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In this study, the interaction of stellar wind plasma with the exosphere and possibly with the planetary
magnetospheric environment of close-in rocky exoplanets is investigated. In particular, we focus on the
“super-Earth” CoRoT-7b, which has been recently discovered by the CoRoT space observatory. The phys-
ical properties of such a planet, with an orbital distance of about 0.017 AU from its host star, may most
likely resemble a big and more massive Mercury-type planet in the sense that it most likely releases its
surface elements into space. Based on the present knowledge of CoRoT-7b and drawing on the analogy to
Solar System planets, we use numerical models to simulate exospheric and magnetospheric distributions
of different particle populations, among which are neutral sodium and ionised calcium and magnesium.
We find that, for most species, the atmospheric loss rate in such an extreme environment can be very
high, so that a neutral and an ionised tail of escaping particles will form. Depending on the planetary
composition we postulate the presence of a sodium tail, similar to that of Mercury but shorter due to
the shorter Na lifetime, and of an extended magnetospheric distribution of ionised calcium or magne-
sium. The feasibility of observation of such populations is also discussed.
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1. Introduction

After the discovery of more than 400 giant exoplanets, the
detection of increasingly smaller (“super-Earth”) planets brought
new interesting objects to investigate. The term “super-Earth” is
a convention to designate planets with sizes from 1 Rgayth t0 2 Rearen
and with masses up to 10 Mgah.

In recent years, the detection and characterisation of giant exo-
planets has made significant progress in the case where they are
transiting their star allowing for the measurement of their radius.
Different species in their atmosphere (H,0, CH,4, CO,, CO, Na) have
been recently detected via spectroscopy during transits (e.g. Tinetti
et al., 2007, and references therein). Here we investigate the possi-
ble gaseous environment of hot “super-Earth” planets (i.e., those

* Corresponding author.
E-mail address: alessandro.mura@ifsi-roma.inaf.it (A. Mura).
! Instituto de Astrofisica de Canarias, La Laguna (Tenerife), Spain.

0019-1035/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2010.08.015

very close to their parent star: d < 0.045 AU) and the consequence
for transit spectroscopy. The idea of cometary tails of close-in
extrasolar planets was first proposed by Schneider et al. (1998). In-
spired by the case of the first discovered transiting super-Earth
CoRoT-7b (Léger et al., 2009), we investigate the characteristics
of exospheric tails of a super-Earth planet very close (~0.02 AU)
to a solar-like star, with a very short orbital period (less than one
day), assuming that it has a rocky surface and its host star is rela-
tively young (2 Gyr). We use the physical and stellar parameters of
CoRoT-7b as a proxy and note that the modelled scenarios and the
obtained results should also be valid for similar type exoplanets.
CoRoT-7b has several remarkable features (see Section 2 and
Table 1). Despite the very high temperature of the surface illumi-
nated by its star of about 2500 K at the sub-stellar point, the atmo-
spheric escape of low mass exospheric species (light volatiles like
H, He, O, CH,) through the Jeans mechanism is presently very lim-
ited since the escape speed at the exobase is 18.7 km s™!, based on
the mass and radius estimates given below. Even for hydrogen, the
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Table 1
CoRoT-7b quantities and simulation parameters.
Parameter Symbol  Value References
Planetary mass M, 48+0.8 Queloz et al. (2009)
MEarth
Planetary radius R, 1.68 +0.09 Léger et al. (2009)
REarth
Orbital distance a 0.017 Queloz et al. (2009)
Na photo-ionisation TNa 20s Huebner et al. (1992)
lifetime (scaled)
56s Fulle et al. (2007)
(scaled)
Ca photo-ionisation Tca 4s Killen et al. (2005)
lifetime (scaled)
Ca" photo-ionisation Tca+ 10%s Estimate
lifetime
Mg photo-ionisation Tvg 500 s Huebner et al. (1992)
lifetime (scaled)
Mg* photo-ionisation TMg+ 5x10%s Estimate
lifetime

fraction of escaping particles is about 0.4% at 2500 K. However, if
permanently evaporated or released surface elements build up a
thin atmosphere (Schaefer and Fegley, 2009) and if the thermo-
sphere is heated to even higher temperatures, then thermal escape
could even result in hydrodynamic outflow and hence higher
atmospheric loss rates. In any case, neutral particles that are re-
leased into space will soon be ionised and dragged away from
the planet by the dense stellar wind plasma flow. Thus, a relevant
process for exospheric escape is photo-ionisation, since the created
ions become part of the magnetosphere (if there is any) and are
picked up by the stellar wind.

Recent studies by Lammer et al. (2009) and Leitzinger et al.
(2009) concluded that, depending on the initial density and mass,
some escape scenarios allow that CoRoT-7b is the remnant of a low
density “sub-Uranus”-type planet, but was most likely always a
low mass rocky planet and not a core of a more massive larger
object.

At present, the remaining rocks release volatiles and thermal
decomposition products from their minerals into space at the
day-side surface (Schaefer and Fegley, 2009). We expect that the
stellar radiation pressure and the plasma environment will cause
the build up of an elongated comet-like exosphere (coma), consist-
ing of species which are released and evaporated from the surface
minerals, with an unusually large tailward extension. In this study
we simulate this elongated exosphere and apply the results to a
potential spectroscopic investigation of this transiting coma, by
absorption features during its transit in front of the star.

For a Solar System planet like Mercury, whose environment
comes closest to planets like CoRoT-7b, the sodium exosphere
and tail and the calcium exosphere were already observed from
the ground (Potter et al., 2002; Bida et al., 2000; Schleicher et al.,
2004) and during the Mercury flybys of the MESSENGER spacecraft
(McClintock et al., 2009). Compared to Mercury, where the exo-
sphere is bounded to the surface with a maximum temperature
of about 700K (see reviews by Killen and Ip (1999) and Killen
et al. (2007)), the exobase of hotter and more extreme super-Earth
planets is most likely located above a thin layer of a thermally
evaporated atmosphere, and, for super-Earth planets at ~0.02 AU
from a G-type star, the temperature is expected to be above
2500 K at the sub-stellar point.

At Mercury, the sodium neutral atom tail is formed by the
strong radiation pressure, which pushes away some of the upper-
most exospheric atoms in the anti-sunward direction (Ip, 1986;
Potter et al., 2002), which is a well-known and studied process
on Mercury (e.g., Smyth and Marconi, 1995). At super-Earth plan-
ets like CoRoT-7b so close to their star, the radiation pressure for
Na is extremely high. By rescaling this force from Mercury orbit

to 0.02 AU, the radiation pressure is at least one order of magni-
tude higher than the gravity acceleration. Since this force is tan-
gential to the atmosphere layer at the termination regions, it
happens that most of the Na atoms in the terminator region of
the exosphere are rapidly accelerated toward the night side of
the planet, forming a neutral Na atom tail, where the particles es-
cape from the planet. Even if the UV radiation causes rapid ionisa-
tion of Na particles, because of the radiation pressure acceleration,
and because of the higher Na flux provided by the higher density
and temperature, the tail of neutral Na atoms in the anti-stellar
direction is predicted to be much more intense at a hot super-Earth
planet than at Mercury, where the Na densities in the tail region
are observed to be orders of magnitude lower than in Mercury’s
day-side exosphere (Potter et al., 2002).

In addition, due to the extremely intense stellar wind particle
flux, protons are likely to impact the uppermost exosphere layer.
Such protons can produce energisation of neutral exospheric parti-
cles, known as atmospheric sputtering (e.g., Johnson, 1990; Lam-
mer and Bauer, 1993) and hence increase the intensity of the
neutral tail.

Neutral calcium in the exosphere is very rapidly ionised by stel-
lar UV. Such Ca ions are picked up by the stellar wind, dragged in
the anti-star direction, and also form a tail, in this case an ion tail.
Depending on the presence of a significant dipole magnetic field of
the planet, such an ion tail is either confined inside a magneto-
sphere (if the body has a magnetic field able to form one) or is
embedded in the stellar wind itself.

While the direction of the sodium atom tail is dictated by the
radiation pressure and hence is in the anti-stellar direction, the
ionised calcium tail is in the direction of the stellar wind. Because
of the high orbital velocity of a planet located in a ~0.02 AU orbit,
the stellar wind has an aberration of about 45° when viewed from
the planet. Hence, such an ion tail may be easier to detect, which is
discussed below.

It is expected that close-in extrasolar planets are synchronously
rotating with their host star because of the strong tidal interaction.
For gravitationally locked planets the rotation period is equal to
the orbital period, which is usually much longer than the rotation
period expected for planets not subject to tidal locking. However,
the orbital period of super-Earth planets like CoRoT-7b (22 h, in
that case) may be comparable or even shorter than the rotation
period of the Earth. Several studies, like Khodachenko et al.
(2007) and GrieBmeier et al. (2009), expect from dynamo scaling
models that the slower rotation of these planets results in rela-
tively small magnetic moments. On the other hand, such scaling
is debated, since other authors (e.g. Christensen and Aubert,
2006) claim that magnetic field generation and strength are inde-
pendent of planetary rotation rate. Incidentally, because the plan-
etary revolution period of the planet is very close to that of the
Earth, both approaches lead to the same magnetic moment in the
case of CoRoT-7b. In any case, since the Ca" tail is confined inside
the magnetosphere of the planet, if there is any, the distribution
of Ca* reflects the magnetospheric configuration. Hence the obser-
vation of Ca® would provide some information on the magneto-
sphere of such planet. Since, in general, features like plate
tectonics and magnetic dynamo activity are highly debated for
super-Earths (e.g. O’'Neill et al., 2007; Valencia et al., 2007), detec-
tion of such a magnetic field would be extremely helpful in study-
ing the interior of super-Earth planets and magnetic dynamo
generation in general.

2. Models of CoRoT-7b-like exospheres

CoRoT-7b is the first super-Earth planet with a measured radius,
1.68 Reaen (Léger et al., 2009); its mass is 4.8 + 0.8 Mgan (Queloz
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et al., 2009; see Table 1 for a list of related physical quantities). As
discussed before, the observational parameters indicate that CoR-
oT-7b is definitely the first rocky exoplanet. It is extremely close
to its parent G8 V star (Rstar=0.93 Rsun, Tstar = 5275 K), at only
0.017 AU, i.e., the orbit radius is only 4.1 times the stellar radius.
The stellar age is estimated to be between 1.3 and 2.3 Gyr (Léger
et al., 2009). As we show later, the planet rotation is synchronised
with the orbital period of only 0.85 days (producing a planetary
transit every day). The temperature at the sub-stellar point can
be estimated, using the Stefan-Boltzmann law, to be about 2500 K.

The measured radius Rp; is 1.68 Rgare, Which is the smallest ra-
dius ever measured for an exoplanet. In principle there can be a
significant contribution to this measured (total) radius by a thick
extended hydrogen atmosphere (Adams et al., 2008; Grasset
et al., 2009), amounting up to 60% of the total radius. For such cases
the core radius is expected to be between 0.7 and 2 Rg..n. However,
some values of (M, R) are excluded by the Grasset et al. (2009)
model. In particular the lower limit of 0.8 Rga.w falls well below
the theoretical lower limit of 5 Mg,p, for a planet without water gi-
ven by Grasset et al. (2009) for a 10 Mgarn planet. From this value
we can already infer that for a mean value mass of about 5 Mg,
there should be no thick extended hydrogen atmosphere. This
assumption is also supported by recent atmospheric mass loss
model results that indicate the CoRoT-7b should have lost its initial
hydrogen envelope (Lammer et al., 2009; Leitzinger et al., 2009).

According to these studies, a hot super-Earth planet with the
range of parameters of CoRoT-7b is most likely not a remaining
core of a hot Jupiter that lost its hydrogen atmosphere. Both works
study the thermal evaporation of hydrogen-rich exoplanets by
applying a mass loss formula which includes Roche Lobe effects,
heating efficiencies, etc. and are in agreement with hydrodynamic
model results during evolutionary epochs (Penz et al., 2008). Leitz-
inger et al. (2009) placed virtual exoplanets with the size and mass
of discovered gas giants and Neptune-class planets at ~0.02 AU
from the star (approximately the location of CoRoT-7b) and mod-
elled the mass loss, which indicates that hydrogen-rich gas giants
within the mass domain of Saturn or Jupiter cannot lose enough
mass so that a 5 Mg, planet like CoRoT-7b remains as a residue.
Furthermore, their results indicate that the mass of CoRoT-7b can-
not be obtained by the thermal evaporation of the hydrogen enve-
lope of a Neptune or Uranus-class object during 5 Gyr. They
conclude that, depending on the initial density and mass, some es-
cape scenarios show that CoRoT-7b could probably be the remnant
of a low density “sub-Uranus”-type planet, but was most likely
always a low mass rocky planet and not a core of a more massive
larger object. Because one can expect that CoRoT-7b lost also its
out-gassed volatiles from the primordial atmosphere the planet
appears to be more like a “super-Mercury” under much extremer
environmental conditions. Light exospheric species like hydrogen
within CoRoT-7b’s environment will have their origin most likely
in the dense stellar wind.

In absence of precise knowledge of the surface and thermally
out-gassed secondary atmospheric composition of this type of
planets, we have arbitrarily assumed two cases for a surface com-
position of the planet. The first case resembles that of Mercury,
which contain a Na and Ca surface fraction of 1.34% and 1.67%,
respectively (e.g. Wurz et al., 2010). On the Moon, the average
Na and Ca fractions are 0.31% and 4.6% (Wurz et al., 2007). In a sec-
ond case it is expected that CoRoT-7b is a Mercury-type rocky pla-
net but with a composition (density) which is closer to that of the
Earth (Schaefer and Fegley, 2009). Schaefer and Fegley (2009) ap-
plied the MAGMA code of Fegley and Cameron (1987) to model
the composition of silicate atmospheres which are produced by
the vaporisation of volatile-free Earth-like super-Earth’s. Their
model calculations indicate volatile elements such as H, C, N, S,
and Cl have been lost from the planet, but find that the silicate

atmospheres which are composed primarily of Na, 05, O, Mg and
SiO gas could sustain (Schaefer and Fegley, 2009). The major com-
pounds in our second case are most likely O, Mg and SiO. More
realistic values for these quantities may be obtained once more
observations are performed.

2.1. A neutral atmosphere around planets like CoORoT-7b?

The exobase density ney, for the various components can be
estimated from the standard physical approach, assuming that
the mean free path [ is equal to the scale height H;

Nexo = (MG)/(kKTexo0¢), 1)

where m is the particle mass, g the gravitational acceleration at the
exobase level, k the Boltzmann constant, Texo the exobase tempera-
ture, and o, the collision cross section. By using accurate values for
the above mentioned quantities, the density is found to be about
6 x 10" m~3 for Ca, 6 x 10'? for Mg, and 1.5 x 10"' m~3 for Na
atoms.

We calculate the vertical density profiles for various possible
volatile species such as H, H,, He, CH,4, CO, and refractory species
Si, Ca, Na in the exosphere, by assuming vapour pressure equilib-
rium at the surface and transport to the exobase. The calculations
are done using a Monte-Carlo code (Wurz and Lammer, 2003)
assuming an exobase at 200 km with a temperature of 2500 K,
being the same as the surface temperature at the star-illuminated
side (Léger et al., 2009). Despite this high temperature, Jeans es-
cape is negligible because of the high escape speed at the exobase.
Also the scale heights are in the range of 10-200 km (depending on
the particle mass). The major escape channel from the exosphere is
via photo-ionisation since the formed ions become part of the mag-
netosphere or of the stellar wind. For CoRoT-7b, the ionisation frac-
tions, as derived from the model calculation (see Wurz and
Lammer, 2003), for the considered species are: H 18.9%, H,
10.8%, He 6.1%, CH4 21.6%, CO, 21.3%, and for the elements of min-
eral origin they are: Si 66.4%, Na 94.1%, Ca 99.5%. lonisation rates
are from Huebner et al. (1992), for Na and Mg from Fulle et al.
(2007), and for Ca from Killen et al. (2005), adapted to the situation
at CoRoT-7b, are used for this calculation. The radiation pressure
acceleration is not computed here; in fact, for Calcium, the exobase
density (6 x 10" m~3) multiplied by the atmosphere height
(200 km) is much bigger than the inverse of the adsorption cross
section, and we assume that the atmosphere is not optically thin.

Tian et al. (2009) investigated the response of the Earth’s pres-
ent atmosphere to extreme solar EUV conditions and found that
the exobase level, which separates the collision dominated atmo-
sphere from the collision-less of an Earth-mass planet with the
present Earth’s atmospheric composition, would rapidly hydrody-
namically expand. In Tian et al. (2009) the exobase level for a nitro-
gen atmosphere would rise for an EUV flux that is 10 times that of
the present Sun in 1 AU from 500 km up to about 5 Earth-radii.
Such an expansion is highly depended on the atmospheric compo-
sition, in particular on the availability or absence of IR-coolers and
the mass of the planet. Kulikov et al. (2006) showed that even a
“dry Venus” with the present 96% CO, atmosphere the exobase
would expand from 200 km up to about 1500 km altitude if Venus’
atmosphere would be exposed by a 100 times higher EUV flux than
at present. Because CoRoT-7b is about five times more massive
compared to Earth or Venus, due to its higher g, even if one as-
sumes that the thermosphere is heated up to 10,000 K, a rough
estimation shows that its exobase level of its evaporated surface
elements may not expand much higher than 1 planetary radius;
Tian et al. (2009) however, showed that, if the atmosphere is rich
in CO,, the exobase level could be high. It is beyond the scope of
this article to model in detail possible atmospheres, their EUV-in-
duced expansion and related exobase levels. As a first approach,
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we assume two different cases: one which has an exobase close to
its surface at an altitude of 200 km, with temperature of 2500 K,
and one extreme case where we assume that the exobase forms
at 1 planetary radius, and the temperature is 10* K.

2.2. Neutral elongated exospheres

The 3D spatial distribution of a neutral exospheric component is
obtained by using a Monte-Carlo single-particle model as in Mura
etal. (2007). We use a coordinate system where x is from the centre
of the planet towards the star, y is parallel to the orbital motion, z
completes the right-handed reference frame. For a given source pro-
cess, we define also the surface S from where we start tracking par-
ticles, which can be, for example, the planetary surface, the exobase
or the magnetopause (for stellar wind protons). Then we launch a
large number Ny, of test particles (Nyp is ~106 in this study). For each
test particle, we randomly choose a starting point Py on S, and the
starting velocity vg, according to the velocity distribution function.
Aweight wis associated to the test particle, which takes into account
the number of real particles that it represents:

As
w(0) = 3 o, )
where @y is the neutral particle flux generated at Py, and As is the
area of S. Then, the trajectory of the test particle is computed using
the classical equation of motion, including gravity force, radiation
pressure and non-inertial accelerations (i.e., Coriolis force). We
numerically evaluate the time that test particles spend inside each

grid cell, from which we can calculate the number density:

0771 _ Z;\lewiAti 3)
OE ~ dxdydzdE’

where At is the time elapsed inside the cell. The grid system has the
shape of a rectangular box and is uniform; the number of grid
points varies through simulation runs, and is of the order of
100 x 50 x 50. Photo-ionisation does not actually remove test par-
ticles, it just decreases w in the simulation:
GOY @
where 7; is the photo-ionisation lifetime.

The photo-ionisation lifetime (7) for sodium is calculated con-
sidering that 7 =6.25 x 10%s in Earth orbit (Huebner et al., 1992;
however, Fulle et al. (2007), report a longer lifetime of
1.9 x 10° s). Since 7 is inversely proportional to the photon flux,
and assuming as a first guess that the host star has a spectrum sim-
ilar to that of the Sun, Ty, is about 20 s. For Ca, similar estimations
give 1, of about 4 s. The photo-ionisation process Eq. (4) and the
radiation pressure force are not computed in the shadow of the
planet. With the planet being located very close to the star (~4
Rs), the volume of complete shadow is a cone with the base at
the planet terminator, and the vertex at (—4, 0, 0) Rp.

2.3. Source processes

The uncertainties about the physical parameters to use in the
simulations suggested us to perform different simulations related
to different possible scenarios. For Na and Ca we consider two pro-
cesses for release into the exosphere: thermal release from the
exobase and atmospheric sputtering by stellar wind protons.

To calculate the spatial distribution of Ca* we assumed two
magnetospheric configurations, namely (a) a completely non-
magnetised body and (b) a body with a dipole magnetic field that
is able to form a shielding magnetosphere. The results from both
configurations will be compared below.

In the thermal release model, test particles are randomly gener-
ated at the exobase with a Maxwellian law, using a uniform exo-
base temperature from 2500 K to 10,000 K.

Atmospheric sputtering is the release of atmospheric particles
due to multiple scattering of high-energy solar wind ions onto
atmospheric thermal neutral particles (Lammer and Bauer, 1993).
Here, a simplified atmospheric model of H, H,, CO, CO, and Na is
used. A stellar wind proton flux of 5 x 10> cm 2 s~ ! is assumed by
scaling the solar wind parameters from Mercury orbit (v = 450 km/s,
n=60cm~>) to 0.017 AU, taking also into account a stellar age of
2 Gyr, which is in between the suggested range of 1.2 and 2.3 Gyr
that can be inferred from spectral observations (Léger et al., 2009).
The proton mean velocity and temperature are extrapolated from
solar wind as well. Test particles are launched and tracked until they
collide with the surface. Na atoms, energised by this process, are able
to escape the planet’s gravity field and, thanks to the radiation
pressure, form a Na tail.

The exosphere of neutral Ca and Mg is simulated like the Na
one, assuming thermal release from the exobase. The photo-
ionisation lifetime of Ca in the exosphere of CoRoT-7b can be
estimated by rescaling the solar flux to 0.017 AU, and is found to
be about 4 s.

The ionised Ca and Mg particles are trapped inside the magneto-
sphere and magnetotail, which are modelled in two different ways as
described before. Because of the high number of unknown parame-
ters, we have adopted two simplified approaches: in the “non-
magnetised body” model, newly created ions are picked up by the
stellar wind, with same velocity and temperature, and dragged away
from the planet. In the tail, these singly ionised atoms can be further
ionised by the strong photon field. The ionisation lifetime for Ca* is
roughly estimated by considering that the second ionisation poten-
tial (11.871eV) is about twice the first ionisation potential
(6.1132 eV), and that the photon flux above that threshold is less
than 1% of that above 6 eV. Hence, the Ca* lifetime in the tail is esti-
mated as 10° s. In the “magnetised-body” case, the Ca* ions circulate
inside an assumed Mercury-like magnetosphere, which also in-
cludes a magnetotail, until the photo-ionisation process renders
them doubly ionised and they are not accessible for our observation
anymore. For Mg, with similar consideration about first and second
ionisation potentials (~7 eV, ~15 eV), we estimate the second ioni-
sation lifetime of the order of 5 x 10%s.

The global loss rate for exospheric thermal release of Na can be
estimated as Q = 47'5Rﬁ,n1/, where n is the exosphere density and v
is the mean particle velocity at the exobase. In the most extreme
case where the stellar wind impacts directly onto the surface and
it is not deviated by the magnetic field, the global loss rate is given
by ion sputtering, which is Q' = 471Rf,lnsw VswYCng, Where ng, is the
stellar wind density, s, is the stellar wind velocity, Y is the ion
sputtering yield and cp, is the surface fraction of sodium. Using
the parameters in the manuscript, and also taking v= 1000 m/s
(for T=2500K), Y=0.05, cyg=0.53% (as at Mercury), we obtain
Q~10*s7!, @ ~10*”s7!. Hence, in the case of an airless
body, the sodium tail should be a factor 100 less dense than in
this study.

2.4. Planet synchronisation

To discuss the temperature distribution on the planet, it is
important to know whether its rotation is synchronised or not with
its orbital revolution by tidal locking. From the definition of the
Love number k2 in Gladman et al. (1996) and their formula for
the time of tidal locking, we have (GrieBmeier et al., 2009):

4 (K My\? (d\°
fo ~ 320, (G,\;> -0 (3) (g) 5
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where M, is the planet mass (4.8 Mg), M" is the mass of the host star,
R, is the planet radius (1.68 - Rg), Q is a parameter (500), w; is the
initial rotation rate (assuming an initial rotation period between
13.1 h and 30 h, lower and upper limits), ey is the actual rotation
rate, « = 0.33; d is the semi-major axis of the motion of the planet
around the star, G is the gravitational constant; the choice of Q;,
w and o is described in GrieBmeier et al. (2009); all units are in
CGS. This is valid assuming uniform density in the planet; however,
note that according to some authors this scenario may not occur at
super-Earths planets (i.e., Valencia et al., 2007).

We then find t;,« between 3.9 and 9.0 years for a rocky planet.
Compared to the assumed stellar age of 1.2-2.3 Gyr (Léger et al.,
2009), we can safely conclude that for any reasonable value of w,
Q and « the planet rotation is synchronised with its orbital period.
Fig. 1 shows tidally locked versus freely rotating regime for “super-
Earth” planets of 4.8 Mg, as a function of orbital distance d and
mass M~ of the host star.

2.5. Magnetosphere

The value of the intrinsic magnetic field, if any, is presently un-
known. Hence, the configuration of the magnetosphere is not
known either. However, one can calculate the minimum value of
the intrinsic magnetic field, which would be able to sustain a mag-
netopause. At the stand-off point, r,,, the pressure balance between
the plasma pressure of the stellar wind (left-hand side) and the
magnetic field pressure (right-hand side) is:

) 4 (MY’
py 72:“0 r?o ' (6)

where p and v are the stellar wind mass density and bulk velocity,
M is the dipole momentum in units of T m?, zg is the magnetic con-
stant 41t x 1077 (Walker and Russel, 1995; GrieRmeier et al., 2005),
this can be used to evaluate the stand-off distance r,, as a function
of the magnetic dipole moment M (see Fig. 2).

It appears that, if the planet had a magnetic moment like the
Earth (M =8 x 10" Tm?), it would have an extremely small mag-
netosphere like Mercury, where the stand-off distance is about
1.5 planetary radii, and to have a magnetosphere comparable to
that of the Earth (stand-off at about 10 planetary radii), it should
have a magnetic moment like Jupiter. The latter is very unlikely,
also because the planet is tidally locked to the host star. Hence,
in this study we consider two cases: a non-magnetised with no
intrinsic magnetosphere; and a magnetised body with a magneto-
sphere with a size similar to that of Mercury, rescaled to have the
same value of r5, (~1.5) in planetary radii units. The planet orbits at
0.017 AU from its host star; the orbital period is 22 h. Hence, the
orbital velocity of the planet is about 200 km/s. This is the same
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Fig. 1. Tidally locked (left) versus freely rotating (right) regime for “super-Earth”
planets as a function of orbital distance d and mass M  of the host star. The position
of CoRoT-7b in this parameter space is indicated.
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Fig. 2. Estimated magnetospheric sizes for different values of the planetary
intrinsic magnetic moment, in (T m?), for two stellar ages (1.2 and 2.3 Gyr). The
horizontal line at 1 is the planetary surface, so the shaded area denotes cases in
which the planet is not shielded from the stellar wind. Present time cases of
Mercury, the Earth and Jupiter are plotted (crosses). For each planet, stand-off
distance unit is the respective planetary radius. Even for a magnetic moment like
that of the Earth, magnetosphere would be smaller than that of Mercury.

value as the expected stellar wind velocity at the planet’s orbit,
so when viewed from the planet the stellar wind with an aberra-
tion angle of about 45°. The magnetosphere of such planet should
be tilted of the same angle. In the case of the magnetised body, it is
likely that several magnetospheric current systems may form. The
magnetosphere model used here does not include them, since the
present knowledge of the planet does not allow reconstructing
them in detail. However, similarly to Mercury’s case, only a Harris
current sheet is included, as in Delcourt et al. (2003).

2.6. Radiation pressure acceleration

The radiation pressure acceleration a, originates from the
momentum transfer of photons via the absorption lines of the neu-
tral species. For Na and K, such effect sometimes needs to be taken
into account in planetary environments. At Mercury, as an exam-
ple, the Na acceleration can be up to 54% of the surface gravity,
ranging between 0.2 and 2 m/s? (Potter et al., 2002). The radiation
pressure for Ca is about a factor 4 less than that of Na (McClintock
et al., 2009), and because of the very short ionisation lifetime, radi-
ation pressure does not play an important role for Ca.

In general, this acceleration is proportional of the photon flux
and, hence, is expected to be extremely high at super-Earth planets
like CoRoT-7b. For Na, more specifically, the acceleration depends
also on the amount of Doppler shift out of the Fraunhofer features
(for a detailed discussion, see Smyth and Marconi, 1995; Potter
et al., 2002), so that the acceleration increases as the radial velocity
of the particle with respect to the star increases. In the case of Mer-
cury, the planet radial velocity (due to orbit eccentricity) plays an
important role. For CoRoT-7b we assume a circular orbit, and the
radial velocity of the reference frame is zero. Barnes et al. (2010)
discussed orbital eccentricity and tidal heating of CoRoT-7b and
-7c in detail consider tidal damping strong enough to circularise
the planet orbits. In this study we estimate the radiation pressure
for Na by rescaling the model already used at Mercury (Mura et al.,
2009). For neutral Hydrogen, we have assumed a similar model,
using data from Bzowski (2008). In the model, we calculate the
Doppler shift as a function of each particle’s velocity for each step
in the particle trajectory calculation, and then we calculate the
acceleration a,. Fig. 3 shows the radiation pressure acceleration
function of the radial velocity for H, Na and K; gravity and Coriolis
accelerations are shown also, for comparison. It is evident that,
in optically thin regions of the exosphere, where the stellar
photon flux is unreduced, the radiation pressure acceleration is
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Fig. 3. Blue, red and black lines: radial radiation pressure acceleration for different
neutral species, as estimated at CoRoT-7b, as a function of the particle radial
velocity respect to the star. Green line: module of the gravity acceleration at the
planetary surface. Magenta line: module of the Coriolis acceleration, as a function of
the velocity. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

considerably higher than the gravity acceleration for Na and Ca,
and comparable for H. In the sub-solar regions, the radiation pres-
sure pushes the exosphere closer to the planet; in the terminator
regions, it is able to accelerate Na and Ca atoms tailwards to form
a neutral tail, regardless of their initial velocity. The radiation pres-
sure acceleration, for ions, is not computed here because it is neg-
ligible compared to the electromagnetic forces.

3. Model results: neutral and ionised tails of CoRoT-7b

In this study we concentrate on sodium and calcium, because it
is possible to detect them by ground-based observation. Fig. 4
shows the sodium exospheric vertical profile; in Fig. 5 we show
the tail of Na, as column density in the xz-plane, integrated along
the y direction; the host star is on the right. The different plots re-
fer to various model assumptions: top panel, thermal release from
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Fig. 4. Simulated vertical density profiles for an exobase temperature of 2500 K.
Fluctuations at low particle densities are due to limited particle numbers in the
simulation. Density profile for Mg is about 10 times higher than that of Ca.
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Fig. 5. Colour-coded map of the column density of Na, integrated along the y
direction, in the reference frame of the planet. Host star is on the right. Top panel:
thermal release from exobase at 200 km, temperature 2500 K; bottom panel:
thermal release from exobase at 1 Ry, temperature 10,000 K. The column density in
the night side of the exosphere is higher due to the planetary shadowing effect. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

the exobase at 200 km of height and 2500 K; bottom panel, ther-
mal release from the exobase at 1 Ry and 10,000 K. In all cases,
the Na atoms are rapidly accelerated in the —x direction by the
radiation pressure and form a neutral tail behind the planet, in
the planet reference frame. The acceleration by radiation pressure
is huge (see Fig. 3), so that the tail is directed exactly towards the
—x direction; the non-inertial Coriolis force is almost negligible
with respect to radiation pressure, and it just causes a small asym-
metry in the y direction. If we look at the tail from the —x direction,
as in a transit observation, the tail has the same size of the planet
and its atmosphere, in contrast to what is observed at Mercury, for
example, where the tail can be twice as big as the planet (Schlei-
cher et al., 2004).

In the case of an airless body, the precipitation of protons,
approximately with an angle of 45° with respect to the x-axis,
causes chemical sputtering of Na from the regolith, while the UV
flux produces subsequent release from the surface (Mura et al.,
2009). Once in the exosphere, Na particles are accelerated and form
the sodium tail. Applying the same code already used at Mercury,
and rescaling all parameters (photo-ionisation lifetime, radiation
pressure acceleration, photon flux, stellar wind velocity and den-
sity) it is found that the overall Na density is a factor 10 higher than
that estimated by the above models.
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Fig. 6. Simulated Na and Ca* column densities in the xy plane, integrated along the
z direction. The arrows indicate the velocity of the planet/reference frame (V,), the
velocity of the stellar wind in the inertial reference frame (Vs,) and in the non-
inertial planetary reference frame (V;,). The Sodium tail is the narrow and short
feature on the left (dashed line).

The photo-ionised Ca and Mg atoms are trapped in the inter-
planetary magnetic field and are dragged away from the planet,
hence forming a Ca and Mg ion tail. In the reference frame of the
planet, the tail is tilted of about 45° due to the stellar wind aberra-
tion. Fig. 6 shows the colour-coded density of Ca* ions in the xy
plane, integrated along the z direction, in the case of the non-
magnetised body. The Ca ion tail has a typical scale length of
Vsw - Tca+ = 10 Rp, when the Ca” ions become Ca™. The Ca* density
falls off exponentially and is still noticeable at about 100 R, away
from the planet. The Sodium tail is also plotted as a reference. Note
that the two tails, the neutral Na and the ionised Ca tail, have dif-
ferent inclinations. Fig. 8 shows the colour-coded density of Mg*
ions, in a similar way to Fig. 6.

The parameters that are used in the presented simulations refer
to CoRoT-7b-like exoplanets, but some more general consider-
ations may be done. As far as it concerns the Na tail, the planetary
mass is not a critical parameter. In fact, in preliminary simulations
we tried to use different planet masses (up to 10 Mgann) without
finding a significant difference in the Na tail density. This is be-
cause the main acting force on Na atoms is the radiation pressure
(see Fig. 3). A larger planetary radius results in a larger Na tail cross
section. The exobase temperature affects the velocity distribution
of released particles; for a given exobase density, the thermal
velocity it is linearly related to the Na flux from the exobase, and
hence to the Na density in the tail. Simulations show that the glo-
bal loss rate of sodium, is Qyg=1.2 x 10?° s~ for a 200 km high
exobase at a temperature of T=1500K, and it increases to
Qna=3.3 x 10?° s7! at T=10,000 K. The dependence is Qug ~ /T.

4. Feasibility of the observation of CoRoT-7b transiting
exospheres

Here we discuss the feasibility of the observation of the planet
and its coma during the transit of CoRoT-7b. Ca atoms were
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Fig. 7. Simulation of an occultation experiment: fraction of occluded area, due to
Ca* absorption, function of the planet position with respect to the host star (x =0 is
the centre of the star). Time of observation is running from left to right.

detected in the Ca I line in the exosphere and coma of Mercury
(Bida et al., 2000; Killen et al., 2005) and Mercury’s Na coma was
detected on many occasions (see review Killen et al., 2007).

The orbital velocity of the planet is about 200 km/s, and the
transit of the planet lasts 1.3 h (Léger et al., 2009). During the tran-
sit, the Na tail will be along the direction of the observer, while the
Ca" one will be at a 45° angle respect to the star-observer direction.
Such Ca* population will be able to absorb the star spectrum in the
Ca* absorption lines. The absorptivity A can be calculated as:

A=1— el (7)

where d is the column density of Ca” and ¢ is the cross section
(1.2 x 107" cm?, Call K and H lines, at 3933 and 3968 A). The result
is shown in Fig. 6 (bottom colour scale). Note that the scale length in
the y direction is just ZpjanetTca» and the velocity of the stellar wind
does not affect the shape of the tail in the xz-plane, and hence our
estimation of the absorptivity.

The most promising ion likely to be detectable in the coma by
spectroscopy of transits is Ca* because of the short ionisation time
of Ca atoms. Mg" is also a good candidate because of its likely higher
abundance in the surface, thus also in the exosphere, and reason-
ably short ionisation time and low radiation pressure (McClintock
et al.,, 2009). From our model calculations we expect that the exo-
sphere leads to a very elongated Ca* coma (up to 100 R, =2 Rstar
with a width up to 5-7 R,). According to our model, if the planet
is magnetised (with s, ~ 1.5 Rp) the coma is narrower. As the planet
transit is progressing, the surface covered by the coma increases
with time up to its maximum value of the order of magnitude of
RIZ,. The resulting value of the transit depth at its maximum P when
the leading planet is egressing is ~(1/m) (Rp/Rstar)> =~ 1 x 1074,
When the planet has egressed the stellar disk, the Ca* coma is still
transiting the star, with an opacity decreasing with a time scale
~1 h. From the line depth variation with time we will extract the
column density along the coma.

Fig. 7 shows the absorption due to the presence of Ca®*, ex-
pressed as a fraction of the whole star photon flux in the Ca*
absorption lines. Note that the total amount of Ca* is roughly the
same in both magnetospheric configurations, since it is equal to
the global Ca* production rate multiplied by its lifetime. However,
the time profile of the absorption is different in the two cases,
depending on the spatial distribution of Ca*. This shows how it is
possible to obtain basic information about the magnetisation state
of the planet from the observation of the Ca* opacity versus time
during the transit.
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the left (dashed line).

The second promising element for observation during transit is
Na. However, since the Na tail is radial, i.e., it is aligned with the
line-of-sight during transit, its cross section is small and it is prob-
ably more difficult to detect such a tail.

To record high signal-to-noise-ratio spectra of the exosphere
also out of transit spectra from the same night will be required.
Hence, the observations should start 1 h before the transit and be
continued 1 or 2 h after the transit of the planetary disk. Since
the transit of the exosphere and the planet takes 3 h, this will re-
sult in an observing time of about 5-6 h. The total opaque area,
with the parameters used here, is of the same order of magnitude
as the planetary area. Since such a detection may be difficult to
achieve by ground-based observations, similar investigations may
be done using different ion species: for example, the density of
Mg" is expected to be at least 10 times higher than that of Ca®, be-
cause the density of Mg at the exosphere is higher (6 x 10> m3)
and because the ionisation lifetime is about 500 s. The density of
Mg" in the tail of a CoRoT-7b-like planet, in the case of an unmag-
netised body, is shown in Fig. 8. The possibility of detecting such
exospheres by space telescopes may be investigated as well.

5. Summary and conclusions

In this study we present simulations about exospheric features
of the CoRoT-7b planet that can be observed from ground. Different
exospheric models are applied; however, some considerations and
conclusions are valid for all models. A sodium neutral atom tail is
likely to form behind the planet resulting from the enormous
amount of the radiation pressure acceleration. Such a tail extends
from the planet in the anti-sunward direction, and, even if the den-
sity would be high as calculated the configuration is not optimal
for transit observation because the tail is aligned with the line-
of-sight during observations.

Any ion population filling the magnetotail, and, in general, any
ionised tail, such as calcium ions, would be aligned at an angle
equal to the stellar wind aberration (cf. cometary ion tails). Since
the orbital velocity is similar to the stellar wind velocity, it is ex-
pected that the magnetotail will form an angle of about 45° with
the star-planet direction, which leads to a longer transit duration.
The total amount of Ca* in the tail depends only on the global emis-

sion rate and the photo-ionisation lifetime of Ca*. On the other
hand, the opacity is a non-linear function of the column density,
and it also depends on the spatial distribution of the Ca*, which
is related to the magnetospheric configuration, because we expect
the Ca* to be confined inside the magnetosphere of the planet.
Hence, the observation of Ca* would give us important information
about CoRoT-7b magnetosphere and thus of a possible global mag-
netic field of CoRoT-7b. More generally, we would gain information
on the interior of super-Earth planets and magnetic dynamo gener-
ation, about the universality of magnetic dynamo process and of
magnetic moment scaling laws.

The observation of sodium atoms and calcium and magnesium
ions in the exosphere of CoRoT-7b would prove that the exo-
spheres of the rocky planets in our Solar System are not unique
but a common feature amongst the rocky planets outside the Solar
System. Moreover, this project would be the very first attempt to
learn something of the mineralogy of a rocky planet orbiting an-
other star. The detection of Na in the giant planets HD 209458b
and HD 198733b using ground-based telescopes (Redfield et al.,
2008; Snellen et al., 2008) is encouraging, and shows that the pro-
ject is feasible if the exosphere is dense enough.
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