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ABSTRACT

Aims. We study the possible atmospheric mass loss from 57 known transiting exoplanets around F, G, K, and M-type stars over
evolutionary timescales. For stellar wind induced mass loss studies, we estimate the position of the pressure balance boundary between
Coronal Mass Ejection (CME) and stellar wind ram pressures and the planetary ionosphere pressure for non- or weakly magnetized
gas giants at close orbits.

Methods. The thermal mass loss of atomic hydrogen is calculated by a mass loss equation where we consider a realistic heating
efficiency, a radius-scaling law and a mass loss enhancement factor due to stellar tidal forces. The model takes into account the
temporal evolution of the stellar EUV flux by applying power laws for F, G, K, and M-type stars. The planetary ionopause obstacle,
which is an important factor for ion pick-up escape from non- or weakly magnetized gas giants is estimated by applying empirical
power-laws.

Results. By assuming a realistic heating efficiency of about 10-25% we found that WASP-12b may have lost about 6-12% of its
mass during its lifetime. A few transiting low density gas giants at similar orbital location, like WASP-13b, WASP-15b, CoRoT-1b or
CoRoT-5b may have lost up to 1-4% of their initial mass. All other transiting exoplanets in our sample experience negligible thermal
loss (<1%) during their lifetime. We found that the ionospheric pressure can balance the impinging dense stellar wind and average
CME plasma flows at distances which are above the visual radius of “Hot Jupiters”, resulting in mass losses <2% over evolutionary
timescales. The ram pressure of fast CMEs cannot be balanced by the ionospheric plasma pressure for orbital distances between
0.02-0.1 AU. Therefore, collisions of fast CMEs with hot gas giants should result in large atmospheric losses which may influence
the mass evolution of gas giants with masses <Mj,,. Depending on the stellar luminosity spectral type, planetary density, heating
efficiency, orbital distance, and the related Roche lobe effect, we expect that at distances between 0.015-0.02 AU, Jupiter-class and
sub-Jupiter-class exoplanets can lose several percent of their initial mass. At orbital distances <0.015 AU, low density hot gas giants
in orbits around solar type stars may even evaporate down to their coresize, while low density Neptune-class objects can lose their

hydrogen envelopes at orbital distances <0.02 AU.

Key words. planetary systems — planetary systems: formation

1. Introduction

The upper atmospheres of short periodic exoplanets are affected
strongly by the X-ray and EUV radiation as well as by the dense
plasma environment of their host stars. Therefore, these exoplan-
ets experience high thermal (Lammer et al. 2003; Vidal-Madjar
et al. 2003; Lecavelier des Etangs et al. 2004; Yelle 2004,
2006; Baraffe et al. 2004; Tian et al. 2005; Erkaev et al. 2007;
Hubbard et al. 2007a,b; Lecavelier des Etangs 2007; Muifioz
2007; Koskinen et al. 2007; Penz et al. 2008a,b; Penz & Micela
2008; Davis & Wheatley 2009; Murray-Clay et al. 2009) and
non-thermal (Erkaev et al. 2005; Khodachenko et al. 2007) at-
mospheric mass loss over their lifetime.

Khodachenko et al. (2007) studied the expected minimum
and maximum possible atmospheric H" pick-up erosion of the
“Hot Jupiter” HD209458b due to stellar Coronal Mass Ejections
(CMEs) and concluded that hydrogen-rich gas giants, which
orbit solar-like stars at distances <0.05 AU, would have been
strongly eroded if the upper atmospheres were not protected
by a magnetosphere. This magnetosphere should be strong
enough so that the stellar plasma flow can be deflected at plan-
etary distances where the total atmospheric pressure Py iS
<107* dyncm2. These authors found that the stellar wind in-
duced H" pick-up loss could erode a “Hot Jupiter” to its core-
size if the planetary obstacle forms at distances where Py is
>10* dyncm™2. This non-thermal mass loss process depends
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on the strengths of the intrinsic magnetic moments. Griefmeier
et al. (2004) estimated for slow rotating, tidally locked “Hot
Jupiters” that their magnetic moments should be in the range
between 0.005-0.1 M;y,. From this study one can expect that
weakly magnetized short periodic gas giants, which experi-
ence a Venus-like stellar plasma—atmosphere interaction, should
exist.

Comparative spacecraft observations of Earth, Venus and
Mars indicate a large variation of ionospheric density and
ionopause location between solar minimum and maximum con-
ditions (e.g. Evans 1977; Zhang et al. 1990; Kliore & Luhmann
1991). All planetary bodies in the Solar System with substantial
atmospheres (e.g. Earth, Venus, Mars, and Titan) produce iono-
spheres which expand above the exobase. Therefore, one can
also expect that the extreme XUV exposed and hydrodynami-
cally expanding thermospheres of “Hot Jupiters” will also have
a strong ionized component, which may raise the ionopause to
distances where the ion pick-up process could be less effective,
as suggested by Khodachenko et al. (2007).

The aim of this paper is to estimate the initial mass of 57
known transiting exoplanets' for which the stellar and plane-
tary parameters are well determined. Furthermore, we investi-
gate at what orbital distances hydrogen-rich gas giants or “Hot
Neptunes” can maintain their initial atmospheric hydrogen in-
ventories, and at what distance they could experience huge atmo-
spheric mass loss. Additional to the thermal mass loss study, we
investigate if the ionospheric pressure of non- or weakly magne-
tized “Hot Jupiters” can be strong enough to balance the ram and
magnetic pressure of the dense stellar wind and CME plasma
flow at planetary distances which are beyond the critical ero-
sion level with its total atmospheric pressure of ~10™* dyncm™.
Finally, we compare the efficiency of thermal and non-thermal
mass loss processes with exoplanetary observations and previ-
ous mass loss estimations.

2. Thermal atmospheric mass loss
2.1. Heating efficiency in a hydrogen-rich thermosphere

Recently, Penz et al. (2008a) studied for the first time the EUV
driven thermal atmospheric mass loss from the low density gas
giant HD209458b over its evolutionary time period by apply-
ing a full hydrodynamic approach to its hydrogen thermosphere.
These authors found that the thermal mass loss rate can be well
approximated by a modified energy-limited formula which in-
cludes a mass loss enhancement factor due to the Roche lobe
effect and a heating efficiency for the stellar EUV radiation.
The heating efficiency 7 is conventionally defined as ratio
of the net local gas heating rate to the rate of stellar radia-
tive energy absorption. In the earlier studies by Lammer et al.
(2003), Baraffe et al. (2004) and also in some recent stud-
ies, like those by Lecavelier des Etangs (2007), Hubbard et al.
(2007a,b) and Davis & Wheatley (2009), their authors applied
the energy-limited equation with the assumed heating efficiency
of n = 100%. But as indicated by more detailed studies, the
heating efficiency factor, if appropriately evaluated, would be
considerably less than 100%, which can substantially reduce the
mass loss that was overestimated in the earlier studies. However,
calculation of a realistic value of 5 in a planetary atmosphere
is very complex, which results in a wide scatter of the adopted
heating efficiencies. For example, Watson et al. (1981) applied a
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Table 1. EUV related heating processes and heating efficiencies n
within the hydrogen-rich thermosphere of Jupiter (after Waite et al.
1983).

Heating process n [%]
Neutral heating 9.26
Electron heating 7.92
Vibrational energy 6.23
23.41

Chemical heating (H;)  29.74
Total ), 53.15

height-integrated average value of 7 in a hydrogen-rich thermo-
sphere of the early Earth of about 30%, while Kasting & Pollack
(1983) assumed it to be 15% in a water-rich early atmosphere of
Venus. A far more detailed analysis by Waite et al. (1983) has
shown, however, that the average heating efficiency n of the so-
lar EUV radiation in the hydrogen dominated thermosphere of
Jupiter is ~53% (see Table 1 for details). Chassefiere (1996a)
again studied the EUV energy deposition and hydrodynamic es-
cape of atomic hydrogen from an assumed hot H,O-rich early
Venusian atmosphere and found, in agreement with Kasting &
Pollack (1983), that for atmospheric hydrogen number density
between 10'°-3 x 10'° cm~3, the value of 77 is <30% and may be
closer to about 15%.

Yelle (2004), in his mass loss study from a “Hot Jupiter”,
also modelled its neutral and ion chemical composition and
found that H, molecules are the dominant species in the lower
thermosphere (<1.07rp), which is consistent with the Jovian at-
mosphere composition (Waite et al. 1983). Yelle (2004) also
analyzed the EUV heating rate and related heating efficiency
and found that the average value of 7 is about 50-60% in the
lower thermosphere, where the main gas is molecular hydrogen.
Above these altitudes (>1.0771), H; is thermally dissociated into
atomic hydrogen and thus a part of the thermal energy of the gas
that could drive atmospheric escape is spent instead on dissocia-
tion. Also at these altitudes (>1.07ry) strong photo-ionization of
atomic hydrogen starts to dominate and one can expect that most
of the absorbed EUV energy should drive escape. However, ion-
molecular exothermic reactions, which should produce chemi-
cal heating, will not in fact deposit their energy as heat due to
lower frequency of collisions between the reacting species in
this region. Taking this consideration into account, one can con-
clude that the total EUV related heating efficiency in the upper
layers of the “Hot Jupiters” thermosphere cannot be more than
~20-30%.

In confirmation of this, the heating efficiency n modelled by
Yelle (2004) above the ionospheric peak drops to a value of
about 10-15%, also in agreement with the earlier estimates by
Chassefiere (1996b). At still larger distances n drops to values
which are even <10%. This very low heating efficiency is ob-
tained because much of the absorbed stellar energy goes into
ionization of hydrogen atoms and then is either lost through es-
cape of H* ions, or upon recombination of H* where the chem-
ical energy is converted to radiant energy, i.e., a photon, that
escapes from the optically thin upper atmosphere. As a conse-
quence, most of the stellar EUV energy absorbed by hydrogen
atoms above the ionospheric peak escapes to space and does not
contribute to local heating. This process differs from recombina-
tion of H; and/or H;r in the lower thermosphere, which returns
chemical energy to the atmosphere through the kinetic energy of
the reaction products.

Furthermore, in a recent work by Murray-Clay et al. (2009)
who studied the EUV driven mass loss from “Hot Jupiters” dur-
ing their host stars’ pre-main sequence stage (T-Tauri phase), it
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is shown that the heating efficiency changes with time. These au-
thors discovered that for high EUV fluxes (>10* ergcm™2s71),
Lyman-a cooling of the thermosphere becomes important. In
this cooling process, Lyman-a radiation is emitted by neu-
tral hydrogen atoms that are collisionally excited by electrons
(Murray-Clay et al. 2009). These authors found that other cool-
ing processes like thermal conduction, collisional ionization, ra-
diative recombination, and free-free emission become negligible
in such extreme EUV conditions.

Besides the EUV heating, atmospheric heating by X-rays
may also become essential (Cecchi-Pestellini et al. 2006).
X-rays, due to their smaller absorption cross-sections, must de-
posit their energy deeper in the atmosphere where the gas is
mostly molecular, unlike the EUV radiation, which is absorbed
at higher altitudes where the atmosphere mostly consists of
atomic and ionized hydrogen. Although the heating efficiency
for X-rays originates from processes different those related to
EUYV radiation, in a fully molecular gas, according to Maloney
et al. (1996), it may reach values of about 30-40% and thus sub-
stantially contribute to lifting the dense gas out of the gravita-
tional potential well of a planet. However, in a more recent arti-
cle on that topic by Cecchi-Pestellini et al. (2009), these authors
computed the X-ray heating efficiencies dependent on the en-
ergy of the incoming photons as functions of the absorbing col-
umn density and found lower X-ray heating efficiencies of about
10-20%.

From the above discussion, it follows that the column-
averaged heating efficiency for a hydrogen-rich gas giant’s at-
mosphere is most likely <60% and possibly is closer to 25%,
or even less during the active evolutionary stage of the planet’s
young host star, due to Lyman-a cooling (Murray-Clay et al.
2009). Because the actual heating efficiency of a hydrogen atmo-
sphere exposed to an extreme stellar environment is still poorly
constrained, more studies of X-ray related thermospheric heating
are needed. In view of this, we apply for our mass loss simula-
tions the following values of n : = 10%, 25% which are con-
stant over time, and for comparison with previous studies (e.g.,
Lecavelier des Etangs 2007; Hubbard et al. 2007a,b; Penz et al.
2008a,b; Davis & Wheatley 2009) n = 60% and 100%. Because
Lyman-a cooling becomes important during active young star
epochs, we study the mass loss from hydrogen-rich gas giants at
very close orbital distances assuming also time-dependent val-
ues of n, which are 10% during the early time when high EUV
radiation dominates and later grow to 25%, and even 60% after

the flux values are less than 10* ergcm ™2 s7!.

2.2. Method

The maximum possible thermal atmospheric loss rate Ly, can
occur when all the absorbed stellar EUV and X-ray energy is
converted to heat locally. This means that infra-red cooling (e.g.,
cooling by CO,, HJ, etc.) and heat transport by thermal con-
duction can be neglected and the kinetic energy of the escaping
flow is negligibly small when compared to the potential energy
of the lifted gas. These conditions were originally assumed by
Sekiya et al. (1980a,b, 1981) and Watson et al. (1981) who de-
veloped the first hydrodynamic models of atmospheric escape
from hydrogen-rich atmospheres of primordial, Earth-like plan-
ets. Watson et al. (1981) also derived analytical formulae for
the treatment of the flow which showed that a local tempera-
ture minimum would develop between the lower and upper at-
mospheric regions in conditions of strong irradiation. And this
minimum may become unrealistically low when increasingly
higher escape rates result from a progressively more intense
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solar radiation flux. This zero temperature limit, which could
not be compensated for by thermal conduction, was called by
these authors the energy-limited escape. A simplified equation
that corresponds to this energy limit was later widely used by
different authors to estimate mass loss from different planets in-
cluding hot extraterrestrial planets (e.g., Lammer et al. 2003;
Lecavelier des Etangs 2007; Hubbard et al. 2007a,b; Davis &
Wheatley 2009).

As shown recently by Mufoz (2007) and Penz et al. (2008a),
analytical formulae of Watson et al. (1981) for the “planetary
wind” in conditions of strong irradiation can be approximated
by the equation

2
Ly~ ———, ey

where rgyy is the altitude where the EUV radiation is absorbed
(for hot hydrogen rich gas or ice giants: rgyv ~ rp1) and 7y and
M, are the radius and mass of the planet, Fgyy is the stellar EUV
radiative energy flux at its orbital distance, and G is Newton’s
gravitational constant. It indicates also that the limiting effect of
conduction on the mass loss rate in the lower thermosphere of an
Earth-like planet discovered by Watson et al. (1981) is intrinsi-
cally related to the limiting effect of the solar energy deposition
in the atmosphere and is a consequence of the latter. It should
be noted that Eq. (1) does not depend on thermal conduction
and the application of such an equation to hydrogen loss stud-
ies is not justified by the derivation of Watson et al. (1981). It
is justified by the comparison of hydrodynamic simulations of
atmospheric loss from a close-in “Hot Jupiter” orbiting a main
sequence G-star and the loss rates estimated with the energy-
limited equation by Mufioz (2007) and Penz et al. (2008a). That
comparison shows that the energy-limited equation, while being
much simpler, retains the most essential physics of the hydro-
dynamic flow and with properly adjusted input parameters gives
practically the same loss rates as the hydrodynamic solutions,
provided the stellar EUV flux incident on the planet is not more
than ~10* ergcm™2 s~!. So this fact justifies our use of the en-
ergy limited equation for the study of the thermal mass loss from
hydrogen-rich exoplanets orbiting main sequence F, G, K, and
M stars.

Furthermore, Yelle (2004), from his hydrodynamic simula-
tions of atmospheric loss from a “Hot Jupiter” as a function
of distance from its host star, found that the escape rate varies
proportionally to the stellar EUV flux. He then concluded that
the escape rate is nearly energy limited, i.e., the escape flux is
not determined by the temperature of the atmosphere, but by the
amount of stellar EUV energy absorbed in the upper atmosphere.

The basic formula which we use for estimation of the thermal
atmospheric loss rate from a close-in exoplanet which includes
the effects of strong EUV radiation and strong stellar tidal forces
was recently derived by Erkaev et al. (2007). That derivation is
based on integration of the mass and energy conservation equa-
tions through the thermosphere from the point of minimum tem-
perature to the Roche lobe radius r,j, and does not use any spe-
cific assumptions about thermal conduction of atmospheric gas.
The resulting equation for the mass loss rate has the following
form

4mnQ
v '
(D()K(é:) + 7“ +¢p (Ty = Ty)

Ly = ©))

Here

@y = GMpy/rp 3)
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is the gravitational potential at the planetary surface,

3 1
KH=1-—+—<1 4
©=1-3+37 @)
is a non-linear potential energy reduction factor due to the stellar
tidal forces, and

T ( 4mppl ) 3

= — = d
é: I‘pl 9M*

(&)

is a dimensionless Roche lobe boundary distance, where M. is
the star mass, pp is planetary density, and d is orbital distance.
Also, in Eq. (2), vy and T}y are the flow velocity and temperature
at the Roche lobe distance, ry; Ty is the minimum temperature
at the base of the thermosphere and ¢, is the specific heat at con-
stant pressure per unit mass of gas; 7 is the heating efficiency as
described in the previous section and Q is the net radiative power
per unit solid angle absorbed by the thermosphere, which is

0= fr gridr, (6)

2

where ¢ is the net volume heating rate of the atmosphere.
Introducing the average distance rgyy where the incident stel-
lar radiation energy is deposited in the atmosphere as

1
frrlﬂ gridr)?
reuy = | ———| 7

Fruv

and averaging the radiative power Q over the surface of the
planet (Erkaev et al. 2007), we obtain the following equation
for the thermal loss rate from a “Hot Jupiter”

2
ﬂrEUVnFEUV

Llh = 2 .
(D()K(f) + 7'1 + Cp (Tﬂ - To)

®)

This equation becomes exact under the conditions assumed for
its derivation if we know all the appropriate parameters, includ-
ing the flow velocity and temperature at the Roche lobe dis-
tance. But to calculate these values one needs to solve the sys-
tem of hydrodynamic equations for a flow that transits through a
sonic point and becomes supersonic, which is not a simple task.
However, for stellar EUV fluxes which are <10* erg cm~2s7
the kinetic and thermal energy terms in the energy balance equa-
tion are small when compared to the potential energy term.
This conclusion is supported by the full hydrodynamic simu-
lations of Yelle (2004), Muinoz (2007), Penz et al. (2008a), and
Murray-Clay et al. (2009). By neglecting these terms in the de-
nominator of Eq. (8), we obtain a modified energy-limited equa-
tion for the thermal loss rate

Ly = mrg eV (€) ©)
00

for application to close-in hydrogen-rich “Hot Jupiters”. rgyy is
close to the visual planetary radius and can therefore be substi-
tuted with rp (Yelle 2004). This equation differs from the “stan-
dard” energy-limited Eq. (1) by the geometric factor &, which
results from the stellar flux averaging over a planet, the heat-
ing efficiency n and a loss rate enhancement factor ¢ due to the
closeness of the Roche lobe boundary to the planet, which is

1

_ L 10
X© (19

¢
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The above derivation, which does not use any assumptions on
thermal conduction in the thermosphere of a planet, clearly
demonstrates that this approach to thermal loss calculation is
fully applicable not only for terrestrial planets, but also for hot
close-in exoplanets provided the heating efficiency by the stellar
EUYV radiation is appropriately estimated.

These assumptions are comparable to those of Penz et al.
(2008b), Penz & Micela (2008) and Murray-Clay et al. (2009)
but differ from those used by Lammer et al. (2003) and Baraffe
et al. (2004), who considered the radius rgyy to be ~3ry. These
early works used a formula for rgyy derived by Watson et al.
(1981) which cannot be applied to “Hot Jupiters” because in
those environments conductive cooling is not significant.

Erkaev et al. (2007) showed that Eqgs. (9) and (10) can be
applied for close-in gas giants at orbital distances <0.15 AU, be-
cause due to the Roche lobe effect the upper atmospheres of such
planets can also experience hydrodynamic blow-off conditions
even if their exobase temperatures are lower than those required
for blow-off in the case of the classic Newtonian gravitational
potential. For very massive or Jupiter-class exoplanets exposed
to less intense stellar EUV fluxes at orbital distances >0.15 AU,
the exobase temperatures can be lower than the critical tempera-
ture for the onset of the blow-off. This will result in stable upper
atmospheres, which experience only Jeans escape.

Because we study the expected mass losses over evolu-
tionary time periods, we have to consider the mass-radius
relation. We apply a scaling law which was developed by
Lecavelier des Etangs (2007) and fits the mass-radius relation
given in Burrows et al. (2000) and Guillot (2005) for exoplanets
with My 2 0.1Mjyp

ri(t) = reo (14 80°7), (11)

with ¢ in Gyr, 8 = 0.2 for My > 0.3 My, and 8 = 0.3 for M ~
0.1 Myyp. For planets with My, < 0.1 My, we also used 8 = 0.3.
To study the influence of the heating efficiency on the thermal
loss rates we used the values of r discussed in Sect. 2.1 and
compared the mass loss with n = 100% for the energy limited
approach.

Because the age of the majority of the host stars in our exo-
planet sample is not well known, we assume that all stars have
an average age of about 4 Gyr. We calculated the mass loss rates
backwards in time to an initial age of 0.1 Gyr by using Eq. (9)
with My and rp being the mass and radius obtained from the
transiting exoplanets’ observations.

2.3. Stellar EUV evolution with age

Most previous works scaled the present-day solar EUV luminos-
ity to closer orbital distances or, in evolutionary models, applied
the scaling law for the temporal evolution of the stellar radiation
for G-type stars derived by Ribas et al. (2005) from the “Sun in
Time” program. The “Sun in Time” program is based on a small
sample of solar proxies which allow the determination of this
average scaling law for the hard X-ray (1 ~ 1-20 A), soft X-ray
(SXR) (4 = 20-100 A) and EUV (1 ~ 100-1000 A) radiation.

Penz et al. (2008b) pointed out that stars of the same spectral
type show a broad distribution of X-ray luminosity, which varies
over a few orders of magnitude. Because of interstellar absorp-
tion and the lack of sensitive instruments, this distribution can be
observed only for the XUV wavelength in the range of 1-200 A)
(e.g., Preibisch & Feigelson 2005).

Penz et al. (2008b) used ROSAT satellite measurements of
G-type stars which cover the transition region between SXR and
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10.0

0.1 1.0
t [Gyr]

Fig. 1. Average SXR luminosity Lgxg as a function of stellar age for
F stars (solid-dotted line), G stars (dashed line), K stars (solid-dotted-
dotted line), and M stars (dotted line). The dark grey together with the
grey area correspond to the standard deviation 1 o of the G-star distri-
bution, and light grey together with the grey area for the M stars. The
grey area is the overlap of both distributions. The thin solid line repre-
sents a power law obtained by Ribas et al. (2005) for EUVE satellite
data of solar proxies with different ages.

100

G star

1

0.01 0.10
d [AU]

Fig. 2. Roche lobe related mass enhancement factor { as a function of
orbital distance for exoplanets with a density of 0.4 gcm™ (dotted line)
and 1.3 gem™ (solid line) around a G star of one solar mass.

EUV (1 = 100 10\). These data correlate well with the EUVE
satellite measurements in the range of ~100-360 A shown for
solar proxies in Ribas et al. (2005). In this study we therefore
also use the scaling laws given by Penz et al. (2008b) and Penz
& Micela (2008) for the very extreme UV and X-ray luminos-
ity evolution as a justified EUV proxy. These scaling laws were
constructed from the ROSAT satellite observations of stars in the
Pleiades and Hyades clusters. The temporal evolution of the stel-
lar SXR flux at the planetary orbits and ry, are taken into account,
while the stellar mass M. and orbital distance d are assumed to
be constant. To account for the F and K stars in our sample we
used the upper limit of G stars for the F star scaling law and the
lower limit for K stars (cf. Penz et al. 2008b, Fig. 2).
For F stars we use

Lo = 10293

0.284Lyt %% 1 <0.6G
Lsxz ={ Lo yr (12)

0.155Lot™™ ¢ > 0.6 Gyr

Figure 1 shows the SXR luminosity evolution with time ob-
tained from the scaling laws of F, G, K and M-type stars given
in Egs. (12-15). The solid thin line corresponds to the EUVE
power law for solar proxies with different age (Ribas et al. 2005).
As one can see, this curve is well within the spread of our scaling
law for the SXR G-star distribution.

3. Results

Table 2 summarizes the planetary parameters of the 57 transiting
exoplanets and the lost mass due to thermal evaporation over
4 Gyr corresponding to heating efficiencies of 10%, 25%, 60%
and full energy-limited conditions with = 100%. As one can
see in Table 2, from 21 F-star transiting exoplanets, only 6 lost
~1-4% of their initial masses if we consider a heating efficiency
of about 10-25%. From our calculations, WASP-12b, which is
also the closest of the F-star transit planet sample, experienced
the highest mass loss of about 6-12.5%. The same exoplanet
also has a low density of about 0.3 gcm™ and the highest Roche
lobe related mass loss enhancement factor £. If we apply the
energy-limited approach with a heating efficiency of 100%, the
mass loss would be more than 20% higher. TRES-4b and WASP-
15b have the lowest densities of about 0.2 and 0.23 gcm™ at an
orbital location of #0.05 AU and show the next largest mass loss
in about 1.3—4% in our F-star transit exoplanet sample.

One can see from our G star sample that only CoRoT-1b lost
more than 1% of its initial mass over 4 Gyr. CoRoT-1b lost about
1.3-3% of its initial mass and is followed by WASP-4 b which
lost about 1.1-2.6% and OGLE-TR-56b with about 0.6—1.46%.
All three exoplanets are low density planets and orbit at close
distances ofbetween 0.0225-0.0254 AU. The other gas giants in
our G star exoplanet sample have more or less negligible ther-
mal mass loss rates. As expected, the most distant transiting ex-
oplanet HAT80606b at 0.45 AU and a mass of 4 My, loses prac-
tically no mass.

Compared to the F and G star exoplanets, the thermal mass
loss of 12 exoplanets in orbits around K-type stars at similar
orbital distances around lower mass K and M-type stars (see
Table 2) is negligible. This result is in agreement with Penz &
Micela (2008), because the SXR-ray/EUV flux from cooler stars
is significantly lower than the flux from solar-mass stars for a
given orbital distance.

As shown in Table 2, our study indicates that the Roche lobe
has the greatest influence on the atmospheric mass loss of close-
in exoplanets. Figs. 2 and 3 show the Roche lobe related mass
enhancement factor £ as a function of planetary density p and or-
bital distance around G-type stars with Mg, = 1.0 Mgy, M-type
stars and early M type stars with Mg, = 0.5 Mgy,. One can see
from Figs. 2 and 3 that close-in exoplanets with low densities
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Table 2. Masses and radii of 57 transiting exoplanets, stellar masses, as well as most of the spectral types (SPT) taken from the Extrasolar Planets
Enyclopaedia; status June 2009; http://www.exoplanet.eu/.

M, r . AM, AM, AM, AM,
Exoplanet Mlzlp % Ppl % SPT d ¢ Mpllgi% Mplzzfy, Mplsgfy, Mpllozl%
F [gem™3] [AU] Mass loss [%]
CoRoT-3 b 21.661.01 26,08 1.37 F3V 0.0571.08 0.0002 0.0005  0.001 0.0017
CoRo0T-4 b 072 1.19 053 1.1 FOV 0.0901.19 0.12 0.3 073 1212
CoROT-5 b 046 128 027  1.00 FOV 0.0501.53 1.56 3.75 832 .12.78
HAT-P-2b 8.62 095 1243 129 F8 0.0681.09 0.0007 0.002 0.004 0.0069
HAT-P-4 b 0.68 127 0.4l 126 F 0.0451.55 0.90 2.17 507 8.02
HAT-P-5 b 1.06 1.26  0.66  1.16 F* 0.041148 0.42 1.02 243 395
HAT-P-6 b 1.06 133 056 129 F 0052139 028 0.70 1.68 275
HAT-P-7 b 177 136 0.87 147 F* 0038153 023 0.56 134 221
HAT-P-8 b 152 1.5 056 128 F* 0049142 023 0.56 135 223
HAT-P-9 b 078 14 035 128 F 0053148 0.63 1.52 3.58 576
OGLE2-TR-L9 b 4.50 1.61 134 152 F3 0.0411.39 0.05 0.11 027 044
OGLE-TR-132b 1.14 1.18 086 126 F 0031167 06 1.44 342 55
OGLE-TR-182b 1.01 1.13  0.87 114 F* 0051132 0.19 0.46 111 1.83
OGLE-TR-211b 1.03 1.36  0.51 133 F* 0051143 0.35 0.84 202 329
SWEEPS-04 3.8 081 887 124 F* 0.0551.12 0.003 0.01 0.02  0.04
TrES-4 b 092 1.79 02 138 F 0049170 1.27 3.01 6.9 10.73
WASP-1b 0.89 136 044 124 F7V 0.0381.69 1.0 2.39 5.54  8.73
WASP-12 b 141 1.79 031 135 F 0023368 597 12.49 23.46 31.23
WASP-14 b 773 126 48 1.32 F5V 0.0371.25 0.1 0.02 0.05 0.08
WASP-3 b 176 1.31 097  1.24 F7V 0.032 1.6 031 0.74 179 293
WASP-7 b 096 092 156 128 F5V 0.062121 0.07 0.17 04 067
WASP-13 b 046 121 032 103 F9 0053145 1.1 2.70 6.12  9.59
WASP-15 b 054 143 023 118 F5 0050162 1.66 3.98 8.79 13.43
X0-3b 11.79122 812  1.21 E5V 0.0451.15 0.002 0.005 0.01 0.019
X0-4 b 172 134 0.89 132 F5V 0.056 1.3  0.09 0.22 0.52  0.87
G
CoRoT-1b 1.03 1.49 037 095 GOV 0.025236 1.3 3.07 6.99 10.81
CoRoOT-2 b 331 147 131 097 G 0.0281.56 0.06 0.15 035 0.59
HAT-P-1b 052 123 035 1.13 GOV 0.0551.43 0.32 0.78 1.88  3.07
HD 149026b  0.36 0.65  1.59 1.3 GOIV 0.0431.32 0.16 0.38 093 1.53
HD 17156 b 321 1.02 372 124 GO 0.1621.05 0.0004 0.001 0.003  0.004
HD209458b  0.69 1.32 037  1.01 GOV 0.047 1.49 0.34 0.83 1.98 3.23
HD 80606 b 400 1.03 045 09 G5 04531.0232x107° 8.1x10™> 0.0002 0.0003
OGLE-TR-10b 0.63 1.26 039 118 G 0042161 048 1.16 276  4.46
OGLE-TR-56b 129 1.3 073 1.17 G 002322 06 1.46 345 553
SWEEPS-11 9.7 113 834 1.1 G* 0.030124 0.002 0.005 0.01  0.02
TrES-2 12 122 082 098 GOV 0.0371.47 0.14 0.34 0.83  1.36
TrES-3 192 1.3 1.1 092 G 0023181 022 0.52 126  2.08
WASP-4 b 112 142 049 09 G7V 0.0232.32 1.09 2.60 597 933
WASP-5 b 158 1.09  1.51 097 G4V 0.0271.55 0.1l 0.28 0.68 1.12
WASP-6 b 05 122 034 088 G8 0042157 0.66 1.60 376 6.04
WASP-8 b 223 117  1.73 1.00 G6 0.0791.13 0.006 0.014 0.034 0.057
WASP-9 b 230 130 1.30 1.0l GO 0.0311.49 0.07 0.16 039  0.65
X0-1b 09 1.18  0.67 1 GIV 0049135 0.12 0.29 0.69 1.15
X0-5b 1.08 1.09 1.04  0.88 G8V 0.0491.28 0.06 0.15 036 0.59
K
HAT-P-11b 0.08 0.42 1.34 081 K4 0053122 0.16 0.53 097 159
HAT-P-3 b 0.6 089 1.05 094 K 0039138 0.07 0.17 0.41  0.68
HAT-P-12 b 021 096 030 073 K* 0038163 1.0l 2.46 5.60 8.82
HD189733b  1.13 1.14  0.95 0.8 KI-K20.0311.51 0.07 0.18 042 0.70
Lupus-TR-3b  0.81 0.89 143  0.87 KIV 0.0461.26 0.02 0.06 0.15 024
OGLE-TR-111b 0.53 1.07 054 082 K 0.047137 0.10 0.26 0.62 1.02
OGLE-TR-113b 1.32 1.09 127 078 K 0.0231.69 0.10 0.23 0.56  0.93
TrES-1 0.61 1.08 0.6 0.87 KOV 0.0391.48 0.13 0.32 0.76  1.26
WASP-10 b 3.06 1.08 301 071 K5 0.0371.23 0.01 0.01 0.03  0.05
WASP-11b 0.46 1.05 0.5 0.82 K3V 0.0441.43 0.15 0.38 091 1.51
WASP-2 b 0.88 1.02  1.04  0.84 KIV 0.031 1.5 0.08 0.21 0.49 0.82
X0-2 b 0.57 097 0.77 098 KOV 0.0371.48 0.12 0.30 071 1.18
M
GJ 436 b 0.07 044  1.06 045 M25 0.0291.41 043 1.41 251 4.08

Spectral types that are roughly estimated corresponding to the mass sequence are indicated with a superscript x. The lost mass is calculated over a
period of 4 Gyr for three different values of heating efficiency (10%, 25%, 60%, 100%). The planetary densities and the Roche lobe related mass
loss enhancement factor ¢ are also given.


http://www.exoplanet.eu/

H. Lammer et al.: Determining the mass loss limit for close-in exoplanets

M star

1

0.01 0.10
d [AU]

Fig. 3. Roche lobe related mass enhancement factor { as a function of
orbital distance for exoplanets with a density of 0.4 gcm™ (dotted line)
and 1.3 gcm™ (solid line) around a M star with a mass of 0.5 Mgy,.

are more affected than similar planets with a higher density. Our
study indicates also that the Roche lobe effect on a planet at a
similar orbital distance is more efficient for larger and more mas-
sive stars compared to smaller ones with lower masses. Figures 2
and 3 also show that the Roche lobe effect dramatically enhances
the mass loss at orbital distances <0.02 AU. Exoplanets with
densities which are <0.55 gcm™ can lose their initial hydrogen
inventory if they orbit around G-type stars at distances of about
0.01 AU. Baraffe et al. (2004) compared the ratio of the mass loss
timescale #y; to the thermal timescale f;,, which is characterized
by the Kelvin-Helmholtz timescale and found that, when #y;/#n
becomes <1, the evolution of “Hot Jupiters” changes drastically,
which results in rapid expansion of the planetary radius and en-
hances the mass loss. Our model results indicate that close-in
hydrogen-rich gas giants with low densities at orbital distances
<0.015 AU may experience this violent mass loss effect.

Table 3 shows the integrated mass loss over 4 Gyr for gas
giants with masses of 1.0 and 0.5 Mj,, and a “Hot Neptune”
(M1 = 0.054 Mjy,,) and densities of 0.4 and 1.241 gem™ at
orbital distances of between 0.01-0.025 AU around a Sun-like
star (Msar = 1.0 Msy,) and a K type star with Mg = 0.8 Mgy
for various heating efficiencies. One can see from Table 3 that
thermal evaporation may be an efficient loss process which can
efficiently evaporate the dense hydrogen envelopes of close-in
exoplanets in the Neptune-mass domain at orbital distances d <
0.02 AU around G-type stars. Jupiter-mass exoplanets with high
densities (>1 g cm™>) experience negligible thermal atmospheric
mass loss at orbital distances beyond >0.015 AU. Between 0.01—
0.015 AU, similar gas giants may lose <10% of their initial at-
mosphere. Low density gas giants can lose a significant frac-
tion of their hydrogen atmospheres at *0.01 AU. Gas giants with
masses of ~0.5 My, and densities of about 1.25 gcm‘3 which
orbit G-stars can lose about 6-17% of their mass at orbital dis-
tances of about 0.01 AU. We note also that the majority of the
thermal mass loss occurs during the first Gyr when the EUV ra-
diation of a young star is much higher compared to ages older
than 1 Gyr. If we consider that Lyman-a cooling becomes dom-
inant for EUV fluxes >10* erg cm~2, we can see that the mass
loss will be lower and comparable to 10% of n cases at dis-
tances <0.017 AU. The same exoplanets experience less mass
loss if their orbits are located at similar distances around K-type
stars. One can also see from Table 3 that the recently discovered
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transiting “Super-Earth” CoRoT-7b (Léger et al. 2009), which is
orbiting a K star at about 0.017 AU, cannot be the remaining core
of an evaporated “Hot Jupiter” or even lower mass hydrogen-rich
gas giant. For instance, a low density (o, ~ 0.4 g cm™) gas gi-
ant around a K star at an orbital distance of about 0.017 AU and
a mass of about 0.5 My, with a heating efficiency of 10-25%
loses ~1.35-3.45% of its initial mass after 4 Gyr. Even if one
assumes energy-limited loss with n = 100%, the same planet
would lose about 16% of its mass. On the other hand, a “Hot
sub-Neptune” with a low density at the same orbital distance
could lose its hydrogen envelope so that only the planet’s core
remains. We cannot, therefore, rule out that CoRoT-7b is a rem-
nant of a thermally evaporated and non-thermally eroded “hot
sub-Neptune-mass” object.

Figure 4 shows the effect of thermal mass loss from two
gas giants with an initial mass of 0.5 My, and densities of p =
1.24 gecm™ and p = 0.4 gcm™ at orbital distances <0.025 AU
for  of 10 and 25% in an area where so far no Jupiter-mass
or sub-Jupiter-class exoplanets have been discovered. The mass
evolution of the test planets is calculated over 4 Gyr for both
densities and heating efficiencies. As one can see, thermal atmo-
spheric mass loss is not efficient enough to evaporate gas giants
which may be located in this area down to their core sizes. This
result is contrary to the findings of the recent study of Davis &
Wheatley (2009) who probably have overestimated the thermal
mass loss rates using the energy-limited equation but neglect ac-
curate heating efficiencies and thermospheric cooling processes.
If this deficiency of discovered exoplanets is related to the mass
loss, then non-thermal processes have to be responsible for it. On
the other hand, one can see in Fig. 4 that due to the Roche lobe
effect, which is independent of 7, hydrogen-rich low density gas
giants within the mass range of HAT-P-1b, HAT-P-4b, HAT-P-
9b, CoRoT-5b, WASP-6b, WASP-11b, WASP-13b, WASP-15b,
and Saturn should evaporate down to their coresize at distances
<0.013 AU. In the following section we investigate whether
stellar wind and CME plasma-induced non-thermal atmospheric
erosion can effectively modify the mass evolution of non- or
weakly magnetized gas giants at orbital distances <0.1 AU.

4. Atmospheric mass loss related to stellar wind
and CME induced ion erosion

Taking into account that tidal-locking of short periodic exoplan-
ets may result in weaker intrinsic magnetic moments, as com-
pared to fast rotating Jupiter-class exoplanets at larger orbital
distances (GrieBmeier et al. 2004), Khodachenko et al. (2007)
found that the encountering of dense stellar wind and CME
plasma may compress the magnetosphere and force the magne-
tospheric standoft location to move down to the heights where
ionization and ion pick-up of a planetary neutral atmosphere by
the CME plasma flow takes place.

In our Solar System, it is known that magnetosphere-like
structures are found on all planets regardless of whether the
planet has an intrinsic global magnetic field or not. The solar
wind interaction with a planet produces a magnetosphere-like
structure near the planet with common features such as a bow
shock, magnetosheath, magnetotail, and boundary layers. In the
case of intrinsically magnetized planets like the Earth, a magne-
tosphere is formed to resist the oncoming solar wind.

For a planet like Venus or Mars, which has no global intrin-
sic magnetic field but has an atmosphere, an induced magneto-
sphere is created by the magnetized solar wind interaction with
the highly conducting ionosphere. The induced magnetosphere
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Table 3. The mass loss from “Hot Jupiters” and “Hot Neptunes™” with low and high densities at four different orbital distances around a G star
(1 Ms,,) and a K star (0.8 Ms,,).

My pp AMy  AMy AMy AMy, AMy; AMy,

Wup Plup le)% les% Mf’f% W W W g
P! P! p! P! p! P!
0.01 AU, G star Mass loss [%]
1 124 295 7.74 21.59 52.42 2.95 295 824
0.5 1.24 6.09 17.12 - - 6.09 6.09 824
0.054 1.61 38.17 - - - 38.17 38.17 5.90
1 047743 - - - 7743 7743 >100
05 04 - - - - - - >100
0.054 04 - - - - - - >100
0.017 AU, G star
1 124 038 094 2.28 3.84 0.45 0.40 2.40
0.5 1.24 0.75 190 4.64 7.90 0.90 0.80 2.40
0.054 1.61 4.40 11.54 32.03 87.08 5.21 464 2.17
1 04 2.08 534 13.80 25.71 2.46 2.19 4.82
0.5 04 423 11.2433.23 - 5.02 447 4.82
0.054 0.4 5147 - - - - 56.79 4.82
0.020 AU, G star
1 124 023 059 142 2.37 0.31 0.26 2.02
0.5 1.24 047 1.18 2.86 4.82 0.62 0.52 2.02
0.054 1.61 2.79 7.16 18.48 34.41 3.62 3.04 1.87
1 04 1.11 2.80 6.93 12.02 1.45 1.21 3.32

05 04 223 5.73 14.74 27.26 2.93 244 332
0.054 0.4 2029 - - - 27.06 2223 332

0.025 AU, G star

1 124 0.13 032 0.78 1.30 0.20 0.15 1.69
0.5 1.24 0.26 0.65 1.56 2.62 0.40 0.30 1.69
0.054 1.61 1.56 3.96 9.84 17.16 2.34 1.79  1.60
1 04 053 1.34 326 5.52 0.82 0.62 2.37
0.5 04 1.07 271 6.68 11.51 1.64 1.24 237
0.054 0.4 9.08 25.53 - - 13.71 1044 2.37

0.01 AU, K star Mass loss [%]
1 1.24 0.88 2.23 5.51 9.54 1.01 0.92 6.16
0.5 1.24 1.77 4.55 11.69 21.46 2.03 1.85 6.16
0.054 1.61 9.17 26.80 - - 10.41 9.54 4.71
1 04 76.5887.37 - - 80.24 77.83 247
0.5 04 84.14 - - - 87.83 85.37 247
0.054 04 - - - - - — 247

0.017 AU, K star

1 124 0.13 0.33 0.80 1.34 0.22 0.16 2.20
0.5 1.24 0.27 0.67 1.61 2.71 0.43 032 2.20
0.054 1.61 1.55 3.93 9.80 17.15 2.44 1.81 2.02
1 04 0.67 1.70 4.15 7.09 1.07 0.79  3.99

0.5 04 135 3.44 8.61 15.16 2.16 1.59 3.99
0.054 0.4 11.473521 - — 18.23  13.41 3.99

0.020 AU, K star

1 124 0.09 0.21 0.51 0.85 0.16 0.11 1.89
0.5 1.24 0.17 042 1.02 1.71 0.31 0.21 1.89
0.054 1.61 1.00 2.53 6.21 10.63 1.78 123 1.77
1 04 038 095 2.30 3.87 0.68 047 2.92
0.5 04 076 191 4.67 7.98 1.37 094 292
0.054 0.4 6.24 16.87 56.87 - 11.07 7.65 292
0.025 AU, K star
1 124 0.05 0.12 0.29 0.48 0.10 0.06 1.62
0.5 1.24 0.10 0.24 0.57 0.95 0.21 0.13 1.62
0.054 1.61 0.57 1.44 3.49 5.90 1.20 0.76 1.54
1 04 019 048 1.15 1.92 0.41 0.26 2.18
0.5 04 038 095 231 3.88 0.82 0.51 2.18
0.054 0.4 3.10 8.00 20.99 40.46 6.52 4.11 2.18

The superscripts 10%—-25% and 10%—-60% correspond to a time depended n which has a low heating efficiency of 10% if the EUV flux is
>10* ergcm™2s7! and 25% and 60% for EUV flux values <10* ergcm™2s~! (Murray-Clay et al. 2009).
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Fig. 4. Final masses corresponding to thermal mass loss integrated over
4 Gyr for high (o = 1.24 gcm™) and low (p = 0.4 gcm™) density gas

giants with initial masses of 0.5 My,,. Dashed line: p = 1.24 gem™3,
n = 10%; dashed-dotted line: p = 1.24 gecm™, n = 25%; solid line:
p = 04 gem™, n = 10%; dotted line: p = 0.4 gem™, n = 25%.
The filled circles show discovered exoplanets in a mass range between
0.01-1.0 My, and at orbital distances between 0.01-0.1 AU.

is therefore analogous to the magnetosphere of an intrinsically
magnetized planet, but occupies a smaller volume (Zhang et al.
2007). We note that in the case of Mars or Venus, the ionospheric
pressure is mostly larger than or comparable to the solar wind
ram pressure, both at solar wind maximum and minimum. The
interaction of the post-shock solar wind flow with the ionosphere
results in a distinct boundary. This is the so-called ionopause
which confines the thermal plasma of the ionosphere and marks
its top boundary (cf., Phillips & McComas 1991).

Whether the stellar wind is stopped well above the planet
depends on the pressure balance between the stellar wind ram
pressure (psw = pSW,CMEvgw,CME) and the maximum ionospheric
thermal pressure (pion = nik(Te + T})), possible induced mag-
netic pressure and neutral atmospheric pressure, where the iono-
spheric thermal pressure is the main contributor in the upper
atmosphere. To first order, here we simply compare the stellar
wind ram pressure with the peak ionospheric pressure to deter-
mine the height where the stellar wind would be stationary. It
is reasonable to postulate that the stellar wind will be absorbed
by the planetary atmosphere if the ram pressure is larger than
the ionospheric pressure. Such an extreme plasma-atmosphere
interaction could result in a large atmospheric mass loss due to
ion pick-up and other non-thermal escape processes.

Thus, by using this analogy we can expect that the iono-
sphere of non- or weakly magnetized “Hot Jupiters” represents
an obstacle similar to that where a magnetosphere is present. The
difference between the ionized and the magnetic obstacle may be
in their distance above the visual radius of the planet.

Figure 5 illustrates the stellar plasma interaction with non- or
weakly magnetized gas giants. The dashed line corresponds to
a critical planetary obstacle (IP.) deeper inside the atmosphere
(P > 107 dyn cm™2) but above the visual radii, where one
can assume that the H* ion loss rate for a Jupiter-type gas gi-
ant should be very large. For higher planetary obstacle locations
where the pick-up ion loss becomes comparable to the thermal
loss rate from a “Hot Jupiter”, the H* loss rate is negligible
when integrated over the lifetime of the planet (Khodachenko
et al. 2007). If the stellar plasma flow interacts below this critical
boundary, the mass loss rate from a “Hot Jupiter” (M < Myyp)
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Fig. 5. Illustration of the stellar plasma interaction with non- or weakly
magnetized gas giants.

becomes larger and may erode the planet’s hydrogen inventory
(Khodachenko et al. 2007).

Thus, from the study of Khodachenko et al. (2007), we know
that ion pick-up loss is negligible for “Hot Jupiters” if a planetary
obstacle builds up at total atmospheric pressures <10™* dyn cm™
(shadowed area in Fig. 5). To compare the stellar wind and CME
ram pressure with the ionospheric pressure of “Hot Jupiters”,
one has to know the stellar wind and CME plasma density and
velocity as a function of orbital distance, as well as the iono-
spheric density profile, and the ion temperature and electron tem-
perature of a“Hot Jupiter”.

By considering that the Sun is a typical G-type star, we
assume a similarity of the basic parameters and their spatial
behavior for the stellar wind off other G-type stars and those
in the solar wind. In view of the limited amount of precise
quantitative information regarding the stellar (non-solar) winds,
such a solar-stellar analogy principle is widely used for the
investigation of basic processes of the stellar wind — planet
interactions. Therefore, in the present study we use the Sun as a
proxy in estimating the stellar wind and CME density and speed
dependence as a function of the orbital distance d. In particular,
for the approximation of the stellar wind density we use the
empirical power-law formula

-3.1 -6.06
new = |1.07 d +19.94 d
7'Sun T'Sun

d -12.93
+22.10 ) ) x 107, (16)

I'Sun

which was derived from Skylab coronograph observations
(Guhathakurta et al. 1996). The stellar wind and CME speed can
be approximated by the formula

Ugw _ U% ) (1 _ e(Z.S—d)/S.l)’

A7)

developed by Sheeley et al. (1997) on the basis of tracking sev-
eral solar wind density enhancements at close distances (d <
0.1 AU). For the stellar wind speed, one can take in this formula
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Fig. 6. Stellar wind and CME parameters versus orbital distance corresponding to a Sun-like G star. a) density: stellar wind (solid line), CME
(dashed line); b) radial velocity: stellar wind (solid line), fast CME (dashed line), average CME (dashed-dotted line); ¢) ram pressure: stellar wind
(solid line), fast CME (dashed line), average CME (dashed-dotted line). The asterisks correspond to the ion pressure modeled by Yelle (2004) at

2.3rp above the planetary radius.

Table 4. Stellar wind and planetary plasma parameters.

d[AU]  ng [em™] vy [kms™']  newe [em™]  v%. [kms™'] U(f:(fv}tE [kms '] ngs [em™] T+ Te[K]
0.1 794 283 1667 474 759 6% 10° 2.0 10*
0.045 9625 226 2.95 x 10* 378 605 1x 107 3.0x 10*
0.015 4.48 x 10° 68 1.54 x 10° 113 181 4x10% 5.0x 10*

Table 5. Dynamic stellar plasmas and planetary ion pressures estimated for different orbital locations.

d[AU] Py [107dyncm™] P%.[107 dynem™] PRt [107 dynem™] Py [107 dyncm™]
0.1 11.0 63.0 160.0 140.0

0.045 82.0 705.0 1805.0 305.0

0.015 341.0 3294.0 8432.0 4.0 10*

vo = 300 kms~!, whereas for average and fast CMEs one can
use vo = 500 kms~! and 800 kms™'. The decrease of the aver-
age CME plasma density ncyg at orbital distances d < 0.1 AU
is described by the formula ncme(d) = no(d/dy)~>°, which for
no = 2x 10° em™ and dy = 3rsu, gives a good approxima-
tion for the values estimated from the SOHO/LASCO corono-
graph images (Lara et al. 2004). These power-law approxima-
tions of the CME density follow from the analysis of solar CME-
associated brightness enhancements in white-light coronagraph
images (e.g., Khodachenko 2007, and references therein). The
average mass of CMEs is ~10" g and the average duration of
CMEs, at distances (6...10)rsy, is ~8 h.

Figure 6 shows the resulting stellar wind and CME plasma
parameters as well as the corresponding ram pressures. Table 4
summarizes particular values of the stellar wind and CME
plasma parameters obtained from these approximations for the
given orbital distances 0.015 AU, 0.045 AU and 0.1 AU. To es-
timate the ion pressure for assumed non- or weakly magnetized
“Hot Jupiters” we use the H" ion profiles and temperatures mod-
elled by Yelle (2004) and assumed, as did this author, that under
extreme conditions T; = T, = T,. Yelle (2004) applied a coupled
photochemical and hydrodynamic model for hydrogen-rich at-
mospheres of “Hot Jupiters” in orbits with semi-major axes from
0.01 to 0.1 AU. The modelled planetary plasma parameters cor-
respond to planetocentric distances of about 3.3r;, and are shown
in Table 5. We note that the model of Yelle (2004) does not in-
clude the interaction with the incoming stellar wind, which was

recently treated by Murray-Clay et al. (2009) for a Hot Jupiter
at 0.05 AU. However, their calculated atmospheric pressures are
not much different from Yelle’s (2004) values, therefore, we use
the results from Yelle (2004) which cover a wide range of possi-
ble exoplanet locations.

One can see that the ionospheric density increases if the
hydrogen-rich gas giant is located at a closer orbital distance.
This ion enrichment is related to a higher stellar EUV flux at a
closer distance to a star. Exoplanets at closer orbital distances
are also exposed to more extreme stellar plasma flows but, on
the other hand, the upper atmospheres of planets under such ex-
treme conditions are also much more strong ionized. By using
the stellar and planetary plasma parameters shown in Table 4,
we estimate the corresponding ram and planetary ion pressures
which are summarized in Table 5.

As one can see from Table 5, the ion pressure of a “Hot
Jupiter” can easily balance the incoming stellar wind and av-
erage expected CME ram pressures at ~2.3r, above the vi-
sual radius, that is close to but above the critical ion pick-up
erosion distance where Py, reaches ~10~* dyn cm~2. We note
that a factor of 2 related to the estimated ionopause pressure
is within the uncertainties of atmospheric/ionospheric model
assumptions. From these estimates we can conclude that the
ionopause of a “Hot Jupiter” when it is exposed to ordinary stel-
lar winds or average CMEs will form at a location where such
a massive exoplanet will not be strongly eroded by the stellar
plasma flow. On the other hand, one can also see from Table 5
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that the ion pressure is not able to balance the ram pressure of
fast CMEs between orbital distances of ~0.02—-0.1 AU. Panel (¢)
in Fig. 6 shows that the CMEs reach their highest ram pressure
at about 0.02 AU, therefore the ram pressure is lower at orbital
distances <0.02 AU.

Our rough estimates indicate that CMEs at distances
>0.015 AU and <0.045 AU have ram pressures that are too large
to be balanced by the pressure of the planetary atmosphere. In
such a case the CME plasma flow will compress the planetary
atmosphere until it is approximately hydrostatic. This should
be in agreement with Garcia-Munoz (2007) and Murray-Clay
et al. (2009) who mentioned that planetary wind (and an ex-
panded atmosphere) will be confined if the stellar wind pressure
is larger than the pressure at the planetary wind’s sonic radius.
Because the escape time for the wind is comparable to the CME
timescale, the atmosphere may readjust during the CME pass-
ing to its hydrostatic equilibrium configuration. This new steady
state will be characterized by higher atmospheric pressures and
closer locations of the planetary obstacle together this may result
in high non-thermal mass loss rates (Khodachenko et al. 2007).
A detailed study of the efficiency of CME collisions with “Hot
Jupiters” is beyond the scope of this work, but will be addressed
in future studies.

Interestingly, the orbital distance where fast CMEs should
efficiently erode the atmospheres of “Hot Jupiters” corresponds
to the orbital distance shown in Fig. 4, where so far no exoplan-
ets within the mass range between 0.1 My,,—1.0 My, have been
discovered. One may wonder if this is a coincidence, or if fast
CME:s are responsible for the missing “Hot Jupiters” between
0.02-0.035 AU (see Fig. 4). In future studies, we plan to inves-
tigate if fast CMEs could be a reason for the missing exoplanet
population within the abovementioned mass range and orbital
distances.

5. Conclusion

We applied a modified energy-limited mass loss equation which
can reproduce the full hydrodynamic approach of Penz et al.
(2008a) for the study of the thermal mass loss from 57 known
transiting exoplanets over 4 Gyr. We note also that previous
thermal atmospheric mass loss evolution studies, like those of
Lammer et al. (2003), Baraffe et al. (2004), Lecavelier des
Etangs (2007), Hubbard et al. (2007a,b) and Davis & Wheatley
(2009), which applied energy-limited formulas but neglected
that the heating efficiency is substantially less than 100%, over-
estimated the mass loss rates. We studied the initial mass of these
exoplanets and found that for the given planetary and stellar pa-
rameters, only the low density “Hot Jupiter” WASP-12b could
have lost about 6—12.5% of its initial mass. There are also sev-
eral transiting planets like the low density exoplanet CoRoT-
1b which lost about 1.3—4% of their initial masses. Due to the
Roche lobe effect the mass loss from close-in gas giants can be
very efficient at orbital distances <0.02 AU. However, most of
the observed transiting exoplanets experienced negligible mass
loss during their lifetime. Compared to high density exoplanets,
low density gas giants are affected much more strong by thermal
mass loss. The mass loss enhancing effect of the Roche lobe to-
gether with low planetary densities are the main factors for high
mass loss rates. Depending on the heating efficiency, low den-
sity Neptune-class objects can lose their hydrogen envelopes at
orbital distances <0.02 AU.

Our study indicates that one can rule out that the first dis-
covered transiting “Super-Earth” CoRoT-7b is a remnant of a
thermally evaporated hot gas giant. But one cannot rule out that
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CoRoOT-7b is the core of a low density Neptune-class or sub-
Neptune-class exoplanet that lost its hydrogen envelope. Owing
to the EUV flux evolution and the Roche lobe effect, the ther-
mal mass loss is lower from exoplanets orbiting low mass stars,
compared to planets at similar orbital distances around G- or F-
type stars. We found that non-thermal stellar plasma-induced H*
pick-up erosion of a non- or weakly magnetized “Hot Jupiter” is
most likely negligible if such a planet interacts with the ordinary
stellar wind or average CMEs. Due to the large stellar EUV flux,
extended ionospheres are produced. The ion pressure in these
ionospheres is strong enough so that the stellar wind and CME
ram pressure can be balanced at distances of a few planetary
radii, resulting in negligible atmospheric erosion rates over evo-
Iutionary timescales. Fast CMEs, however, cannot be balanced
by the planetary ion pressure at orbital distances between ~0.02—
0.1 AU. During such collisions, “Hot Jupiters” may experience
high non-thermal escape rates. Future research on fast CME in-
teraction with “Hot Jupiters” will help us to understand if such
extreme events are behind the phenomenon that no gas giants
with masses <1.0 Mj,, have been discovered so far at orbital
distances <0.035 AU. Finally, we conclude that the results of our
study show that the discovery of transiting exoplanets at orbital
distances <0.015 AU and ground-based follow-up mass deter-
minations together with theoretical mass loss studies can bring
reliable information on the statistics the of remaining cores of
shrinked gas giants.
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