
Mon. Not. R. Astron. Soc. 000, 1–14 (xx) Printed 7 October 2016 (MN LATEX style file v2.2)

Water loss from terrestrial planets orbiting ultracool dwarfs:

Implications for the planets of TRAPPIST-1

E. Bolmont1⋆, F. Selsis2,3, J. E. Owen4†, I. Ribas5, S. N. Raymond2,3, J. Leconte2,3,

& M. Gillon6

1 NaXys, Department of Mathematics, University of Namur, 8 Rempart de la Vierge, 5000 Namur, Belgium
2 Univ. Bordeaux, LAB, UMR 5804, F-33615, Pessac, France
3 CNRS, LAB, UMR 5804, F-33615, Pessac, France
4 Institute for Advanced Study, Einstein Drive, Princeton NJ 08540, USA
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ABSTRACT

Ultracool dwarfs (UCD; Teff <∼ 3000 K) cool to settle on the main sequence after ∼1 Gyr.
For brown dwarfs, this cooling never stops. Their habitable zone (HZ) thus sweeps inward at
least during the first Gyr of their lives. Assuming they possess water, planets found in the
HZ of UCDs have experienced a runaway greenhouse phase too hot for liquid water prior
to entering the HZ. It has been proposed that such planets are desiccated by this hot early
phase and enter the HZ as dry worlds. Here we model the water loss during this pre-HZ hot
phase taking into account recent upper limits on the XUV emission of UCDs and using 1D
radiation-hydrodynamic simulations. We address the whole range of UCDs but also focus on
the planets recently found around the 0.08 M⊙ dwarf TRAPPIST-1.

Despite assumptions maximizing the FUV-photolysis of water and the XUV-driven es-
cape of hydrogen, we find that planets can retain significant amounts of water in the HZ of
UCDs, with a sweet spot in the 0.04 – 0.06 M⊙ range. We also studied the TRAPPIST-1 system
using observed constraints on the XUV-flux. We find that TRAPPIST-1b and c may have lost
as much as 15 Earth Oceans and planet d – which might be inside the HZ – may have lost less
than 1 Earth Ocean. Depending on their initial water contents, they could have enough water
to remain habitable. TRAPPIST-1 planets are key targets for atmospheric characterization and
could provide strong constraints on the water erosion around UCDs.

Key words: stars: low-mass – (stars:) brown dwarfs – planets and satellites: terrestrial plan-
ets – planet star interactions – planets and satellites: atmospheres – planets and satellites:
individual: TRAPPIST-1

1 INTRODUCTION

Earth-like planets have been detected in the HZs (defined in Kast-

ing, Whitmire, & Reynolds 1993; Selsis et al. 2007a; Kopparapu

et al. 2013) of early type M-dwarfs (e.g., Quintana et al. 2014).

Here we address the potential habitability of planets orbiting even

less massive objects: ultracool dwarfs (UCDs), which encompass

brown dwarfs (BDs) and late type M-dwarfs. The first gas giant was

detected around a BD by Han et al. (2013). Very recently, Gillon et

al. (2016) discovered 3 Earth-sized planets close to an object of

mass 0.08 M⊙ (just above the theoretical limit of M⋆ ∼ 0.075 M⊙
between brown dwarfs and M-dwarfs, Chabrier & Baraffe 1997).

⋆ E-mail: emeline.bolmont@unamur.be
† Hubble Fellow

The two inner planets in this system have insolations between 4.25

and 2.26 times Earth’s. The orbital period of planet d is still unde-

termined but between 4.5 and 73 days. The planet receives a stellar

flux in the range 0.02-1 times the Earth one, which includes a large

fraction of the habitable zone of Trappist-1 (0.023 au – 0.048 au,

Kopparapu et al. 2013). The atmospheres of these planets could be

probed with facilities such as the HST and JWST, which makes

them all the more interesting to study (Barstow & Irwin 2016).

BDs (i.e., objects of mass 0.01 6 M⋆/M⊙ 6 0.07) do not fuse

hydrogen in their cores (Spiegel, Burrows, & Milsom 2011). They

contract and become fainter in time. Their HZs therefore move in-

ward in concert with their decreasing luminosities (Andreeshchev

& Scalo 2004; Bolmont, Raymond & Leconte 2011). Nonetheless,

for BDs more massive than 0.04 M⊙ a planet on a fixed or slowly-

evolving orbit can stay in the HZ for Gyr timescales (Bolmont,
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Raymond & Leconte 2011). In this study we consider UCDs of

mass up to 0.08 M⊙. A UCD of mass 0.08 M⊙ is actually a late-

type M-dwarf. As for a BD, its luminosity also decreases with time

but its mass is high enough so that it starts the fusion of hydrogen

in its core. From that moment on, the HZ stops shrinking, allow-

ing close-in planets to stay more than 10 Gyr in the HZ. However,

any planet that enters the HZ has spent time in a region that is too

hot for liquid water. A planet experiencing a runaway greenhouse

around a Sun-like star is expected to lose considerable amounts of

water (one Earth ocean in less than one Gyr). This is due to H2O

photolysis by FUV photons and thermal escape of hydrogen due to

XUV heating of the upper atmosphere. This is the current scenario

to explain the water depletion in the atmosphere of Venus and its

high enrichment in deuterium (Solomon et al. 1991). Could planets

in the HZs of UCDs, like Venus, have lost all of their water during

this early hot phase?

Barnes & Heller (2013) found that planets entering the BD

habitable zone are completely dried out by the hot early phase.

They concluded that BDs are unlikely candidates for habitable

planets. Here we present a study of water loss using more recent

estimates for the X-ray luminosity of very low mass stars and con-

fronting results obtained with 1D radiation-hydrodynamic mass-

loss simulations. We find that – even in a standard case scenario

for water retention – a significant fraction of an initial water reser-

voir (equivalent to one Earth ocean, MH2O = 1.3 × 1021 kg) could

still be present upon reaching the HZ. Once planets enter the HZ,

the water can condense onto the surface (as is thought happened on

Earth, once the accretion phase was over; e.g. Matsui & Abe 1986;

Zahnle, Kasting, & Pollack 1988). Observation of these objects,

such as the TRAPPIST-1 planets, would probably lift this uncer-

tainty.

2 ORBITAL EVOLUTION OF PLANETS IN THE

ULTRACOOL DWARF HABITABLE ZONE

The UCD habitable zone is located very close-in, at just a few per-

cent of an au (or less; Bolmont, Raymond & Leconte 2011). Tidal

evolution is therefore important. Due to UCDs’ atmospheres low

degree of ionization (Mohanty et al. 2002) and the high densities,

magnetic breaking is inefficient and cannot counteract spin-up due

to contraction. UCDs’ corotation radii – where the mean motion

matches the UCD spin rate – move inward.

Figure 1 shows the evolution of the HZ boundaries for two

UCDs: one of mass 0.01 M⊙ and one of mass 0.08 M⊙. The time

at which a planet reaches the HZ depends on its tidal orbital evolu-

tion as well as the cooling rate of the UCD. The tidal evolution of a

planet around a UCD is mainly controlled by its initial semi-major

axis with respect to the corotation radius (in red and orange full

lines in Figure 1). A planet initially interior to the corotation radius

migrates inwards due to the tide raised in the UCD and eventu-

ally falls on the UCD. A planet initially outside corotation migrates

outward (Bolmont, Raymond & Leconte 2011). There does exist a

narrow region in which the moving corotation radius catches up to

inward-migrating planets and reverses the direction of migration.

The planet’s probability of survival is smaller the farther inwards

it is from the corotation radius, which is illustrated by the colored

gradient area in Figure 1.

Surviving planets cross the shrinking HZ at different times

depending on their orbital distance. Close-in planets tend to stay

longer in the HZ because the UCDs’ luminosity evolution slows as

it cools (Chabrier & Baraffe 1997). Bolmont, Raymond & Leconte
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Figure 1. Evolution of the HZ limits for a UCD a) of 0.01 M⊙ and b)

of 0.08 M⊙: the inner edge corresponds to a flux of 1.5 that of the Earth

(2049 W.m−2) and the outer edge corresponds to a flux of 240 W.m−2 (Bol-

mont, Raymond & Leconte 2011). The full lines correspond to the corota-

tion radius. The dashed lines correspond to the radius of the dwarf and the

thick dashed lines correspond to the Roche limit (assuming an Earth-like

planet). The horizontal full black line represents an orbit of 0.013 au.

(2011) showed that for UCDs of mass higher than 0.04 M⊙, planets

can spend up to several Gyr in the HZ. Although their earlier tidal

histories vary, planets are on basically fixed orbits as they traverse

the UCD habitable zone (Bolmont, Raymond & Leconte 2011). We

computed the mass loss taking into account the orbital tidal evolu-

tion, but we found that it has no effect on the result1. For the rest of

this study we therefore consider the case of planets on fixed orbits.

We consider planets from 0.005 au to 0.05 au. Figure 1 shows an or-

bit in this range (0.013 au), this orbit allows the planet to pass some

time in the HZ of the 0.08 M⊙ UCD. For a fixed initial rotation pe-

riod of the UCD, planets around low mass UCDs could survive at

smaller initial orbital radius, than around high mass UCDs.

3 MODELING WATER LOSS

3.1 Energy-limited escape formalism

In order to place the strongest possible constraints, we calculate

the mass loss of the atmosphere via energy-limited escape (Wat-

son, Donahue, & Walker 1981; Lammer et al. 2003). During a run-

away phase, water is able to reach the stratosphere without con-

densing. Assuming photolysis is not a limiting process, water is

photo-dissociated. In order to escape, water needs to reach the base

of the hydrodynamic wind, which is much higher up. We here make

1 In the worst case, i.e. if the UCD is very dissipative, this would mean that

we underestimate the mass loss by ∼ 1%.
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the hypothesis that this is the case. In this work, we do not con-

sider the diffusion-limited escape, which would be responsible for

a lower escape rate than the energy-limited escape rate. The pres-

ence of other gases not considered here could bottleneck the diffu-

sion of water vapor into the upper atmosphere. The energy-limited

escape mechanism requires two types of spectral radiation: FUV

(100–200 nm) to photo-dissociate water molecules and XUV (0.1–

100 nm) to heat up the exosphere. This heating causes atmospheric

escape when the thermal velocity of atoms exceeds the escape

velocity above the exobase. Non-thermal loss induced by stellar

winds can in theory contribute significantly to the total atmospheric

loss, either by the quiescent wind or by the coronal ejections asso-

ciated with flares (Lammer et al. 2007; Khodachenko et al. 2007).

For earlier type UCDs, this might be an issue, however we here

consider UCDs of spectral type later than M7 type, for which there

is no indication of winds that could enhance the atmospheric loss

(due to the low degree of ionization, see Mohanty et al. 2002).

Energy-limited escape considers that the energy of incident ra-

diation with λ < 100 nm is converted into the gravitational energy

of the lost atoms. This formalism was used in many studies (e.g.,

Barnes & Heller 2013; Luger & Barnes 2015; Heller & Barnes

2015) but we use here the prescription of Selsis et al. (2007) linking

the XUV flux FXUV(at d = 1 au) to the mass loss rate ṁ:

ǫ
FXUVπR

2
p

(a/1au)2
=
GMpṁ

Rp

, (1)

where Rp is the planet’s radius, Mp its mass and a its semi-major

axis. ǫ is the fraction of the incoming energy that is transferred

into gravitational energy through the mass loss. This efficiency is

not to be confused with the heating efficiency, which is the fraction

of the incoming energy that is deposited in the form of heat, as

only a fraction of the heat drives the hydrodynamic outflow (some

being for instance conducted downward). This fraction has been

estimated at about 0.1 by Yelle (2004) and more recently at 0.1 or

less in the limit of extreme loss by Owen & Wu (2013). The left

term of Equation 1, FXUVπR
2
p/(a/1au)2, corresponds to the fraction

of the XUV flux intercepted by the planet. Thus the mass loss rate

is given by:

ṁ = ǫ
FXUVπR

3
p

GMp(a/1au)2
. (2)

Taking into account that the planet might undergo orbital mi-

gration or the evolution of the XUV flux the mass lost by the planet

at a time t is of:

m = ǫ
πR3

p

GMp

∫ t

0

FXUV

(a/1au)2
dt. (3)

One could argue that the XUV cross section radius of the

planet is larger than the planet’s radius and is probably similar the

Hill radius (as in Erkaev et al. 2007, which considered Jupiter-mass

planets). This assumption would mean that the water mass loss

would be higher than what we propose to calculate here. In a hydro-

dynamic outflow the effect of the Roche Lobe is to weaken the ef-

fect of gravity compared to the pressure force, its role is felt through

the gradient of the potential. For transonic outflow the distance of

the sonic point from the surface of the planet depends on the gra-

dient of the potential, with shallow gradients (i.e. closer to the Hill

radius) pushing the sonic point closer to the planet increases the

mass loss. We tested our hypothesis of taking the real radius of the

planet with a hydrodynamical code (see Section 3.3 and Owen &

Alvarez 2016). We find that, for the small rocky planets we con-

sider here, this does not underestimate the mass loss as much as

the work of Erkaev et al. (2007) would imply (taking the Roche

radius), as the effect is of the order of a few percent.

Venus probably lost its water reservoir by this mechanism.

Radar observations of the Magellan satellite and ground-based ob-

servations showed that the last traces of water on Venus date back

at least 1 billion years (this corresponds to the age of the surface;

Solomon et al. 1991). Venus certainly experienced energy-limited

hydrodynamic loss of water during several billion years Chassefière

et al. (2012). As UCDs are less bright than the Sun, we expect their

XUV flux to be lower than the Sun’s.

In order to calculate the mass loss, we therefore need the XUV

flux of the dwarfs and estimate the efficiency ǫ. In the following, we

give the observational constraints on the XUV luminosity of UCDs

of spectral type later than M7 type. We then use these values to

compute the efficiency ǫ using 1D radiation-hydrodynamic mass-

loss simulations.

3.2 Physical inputs

We first assume that protoplanetary disks around UCDs dissipate

after 3 Myr (Pascucci et al. 2009; Pecaut & Mamajek 2016) ; this is

our “time zero”. This assumption is a strong one, it is possible that

disks live much longer than that, ∼ 10 Myr according to Pfalzner,

Steinhausen, & Menten (2014). We consider that when the planet is

embedded in the disk it is protected and does not experience mass

loss.

Planets are thought to acquire water during and after accre-

tion via impacts of volatile-rich objects condensed at larger orbital

radii. On the one hand, if planets form in-situ in the HZs of UCDs

then it may be difficult to retain water because of the rapid forma-

tion timescale and very high impact speeds (Lissauer 2007; Ray-

mond, Scalo, & Meadows 2007). On the other hand, because they

form fast while embedded in a disk, they can acquire volatiles di-

rectly from the disk itself. It has been suggested that accreting H2

this way can lead to the formation of H2O (Ikoma & Genda 2006).

In contrast, if these planets or some of their constituent planetary

embryos migrated inward from wider orbital distances then they

are likely to have significant water contents (Raymond, Barnes, &

Mandell 2008; Ogihara & Ida 2009). Although the origin of hot

super-Earths is debated (see Raymond, Barnes, & Mandell 2008;

Raymond & Cossou 2014), several known close-in planets are con-

sistent with having large volatile reservoirs (e.g., GJ 1214 b; Rogers

& Seager 2010; Berta et al. 2012). We therefore consider it plausi-

ble for Earth-like planets to form in the UCD habitable zone with

a water content at least comparable to Earth’s surface reservoir and

possibly much bigger. For example, Earth contains several addi-

tional oceans of water trapped in the mantle (Marty 2012). Water

can also be trapped in the mantle of the planet during the forma-

tion process and perhaps released in the atmosphere at later times

through volcanic activity.

A key input into our model is the stellar flux at high ener-

gies. There are no observations of the EUV flux of UCDs. We as-

sume here that the loss rate of water is not limited by the photo-

dissociation of water. This assumes that FUV radiation is suffi-

cient to dissociate all water molecules and produce hydrogen at a

rate higher than its escape rate into space. X-ray observations with

Chandra/ACIS-I2 exist for objects from M6.5 to L5 (e.g., Berger

et al. 2010; Williams, Cook, & Berger 2014) for the range 0.1–

10 keV (0.1–12.4 nm). This only represents a small portion of the
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XUV range considered in Equations 2 and 3. For solar-type stars

the flux in the whole XUV range is 2 to 5 times higher than in the

X-ray range (Ribas et al. 2005). We thus multiply the value corre-

sponding to the X-ray range by 5. This constitute an upper limit of

what one might expect, indeed for active UCDs the factor can be

lower than 2 (e.g., for TRAPPIST-1 this factor is of 1.78, Wheatley

et al. 2016). We consider here that it can be used as a proxy for the

whole XUV range.

On one hand, observations of objects of spectral types M0 to

M7 show that the X-ray luminosity scales as 10−3 the bolometric

luminosity Lbol (Pizzolato et al. 2003). On the other hand, more re-

cent observations from Berger et al. (2010) and Williams, Cook, &

Berger (2014) show that the X-ray luminosity of L dwarfs seems

to scale as 10−5× Lbol. However, some of these observations are

actually non-detections, so the X-ray luminosity of objects like

2M0523-14 (L2–L3), 2M0036+18 (L3–L4) and 2M1507-16 (L5)

must be even lower than 10−5× Lbol. Between the populations of

dwarfs of spectral type M0 to M7 and those of spectral type L0 to

L6, there are dwarfs of spectral type M8 and M9 which do not really

follow either trends. TRAPPIST-1 belongs to this transition popula-

tion. That is why to study the water loss for the TRAPPIST planets

we considered a wide range of XUV-luminosities that are represen-

tative of this transition region: from LX/Lbol < 10−5 (as the analog

dwarf VB 10 Williams, Cook, & Berger 2014) to LX/Lbol < 10−3.4

(recent observations from Wheatley et al. 2016). There is no indi-

cation of whether the X-ray luminosity varies in time.

For the UCDs of mass 0.01 < M⋆/M⊙ < 0.08, we consider

two limiting cases for our mass loss calculation. In the first we

adopt a value of 10−5× Lbol. As the bolometric luminosity changes

with time, we consider that the X-ray luminosity does as well. In

the second case we assume that the X-ray luminosity does not vary

with the bolometric luminosity but rather remains constant. We

adopt the value of 1025.4 erg.s−1 = 2.5 × 1018 W from Williams,

Cook, & Berger (2014). This value corresponds to a X-ray detec-

tion (0.1–10 keV) of the object 2MASS13054019-2541059 AB of

spectral type L2. To take into account the fact that the dwarfs with

the higher masses considered in the range 0.01 < M⋆/M⊙ < 0.08

are possibly part of the transition population, we also tested two ad-

ditional cases corresponding to a higher XUV emission: LX/Lbol <

10−4.5 and LX = 1026 erg.s−1. For each case we then use Equation 3

to calculate the mass loss of a planet of 0.1 M⊕, 1 M⊕ and 5 M⊕.

We compared the XUV flux received by the planets of Figure

1 to the one Earth receives. Before reaching the HZ, they are at

least a few times higher than Earth’s incoming XUV flux.

3.3 Estimation of ǫ with a hydrodynamical code

In order to guide our calculations, we perform a set of 1D radiation-

hydrodynamic mass-loss simulations based on the calculations of

Owen & Alvarez (2016). The simulations are similar in setup to

those described by Owen & Alvarez (2016), where we perform

1D spherically symmetric simulations using a modified version of

the zeus code (Stone & Norman 1992; Hayes et al. 2006), along a

streamline connecting the star and planet. We include tidal gravity,

but neglect the effects of the Coriolis force as it is a small while the

outflow remains sub-sonic (Murray-Clay, Chiang, & Murray 2009;

Owen & Jackson 2012). The radial grid is non-uniform and consists

of 192 cells, the flow is evolved for 40 sound crossing times such

that a steady state is achieved (which is checked by making sure

the pseudo-Bernoulli potential and mass-flux are constant). We ex-

plicitly note that these simulations of a pure hydrogen atmosphere

do not include line cooling from oxygen that maybe important in
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X
=const.Lx = 1025.4 erg/s Lx = 1026 erg/s

Lx  Lbol

Figure 2. Variation of the efficiency ǫ with respect to the incoming flux

obtained with the model from Owen & Alvarez (2016), we note the stellar

mass makes very little difference in the obtained mass-loss rates. The hori-

zontal dashed line represents the value of ǫ usually used in energy-limited

escape calculations. The vertical dotted line represents the XUV flux corre-

sponding to LX = 1025.4 erg/s for an orbital distance of 0.01 au.

these flows, and as such these calculations should be considered as

a maximum rate, as any other elements would lower the hydrogen

loss by cooling the flow and colliding with the hydrogen atoms.

We can use the simulations to calculate the efficiency (ǫ) pa-

rameter along with the corresponding mass loss. Figure 2 shows

the variation of ǫ with the incoming XUV flux, we note that the

tidal gravity places a negligible role in changing the mass-loss rates

with stellar mass. At high fluxes the efficiency drops off due to the

increased radiative cooling that can occur as the flows get more

vigorous and dense. The drop off at low fluxes is simply caused

by the fact that the heating rate is not strong enough to launch

a powerful wind. At high fluxes the temperature peaks at a radii

∼ 1.2 − 1.4 R⊕, indicating some of the XUV photons are absorbed

far from the planet, increasing its effective absorbing area, but at

low fluxes the temperature peaks close to 1 R⊕. Figure 2 shows that

for a X-ray luminosity of LX = 1025.4 erg/s (corresponding to a flux

in XUV of ∼ 450 erg/s/cm2), assuming an efficiency ǫ of 0.1 as

is typically the case in energy-limited escape calculations overesti-

mate the mass loss by a factor of ∼ 1.17.

Using these 1D radiation-hydrodynamic mass-loss simula-

tions (see Section 3.3 and Owen & Alvarez 2016), we find that

the temperature T of the wind is of the order of 3000 K, which is

much lower than what is calculated for hot Jupiters (of the order of

104 K, e.g., Lammer et al. 2003; Erkaev et al. 2007; Murray-Clay,

Chiang, & Murray 2009).

3.4 The joint escape of hydrogen and oxygen

The computed mass loss ṁ is linked to a mass flux FM given by:

FM = ṁ/(4πR2
p). We consider here a mass loss, but do not com-

pute the proportion of hydrogen and oxygen atoms lost. Losing just

hydrogen atoms and losing hydrogen and oxygen atoms does not

have the same consequence for water loss. For example, if only hy-

drogen atoms are lost, losing an ocean means that the planet loses

the mass of hydrogen contained in one Earth Ocean (9 times lower

that the mass of water in one Earth Ocean). This would change the

proportion of H/O thus preventing any later recombination of wa-
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ter (e.g. for Venus, Gillmann, Chassefière, & Lognonné 2009). In

contrast, if the planet loses hydrogen and oxygen in stoichiometric

proportion, losing an ocean means that the planet is losing the mass

of water contained in one Earth Ocean. This is the more favorable

case for water retention because it requires a higher energy to lose

one ocean.

In the following, we estimate the proportion of escaping hy-

drogen and oxygen atoms. The mass loss flux FM (kg.s−1.m−2) can

be expressed in terms of the particle fluxes (atoms.s−1.m−2):

FM = mHFH + mOFO. (4)

The ratio of the escape fluxes of hydrogen and oxygen in

such an hydrodynamic outflow can be calculated following Hunten,

Pepin, & Walker (1987):

rF =
FO

FH

=
XO

XH

mc − mO

mc − mH

, (5)

where mH the mass of one hydrogen atom, mO the mass of one

oxygen atom and mc is called the crossover mass and is defined by:

mc = mH +
kT FH

bgXH

, (6)

where T is the temperature in the exosphere, g is the gravity and b is

a collision parameter between oxygen and hydrogen. In the oxygen

and hydrogen mixture, we consider XO = 1/3, XH = 2/3, which

corresponds to the proportion of dissociated water. This leads to

XO/XH = 1/2.

When mc < mO, only hydrogen atoms are escaping and FH =

FM/mH. When mc > mO, hydrogen atoms drag along some oxygen

atoms and:

FM = (mH + mOrF)FH. (7)

With Equations 5, 6 and 7, we can compute the mass flux of

hydrogen atoms:

FH =
FM + mOXO (mO − mH)

bg

kT

mH + mO
XO

XH

. (8)

In order to calculate the flux of hydrogen atoms, we need an

estimation of the XUV luminosity of the star considered, as well as

an estimation of the temperature T . We use the estimations of the

XUV flux of Section 3.2 and the estimation of ǫ and T obtained

with the 1D radiation-hydrodynamic mass-loss simulations (Owen

& Alvarez 2016).

We assume that the XUV luminosity is here L0 = 5×LX = 5×

1025.4 erg/s, that the planet is at a = 0.013 au and following Section

3.3 (Figure 2), we assume here ǫ = 0.097. This is our baseline case.

Using these values and Equation 2, we calculate the mass loss flux

FM = F0 for a 1 M⊕ planet:

F0 =
ṁ

4πR2
p

= ǫ
FXUVRp

4GMp(a/1au)2
= 1.02 × 10−10 kg.s−1m−2. (9)

Using Equation 8 and the estimation of T , we can compute the

flux of hydrogen atoms FH as a function of the XUV luminosity

LXUV compared to our baseline case luminosity L0. Figure 3 shows

the behavior of the mass loss of the atmosphere in units of Earth

Ocean equivalent content of hydrogen (EOH) with respect to the

ratio LXUV/L0. This behavior is plotted for two cases: a stoichio-

metric mixture of hydrogen and oxygen atoms (XO = XH/2 = 1/3)

and a mixture slightly depleted in hydrogen (XO = 2XH = 2/3).

We can see that the mass loss is a monotonous function of the

total XUV luminosity, and for both cases it saturates much be-

low our baseline case. For a stoichiometric mixture, at a ratio
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Figure 3. Top panel: Mass of hydrogen lost during the runaway phase as

a function of the XUV luminosity for an Earth-like planet at 0.013 au of a

0.08 M⊙ dwarf. The mass loss are in unit of Earth Ocean equivalent content

of hydrogen (EOH). The blue dashed line is for the limit case where only

hydrogen atoms escape, which is valid at low irradiation, when the escape is

not strong enough to drag oxygen atoms. The black line accounts for oxygen

dragging in the case where XO = XH/2 = 1/3. The gray line is the same for

an atmosphere slightly depleted in hydrogen (XO = 2XH = 2/3). Bottom

panel: Ratio of the flux of oxygen atoms over the flux of hydrogen atoms.

The colors are the same as for the top panel. rF = FO/FH = 0.5 means that

there is stoichiometric loss of hydrogen and oxygen. For the baseline case,

rF = 0.20.

LXUV/L0 ∼ 0.13, the oxygen atoms start to be dragged along there-

fore consuming energy. For a mixture depleted in hydrogen, oxygen

atoms start to be dragged along for lower incoming XUV luminos-

ity LXUV/L0 ∼ 0.075.

Here however, for LXUV = L0, we find that one oxygen atom

is lost for about 5 hydrogen atoms: rF = FO/FH = 0.20. To con-

clude, for a X-ray luminosity of 1025.4 erg/s, there is no stoichio-

metric loss of hydrogen and oxygen. However, the situation is not

as catastrophic as it would be if only hydrogen escaped. In the fol-

lowing, we give the hydrogen lost by the planet. We assume that

rF is constant with time for a given value of the XUV flux, which

is equivalent to assume an infinite reservoir of water. With a finite

water reservoir one has to account for the evolution of the O/H ra-

tio. As it makes the result depend on the initial reservoir, we choose

to maximize the effective water loss by using the value of rF calcu-

lated for a ratio XO = XH/2. The hydrogen mass loss is thus given

by:

MH = m
mH

mH + rFmO

, (10)

where m is obtained with Equation 3 and is given in units of the

mass of hydrogen in one Earth Ocean (EOH , which corresponds to

∼ 1.455 × 1020 kg). Hydrogen is the limiting element for the re-
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combination of water, so that the remaining content of hydrogen in

EOH actually represents the ocean portion available for precipita-

tion once in the HZ.

According to Equation 6, rF depends on the gravity of the

planet considered. In the following, we also calculate the hydrogen

loss from planets of 0.1 M⊕ and 5 M⊕. Computing the hydrogen

loss for these cases show us that the higher the mass the lower is

rF. For LXUV = L0, we find that rF ∼ 0.45 for the 0.1 M⊕ planet

(meaning that the loss is quasi-stoichiometric), and rF = 0 for the

5 M⊕ planet (meaning that the only hydrogen atoms escape).

4 WATER LOSS OF PLANETS IN THE UCD HABITABLE

ZONE

Using the estimation of ǫ as a function of XUV flux (Figure 2),

the estimations of rF as calculated in the previous section and the

equations of Section 3, we can now estimate the loss of hydrogen

from planets around UCDs.

Figure 4a) shows the evolution of the hydrogen loss from an

Earth-mass planet orbiting a 0.04 M⊙ BD as a function of both

time and orbital radius (assumed to remain constant). We assume

that the X-ray luminosity scales as 10−5 Lbol and we calculate ǫ

and rF accordingly (typically, for a planet at 0.013 au, ǫ varies be-

tween 0.045 and 0.111 as the XUV flux decreases and rF decreases

from 0.43 to 0.10). Let us consider that the planet is located at

0.013 au from a 3 Myr-old BD. Figure 4a) shows that it would

lose only 0.48 EOH in the 156 Myr before entering the HZ (ver-

tical red dashed line). This planet could therefore be considered a

potentially habitable planet, assuming an appropriate atmospheric

composition and structure. As the bolometric luminosity decreases

with time, the XUV luminosity decreases as well, which has the

effect of increasing the efficiency ǫ (Figure 2) and decreasing rF.

Consequently, with this compensation, the efficiency of the mass

loss do not decrease linearly with decreasing XUV-flux. Figure 4b)

shows the evolution of the hydrogen loss from an Earth-mass planet

orbiting a 0.08 M⊙ BD. A planet located at 0.013 au from a 3 Myr-

old BD lose ∼ 3.2 EOH in the 1180 Myr before entering the HZ

(vertical red dashed line).

Figure 5a) shows the hydrogen loss for planets of 0.1 M⊕,

1 M⊕ and 5 M⊕ orbiting UCDs of different masses at 0.013 au.

The figure shows how much water was lost by the time each planet

reached the HZ. This time is ∼ 8 Myr for a BD of 0.01 M⊙ and

∼ 1180 Myr for a dwarf of 0.08 M⊙. The calculations were done

for both cases: LX/Lbol = 10−5 (red symbols) and LX = 1025.4 erg/s

(blue symbols). As before, ǫ and rF were calculated consistently for

each planet and for the two X-ray luminosity assumptions.

We find that planets orbiting more massive UCDs lose more

water. This is mainly because of the much longer time spent by

those planets interior to the HZ. Planets at 0.013 au around BDs

of mass 0.01 M⊙ lose less than 0.04 EOH , whatever their mass.

Planets at 0.013 au around BDs of mass 0.05 M⊙ lose less than

2 EOH , whatever their mass. Planets at 0.013 au around UCDs of

mass 0.08 M⊙ lose more than 2 EOH , whatever their mass.

We find that higher-mass planets lose their water at a higher

rate than lower-mass ones. This is due to the effect of gravity on

the cross-over mass that makes rF smaller for a higher gravity. In

other words too high a gravity prevents the loss of oxygen and thus

enhances the loss of hydrogen (which is not directly affected by

gravity, e.g, Luger & Barnes 2015). Consequently, throughout the

evolution, we expect more massive planets to lose more than low-

mass planets. For example, assuming LX/Lbol = 10−5, we find that
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Figure 4. Map of hydrogen loss (in EOH) as a function of the age of the

BD of a) 0.04 M⊙ and b) 0.08 M⊙ and the orbital distance of the planet.

White lines correspond, from left to right, to a loss of 10 EOH , 5 EOH ,

1 EOH , 0.5 EOH and 0.1 EOH . The grey line corresponds the inner edge

of the HZ: the HZ lies above this line. Here the X-ray luminosity evolves as

10−5 × Lbol.

the 5 M⊕ planet orbiting a UCD of 0.08 M⊙ loses 6.7 EOH before

reaching the HZ, while the 1 M⊕ loses only 3.2 EOH and the 0.1 M⊕
only 2.0 EOH .

Assuming LX/Lbol = 10−5, we find that 1 M⊕ planets orbiting

at 0.013 au around BDs with masses smaller than 0.06 M⊙ lose less

than 1 EOH before reaching the HZ and 1 M⊕ planets orbiting BDs

of mass . 0.07 M⊙ lose less than 2 EOH before reaching the HZ.

Whatever the mass of the UCD, low mass planets (Mp 6 1 M⊕) lose

less than 3.2 EOH before reaching the HZ. Whatever the mass of

the UCD, whatever the mass of the planet and the XUV-luminosity

assumption, all planets lose less than 9 EOH before reaching the

HZ.

Figure 6 shows the hydrogen loss as a function of the planet’s

orbital distance and mass of host UCD. The black lines represent

different hydrogen loss levels (1, 2, 10 EOHH) and the white lines

represent levels of time the planet passes in the HZ (as computed as

in Figure 1). The closer the planet and the more massive the UCD,

the more hydrogen is lost. The closer the planet and the more mas-

sive the UCD, the more time the planet spends in the HZ. However

for the more massive UCD we consider (as can be seen in Figure

1 for the UCD of 0.08 M⊙), the planets on the closest orbits are

always interior to the HZ and thus stay in a runaway phase during

all the time of the evolution (10 Gyr). In Figure 6, these planets are

separated from the rest by the blue dashed line. They can lose up to
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Figure 5. Hydrogen loss (in units of Earth’s ocean) as a function of the mass of the UCD for a planet of different masses at 0.013 au. Panel a) corresponds to

LX = 1025.4 erg/s (in blue) and LX/Lbol = 10−5 (in red). Panel b) corresponds to LX = 1026 erg/s (in blue) and LX/Lbol = 10−4.5 (in red).

160 EOH . There is a compromise to be found between the hydro-

gen loss and the time the planet spends in the HZ: planets around

low mass BDs lose little hydrogen but they stay a short time in the

HZ, planets around the higher mass UCDs considered here spend a

longer time in the HZ but they lose more hydrogen prior to enter-

ing. The shaded regions in Figure 6 shows an interesting parameter

space for each planet and XUV emission hypothesis: the planets

in these regions lose less than 1 EOH before entering the HZ and

spend in the HZ more than 1 Gyr. Planets with a similar or larger

water content as the Earth would thus enter the HZ with enough

water to form oceans and as they spend a long time in the HZ, this

gives time for life to eventually appear and modify the environment

(Bolmont, Raymond & Leconte 2011) For example, for an Earth

mass planet and assuming LX/Lbol = 10−5, we find that the plan-

ets around UCDs more massive than ∼ 0.035 M⊙ and farther away

than 0.007 au fulfill these conditions. Of course, when consider-

ing higher mass UCDs, the minimum orbital distance increases: a

planet around a 0.08 M⊙ UCD has to be between farther away than

∼ 0.02 au to fulfill the conditions. If we consider softer constraints,

for example cases for which the planets lose less than 2 EOH and

spend more than 500 Myr in the HZ, the parameter space gets much

bigger: for example, Earth-mass planets as close as 0.005 au around

a 0.02 M⊙ BD fulfill these conditions. However these very close-in

planets could be in danger of falling onto the BD: they could be

interior to the corotation radius (see Figure 1 and Bolmont, Ray-

mond & Leconte 2011). If we consider 5 M⊕ planets, the param-

eter space corresponding to a loss 6 1 EOH and a time in the HZ

> 1 Gyr shrinks towards the higher UCD masses and bigger or-

bital distances. If we consider 0.1 M⊕ planets, the parameter space

corresponding to a loss 6 1 EOH and a time in the HZ > 1 Gyr ex-

tends towards the lower UCD masses and smaller orbital distances.

We thus can conclude that with favorable atmospheric conditions

and reasonable water content (a few oceans), Earth-mass planets

between 0.01 and 0.04 au orbiting UCDs of mass 0.04 – 0.08 M⊙
would be good targets for the characterization of a potentially hab-

itable planet.

These calculations were made with the following assumptions

on the X-ray luminosity of these faint dwarfs: LX/Lbol = 10−5 and

LX = 1025.4 erg/s. These values are probably a good approxima-

tion of the X-ray flux received by planets around BDs (Berger et al.

2010; Cook, Williams & Berger 2014; Williams, Cook, & Berger

2014). However, one might want to consider, for the higher mass

UCDs we consider here, stronger high-energy irradiation levels,

such as LX/Lbol = 10−4.5 and LX = 1026 erg/s, which correspond to

the quiescent emission of the object 2MASS 14542923+1606039

Bab (see Williams, Cook, & Berger 2014). Figure 5b) shows the

hydrogen loss for these two X-ray luminosity cases. The hydro-

gen loss is higher than before. Due to the dependance of the effi-

ciency ǫ and of rF with the XUV luminosity, the mass loss com-

puted with LX/Lbol = 10−4.5 is less than ∼ 3.16 higher than the one

calculated with LX/Lbol = 10−5. Similarly, the loss computed with

LX = 1026 erg/s is less than ∼ 4 times higher than the one computed

with LX = 1025.4 erg/s. Using these values, we find that all planets

orbiting BDs of mass lower than 0.03 M⊙ at 0.013 au lose less than

1 EOH before reaching the HZ. Note that when the XUV flux is

high (red symbols), rF for the two lower mass planets tend to 0.5,

counterbalancing the effect of the planet’s gravity on the crossover

mass and leading here to a very similar mass loss.

With these higher X-ray luminosity assumptions, we thus can

conclude that with favorable atmospheric conditions and reason-

able water content (a few oceans), Earth-mass planets between

0.018 and 0.04 au (instead of 0.01 – 0.04 au) orbiting UCDs of

mass 0.06 – 0.08 M⊙ (instead of 0.04 – 0.08 M⊙) would be good

targets for the characterization of a potentially habitable planet.

5 IMPLICATION FOR THE TRAPPIST-1 PLANETS

The three planets of the TRAPPIST-1 system (Gillon et al. 2016)

are Earth-sized planets, and thus probably rocky (Weiss & Marcy

2014; Rogers 2015). They orbit a M8-type dwarf of 0.080 ±

0.009 M⊙
2 TRAPPIST-1b is located at ab = 0.011 au, TRAPPIST-

2 TRAPPIST-1 is therefore not a BD but a very low mass star.
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Figure 6. Hydrogen loss (black contour lines) as a function of the mass of the UCD and the orbital distance of the planet. Panels a) correspond to LX =

1025.4 erg/s and panels b) correspond to LX/Lbol = 10−5. The blue lines correspond from left to right to a time spent in the HZ of 500 Myr and 1 Gyr. The

dashed blue line corresponds to the limit where the planets never reach the HZ because the dwarf initiated the fusions of hydrogen preventing the inner edge

of the HZ to sweep in towards very small orbital distances (see Figure 1). The blue shaded areas represent two interesting parameter spaces: the planets in the

light blue area lose less than 2 EOH before reaching the HZ and they will spend more than 500 Myr in it, the planets in the dark blue area lose less than 1 EOH

before reaching the HZ and they will spend more than 1 Gyr in it.
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1c at ac = 0.015 au. The orbit of TRAPPIST-1d is poorly con-

strained, however it is farther away than ad = 0.022 au. The irra-

diation of the planets are respectively: 4.25 S ⊕, 2.26 S ⊕ and 0.02–

1 S ⊕, where S ⊕ is the insolation received by the Earth. Therefore

TRAPPIST-1d could be in the HZ. The age of the system has been

estimated to be more than 500 Myr. The structural evolution grids

we use in this article for a dwarf star of 0.08 M⊙ (Chabrier &

Baraffe 1997) show that the luminosity and radius of TRAPPIST-1

correspond to a body of ∼ 400 Myr, which is lower than the esti-

mated age of the system. This is consistent with the fact that evo-

lution models seem to under-estimate the luminosity of low-mass

objects (Chabrier, Gallardo & Baraffe 2007). However, we explored

the mass range allowed by the observations and found that a dwarf

star of 0.089 M⊙ can reproduce the characteristics of TRAPPIST-

1 at an age of ∼ 850 Myr.

Figure 7 shows the evolutionary tracks we used to simulate the

luminosity evolution of TRAPPIST-1. We interpolated the values

of radius, luminosity and effective temperature between the evolu-

tionary tracks of a 0.08 M⊙ dwarf and a 0.1 M⊙ dwarf (Chabrier

& Baraffe 1997). Figure 7 shows that the characteristics of the

star – radius, luminosity and effective temperature – can be repro-

duced with our interpolated tracks for ages between 800 Myr and

900 Myr, which is compatible with the estimation of the age of the

star made by Gillon et al. (2016).

We use here two different assumptions to calculate the HZ in-

ner edge: S p = 0.9 S ⊕, which corresponds to the inner edge for a

non-synchronized planet (Kopparapu et al. 2013) and S p = 1.5 S ⊕
which corresponds to the inner edge for a synchronized planet

(Yang, Cowan, & Abbot 2013). Following this model, the two in-

ner planets of TRAPPIST-1 always stay interior to the HZ. As the

orbit of planet d is poorly constrained, we considered three differ-

ent orbits: 0.022 au (the closest one), 0.058 au (the most probable

one) and 0.146 au (the farthest one). A planet at 0.022 au enters

the HZ corresponding to S p = 1.5 S ⊕ at an age of 393 Myr (later

called THZ(1.5 S ⊕)). However, it never enters the HZ corresponding

to S p = 0.9 S ⊕. For a planet at 0.058 au, THZ(1.5 S ⊕) = 29 Myr

and THZ(0.9 S ⊕) = 58 Myr. For a planet at 0.146 au, THZ(1.5 S ⊕) =

3.2 Myr and THZ(0.9 S ⊕) = 5.4 Myr. If we had considered more

massive stars than what is allowed by Gillon et al. (2016), the en-

try in the HZ would have been postponed by at least a few tens of

million years increasing the period of time the planet spends in the

runaway phase.

To calculate the mass loss from the planets of the TRAPPIST-

1 system, we assumed different XUV emissions. As explained in

Section 3.2, TRAPPIST-1 is part of the transition population be-

tween early M type and late M, early L. In order to treat the whole

XUV range possible we assumed the two different XUV luminosity

measured by Wheatley et al. (2016):

- LX/Lbol = 10−3.7 and LX/Lbol = 10−3.4

Observational studies (e.g., Williams, Cook & Berger 2014; Cook,

Williams & Berger 2014) indicate a significantly large scatter at

spectral type M8, with values ranging between LX/Lbol = 10−5 and

10−3 in quiescence. Cook, Williams & Berger (2014) mention an-

other analog of TRAPPIST-1 , LP 412-313, which has a quiescent

emission of 1027.2 erg.s−1 or LX/Lbol = 10−3.1. Furthermore, us-

ing XMM-Newton observations, Wheatley et al. (2016) measured

3 Its bolometric luminosity Lbol/L⊙ ∼ 10−3.29 is close to the luminosity of

TRAPPIST-1 (Lbol/L⊙ ∼ 10−3.28), its V sin i of 8 km.s−1(Reid et al. 2002;

Newton et al. 2016) is also close to TRAPPIST-1’s ∼ 6 km.s−1.

recently for TRAPPIST-1 LX/Lbol = 10−3.7 to 10−3.4, which is sig-

nificantly higher than the value we adopted for the UCDs of the

previous Sections.

- LX/Lbol = 10−5

This is what we used for UCDs in the previous Sections. As the

measurements of Wheatley et al. (2016) could be due to a flare,

we consider this much lower flux. This also corresponds to an

analog of TRAPPIST-1: the M8 dwarf VB 104. Observations of

VB 10 by Fleming, Giampapa & Schmitt (2000) showed that

the quiescent emission was LX = 10−5.0 Lbol and the flaring

emission was LX = 10−2.8 Lbol. Later, Berger et al. (2008) measured

LX = 10−5.0 Lbol for the quiescent emission and LX = 10−4.1 Lbol

during flaring events. Finally, Williams, Cook & Berger (2014) and

Cook, Williams & Berger (2014) found that the quiescent emission

of VB 10 was LX = 10−5.1 Lbol and that the flaring emission was

LX = 10−4.6 Lbol.

We used the method described in Section 3.1, using an effi-

ciency ǫ based on the hydrodynamical simulations of Section 3.3.

We assumed an Earth-like composition to compute the masses of

the planets (Fortney, Marley, & Barnes 2007) and we calculated

rF following the method given in Section 3.4 for the three differ-

ent XUV luminosity assumptions and for the different planets of

the system. We assumed that the semi-major axes of the planets

remain constant throughout the evolution.

Figure 8 show the hydrogen loss for the planets of the system

for the three different XUV-luminosity trends as a function of time.

Table 1 summarizes the results. For LX/Lbol = 10−5, we considered

that LXUV = 5 LX, as in Section 4. However, for LX/Lbol = 10−3.4

and LX/Lbol = 10−3.7, we used the value of Wheatley et al. (2016):

LXUV = 1.78 LX. For LX/Lbol = 10−5, we find that planet b lose

less than 4 EOH and planet c lose less than 3 EOH at the age of the

system. However, considering a higher XUV flux, this limit goes

up to 13.5 EOH for planet b and 9.5 EOH for planet c. Unless those

planets have a big water content, they are therefore likely to be

desiccated.

For planet d, due to the high uncertainty on its orbit, we find

that at worst it could lose almost 7 EOH for an orbital separation

of 0.022 au (assuming LX/Lbol = 10−3.4 and that the planet never

reaches the HZ). For LX/Lbol = 10−5.0, a planet d at 0.022 au loses

more hydrogen than planet c at late ages. This is due to a combina-

tion of the effect of gravity on the cross-over mass (planet d being

bigger than planet c, its rF is smaller) and XUV-flux which is lower

for planet d which means that the efficiency ǫ is bigger.

However, considering TRAPPIST-1d is on the more probable

orbit, at 0.058 au, we find that it loses between 0.06 and 0.41 EOH .

It loses much less than if it was at 0.022 au because it is much

farther away and enters the HZ much earlier. If TRAPPIST-1d is at

0.146, it loses less than 0.01 EOH .

As Hydrogen escapes faster than Oxygen, mass loss results in

an Oxygen build up in the atmosphere (e.g., Luger & Barnes 2015).

We estimate the O2 pressure in the atmosphere of the different plan-

ets (see Table 1). The pressure of O2 can be as high as 500 bar for

a planet d at 0.022 au. It is even higher than the O2 pressure for

the two inner planets, because as the XUV flux planet d receives

is lower than for planets b and c, its rF is smaller and it therefore

loses much less oxygen than the two inner planets. For a planet d at

4 Its bolometric luminosity Lbol/L⊙ ∼ 10−3.3 is close to the luminosity of

TRAPPIST-1 (Lbol/L⊙ ∼ 10−3.28), its V sin i of 6.5 km.s−1 is also close to

TRAPPIST-1’s ∼ 6 km.s−1. Their radii are also similar within a few percent.
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Chabrier & Baraffe 1997) and our interpolation (in blue). The grey area corresponds to R⋆ = 0.117 ± 0.004 R⊙ (Gillon et al. 2016). Top right: Evolution of

the luminosity, the grey area corresponds to L⋆ = 0.000525 ± 0.000036 L⊙. Bottom left: Evolution of the effective temperature, the grey area corresponds to

Teff = 2550 ± 55 K. Bottom right: Evolution of the inner edge of the HZ for two different assumptions: S p = 1.5 S ⊕ and S p = 0.9 S ⊕. The orbital distances

of the three planets of TRAPPIST-1 are also represented.

Table 1. Lost hydrogen in EOH and corresponding O2 pressure for the TRAPPIST-1 planets at the time they enter the HZ (with the two assumptions about

the inner edge). The numbers in bold correspond to cases for which the planet never reaches the HZ, the hydrogen loss is then given for the age of the star

(∼ 850 Myr, according to our model). The two values indicated correspond to t0 = 10 Myr and t0 = 3 Myr.

Hydrogen loss (EOH) PO2
(bar)

LX/Lbol = 10−3.4 LX/Lbol = 10−3.7 LX/Lbol = 10−5.0

SMA (au) THZ(0.9 S ⊕) THZ(1.5 S ⊕) THZ(0.9 S ⊕) THZ(1.5 S ⊕) THZ(0.9 S ⊕) THZ(1.5 S ⊕) THZ(0.9 S ⊕) THZ(1.5 S ⊕)

T1-b 0.01111 12.76–13.18 8.96–9.28 3.61–3.73 418–422

T1-c 0.01522 9.19–9.53 6.39–6.63 2.60–2.69 345–348

T1-d 0.022 6.56–6.78 3.70–3.93 4.85–5.01 2.69–2.85 2.67–2.73 1.34–1.40 489–493 222–227

T1-d 0.058 0.32–0.41 0.15–0.24 0.24–0.30 0.11–0.17 0.14–0.17 0.06–0.09 28–32 11–15

T1-d 0.146 < 0.01 < 0.002 < 0.01 < 0.001 < 0.0007 < 0.0007 < 1.4 < 0.14

0.058 au up to 30 bar of O2 can build up in the atmosphere by the

time it reaches the HZ.

The orbit of TRAPPIST-1d is not well constrained, but there

is a high probability that it is in the HZ. This calculation shows

that there is a non-negligible probability that this planet was able

to retain a high fraction of an eventual water reservoir of one Earth

Ocean, which makes it a very interesting astrobiology target.

Additional measurements of TRAPPIST-1’s X-ray luminos-

ity are needed in order to establish whether the values of Wheat-

ley et al. (2016) correspond to a flare or not (a discussion about

the quantitative effect of flares can be found in Section 6.3). Be-

sides, what might give us a deeper insight of the escape mecha-

nisms for TRAPPIST-1’s planets will be the characterization of the

atmospheres of the three planets. Indeed, Belu et al. (2013) showed

that the atmosphere of the planets of TRAPPIST-1 could be charac-

terizable with facilities like JWST. The observation of these planets

could therefore bring us informations on water delivery during the

formation processes and their capacity to retain water.
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Figure 8. Hydrogen loss as a function of time for the planets of TRAPPIST-1. Panel a) corresponds to LX/Lbol = 10−3.4, panel b) corresponds to LX/Lbol =

10−3.7 and the panel c) to LX/Lbol = 10−5.0. The results were obtained with Equation 3 for the radiuses and semi-major axes of the planets given by Gillon et

al. (2016). The dashed vertical lines represents the time the planets reach the HZ for both assumptions.

6 DISCUSSION

6.1 Why this result likely overestimate the loss

In this section, we show that the thought process we performed in

the previous section, both following the standard way of computing

mass loss (as in Barnes & Heller 2013) and using simple radiation-

hydrodynamics calculations (as in Owen & Alvarez 2016) may ac-

tually be overestimating the mass loss.

• The time of the disk dispersal we consider here might be too

short for such low mass objects. The evolution of disks around

UCDs is not well constrained, however it is reasonable to assume

they dissipate between 3 Myr and 10 Myr (disks around low mass

stars tend to have longer lifetimes, e.g. Pascucci et al. 2009; Liu et

al. 2015; Downes et al. 2015). Disks around UCDs could very well

dissipate at an age of 10 Myr. As young UCDs are brighter than old

UCDs, a later dissipation of the disk would mean that a planet is

exposed less time and to a weaker XUV radiation, meaning that the

planet would lose less water than what was calculated in this work.

For example, a 1 M⊕ planet orbiting a 0.04 M⊙ BD at 0.013 au

would only lose 0.41 EOH by the time it reaches the HZ if the disk

dissipates at 10 Myr (instead of 0.48 EOH if the disk dissipates at

3 Myr, see Figure 5, for LX/Lbol < 10−5). And a planet orbiting

a 0.06 M⊙ BD at 0.013 au would lose only 1.06 EOH if the disk

dissipates at 10 Myr (instead of 1.15 EOH if the disk dissipates

at 3 Myr). Under this assumption of a longer lived protoplanetary

disk, planets can therefore keep slightly more water.

• Water vapor photolysis is required to feed the loss in hydro-

gen atoms and is produced by FUV radiation (100–200 nm). UCD

are too cool to produce a significant photospheric FUV flux and

H2O-photolysing radiation is likely to be restricted to the Lyman-

alpha emission. Recent observations of 11 M-dwarfs by France et

al. (2016) showed that the estimated energy flux in the Lyman-alpha

band is equal to the flux in the XUV range. Using this constraint,

we can estimate the quantity of hydrogen produced by photodisso-

ciation. Figure 9 shows the quantity of hydrogen lost according to

our calculations of Section 4 and the quantity of hydrogen avail-

able.

If all the incoming FUV photons do photolyse H2O molecules

with a 100% efficiency (ǫα = 1) and all the resulting hydrogen

atoms remain available for the escape process then photolysis does

not appear to be limiting the loss process. The production rate of

hydrogen atoms exceeds the computed thermal loss assuming an

hydrogen and oxygen mixture. In reality, however, only a frac-

tion of the incoming FUV actually results in the loss of an hy-

drogen atom. Part of the incoming photons are absorbed by other

compounds (in particular hydrogen in the Lyman alpha line) or

backscattered to space. Then, products of H2O photolysis (mainly

OH and H) recombine through various chemical pathways. If the

efficiency ǫα is less than about 23% then the loss rate becomes



12 E. Bolmont, F. Selsis, J. E. Owen, I. Ribas, S. N. Raymond, J. Leconte and M. Gillon

H
y
d
ro

g
e
n
 (

E
O

H
)

Age (Myr)

H
y
d
ro

g
e
n
 (

E
O

H
)

LX = 1025.4 erg/s

LX/Lbol = 10-5

Hydrogen lost

Hydrogen available 

from photolysis

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

ε!=1.00

ε!=0.10

ε!=0.20

ε!=0.40
ε!=1.00

0 40 60 80 100 120 14020

ε!=0.25

ε!=0.30

ε!=0.10

ε!=0.20

ε!=0.25

ε!=0.30

ε!=0.40
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1025.4 erg/s and the bottom panel to LX/Lbol = 10−5. The hydrogen quantity

created by photolysis was calculated assuming a different efficiency of the

photolysis process ǫα.

photolysis-limited. Although efficiency calculations would require

detailed FUV radiative transfer and photochemical schemes, we

can safely argue that efficiencies much lower than 23% can be ex-

pected.

It is important to stress that the loss is likely to be photolysis-

limited, which would allow us to calculate upper limits of the loss

without the need of complex thermal and non-thermal escape mod-

els. At this point the FUV flux, which is the key input for H2O pho-

tolysis, is only estimated based on the XUV/FUV ratio measured

on earlier-type stars. Measuring the FUV of UCDs could allow us

to put strong constraints on the water erosion on their planets.

• The XUV flux considered here might be much higher than

what is really emitted by UCDs. Indeed, all Chandra observations

of X-ray emissions of low mass objects (e.g. Berger et al. 2010;

Williams, Cook, & Berger 2014) are actually non-detection for the

UCD range. New estimations from Osten et al. (2015) show that

found upper limits for the X-ray luminosity for the object Luh-

man 16AB (WISE J104915.57–531906.1, L7.5 and T0.5 spectral

types) are lower than what we used in this study: LX < 1023 erg/s

or LX/Lbol < 10−5.7. Besides, Mohanty et al. (2002) show that in

BDs’ cool atmospheres the degree of ionization is very low so it is

very possible that the mechanisms needed to emit X-rays are not

efficient enough to produce the fluxes considered in this work. In

which case, the computed mass loss would be lower than what we

calculated here.

• We find that the planets might lose several EOH . Therefore,

depending on the initial water content, some of them are in danger

to be desiccated. The close-in planets we consider may not have

formed in situ but migrated from the outer regions of the disk and

could have accumulated a large amount of water. Both on the obser-

vational and theoretical side, it has been shown that planets could

even have a large portion of their bulk made out of water (Ocean

planets, hypothesized by Kuchner 2003; Léger et al. 2004; Ogihara

& Ida 2009). For example, Kaltenegger, Sasselov, & Rugheimer

(2013) have identified Kepler-62e and 62f to be possible ocean

planets. Furthermore, as discussed in Marty (2012), a large part

of water can be trapped in the mantle to be released by geological

events during the evolution of the planet, allowing a replenishment

of the surface water content.

• Johnson, Volkov, & Erwin (2013) showed using molecular-

kinetic simulations that the mass loss saturates for high incoming

energy, which could mean that in our case the mass loss would be

smaller than what we calculated. However, their results should be

applied to our specific problem in order to be sure.

6.2 Why this result is different from previous ones

Unlike Barnes & Heller (2013), we find that planets in the HZs of

UCDs should in most cases be able to retain a non negligible por-

tion of their initial reservoir of water. The main differences between

Barnes & Heller (2013) and our work are the following. First, they

used for the XUV radiation an observed upper limit for early-type

M-dwarfs (Pizzolato et al. 2003, which was the only available study

at the time) for which the XUV luminosity scales as 10−3 times

the bolometric luminosity. We used here more recent estimates of

X-ray emission of later-type dwarfs, which show that UCDs emit

much less X-rays than earlier-type M-dwarfs (Berger et al. 2010;

Williams, Cook, & Berger 2014; Osten et al. 2015). Second, in

addition to the standard method used in Barnes & Heller (2013)

and Luger & Barnes (2015), we also improved the robustness of

our results obtained with an improved energy-limited escape for-

malism using a better estimate of the fraction of the incoming en-

ergy that is transferred into gravitational energy through the mass

loss (ǫ) obtained with 1D radiation-hydrodynamic mass-loss sim-

ulations (Owen & Alvarez 2016). Third, Barnes & Heller (2013)

used a larger XUV cross-section for the planets. However, using

our hydrodynamical model, we found that for such small planets

the XUV cross-section is very similar to the radius of the planet

and only causes a difference of a few percents in the quantity of

water lost. Fourth, they considered a loss of only hydrogen atoms,

while in this work we estimated the ratio of the escape fluxes of

both hydrogen and oxygen atoms (rF). We found that in most of the

configurations considered here, oxygen atoms are dragged away by

the escaping hydrogen atoms, which is more favorable for water

retention.

6.3 The effect of flares

We only consider here quiescent energetic emissions. However

BDs could emit energetic flares for a significant fraction of their

lifetime in the Hα emission line and in the U-band (Schmidt et al.

2014; Schmidt 2014). This would also endanger the survival of a

water reservoir. Gizis et al. (2013) showed that these flares can be

as frequent as 1-2 times a month (e.g., the L1 dwarf W1906+40).

W1906+40 experienced a white flare during ∼ 2 hours, which re-

leased an energy of 1031 erg (in a band 400–900 nm). Let us con-

sider here that the flare released in the XUV range 20% of the en-

ergy it released in the 400–900 nm band (this proportion has been

measured for Sun flares in Kretzschmar 2011). This flare would

then correspond to an energy ∼ 11 times what we considered for

the quiescent emission in the case of the constant XUV emission

(LX = 1025.4 erg/s). Using the Equation 3, we find that if such a
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flare happened during 2 hours every months (as could be the case

for W1906+40), would reduce slightly the lifetime of the water

reservoir. For example, a 1 M⊕ planet at 0.01 au orbiting a UCD of

MBD = 0.04 M⊙ would lose 0.191 EOH instead of 0.189 EOH be-

fore reaching the HZ at ∼ 60 Myr (assuming LX = 1025.4 erg/s, blue

squares on Figure 5a). A 1 M⊕ planet at 0.01 au orbiting a UCD of

MBD = 0.08 M⊙ would lose 0.899 EOH instead of 0.890 EOH be-

fore reaching the HZ at ∼ 300 Myr Taking into account the flares

therefore does not significantly change the results.

6.4 Water retention does not equal habitability

Water retention is not synonymous with habitability. Given that

BD’s HZs are very close-in, HZ planets feel strong tidal forces.

This may affect their ability to host surface liquid water. For ex-

ample, a lone planet would likely be in synchronous rotation. One

can imagine that all liquid water might condense onto the night side

(cold trap). However, this can be avoided if the atmosphere is dense

enough to efficient redistribute heat (e.g., Leconte et al. 2013). In

multiple-planet systems, a HZ planet’s eccentricity can be excited

and lead to significant tidal heating (Barnes et al. 2009, 2010; Bol-

mont et al. 2013; Bolmont, Raymond & Selsis 2014). In some cases

tidal heating could trigger a runaway greenhouse state (Barnes &

Heller 2013). In other situations, such as in the outer parts of the HZ

or even exterior to the HZ, tidal heating may be beneficial by pro-

viding an additional source of heating and perhaps even by helping

to drive plate tectonics (Barnes et al. 2009).

7 CONCLUSIONS

Considering a very unfavorable scenario for water retention – com-

plete dissociation of water molecules – and assuming different val-

ues for the X-ray luminosity of the UCDs, we find regions of pa-

rameter space (mass of UCD vs orbital distance of the planets) for

which planets lose less than a few EOH (here equal to the hydrogen

reservoir in one Earth Ocean) before reaching the HZ and can also

spend a long time in the HZ. When reaching the HZ, the remaining

hydrogen can recombine with the remaining oxygen to form water

molecules that can then condense. The longer the planet spends in

the HZ, the more time life has to eventually appear, evolve and be

observable. Bolmont, Raymond & Leconte (2011) showed that the

more massive the BD, the longer a close-in planet spends in the HZ.

The low-mass BDs will always suffer from the fact that they cool

down very fast and that at best, planets spend a few 100 Myr in the

HZ. Even though this could be enough time for life to appear, its

potential detectability would be a rare event.

This work therefore shows that there is a potential sweet spot

for life around UCDs: planets between 0.01 au and 0.04 au orbit-

ing BDs of masses between ∼ 0.04 M⊙ and 0.08 M⊙ (assuming

LX/Lbol = 10−5 or LX = 1025.4 erg/s) lose less than 1 EOH while in

runaway AND then spend a long time in the HZ (> 1 Gyr, ac-

cording to Bolmont, Raymond & Leconte 2011). Considering a

higher X-ray luminosity (LX/Lbol = 10−4.5 or LX = 1026 erg/s), this

sweet spot shifts towards higher orbital distances and higher UCD

masses: planets between ∼ 0.02 au and 0.04 au orbiting UCDs of

mass between ∼ 0.06 M⊙ and 0.08 M⊙ lose less than 1 EOH while

in runaway AND then spend a long time in the HZ. Of course, if

one of the mechanisms considered here does not take place, or if

the real XUV flux of BDs is lower than the upper value we consid-

ered, as we discussed in the previous Section 6.1, the sweet spot for

life could widen towards the smaller orbital distances.

We also investigated hydrogen losses in the Trappist-1 system

(Gillon et al. 2016). Assuming a X-ray quiescent emission compa-

rable to a similar star as TRAPPIST-1 (VB 10), we find that the

two inner planets of the system TRAPPIST-1 (Gillon et al. 2016)

might have lost up to 4 EOH but that the third planet have lost

less than 3 EOH . Assuming a X-ray quiescent emission as high as

Wheatley et al. (2016), we find that if planet d has an orbital dis-

tance of 0.058 au (the most probably one from Gillon et al. 2016) it

would have only lost at worst ∼ 0.40 EOH . If the X-ray luminosity

of TRAPPIST-1 measured by Wheatley et al. (2016) is confirmed,

the observation of the presence of water on the two inner planets

would actually bring us informations about the planets initial water

content.

Despite the lack of knowledge about escape mechanisms, in

particular about the way hydrogen and oxygen jointly escape (or

not), we find that there are possibilities that planets around UCDs

might arrive in the HZ with an important water reservoir even with-

out invoking an initial water reservoir larger than Earth’s one. As

shown in Section 6.1, there might be even more possibilities if the

loss of hydrogen is photolysis-limited, which would happen if the

efficiency of this process is below 20%. Furthermore, planets in the

HZs of BDs may be easy to detect in transit due to their large tran-

sit depths and short orbital periods (at least for sufficiently bright

sources; Belu et al. 2013; Triaud et al. 2013). Given their large

abundance in the Solar neighborhood (∼1300 have been detected

to date; see http://DwarfArchives.org), such planets may be

among the best nearby targets for atmospheric characterization with

the JWST. In particular, the planets of TRAPPIST are an ideal lab-

oratory to test the mechanisms of mass loss.
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503

Gillon M., et al., 2016, Natur, 533, 221

Gizis J. E., Burgasser A. J., Berger E., Williams P. K. G., Vrba

F. J., Cruz K. L., Metchev S., 2013, ApJ, 779, 172

Gladstone G. R., et al., 2002, Natur, 415, 1000

Hamano K., Abe Y., Genda H., 2013, Natur, 497, 607

Han C., et al., 2013, ApJ, 778, 38

Hayes J. C., Norman M. L., Fiedler R. A., Bordner J. O., Li P. S.,

Clark S. E., ud-Doula A., Mac Low M.-M., 2006, ApJS, 165,

188

Heller R., Barnes R., 2015, IJAsB, 14, 335

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

Ikoma M., Genda H., 2006, ApJ, 648, 696

Johnson R. E., Volkov A. N., Erwin J. T., 2013, ApJ, 768, L4

Kaltenegger L., Sasselov D., Rugheimer S., 2013, ApJ, 775, L47

Kasting J. F., 1988, Icar, 74, 472

Kasting J. F., Whitmire D. P., Reynolds R. T., 1993, Icar, 101, 108

Khodachenko M. L., et al., 2007, AsBio, 7, 167

Kopparapu R. K., et al., 2013, ApJ, 765, 131

Kretzschmar M., 2011, A&A, 530, A84

Kuchner M. J., 2003, ApJ, 596, L105

Lammer H., Selsis F., Ribas I., Guinan E. F., Bauer S. J., Weiss

W. W., 2003, ApJ, 598, L121

Lammer H., et al., 2007, AsBio, 7, 185

Leconte J., Forget F., Charnay B., Wordsworth R., Selsis F., Mil-

lour E., Spiga A., 2013, A&A, 554, A69
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