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ABSTRACT

Transit observations of HD 209458b in the UV revealed signatures of neutral magnesium escaping the planet’s upper atmosphere.
The absorption detected in the MgI line provides unprecedented information on the physical conditions at the altitude where the
atmospheric blow-off takes place. Here we use a 3D model of atmospheric escape to estimate the transit absorption signatures in the
Mg  line of their host stars. The detectability of these signatures depends on the brightness of the star and the escape rate of neutral
magnesium. We identify a sample of potentially evaporating exoplanets that covers a wide range of stellar and planetary properties,
and whose extended exospheres might be detected through Mg1 line observations with current UV facilities, allowing further steps in

comparative exoplanetology.
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1. Introduction

Planetary atmospheres outside our solar system have been char-
acterized using observations of transiting planets. In particular,
Lyman-« observations of atomic hydrogen in the atmospheres of
HD 209458b and HD 189733b revealed that hot Jupiters evap-
orate, significant amounts of gas escaping their gaseous atmo-
sphere (e.g., Vidal-Madjar et al. 2003; Lecavelier des Etangs
et al. 2010). Heavier elements were identified at high altitudes
in the extended exosphere of HD 209458b, in the lines of OT,
C1, and Simr (Vidal-Madjar et al. 2004; Linsky et al. 2010;
Ben-Jaffel & Sona Hosseini 2010), Si1v (Schlawin et al. 2010),
and MgT (Vidal-Madjar et al. 2013). Signatures of escaping par-
ticles have also been found in the Lyman-a line of the warm
Jupiter 55 Cnc b (Ehrenreich et al. 2012) and the hot-Neptune
GJ436b (Kulow et al. 2014), and in the MgTII line of the hot
Jupiter WASP-12b (Fossati et al. 2010; Haswell et al. 2012).
A wide variety of models has been developed to explain these
observations, which are well explained by the blow-off of the
atmosphere (see Bourrier & Lecavelier des Etangs 2013 and ref-
erences therein): the strong X/extreme-UV (EUV) heating from
the star heats the whole upper atmosphere to such a degree that
it is placed in a hydrodynamic state, in some cases overflowing
the Roche lobe (Lecavelier des Etangs et al. 2004). Observations
of escaping atmospheres are for now limited to very few cases,
and yet estimates of the evaporation state of transiting exoplanets
from determinations of their energy budget (e.g., Lecavelier des
Etangs 2007; Ehrenreich & Désert 2011) show that smaller plan-
ets may also bear significant mass losses, as shown by the recent
result of Kulow et al. (2014) for the hot Neptune GJ 436b. Here
we propose to evaluate the evaporation state of known transiting

Article published by EDP Sciences

exoplanets and to calculate the dynamics of escaping neutral
magnesium atoms in order to estimate their detectability with
current facilities.

2. Atmospheric escape of neutral magnesium
from HD 209458b

Using the echelle E230M grating of the Space Telescope
Imaging Spectrograph (STIS) instrument onboard the Hubble
Space Telescope (HST), Vidal-Madjar et al. (2013) observed
the transit of the hot Jupiter HD 209458b in the lines of neutral
(2852.9641 A) and singly ionized magnesium (2796.3518 and
2803.5305 A). While no atmospheric absorption was observed
in the Mg1I line, the authors detected a blue-shifted transit ab-
sorption signature in the velocity range —62 to —19 kms~! in the
Mg line, with an absorption depth of 8.8 + 2.1%. Bourrier et al.
(2014) used a 3D particle model of the dynamics of the escap-
ing magnesium atoms, coupled with an analytical modeling of
the atmosphere below the exobase, to reproduce these observa-
tions. They found that the observations are best reproduced if
the exobase is close to the Roche lobe and neutral magnesium

particles escape from the exobase at a rate of 2.9f8j3 x107 gs7!

with a velocity of 25kms™!.

3. Modeling magnesium escape from transiting
exoplanets

To identify the best targets for observations of magnesium es-
cape, we applied a modified version of the model of Bourrier
et al. (2014) to the known transiting exoplanets. We calculated
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the theoretical absorption profile generated by neutral magne-
sium in their atmosphere to derive the significance level of its
signature in the Mg line.

Bourrier et al. (2014) reported that the electron density
needed to reproduce the detected Mg I signature was surprisingly
high. Here, acknowledging possible overestimation of the elec-
tron density (possibly due to erroneous radiative and dielectronic
recombination rates, higher temperature, or an incorrect estimate
of the Mg1I absorption), we assumed a collisionless exosphere
and used no input on this quantity. The model of Bourrier et al.
(2014) was used to constrain the dynamics (and not the ioniza-
tion) of the magnesium atoms and predict the absorption profile
at 2853 A from scaling the detection in HD 209458b. Hereafter
parameters labeled 209 refer to the planet HD 209458b.

Physical properties of exoplanets were extracted from
online databases (Wright et al. 2011; Schneider et al. 2011). In
September 2013, 142 transiting planets had all the parameters
required by the model, in particular to calculate the escape rate
of neutral magnesium with the energy budget (e.g., Ehrenreich
& Désert 2011) and to estimate the Mg1 line spectrum of each
host star.

Estimation of the planetary system properties

Neutral magnesium atoms escape the atmosphere of a planet
at the exobase radius Rex,. It was fixed as a best guess by scaling
the atmospheric structure of the planet to that of HD 209458b,
using the atmospheric scale height H, except when the resulting
altitude is higher than the Roche lobe,

H

Rexo = min (Rp + o (RS - R2®), RRoche). (1)
Atmospheric mass loss depends on the X/EUV stellar energy
flux received by the upper atmosphere. We calculated the poten-
tial energy with Eq. (12) in Erkaev et al. (2007), which takes
into account the contribution of tidal forces through a correc-
tion factor Kiq.. The escape rate of neutral magnesium was ob-
tained using the atmospheric mass fraction of this species, Awg,
so that

3 Fx/ruv(1 AU)

M
Ve 4G &2 Kiige

; (@)

=Amg7

with p the mean density of the planet, Fx,;ryv(1AU) the X/EUV
flux per unit area at 1 AU from the star, d,; the star-to-planet dis-
tance at the center of the transit, and 7 the heating efficiency.
We assumed that giant gaseous planets with p < 3 gcm™ have
the chemical composition of the Sun (Ay, = 7.08 X 1074;
Asplund et al. 2009). For the 34 denser planets in our list of
transiting planets we used the mass fraction of neutral magne-
sium found in the meteorites of the solar system (Apg = 9.55 X
1072). For 55 Cnc, HD 209458, HD 189733, and GJ 436 we used
the X/EUV stellar emission determined by Sanz-Forcada et al.
(2011). For 129 other stars we calculated the stellar EUV flux
from its correlation with the rotation velocity of the star (e.g.,
Wood et al. 1994; Ehrenreich & Désert 2011). For the 9 re-
maining stars we estimated the EUV luminosity as a function
of the stellar type using Eq. (1) in Lecavelier des Etangs (2007).
The heating efficiency 7 is one of the less constrained values of
the physics of exoplanet atmospheres (e.g., Lammer et al. 2009;
Owen & Jackson 2012). We calculated escape rates in two limit
scenarii, either with n = 30%, or with n = 100%. We fixed 30%
as a lower limit because it yields a 1o~ detection in the range —62
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Fig. 1. S/N of absorption signatures generated by neutral magnesium in
the atmospheres of known transiting exoplanets as a function of the
brightness of their host stars in the MgI line seen from Earth. For
each planet the lower (upper) S/N corresponds to a heating efficiency
1 = 30% (100%). Planets with an S/N greater than 2 for n = 30% are
plotted in red, and planets with an S/N greater than 2 for higher heating
efficiencies in orange. Other planets are plotted in blue and the specific
hot Jupiters HD 209458 b and WASP-12 b in green.

to —19kms~! for HD 209458b, while the absorption signature
was detected at 3.60.

For the MgT line stellar profiles we used the spectrum of
HD 209458b. This spectrum is scaled to a given star with the
coefficient aqux, which takes into account the stellar type and the
distance from Earth to the star,

Mgl
F.)®

3)

Tflux =Tgl

209

10704 (Ve=Va09)~12(B=V).~(B=V)a09)

This scaling law is derived from measurements taken from the
IUE archive. For 55 Cnc we used the IUE spectrum of the
G8YV star Tau Ceti. For WASP-33 we used the emission spec-
trum of B Pictoris (A6 star), retrieved from the STScI archive.
The dynamics of particles escaping an exoplanet atmosphere
is naturally dependent on radiation pressure from the host star.
For a magnesium atom the ratio of the radiation force to the stel-
lar gravity S, is proportional to the stellar Mg line flux received
by the escaping atom at its radial velocity v,
B.(v) = M M Y1 AU, v), )
with ¢“'¢" a coefficient that only depends on the properties of the
MgT line and the atom of magnesium, M, the mass of the star,

and FY'®' the stellar flux at 1 AU from the star at the wavelength
corresponding to the Doppler velocity v.

The spectral errors on the fluxes were estimated assuming
that they are dominated by photon noise (i.e., proportional to the
square root of the flux, using the gain of real STIS observations
of HD 209458), and then propagated to estimate the uncertainty

on the absorption signal.

Mgl

4. Detectability of escaping magnesium particles

Magnesium particles escaping an exoplanet atmosphere are
detected through their absorption profile in the MgI line of
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Table 1. Properties of the planets of interest and their host stars.

Planet M, logMy, logM, logMs, S/N
(Mip) (g™ (g™ (gs™)

WASP-33 b 2.05 10.20 13.35 11.04 42.7/49.9
55Cnce 0.03 8.07 9.09 7.82 12.9/17.1
HAT-P-32 b 0.95 10.14 13.29 12.25 9.9/12.9
WASP-17 b 0.51 9.13 12.28 11.50 7.4/14.2
HAT-P-41 b 0.80 9.31 1246 11.75 6.8/10.1
‘WASP-79 b 0.89 8.93 12.08 1142  6.4/12.8
HAT-P-33 b 0.77 9.17 12.32 11.89 4.9/7.1
‘WASP-62 b 0.56 8.26 11.41 11.02 4.7/8.9
HAT-P-8 b 1.29 8.39 11.54 11.54 3.0/5.6
WASP-31 b 0.48 8.71 11.86 12.05 2.4/4.0
WASP-3 b 2.01 8.45 11.60 11.87 2.2/2.4
WASP-13 b 0.48 8.06 11.21 11.48 2.2/3.9
WASP-54 b 0.63 8.24 11.39 11.67 2.2/5.1
WASP-12 b 1.36 9.10 12.25 12.74 1.7/3.4
HD 209458 b 0.69 7.08 10.23 11.03 1.2/3.8

Notes. S/N are given for = 30% and 100%. Escape rates are calcu-
lated for neutral magnesium (MMg) and the total material in the atmo-
sphere (M,) when n = 30%, while My, indicates the total escape rate
required to obtain an S/N of 3.

the host star, and we thus studied the signal-to-noise ratio
(S/N) of this absorption signature. In Fig. 1 we show the
S/N for the 142 exoplanets we studied, as a function of
agux for heating efficiencies between 30% and 100%. We
caution that the S/N were calculated as if the planet transits
were observed with HST/STIS in the same conditions as
HD 209458b, that is, for a total of about eight hours of ob-
servations with the instrument efficiency at 2853 A. Thirteen
planets stand out because of the high detectability of their
extended atmospheres: 55Cnce, HAT-P-8b, HAT-P-33 b,
HAT-P-41 b, WASP-3 b, WASP-13 b, WASP-17 b, WASP-31 b,
WASP-33b, WASP-54b, WASP-62b, WASP-79b, and
HAT-P-32 b. Their evaporation state is such that they would
still yield an S/N between 2 and 40 even with a conservative
heating efficiency of 30% (Table 1). We caution that the
evaporation of WASP-33 b and HAT-P-32 b is most likely
limited by a low heating efficiency becaue with n = 100%
these planets would evaporate in 1.6 Gy and 900 My, while

they orbit stars aged 10—400Myr (Collier Cameron et al.

2010; Moya et al. 2011) and 3.8f(1)_'g Gy (Hartman et al.

2011). There are thirteen other planets whose evaporating
atmosphere would be detectable if they had high heating
efficiencies (S/N > 2 with n = 100%): HAT-P-6 b, HAT-P-9 b,
HAT-P-24b, HAT-P-40b, HD149026b, HD 209458 b,
KELT-2A b, KELT-3b, Kepler-20b, TrES-4b, WASP-1b,
WASP-12 b, WASP-67b, WASP-78 b, and XO-4b. One of
them is HD 209458b, for which a positive detection of escaping
magnesium was obtained, and WASP-12b, for which ionized
magnesium was detected at high altitude in the exosphere
(Fossati et al. 2010; Haswell et al. 2012). A higher heating effi-
ciency may not necessarily lead to a proportionally higher S/N
because the absorption depth depends not only on the escape
rate, but also on self-shielding effects and the optical thickness
of the extended atmosphere. In Fig. 2 we display the S/N as a
function of the escape rate and the radiation-pressure-induced
acceleration of escaping particles, which control the absorption
depth and the spectral range of the absorption signature.
The combination of high escape rates with high acceleration
generates the most significant absorption signatures, which is
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Fig.2. S/N as a function of the escape rate and the radiation-pressure-
induced acceleration on escaping particles. Each planet is represented
by a disk whose size varies with the S/N (heating efficiency is 30%).
Colors are the same as in Fig. 1. Most planets with a high S/N are found
to have high escape rates and high accelerations.

favored by planets orbiting bright stars at short orbital distances.
Interestingly, the hot Jupiter HD 189733 b, usually one of the
best targets for atmospheric observations (in the Lyman-« line
and from the near-UV to the mid-IR), is a poor candidate for
observations of magnesium escape. This is mainly due to the
low flux in the Mg1 line of its K2V star.

5. Discussion and conclusion

Escaping atmospheres have been detected in a very limited num-
ber of exoplanets, mainly through transit observations of the
HT1 Lyman-« line, and more recently, of the MgI line. While
neutral hydrogen allows characterizing the exosphere far from
the planet, magnesium can be used in addition to probe lower
altitudes in the transition region between the thermosphere and
the exosphere. We used a 3D model of atmospheric escape, ini-
tially developed for neutral magnesium escaping HD 209458 b
(Vidal-Madjar et al. 2013; Bourrier et al. 2014), to simulate the
escape of this heavy species from the atmospheres of known
transiting exoplanets and to evaluate the resulting absorption
signatures in the MgI line. The detectability of such signatures
depends on the escape rate of neutral magnesium, the bright-
ness and size of the star, and on the strength of its radiation
pressure. We identified a sample of thirteen planets (55 Cnc e,
HAT-P-8 b, HAT-P-33 b, HAT-P-41 b, WASP-3 b, WASP-13 b,
WASP-17 b, WASP-31 b, WASP-33 b, WASP-54 b, WASP-62 b,
WASP-79 b, and HAT-P-32 b) with high escape rates of ten to a
thousand times higher than for HD 209458b, which are expected
to produce atmospheric signatures that can be detected with cur-
rent UV facilities such as the HST (they have an S/N of between
about 2 and 50 in the least favorable conditions). Because of the
detection of ionized magnesium in its exosphere, WASP-12 b
would also be an interesting planet to search for neutral magne-
sium. This sample covers a wide range of planetary and stellar
properties, from the very-hot Earth-like planet 55 Cnc e to the
young A-star orbiting planet WASP-33 b. Observations of this
sample would allow comparing exoplanet upper atmospheres
and provide an unprecedented vision of the blow-off mechanism
with constraints on the velocity, temperature, and density struc-
ture of the escaping gas in the thermosphere — exosphere tran-
sition region (Bourrier et al. 2014). We can also anticipate that
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observations in the UV with the HST/STIS instrument would
not only allow detecting neutral and ionized magnesium in their
atmospheres, but also very likely the detection of many other
heavy species such as Mn 1, Mn11, FeT, or FeII.
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