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fCentre de Recherche en Astrophysique de Lyon (CRAL), and Ecole Normale Supérieure (ENS), Lyon, France

gINAF, Osservatorio Astronomico di Cagliari, Cagliari, Italy
hObservatoire d Astrophysique de Marseille, B.P. 8, F-13376 Marseille, Cedex 12, France

iInstitut d’ Astrophysique Spatiale, bat 121, CNRS, Univ. Paris Sud, F-91405 Orsay, France

Received 16 June 2006; accepted 9 July 2007

Available online 3 May 2008
Abstract

We investigate the efficiency of the atmospheric mass loss due to hydrodynamic blow-off over the lifetime of the exoplanet HD209458b

by studying numerically its hydrogen wind for host star X-ray and EUV (XUV) fluxes between 1 and 100 times that of the present Sun.

We apply a time-dependent numerical algorithm which is able to solve the system of hydrodynamic equations straight through the

transonic point of the flow including Roche lobe effects. The mass loss rates are calculated as functions of the absorbed energy in the

thermosphere. Depending on the heating efficiency for a hydrogen-rich thermosphere the maximum temperature obtained in our study at

1:5Rpl by neglecting IR cooling is about 5000–10,000K for heating efficiencies of 10% and 60%, respectively. We find that the upper

atmosphere of HD209458b experiences hydrodynamic blow-off even at such low temperatures if one does not neglect gravitational

effects caused by the proximity of the planet to its Roche lobe boundary. Depending on the heating efficiency, we find from the solution

of the hydrodynamic equations of mass, momentum, and energy balance that energy-limited mass loss rate estimations overestimate the

realistic mass loss rate at present time for HD209458b by several times. Using the maximum heating efficiency for hydrogen–rich

atmospheres of 60% we find that HD209458b may experience an atmospheric mass loss rate at present time of about 3:5� 1010 g s�1. The

mass loss rate evolves to higher values for higher XUV fluxes expected during the early period of the planet’s host star evolution,

reaching values of several times 1012 g s�1. The integrated mass loss is found to be between 1.8% and 4.4% of the present mass of

HD209458b. We found that the influence of the stellar tidal forces on atmospheric loss (the Roche lobe effect) is not significant at

0.045AU. For a similar exoplanet, but at closer orbital distances p0:02AU, the combined effect of the Roche lobe and the high XUV

radiation result in much higher thermal loss rates of about 2:6� 1011 g s�1 and even more for early stages. This leads to a total loss over

4Gyr of 27.5% of the planetary mass.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The ‘‘Hot Jupiter’’ HD209458b which orbits around an
about 4Gyr old solar-like G star is the first exoplanet for
e front matter r 2008 Elsevier Ltd. All rights reserved.
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which several transits across the stellar disk have been
observed (Henry et al., 2000; Charbonneau et al., 2000)
indicating that its visual radius is only slightly larger than
Jupiter’s, that is about 1:32rJup (Knutson et al., 2007;
Ballester et al., 2007). After several unsuccessful attempts
to observe atmospheric species of HD209458b by Bundy
and Marcy (2000), Rauer et al. (2000), and Moutou et al.
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(2001), Charbonneau et al. (2002) observed a dense lower
atmosphere of HD209458b and detected neutral sodium
due to absorption in the NaI D lines. The spectroscopic
observations of the absorption in the NaI D lines and H
Lyman-a line during transits provided the first opportunity
to constrain the structure of the atmosphere of a ‘‘Hot
Jupiter’’. The size of the planet inferred from the H Lyman-
a absorption corresponds to atomic hydrogen density nH of
at least 106 cm�3 at a planetary distance of about 2:5rpl
(Vidal-Madjar et al., 2003). Vidal-Madjar et al. (2003)
concluded from their observations that atomic hydrogen
escapes from the extended upper atmosphere of
HD209458b with a rate of more than 1010 g s�1.

Vidal-Madjar et al. (2004) analyzed four more transits of
HD209458b with the space telescope imaging spectrograph
(STIS) on board of the hubble space telescope (HST) in the
wavelength range of 118.0–171.0 nm and found absorp-
tions in HI, OI, and CII absorption lines. They found that
the absorption over the whole HI Lyman-a line is
consistent with their previous observation (Vidal-Madjar
et al., 2003) and the absorption depths for OI and CII show
that atomic oxygen and carbon are also present up to the
Roche lobe and beyond. These results can be interpreted as
an observational evidence of the existence of the upper
atmosphere which experiences hydrodynamic blow-off
conditions. Because of the high X-ray and EUV (XUV)
flux of a close host star, the upper atmospheres of short-
periodic hydrogen-rich gas giants can be heated to
temperatures X10; 000K, resulting in large escape rates
and intense cooling by a planetary hydrogen wind which
can also drag along with it heavier atomic species-like O
and C beyond the exobase or even the Roche lobe.

The theory of hydrodynamic escape of hydrogen and
heavier species, dragged off along with the light species, has
been developed by Hunten (1973) and applied to mass
fractionation of heavy isotopes in the early atmospheres of
Venus, Earth, and Mars by Zahnle and Kasting (1986),
Zahnle et al. (1990), and Hunten (1993). Hydrodynamic
escape consists of a global, cometary-like (Schneider et al.,
1998), expansion of the upper atmosphere. These condi-
tions occur if a large amount of the energy of the stellar
XUV radiation is deposited in the thermosphere, allowing
heated atoms to overcome the gravity field of a planet and
to flow as a planetary wind (blow-off) into interplanetary
space (Hunten, 1973, 1993; Zahnle and Kasting, 1986;
Zahnle et al., 1990; Chassefı́ère, 1996a, b; Pepin, 2000;
Pepin and Porcelli, 2002; Becker et al., 2003).

Lammer et al. (2003) applied a scaling method (Bauer,
1971; Gross, 1972) for the estimation of the exospheric
temperature of ‘‘Hot Jupiters’’ and found that Texo can
easily reach values X10; 000K at orbital distances
o0:1AU, if efficient cooling by IR-irradiating molecules-
like Hþ3 is neglected. Yelle (2004, 2006) applied 1-D
hydrodynamic calculations of the atmospheric structure
of ‘‘Hot Jupiters’’ in orbits with semi-major axes from 0.01
to 0.1AU and found a hydrogen loss rate of about
4:6� 1010 g s�1. In agreement with Lammer et al. (2003),
this study showed that the thermospheres of short-periodic
gas giants may be heated to temperatures up to about
10,000K by the XUV flux from the central star alone.
Observational evidence of the XUV heating within the
lower thermosphere of HD209458b was recently provided
by Ballester et al. (2007) who detected a 0.03% Balmer-
continuum absorption. After applying the Yelle (2004)
model they found that a layer of hot hydrogen with a
temperature of about 5000K can explain the observations.
Tian et al. (2005) developed a numerical model which
solves the time-dependent hydrodynamic equations of
mass, momentum, and energy balance, by using a Chap-
man-like 2-D energy deposition function instead of the
single layer approximation of absorbed XUV radiation of
Watson et al. (1981) and applied it to HD209458b. These
authors found a maximum loss rate of about 6� 1010 g s�1

which is in agreement with that of Yelle (2006) and about a
factor of 15 less than the energy-limited loss rate estimate
of about 1012 g s�1 obtained by Lammer et al. (2003) who
used the energy-limited equation and the single XUV layer
approximation of Watson et al. (1981).
An important point which was neglected in previous

studies of Yelle (2004) and Tian et al. (2005) is the fact that
for close-in gas giants, the Lagrangian L1 point may be
located somewhere in the expanded exosphere and may be
even below the exobase (Lecavelier des Etangs et al., 2004;
Jaritz et al., 2005; Erkaev et al., 2007; Lecavelier des
Etangs, 2007). The Roche lobe is defined as a volume of
space around a planet where its atmosphere is gravitation-
ally bound to that planet. Because atmospheric particles at
and beyond the Roche lobe can escape to space, Lecavelier
des Etangs et al. (2004) argued that the Roche lobe can be
seen as an equivalent to the exobase level. To be exact,
there is a difference between the Roche lobe and the
exobase, since at the Roche lobe the atmospheric particles
can freely escape, whereas at the exobase level a critical
temperature should be reached to allow blow-off to occur
(at the L1 point, the critical temperature is zero). For
HD209458b the L1 point is at about 4:3Rpl (Erkaev et al.,
2007) and the exobase is above or near the Roche lobe,
hence, all particles reaching the L1 point are lost
automatically.
In order to study evolutionary aspects of extrasolar giant

planet atmospheres, it is necessary to consider also the
much higher XUV fluxes of younger stars (e.g., Ribas et al.,
2005). Previous investigations of evolutionary effects of
evaporating ‘‘Hot Jupiters’’-like HD209458b by Lammer et
al. (2003) and Baraffe et al. (2004) were based on the
energy-limited approach of Watson et al. (1981), which
have overestimated the thermal mass loss rates during
evolutionary important early time periods. Lecavelier des
Etangs (2007) proposed recently an approach for a fast
estimation of the escape rates over the life time of the
discovered ‘‘Hot Jupiters’’. His method is based on an
energy diagram where the potential energy per unit mass of
the planetary atmosphere is shown as a function of the
stellar EUV energy flux absorbed in the upper atmosphere.



ARTICLE IN PRESS
T. Penz et al. / Planetary and Space Science 56 (2008) 1260–12721262
The escape rate is than obtained in a similar way, as
suggested by Watson et al. (1981), as the ratio of the
absorbed EUV energy flux integrated over the exoplanet to
the potential energy of a unit mass of the atmosphere.
Lecavelier des Etangs (2007) found a region, as a function
of planetary and stellar parameters, in which a hydrogen-
rich ‘‘Hot Jupiter’’ may evaporate in less than 5Gyr. So far
all known exoplanets were discovered outside this region.

In contrast to the previous studies which focused on
evolutionary aspects of ‘‘Hot Jupiters’’ by Lammer et al.
(2003), Baraffe et al. (2004) and Lecavelier des Etangs
(2007), this study has the aim to investigate the difference
between the mass loss calculations arising from the use of
the simplified energy-limited methods, and a detailed 1-D
time-dependent hydrodynamic model developed in this
study which solves hydrodynamic equations numeri-
cally for HD209458b over the planet’s history for XUV
fluxes between 1 and 100 times that of the present Sun. In
Section 2 and in the Appendix a description of the
numerical method used in our study is given. The expected
XUV flux behavior of HD209458b’s host star at present
and during the star life time is discussed in Section 3. In
Section 4 we apply our model to HD209458b and calculate
temperature, density, and velocity profiles, as well as
hydrogen loss rates with and without IR cooling for the
present XUV flux conditions of HD209458b’s host star and
consider the conditions that blow-off for ‘‘Hot Jupiters’’
can occur. After comparing our results with different
models and taking into account observational limitations
we calculate the hydrogen loss rate from HD209458b over
the planet’s life time considering the evolution of the host
star XUV flux in Section 5. The model results are
compared to previous evolution studies based on energy-
limited loss estimations by Lammer et al. (2003), Baraffe
et al. (2004), and Lecavelier des Etangs (2007). For
investigating the atmospheric instability of ‘‘Hot Jupiters’’
at closer orbital distances we study the thermal loss rates
from a HD209458b-like exoplanet at closer orbital distance
of 0.02AU. Finally, in Section 6 we discuss the implica-
tions of our results for close-in exoplanets which are
expected to be discovered by the CoRoT space observatory
during the near future.
2. Model description

2.1. Solution of the hydrodynamic equations

We model the hydrodynamic conditions for a hydrogen-
rich atmosphere of ‘‘Hot Jupiters’’ by applying the set of
the 1-D fluid equations for mass, momentum, and energy
conservation in spherical coordinates
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Here, n refers to the particle number density, v is the
velocity of the fluid, m is the mass of a hydrogen atom, p is
the thermal pressure, E is the total energy density, q is
the XUV volume heating rate, T is the temperature of the
atmospheric gas, k is the Boltzmann constant, g is the
adiabatic index, and w is the heat conductance. Also
included are gravitational effects, referred to as Roche lobe
effects by taking

Fgrav ¼ �
GMpl

r2
þ

GMst

ðd � rÞ2
�

GðMst �MplÞ

d3
ðs� rÞ, (3)

where G is the gravitational constant, Mpl is the planetary
mass, Mst is the stellar mass, d is the orbital distance of the
planet, and s is distance of the center of mass of the system
from the planets center. A detailed description of the
numerical method which we use for solving the hydro-
dynamic equations is given in the Appendix.
2.2. X-ray and EUV heating of the thermosphere

Below we establish a functional dependence between the
XUV volume heating rate q and distance r, which we model
by the following two integrals:

qðrÞ ¼ Z ~nqmaxsðrÞ exp �k
Z r

1

sðr0Þdr0
� �

,

sðrÞ ¼ exp a
Z r

1

nðr0Þdr0
� �

, (4)

where Z is the heating efficiency which is defined as the
ratio of the net heating rate to the rate of stellar energy
absorption. In the present stage of our investigations we
introduce an idealized heating function. The stellar XUV
radiation intensity J decreases towards the exoplanet due
to absorption in the thermosphere, which results in
dissociation and ionization and, hence, in heating of the
upper atmosphere

dJ

dr
¼ sn�J, (5)

where s is the ionization cross section and n� is the total
density of the neutral gas. By integrating Eq. (5), one
obtains

J ¼ J1 exp a
Z ~r

1

~n� d~r

� �
, (6)

where a ¼ sn0r0 and ~r and ~n� refer to normalized
quantities. The neutral particle flux as a decreasing
function of distance can be determined by the following
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Fig. 1. Heating rate for the HD209458b present day thermosphere (solid

line). The dashed line shows the cooling rate representing IR cooling.
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equation:

divðn�vÞ ¼ �
Jn�s

Ei

, (7)

where Ei is the average energy of the XUV photons. From
the equation of conservation divðnvÞ ¼ 0 for the total
number density n in the case of the radial flow, we obtain
an equation for the ratio between the ion density and the
total number density
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By taking the asymptotic of the velocity ~v1 and by
integrating Eq. (8) we find

n�

n

� �
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1
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� �
, (9)

where k ¼ J1sr0=ðEics ~v1Þ. By using (6) and (9) we find the
source function for the XUV volume heating rate

q ¼ Zsn�J ¼ Zðsn0J1Þ ~n
J
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1

ðJ=J1Þd~r

� �
,

(10)

where J=J1 ¼ sðrÞ ¼ expða
R ~r
1
~nd~rÞ. By comparing (10)

with (4) we define qmax ¼ sn0J1. We note that the obtained
Chapman-like function for q represents an idealized shape
of the XUV volume heating rate modeled by Yelle (2004)
with a maximum qmax close to the visible radius in the
thermosphere of the exoplanet and a sharp decline below
and a smaller decrease above.

In order to study the effect of the heating efficiency on
the temperature, velocity and density profiles and the
corresponding hydrogen loss rate we use Z ¼ 10%, 30%,
and 60%, which covers the whole range of heating
efficiencies found in the literature (Chassefı́ère, 1996a;
Yelle, 2004; Tian et al., 2005). Fig. 1 shows the heating rate
in physical units for present day HD209458b and an IR
cooling rate as used in our model. Since IR cooling
processes take place in the lower thermosphere of
HD209458b (Yelle, 2004), we introduce an IR cooling
term qIR in the heating function q ¼ qXUV � qIR, where
qXUV represents the XUV heating term. Because at the
present stage our model does not include ion and neutral
chemistry, the cooling term qIR is chosen in such a way so
that the effective XUV volume heating rate corresponds to
the expected ‘‘Hot Jupiter’’ neutral and ion hydrogen
chemistry modeled by Yelle (2004).

3. The evolution of stellar activity and HD209458

Stellar activity decreases by orders of magnitudes during
the stellar life time. The main parameter that affects the
stellar activity is the rotation, one of the crucial ingredient
of the stellar dynamo. In turn, the coronal properties affect
the angular momentum evolution of stars and therefore the
dynamo efficiency producing a feedback process with a
tight interplay between the properties of the stellar interiors
and those of the outer atmospheric layers.
The detailed history of rotational and activity evolution

of a given star depends on the rotational velocity with
which the star reaches the zero age main sequence (ZAMS).
From observations of young open clusters we know that
stars of a given mass just arrived on the ZAMS may have
very different rotational periods (e.g., Bouvier et al., 1997),
with 1M� stars that may have periods of several days or of
few hours. The specific value likely depends on the time
when the circumstellar disk dissipates, since it regulates the
angular momentum evolution during the premain sequence
phase when the star is contracting. As a result of that a star
that dissipates early its disk, may spin up during the
contraction, reaching the ZAMS with fast rotation, while a
star with a long living disk maintains a low rotation rate
even during its contraction phase and will reach the ZAMS
with a slow rotation rate.
Given the dependence of activity on rotation, stars on

the ZAMS will present a broad distribution of activity
levels. This broad distribution is particularly evident in X-
ray bandpass, where it has been possible to derive
luminosity distributions for stars of same mass and same
age using stellar samples from open clusters. For example,
dG stars in a Per (age �50Myr) may have X-ray
luminosity as low as 1029 erg s�1 or much higher at
logLx�3� 1030 erg s�1 (Randich et al., 1996), dG stars of
Pleiades (age �100Myr) have X-ray luminisoty in the
range of 4� 102823� 1030 erg s�1 (Stauffer et al., 1994;
Micela et al., 1996). A broad X-ray luminosity range is
present even at 1Gyr as derived from Hyades cluster (Stern
et al., 1995), and an even larger distribution has been
determined for nearby stars that are dominated by stars of
a few Gyr (Schmitt and Liefke, 2004). Furthermore it
should be considered that, at least at the solar age, one
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order of magnitude of variation is observed in X-ray
bandpass during the solar cycle.

From all the above, it is clear that is very difficult, if not
impossible, to reconstruct the ‘‘detailed’’ past history of the
XUV flux of a specific star. Because, planetary migration is
expected to occur also very early (e.g., Lin et al., 1996;
Ward, 1997; Trilling et al., 1998; Burrows et al., 2000;
Alibert et al., 2004; Rice and Armitage, 2005) one can
assume that ‘‘Hot Jupiters’’ were exposed to much higher
XUV radiation in their early evolutionary epochs. Because
the host star of HD209458b is a solar-like G-type star we
assume an average activity evolution derived from the
project of The Sun in time (see, for example, Ribas et al.,
2005 and references therein) that it is based on a sample of
individual field solar proxies. Observations of young solar-
like stars in this project indicate that the stellar XUV flux
of Sun-like G-type stars 2.5 and 3.5Gyr ago was about 3
and 6 times higher, respectively, than today and that the
high-energy flux of the young solar-like stars after they
arrived at the ZAMS was larger up to a factor of 100
(Ribas et al., 2005). The evolution of the XUV flux is
calculated from the scaling law (Baraffe et al., 2004; Ribas
et al., 2005)

FXUV ¼ 6:13t�1:19f XUV for tX0:1Gyr, (11)

where t is the age of the system in Gyr, while f XUV ¼

420 erg cm�2 s�1 is scaled from the value given in Baraffe et
al. (2004) to the orbit of HD209458b. The results should be
considered as the behavior of an average G-type star. A
complete derivation of the expected distribution of
planetary losses taking into account the evolution of the
complete X-ray luminosity distribution which are much
higher will be deferred to a later work.

The present activity level of HD209458 can be estimated
from an existing X-ray observation made with XMM/
Newton observatory. Indeed the pre-release of the second
version of the XMM/Newton Serendipitous Catalog
(http://xmm.vilspa.esa.es/external/xmm_data_acc/xsa/index.
shtml) reports an X-ray source at the stellar position with a
count rate of 3:3� 10�3 cts s�1. Assuming a hydrogen
column NH ¼ 1019 cm�2, a coronal temperature of T ¼

3� 106 K and a distance of 47 pc we derive
Lx ¼ 1:1� 1027 erg s�1. Such luminosity is comparable
with that of the present Sun during a moderately quiet
phase and falls in the lower quartile of the X-ray luminosity
distribution observed for the nearby solar-like stars
(Schmitt, 1997).

4. Modeling of hydrogen loss rates for HD209458b

4.1. Velocity, density, and temperature profiles and their

comparison with different models

For studying the effect of thermal evaporation during
the history of HD209458b we apply our model first to the
present stellar condition and observations so that the
results can be compared to previous studies of other
authors. HD209458b orbits at about 0.045AU a 4Gyr old
solar-like G-type star. This ‘‘Hot Jupiter’’ has a planetary
mass Mpl ¼ 0:69MJup (Laughlin et al., 2005) and a visual
radius rpl�1:32rJup (Knutson et al., 2007; Ballester et al.,
2007). The XUV flux at 0.045AU at present time is about
500 times larger compared with that on Earth at 1AU.
The upper panel of Fig. 2 shows the flow velocity and

number density for the present time XUV radiation value
for Z is 10% and 60% without (solid lines) and with
(dashed lines) IR cooling. The corresponding flow velocity
at the L1 point for high and low Z is in the order of about
7 km s�1. Assuming a hydrogen density at the lower
boundary of the thermosphere n0 ¼ 3� 1014 cm�3 we
obtain the number density profile as a function of distance
for present day HD209458b shown in the middle panel of
Fig. 2. By using this initial condition we achieve a density
of about 107 cm�3 at 3:0Rpl and at the L1 point, which is
located at about 4:3Rpl, a density of about
106 cm�3ðZ ¼ 60%Þ. As one can see in Fig. 2, if we use a
lower heating efficiency (Z ¼ 10%) we obtain slightly lower
densities at the similar distances. The obtained values are in
agreement with the observations of Vidal-Madjar et al.
(2003, 2004). By comparing our obtained number densities
with the neutral hydrogen density obtained by Yelle (2004)
at 3Rpl one can see that our value is an order of magnitude
higher but is in agreement with his total atomic hydrogen
ðHþHþÞ density nHþHþ of �107 cm�3. The reason is that
in Yelle (2004) most H is ionized at distances 41:7Rpl. At
closer distances the hydrogen density profiles are different
because in the present stage our model, like this of Tian et
al. (2005), contains no hydrogen photochemistry.
The bottom panel of Fig. 2 shows the temperature

profiles for Z ¼ 10% and 60% without IR cooling (solid
lines) and with IR-cooling (dashed lines). For the
temperature at the lower thermospheric boundary we use
a value of T0 ¼ 1350K (Iro et al., 2005). The maximum
temperatures achieved are ranging between 5000 and
10,000K, depending on the heating efficiency and whether
cooling is considered or not. In principle, these values
could be compared with the observation of hot H by
Ballester et al. (2007), who observed a small 0.03%
absorption by atomic hydrogen. Using the atmospheric
density and temperature profiles taken from the Yelle
(2004) model, Ballester et al. (2007) concluded that the
absorption could be produced in a 5000K hot and 1000 km
thick layer, located at an altitude of 8500 km. From this
estimate it follows that the hot hydrogen layer is located
at a radial distance of �1:09Rpl where it would give origin
to the observed Balmer continuum absorption. This
conclusion depends directly on the chemistry of the
planet lower atmosphere, that is not included in the
present code, preventing us to directly compare our
modeling results with the observation by Ballester et al.
(2007). We note that a detailed study of hot hydro-
gen generation in the thermosphere of HD209458b and
the inclusion of hydrogen chemistry is beyond the scope of
this work.

http://xmm.vilspa.esa.es/external/xmm_data_acc/xsa/index.shtml
http://xmm.vilspa.esa.es/external/xmm_data_acc/xsa/index.shtml
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A comparison of the model results obtained in this study
with the results of Yelle (2004) and Tian et al. (2005) for the
present time stellar activity conditions for the planet HD
209458b is shown in the Fig. 3. The temperature profiles
(the upper panel) and the velocity profiles (the lower panel)
are presented by colored solid curves for all the three
models in question as functions of the radial distance from
the center of the planet. The three pairs of the temperature
and velocity profiles calculated in this study for the three
different XUV radiation heating efficiency values of
Z ¼ 10%, 30%, and 60% are shown in different colors.
The critical temperature for the onset of blow-off, T c and
the escape velocity, V esc profiles calculated for the New-
tonian and Roche gravitational potentials of the planet
according to Erkaev et al. (2007), are also displayed in
Fig. 3 by the dashed curves. The L1 point showing the
Roche lobe boundary location and the exobase location,
Rexo are also indicated in the figure by the vertical dashed
lines. For the convenience of reference we shall denote
hereafter our model, as P-2008 model, the reference model
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of Yelle (2004, 2006), as Y-2004, and the Tian et al. (2005)
model, as T-2005 model.

First, we compare our present time results with the Y-
2004 model. It can be seen from Fig. 3 that a general
behavior of the Y-2004 and of our P-2008 model
temperature profiles is quite similar. They both show a
rapid increase with the radial distance above the lower
boundary of the model up to the peak temperature at about
1:5Rpl and a decline in temperature above the peak distance.
The velocity profile for the Y-2004 model, like that for the
P-2008 model, also shows a rapid increase above the lower
boundary up to a distance of about 1:5Rpl. Thus, we may
conclude from this that both models are generically akin.

However, although our model and the Y-2004 model
look basically similar, there are a few important differences
between them, mostly in the details of the atmospheric
structure they predict. First of all, the Y-2004 model yields
notably higher maximum temperature. And, in spite of
this, the temperatures of this model are well below the
critical temperature, Tc for the onset of blow-off from
the upper thermosphere of the planet. This follows from
the high Newtonian gravitational potential barrier as-
sumed at the upper boundary in this model. As a result, in
the Y-2004 model only gas-kinetic evaporation is possible
at the relatively slow subsonic atmospheric outflow
velocities from the exobase level.

In contrast, although the temperatures predicted by our
model for the heating efficiency in the range from 10% to
60% are notably lower than in the Y-2004 model, they are
well above the critical temperature near the Roche lobe
boundary, which results from the effect of the stellar tidal
forces which are acting on the planetary atmosphere and are
included in our model. As a consequence, our model predicts
a hydrodynamic regime of atmospheric escape, that is blow-
off, with a supersonic velocity above the Roche lobe at
considerably lower temperatures than in the Y-2004 model.

When we compare our present time model results with
those of the T-2005 model, one may note the high
temperature achieved in that model, which reaches a
maximum value close to 100,000K near the upper
boundary at 10Rpl. This high temperature which is
monotonously growing from the lower boundary, could
be maintained in the tenuous upper atmosphere which
experiences strong adiabatic cooling due to the expanding
supersonic outflow, only if high energy deposition rate
were assumed to heat the upper atmosphere of the planet
above its Roche lobe. Also, very high velocity at distances
above �2Rpl predicted by the T-2005 model which is about
5 times higher than in both Y-2004 and our model,
indicates that the radiative heating of the upper atmo-
sphere in the T-2005 model should be higher than in both
Y-2004 and P-2008 models (see also Fig. 4).

4.2. Present day thermal loss rates

We calculated the mass loss rate of HD209458b at the
Roche lobe boundary, since above it no return to the
atmosphere for all particle reaching this distance is
possible. By using a high heating efficiency Z ¼ 60%, our
calculation yield a mass loss rate for HD209458b of about
3:5� 1010 g s�1, which is higher than the loss rate of about
1010 g s�1 estimated from the observations of Vidal-Madjar
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Table 1

Loss rates in g s�1 for different ages of the system (and corresponding XUV fluxes in erg cm�2 s�1) using the hydrodynamic model and Z ¼ 60%, 30%, and

10%; and the energy-limited approach (Erkaev et al., 2007) at an orbital distance of 0.045AU

t (Gyr) (XUV flux (erg cm�2 s�1)) 4 (494) 2 (1127) 1 (2573) 0.5 (5871) 0.2 (17467) 0.1 (39852) Total

HD model Z ¼ 60% 3:5� 1010 1:2� 1011 4� 1011 9:2� 1011 3� 1012 6:2� 1012 5:7� 1028 (4.4%)

Z ¼ 30% 2:5� 1010 7:3� 1010 2:6� 1011 6:6� 1011 2� 1012 4:3� 1012 3:8� 1028 (2.9%)

Z ¼ 10% 1:3� 1010 4� 1010 1:6� 1011 4:6� 1011 1:2� 1012 2:4� 1012 2:3� 1028 ð1:8%Þ
Energy limited 1:4� 1011 3:3� 1011 7:6� 1011 1:6� 1012 5� 1012 1:2� 1013 1:1� 1029 (8.4%)

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
x 104

R/Rpl

Te
m

pe
ra

tu
re

 [K
]

4 Gyr 

0.1 Gyr 

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
102

103

104

105

R/Rpl

V
el

oc
ity

 [m
/s

]

4 Gyr 

0.1 Gyr 

Fig. 5. Profiles for the temperature (upper panel), and the flow velocity

(lower panel) for a heating efficiency of 60% of a HD209458b exoplanet

orbiting at 0.02AU. The profiles represent different XUV radiation levels

corresponding to 4, 2, 1, 0.5, 0.2, and 0.1Gyr.

T. Penz et al. / Planetary and Space Science 56 (2008) 1260–1272 1267
et al. (2003). If we apply the IR cooling in our mass loss
calculations, we find only slightly reduced escape rates. The
cooling term changes the maximum temperature, but it
does not significantly influence the other hydrodynamic
quantities.

Our calculated total loss rate with Z ¼ 60% for the
present time stellar activity conditions is in the range of the
loss rates calculated by Yelle (2006) and Tian et al. (2005).
One can see in Table 1 (4Gyr case) calculated loss rates for
lower heating efficiencies Z ¼ of 30% and 10%. We find
that in the case of lower heating efficiencies our model gives
mass loss rates of about 2:5� 1010 g s�1 and
1:3� 1010 g s�1, respectively. By using the energy-limited
escape as given by Erkaev et al. (2007), the loss rate would
be 1:4� 1011 g s�1, slightly higher than the estimations of
Lecavelier des Etangs (2007) who applied also an energy-
limited approach with a 100% heating efficiency.

Another uncertain quantity is the neutral hydrogen
number density in the lower thermosphere n0, which is
assumed to be 3� 1014 cm�3 in our reference case. If we
assume it to be one order less, n0 ¼ 3� 1013 cm�3, the loss
rate is reduced from 3:5� 1010 to 2� 1010 g s�1, while an
increase of n0 by one order of magnitude gives a loss rate
8� 1011 g s�1. Thus, changes of the homopause density can
significantly change the results of the calculations by about
a factor of 2 in both directions. After validating our model
for the present mass loss conditions of HD209458b we
investigate the evolution of the radiation environment of
the planets host star, so that we can apply our model for
mass loss calculations over HD209458b’s history.

5. Thermal mass loss over the history of HD209458b

5.1. Early history thermal loss rates

For studying the loss rates of HD209458b over evolu-
tionary time periods, we varied the volume heating rate q

related to the evolving XUV flux of the host star, which
could have been about 100 times larger after its arrival to
the ZAMS than the present value (see Section 3; and Ribas
et al., 2005). Fig. 5 shows our model results for Z ¼ 60%
for density, temperature, and velocity profiles as a function
of distance normalized to the planetary radii for ages of
HD209458b’s host star ranging from 0.1 to 4Gyr. As
expected, the values for all hydrodynamic quantities
increase with decreasing age of the system. The density at
the L1 point increases from 106 cm�3 at 4Gyr to about
3� 107 cm�3 at 1Gyr and finally reaches about 108 cm�3 at
about 0.1Gyr after the stars arrival at the ZAMS. The
maximum temperature is changing from about 8000K ðZ ¼
30%Þ at 4Gyr to about 15,000K at 1Gyr to more than
24,000K at 0.1Gyr. One might also notice that the radius
where the maximum temperature is achieved is slightly
increasing with increasing XUV flux, because the atmo-
sphere is more expanded and thus the absorption radius
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also increases leading to a slight shift of the location of the
temperature maximum. The velocity close at the Roche
lobe is changing from about 7 km s�1 at 4Gyr to about
25 km s�1 at 0.1Gyr.

The change in the mass loss rate is shown in Table 1. We
compare the mass loss rate by using different heating
efficiencies (Z ¼ 60%, 30%, 10%) with the energy-limited
loss rates (Z ¼ 100%) obtained from the energy-limited
approach of Erkaev et al. (2007). Furthermore, the
influence of the IR cooling shown in Fig. 1 is also
addressed for Z ¼ 60% cases. As already discussed above,
the obtained mass loss rate rises for Z ¼ 60% from about
3:5� 1010 g s�1 at present time (4Gyr) up to about 1:2�
1011 g s�1 2 Gyr ago, while the energy-limited approach
gives a loss rate of about 3:3� 1011 g s�1. At 0.5 Gyr the
loss rate from the hydrodynamic model already reaches
9:2� 1011 g s�1, while the value is about a factor 2 higher
by using the energy-limited approach. Finally, the atmo-
spheric mass loss rate is more than 6� 1012 g s�1 at 0.1 Gyr
after the star arrived at the ZAMS. We note that at this
time period, the mass loss rate obtained with the energy-
limited approach is about 1013 g s�1.

Integration of the hydrogen mass loss rate over
HD209458b’s life time of about 4Gyr gives a total loss
of about 5:7� 1028 g for a high heating efficiency of
Z ¼ 60%, which is about 4.4% of the total mass of the
present planet. This indicates that even for high XUV
fluxes during the early stages of the planetary evolution
and an assumed high heating efficiency, HD209458b did
not lose a significant part of its mass due to thermal
evaporation. For lower values for the heating efficiency,
the loss rates are about 3:8� 1028 g or about 2.9% of
HD209458b’s mass (Z ¼ 30%), and 2:3� 1027 g or 1.8% of
HD209458b’s mass (Z ¼ 10%). The loss obtained by using
the energy-limited approach is 1:1� 1029 or 8.4% of the
exoplanet’s mass. By comparing these results with the loss
rates obtained by Lammer et al. (2003) and Baraffe et al.
(2004) one can see that these previous studies over-
estimated the thermal mass loss for HD209458b by at
least one magnitude.

5.2. Atmospheric evolution of ‘‘Hot Jupiters’’ at very close

orbital distances

However, it is also interesting to study the thermal
evolution of gas giant atmospheres at even closer orbits,
because they are affected by both, stronger XUV radiation
and enhanced loss rates because of Roche lobe effects.
Therefore, we put a planet with the same size and mass as
HD209458b at an orbital distance of 0.02AU around a
solar-like G-type star and investigate the thermal mass loss
over its history. At this close-in orbit, the effective
temperature of the planet can be estimated as (Jaritz
et al., 2005)

Teff ¼
3

4
tþ

1

2

� �1=4

T star
1� A

4

� �1=4
Rstar

a

� �1=2

, (12)
where t is the optical depth, T star ¼ 6000K is the effective
temperature of the star, A ¼ 0:52 the albedo of the planet,
while Rstar ¼ 1:01RSun is the radius of the host star, and
a ¼ 0:02 AU is the orbital distance of the star. Using this
equation, the effective temperature is Teff ¼ 2000K at the
orbital distance of 0.02AU. Additionally, we have to
change the parameter accounting for the Roche lobe effects
in the energy-limited approach. The position of the L1

point in this system is located at 1:9Rpl, which is already
close to the visible radius of the planet.
Now we apply our hydrodynamic code and calculate loss

rates for different ages of the system by using the maximum
heating efficiency Z ¼ 60%. Fig. 6 shows temperature and
flow velocity profiles for different ages of the host star. It is
obvious that the values are higher than for HD209458b at
0.045AU. The temperature at 4Gyr old planet is about
12,000K, while it reaches 50,000K at 0.1Gyr after the host
star arrived at the ZAMS. Also the flow velocity increases
from 18km s�1 at 4Gyr to 70 km s�1 at 0.1Gyr. At 4Gyr,
the atmospheric mass loss rate is about 2:6� 1011 g s�1,
which is more than 7 times large than the mass loss rate at
about 0.045AU. For comparison, the mass loss rate
without Roche lobe effects would be only 1:2� 1011 g s�1.
Thus, as pointed out by Lecavelier des Etangs et al. (2004),
Erkaev et al. (2007), and Lecavelier des Etangs (2007) one
can see that at such close orbital distances, the Roche lobe
already plays an important role.
If we proceed to early stages of the host star’s evolution,

a mass loss rate of about 2:2� 1013 g s�1 is found at
0.1Gyr. An overview of the mass loss rates for a heating
efficiency Z ¼ 60% is given in Table 2. If we integrate the
loss over 4 Gyr, a total mass loss of about 3:6� 1029 g s�1 is
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Table 2

Similar to Table 1 but for an HD209458b-like gas giant at an orbital distance of 0.02AU

t (Gyr) (XUV flux (erg cm�2 s�1)) 4 (2502) 2 (5709) 1 (13026) 0.5 (29720) 0.2 (88429) 0.1 (201750) Total

Z ¼ 60% 2:6� 1011 9:4� 1011 3:2� 1012 8� 1012 1:5� 1013 2:2� 1013 3:6� 1029 (27.5%)

Energy limited 1:6� 1012 3:7� 1012 8:6� 1012 2� 1013 5:7� 1013 1:3� 1014 1:2� 1030 (91.5%)
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found. This corresponds to about 27.5% of HD209458b’s
present mass and indicates that such close-in hydrogen-rich
gas giants are significantly influenced by a combination of
hydrodynamic and geometrical blow-off. The results for
the energy-limited escape overestimate the hydrogen mass
loss rate for the 0.1Gyr case by a factor of 6.

Fig. 6 compares the hydrogen mass loss rates of
HD209458b obtained by our hydrodynamic model calcula-
tions for Z ¼ 60% and 30% with the energy-limited
approach (Z ¼ 100%) as a function of time for orbital
distances of 0.045AU (upper panel). Our finding is in
general agreement with the recent study of Lecavelier des
Etangs (2007) who found a region where the ‘‘Hot
Jupiters’’ may thermally evaporate at life times less than
5Gyr. However, as one can see from Fig. 6 generalized
methods which use an energy-limited approach over-
estimate the thermal mass loss rates. The overestimation
of thermal evaporation rates by using energy-limited
approaches and applied by Lammer et al. (2003) and
Baraffe et al. (2004) may also explain the discrepancies
between the mass function of observed ‘‘Hot Jupiters’’ and
these previous evolutionary models. Hubbard et al. (2007a,
b) recently presented calculations for the evolution and
surviving of highly irradiated discovered exoplanets at
orbital distances between 0.023 and 0057AU by using a
generalized scaling theory for mass loss including tidal
truncation and found in agreement with our present results
that the previous studies of Lammer et al. (2003) and
Baraffe et al. (2004) overestimate the total mass loss and
can therefore not reproduce the mass function of the
observed ‘‘Hot Jupiters.’’

6. Contribution of CoRoT observations

For applying complex hydrodynamic codes which obtain
reliably atmospheric mass loss rates to ‘‘Hot Jupiters’’ and
lower mass exoplanets the size and mass of the planets as in
the case of HD209458b has to be known. Unfortunately
only a small sample of close-in exoplanets where the radius
could be inferred by transit observations is available. For
most of the more than 200 discovered exoplanets only the
mass, including the uncertainty sin i is known from radial
velocity measurements. However, the present situation will
hopefully change after the successful launch of the CoRoT
space observatory in December 27, 2006.

CoRoT will search continuously during 150 days at
6000–12,000 stars with high accuracy photometry for
transiting exoplanets (Barge et al., 2006). With 5 long time
observation runs and 3–4 short runs during a mission life
time of about 2.5 yr the total target stars in the exoplanet
search program of CoRoT will be about 30,000–60,000 on
durations of about 150 days and about 20,000–40,000 on
short time durations of about 20 days (Barge et al., 2006).
Due to the large number of target stars in CoRoTs

observation channel, it is expected that CoRoT will
discover most likely several hundred transiting ‘‘Hot
Jupiters’’ from which the planetary size could be inferred
(Barge et al., 2006). Radial velocity follow-ups of the
discovered exoplanets will give us the possibility to
determine the mass, density, and gravitational acceleration
of the discovered exoplanets with high accuracy. Especially
observations of smaller and lower-mass close-in exoplanets
within orbital locations o0:02AU, where all theoretical
models expect extremely high thermal and non-thermal
mass loss rates will enhance our understanding of atmo-
spheric escape processes under extreme stellar conditions
and remnants or cores of ‘‘gas giants’’. Although the
extreme mass loss theory where strong mass loss triggers a
rapid expansion of the planetary radius as presented by
Baraffe et al. (2004) may be excluded for ‘‘Hot Jupiters’’ at
orbital distances40:02AU, the discovered effect should be
considered at very close orbital distances of about
p0:02AU. Therefore, the planet sample enlarged with
transit discoveries by CoRoT will help to improve the
present statistic and understanding of ‘‘Hot Jupiters’’, their
interaction with its host star and planet formation in
general.

7. Conclusions

We apply a numerical 1-D time-dependent hydrody-
namic model including tidal forces for studying hydrogen
winds and corresponding atmospheric mass loss rates at
HD209458b as a function of stellar XUV fluxes over
evolutionary timescales. Depending on the assumed heat-
ing efficiency for hydrogen-rich Jovian-type thermospheres
(Z ¼ 10260%), the maximum temperature obtained in our
study at 1:5Rpl by neglecting IR cooling reaches about
5000–10,000K.
Our obtained temperature at the Roche lobe distance of

about 4:3Rpl is about 2500–3500K, which is much less than
the critical temperature of about 20,000K required for
blow-off in the case of the classical Newtonian gravita-
tional potential. However, we found that the upper
atmosphere of HD209458b experiences hydrodynamic
blow-off at such low temperatures if one does not neglect
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gravitational effects caused by the Roche lobe. By
comparing our modeled temperature and velocity profiles
with those obtained by Yelle (2004) and Tian et al. (2005)
our results are in a better agreement with Yelle (2004) but
in disagreement with Tian et al. (2005) results who
obtained high temperatures of about 40,000K at the L1

point and even about 80,000K at the exobase.
By using a heating efficiency Z of 10%, 30%, and 60%,

the corresponding present day thermal mass loss rate for
HD209458b is found to be about 1:3� 1010, 2:5� 1010,
and 3:5� 1010 g s�1, respectively. Our result is consistent
with the lower mass loss limit estimated from the HST-
STIS Lyman-a observations of X1010 g s�1. The results
obtained with the higher heating efficiencies are in
agreement with the maximum mass loss rates of about
6� 1010, and 4:7� 1010 g s�1 calculated by Tian et al.
(2005), and Yelle (2006) but is significantly lower than the
energy-limited mass loss rate of about 1012 g s�1 which was
estimated by Lammer et al. (2003) based on the assump-
tions of Watson et al. (1981).

By applying our model to higher XUV flux values as
expected for young solar-like stars, we found that for a 100
times higher XUV exposure during the first 0.1Gyr of the
planets’ evolution stage, mass loss rates from 2:4�
1012 g s�1 for Z ¼ 10% and 6:2� 1012 g s�1 for Z ¼ 60%.
The total integrated thermal mass loss over the history of
HD209458b depends of the heating efficiency and XUV
evolution of the planets’ host star and is found to be in the
order of about 2.3 �102725:7� 1028 g, corresponding to
about 1.8–4.4% of the mass of HD209458b. This value can
vary by about a factor of 2 because of uncertainties in the
homopause number density but is more than a magnitude
lower than earlier estimates based on Watson’s method
(Lammer et al., 2003).

For investigating the efficiency on the orbit location to
the thermal evaporation, we modeled the mass loss rates
also for a closer orbit location of a HD209458b-like ‘‘Hot
Jupiter’’ at about 0.02AU and found that at an orbital
location �0:02AU, HD209458b could have lost up to
about 27.5% of its present mass due to higher stellar XUV
radiation and Roche lobe effects.
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Appendix

Here we briefly discuss the numerical model used for
solving the hydrodynamic equations (1). For computa-
tional convenience we introduce dimensionless quantities
according to

r ¼ r0 ~r; v ¼ ct ~v; t ¼ r0=ct ~t; n ¼ n0 ~n,

T ¼ gT0
~T ; q ¼

n0mc3t
r0

~q,

where c2t ¼ gRT0 denotes the sound velocity and subscript
0 refers to quantities at the visual radius rpl of the planet. In
the normalized units we can write the following system of
equations:

q ~n
q~t
þ

2

~r
~n~vþ ~n

q~v
q~r
þ ~v

q ~n
q~r
¼ 0, (13)

~n
q~v
q~t
þ ~n~v

q~v
q~r
þ ~T

q ~n
q~r
þ ~n

q ~T
q~r

¼ �bpl ~n
1

~r2
þ bst ~n

1

ð ~d � ~rÞ2
� bplst ~n

Mplst
~d � ~r

~d
3

, (14)

q ~T
q~t
þ ~v

q ~T
q~r
¼ ðg� 1Þ

~q

~n
� ðg� 1Þ ~T

1

~r2
q~r2 ~v
q~r

, (15)

where bpl;st ¼ GMpl;st=ðrplc2t Þ, bplst ¼ GðMpl þMstÞ=ðrplc2t Þ,
and Mplst ¼Mst=ðMpl þMstÞ. Because we have only
normalized quantities, we shall omit the superscript tilde
hereafter.
Parker (1979) found analytic solutions of the problem in

question, if one assumes a spatially constant temperature in
the steady state (isothermal) case. Thus, the general
behavior of the physical quantities is known, i.e. the
density decreases as r�2 away from a planet, whereas the
flow velocity of the fluid increases away from the planet
and approaches asymptotically a constant value. We
should note that in its present form, the system of
Eqs. (13) is rather difficult to treat numerically due to the
steep gradient of density, particularly in the immediate
proximity of the planet. Therefore, we transform the
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system of hydrodynamic equations into a form more
suitable for numerical computations.

To overcome the problem of modeling steep density
gradients, we introduce in the first step a new function
f ¼ ln n, which is divided into two component parts
f ¼ f 0 þ f 1. The function f 0 is taken to be a stationary
component of the solution with a zero flow velocity and is
assumed to satisfy the equations

qf 0

qt
¼ 0;

qf 0

qr
¼ �

bpl
r2
þ

bst
ðd � rÞ2

�
bplst
d3
ðMplstd � rÞ. (16)

Then the system of hydrodynamic equations reads

qf 1

qt
þ v

qf 1

qr
þ

qv

qr
¼ �

2v

r
� v

qf 0

qr
, (17)

qv

qt
þ v

qv

qr
þ T

qf 1

qr
¼ �

qT

qr
þ ð1� TÞ

qf 0

qr
, (18)

qT

qt
þ v

qT

qr
¼ ðg� 1Þqe�ðf 0þf 1Þ � ðg� 1ÞT

1

r2
qr2v

qr
. (19)

As a last step in transforming the system of equations to a
form suitable for numerical computations, we consider the
equations of mass and momentum conservation separately
and rewrite them in their characteristic form. The
equations of mass and momentum conservation are
integrated together by applying Godunov’s (1959) method.
The evolution of the temperature is then determined via a
leapfrog step. At the lower boundary which is assumed to
be near the visible radius of the exoplanet, the temperature,
velocity, and density are specified and kept constant in
time. The system of the mass and momentum conservation
equations is solved along the characteristics. The main
advantage of this method is that along the characteristics
the system of partial differential equations reduces to a
system of ordinary differential equations. The method is
applied until steady state solutions are achieved. The
stability of the scheme is ensured by an appropriate choice
of the time step as the Courant–Friedrichs–Lewy condition
is checked at every successive step.
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