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ABSTRACT

Aims. We study the possible atmospheric mass loss of 49 knownitiranexoplanets around F, G, K, and M-type stars over evolu-
tionary time scales. Furthermore, for stellar wind indureakss loss studies we estimate the position of the pressiargcesboundary
between Coronal Mass Ejection (CME) and stellar wind ransguees and the planetary ionosphere pressure for non- ddywea
magnetized gas giants at close orbits.

Methods. The thermal mass loss of atomic hydrogen is calculated byifging the energy-limited equation with a realistic hegtin
efficiency, a radius-scaling law and a mass loss enhancemeat tfche Roche lobe. The model takes into account the teahpor
evolution of the stellar XUV flux, by applying power laws for G, K, and M-type stars. The planetary ionopause obstadiEhws

a relevant factor for ion pick up escape of non- or weakly netiged gas giants is estimated, by applying empirical pdexss.

Results. We found that WASP-12 b may have lost about 20-25 %. Severasiting low density gas giants at similar orbital loca-
tion, like CoRoT-Exo-1 b lost about 5-7 % of their initial nsag\ll other transiting exoplanets in our sample experiemegligible
thermal mass loss<(2 %) during their life time. We found that the ionosphericgsare can balance the colliding dense stellar wind
and average CME plasma flows at distances which are abovasihal vadius of “Hot Jupiters”, resulting in mass losse® %
during evolutionary time scales. The ram pressure of fasE€NanN not be balanced by the ionospheric plasma pressurkital o
distances between 0.02-0.1 AU. Therefore, collisions bethot gas giants and fast CMEs result in large atmosphess foss,
which may influence the mass evolution of gas giants with esssM,,,. Depending on stellar spectral type, planetary density,
heating diciency, orbital distance, and the related Roche Igferewe expect that at distances between 0.015-0.02 AU dabdtss
and sub-Jupiter-class exoplanets can loose several t@esagnt of their initial mass. At orbital distance®.015 AU hot gas giants

in orbits around solar type stars may even evaporate dowretodore-size, while low density Neptune-class objectsloase their
hydrogen envelopes at orbital distange8.045 AU.

Key words. exoplanets — thermal and non-thermal mass loss — evapotatimdary — ionopause location

1. Introduction protected by a magnetosphere. This magnetosphere should be

- strong enough, so that the stellar plasma flow can be deflected
The upper atmospheres of short periodic exoplanetsfieeted ,; jistances. 1.5 roi above the radius. These authors found that

strongly by the X-ray and EUV (XUV) radiation as well as thee|jar wind induced H pick up loss can erode a “Hot Jupiter” to
dense plasma environment of their host stars. Therefoesethis ¢qre-size if the ionopause obstacle would form at distarof
exoplanets experience high thermal (Lammer etal. 200&aWid . 3 3, ahove the planet of thefected planet. This non-thermal

Madjar et al. 2003; Lecavelier-des Etangs et al. 2004; Ye'ﬁ?ass loss L

) st i process depends on the strengths of the intriagic m
2004, 2006; Barde et al. 2004; Tian et al. 2005; Erkaev efatic moments. GrieRmeier et al. (2004) estimated for stow r
al. 2007; Lecavelier Des Etangs 2007; Mufioz 2007; Penz etgling tigally locked “Hot Jupiters” that their magnetic ments
2008a, 2008b; Penz and Micela 2008) and non-thermal (Erkag\,,1d be in a range between 0.005 — My, From this study
et al. 2005; Khodachenko et al. 2007) atmospheric mass Q3% can expect that weakly magnetized short periodic gas gi-

over their lifetime. _ _ . ants, which experience a Venus-like stellar plasma—athersp
Khodachenko et al. (2007) studied the expected minimuyeraction should exist.

and maximum possible atmospheri¢ Hick up erosion of the

“Hot Jupiter” HD209458 b due to stellar Coronal Mass Ejetsio However, Yamauchi and Wahlund (2007) investigated the re-
(CMEs) and concluded that hydrogen-rich gas giants, whisponse of the ionopause location as function of solar XUV ra-
orbit around solar-like stars at distancgs 0.05 AU should diation and concluded that the ionopause obstacle may alway
have been strongly eroded if the upper atmospheres are fwitn at altitudes which are close or above the exobase level.
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Comparative spacecraft observations of Earth, Venus anmd Mhagrange pointg, for a planet &ected by stellar tidal forces.

indicate a large variation of ionospheric density and iense

rxuv is the distance in the thermosphere where the optical thick-

location between solar minimum and maximum conditions. (e.gessrxyy — 1 and the main part of the XUV radiation is ab-
Evans 1977; Zhang et al. 1990; Kliore and Luhmann 199Xorbed. One should note thiat)y is close to the visual planetary

All planetary bodies in the Solar System with substantialat
spheres (e.g. Earth, Venus, Mars, and Titan) produce idreosp

radius and can therefore be substituted yYelle 2004).
Recently, Penz et al. (2008a) studied for the first time the

which expand above the exobase. Therefore, one can alsotexgigermal atmospheric mass loss of the low density gas giant
that the extreme XUV exposed and hydrodynamically expandD209458 b over evolutionary time periods by applying a full

ing thermospheres of “Hot Jupiters” will also have a stroomy i

hydrodynamic approach and found that the thermal mass loss

izing component, which may expand the ionopause up to diste can be approximated by the energy-limited approachef o

tances where the ion pick up process could be |&&stve as
suggested by Khodachenko et al. (2007).

introduces a heatindiéciency factor. The heatingiciency fac-
tor reduces the mass loss which indicates that Lecavelier De

The aim of this paper is to estimate the initial mass dtangs (2007) applying the energy-limited approach overes
49 known transiting exoplanétsvhere the stellar and plane-mated the escape rates in his study. To be conform with the ful
tary parameters are well determined. Furthermore, we fnvesiydrodynamic approach, we include a heatiffceencyn in Eq.

gate at which orbital distances hydrogen-rich gas giantslot
Neptunes” can maintain their initial atmospheric hydrogen

(1) for the thermal atmospheric mass loss evolution studies
thermal mass loss rate in units of ¢ £an be written as

ventories, and at which distance they may experience huge at

mospheric mass loss rates that can influence the expectead sho

period exoplanet population (Wuchterl et al. 2007). Adxditilly

dMy,  7rpi(©)°Fxuv (074 (M)
dt GMy(t) ’

(5)

to the thermal mass loss study we investigate if the ionagphe

pressure of non- or weakly magnetized “Hot Jupiters” isrefro with the planetary maddl, andG the Newton gravitational con-
enough to balance the ram pressure of the dense stellar wihd stant. The minimum and maximum values of the heatifig e
CME plasma flow at distances which are larger than the critiiencies; related to XUV heated hydrogen-rich thermospheres

cal altitude of~ 1.5r;,, Finally, we compare thefkciency of

found in the literature are in the range of 10 — 60 % (Chassefi

thermal and non-thermal mass loss processes with exolhnet1996; Yelle 2004; Tian et al. 2005). To study the influencénef t

servations and previous mass loss estimations.

2. Thermal atmospheric mass loss

heating éiciency on the thermal mass loss rates we use these
values forn and compare the mass loss with100 % for the
energy limited approach.

Erkaev et al. (2007) showed that Egs. (1) and (4) can be ap-

The maximum possible thermal atmospheric mass lossLgate Plied for close-in gas giants at orbital distanee8.15 AU, be-
can be calculated by assuming that an atmosphere contain&fgse due to the Roche lobféeet the upper atmospheres of such

efficient IR-cooling molecules (e.g., GOH3, etc.) in the ther-

planets can also experience hydrodynamic bldivconditions

mosphere and by using the energy-limited equation (Letaval€Ven if their exobase temperatures are lower than thoséeequ
des Etangs 2007) which was originally derived for Eartlelikfor bloyv—off in the case Qf the clas_S|c Newtonian gravitational
planets by Sekiya et al. (1980a; 1980b; 1981) and Watson etRftential. For very massive or Jupiter-class exoplangiesad
(1981). Erkaev et al. (2007) and Lecavelier Des Etangs 020(;(7 less intense stellar XUV fluxes at orbital distanse&15 AU

modified the energy-limited equation

nrz y Fxuv(K)
th = XUVT, 1)

for the application to close-in hydrogen-rich hot Jupitetgch

the exobase temperatures can be lower than the criticaktiemp
ture for the onset of the blowfb This will result in stable upper
atmospheres which experience only Jeans escape.

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 rate

also includes a loss rate enhancement due to the closertéss obackwards to an initial age of 0.1 Gyr by using Eq. (4) Wit

planet to the Roche lobe boundary, with

1
S 2
where )
IR [47opl)3
- -] @

whereR! is the Roche lobe distancey the planetary radiugy,
the planetary density, orbital distamtand stellar mashl... K is
the non-linear potential energy reduction factor due tcstiéar
tidal forces (Erkaev et al. 2007)

3 1
KE=1-—=+-—75<
© 26 23
Fxuv is the stellar XUV flux at the planets orbit adeh/Z(K)
is the gravitational potential fference betweer and the first

1 (4)
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andrp being the mass and radius obtained from the transiting
exoplanets.

Most previous works scaled the present-day solar XUV lu-
minosity to closer orbital distances or, in evolutionarydels,
applied the scaling law for the temporal evolution of thdlate
radiation derived by Ribas et al. (2005) from the “Sun in Time
program. The “Sunin Time” program is based on a small sample
of solar proxies which allow the determination of this aegra
scaling law for the XUV luminosity for a range of wavelength
from 1-1200 A. Penz et al. (2008b) pointed out that starsef th
same spectral type show a broad distribution of the X-rayiHum
nosity, which varies over a few orders of magnitude. Becafise
interstellar absorption and the lack of sensitive instrota¢his
distribution can be observed only for the XUV wavelengtHia t
range of 1-200 A) (e.g., Preibisch and Feigelson 2005).

In this study we use therefore, also the scaling laws given
by Penz et al. (2008b) and Penz and Micela (2008) for the very
extreme UV and X-ray luminosity evolution. These were con-

February 2008iructed from the X-ray distributions of stars in the Pleisdnd

Hyades clusters. The temporal evolution of the stellar yfiax
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Fx at the planets’ orbit andy are taken into account, whereas
the stellar mas#, and orbital distancd is assumed to be con-
stant. 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 thesiow

limit for K stars (cf. Penz et al. (2008b), Fig. 2).

For F stars we use
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with t in Gyr andLy in erg s* whereFy = Lyx/4nd?. Because r
we study the expected mass losses over evolutionary tinie per |
ods, we have to consider a mass-radius relation. We appbla sg
ing law which was developed by Lecavelier Des Etangs (200})o 10
and fits the mass-radius relation given in Burrows et al. ()200 3
and Guillot (2005) for exoplanets witk 2 0.1Mjyp

rpit) = ro(l+Bt03), (10)

with tin Gyr, 8 = 0.2 for My > 0.3Mypands = 0.3 for My =
0.1Myp For planets withVl, < 0.1My,pwe also use@ = 0.3.

o4l

Figs. 1-3 show the lost mass in % of initial planetary mass ©-°’
integrated over 4 Gyr for transiting exoplanets orbitingsFand
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K-type host stars with a heatingfieiencyn of 60 %.
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Fig. 1. Lost mass of transiting F-star exoplanets during 4 Gyr. Haac
acteristics of the numbered exoplanets and their hostctarbe found

in Table 1.
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Fig. 3. Lost mass of transiting K-star exoplanets during 4 Gyr. Thar¢
acteristics of the numbered exoplanets and their hostcarbe found
in Table 1.

only 6 lost~4—-24 % of their initial masses. From our calcula-
tions WASP-12 b, which is also the closest of the F-star ttans
planet sample experienced the highest mass loss. The same ex
planet has also a low density of about 0.3 g&iand the highest
Roche lobe related mass loss enhancement fgctbRES-4 b

has the lowest density of about 0.2 g ¢nat an orbit location of
about 0.051 AU and shows the second largest mass loss of about
7 % of our F-star transit exoplanet sample.

Fig. 2 shows the lost mass of 16 transiting exoplanets in
orbits around G-type stars. One can see that 7 exoplangts los
~2—7 % of their initial mass during 4 Gyr. From these 7 planets
CoRoT-Exo-1 b lost about 7 % of its initial mass and is followe
by WASP-4 b which lost about 6 % and OGLE-TR-56 b with
about 3.5 %. All three exoplanets are low density planetsoand
bit at close distances between 0.0225-0.0254 AU. The otieer g
giants in our G star exoplanet sample have more or less eglig
ble thermal mass loss rates.

Table 1 summarizes the planetary parameters of the 49 tran-Fig. 3 shows the lost mass of 12 exoplanets in orbits around
siting exoplanets and the lost mass due to thermal evapaoratk-type stars. Compared to the F and G star exoplanets the ther
over 4 Gyr corresponding to heatinffieiencies of 10 %, 60 % mal mass loss of our planet samples in similar orbital distan
and full energy-limited conditions with = 100 %. As one can around lower mass K and M-type stars (see Table 1) is negli-
see from Fig. 1 and Table 1, from 21 F-star transiting exagtkan gible. This result is in agreement with Penz and Micela (2008
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Table 1. Masses and radii of 49 transiting exoplanets, stellar nsassewell as most of the spectral types are taken from thegolar Planets
Enyclopaedia; status February 2009; Httpww.exoplanet.eli Spectral types which are roughly estimated correspontdirije mass sequence
are indicated with a superscript The lost mass is calculated over a period of 4 Gyr for thréfemint values of heatindteciency (10 %, 60 %,
100 %). The planetary densities and the Roche lobe related loss enhancement factoare also given.

| Exoplanet | Moi/Maup Mot /¥ 3up Ppl Mstar/ Msun Spectral typ¢ Distance ¢ | AMpi/Mpaose AMpi/Mso  AMpi/Mpj00%
F ] | [gcm ) | [AY] | mass loss [%)]
1 | CoRoT-Ex0-3b| 21.66 1.01 26.08 1.37 F3Vv 0.06 1.08 0.0002 0.001 0.0017
2 | CoRoT-Exo0-4 b 0.72 1.19 0.53 1.1 FOov 0.09 1.19 0.12 0.73 1.212
3 | HAT-P-2b 8.62 0.95 12.43 1.29 F8 0.07 1.09 0.0007 0.004 0.0069
4 | HAT-P-4b 0.68 1.27 0.41 1.26 F 0.05 1.58 0.90 5.07 8.02
5 | HAT-P-5b 1.06 1.26 0.66 1.16 T+ 0.04 1.48 0.42 2.43 3.95
6 | HAT-P-6 b 1.06 1.33 0.56 1.29 F 0.05 1.39 0.28 1.68 2.75
7 | HAT-P-7Db 1.77 1.36 0.87 1.47 T+ 0.04 1.53 0.23 1.34 2.21
8 | HAT-P-8b 1.52 1.5 0.56 1.28 + 0.05 1.42 0.23 1.35 2.23
9 | HAT-P-9b 0.78 1.4 0.35 1.28 F 0.05 1.48 0.63 3.58 5.76
10| OGLE-TR-132 1 1.14 1.18 0.86 1.26 F 0.03 1.67 0.6 3.42 55
11| OGLE-TR-182h 1.01 1.13 0.87 1.14 T+ 0.05 1.32 0.19 1.11 1.83
12| OGLE-TR-2111 1.03 1.36 0.51 1.33 T+ 0.05 1.43 0.35 2.02 3.29
13| SWEEPS-04 3.8 0.81 8.87 1.24 + 0.06 1.12 0.003 0.02 0.04
14| TrES-4b 0.92 1.79 0.2 1.38 F 0.05 1.7@ 1.27 6.9 10.73
15| WASP-1b 0.89 1.36 0.44 1.24 F7v 0.04 1.69 1.0 5.54 8.73
16| WASP-12b 1.41 1.79 0.31 1.35 F 0.02 3.68 5.97 23.46 31.23
17| WASP-14 b 7.73 1.26 4.8 1.32 F5Vv 0.04 1.25 0.01 0.05 0.08
18| WASP-3 b 1.76 1.31 0.97 1.24 F7v 0.03 16 0.31 1.79 2.93
19| WASP-7b 0.96 0.92 1.56 1.28 F5Vv 0.06 1.21 0.07 0.4 0.67
20 X0-3b 11.79 1.22 8.12 1.21 F5V 0.05 1.18 0.002 0.01 0.019
21| X0-4b 1.72 134 0.89 1.32 F5VvV 0.06 1.3 0.09 0.52 0.87
G | | | |
22| CoRoT-Exo-1b 1.03 1.49 0.37 0.95 Gov 0.03 2.36 1.3 6.99 10.81
23| CoRoT-Exo-2 b 3.31 147 1.31 0.97 G 0.03 1.56 0.06 0.35 0.59
24| HAT-P-1b 0.52 1.23 0.35 1.13 Gov 0.06 1.43 0.32 1.88 3.07
25| HD 149026 b 0.36 0.65 1.59 1.3 GOoIv 0.04 1.37 0.16 0.93 1.53
26| HD 17156 b 3.21 1.02 3.72 1.24 GO 0.16 1.08 0.0004 0.003 0.004
27| HD 209458 b 0.69 1.32 0.37 1.01 GOV 0.05 1.49 0.34 1.98 3.23
28| OGLE-TR-10b 0.63 1.26 0.39 1.18 G 0.04 1.61 0.48 2.76 4.46
29| OGLE-TR-56 b 1.29 1.3 0.73 1.17 G 0.02 2.2 0.6 3.45 5.53
30| SWEEPS-11 9.7 1.13 8.34 1.1 [ 0.03 1.24 0.002 0.01 0.02
31| TrES-2 1.2 1.22 0.82 0.98 Gov 0.04 1.47 0.14 0.83 1.36
32| TrES-3 1.92 1.3 1.1 0.92 G 0.02 1.81 0.22 1.26 2.08
33| WASP-4b 1.12 1.42 0.49 0.9 G7vV 0.02 2.32 1.09 5.97 9.33
34| WASP-5b 1.58 1.09 1.51 0.97 G4V 0.03 1.58 0.11 0.68 1.12
35| WASP-6 Db 0.5 1.22 0.34 0.88 G8 0.04 1.57 0.66 3.76 6.04
36| X0-1b 0.9 1.18 0.67 1 G1lVv 0.05 1.35 0.12 0.69 1.15
37| X0-5b 1.08 1.09 1.04 0.88 G8Vv 0.05 1.2§ 0.06 0.36 0.59
K| | | |
38| HAT-P-11b 0.08 0.42 1.34 0.81 K4 0.05 1.22 0.16 0.97 1.59
39| HAT-P-3b 0.6 0.89 1.05 0.94 K 0.04 1.3§ 0.07 0.41 0.68
40| HD 189733 b 1.13 1.14 0.95 0.8 K1-K2 0.03 1.51 0.07 0.42 0.70
41| Lupus-TR-3b 0.81 0.89 1.43 0.87 K1V 0.05 1.26 0.02 0.15 0.24
42| OGLE-TR-111H4 0.53 1.07 0.54 0.82 K 0.05 1.37 0.10 0.62 1.02
43| OGLE-TR-113H 1.32 1.09 1.27 0.78 K 0.02 1.69 0.1 0.56 0.93
44| TrES-1 0.61 1.08 0.6 0.87 KOV 0.04 1.48 0.13 0.76 1.26
45| WASP-10b 3.06 1.08 3.01 0.71 K5 0.04 1.23 0.01 0.03 0.05
46| WASP-11b 0.46 1.05 0.5 0.82 K3V 0.04 1.43 0.15 0.91 1.51
47| WASP-2b 0.88 1.02 1.04 0.84 K1V 0.03 15 0.08 0.49 0.82
48| X0-2b 0.57 0.97 0.77 0.98 KOV 0.04 1.48 0.12 0.71 1.18
M| | | |
49| GJ436b | 0.07 0.44 1.06 0.45 M2.5 | 0.03 1.41[ 0.43 2.51 4.08

because the X-ray flux from cooler stars is significantly lowdactor/ as a function of planetary densjtyand orbital distance
than the flux from solar-mass stars for a given orbital distan around early M-type stars witNW s, = 0.5Msy, and Sun type

One can see from Table 1 that the Roche Lobe has an 2" WithMstar = 1.0Msun One can see from Fig. 4 that close-
portant influence on the atmospheric mass loss of closeédn eX! exoplanets with low densities are moressted compared to

planets. Fig. 4 shows the Roche lobe related mass enhant:erﬁgwlar planets with a higher density. Our study indicattss a
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that the Roche lobefkect is more #icient around G-type stars density pp ~ 0.4 g cnT3) gas giant around a K star at an orbital
compared to lower mass stars. One can see from Fig. 4 thatdmtance of about 0.017 AU and a mass of about\d;§ looses

1
0.01

d [AU)

Fig. 4. Roche lobe related mass enhancement fatts a function of
orbital distance for exoplanets with a density of 0.4 gtfdot-dashed

with a heating #iciency of 60 % after 4 Gyr 23 % of its initial
mass. If one considers the energy-limited lags=(100%) the
same planet would loose about 46 % of its mass. On the other
hand a “Hot Neptune” with a low density at the same orbital dis
tance could loose its hydrogen envelope so that the placas
remain. We can therefore not rule out that CoRoT-Exo-7 bis no
a remnant of an evaporated “Hot Neptune” or sub-Neptungscla
object.

Fig. 5 shows theféect of thermal mass loss for two gas gi-
ants with an initial mass of.BM;,p and densities gf; =1.24 g
cm3 andp,=0.4 g cnt® at 0.02 AU (EGP ) and 0.025 AU(EGP
II) in an area where so far no Jupiter-mass or sub-Jupigsscl
exoplanets were discovered. The circles represent the ewass
lution of the test planets after 4 Gyr for both densitigsand
p1. The dashed line separates discovered exoplanets in tlee mas
range between 0.01-IM),, from the area where no exoplanets
have been discovered so far. As one can see thermal atmaspher
mass loss is notficient enough to evaporate gas giants which
should be located in this area down to their core sizes.dfghp
of exoplanets is related to mass loss non-thermal processes

line) and 1.3 g cr? (dashed line) around a M star with a mass of0 be responsible.

0.5Msyn. The dotted line and solid line correspond for similar dense
planets around a G star with one solar mass.

. L . N \. NI v

Roche lobe fiect enhances the mass loss at orbital distanc .00 Tl '!. R . . '. .
< 0.02 AU dramatically. Exoplanets with densities which ar E EGP1 eGP, Joo e . ]
< 0.55 g cnt® can lose their initial hydrogen inventory if they po8s e Sedde® 1
orbit around G-type stars at distances of about 0.01 AU.fBara 3 | Ipz o |
et al. (2004) compared the ratio of the mass loss timesgaie = e, . |
the thermal timescalt,, which is characterized by the Kelvin- ¢

Helmholtz timescale and found that, whgfyt, becomes< 1 Towok e -
the evolution of “Hot Jupiters” changes drastically whiesults & ¢ . o> ]
in rapid expansion of the planetary radius and enhancesasem = -~ . ]
loss. Our model results indicate that close-in hydrogeh-gias ) ¢ i

giants at orbital distances 0.015 AU may experience this vio-
lent mass lossfeect.

Table 2 shows the integrated mass loss over 4 Gyr for g
giants with 1.0 and 0.5, and a “Hot Neptune” and densities

0.01

0.01

Orbital distonce [AU]

of 0.4 and 1.241 g cnii in orbital distances between 0.01-0.02,

AU around G stars. Fig. 5. lllustration of thermal mass loss integrated over 4 Gyr v |
One can see from Table 2 that thermal evaporation may be(as=0.4 g cnt®) and high p; =1.24 g cm?®) density gas giants with
efficient loss process which caiffieiently evaporate the denseinitial masses of M, located in an area where no exoplanets have

hydrogen envelopes of close-in exoplanets in the Neptuagsmbeen discovered until now. The filled circles show discotreneoplan-
domain at orbital distances < 0.025 AU around G-type stars. &S in mass range between 0.01-M;@, and an orbital distance between
Jupiter-mass exoplanets with high densitiesl(g cnT®) expe- 0.01-0.1 AU.

rience negligible thermal atmospheric mass loss at ordital

tances beyond 0.015 AU. Between 0.01-0.015 AU similar gas  |n the following section we investigate if stellar wind and

giants may looses 10 % of their initial atmosphere. In agree-CME plasma induced non-thermal atmospheric erosion can ef-

ment with Fig. 4, low density gas giants can significantlysieo fectively modify the mass evolution of non- or weakly magne-

their hydrogen atmospheres at 0.01 AU. Gas giants with masg§ged gas giants in orbital distance€.1 AU.

of ~ 0.5Myypand densities of about 1.25 g chrcan loose about

16 % of their mass at G-star orbital distances of about 0.01 AU

We note also that the majority of the thermal mass loss OCClg_SAtmospheriC mass loss related to stellar wind

during the first Gyr when the XUV radiation of the young stars and CME induced ion erosion

is much higher compared to ages beyond 1 Gyr after the stars

origin. The same exoplanets would experience lower mass IGaking into account that tidal-locking of short periodicoex

if the orbits are located at similar distances around K-tstaes. planets may result in weaker intrinsic magnetic moments, as
One can also see form Table 2 that the recently discawempared to fast rotating Jupiter-class exoplanets aetavg

ered transiting “Super-Earth” CoRoT-Exo-7 b, which is lech bital distances (GrieBmeier et al. 2004), and Khodachehtb e

around an orbit of a K star at about 0.017 AU can not be the r@007) found that the encountering of dense stellar wind and

maining core of an evaporated “Hot Jupiter”. For instanoawa | CME plasma may compress the magnetosphere and force the
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Table 2. The mass loss of “Hot Jupiters” and “Hot Neptunes” with lovd &igh densities at four fiierent orbital distances around a G stavl§ly,)
and a K star (BMsyp).

Mot /Maupppi/paup| AM /M AMG/ME®  AMg/MI9O%

AMg/MI®  AMp/ME™  AMy/MEO%

0.01 AU | mass loss [%] (G stars) | mass loss [%] (K stars)
1 1.24 7.40 - - 2.3 14.97 27.72
0.5 1.24 15.83 - - 4.66 36.12 -
0.054 1.61 - - - 38.36 - -
1 0.4 - - - - - -
05 04 - - - - - -
0.054 0.4 - - - - - -
0.017 AU
1 1.24 0.8 4.88 8.27 0.31 1.85 3.09
0.5 1.24 1.6 10.0 17.38 0.61 3.72 6.28
0.054 1.61 12.06 - - 4.46 31.16 72.73
1 0.4 4.79 37.0 - 1.65 10.41 18.23
0.5 0.4 9.9 - - 3.34 22.55 45.68
0.054 0.4 - - - 51.26 - -
0.020 AU
1 1.24 0.49 2.97 5.0 0.19 1.15 1.93
0.5 1.24 0.98 6.03 10.25 0.38 2.32 3.89
0.054 1.61 7.35 66.69 - 2.82 18.24 33.21
1 0.4 2.43 15.77 28.76 0.89 5.47 9.30
0.5 0.4 4,93 36.78 - 1.79 11.29 19.76
0.054 0.4 - - - 20.44 - -
0.025 AU
1 1.24 0.27 1.61 2.69 0.11 0.64 1.06
0.5 1.24 0.53 3.23 5.44 0.21 1.28 2.13
0.054 1.61 4.0 27.09 54.26 1.57 9.79 16.89
1 0.4 1.13 7.0 11.98 0.44 2.63 4.43
0.5 0.4 2.28 14.58 26.03 0.87 5.33 9.04
0.054 0.4 26.99 - - 9.19 - -

magnetospheric stanfidocation down to heights where ioniza-  Whether the stellar wind is stopped well above the planet
tion and ion pick-up of the planetary neutral atmospherehiey tdepends on the pressure balance between the stellar wind ram
CME plasma flow takes place. Here a planetary ionosphere repessure [fsy = PSWCMEvgw,CME) and the maximum ionospheric
resents the thermal plasma which is produced by the interg¢ermal pressurepln = nik(Te + T;)). To the first order, here
tion of the stellar XUV radiation with the neutral atmospherwe simply compare the stellar wind ram pressure with the peak
and which is controlled by the gravity and magnetic field & thionospheric pressure to determine the height where thiarstel
planet. wind would be stood . It is reasonable to postulate that the
stellar wind will be absorbed by the planetary atmosphettesif
Back to our Solar System, it is known that magnetospherngm pressure is larger than the ionospheric pressure. Such a
like structures are found at all planets regardless if tmell extreme plasma-atmosphere interaction could result irrgela
has an intrinsic global magnetic field or not. The solar wimd i atmospheric mass loss due to ion pick up and other non-tierma
teraction with a planet produces a magnetosphere-liketstrel  escape processes.
near the planet with common features such as bow shock, mag-
netosheath, magnetotail, and boundary layers. In the dase o0 = Thus, by using this analogy we can expect that the iono-
trinsically magnetized planets like the Earth, a magnédtespis sphere of non- or weakly magnetized “Hot Jupiters” repressen
formed to stand-f the oncoming solar wind. an obstacle similar to that where a magnetosphere is prdgent
difference between the ionized and the magnetic obstacle may be
For a planet like Venus or Mars, which has no global intrinsitheir distance above the visual radius of the planet.
magnetic field but an atmosphere, an induced magnetosghere i
created by the magnetized solar wind interaction with tigélyi Fig. 6 illustrates the stellar plasma interaction with non-
conducting ionosphere. The induced magnetosphere iSthereweakly magnetized gas giants. The dashed-line corresgonds
analogous to the magnetosphere of an intrinsically maggeti the critical ionopause location ({Pat about 15r, above the vi-
planet, but occupies a smaller volume (Zhang et al. 2007). \&&al radii. The H ion pick up loss rate for a Jupiter-type gas
note that in the case of Mars or Venus, the ionospheric pressgiant at 0.045 AU at about3rp, above the visual radii is in the
is mostly larger or comparable with the solar wind ram pressuorder of about 18 g s (Khodachenko et al. 2007) and lower at
both in solar wind maximum and minimum. The interaction dfigher IP locations where pick up ion losses become comparab
the post-shock solar wind flow with the ionosphere resulig inwith the thermal loss rate of “Hot Jupiters” but negligifl®ne
distinct boundary. This is the so-called ionopause whicatfinoes integrates this value over the life time of the planet. If stel-
the thermal plasma of the ionosphere and marks its top bayndiar plasma flow interacts below this critical boundary, thaess
(cf., Phillips and McComas 1991). loss rate of a “Hot Jupiter’Nl, < Mjyp) becomes larger and can
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AU). For the stellar wind speed one can take in this formula
Vo = 300km’s, whereas for average and fast CMEs one can
usevp = 500 km's and 800 kifs. The decrease of the average
CME plasma densitycye at orbital distanced < 0.1 AU is de-
scribed byncue(d) = no(d/do) 3¢, which forng = 2x 10° cm3
anddy = 3Rsun gives a good approximation for the values es-
timated from the SOH@ASCO coronograph images (Lara et
Mt oF waakly a_I. 2004). These power-layv approximations of th_e CME.den—
magnetized sity follow from the analysis of solar CME-associated btigh
"Hot Jupiter" ness enhancements in the white-light coronagraph imaggs (e

Khodachenko 2007, and references therein). The average mas
IPc //'

Low pick up ion loss

of CMEs, is~ 10'® g and the average duration of CMEs, at dis-
Star tances (6.10)Rgynis ~ 8 h.

Fig.7 shows the resulting stellar wind and CME plasma
parameters as well as the corresponding ram pressureg Tabl
3 summarizes particular values of the stellar wind and CME
plasma parameters obtained from the these approximations f
the given orbital distances 0.015 AU, 0.045 AU and 0.1 AU. For
estimating the ionopause pressure of assumed non- or weakly
magnetized “Hot Jupiters” we use the kbn profiles and tem-
peratures modeled by Yelle (2004). This author applied a cou
pled photochemical and hydrodynamic model on hydrogem-ric
atmospheres of “Hot Jupiters” in orbits with semi-major axe
from 0.01 to 0.1 AU. The modeled planetary plasma parameters
correspond to planetary distances of abayt@nd are shown in

Fig. 6. lllustration of the stellar plasma interaction with non-veeakly Table 4

magnetized gas giants.

One can see that the ionosphere density increases if the

probably erode the planet’s hydrogen inventory (Khodakhenhydrogen-rich gas giant is located at closer orbital distaithis
etal. 2007). ion enrichment is related the to higher stellar XUV flux clote
Thus, from the study of Khodachenko et al. (2007) we knotie star. Exoplanets at closer orbital distance are exgosedre
that ion pick up loss is negligible for “Hot Jupiters” if a pletary  €xtreme stellar plasma flows but on the other hand the upper
obstacle builds up at atmospheric distaneek5r,, (shadowed atmospheres of planets under such extreme conditions soe al
area in Fig. 6). For studying the stellar wind and CME ram preguch stronger ionized. By using the stellar and planetaymb
sure as well as the ionospheric pressure of “Hot Jupiters’ oRarameters shown in Table 3 we estimate the corresponding ra
has to know the stellar wind and CME plasma density and vand planetary ion pressures which are summarized in Table 4.
locity as a function of orbital distance, as well as the igriesic ]
density profile, and the ion temperature and electron teatyper As one can see from Table 4, the ion pressure of “Hot
of “Hot Jupiters”. Jupiters” can easily balance the incoming stellar wind and a
By considering that the Sun is a typical G-type star, we agtage expected CME ram pressures-alry, that is close but
sume a similarity of the basic parameters and their spagial Pove the critical ion pick up erosion distance of about].5
havior for the stellar wind on other G-type stars and thogeén We note that a factor of 2 related to the ionopause pressure
solar wind. In view of the limited amount of precise quantitalS Within the uncertainties of atmosphgfmospheric model
tive information regarding the stellar (non-solar) windgls a assumptions. From this estimation we can conclude that the
solar-stellar analogy principle is widely used for the istiga- i0nopause of “Hot Jupiters” when they are exposed to orglinar
tion of basic processes of the stellar wind - planetary atter Stellar winds or average CMEs will form at locations, wherets
tions. Therefore, in the present study we use the Sun as g préxnassive exoplanet is not strongly eroded by the stellanya
for estimating the stellar wind and CME density and speed déaw. On the other hand one can also see from Table 4 that the
pendence as a function of the orbital distadckn particular, for ion pressure is not able to balance the ram pressure of fa&sCM
the approximation of the stellar wind density we use the empibetween orbital distances f0.02-0.1 AU.

cal power-law formula o )
One can see from panel (b) in Fig. 7, the CMEs reach their

d 31 d 606 d 1293 . highest speed at about 0.02 AU, therefore the ram pressure is
o 1994~ +2210p—  )x 10, jower at orbital distances which ag®.02 AU. Interestingly the
(11) orbital distance where fagt CMEs shoulffi@ently erode_ the _
which was derived from Skylab coronograph observatio@émospheres of “Hot Jupiters” corresponds to the orbitad di
(Guhathakurta et al. 1996). The stellar wind and CMEs spek&ice shownin Fig. 5 where so far no exoplanets within thesmas

nSW = (1.07

can be approximated by range between.0M;,—10M;,, are discovered. One may won-
der if this is a coincidence or if fast CMEs are responsible fo
ng = VS S(1- e(2~8—d)/8~1), (12) the missing “Hot Jupiters” between 0.02-0.035 AU (see Fig. 5

In future studies we plan to investigate if fast CMEs could be
developed by Sheeley at al. (1997) on the basis of tracking sa reason for the missing exoplanet population within thevabo
eral solar wind density enhancements at close distadce®(1 mentioned mass range and orbital distances.
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Number density [cm™] Radial velocity [km/s] Ram pressure [dyne cm™]

% T T T T
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d [AU] d [AU] d [AU]

Fig. 7. Stellar wind and CME parameters versus orbital distanceesponding to a Sun-like G star. a) Density: stellar windigsline), CME
(dashed line); b) Radial velocity: stellar wind (solid jnéast CME (dashed line), average CME (dashed-dotted;lir)elRam pressure: stellar
wind (solid line), fast CME (dashed line), average CME (aasHotted line).

d[AU] | neu[om®] | vew [km/s] | nowe [em 3] | v [kmys] | V2L [kmys] | ne- [em3] | T+ Te [K]

0.1 794 283 1667 474 759 6x10° 20x10¢
0.045 9625 226 2.95x 10¢ 378 605 1x 10 3.0x 10
0.015 | 448x10P 68 154x 1P 113 181 4x10° 50x 10¢

Table 3. Stellar wind and planetary plasma parameters.

d[AU] | P, [107 dyne cm?] | P [107 dyne cm?] | P& [107 dyne cm?] | Py, [1077 dyne cm?]

0.1 11.0 63.0 160.0 150.0
0.045 82.0 705.0 1805.0 420.0
0.015 341.0 3294.0 8432.0 5500.0

Table 4. Dynamic stellar plasmas and planetary ion pressures.

4. Conclusion thermally evaporated hot gas giant. But one can not rulehatt t
CoRoT-Exo-7 b is the core of a low density Neptune-class or
We applied a modified energy-limited mass loss equationhvhigub-Neptune-class exoplanet which lost its hydrogen epeel
can reproduce the full hydrodynamic approach of Penz et @wing to the XUV flux evolution and Roche lob#ect, the ther-
(2008) for the study of the thermal mass loss of 49 known transmal mass loss is lower on exoplanets orbiting low mass stars,
ing exoplanets over 4 Gyr. We note also that previous theatral compared to planets in similar orbital distances around G or
mospheric mass loss evolution studies like that of Lammat. et type stars. We found that non-thermal stellar plasma indititte
(2003), Baré#te et al. (2004) and Lecavelier Des Etangs (2007ick up erosion on a non- or weakly magnetized “Hot Jupiter”
which applied energy-limited formulas but neglected tiet t is most likely negligible if such a planet interacts with the
heating dficiency is substantially less than 100 % overestimateghary stellar wind or average CMEs. Due to the large stellar
the mass loss rates. We studied the initial mass of thesdaxopXUV flux, extended ionospheres are produced. The ion pressur
ets and found that for the given planetary and stellar paramg these ionospheres is strong enough that the stellar widd a
ters only the low density “Hot Jupiter” WASP-12 b could haveME ram pressure can be balanced at distances of a few plane-
lost about 24 % of its initial mass. There are also severakttraary radii, resulting in negligible atmospheric erosiotesaover
siting planets like the low density exoplanet CoRoT-1 b wmhicevolutionary time scales. Fast CMEs however, can not be bal-
lost about 5-7 % of their initial masses. The thermal mass lagnced by the planetary ion pressure at orbital distancegleet
of close-in gas giants can be verffieient at orbital distances ~ 0.02-0.1 AU. During such collisions “Hot Jupiters” may ex-
< 0.02 AU. Most of the observed transiting exoplanets expefperience high non-thermal escape rates. Future researfeston
enced negligible mass loss during their life time. Compavighl  CME interaction with “Hot Jupiters” will help us to underath
high density exoplanets, low density gas giants &iected much if such extreme events are behind the phenomenon that no gas
stronger against thermal mass loss. The mass loss enhafieingiants with masses 1.0Mj,, are discovered so far at orbital
fect of the Roche lobe together with low planetary densiies distances< 0.035 AU. Finally we conclude that the results of
the main factors for high mass loss rates. Depending on thte heur study show that the discovery of transiting exoplanets-a
ing efficiency, low density Neptune-class objects can loose theital distances< 0.015 AU and ground-based follow-up mass
hydrogen envelopes at orbital distanee8.045 AU. determinations together with theoretical mass loss ssucim

Our study indicates that one can rule out that the first discd¥ting reliable information on the statistics of remainimges of
ered transiting “Super-Earth” CoRoT-Exo-7 b is a remnard ofshrinked gas giants.
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