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ABSTRACT

Context. A study of the mass loss enhancement for very close “Hot Jupiters” due to the gravitational field of the host star is presented.
Aims. The influence of the proximity to a planet of the Roche lobe boundary on the critical temperature for blow-oﬀ conditions for
estimating the increase of the mass loss rate through hydrodynamic blow-oﬀ for close-in exoplanets is investigated.
Methods. We consider the gravitational potential for a star and a planet along the line that joins their mass centers and the energy
balance equation for an evaporating planetary atmosphere including the eﬀect of the stellar tidal force on atmospheric escape.
Results. By studying the eﬀect of the Roche lobe on the atmospheric loss from short-periodic gas giants we derived reasonably
accurate approximate formulas to estimate atmospheric loss enhancement due to the action of tidal forces on a “Hot Jupiter” and
to calculate the critical temperature for the onset of “geometrical blow-oﬀ”, which are valid for any physical values of the Roche
lobe radial distance. Using these formulas, we found that the stellar tidal forces can enhance the hydrodynamic evaporation rate from
TreS-1 and OGLE-TR-56b by about 2 fold, while for HD 209458b we found an enhancement of about 50%. For similar exoplanets
which are closer to their host star than OGLE-TR-56b, the mass loss enhancement can be even larger. Moreover, we showed that the
eﬀect of the Roche lobe allows “Hot Jupiters” to reach blow-oﬀ conditions at temperatures which are less than expected due to the
stellar X-ray and EUV heating.
Key words. hydrodynamics – atmospheric eﬀects – stars: activity – planets and satellites: general

1. Introduction
Because hydrogen-rich upper atmospheres of short-periodic gas
giants in orbits with semi-major axes less than 0.1 AU can be
heated up to temperatures of more than 10 000 K by X-rays
and EUV (XUV) radiation of the central star (Lammer et al.
2003; Yelle 2004), they may experience hydrodynamic blowoﬀ. According to Öpik (1963), atmospheric blow-oﬀ is defined
as a regime of hydrodynamic escape which replaces gas-kinetic
escape, when the thermal energy kT per atom or molecule exceeds its gravitational potential energy. Since the observation of
an extended hydrogen corona around the planet HD 209458b by
Vidal-Madjar et al. (2003), diﬀerent blow-oﬀ scenarios for evaporating hydrogen-rich atmospheres are discussed in the literature
(Sasselov 2003; Lammer et al. 2003; Lecavelier des Etangs
et al. 2004; Yelle 2004; Vidal-Madjar et al. 2004; Baraﬀe et al.
2004; Tian et al. 2005; Yelle 2006; Lecavelier des Etangs 2007;
Penz et al. 2007).
Lecavelier des Etangs et al. (2004) and Jaritz et al. (2005)
discussed the Roche lobe eﬀects on hydrodynamic mass loss
from the atmospheres of “Hot Jupiters” and argued that for

some close-in gas giants, due to expected high exospheric temperatures, the exobase level rexo can reach the Roche lobe
boundary rRl before classical hydrodynamic blow-oﬀ conditions may develop and, thus, aﬀect their atmospheric loss rates.
Lecavelier des Etangs et al. (2004) found that at high temperatures the exobase can be actually superimposed on the Roche
lobe boundary and, since the atmosphere beyond the Roche lobe
can escape unhampered, the authors argued that the stellar tidal
forces can increase the evaporation rate from an exoplanet by
one or two orders of magnitude.
In a recent study Lecavelier des Etangs (2007) proposed a
method for quick estimation of the thermal escape rate and a
life time of an extrasolar planet against its atmosphere evaporation and applied it to almost two hundred already discovered
planets. The method is based on an energy diagram where the
potential energy per unit mass of the atmosphere is plotted as a
function of the stellar EUV-energy flux absorbed by the atmosphere. This method is actually similar to the energy-limited approximation, first suggested by Watson et al. (1981). However,
Lecavelier des Etangs (2007) modified the planetary gravitational potential energy field disturbed by the parent star tidal
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forces for estimating evaporation rates from close-in hot exoplanets.
In his estimations Lecavelier des Etangs (2007) assumed that
atmospheric evaporation from extrasolar planets always occurs
in the blow-oﬀ regime where the bulk of the input stellar EUV
energy is taken away from the planet by the hydrodynamic outflow of its atmosphere, regardless of the actual thermal balance
and atmospheric structure of a specific planet. However, this assumption may oversimplify the atmospheric loss picture, particularly for exoplanets which are more massive and distant from
their parent stars and for which blow-oﬀ may not occur when
the mean thermal velocity of the atmospheric particles at the
exobase is less than the escape velocity from the planet. In such
a case only Jeans kinetic escape is possible which is typically
orders of magnitude slower than hydrodynamic blow-oﬀ.
The aim of this study is to propose approximate formulas
to estimate the blow-oﬀ loss rate enhancement from a close-in
exoplanet, which is expected to occur due to proximity to the
planet of the Roche lobe boundary this is in contrast with with
the “reference” case when the Roche lobe boundary is infinitely
distant from the planet and the eﬀect of its parent star tidal forces
can be neglected. We also aim to calculate the critical temperature for the onset of the “geometrical blow-oﬀ” from close-in
“Hot Jupiters”. Applying the obtained formulas we study atmospheric stability conditions against blow-oﬀ in the presence of
the stellar tidal forces and show that close-in gas giants with hot
and dense upper atmospheres may experience blow-oﬀ conditions more readily than the exoplanets which are under a similar
XUV energy exposure, but for which their parent star tidal forces
can be neglected.
In Sect. 2 we derive a nonlinear equation to estimate a decrease of the planetary gravitational energy potential due to the
action of the parent star tidal forces on the planetary atmosphere.
In Sect. 3 we apply this equation this equation to estimate the
blow-oﬀ loss rate increase from seven selected “Hot Jupiters”.
Here we show that this enhancement should occur regardless of
the approach used for estimating the loss rate, either the simplified energy-limited approximation, or more realistic hydrodynamic modelling. However, the ultimate result will depend on
the approach used, its accuracy, and limitations. We further find
that the applicability of our derived loss rate enhancement factor is more general than the linear approximation suggested by
Lecavelier des Etangs (2007). In Sect. 4 we consider the atmospheric stability conditions against blow-oﬀ. We derive an equation for estimating the critical temperature for the onset of blowoﬀ from close-in “Hot Jupiters”, which is valid for all Roche
lobe boundary radii which are larger than a planetary radius. In
conclusion we briefly formulate important evolutionary implications of our findings.

The first term in Eq. (1) represents the potential of the exoplanet and the second the potential of the star. The third term is
the result of the orbital motion of the whole system. The Roche
lobe of a planet is defined as the last equipotential around a
planet beyond which the equipotentials are open to infinity or
to encompass the star (e.g., Lecavalier des Etangs et al. 2004).
By introducing dimensionless quantities δ = Mpl /Mstar , λ =
d/rpl , η = ra /rpl , we analyze the variation of the potential along
the axis which connects the exoplanet with its host star

1
1
Φ(η) = Φ0 − −
η δ(λ − η)
⎤
2

1 ⎥⎥⎥⎥
1+δ
1
−η
−
λ
(2)
⎥,
δ
(1 + δ)
2λ3 ⎦
where
Φ0 = GMpl /rpl .

(3)

For this potential, there are two locations, the Lagrangian point
L1 and the Lagrangian point L2 which are saddle points. Both
points are close to each other for a small ratio of mass (Gu et al.
2003)

δ 1/3
1 δ 1/3
rL1,L2 =
1∓
d,
(4)
3
3 3
therefore, we consider as the Roche lobe boundary rRl ,
approximately
δ 1/3
d.
(5)
3
If we define a dimensionless Roche lobe boundary distance as
rRl ≈

δ 1/3
λ,
(6)
3
the potential diﬀerence between the Roche lobe boundary and
the planetary surface can be written as

1 ξ (λ(1 + ξ) − ξ)
(ξ − 1)
∆Φ = Φ0
1−
ξ
δ λ2 (λ − 1)(λ − ξ)
(1 + δ)ξ(1 + ξ)
−
·
(7)
2δλ3
ξ = rRl /rpl ≈

Using some algebraic manipulations and the relationship between the dimensionless quantities λ, δ, and ξ given by Eq. (6),
we can transform this expression to the following

1+ξ 1
(1 + ξ)ξ
(ξ − 1)
,
(8)
∆Φ = Φ0
− A(ξ, λ) −
1−
2
ξ
λ
2ξ
2λ3
where
(1 + ξ)(1 + ξ − ξ/λ) − ξ
·
3ξ2 (1 − 1/λ)(1 − ξ/λ)

2. Roche lobes of close-in exoplanets

A(ξ, λ) =

We consider two spherical masses, Mpl (exoplanet) and Mstar
(star), separated by an orbital distance d, which rotate around
their common center of mass. In the rotating coordinate system,
the energy per unit mass of a test particle in the ecliptic plane is
given by Paczyński (1971)


2
GMpl GMstar G Mpl + Mstar s
Φ=−
−
−
+ const.,
(1)
ra
rb
2d3

By assuming d  rRl > rpl and Mstar  Mpl which means
λ  ξ > 1 and δ  1, we obtain an asymptotic expansion of the
potential diﬀerence with respect to a small parameter 1/λ
 

1
(ξ − 1)
1 (1 + ξ)
∆Φ = Φ0
+
O
1−
·
(10)
ξ
2 2ξ2
λ

where s is the distance from a given point to the center of mass,
ra and rb are distances to the centers of the exoplanet and the
star, respectively, and G is Newton’s gravitational constant.

(9)

By neglecting the small term O(1/λ), we finally come to a simple
approximate expression
∆Φ = Φ0

(ξ − 1)2 (2ξ + 1)
·
2ξ3

(11)
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This potential diﬀerence depends on the distance from the center
of the planet to the Roche lobe boundary, ξ, which is normalized
to the planetary radius. Equation (11) can be further expanded
with respect to 1/ξ


1
3
∆Φ = Φ0 1 −
+
·
(12)
2ξ 2ξ3
If one neglects the term O(1/ξ3 ), Eq. (12) yields the formula of
Lecavelier des Etangs (2007) who assumed both large ξ and λ
(Eq. (B.15)).

3. Implications for atmospheric blow-off
For estimating the mass loss rate from a “hot” exoplanet
Γ = 4πr2 ρv,

(13)

we consider a steady-state hydrodynamic escape from a spherically symmetric atmosphere. Here Γ is the total mass loss rate
(g/s), r radius from the center of the planet, ρ the mass density,
v the vertical velocity of the atmosphere. Assuming that a “Hot
Jupiter” has a very extended atmosphere, such that the exobase
distance rexo  rRl , we may integrate the 1D energy conservation
equation from the base of the thermosphere, r0  rpl , up to the
Roche lobe boundary, rRl . As a result, we have an equation for
estimating the loss rate from a “hot” exoplanet
Γ=

4πQ
∆Φ +

v2Rl
2

+ c p (T Rl − T 0 )

,

(14)

where 4πQ is the net radiative power (erg/s) supplied to the
whole atmosphere of the planet due to the stellar XUV radiation
absorption and loss of a part of it due to atmospheric IR radiative
cooling, vRl is the gas flow velocity at the Roche lobe boundary,
c p is the specific heat at constant pressure per unit mass of gas,
T Rl is the temperature of gas at the Roche lobe rRl and T 0 is the
temperature at the base of the thermosphere which is close to rpl .
The value of T 0 is about equal to the eﬀective radiative temperature T eﬀ of the exoplanet.
The net radiative power per unit solid angle is
Q=

rRl

qr2 dr,

(15)

rpl

where q = qXUV − qIR is the net volume heating rate of the atmosphere. Here qXUV is the heating rate due to the absorption
of the stellar XUV radiation and qIR is the cooling rate due to
IR emitting molecules, such as H+3 (Yelle 2004).
The gravitational potential diﬀerence in Eq. (14) between the
base of the thermosphere, r0 and the Roche lobe boundary, rRl is
(Eq. (12))
∆Φ = Φ0 K(ξ),

(16)

where ξ = rRl /rpl and
K(ξ) = 1 −

1
3
+ 3 <1
2ξ 2ξ

(17)

is the potential energy reduction factor due to the stellar tidal
forces.
In the energy-limited loss approximation the kinetic and
thermal energy terms in Eq. (14) are assumed to be negligible.
So, the integrated energy balance Eq. (14) reduces in this case to
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the following simple equation for estimating the mass loss rate
from a “hot” exoplanet
Γ=

4πQ
,
Φ0 K(rRl /rpl )

(18)

which has a form similar to that derived by Watson et al. (1981).
Introducing the planetocentric distance rXUV

rXUV

⎛  rRl 2 ⎞ 12
⎜⎜⎜ r qr dr ⎟⎟⎟
pl
⎟⎟⎟ ,
= ⎜⎜⎜⎜⎝
IXUV ⎟⎠

(19)

which corresponds to the distance where the bulk of the incoming stellar XUV radiation flux IXUV is absorbed by the atmosphere, and ignoring the IR radiative loss from the atmosphere,
we obtain for the total radiative power input due to absorption
4πQ = 4π

rRl
rpl

2
qr2 dr = 4πrXUV
IXUV .

(20)

We note that the radiative energy flux IXUV in this equation
should be equal to the actual stellar XUV flux I at the orbital
distance of the planet, averaged over the whole surface of the
planet as a result of the spherical symmetry assumption adopted
in deriving both Eqs. (14) and (18). Taking into account that the
averaging factor for I is equal to 1/4, that is the ratio of the
2
to its whole surface area,
cross-section area of the planet, πrpl
2
4πrpl , we arrive to the following energy-limited equation for the
loss rate from a “Hot Jupiter”
Γ=

2
πrXUV
I
·
Φ0 K(rRl /rpl )

(21)

2
Here πrpl
I is the total power input of the stellar XUV radiation
absorbed by the atmosphere and Φ0 K(rRl /rpl ) is the gravitational
potential diﬀerence between rpl and rRl for a planet aﬀected by
stellar tidal forces.
In the typical blow-oﬀ scenarios considered, for example,
by Watson et al. (1981), Lammer et al. (2003) and Jaritz et al.
(2005) it is assumed that the stellar XUV radiation is absorbed
mainly at the so-called expansion radius r1 which is located
for most “Hot Jupiters” at a planetocentric distance close to rRl
or above. However, hydrodynamic model simulations by Yelle
(2004) which include photochemistry of a hydrogen-rich atmosphere, indicate that the optical depth for the stellar XUV radiation absorption τXUV by evaporating hydrogen is much less than
1 at rRl or at distances corresponding to Watson’s r1 , so that the
main part of the XUV radiation is absorbed at lower altitudes
of about (1.1–1.3)Rpl which are much closer to rpl . We note that
Lammer et al. (2003) applied Watson’s assumption about large
expansion radii for “Hot Jupiters” and, as a result, overestimated
the energy-limited loss rate by an order of magnitude.
Table 1 shows the Roche lobe induced mass loss enhancement factor 1/K as a function of rRl expressed in units of planetary radii rpl for seven short-periodic “Hot Jupiters”. One can see
from both Eqs. (14) and (18) that the loss rate may be substantially enhanced due to the eﬀect of the tidal forces (∼1/K) when
a planet orbits its star at a close distance, as compared with the
case when the orbital distance is large and the K factor is close to
unity. It can be seen that TreS-1 and OGLE-TR-56b, both at an
orbital distance of about 0.023 AU, experience the strongest loss
enhancement due to the Roche lobe eﬀect, resulting in a factor
of about 2, while the Roche lobe induced amplification of mass
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Table 1. Mass loss enhancement factors 1/K and stellar and planetary parameters for 7 “Hot Jupiters” for which the planetary mass and radius is
known. The planetary and stellar parameters for HD209458b (Vidal-Madjar et al. 2003; Knutson et al. 2007; Ballester et al. 2007), OGLE-TR56 b (Burrows et al. 2004; Baraﬀe et al. 2004), OGLE-TR-132 b (Moutou et al. 2004), OGLE-TR-113 b (Bouchy et al. 2004), OGLE-TR-111
b (Pont et al. 2004), OGLE-TR-132 b (Bouchy et al. 2004; Moutou et al. 2004), OGLE-TR-10 b (Santos et al. 2006) and TreS-1 (Alonso et al.
2004) were used for the calculation of rRl and 1/K. Also numerical errors are shown in the last two columns which result from neglecting higher
order terms in the approximate formulas.
Exoplanet
HD209458b
OGLE-TR-56b
OGLE-TR-132b
OGLE-TR-113b
TreS-1
OGLE-TR-111b
OGLE-TR-10 b

star type
G0V
G
F
K
K0V
K0
G0

M /M
1.05
1.04
1.34
0.77
0.87
0.82
1.22

Mpl /MJup
0.69
1.45
1.01
1.35
0.75
0.53
0.57

loss from OGLE-TR-111b, which orbits its star at about twice
the distances of 0.047 AU, is only ∼34%.
Table 1 also shows in the last two columns the numerical
errors resulting from the neglect of higher order terms in Eq. (4)
for the Roche lobe boundary distance, rRl , that is = |δrRl |/rRl ,
and the errors due to neglecting the small O(1/λ) term in Eq. (10)
for the modified gravitational energy diﬀerence ∆Φ. As can be
seen, both types of errors for the seven exoplanets presented in
Table 1 are about 1−3%, which shows that Eqs. (11) and (12)
derived in this study for estimating the loss rate enhancement
due to the Roche lobe eﬀect are basically quite accurate over
the whole range of the Roche lobe boundary radii of interest
(rRl ≥ rpl ) for the “Hot Jupiters”.
Recently Lecavelier des Etangs (2007) also studied the effect of the stellar tidal forces on the atmospheric loss from shortperiodic exoplanets. However, Lecavelier des Etangs (2007) employed a technique for estimating the Roche lobe eﬀect on the
atmospheric loss which is diﬀerent from that used in our study.
In his calculations of the disturbed planetary potential field he
retained only linear terms (see Appendix B in Lecavelier des
Etangs 2007), while we have made a basically nonlinear derivation, except for neglecting the small terms of the order of O(1/λ),
where λ = d/rpl  1. As a result, we have arrived to nonlinear
Eqs. (11) and (12) for the potential energy diﬀerence ∆Φ of a
unit mass of gas between the planetary “surface‘” or visual radius in the case of gas giants and the Roche lobe boundary which
are reasonably accurate (see Table 1) and valid for all rRl ≥ rpl ,
while the Eq. (B.15) of Lecavelier des Etangs (2007), is valid for
cases when ξ2  1.
A comparison of the atmospheric escape rate enhancement
factors 1/K resulting from these two diﬀerent approaches is presented in Fig. 1. The factor 1/K which is calculated from the
nonlinear Eq. (17) as a function of a dimensionless Roche lobe
boundary distance ξ, is shown by the solid curve and that resulting from a linear approximation of Lecavelier des Etangs
(2007), is shown by the dashed curve. Figure 1 shows that for
the Roche lobe normalized distances ξ which are larger than 3.5,
the two curves merge and both approaches yield basically the
same results. Thus, the linear derivation is suﬃcient for the “Hot
Jupiters” presented in Table 1 for which ξ  2.9. However,
for very “Hot Jupiters” which are not yet discovered, but for
which ξ may be less than ∼2.5, the non-linear derivation should
be applied.
As we show in the following section, the diﬀerence between
the linear approximation and the non-linear approach has important consequences if one wishes to apply the calculated potential energy reduction factors K to estimate a decrease of the
minimum temperature needed for the onset of hydrodynamic

rpl /rJup
1.32
1.23
1.15
1.08
1.08
1.00
1.24

d [AU]
0.045
0.023
0.031
0.023
0.023
0.047
0.042

rRl /rpl
4.3
3.0
3.5
3.7
2.9
5.9
3.8

1/K
1.53
1.92
1.70
1.65
1.97
1.34
1.63

0.020
0.025
0.021
0.027
0.022
0.020
0.018

1/λ
0.014
0.025
0.018
0.022
0.022
0.010
0.014

Fig. 1. Atmospheric mass loss enhancement factor 1/K as a function of
the Roche lobe boundary distance, ξ normalized to rpl . Solid line corresponds to the nonlinear Eq. (17) of this study, while the dashed line
shows the loss enhancement factor resulting from the linear approximation of Lecavelier des Etangs (2007).

blow-oﬀ, the so-called critical temperature, due to the Roche
lobe eﬀect as compared with the critical temperature for the
Newtonian gravitational potential.

4. Atmospheric stability against blow-off
Here we consider one more important eﬀect which is expected to
occur on “Hot Jupiters” due to the stellar tidal forces and which
is also related to the gravitational potential energy barrier reduction for escaping particles. It is a decrease of the critical atmospheric temperature, T c at the exobase and above this value the
intense hydrodynamic atmospheric escape, i.e. blow-oﬀ, starts.
Using the conventional definition for the critical temperature T c ,
at which the mean thermal energy of the atmospheric gas at
the exobase level rexo is equal to the gravitational potential energy barrier ∆Φ at rexo (e.g., Hunten 1973), and assuming that
rexo  rRl , we can write
3
kT c = m∆Φ(rexo ).
2

(22)

If we apply for the calculation of the potential energy diﬀerence ∆Φ(rexo ) between the exobase level and the Roche lobe
boundary the nonlinear derivation of Sect. 2 and substitute the
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Fig. 2. Critical temperature T c for the “Hot Jupiter” HD 209458b as a
function of the normalized exobase distance, x = rexo /rpl . Solid line
corresponds to Eq. (17) of this study, dashed line – to Eq. (B.15) of
Lecavelier des Etangs (2007). Note that T c calculated by applying the
linear approximation for x ≥ 2.85 becomes negative.

result in Eq. (22), we obtain the following equation for estimating the critical temperature for the onset of blow-oﬀ from a “Hot
Jupiter”


Mpl rJup K(xRl /x)
0
T c (x) = T Jup
·
(23)
MJup rpl
x
Here x = rexo /rpl is a normalized radial distance to the exobase;
xRl = rRl /rpl is a normalized radial distance to the Roche lobe
boundary of a planet; K is the gravitational potential energy reduction factor given by Eq. (17); MJup and rJup are Jupiter’s mass
0
and radius; T Jup
1.45 × 105 K is a critical temperature for the
onset of blow-oﬀ at the radius of Jupiter (i.e. when rexo = rpl ).
The value of x in Eq. (23) can vary, depending on the XUV
radiation flux of a host star, the planet orbital distance d, and
thermospheric density, in the range of 1 ≤ x ≤ xRl . The left
boundary of this range (x = 1, or rexo = rpl ) corresponds to
low XUV heating and/or very low atmospheric density (a case
of a cold and tenuous atmosphere), while the right boundary
(x = xRl ) corresponds to a hot and dense atmosphere when the
exobase reaches the Roche lobe boundary (rexo = rRl ). As shown
by observations and theoretical studies, “Hot Jupiters” typically
have very hot and dense evaporating atmospheres which means
that on such planets the exobase superimposes on the Roche
lobe boundary (Lecavelier des Etangs et al. 2004). So, the case
when rexo rRl , is the most interesting for a detailed analysis of
the conditions for triggering and stopping atmospheric blow-oﬀ
from “Hot Jupiters”.
Although the linear approximation of Lecavelier des Etangs
(2007) has not been developed for the domain where rexo rRl ,
it is nevertheless instructive to see what are its limitations in this
case as compared with our non-linear approach. Figure 2 shows
the critical temperature T c as a function of the normalized radial
distance x = rexo /rpl to the exobase of HD 209458b calculated
from Eq. (23) for the potential energy reduction factor K given
by Eq. (17) (solid curve) and also for the linear approximation
(dashed curve). One can see that in the case of a cold and/or
tenuous upper atmosphere when x = rexo /rpl  1.3, i.e. when
the exobase is not far from the visual radius of the planet, both
modified gravitational potential barriers yield close values of the
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Fig. 3. Critical temperature T c for the “Hot Jupiters” as a function of
the normalized exobase distance, x = rexo /rpl . Numbers by the curves
indicate the Roche lobe boundary distance, rRl in the range from 2 to
10 planetary radii. The value of rRl , according to Eq. (5), is proportional to the planetary orbital distance d, which is taken in the range of
0.021–0.105 AU for this figure. Solid and dashed lines alternate for the
clarity of vision only. The figure illustrates that for a “Hot Jupiter” orbiting its star at a closer orbital distance the critical temperature is much
reduced within a smaller Roche lobe.

critical temperature T c . However, in the contrasting case of a hot
and dense upper atmosphere when the exobase is close to the
Roche lobe boundary, that is when x xRl , and which is actually
the case for HD 209458b, it is obvious that the linear approximation is unsuitable for estimating the realistic critical temperature for the onset of blow-oﬀ. Indeed, for the exobase distances
x > 23 xRl
2.85 the critical temperature even becomes negative. On the other hand, the critical temperature calculated for
the modified potential barrier derived in this study approaches
zero when the exobase expands to the Roche lobe boundary from
below (x → xRl ) remaining ever positive and reasonably accurate in the whole range of the acceptable exobase distances, that
is for 1 ≤ x ≤ xRl .
Using Eqs. (17) and (23), we calculated the critical temperature as a function of the normalized exobase distance x for a “Hot
Jupiter” like HD209458b with a mass Mpl = 0.69MJup and a visual radius rpl = 1.32rJup orbiting a solar like G-type star within
a range of selected orbital distances from 0.021 to 0.105 AU
which correspond to the normalized Roche lobe boundary distances xRl from 2 to 10 for this planet. The results of our calculations are presented in Fig. 3 which also shows the critical
temperature for the same “Hot Jupiter”, but for the case when
its Roche lobe boundary is moved to the infinite distance from
the planet (rRl → ∞). The latter case corresponds to the classic
Newtonian gravitational potential for which all stellar tidal force
eﬀects on atmospheric escape are neglected.
Figure 3 shows that the eﬀect of tidal forces on atmospheric
loss from the close-in “Hot Jupiters” if compared with the classic blow-oﬀ conditions for real Jupiter, can be quite dramatic.
For example, for all the exoplanets listed in Table 1 the critical
temperature for the onset of blow-oﬀ is substantially reduced if
one assumes that the exobase for each of these planets is below the Roche lobe boundary and is in the range between 2
and 3 planetary radii. However, as recent detailed simulations
of the atmospheric structure and escape from HD 209458b by
Yelle (2004), Tian et al. (2005), and Penz et al. (2007) indicate,
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rexo can be even larger than rRl 4rpl , which means that the outer
gas envelope of that planet (for r  rRl ) should be detached from
its gravity field and can freely escape to space in a comet-like
regime (Schneider et al. 1998).
This result is very important, because it indicates that the
eﬀect of the Roche lobe can enhance the possibility that “Hot
Jupiters” may reach hydrodynamic blow-oﬀ conditions more
easily and stay much longer in this regime even if their atmospheres have a high amount of molecules like H+3 , which act as
IR-coolers in the thermosphere. Both eﬀects, the enhanced mass
loss and the lower critical temperature for the “Hot Jupiters”
at very close orbital distances to their host stars, to be reached
more easily that allows a hydrodynamic blow-oﬀ regime to be
reached more easily, may considerably increase the cumulative
atmospheric loss from these planets.
If, on the other hand, we consider a Jupiter-mass exoplanet
which orbits its star at a distance larger than about 0.15 AU, its
upper atmosphere, depending on the parent star spectral class
and age, may be not suﬃciently hot for blow-oﬀ to occur. In
this case the upper atmosphere will remain stable against blowoﬀ and only much less intense Jeans evaporation can take place.
Such massive and distant exoplanets belong to the upper right
region of the energy diagram of Lecavelier des Etangs (2007)
(see his Fig. 2). In this region the loss rates obtained by the
simple method of Lecavelier des Etangs (2007), which assumes
blow-oﬀ to be operating for every exoplanet, can be considerably
overestimated.

5. Conclusion
Our study shows that hydrodynamically driven atmospheric
mass loss from “Hot Jupiters” at very close orbital distances
that are less than 0.05 AU, may be strongly enhanced due to
the Roche lobe eﬀect as compared to non-aﬀected exoplanets.
We find that atmospheric loss can be enhanced several times if
the Roche lobe is located closer to a planet at a distance of a few
planetary radii. Furthermore, our study indicates that the Roche
lobe eﬀect may also result in hydrodynamic blow-oﬀ conditions
on “Hot Jupiters” even if their exospheric temperatures are lower
than those required for the blow-oﬀ to occur in the case of the
classic Newtonian gravitational potential of a planet. Both effects may have a strong impact on the atmospheric evolution of
short periodic hydrogen-rich gas giants.
Although for close-in exoplanets rough estimates of the atmospheric escape rates obtained by using a method of Lecavelier
des Etangs (2007) seem to be reasonable, for more distant and
massive exoplanets (d  0.15 AU) these simple estimates may
be inaccurate. For massive and more distant exoplanets exposed
to less intense stellar XUV fluxes the exobase temperatures
can be less than the critical temperature for the onset of blow-oﬀ.

This will result in stable upper atmospheres which experience
much slower Jeans thermal escape. The results of our study have
to be included in the statistical mass-radius analysis of hot exoplanets expected to be detected during the CoRoT mission in the
near future.
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