uncertainties in planet
structure (from core-less to Mercury-structured) for our standard
model. Figure (a) assumes 500 ppm of water in the planets mantle
and (b) saturation levels of 0.4 weight %.

6. DISCUSSION

We observed the Ly-a line of TRAPPIST-1 with
HST/STIS in December 2016, at the time of planet c
transiting. When compared with previous observations
obtained in September and November 2016, this new
measurement revealed that the stellar line evolved
significantly in the last visit. It shows an increased
emission with broader wings, which might trace an
increase in the temperature of the stellar chromosphere.
The relation from Youngblood et al. (2016) between
the stellar rotation period and Ly-a surface flux of
early-type M dwarfs predicts significantly stronger Ly-a
emission than we detected for TRAPPIST-1. Our
measured Ly-a fluxes would correspond to rotation
periods of ~84 days (based on Visits 1-3 Ly-a flux)
and ~54 days (based on Visits 4 Ly-a flux), whereas
the rotation period from from K2 photometric data
is ~3.3days (Luger et al. 2017). This is in contrast
to our detection of N, emission, which we find to be
consistent with the previously measured X-ray flux.
Together these observations support our hypothesis that
TRAPPIST-1 has a weak chromosphere compared to its
transition region and corona (Wheatley et al. 2017, B17).

The spectra in December 2016 are subjected to a
strong airglow contamination, which could have biased
the extraction of TRAPPIST-1 Lyman-« line. Nonethe-
less, a careful analysis of the stellar line shape tentatively
suggests an absorption from neutral hydrogen at high
velocity in the blue wing. This signature does not seem
to correlate with the transit of TRAPPIST-1c, but
could originate from a system-wide neutral hydrogen
cloud sustained by the evaporation of several planets,
and shaped by the very low radiation pressure and
photoionization from TRAPPIST-1. Alternatively,
the peculiar shape of TRAPPIST-1 Ly-« line in this
epoch could result from physical mechanisms specific or
magnified in ultracool dwarfs. In any case the long-term,
and possibly short-term variability in the intrinsic Ly-«
line of TRAPPIST-1 prevents us from constraining
the presence of a putative hydrogen exosphere around
planet ¢, and calls for an ongoing monitoring of the star
both outside and during all planets transits.

Combining all measurements of TRAPPIST-1 Ly-«
and X-ray emissions, we estimated the present day XUV
irradiation of the planets. Using simple assumptions
on the evolution of the irradiation over time, we cal-
culated the history of hydrodynamic water loss from
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the planets in the energy-limited regime. With our
current knowledge of the TRAPPIST-1 system, the
major uncertainty on the water loss estimates comes
from the uncertainty on the planet masses, rather than
on the XUV luminosity. Setting the masses to their
nominal estimates from Gillon et al. (2017) we found
that planets g and closer-in could have lost more than
20 Earth oceans through hydrodynamic escape, if the
system is as old as 8 Gyr. Planets b, ¢, and possibly
d could still be in a runaway phase, but if water loss
drops down significantly within and beyond the HZ,
planets e, f, g, and h might have lost less than 3 Earth
oceans. We caution that our water loss estimates were
derived in a simplified framework, and should be con-
sidered as upper limits because our assumptions likely
maximize the XUV-driven escape. We refer the reader
to the section 6 of Bolmont et al. 2017 for more details
about these limitations. Furthermore, we found that
photodissociation of water in the upper atmospheres of
the TRAPPIST-1 planets is likely to be the limiting
process, as hydrogen is produced at a lower rate than
it is lost through hydrodynamic escape rate. Photolysis
efficiency is expected to be lower than about 20%, in
which case all planets but TRAPPIST-1b and ¢ could
still harbor significant amounts of water. Naturally this
also depends on the age of the system and whether the
planets formed with a small water content (as suggested
by planetary formation models, Ormel et al. 2017)
or as planet oceans (as hinted by the low densities
of the outer planets, especially TRAPPIST-1f; Gillon
et al. 2017, Wang et al. 2017). We have also shown
that late-stage outgassing could contribute significant
amounts of water after the planets have entered the HZ.
The amount of water outgassed after a few hundred Myr
(after which TRAPPIST-1h to e, and possibly d, have
entered the HZ), is greater for planets with more massive
refractory parent bodies. Improving our constraints
on the planet masses of the TRAPPIST-1 system will
therefore significantly improve our understanding of the
variable outgassing capabilities of the TRAPPIST-1
planets and hence the current state of their atmospheres.

Our study focused on hydrodynamic water loss driven
by the quiescent stellar XUV irradiation. We also
investigated the effects of photolysis and outgassing,
but we did not account for other physical mechanisms
competing between the erosion of the atmospheres and
their replenishing. For example the presence of other
gases in the atmosphere would act to slow down the
hydrodynamic outflow (just as in our model oxygen
atoms can exert a drag on the hydrogen flow), although
the background atmosphere could also be exposed
to evaporation. We refer the reader to section 5 of
Ribas et al. 2016 for an extensive discussion about the
loss of the background atmosphere and other escape
processes.  Stellar flares could occasionally increase
the energy input into the atmospheres, enhancing the
escape rate. However, no flaring activity was observed
in TRAPPIST-1 X-ray and FUV observations, and the
flares detected in optical (Vida et al. 2017, Luger et al.
2017) and infrared (Gillon et al. 2016, Gillon et al. 2017)
wavelengths point toward a low activity, with weak flares
once every few days and stronger flares once every two
to three months. The planetary atmospheres might also

have been eroded by the stellar wind of TRAPPIST-1,
especially when it was more active during the early
phases of the system. Assuming that the planets are
unmagnetized, Dong et al. 2017 derived upper limits on
the atmospheric ion escape driven by the stellar wind.
Tidal heating (due to the planets proximity to the star
and the mutual dynamical interactions maintaining
their slightly eccentric orbits) could maintain significant
magnetospheres, able to protect the planets from a
putative stellar wind, or it could suppress dynamo
activity. Furtheremore, planetary magnetic fields can,
depending on the specific interaction between planet
and star, enhance or reduce atmospheric loss rates
(e.g., Strangeway et al. 2005). Currently we have no
constraints on the ability of the TRAPPIST-1 planets
to generate magnetic fields, as this significantly depends
on planet composition and structure. We also lack
knowledge about the winds of ultracool dwarfs and
their evolution with the stellar magnetic field over time,
although TRAPPIST-1 is so cold that its amosphere
likely has a low level of ionization, resulting in a lower
emission of charged particles than for a hotter star like
Proxima Centauri (e.g. Mohanty et al. 2002).

Understanding the nature of the TRAPPIST-1 planets
and their potential habitability will thus require the
combination of theoretical studies (to better understand
the time-dependent processes leading to geophysically-
driven water outgassing, the atmospheric loss processes,
and the role of magnetic fields in affecting them) with
further photometric observations (to refine the planet
radii and more importantly their masses through TTV),
X-ray and UV observations of the stellar spectrum
(to monitor the activity of the star and measure the
high-energy irradiation of the planetary atmospheres,
currently poorly known; O’Malley-James & Kaltenegger
2017), transit spectroscopy in the FUV (to detect
escaping hydrogen and possibly oxygen) and in the IR
(to search for the signature of water in the bottom
atmospheric layers).

ACKNOWLEDGEMENTS

We give our thanks to the referee for a detailed re-
view and useful suggestions. We thank A. Lecavelier
Des Etangs for insightful discussion about habitability
and extraction of the STIS spectra. We thank S. Ray-
mond, F. Selsis, and H. Wakeford for helpful comments
about this study. This work is based on observations
made with the NASA /ESA Hubble Space Telescope, ob-
tained at the Space Telescope Science Institute, which is
operated by the Association of Universities for Research
in Astronomy, Inc., under NASA contract NAS 5-26555.
This work has been carried out partly in the frame of
the National Centre for Competence in Research “Plan-
etS” supported by the Swiss National Science Foundation
(SNSF). V.B. acknowledges the financial support of the
SNSF. V.S. has received support from the Simons Col-
laboration on the Origins of Life (338555, VS). PW is
supported by STFC consolidated grant ST/P000495/1.
M. Gillon, E. Jehin, and V. Van Grootel are Belgian
F.R.S.-FNRS Research Associates. This work was par-
tially supported by a grant from the Simons Foundation
(PI Queloz, grant number 327127). L. D. acknowledges



18 V. BOURRIER ET AL.

support from the Gruber Foundation Fellowship.

REFERENCES

Asimow, P. D., Dixon, J. E., & Langmuir, C. H. 2004,
Geochemistry, Geophysics, Geosystems, 5, Q01E16

Aubaud, C., Hauri, E. H., & Hirschmann, M. M. 2004,
Geophys. Res. Lett., 31, L20611

Baraffe, I., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A,
577, A42

Barnes, R., Deitrick, R., Luger, R., et al. 2016, ArXiv e-prints
[1608.06919]

Barnes, R. & Heller, R. 2013, Astrobiology, 13, 279

Bolmont, E., Selsis, F., Owen, J. E., et al. 2017, MNRAS, 464,
3728

Bourrier, V., Ehrenreich, D., King, G., et al. 2016a, A&A, 597,
A26

Bourrier, V., Ehrenreich, D., & Lecavelier des Etangs, A. 2015,
A&A, 582, A65

Bourrier, V., Ehrenreich, D., Wheatley, P. J., et al. 2017, A&A,
599, L3

Bourrier, V. & Lecavelier des Etangs, A. 2013, A&A, 557, A124

Bourrier, V., Lecavelier des Etangs, A., Dupuy, H., et al. 2013,
A&A, 551, A63

Bourrier, V., Lecavelier des Etangs, A., Ehrenreich, D., Tanaka,
Y. A., & Vidotto, A. A. 2016b, A&A, 591, A121

Burgasser, A. J. & Mamajek, E. E. 2017, ArXiv e-prints
[1706.02018)

Chabrier, G., Gallardo, J., & Baraffe, I. 2007, A&A, 472, L17

Crossfield, I. J. M., Knutson, H., Fortney, J., et al. 2012, ApJ,
752, 81

de Wit, J., Wakeford, H. R., Gillon, M., et al. 2016, Nature, 537,
69

Dong, C., Jin, M., Lingam, M., et al. 2017, ArXiv e-prints
[1705.05535]

Dupuy, T. J. & Liu, M. C. 2017, ArXiv e-prints [1703.05775]

Ehrenreich, D., Bourrier, V., Bonfils, X., et al. 2012, A&A, 547,
A18

Ehrenreich, D., Bourrier, V., Wheatley, P. J., et al. 2015, Nature,
522, 459

Ekenback, A., Holmstrom, M., Wurz, P., et al. 2010, ApJ, 709,
670

Elkins-Tanton, L. T. 2013, Nature, 497, 570

Elkins-Tanton, L. T. & Seager, S. 2008, ApJ, 685, 1237

Erkaev, N. V., Kulikov, Y. N., Lammer, H., et al. 2007, A&A,
472, 329

Filippazzo, J. C., Rice, E. L., Faherty, J., et al. 2015, ApJ, 810,
158

Fiquet, G., Auzende, A. L., Siebert, J., et al. 2010, Science, 329,
1516

France, K., Froning, C. S., Linsky, J. L., et al. 2013, ApJ, 763, 149

France, K., Parke Loyd, R. O., Youngblood, A., et al. 2016, ApJ,
820, 89

Gillon, M., Jehin, E., Lederer, S. M., et al. 2016, Nature, 533, 221

Gillon, M., Triaud, A. H. M. J., Demory, B.-O., et al. 2017,
Nature, 542, 456

Grove, T. L., Till, C. B., Lev, E., Chatterjee, N., & Médard, E.
2009, Nature, 459, 694

Guinan, E. F., Engle, S. G., & Durbin, A. 2016, ApJ, 821, 81

Hamano, K., Abe, Y., & Genda, H. 2013, Nature, 497, 607

Heays, A. N., Bosman, A. D., & van Dishoeck, E. F. 2017, A&A,
602, A105

Herzberg, C., Raterron, P., & Zhang, J. 2000, Geochemistry,
Geophysics, Geosystems, 1, 1051

Hirschmann, M. M. 2006, Annual Review of Earth and Planetary
Sciences, 34, 629

Holman, M. J. & Murray, N. W. 2005, Science, 307, 1288

Holmstrém, M., Ekenback, A., Selsis, F., et al. 2008, Nature, 451,
970

Hunten, D. M., Pepin, R. O., & Walker, J. C. G. 1987, Icarus, 69,
532

Hittig, C. & Stemmer, K. 2008, Physics of the Earth and
Planetary Interiors, 171, 137

Jing, Z. & ichiro Karato, S. 2009, Chemical Geology, 262, 100 ,
volatiles and Volatile-Bearing Melts in the Earth’s Interior

Joshi, M. M. & Haberle, R. M. 2012, Astrobiology, 12, 3

Jura, M. 2004, ApJL, 605, L65

Kaltenegger, L. & Traub, W. A. 2009, ApJ, 698, 519

Karato, S.-I. & Wu, P. 1993, Science, 260, 771

Katayama, I. & Karato, S.-I. 2008, Physics of the Earth and
Planetary Interiors, 166, 57

Kopparapu, R. K. 2013, ApJL, 767, L8

Koskinen, T. T., Aylward, A. D., & Miller, S. 2007, Nature, 450,
845

Kulow, J. R., France, K., Linsky, J., & Loyd, R. O. P. 2014, ApJ,
786, 132

Lammer, H., Selsis, F., Ribas, 1., et al. 2003, ApJL, 598, L.121

Lecavelier des Etangs, A. 2007, A&A, 461, 1185

Lecavelier des Etangs, A., Bourrier, V., Wheatley, P. J., et al.
2012, A&A, 543, L4

Lecavelier des Etangs, A., Ehrenreich, D., Vidal-Madjar, A., et al.
2010, A&A, 514, A72

Leconte, J., Forget, F., & Lammer, H. 2015, Experimental
Astronomy, 40, 449

Léger, A., Selsis, F., Sotin, C., et al. 2004, Icarus, 169, 499

Linsky, J. L., Fontenla, J., & France, K. 2014, ApJ, 780, 61

Luger, R. & Barnes, R. 2015, Astrobiology, 15, 119

Luger, R., Sestovic, M., Kruse, E., et al. 2017, Nature Astronomy,
1, 0129

Miguel, Y., Kaltenegger, L., Linsky, J. L., & Rugheimer, S. 2015,
MNRAS, 446, 345

Mohanty, S., Basri, G., Shu, F., Allard, F., & Chabrier, G. 2002,
AplJ, 571, 469

Ohtani, E., Nagata, Y., Suzuki, A., & Kato, T. 1995, Chemical
Geology, 120, 207

O’Malley-James, J. T. & Kaltenegger, L. 2017, MNRAS, 469, 1.26

Ormel, C., Liu, B., & Schoonenberg, D. 2017, ArXiv e-prints
[1703.06924]

Owen, J. E. & Alvarez, M. A. 2016, ApJ, 816, 34

Parenti, S. 2014, Living Reviews in Solar Physics, 11, 1

Pascucci, 1., Apai, D., Luhman, K., et al. 2009, ApJ, 696, 143

Pecaut, M. J. & Mamajek, E. E. 2016, MNRAS, 461, 794

Pfalzner, S., Steinhausen, M., & Menten, K. 2014, ApJL, 793, L34

Quarles, B., Quintana, E. V., Lopez, E. D., Schlieder, J. E., &
Barclay, T. 2017, ArXiv e-prints [1704.02261]

Ranjan, S., Wordsworth, R. D.; & Sasselov, D. D. 2017, ArXiv
e-prints [1705.02350]

Ribas, I., Bolmont, E., Selsis, F., et al. 2016, A&A, 596, A111

Schaefer, L. & Sasselov, D. 2015, ApJ, 801, 40

Schrijver, C. J., Elmore, C., Kliem, B., Torok, T., & Title, A. M.
2008, ApJ, 674, 586

Scuflaire, R., Théado, S., Montalban, J., et al. 2008, Ap&SS, 316,
83

Seager, S. & Sasselov, D. D. 2000, ApJ, 537, 916

Selsis, F., Chazelas, B., Bordé, P., et al. 2007, Icarus, 191, 453

Solomatov, V. 2007, in Treatise on Geophysics, ed. G. Schubert
(Amsterdam: Elsevier), 91 — 119

Stamenkovié, V. & Breuer, D. 2014, Icarus, 234, 174

Stamenkovié, V., Breuer, D., & Spohn, T. 2011, Icarus, 216, 572

Stamenkovié, V., Noack, L., Breuer, D., & Spohn, T. 2012, ApJ,
748, 41

Stamenkovié, V. & Seager, S. 2016, ApJ, 825, 78

Strangeway, R. J., Ergun, R. E., Su, Y.-J., Carlson, C. W., &
Elphic, R. C. 2005, Journal of Geophysical Research (Space
Physics), 110, A03221

Tamayo, D., Rein, H., Petrovich, C., & Murray, N. 2017, ApJL,
840, L19

Turbet, M., Leconte, J., Selsis, F., et al. 2016, A&A, 596, A112

Vida, K., Kévéri, Z., P4l, A., Olah, K., & Kriskovics, L. 2017,
ArXiv e-prints [1703.10130]

Vidal-Madjar, A., Lecavelier des Etangs, A., Désert, J.-M., et al.
2003, Nature, 422, 143

Wang, S., Wu, D.-H., Barclay, T., & Laughlin, G. P. 2017, ArXiv
e-prints [1704.04290]

Wheatley, P. J., Louden, T., Bourrier, V., Ehrenreich, D., &
Gillon, M. 2017, MNRAS, 465, L74

Winn, J. N. 2010, ArXiv e-prints [1001.2010]

Wordsworth, R. & Pierrehumbert, R. 2014, ApJL, 785, L20

Yang, J., Cowan, N. B., & Abbot, D. S. 2013, ApJL, 771, L45

Youngblood, A., France, K., Parke Loyd, R. O., et al. 2016, ApJ,
824, 101

Zerr, A., Diegeler, A., & Boehler, R. 1998, Science, 281, 243



