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Abstract. We study the interaction between the planetary magnetosphere and atmosphere of the close-in extrasolar planets
HD 209458b and OGLE-TR-56b with the stellar wind during the evolution of their host stars. Recent astrophysical observations
of solar-like stars indicate that the radiation and particle environments of young stars are orders of magnitudes larger than for
stars with ages comparable to the sun (∼4.6 Gyr). We model the interaction for the present and for early evolutionary stages,
showing that it is possible that “Hot Jupiters” have an ionosphere-stellar wind interaction like Venus. Our study suggests that
the internal magnetic field of exoplanets orbiting close to their host stars may be very weak due to tidal locking. The magnetic
moments can be less than one tenth of the value presently observed for the rapidly rotating planet Jupiter. We find that the
stronger stellar wind of younger solar-type stars compresses the magnetosphere to a standoff distance at which the ionized part
of the upper atmosphere, hydrodynamically expanded by the XUV-flux, builds an obstacle. Because of a much larger stellar
wind particle flux during the first ∼0.5 Gyr after the host stars arrived on the Zero-Age-Main-Sequence, “Hot Jupiters” may
have not been protected by their intrinsic magnetic fields, even if one neglects the effect of tidal locking. In such a case, the
unshielded upper atmosphere will be affected by different ionization and non-thermal ion loss processes. This contributes to the
estimated neutral hydrogen loss rates of about ≥1010 g/s of the observed expanded exosphere of HD 209458b (Vidal-Madjar
et al. 2003) and will be an ionized part of the estimated upper energy-limited neutral hydrogen loss rates of about 1012 g/s
(Lammer et al. 2003a).
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1. Introduction

Since 1995, more than 100 Jupiter-class exoplanets were de-
tected1, many of them in close orbits around G and K stars.
Two of these planets are HD 209458b and OGLE-TR-56b,
and they orbit their hosts stars at 0.045 AU and 0.0225 AU

1 See e.g. The Extrasolar Planets Encyclopaedia on
http://www.obspm.fr/encycl/encycl.html

respectively. They are known to be gas giants with hydrogen as
their main constituent (Burrows et al. 2000; Sasselov 2003).
These gas giants in an orbit very close to their parent star
present a very special class of planets and will be referred to
as “Hot Jupiters” throughout this study.

Besides the strong stellar irradiation, one of the special fea-
tures of these planets is their low rotation rate. This results from
tidal locking due to gravitational dissipation: the time scale
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for synchronous rotation depends on the orbital radius d such
as τsync = O(d6) (Goldreich & Soter 1966). Thus a planet at
0.1 AU will be tidally locked after much shorter time than a
planet of comparable composition at 1 AU or beyond. The re-
duced rotation rate has severe implications for the planetary
magnetic moment (due to a weaker dynamo-effect), resulting
in comparatively weak magnetic fields and small magneto-
spheres. For the calculation of the magnetic moment, a new
and more realistic approach for the determination of the size of
the dynamo-region is given. These calculations indicate even
smaller magnetic moments than the usual estimates. The small
size of the magnetosphere will in turn contribute to enhanced
particle loss.

Recent Hubble Space Telescope (HST) observations of the
upper atmosphere expanding out to about three planetary radii
as well as neutral hydrogen escape rates larger than about
1010 g/s have been found for HD 209458b (Vidal-Madjar et al.
2003, 2004). This indicates that XUV-driven hydrodynamic
conditions are relevant for “Hot Jupiters”. Guillot et al. (1996)
roughly estimated the total (ion and neutral gas) loss for hydro-
gen. The obtained value of about 1010 g/s is compatible with the
lower limit of the observed values. We, however, suggest that
it is hydrodynamical expansion rather than these nonthermal
loss processes which are responsible for the observed expan-
sion of the upper atmosphere. In recent studies of close-in gi-
ant exoplanets, the radiative effective temperature (which is not
physically relevant for atmospheric escape processes or atmo-
spheric expansion) was used to estimate atmospheric thermal
loss rates (Konacki et al. 2003; Sasselov 2003). Rather than
the equilibrium temperature, it is the exospheric temperature
which is decisive for these processes. Therefore, these studies
lead to significant underestimations of thermal loss rates and to
conclusions of long-term atmospheric stability.

In a recent study Lammer et al. (2003a) estimated the exo-
spheric temperature of “Hot Jupiters” by assuming that they
have hydrogen rich upper atmospheres which are heated by
the absorption of X-rays and extreme ultraviolet (XUV) radia-
tion (Bauer 1971; Gross 1972; Watson et al. 1981). Lammer
et al. (2003a) found that exospheric temperatures of the order
of 104 K may develop at orbital distances <0.2 AU. In this
case the Jeans approach fails and XUV-driven hydrodynamic
atmospheric expansion as well as energy or diffusion limited
escape must be considered. Because of high XUV-driven loss
rates and atmospheric expansion, the temperature can decrease
to values comparable to the effective temperature once the up-
per atmosphere reaches hydrodynamic conditions. The study
agrees well with the observations of Vidal-Madjar et al. (2003,
2004) and results in moving the atmospheric barrier closer to
the magnetospheric boundary.

The aim of this paper is to study whether the magnetic mo-
ments of “Hot Jupiters” produce magnetospheres which are
extensive enough to protect the planet’s expanded upper at-
mospheres. Otherwise, Venus-like ion loss processes will be
caused by the incoming stellar wind. In Sect. 2 we introduce
some basic properties of exoplanets required in the following
and examine the effect of tidal locking on the magnetic mo-
ments of close-in exoplanets. Section 3 deals with the evolution
of the radiation (Sect. 3.1) and particle environment (Sect. 3.2)

of solar-like stars over their life-time. In Sect. 4 results from
Sects. 2 and 3.2 are used to model the interaction of the stel-
lar wind with the magnetosphere. The magnetospheric standoff
distances of HD 209458b and OGLE-TR-56b are calculated for
the conditions valid for a stellar system of an age comparable to
the solar system (4.6 Gyr) and also for a younger stellar system
(0.5 Gyr). Finally, in Sect. 5 we use the results of Sect. 4 to cal-
culate the expansion of the upper atmospheres and also discuss
the atmospheric protection by intrinsic magnetic fields, ion ero-
sion and the implications for the evolution of “Hot Jupiters”.

2. Effect of tidal locking on planetary magnetic
moments

To properly estimate the size of the magnetosphere (Sect. 4)
and the effects of atmospheric expansion and stellar wind atmo-
sphere interaction in Sect. 5, it is necessary to know the basic
properties of the planet. The planetary mass and radius can be
obtained directly from observational data. Another fundamen-
tal property of the planet that is needed in this context is the
value of the planetary magnetic dipole moment. Recently, the
chromospheric activity of the planet-hosting star HD 179949
was suggested as a first tentative proof for the existence of ex-
omagnetospheres (Shkolnik et al. 2003). However, at this time
no further information on the strengths of exosolar planetary
magnetic fields can be obtained.

Fortunately, there are several analytical models that permit
an estimation of the planetary magnetic dipole moment parallel
to the rotation axis. These models yield the following scaling
laws:

M ∝ ρ1/2
c ωr4

c (Busse 1976) (1)

M ∝ ρ1/2
c ω

1/2r3
cσ
−1/2 (Stevenson 1983, dissipative case)(2)

M ∝ ρ1/2
c ω

3/4r7/2
c σ

−1/4 (Mizutani et al. 1992) (3)

M ∝ ρ1/2
c ω

1/2r3
cσ
−1/2 (Mizutani et al. 1992) (4)

M ∝ ρ1/2
c ωr7/2

c (Sano 1993) (5)

whereM is the planetary magnetic dipole moment, rc the ra-
dius of the dynamo-region (frequently also called the “core
radius”) and ω the velocity of rotation of the planet around
its axis. In the dynamo region the mass density is ρc and
the conductivity is σ. At least two further scaling laws ex-
ist, but they are of no relevance in this context: the first scal-
ing (“Blackett’s law”) originally proposed by Blackett (1947)
was based on a hypothesis that was later disproved experimen-
tally. As a result, the theory was withdrawn (Blackett 1952).
The scaling used by Curtis & Ness (1986) requires the heat
flux arising from internal sources of the planet. This is an ob-
servable quantity in the case of planets in the solar system, but
not for extrasolar planets. For close-in extrasolar giant plan-
ets highly different conditions are expected (i.e. strong external
heating by stellar irradiation). Thus it is difficult to estimate the
heat flux arising from sources in the dynamo-region of these
planets from solar sytem data.

It is clear from Eqs. (1) to (5) that the magnetic momentM
is determined by the internal properties of a planet (i.e. the
properties of the dynamo region rc, ρc) and not so much by
the external parameters which are much easier to measure (like



J.-M. Grießmeier et al.: The effect of tidal locking on the magnetospheric and atmospheric evolution of “Hot Jupiters” 755

the planetary mass or radius). To overcome this problem, Curtis
& Ness (1986) use an empirical scaling law to determine the
core radius rc as a function of the planetary mass M. The best
fit to our solar system (using the planets Mercury, Earth, Jupiter
and Saturn) is found to be:

rc ∝ M0.44, (6)

where M is the mass of the planet. In this approach the core ra-
dius only depends on the mass of the planet. This seems reason-
able for planets which have evolved to some equilibrium state,
i.e. for which the radius R is well determined by the mass M.
For young planets, where for a given mass the radius is a func-
tion of the age, mass M and radius R should better both be
considered in a scaling law of the form

rc ∝ MαRβ. (7)

This situation is typical for “Hot Jupiters”, which have den-
sities significantly lower than Jupiter. For this increased ra-
dius, different explanations are suggested. These include down-
ward transport of kinetic energy generated by the intense
stellar irradiation (Guillot & Showman 2002; Bodenheimer
et al. 2003), or dissipation of energy arising from tidal circu-
larisation (Bodenheimer et al. 2003). Normalizing rc, M and R
to the respective values of Jupiter and using the best fit for the
planets Saturn, Uranus and Neptune to Eq. (7), one obtains

rc ∝ M0.75R−0.96. (8)

For this fit, the following values were adopted: rc = 0.9 R for
Jupiter and rc = 0.5 R for Saturn (Nellis 2000), rc = 18 000 km
(i.e. rc = 0.7 R) and rc = 19 000 km (i.e. rc = 0.75 R) for
Uranus and Neptune (Hubbard 1984).

Relation (8) yields the correct behaviour. On the one hand,
if the radius is kept constant, increasing mass will lead to a
larger core. On the other hand, keeping the mass constant and
increasing the radius will decrease the average density, and the
volume of high enough density for dynamo generation will also
decrease. Similarly, for a fixed average density (i.e. R ∝ M1/3),
increasing the mass increases the core radius.

Of course, relations (6) and (8) only have a physical mean-
ing if rc < R is fulfilled. For Eq. (6) this is not the case if
M > 2.6 MJ. This is satisfied for the two planets considered
here. To demonstrate that in these cases Eq. (8) does not lead
to unrealistic parameters, the core radii resulting from Eq. (8),
normalized to the planetary radius, are given in Table 1. Note
that Eqs. (6) and (8) do not include the effect of stellar heating.
For “Hot Jupiters” the large temperatures could lead to addi-
tional ionization, thus slightly increasing the core radius rc and
the magnetic momentM.

Inserting Eqs. (6) or (8) into the scalings (1) to (5) the
dipole moment can be expressed in terms of planetary pa-
rameters for which reasonable estimates exist. For the planets
HD 209458b and OGLE-TR-56b we adopt the values given
in Table 1. Most of the quantities in Table 1 are given in
units normalized to Jupiter (denoted by subscript J), with RJ =

71 490 km, MJ = 1.9 × 1027 kg, ωJ = 1.76 × 10−4 s−1,
MJ = 1.5 × 1027 Am2. They were obtained in the follow-
ing way: mass M and radius R of the planets were mea-
sured during transits. The first measurements were reported by

Table 1. Parameters for two “Hot Jupiters”. The values used for the
calculation of the magnetic moments are given in units normalized to
Jupiter, while the relative core radius, resulting from Eqs. (6) and (8),
is normalized to the planetary radius. The magnetic moment is given
for two cases: “tidal locking” (using the value of ω given above), and
“fast rotation” (for the hypothetical case ω = ωJ).

HD 209458b OGLE-TR-56b

Semimajor axis r [AU] 0.045 0.0225

Radius R [RJ] 1.42 1.23

Mass M [MJ] 0.69 1.45

Rotation rate ω [ωJ] 0.12 0.34

Core density ρc [ρc,J] 0.24 0.78

Relative core radius rc/R (6) 0.54 0.86

Relative core radius rc/R (8) 0.34 0.79

M [MJ] (for tidal locking) 0.005 . . . 0.10 0.40 . . . 0.84

M [MJ] (for fast rotation) 0.042 . . . 0.30 1.1 . . . 1.7

Henry et al. (2000), Charbonneau et al. (2000) for HD 209458b
and Konacki et al. (2003) for OGLE-TR-56b. We adopt the
more recent values given by Cody & Sasselov (2002) for the
planet HD 209458b and those given in Torres et al. (2004)
for OGLE-TR-56b. The rotation rate ω was calculated assum-
ing tidal locking (i.e. assuming the orbital period to be equal
to the rotation period, see below), taking orbital distances of
0.045 AU and 0.0225 AU (Konacki et al. 2003), respectively.
For the core density ρc, we assume proportionality to the mean
density ρ̄ of the planet (ρc ∝ ρ̄ = 3M/4πR3). Hubbard (1984)
shows that for a planet like Jupiter the average density is ex-
pected to be proportional to the central density (i.e. the density
in the center of the planet). It can be shown that the same pro-
portionality also holds for the core density ρc, i.e. the density
which is found by averaging from the center to rc. More com-
plex models for planetary interiors (Stevenson 1982) show that
for Jupiter and Saturn the mean density of the dynamo region,
ρc, is actually very close to the mean density of the planet ρ̄
(ρc ≈ ρ̄ = 3M/4πR3). The conductivity is assumed to be the
same as for Jupiter, i.e. σ = σJ.

Similarly to Farrell et al. (1999), we compare different scal-
ing relations and show that although the results differ quanti-
tatively, the qualitative picture remains the same. The plane-
tary parameters described above were inserted in Eqs. (1), (3),
(4) and (5). Note that scalings (2) and (4) are identical. For
the size of the core radius rc, the two approaches of Eqs. (6)
and (8) were adopted. Equation (8) typically yields smaller val-
ues for rc and thus also forM than Eq. (6). Of the eight results
(four scalings for the magnetic moment with two models for
the core radius each) the smallest and the largest magnetic mo-
ments are given in Table 1. Obviously, the results are not identi-
cal, but they are approximately of the same order of magnitude.
For Saturn the same scaling laws yield a magnetic moment be-
tweenMS = (0.035 . . .0.14)MJ, while the observed magnetic
moment isMS = 0.1MJ. This demonstrates that although the
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scalings relations are not very precise, they do yield reasonable
results.

It seems surprising to find magnetic moments that are
much smaller than that of Jupiter, especially for the planet
HD 209458b. This arises from the much lower rotation rate of
the planet. Planets in very close orbits around their host stars
(i.e. semi-major axis smaller than ∼0.1 AU), like HD 209458b
and OGLE-TR-56b, are subject to strong tidal dissipation, lead-
ing to gravitational (tidal) locking on a very short timescale
(Seager & Hui 2002). For a hypothetical Jupiter-class exo-
planet orbiting the host star at about 0.05 AU, the synchroniza-
tion timescale is approximately 2 × 106 years. For gravitation-
ally locked planets, the rotation period is equal to the orbital
period. In such a case, fast rotation of the planet is not possible.

To be precise, “Hot Jupiters” should not be expected to
be exactly tidally locked. It is known that thermal atmo-
spheric tides can drive planets away from synchronous rotation
(Showman & Guillot 2002; Correia et al. 2003). The devia-
tion from synchronous rotation was estimated by Showman &
Guillot (2002). They show that the error this effect introduces
for ω could be as large as a factor of 2. Even in this case the
rotation rate of “Hot Jupiters” will still be far below that of the
giant planets of the solar system.

Equations (1) to (5) show that all of the commonly em-
ployed scaling-laws for the planetary magnetic moment yield
a magnetic moment rapidly decreasing with decreasing rota-
tion rate. For this reason small magnetic moments are likely
for “Hot Jupiters”. To demonstrate this effect, the same calcu-
lation as above is repeated for the same planetary parameters,
with the only difference being that the rotation rate is assumed
to be identical to that of Jupiter (i.e. ω = ωJ) rather than ob-
taining it from the orbital parameters under the assumption of
tidal locking. These values are also given in Table 1. Note that
these values do not represent realistic estimates of magnetic
moments. They are given to illustrate the effect of tidal locking
on the magnetic moment.

The effect of tidal locking on the size of the planetary mag-
netosphere will be discussed in Sect. 4. Tidal locking will also
strongly affect all processes involving planetary magnetic fields
or the size of the magnetosphere, such as the generation of ra-
dio emission (Farrell et al. 1999; Zarka et al. 2001), the im-
pact of cosmic rays on the planet (Stadelmann et al. 2004) and
atmospheric erosion. Implications on atmospheric erosion are
discussed in Sect. 5.

3. Evolution of the stellar wind and XUV flux
on solar-like stars

3.1. Estimation of the stellar radiation environment

The change of the stellar radiation in the X-ray and extreme
ultraviolet (EUV) wavelength range (λ ≤ 1000 Å) and the
particle flux of stellar winds play a major role in the evo-
lution of planetary atmospheres. Observations and studies of
isotopic anomalies in planetary atmospheres (Lammer et al.
2000; Lammer & Bauer 2003b), radiative fluxes, stellar mag-
netic fields, stellar winds of solar-type stars with different

ages (Zahnle & Walker 1982; Ayres 1997; Guinan & Ribas
2002; Wood et al. 2002) and lunar and meteorite fossil records
(Newkirk 1980) indicate that the young Sun underwent a
highly active phase after its arrival on the Zero-Age-Main-
Sequence (ZAMS).

This active phase of young solar-like stars lasted about 0.5
to 1.0 Gyr for G-type stars and include continuous flare events,
which indicate that the radiation and particle environment was
several hundred times more intense for young G stars. The high
radiation levels of the young stars are produced by strong mag-
netic activity. Observational evidence and theoretical models
suggest that the young solar-like stars rotate about 10 times
faster than the present Sun and have significantly enhanced
magnetically generated coronal and chromospheric XUV emis-
sion (Keppens et al. 1995; Guinan & Ribas 2002).

X-UV observations, obtained from solar-like stars with the
ASCA, ROSAT, EUVE, FUSE and IUE satellites, cover a range
between 1 Å and 3300 Å, except for a gap between 400 Å and
920 Å, which is a region of very strong interstellar medium
absorption. Details of the data sets and the flux calibration pro-
cedure employed are provided in Guinan & Ribas (2002). Full
spectral irradiance tables have already been completed inside
the so called Sun in Time program for five solar proxies (Dorren
& Guinan 1994).

As discussed above, for the present work we have focused
on the spectral range with λ < 1000 Å, which includes X-rays
and EUV. A power-law relationship in the evolution of the
XUV flux with the age of G-type stars was found for EK Dra
(130 Myr), π1 UMa (300 Myr), κ1 Cet (750 Myr), β Com
(1.6 Gyr) and β Hyi (6.7 Gyr). These data show an excellent
correlation between the emitted flux and stellar age (Lammer
et al. 2003a). This study indicates that the solar XUV flux
2.5 Gyr and 3.5 Gyr ago was about 3 and 6 times higher
than today, respectively. Also, the high-energy X-ray flux of
the Zero-Age Main Sequence Sun was stronger by up to sev-
eral hundred times. These results are in general agreement
with former studies (Iben 1965; Cohen & Kuhi 1979; Gaugh
1977; Zahnle & Walker 1982; Ayres 1997), although some of
these studies focused on stars that are not necessarily true solar
proxies.

3.2. Estimation of the stellar wind parameters

To obtain estimations of the evolution of the stellar wind ve-
locity v and stellar wind density n of solar-like stars, we use
the scaling for stellar mass loss provided by Wood et al. (2002)
as well as the scaling for the velocity determined by Newkirk
(1980), which was also used by Zhang et al. (1993).

The mass loss rates have been estimated by using recent
indirect stellar wind observations (Wood et al. 2002). HST
high-resolution spectroscopic observations of the H  Lyman-α
feature of several nearby main-sequence stars have revealed
neutral hydrogen absorption associated with the interaction be-
tween the stars’ fully ionized coronal winds with the partially
ionized local interstellar medium. By modelling the absorption
features formed in the astrospheres of these stars, the first em-
pirically estimated coronal mass loss rates for G and K main
sequence stars were obtained by Wood et al. (2002).
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The mass loss rates were found from a small sample of
solar-like stars where astrospheres can be observed. Wood et al.
(2002) found that the mass loss rate increases with stellar ac-
tivity. The observations of younger solar-like stars indicate that
the young Sun had a much denser solar wind than today. The
correlation between mass loss and X-ray surface flux follows a
power law relationship. This relation indicates that the average
solar wind density has been up to 1000 times higher during the
first 0.1 Gyr after the Sun reached the ZAMS than it is today
(at 4.6 Gyr). The mass loss rate is related to the observed X-ray
flux φX of solar-like stars. When the coronal activity is at its
maximum, this relation can be written as a power-law (Wood
et al. 2002):

Ṁ ∝ φ1.15
X . (9)

The X-ray flux of a cool main sequence sun-like star depends
on the stellar rotation period Prot, which is in turn correlated
with the star’s ages. According to Wood et al. (2002) these re-
lations can be expressed as

φX ∝ P−2.9
rot (10)

and

Prot ∝ t0.6, (11)

respectively. In these relations t denotes the time elapsed since
the formation of the stellar system. For the present day so-
lar system, t = 4.6 Gyr. From Eqs. (9) and (10), one ob-
tains a power law relationship for the mass loss rate as a func-
tion of rotation period, Ṁ(Prot). Here, a complication occurs.
Equation (9) does look like a scaling law for the mass loss, but
what is really measured by Wood et al. (2002) is the total ram
pressure, i.e. the product of mass loss and solar wind velocity.
The mass loss given by Wood et al. (2002) was obtained by as-
suming a constant velocity v. As we try to find scaling relations
for both n and v, we have to correct for this problem by writing
Ṁv rather than Ṁ in Eq. (9). Thus:

Ṁv ∝ P−3.3
rot . (12)

To obtain the time dependence, the relation for Prot(t) is substi-
tuted into Eq. (12). In principle, Eq. (11) could be used, but for
consistency with the velocity scaling law given below, we take
the scaling relation derived by Newkirk (1980):

Prot ∝
(
1 +

t
τ

)0.7
, (13)

with the time constant τ = 2.56 × 107yr calculated from
Newkirk (1980). Combining Eqs. (12) and (13), it is possible
to derive a power law formula for the stellar mass loss as:

Ṁv ∝
(
1 +

t
τ

)−2.3
· (14)

On the other hand, the stellar mass loss linearly depends on v
and n:

Ṁ = Anvmp, (15)

where A is the stellar surface and mp the mass of the solar
wind protons. So, by finding an independent scaling relation

v(t)
n(t)

OGLE-TR-56b

HD 209458b
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n
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]
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Fig. 1. Time evolution of the stellar wind density (solid lines) and ve-
locity (dashed line) at the orbits of OGLE-TR-56b and HD 209458b.

for the stellar wind velocity, the stellar wind density directly
follows from Eq. (14). The time-dependent behaviour of the
solar wind velocity can be achieved by (Newkirk 1980; Zhang
et al. 1993):

v = v∗
(
1 +

t
τ

)−0.4
· (16)

Note that the argumentation of Newkirk (1980) would lead
to a different stellar wind velocity v(t) if a different relation
for Prot(t) was used – such as Eq. (11). Using the mass loss re-
lation Eq. (14) and combining with Eq. (15), we can determine
the particle density:

n = n∗
(
1 +

t
τ

)−1.5
· (17)

The proportionality constants are determined by the present-
day conditions. With v = 400 km s−1 and n = 1071/m3 for
t = 4.6 Gyr and at r = 1 AU (Schwenn 1990), one obtains v∗ =
3200 km s−1, n∗ = 2.4 × 10101/m3 (density at 1 AU). The time
constant is τ = 2.56 × 107 yr (Newkirk 1980). For distances
other than 1 AU, Eq. (17) is scaled with a 1/r2 dependency.
The time variation of n(t) at the orbits of OGLE-TR-56b as
well as HD 209458b and v(t) (used for both planets) are shown
in Fig. 1. Obviously, for young stellar systems, the stellar wind
pressure is much more important than for a star of the age of the
solar system. The resulting compression of the magnetosphere
by a stellar wind is discussed in the following section.

4. Qualitative model of the magnetospheric
magnetic field

The magnetosphere of a planet results from the interaction
of the stellar wind with the internal planetary magnetic field.
The shape of the magnetopause is determined by the pressure
equilibrium between the stellar wind ram pressure, the plane-
tary magnetic field pressure and a contribution from the atmo-
spheric pressure.

Since we have no knowledge of the magnetospheric topol-
ogy of exoplanets, we have to use magnetospheric models
to estimate the size and shape of the magnetosphere of such
a planet. Several models have been developed during the
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last decades. For example, there are semiempirical models
which describe the Earth very well. Analytical models us-
ing a potential field ansatz represent a slightly less realis-
tic magnetosphere, but offer the possibility to choose mag-
netic and geometrical parameters independently. Jordan (1994)
and Siscoe (2001) provide good reviews of different magneto-
spheric models.

In order to model the magnetospheric magnetic field of ex-
oplanets, we used the parametric model that was developed by
Voigt (1981) and generalized by Stadelmann et al. (2004). The
shape of the magnetosphere is not self-consistent, but described
by a semi-infinite cylinder on the nightside and by a half-sphere
on the dayside. Both have the same radius Rm. The planet is lo-
cated within the half-sphere at a standoff distance Rs < Rm.
From observations and models of Jupiter (Joy et al. 2002) and
other planets (Voigt et al. 1987; Voigt & Ness 1990) one can
deduce that the ratio between the magnetotail radius and stand-
off distance is approximately 2 (i.e. one can assume Rm = 2Rs).
The determination of the standoff distance is given below. The
magnetic field within the magnetosphere is obtained as a su-
perposition of the planetary magnetic field, which in this case
is derived from a dipole moment, and an external magnetic field
driven by the magnetopause currents. For the magnetic moment
we use the results developed in Sect. 2. Instead of modelling the
magnetopause currents, its magnetic fields are given by a scalar
potential. This potential meets the boundary condition that the
normal component of the magnetospheric magnetic field van-
ishes at the magnetopause.

To obtain the standoff distance Rs, the planetocentric dis-
tance of the magnetopause is calculated for the substellar point.
The standoff distance can be obtained by the following pressure
balance at the substellar point, i.e. for r = Rs:

ps = pp +
1

2µ0

(
Bp + Bmc

)2
, (18)

where ps denotes the stellar wind pressure, pp is due to the at-
mospheric pressure at the planet, Bp is the planetary magnetic
field and Bmc is the magnetic field of the magnetopause cur-
rents. Note, that only a closed magnetosphere is considered.

The stellar wind pressure can be expressed by

ps = nmv2, (19)

where n denotes the number density of the stellar wind protons,
m is their mass and v is their velocity.

In Sect. 5 it will be shown that the size of the upper atmo-
sphere of “Hot Jupiters” is of the same order as the magneto-
sphere. Thus, the contribution of pp should also be considered.
But to demonstrate the effect of atmospheric expansion, we will
compare the two cases: a magnetosphere without atmosphere
(i.e. pp = 0) and a neutral atmosphere without the influence of
the magnetosphere. For this reason, pp will not be considered
in the following.

As already mentioned in Sect. 2, the internal magnetic field
is assumed to arise from a zonal dipole moment. Then the total
value Bp of the magnetic field at the magnetopause is derived
from a scalar potential:

Bp =
µ0

4π
M
R3

s
· (20)

Table 2. Input parameters and results for the standoff distance Rs.
The stellar wind parameters n and v are given for a young parent star
(0.5 Gyr) and for a parent star of the same age as the Sun (4.6 Gyr).
The magnetic moment is taken from the results of Sect. 2 considering
tidal locking (tidal lock.) and for comparison the case of fast rotation
(fast rot.).

HD 209458b n [1/m3] v [km s−1] M [MJ] Rs [Rp]

4.6 Gyr, fast rot. 4.9 × 109 400 0.30 3.8

4.6 Gyr, tidal lock. 4.9 × 109 400 0.10 2.6

0.5 Gyr, fast rot. 1.3 × 1011 955 0.30 1.6

0.5 Gyr, tidal lock. 1.3 × 1011 955 0.10 1.1

OGLE-TR-56b n [1/m3] v [km s−1] M [MJ] Rs [Rp]

4.6 Gyr, fast rot. 2.0 × 1010 400 1.7 6.1

4.6 Gyr, tidal lock. 2.0 × 1010 400 0.84 4.9

0.5 Gyr, fast rot. 5.0 × 1011 955 1.7 2.7

0.5 Gyr, tidal lock. 5.0 × 1011 955 0.84 2.1

As a worst case, the maximum value of the magnetic moment
of Table 1 is assumed.

Since the magnetopause currents flow only on the bound-
ary, their magnetic field can be deduced from a scalar potential.
For a spherical magnetopause this potential can be described by
spherical harmonics. At the substellar point the expression for
the magnetic field is similar to the planetary magnetic field in
Eq. (20), so the total magnetic field can be written as

Bp + Bmc = 3Bp =: 2 f0Bp. (21)

Here the form factor is f0 = 1.5 for a spherical magnetosphere.
For a more realistic magnetopause shape, but not a sphere, a
factor f0 = 1.16 is given in Voigt (1995). This value will be
used in the following.

Inserting Eqs. (19)–(21) into the pressure equilibrium of
Eq. (18) and neglecting the contribution from the atmospheric
pressure pp, as mentioned above, the standoff distance is found
to be

Rs =

µ0 f 2
0M2

8π2nmv2


1/6

· (22)

Note that the planetary magnetic momentM is assumed to be
constant, so that the time variation of the standoff distance orig-
inates only from variations of v and n.

Table 2 summarizes the parameters for various configura-
tions as well as the standoff distance resulting from Eq. (22).
Note that the age of 4.6 Gyr merely serves as a reference case.
The age of the star HD 209458 is probably between 4 and
7 Gyr with 5.2 Gyr as a likely value (Mazeh et al. 2000; Cody
& Sasselov 2002). For OGLE-TR-56 the age is 3 ± 1 Gyr
(Sasselov 2003).

As discussed previously, the shape of the magnetospheres is
derived using the parametric model of Stadelmann et al. (2004)
with the standoff distances from Table 2. The resulting magne-
tospheres are shown in Figs. 2 to 4.
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Fig. 2. Magnetosphere of the planet HD 209458b, with field lines. Age
of parent star: 4.6 Gyr. The scale is given in planetary radii. Left: fast
rotating planet (strong magnetic field). Right: tidally locked planet
(weak magnetic field).

Fig. 3. Magnetosphere of the tidally locked planet HD 209458b, with
field lines. The scale is given in planetary radii. Left: age of parent star
is 4.6 Gyr. Right: age of parent star is 0.5 Gyr.

Fig. 4. Magnetosphere of the tidally locked planet OGLE-TR-56b,
with field lines. The scale is given in planetary radii. Left: age of parent
star is 4.6 Gyr. Right: age of parent star is 0.5 Gyr.

Figure 2 shows the effect of tidal locking on the size of the
magnetosphere. As shown in Sect. 2 a tidally locked planet
has a significantly reduced magnetic moment, which directly
influences the size of the magnetosphere.

Figures 3 and 4 demonstrate the compression of the mag-
netosphere by the dense stellar wind during the early phase of
the stellar evolution. The evolution of the stellar wind with time
was discussed in Sect. 3.2.

5. Atmosphere protection and erosion

The recent detection of an extended H Lyman-α exosphere of
HD 209458b, and its observation based estimated mass loss
rate of about ≥1010 g/s (Vidal-Madjar et al. 2003) indicate that
the upper atmospheres of “Hot Jupiters” orbiting close to their
host stars may be affected by XUV-driven hydrodynamic con-
ditions. Moreover, new HST observations of the heavy atmo-
spheric constituents oxygen and carbon beyond the Roche lobe
of HD 209458b by Vidal-Madjar et al. (2004) can be seen as a
confirmation that the hydrodynamically driven hydrogen wind
also carries heavier species away from the planet.

In a recent study by Lammer et al. (2003a), a scaling re-
lation from solar system planets was used to estimate the ex-
ospheric temperature for giant exoplanets at various orbital

distances. The scaling relation in that study is based on the
assumption of equilibrium between the XUV heat input and
downward heat transport by conduction. It was found that large
exospheric temperatures in the order of about 10 000 K for
hydrogen dominated atmospheres develop, so that a hydro-
dynamic treatment must be considered (Watson et al. 1981;
Lammer et al. 2003a). This results in cooling and a temperature
decrease due to large XUV driven loss rates and atmospheric
expansion. These exospheric temperature values are in agree-
ment with previous suggestions of Schneider et al. (1998) and
Moutou et al. (2001).

Jeans proposed a model of an isothermal atmosphere in
diffusive equilibrium that gives accurate thermal atmospheric
escape rates. This law is valid as long as the thermal escape
parameter

X = (v∞/v0)2 (23)

at the exobase does not reach values much smaller than 1.5
(Öpik 1963). Here v∞ is the escape velocity of the planet and
v0 = (2kT∞/m)1/2 is the most probable velocity of the exo-
spheric particles in the exosphere, T∞ is the exospheric temper-
ature, k the Boltzmann constant and m the mass of hydrogen.
Lammer et al. (2003a) found that if X reaches values <3 dif-
fusive equilibrium no longer applies. For this case the thermal
energy exceeds the gravitational potential energy (Öpik 1963;
Bauer 1971; Gross 1972; Watson et al. 1981)

3
2

kT∞ >
MmG

r
, (24)

where G is the gravitational constant and M is the planetary
mass. This leads to the onset of pure hydrogen winds only lim-
ited by the incoming XUV flux (Watson et al. 1981; Lammer
et al. 2003a). Therefore, the Jeans treatment is not applied for
small values of X because mass loss can no longer be estimated
from the Jeans equation. In this case, hydrodynamic conditions
must be taken into account. By considering a dynamically ex-
panding non-viscous gas of constant molecular weight, one can
use the following model (Watson et al. 1981; Lammer et al.
2003a):

(1) At the distance r0, given by

r0 =
GMm
kT0X0

, (25)

the gas is bound to the planet and no escape takes place.
Here the temperature is fixed at T0 corresponding to the
effective temperature Teff , and we set X0 ≈ 30 (for which
less than 10−12 of the particles are escaping).

(2) The main XUV-flux is absorbed at a distance r1 ≥ r0,
defined by

r1 =
X0

X1
r0, (26)

where X1 is the escape parameter numerically obtained
from Eqs. (7) and (8) of Lammer et al. (2003a).

Above r1 the optical depth for the stellar XUV-flux is much
smaller than 1, and below r1 it is larger than 1. Absorption thus
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Fig. 5. XUV-driven hydrodynamic expansion of the upper atmosphere
for “Hot Jupiters” with the mass of HD 209458b (dashed line) and
OGLE-TR-56b (dotted line). Shown: expansion radius r1 (in plane-
tary radii) as a function of orbital distance, T0 and stellar XUV flux.
The expansion depends on the XUV flux, T0, orbital distance and thus
on the age of the star and also on the escape parameter X0, which is
taken to be 30. One can see that our calculations of the atmospheric
expansion fit well with the Lyman-α radius observed on HD 209458b
at about 0.045 AU (Vidal-Madjar et al. 2003).

is important for r ≤ r1. Because of the hydrodynamic expan-
sion, r0 and r1 are usually much larger than the altitudes at
which the visible opacity is about unity.

By solving simultaneously the equations for the flux of the
escaping particles and the escape parameter X1, one can cal-
culate the expanded radius r1 (Watson et al. 1981; Lammer
et al. 2003a). This radius is shown for OGLE-TR-56b and
HD 209458b in Fig. 5.

As shown in Fig. 5, HD 209458b has an extended upper
atmosphere of about 3 planetary radii at its orbital distance
of about 0.045 AU. From Eq. (25) one can also see that for
a constant X0, r0 moves closer to the planet if T0 and the inci-
dent XUV flux increases. As a result from Eq. (26), r1 may also
be closer to the defined planetary radius although the XUV-
driven hydrodynamic escape rates increase. Corresponding to
its planetary and stellar parameters OGLE-TR-56b, should also
have an extended upper atmosphere of about 3 planetary radii
at an orbital distance of about 0.0225 AU.

By using the modelled expansion of the upper atmospheres
for HD 209458b, a present maximal energy limited mass loss
rate of non-ionized hydrogen atoms of about 1012 g/s was cal-
culated by Lammer et al. (2003a). This is in good agreement
with the observational value inferred by Vidal-Madjar et al.
(2003). It should be noted that the determined minimal escape
rate of non-ionized hydrogen atoms of about 1010 g/s by Vidal-
Madjar et al. (2003) may be of orders of magnitude higher be-
cause of saturation of the absorption line (Vidal-Madjar, per-
sonal communication). An estimation of the present mass loss
rate for OGLE-TR-56b is ∼5× 1012 g/s (Lammer et al. 2003a).

Figure 6 shows the magnetopause distance, where the
incoming stellar wind ram pressure equals the estimated
magnetospheric pressure of HD 209458b and OGLE-TR-56b
without tidal locking (dashed lines) and with tidal locking

unlocked
locked

OGLE-TR-56b

HD 209458b

t [Gyr]

R
M

[R
P
]

6543210

7

6

5

4

3

2

1

0

OGLE-TR-56b

HD 209458b

t [Gyr]

R
M

[R
P
]

6543210

7

6

5

4

3

2

1

0

Fig. 6. Standoff distance compared to the size of an expanded atmo-
sphere in planetary radii (1.42 RJ for HD 209458b, and 1.23 RJ for
OGLE-TR-56b) for HD 209458b and OGLE-TR-56b as a function of
time. Tidally locked planets (solid lines) clearly have a smaller mag-
netosphere than (hypothetical) fast rotating planets (dashed lines). The
shaded area shows the distance of the modelled expanded upper atmo-
spheres, inside a range related to observation based uncertainties. It
can be seen that the atmosphere is not shielded by the magnetosphere
over long periods of time.

(solid lines). As mentioned in Sect. 4, the contribution of the
atmosphere to the pressure balance (18) is not taken into ac-
count. One can see that both “Hot Jupiters” may not have been
protected by their intrinsic magnetic fields at least during the
first 0.5 Gyr after their host stars arrived at the ZAMS, even if
the effect of tidal locking is ignored. During this early epoch the
stellar wind of the young stars was so strong that HD 209458b
and OGLE-TR-56b would have had a Venus- or Mars-like in-
teraction between the stellar wind and the atmosphere resulting
in the erosion of ionized atmospheric constituents.

If tidal locking is considered for the planet HD 209458b,
the magnetic field may even today not protect the atmosphere
from the stellar wind and hence from ion loss. The atmosphere
of OGLE-TR-56b was not protected by its magnetic field ap-
proximately over the first Gyr after its host star arrived on the
ZAMS.

The compression of intrinsic planetary magnetic fields of
“Hot Jupiters” should enhance the non-thermal ion loss rates
caused by ion pick up (Lammer & Bauer 1991; Lichtenegger
et al. 1995; Lichtenegger & Dubinin 1998; Leblanc & Johnson
2001, 2002; Lichtenegger et al. 2002) and detached iono-
spheric clouds (Brace et al. 1982) caused by magnetohydro-
dynamic plasma instabilities (Arshukova et al. 2003; Penz
et al. 2003) at the stellar wind-ionospheric boundaries. Ion
loss was not studied by Lammer et al. (2003a) but was es-
timated by Guillot et al. (1996). For present stellar activ-
ity they estimate loss rates of the order of about 1010 g/s
for HD 209458b. However, their study included only photo-
ionized hydrogen and neglected compressed magnetospheres
and more complicated ion loss processes triggered by plasma
instabilities as observed above the Venus ionopause (Brace
et al. 1982; Arshukova et al. 2003; Penz et al. 2003). The
application of models developed for the study of the solar
wind-ionosphere interaction processes on Venus is beyond the
scope of this paper. These models will be applied to “Hot
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Jupiters” in the future, so that the efficiency of ion erosion pro-
cesses can be studied during periods where these exoplanets
may have had a Venus-like stellar wind-interaction.

One should note that the non-thermal loss processes may
not give rise to an additional contribution besides the total
energy-limited escape rates estimated by the hydrodynamic ap-
proach. Rather, it will lead to the ionization of a large part of
the escaping gas. The estimation of the ionized population is
important for spectroscopic searches for atmospheric species
in the stellar spectra of the host star (Moutou et al. 2001).

It was shown by Lammer et al. (2003a) that the origi-
nal mass of HD 209458b after the exoplanet arrived or origi-
nated at the orbital distance of about 0.045 AU may have been
about 50% to 80% larger, than it is at present. As one can see
from Eqs. (6) or (8) a larger mass at the beginning should re-
sult in a larger core. According to Eqs. (1)–(5), this results
in a larger magnetic moment. Such a larger magnetic moment
may have better protected the upper atmospheres against iono-
spheric erosion processes.

6. Conclusions

We have modeled the stellar wind magnetospheric inter-
action for present and early stages of HD 209458b and
OGLE-TR-56b. Our study suggests that because of tidal lock-
ing, the magnetic moments of giant exoplanets can be less than
one tenth of the value presently observed for Jupiter. Thus the
intrinsic magnetic field cannot balance the stellar wind pressure
at orbital distances <0.05 AU. We found that because of the
expected effect of tidal locking, HD 209458b may have had an
ionosphere-stellar wind interaction like Venus or Mars during
most of its lifetime. The upper atmosphere of OGLE-TR-56b
may have been unprotected during the first Gyr after the host
star arrived on the ZAMS.

Estimates of planetary magnetic moments are improved by
accounting not only for the planetary mass, but also its radius.
This appears to be necessary, as the detected transiting “Hot
Jupiters” exhibit larger radii (i.e. lower density) than expected
by comparing to the solar system.

The evolution of stellar wind density and stellar wind ve-
locity over the last 4.6 Gyr is discussed. We showed that, due
to a much larger stellar wind ram pressure in early stellar pe-
riods up to about 0.5 Gyr after the host stars arrived on the
ZAMS, “Hot Jupiters” may have not been protected by their
intrinsic magnetic fields, even if one neglects the effect of tidal
locking. A stellar wind interaction like on Venus would not be
possible if “Hot Jupiters” did not have a XUV-driven hydro-
dynamic expanded upper atmosphere. We found that the stellar
wind pressure compresses the magnetosphere to a stand-off dis-
tance of about 3 planetary radii. In this case the ionized part of
the expanded atmosphere forms a barrier. The calculated ex-
pansion distance of the upper atmosphere agrees with the re-
cent observation of an expanded exosphere of HD 209458b
(Vidal-Madjar et al. 2003).

As a consequence of hydrodynamic conditions, neutral hy-
drogen escape rates on “Hot Jupiters” are expected to be in the
order of about ≤1012 g/s. The dynamics of the outflow of an
expanding upper atmosphere against the pressure of the stellar

wind may be considered to be similar to a comet’s tail (Gross
1972; Schneider et al. 1998; Moutou et al. 2001). Because of
the reduced magnetic moment resulting from tidal locking, our
study indicates that the upper atmospheres of exoplanets or-
biting at close distances around their host stars may be unpro-
tected by their intrinsic magnetic fields over geological peri-
ods. Thus their atmosphere and ionosphere will be affected like
Venus by different non-thermal ion loss processes such as ion
pick up and detached ionospheric clouds triggered by magne-
tohydrodynamic instabilities. Our study suggests that because
of the much larger particle and radiation environment of young
solar-like stars, both thermal and ion loss rates from an unpro-
tected atmosphere may have been orders of magnitudes larger
during the first Gyr after their host star arrived at the ZAMS.
Therefore they should have significantly influenced the evolu-
tion of the mass and radius of “Hot Jupiters”. The new gen-
eration of space observatories like COROT may have the pos-
sibility to detect the remaining cores (Rouan et al. 2000) of
giant exoplanets orbiting close to their host stars. These plan-
etary cores may develop after the loss of their dense hydrogen
atmospheres by thermal and non-thermal loss processes.
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