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Abstract. Close-in extrasolar planets of Sun-like stars are exposed to stellar wind conditions that differ considerably from those
for planets in the solar system. Unfortunately, these stellar winds belong to the still unknown parameters of these planetary
systems. On the other hand, they play a crucial role in a number of star-planet interaction processes that may lead to observable
radiation events. In order to lay a foundation for the investigation of such interaction processes, we estimate stellar wind
parameters on the basis of the solar wind model by Weber & Davis and study the implications of the stellar magnetic fields.
Our results suggest that in contrast to the solar system planets, some close-in extrasolar planets may be obstacles in a sub-
Alfvénic stellar wind flow. In this case, the stellar wind magnetic pressure is comparable to or even larger than the dynamic
flow pressure. We discuss possible consequences of these findings for the wind–exoplanet interactions. Further, we derive
upper limit estimates for the energies such stellar winds can deposit in the exoplanetary magnetospheres. We finally discuss the
implications the sub-Alfvénic environment may have on the star–planet interaction.
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1. Introduction

Among the extrasolar planets detected since 1995 many have
been found in close vicinity to their star. OGLE-TR-56 b is
an extreme but not unusual example. Its orbital distance of
0.0225 AU will be approx. 20 times closer than Mercury is to
the Sun, if the orbital eccentricity is taken into account.

The implications of this extreme vicinity to the stars for the
star-planet systems are expected to be manifold. A variety of
phenomena resulting from interaction between the star and its
close-in planet are expected. Though both components are in-
volved in such interaction, the theories and observations can be
sorted according to whether the physical processes are associ-
ated with the star or the planet.

From the stellar point of view, gravitational interaction may
come into play in terms of spin up by planetary migration to-
wards the star if counteracting processes are neglected as is
discussed by Paetzold et al. (2004). Furthermore, it may lead
to heating and an increase of stellar activity as pointed out by
Cuntz et al. (2000) who also give estimates of the magnetic in-
teraction for several planetary systems. Shkolnik et al. (2003)
present observational evidence for a hot spot in the chromo-
sphere of one of these stars, HD 179949, which they attribute
to magnetic interaction of the star with its close-in planet.
Rubenstein & Schaefer (2000), who discuss superflares on

� Previously known as Max-Planck-Institut für Aeronomie.

single solar-like stars, suggest that these flares might occur due
to a RS CVn binary-like interaction between star and planet.

Strong radiation events are also expected to occur on the
planets. Farrell et al. (1999) and Zarka et al. (2001) expect
strong radio emission due to the interaction of the stellar wind
with planetary magnetospheres. It should be noted that so far
the only observational hint of a planetary magnetic field is
given by the observations of Shkolnik et al. (2003). Bastian
et al. (2000) report on a search for radio emission which,
however, was not successful. The possibility of success with
state-of-the-art instrumentation is discussed by Rucker (2002).

Paetzold et al. (2004) also studied the influence of the
gravitational interplay between star and planet on the rota-
tional evolution of the planets, and Grießmeier et al. (2004)
extend these effects to the possible magnetospheric configura-
tion of OGLE-TR-56 b and HD 209458 b. Further, they dis-
cuss the possibility of atmospheric erosion due to the stellar
wind during the evolution of these planets which is supported
by Vidal-Madjar et al. (2004) who observed an escaping atmo-
sphere for the planet HD 209458 b. The first results of mod-
elling of the star–exoplanet magnetosphere interaction numeri-
cally with a magnetohydrodynamical description are presented
by Ip et al. (2004).

All these models have in common that at some point they
need information about the structure of the stellar wind either
at the planetary orbit or in between. Up to now, there are no
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Table 1. Planetary parameters as given by J. Schneider (http://www.obspm.fr/encycl/catalog.html). Listed (in units of Jupiter’s mass
and radius) are the projected planetary mass, the planetary mass and radius if determined by observation. The orbital semi-major axis and
eccentricity are given as well as the inclination. These are followed by the calculated distances in AU and stellar radii. The last column gives
the orbital period.

Planet MP sin i M RP a e i d d Porb

[MJ] [MJ] [RJ] [AU] [deg] [AU] [R�] [d]

OGLE-TR-56 b 1.45 1.3 0.0225 0 81 0.0225 4.4 1.2

HD 83443 b 0.35 0.038 0.08 0.041 8.83 2.99

HD 46375 b 0.249 0.041 0 0.041 8.82 3.02

HD 187123 b 0.52 0.042 0.03 0.0433 8.1 3.1

HD 179949 b 0.84 0.98 0.045 0.05 0.0473 8.65 3.1

HD 209458 b 0.69 1.43 0.045 0 86.1 0.045 8.43 3.52

HD 75289 b 0.42 0.046 0.054 0.0485 7.91 3.51

BD-10_3166 b 0.48 0.046 0 <84.3 0.046 3.49

τ Boo b 3.87 4.09 0.0462 0.018 0.047 7.16 3.31

HD 76700 b 0.197 0.049 0 0.049 7.64 3.97

51 Peg b 0.46 0.44 0.0512 0.013 0.0519 9.72 4.23

HD 49674 b 0.12 0.0568 0 0.0568 12.79 4.95

υ And b 0.69 0.059 0.012 0.0597 8.89 4.62

observations available of winds for the stars in question, so that
alternative approaches have to be used. Grießmeier et al. (2004)
for example use densities and velocities of the solar wind at
1 AU which are well determined due to a long history of mea-
surements. They adopt these as quantities at the planetary orbits
and derive changes due to the evolution of the star on the ba-
sis of indirect observations of stellar winds from Wood et al.
(2002).

In this paper, we attempt to fill this gap using the wind
model derived by Weber & Davis (1967). In order to estimate
velocities and densities for a range of stellar parameters, some
are taken directly from observations while others are varied
within intervals as they are less well known. In Sect. 2, we
discuss the well-known parameters of the planets and stars of
interest. We then introduce the Weber & Davis model with its
limits in Sect. 3.1 and discuss the model winds and the influ-
ence of magnetic field and stellar rotation period on the stellar
wind velocity in Sect. 3.2. With the results from Sect. 3 the
stand-off distances and energy deposition onto the magneto-
spheres are estimated in Sect. 4 before we conclude our study
in Sect. 5.

2. Planetary and stellar parameters

In order to make our derivations as realistic as possible, we use
estimates from typical upper and lower limits of the required
input parameters based on the diverse observed quantities.

At the beginning of 2004, 120 extrasolar planets in 105 stel-
lar systems, of which 13 are multiple planetary systems, were
listed in J. Schneider’s web-page (http://www.obspm.fr/
encycl/catalog.html). From radial velocity measurements,
which is currently the most potent observation method, the
semi-major axis a, the orbital period Porb, the eccentricity e and
the projected mass M sin i, where i is the angle of inclination of
the planetary orbit with respect to the observer, are available for
all planets. The two planets HD 209458 b and OGLE-TR-56 b

were also observed in transits across the stellar disk. Since this
method allows one to determine the planetary radius, they are
the only planets for which radii Rp and orbital inclinations and
thus the planetary masses Mp are known from observations.

Almost all stars hosting extrasolar planets are listed in the
Hipparcos Catalogue and approx. 80% are contained in the
“Catalogue of Fundamental Parameters of Stars” compiled by
Allende Prieto & Lambert (1999) hereafter called APL. The
latter derive basic stellar parameters such as stellar mass M�
and radius R� by isochrone interpolation on the basis of the
Hipparcos Catalogue. For stars with metallicities within 0.4
and 2.5 times the solar metallicity (−0.4 < [Fe/H] < 0.4)
they achieve an overall accuracy within ∼6% for the stellar
radii and 8% for the masses. On the basis of these stellar radii,
the condition that the star-planet distance d = a(1 + e) is less
than 10 R� yields a subset of 12 planets. Table 1 summarises
the planetary parameters M sin i and Mp in Jupiter masses MJ,
Rp in Jupiter radii RJ, a, e, i and Porb (rounded) as given by
Schneider. Our computed distances d in AU and R� are listed
as well. OGLE-TR-56 was not surveyed by Hipparcos and is
not contained in APL. Hence, the stellar mass and radius are
taken from Konacki et al. (2003).

The condition of d < 10 R� puts a limit on the star-planet
distance of 0.06 AU. Thus, BD-103166 is added to the list for
completeness although it is neither included in the Hipparcos
catalogue, nor is its radius specified in Butler et al. (2000) due
to the parallax being unknown.

The stellar parameters, as given by APL are shown in
Table 2. The first column gives for each planet the name of
the planet in the first line, the stellar designation in the Henry
Draper Catalogue (HD number) in the second line and the
Hipparcos Catalogue (HIP number) in the third line. The ap-
parent visual magnitude Vmag, the parallax plx, the absolute
magnitude VMAG, the B−V colour as well as the mass, the ra-
dius (calculated from the log R� values given in the catalogue),
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Table 2. Stellar parameters taken from Allende Prieto & Lambert (1999). The first column gives the name of the planet followed by the stellar
HD and HIP numbers. The other columns list the apparent visual magnitude, the parallax, the absolute magnitude, the colour B − V and
the stellar mass, radius, bolometric correction and effective temperature. The rms errors are given below the parameter values except for the
radius. Note that Allende Prieto & Lambert (1999) originally gave the radius as log R. Hence, the error stated below the calculated radius is the
maximum deviation of the calculated value obtained by applying the rms error to the log R value.

Planet Vmag plx VMAG B − V Mass R� BC log Teff

[mag] [mas] [mag] [mag] [M�] [R�] [mag] [K]
OGLE-TR-56 b
HD 83443 b 8.23 22.97 5.04 0.811 0.98 1 0.13 3.74

83443 0.9 0.17 0.01 0.05 0.01 0
47202

HD 46375 b 7.91 29.93 5.29 0.86 0.9 1 0.16 3.73
46375 1.07 0.16 0.01 0.05 0.01 0
31246

HD 187123 b 7.83 20.87 4.43 0.661 1.12 1.15 0.04 3.77
187123 0.71 0.15 0.1 0.05 0.03 0.01
97336

HD 179949 b 6.25 36.97 4.09 0.548 1.14 1.17 0.03 3.79
179949 0.8 0.1 0.07 0.03 0.02 0
94645

HD 209458 b 7.65 21.24 4.29 0.594 1.03 1.15 0.06 3.78
209458 1 0.21 0.11 0.08 0.02 0.01
108859

HD 75289 b 6.35 34.55 4.04 0.578 1 1.32 0.07 3.78
75289 0.56 0.07 0.1 0.06 0.02 0.01
43177

BD-10_3166 b
τ Boo b 4.5 64.12 3.53 0.508 1.3 1.41 −0.01 3.81

120136 0.7 0.05 0.12 0.07 0.03 0.01
67275

HD 76700 b 8.16 16.75 4.28 0.745 1 1.38 0.1 3.75
76700 0.66 0.17 0.09 0.1 0.03 0.01
43686

51 Peg b 5.45 65.1 4.52 0.666 1.01 1.15 0.08 3.76
217014 0.76 0.05 0.01 0.03 0 0
113357

HD 49674 b 8.1 24.55 5.05 0.729 0.95 0.95 0.11 3.75
49674 1.14 0.2 0.04 0.07 0 0
32916

υ And b 4.1 74.25 3.45 0.536 1.37 1.45 −0.03 3.81
9826 0.72 0.05 0.01 0.03 0 0
7513

the bolometric correction BC and the effective temperature are
given in the columns. The rms errors are printed below the pa-
rameter values except for the radius, for which the deviation
of R� obtained by applying the rms error to the log R� value of
Allende Prieto & Lambert (1999) is given.

APL offer the most coherent set of stellar data for the
13 stars of interest. For comparison, Table 3 lists the stellar
masses, radii, ages and rotation periods Prot as given by the au-
thors listed beneath the table. The parameter columns give the
minimum and maximum values. Each column is followed by a
list of the individual references, sorted in ascending order ac-
cording to the parameter value they provide. Laws et al. (2003)
and Barnes (2001) derive the age with two different approaches
each. If these differ within the paper, they are referred to twice
in ascending order of the parameter value.

3. Model stellar wind regimes

A basic hydrodynamic description of the plasma environment
of the extrasolar planets must assume the mass m of the relevant
particle species, their number density n or mass density ρ = nm,
their temperature T and flow velocity u. For a magnetohydro-
dynamic model we need the magnetic flux density B. Which
of these parameters can be estimated depends on the chosen
model and on the availability of the input parameters.

A simple hydrodynamic approach for a non-rotating and
unmagnetised star was first derived by Parker (1958). Weber &
Davis (1967) added rotation and a magnetic field to approach a
self-consistent magnetohydrodynamic stellar wind description.
As the latter yields the Parker model in the limit of no rotation
and no magnetic field, we restrict ourselves to the Weber &
Davis model while discussing how both models are related.
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Table 3. Summarized stellar parameters taken from the references listed below. The columns show the lower and upper limits of the stellar
masses, radii, ages and rotation periods. Each column is followed by a column listing the references, which are sorted in ascending order
according to the parameter value the authors give.

M Ref. R� Ref. Age Ref. Prot Ref.

[M�] [R�] [Gyr] [d]

OGLE-TR-56 1.04 1 1.10 1

HD 83443 0.79–0.98 7, 15, 4, 2, 3 1.00 3 3.2–10.7 2

HD 46375 0.83–1.0 15, 5, 2, 3, 4, 6 1.00 3 4.5–16.5 2, 4

HD 187123 0.98–1.12 15, 8, 9, 4, 5, 2, 3 1.14–1.15 8, 3 4.0–10.7 9, 2, 5, 15 23–30 8, 9

HD 179949 1.14–1.3 3, 6, 5, 15 1.17 3 4.00 15

HD 209458 1.03–1.15 3, 15, 4, 8, 9, 2, 5 1.1–1.15 8, 3 2.4–5.1 2, 9, 4, 15 15.7–17 9, 8

HD 75289 1.0–1.24 3, 8, 9, 15, 2 1.31–1.32 3, 8 0.8–5.6 2, 15, 9, 2, 9, 4 16–17 9, 8

BD-103166 0.9–1.1 15, 10, 4 4.00 4

τ Boo 1.3–1.42 3, 4, 12, 8, 9 1.1–1.48 13, 3, 8, 11 1–2 4, 9, 2, 14, 9, 15 3.2–5.1 9, 8, 14, 9, 14

HD 76700 1.00 3 0.91–1.38 13, 3 4.3–7.1 2, 9, 4, 9, 2

51 Peg 0.97–1.11 15, 3, 5, 8, 9, 12, 4, 2, 11 0.98–1.16 13, 3, 8, 11 13.50 15 21.9–29.5 9, 8, 9

HD 49674 0.95–1.0 3, 6 0.95 3

υ And 1.20–1.37 15, 11, 12, 5, 4, 2, 8, 9, 3 1.2–1.69 13, 3, 8, 11 2.7–5 4, 9, 2, 9, 15, 14, 2 11.6–14 9, 14, 8, 9

References: (1) Konacki et al. (2003), (2) Laws et al. (2003), (3) Allende Prieto & Lambert (1999), (4) Santos et al. (2000), (5) Santos et al.
(2003), (6) Schneider, (7) Butler et al. (2002), (8) Cuntz et al. (2000), (9) Barnes (2001), (10) Butler et al. (2000), (11) Fuhrmann (1998),
(12) Takeda et al. (2002), (13) Johnson & Wright (1983), (14) Baliunas et al. (1997), (15) Chen & Zhao (2002).

3.1. Magnetised wind of a rotating star

Since the temperature variations in the stellar coronae are un-
known, the coronae are assumed to be isothermal. The plasma
is taken to be quasineutral, i.e. ne = np = n, were ne and np are
the electron and proton number densities, respectively. Hence
the pressure p is given by

p = nekBT + npkBT = 2nkBT, (1)

where kB is the Boltzmann constant and T the constant temper-
ature. Generally, we restrict ourselves to the equatorial plane
ϑ = π/2 of a spherical coordinate system r, ϑ, ϕ. Thus velocity
and magnetic field have radial and azimuthal components

u = (vr, 0, vϕ) and B = (Br, 0, Bϕ), (2)

which due to rotational symmetry depend only on the radial
distance. Following Lamers & Cassinelli (1999, Chap. 9) the
radial momentum equation is given by

r
vr




v2r − v2c︸�︷︷�︸
1

− A2
ϕv

2
r

v2r − A2
r

︸���︷︷���︸
2




dvr
dr
= 2a2 − GM�

r︸��������︷︷��������︸
1

+ v2ϕ + 2
ArAϕvrvϕ
v2r − A2

r︸�������������︷︷�������������︸
2

, (3)

where

vc =

√
2kBT

m
(4)

is the thermal velocity, M� the stellar mass and G the gravita-
tional constant. Ar and Aϕ are the radial and azimuthal compo-
nents of the Alfvén velocity

A = (Ar, 0, Aϕ) =
1√
µ0ρ

(Br, 0, Bϕ), (5)

where µ0 is the magnetic field constant.
For a non-rotating star without a magnetic field the compo-

nents (2) in Eq. (3) vanish and the equation is equal to Parker’s
solar wind solution for a purely hydrodynamical expansion
(Parker 1958). For rotating stars without magnetic fields the
dynamics have been studied previously by e.g. Weidelt (1973)
and Mufson & Liszt (1975). If the centrifugal forces due to an
increased stellar rotation and magnetic field dominate term (1),
Eq. (3) will turn into the fast magnetic rotator approximation
as described by Belcher & MacGregor (1976).

Due to solenoidality the magnetic flux is

FB = r2Br = const. (6)

Integration of Eq. (3) yields

v2r + v
2
ϕ − 2v2c ln

(
vr
Ar

)

= 4v2c ln

(
r

rA

)

+ 2
GM�

r

+2
Ωr
µ0

FB

Fm
Bϕ +CWD, (7)

where vϕ and Bϕ are given by

vϕ = rΩ
Lv2r
r2Ω
− A2

r

v2r − A2
r

(8)

and

Bϕ = Br
vϕ − rΩ

vr
= Br

rΩ
(Lvr

r2Ω
− vr

)

v2r − A2
r

(9)
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respectively, with L = r2
AΩ being the constant angular mo-

mentum per unit mass. This implies that the wind behaves as if
corotating with the star out to the Alfvén point rA. CWD is the
integration constant.

If the fluid reaches radial Alfvén velocity Ar, the corre-
sponding position will be called the Alfvén point rA. If the
wind velocity equals the slow or fast magnetosonic wave speed,
the bracket in Eq. (3) will vanish. This defines the two critical
points, the slow and fast magnetosonic points rs and rf , which
are necessary for the existence of a stellar wind solution as e.g.
shown by Goldreich & Julian (1970). They are defined as the
radial distances at which the wind reaches the phase velocity of
the slow magnetosonic wave

v2s =
1
2


v

2
c + |A|2 −

√
(
v2c + |A|2

)2 − 4v2c |A|2 cos2 ϕ


 (10)

and the velocity of the fast magnetosonic wave

v2f =
1
2


v

2
c + |A|2 +

√
(
v2c + |A|2

)2 − 4v2c |A|2 cos2 ϕ


 , (11)

respectively. The constant CWD is determined by the condi-
tion that the solution passes through both critical points for the
same CWD. This solution necessarily passes through the Alfvén
point (Goldreich & Julian 1970).

For the calculation of the radial velocity profile, the Alfvén
point rA and velocity Ar have to be known a priori. As we are
interested in the dependence of the wind parameters on changes
of stellar parameters, we define the wind parameters at the base
of the corona and search for the resulting Alfvén point rA and
Alfvén velocity Ar. For this we define

U = GM�
rAA2

r
, (12)

V = v
2
c

A2
r
, (13)

W =
(rAΩ)2

A2
r
· (14)

Furthermore, we use the constant mass flux at the Alfvén
point rA

Fm = ρ(rA)Arr
2
A (15)

and the constant magnetic flux

FB = r2
ABr(rA) (16)

at the same location. Hence the Alfvén radius rA can be elim-
inated and the parametersU andV can be expressed in terms
of mass and magnetic fluxes as

U = GM�
√
µ0FmAr

FBA2
r

, (17)

W =
(FBΩ)2

Fmµ0A3
r
· (18)

We now vary V and solve for each V Eq. (3) for the critical
points for which the constant of integration CWD in Eq. (7) is
then calculated. The correct solution for the parameters Fm, FB,
R�, M�, T and Ω will be found if CWD is identical for both
critical radii.

3.2. Model stellar winds

For all calculations we use the present day solar mass flux of
Fm = m · 6.3 × 1034 s−1 = 1.05 × 108 kg s−1, with m the mass
of the protons, following Mann et al. (1999). The density at
the base of the corona thus varies according to the wind so-
lution for the given parameters. Hence, increasing the rotation
rate while keeping the temperature constant, the densities at
the base of the corona are smaller when the wind speeds are
higher. For the Sun the assumed mass flux is equivalent, with
an averaged wind speed of 425 km s−1 at 1 AU. Combining
this with the solar equatorial rotation period of 25.5 d and a
radial magnetic field density of ∼3.1 nT at 1 AU, the corre-
sponding Weber & Davis solution is found for a temperature
of 0.8132 × 106 K and a magnetic field strength of 1.435 ×
10−4 T at the base of the corona with rA = 0.08 AU (≈18 R�).
Keeping these values fixed, we calculate the solution for the
set of stars given in Table 3 for rotation periods of 3 and 30 d.
The results for both rotation periods are presented as functions
of the distance from the star in Fig. 1. The hatched curve in-
dicates the ranges over which the radial velocity profiles vary.
The locations of the planets are indicated by the dotted rect-
angle that extends along the whole y-axis. The other two rect-
angles indicate the locations of the Alfvén points (dark) and
fast magnetosonic points (light), while their extension along
the y-axis shows the range of the corresponding velocities. The
overlap is due to the different stellar parameters. In the solu-
tions the critical points are clearly distinguishable. For Prot =

3 d the slow magnetosonic points are located between 0.0239
and 0.0314 AU with critical velocities of 110 to 112 km s−1 and
for Prot = 30 d the critical velocity of 116 km s−1 is reached be-
tween 0.0296 and 0.0449 AU. Two specific velocity profiles
are given for υ And (thick line) and for HD 46375 (dash-dotted
line). At 1 AU velocities between 406 and 431 km s−1 (Sun
425 km s−1) are reached for Prot = 30 d and 501 and 594 km s−1

(Sun 501 km s−1) for Prot = 3 d, respectively. For slow rotation
rates the fastest wind is reached by the smallest and lightest star
in terms of radius and mass, currently HD 46375, whereas the
fastest by the largest and heaviest, currently υ And. For high
rotation rates this is still valid at the location of the planets but
further out, the situation changes. The fastest wind at 1 AU is
now obtained for the largest star, and the slowest wind does not
belong to the smallest and lightest but to the heavier one with
the same radius, currently HD 83443.

In order to study the influence of magnetic field strength
and coronal temperature on the stellar wind velocities, the mag-
netic flux FB is varied at the base of the corona, where we
assume a magnetic flux density B0 of 1 to 10 × 10−4 T. The
low value of 1 × 10−4 T is obtained from FB = const. with
Br ∼ 3.1 nT at 1 AU, which was measured e.g. by Ulysses
(see Banaszkiewicz et al. 1998). 10 × 10−4 T is an approximate
mean value for the field strength at the base of the solar corona
in a coronal hole, following Banaszkiewicz et al. (1998), who
used an analytic model for the coronal magnetic field of the
Sun. The difference between both values results from the ad-
ditional expansion of magnetic flux tubes emanating from the
coronal hole and then expanding into the equatorial plane.
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Fig. 1. Stellar wind velocities obtained with the Weber & Davis model for the stars given in Table 3. The hatched curves indicate the velocity
ranges over which the solutions vary for Prot = 30 d (left panel) and Prot = 3 d (right panel). The planets are located within the dotted rectangle.
The Alfvén points lie within the dark grey rectangle and the fast magnetosonic point within the light grey one. The sizes of the rectangles are
defined by the location and velocity ranges. The locations of the slow magnetosonic points are given in the text.
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Fig. 2. Radial velocity profiles for υ And and HD 46375 calculated with the Weber & Davis model. The results are compared with the Parker
limits for all stars listed in Table 3 which are indicated by the dotted patches. The left panel shows the changes due to inclusion of a rotation
period of 30 d and the right one for 3 d. Again, the upper velocity profiles belong to T = 2.0 × 106 K and and the lower to T = 0.5 × 106 K. The
magnetic field at the base of the corona was set to 1 × 10−4 T (dots) and 10 × 10−4 T (triangles). For slow rotation, hardly any differences at all
are observed with respect to the Parker limit solutions. For the faster rotation, the velocity changes significantly. These changes are larger for
the lower temperature as well as for the star with the bigger mass and radius (υ And) which yields the slower velocity. The grey patch indicates
the spatial distribution of the planetary orbits.

In Fig. 2 we show the solutions for Prot = 30 d (left panel)
and 3 d (right panel) obtained with the Weber & Davis model
for T = 0.5 × 106 K and 2.0 × 106 K in comparison to the
velocity profiles obtained in the Parker limit. The lower curves
belong to the cool corona, the upper to the hot one. The mag-
netic field at the base of the corona was set to 1 × 10−4 T (dots)
and 10 × 10−4 T (triangles). For the long rotation period, the
Weber & Davis velocity profiles are almost equal to those cal-
culated with the Parker model. The increase of rotation to 3 d
shows a strong effect on the velocity profile while the influence
of the magnetic field on the velocity becomes apparent. The ve-
locity changes are larger for υ And, whose radius is larger than
that of HD 46375 and which is the star with the slowest wind

in the Parker limit. The locations of all planets of interest are
indicated by the grey patch.

As we have calculated the velocity profiles for parameters
which are specified either at the stellar surface (T , B0, Prot)
or at 1 AU (Fm), we obtain the critical points as functions of
these parameters and hence the Alfvén points rA as functions
of these parameters as well. In Table 4 the different locations
of the Alfvén points rA in AU, the corresponding Alfvén ve-
locities Ar and the radial velocities vr,1 AU reached at 1 AU in
km s−1 are listed with respect to the parameters T = [0.5, 2.0]×
106 K, B0 = [1, 10] × 10−4 K and Prot = [3, 30] d for the
two stars HD 46375 and υ And. The values should be consid-
ered relative to the planetary locations, which are 0.041 AU and
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Table 4. Alfvén radii rA and velocities Ar obtained with the Weber &
Davis model for the two stars HD 46375 and υ And. The stellar winds
were modeled for different magnetic field strengths B0 at the coronal
base, rotation periods Prot and coronal temperatures T as given in the
table. In addition, the wind velocities at 1 AU vr,1 AU are given.

B0 [10−4 T] 1 1 10 10
Prot [d] 3 30 3 30
T [106 K] 0.5
rA [AU] 0.07 0.08 0.33 0.52

HD 46375 Ar [km s−1] 178 133 706 288
vr,1 AU [km s−1] 387 313 938 332
rA [AU] 0.09 0.09 0.54 0.71

υ And Ar [km s−1] 468 442 1218 696
Vr,1 AU [km s−1] 4467 292 1351 339

T [106 K] 2.0
rA [AU] 0.04 0.04 0.31 0.35

HD 46375 Ar [km s−1] 409 401 846 660
vr,1 AU [km s−1] 777 762 1090 765
rA [AU] 0.12 0.15 0.56 1.01

υ And Ar [km s−1] 263 156 1129 340
vr,1 AU [km s−1] 775 723 1450 731

0.0597 AU for HD 46375 b and υ And b, respectively. We can
see that both planets are located within the Alfvén radius for
all stellar winds that were modelled for their central stars. The
velocities at 1 AU vr,1 AU should be compared to the velocities
that are obtained in the Parker limit. The latter yields 310 to
313 km s−1 for T = 0.5 × 106 K and 759 to 764 km s−1 for
T = 2.0 × 106 K.

The Alfvén Mach numbers MA, i.e. the ratios of the radial
velocities vr at the planetary location to the radial Alfvén veloc-
ities Ar at the same location, are listed in Table 5 for both plan-
ets and the same parameters as above. They are complemented
by two additional Alfvén Mach numbers, which were obtained
relative to the planetary movements around their stars. Such the
planets effectively see the wind moving with the relative veloc-
ity of their own movement with respect to the expanding stellar
corona. We thus define an effective velocity veff , where

veff,↑↑ =

√

v2r +

(

vϕ − 2πd
Porb

)2

(19)

is the effective velocity at the parallel direction of planetary
movement and stellar rotation and

veff,↑↓ =

√

v2r +

(

vϕ +
2πd
Porb

)2

(20)

for antiparallel movement. The values for the planetary orbital
period Porb are taken from Table 1. The results are listed in
Table 5 in terms of the Mach numbers MA↑↑ and MA↑↓. For the
parallel movement the effective velocity does not change the
Mach numbers significantly except for the case of 30 d stel-
lar rotation, where the planetary orbital velocity is large with
respect to the azimuthal velocity component vϕ of the stellar
wind and the radial Alfvén velocity Ar of the wind is small,
as is the case especially for the cool wind. For the antiparallel

Table 5. Alfvén Mach numbers MA = vr/Ar at the locations of
HD 46375 b and υ And b for parallel and antiparallel directions of
stellar rotation and planetary movement. The values were derived for
different magnetic field strengths B0 at the coronal base as well as dif-
ferent stellar rotation periods Prot and coronal temperatures T as given
in the table.

B0 [10−4 T] 1 1 10 10
Prot [d] 3 30 3 30
T [106 K] 0.5
MA 0.50 0.40 0.06 0.04

HD 46375 b MA↑↑ 0.61 0.84 0.06 0.08
MA↑↓ 1.03 0.91 0.12 0.09
MA 0.40 0.27 0.05 0.03

υ And b MA↑↑ 0.42 0.55 0.05 0.05
MA↑↓ 0.73 0.63 0.09 0.06
T [106 K] 2.0
MA 0.92 0.91 0.09 0.09

HD 46375 b MA↑↑ 0.96 0.97 0.10 0.10
MA↑↓ 1.00 0.98 0.11 0.10
MA 0.64 0.63 0.07 0.06

υ And b MA↑↑ 0.66 0.66 0.07 0.07
MA↑↓ 0.71 0.67 0.08 0.07

movement the Mach number may change from values less than
one to about one.

Figure 3 shows the absolute values of the magnetic field
components obtained with the Weber & Davis model for υAnd
with T = 2.0 × 106 K and B0 = 10 × 10−4 T for the two rota-
tion periods. The magnetic field is scaled logarithmically. The
radial components are identical as they are independent of the
rotation period and are plotted as solid line. For the azimuthal
component the dashed line is used for a rotation period of 30 d
and the dash-dotted for 3 d. The vertical dotted line marks the
location of the planet.

The role of the magnetic field can be assessed by compar-
ing the magnetic pressure and the dynamic flow pressure. The
dynamic flow pressure pd,sw can be expressed by pd,sw = ρv

2,
where the mass density ρ at the planetary orbit is again es-
timated with Fm = 1.05 × 108 kg s−1. The magnetic pres-
sure pB,sw of the stellar wind is given by

pB,sw =
Bsw

2

2µ0
=

B2
r + B2

ϕ

2µ0
· (21)

In Fig. 4 the results for υ And with T = 2.0 × 106 K, B0 =

1 × 10−4 T and 10 × 10−4 T and the rotation periods of 3 and
30 d on the basis of the Weber & Davis model are presented.
The solid line is the dynamic flow pressure. The line splits at
higher pressures for a rotation period of 3 d and B0 = 10 ×
10−4 T yielding a wind about twice as fast at a distance of 1 AU
compared to the winds obtained with the other parameters. The
lines are used for a magnetic field at the base of the corona of
10 × 10−4 T and the symbols for B0 = 1 × 10−4 T. The rotation
period of 30 d is shown as circles and the dotted line. For the
rotation period of 3 d triangles and a dashed line are used. The
vertical dotted line marks the location of the planet.

These results indicate that even for weak magnetic fields
the magnetic pressure may be comparable to or even higher
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Fig. 3. Absolute magnetic field components obtained with the Weber
& Davis model for υ And with T = 2.0 × 106 K and B0 = 10 × 10−4 T
for different rotation periods. The radial component is plotted with a
solid line and is independent of the rotation period. The dashed and
the dash-dotted lines represent the azimuthal component for a rotation
period of Prot = 30 d and Prot = 3 d respectively. The location of the
planet is indicated by the dotted vertical line.
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Fig. 4. Components of stellar wind pressure for υ And with tempera-
ture of 2.0 × 106 K on the basis of the Weber & Davis model. The solid
line is the dynamic flow pressure splitting at slightly higher values for
Prot = 3 d and B0 = 10 × 10−4 T. The lines present the magnetic pres-
sure for B0 = 10 × 10−4 T and the symbols for B0 = 1 × 10−4 T. The
rotation period of 30 d is shown with a dotted line and circles and the
rotation period of 3 d as dashed line and triangles. The vertical line
marks the location of the planet.

than the dynamic flow pressure at the planetary location. This
should be taken into account if the interaction of the stellar
wind with the planet is considered.

4. Estimation of the Poynting flux in the planetary
magnetospheres

In order to estimate the energetics of a possible interaction be-
tween stellar wind and planet, we first derive an estimate for

the magnetospheric stand-off distance as a characteristic length
describing the size of the magnetosphere.

The location of the stand-off distance Rm of the planetary
magnetosphere is defined by the pressure balance between dy-
namic flow and magnetic pressure pd,sw and pB,sw of the stellar
wind and the magnetic pressure due to the planetary magnetic
field Bp and the magnetic field component Bmc, which is in-
duced by magnetopause currents

pd,sw + pB,sw =
1

2µ0

(
Bp + Bmc

)2
, (22)

where we follow Grießmeier et al. (2004) for the atmosphere-
less magnetosphere but consider the magnetic pressure of the
stellar wind. Thus, since the planet lacks an atmosphere, the
planetary plasma pressure is not taken into account in Eq. (22).
Grießmeier et al. (2004) argue that a description of Bmc with
spherical harmonics at the substellar point can be approximated
with the planetary magnetic field. Hence, they find

Bp + Bmc = 2 f0Bp, (23)

where Bp is the dipolar magnetic field of the planet. f0 is a form
factor describing the shape of the magnetosphere. Contrary to
Grießmeier et al. (2004), who use f0 = 1.16 for a non-spherical
magnetopause, we use f0 = 1.5 assuming a spherical magneto-
spheric shape. At the magnetopause the total value of the plan-
etary magnetic field is given by

Bp =
µ0

4π
M

R3
m
, (24)

with M being the planetary magnetic dipole moment and Rm

the stand-off distance. The planetary magnetic dipole mo-
ments M are calculated according to the scaling laws given
in Eqs. (1) to (6) of Grießmeier et al. (2004) assuming in a
first approximation that the planetary radius equals the radius
of Jupiter.

Inserting Eqs. (21), (24) and (23) into Eq. (22) yields

Rm =




f 2
0 µ

2
0 M2

4π2
(
2µ0ρv2 + B2

sw

)




1
6

(25)

for the stand-off distance.
Similar to Perreault & Akasofu (1978) and D’Angelo &

Goertz (1979) we calculate the Poynting flux of the stellar
wind by

S =
1
µ0

E × B, (26)

where the frozen-in assumption yields the electric field E =
−u × B. With u = (vr, 0, vϕ)T and B = (Br, 0, Bϕ)T from the
Weber & Davis model,

S r =
1
µ0

(
vrB2
ϕ − vϕBrBϕ

)
(27)

follows from Eq. (26) for the radial component.
In order to estimate the energy flux through the cross sec-

tion of the planetary magnetosphere given by πR2
m, we assume

that the stellar wind parameters obtained for the equatorial
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Table 6. Results for υ And b and HD 46375 b obtained with the Weber & Davis model with coronal temperatures T , magnetic field strengths B0

and rotation periods Prot as given as general parameters. For the two planets the radial and azimuthal velocity components (vr , vϕ) and the
azimuthal magnetic field components Bϕ at the location of the planets are listed. With these, the magnetospheric stand-off distances Rm and
magnetic moments M were estimated, followed by the power P that can be deposited by the stellar wind into the magnetosphere. For comparison
the stand-off distance and the power input into the magnetosphere for the same planet located at 1 AU are also given.

General parameters

T [106 K] 0.5 0.5 0.5 0.5 2.0 2.0 2.0 2.0

B0 [10−4 T] 1 1 10 10 1 1 10 10

Prot [d] 3 30 3 30 3 30 3 30

υ And b

vr [km s−1] 160 73 199 74 406 383 438 383

vϕ [km s−1] 101 12 179 17 48 5 139 10

Bϕ [10−7 T] –9.2 –1.6 –24.2 –8.1 –5.3 –0.6 –22.5 –4.0

Rm [RJ] 5 6 3 3 5 5 3 3

M [MJ] 0.183

P [1017 J] 0.850 0.017 5.842 0.198 0.475 0.005 5.434 0.096

Rm,AU [RJ] 15 16 11 14 13 14 11 13

Pm,AU [1015 J] 0.017 0.029 28.846 1.712 0.794 0.009 27.200 0.766

HD 46375 b

vr [km s−1] 119 76 148 77 398 389 413 389

vϕ [km s−1] 65 8 118 11 26 3 77 6

Bϕ [10−7 T] –8.97 –1.23 –26.7 –6.6 –3.97 –0.4056 –22.4 –2.88

M [MJ] 0.059

Rm [RJ] 3 4 2 2 3 3 2 2

P [1017 Js−1] 0.262 0.004 2.081 0.052 0.104 0.001 1.747 0.023

Rm,AU [RJ] 10 11 8 10 9 9 8 9

Pm,AU [1015 J] 0.211 0.003 5.500 0.236 0.085 0.001 4.784 0.084

plane with the Weber & Davis model do not vary perpendicular
to it. The multiplication of Poynting flux and magnetospheric
cross section yields

P =
πR2

m

µ0

(
vrB2
ϕ − vϕBrBϕ

)
, (28)

which is an upper limit for the power P that can be deposited
by the stellar wind in the magnetosphere as the coherence with
the relative orientation of the magnetic fields with respect to
each other is neglected.

The detailed results for the planets υAnd b and HD 46375 b
are given in Table 6. At the top the model parameters such as
temperature, magnetic field strength at the stellar surface and
rotation period are given. Beneath, after the name of the planet,
the specific parameters such as radial and azimuthal velocity
components and the azimuthal magnetic field component are
given at the location of the planet. These are followed by the
planetary magnetic moments, for which we used the maximum
value obtained as described above. They are given in MJ, where
the subscript J stands for Jupiter. With these, the stand-off dis-
tances are obtained, which were used for the estimation of the
power that is deposited in the magnetosphere. Furthermore, the
stand-off distance and the power are given for the same planet,
but this time located at 1 AU. Due to the much higher ve-
locities and lower densities, the stand-off distances are much
larger. On the other hand, the magnetic field strengths decrease

significantly, so that the upper limit of the power input is much
smaller.

For the Earth’s magnetosphere two processes are dis-
cernible in which the energy is dissipated, see e.g. Baker et al.
(1986), Rostoker et al. (1987), Lu et al. (1998) and Sun et al.
(1998). The first is characterised by direct ohmic or convective
dissipation of energy in the ionosphere, the ring current and
elsewhere. The second process is characterised by energy stor-
age in the magnetotail (loading process) and its sudden dissipa-
tion during an unloading process. The time tload during which
energy is stored in the magnetotail is typically ∼1 h before it
is dissipated in the ionosphere and the ring current. Comparing
the results obtained for the same planet at its true orbit and
at an assumed Earth-like orbit of 1 AU two to three orders of
magnitude are gained with respect to the energy input. Hence,
radiation events due to energy dissipation may be much more
intense than known from the Earth.

5. Conclusions

We consider the stellar wind conditions for extrasolar planets
closer to their star than 10 stellar radii. For these planets, we
modelled the stellar wind parameters on the basis of the stellar
wind model of Weber & Davis. Due to the lack of exact input
parameters we consider limits, i.e. we vary the less well-known
parameters within probable parameter ranges. The models sug-
gest that the exoplanets at least for isothermal stellar coronae
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are most probably not located in the quasi asymptotic wind ve-
locity regime outside the fast magnetosonic point typical for
solar system planets. Thus, compared to the solar system and
the solar wind at 1 AU, the radial velocity of the stellar winds
may be much lower and therefore, the densities of the stellar
winds may be much higher then the solar wind at the Earth’s
orbit.

For slowly rotating stars the Weber & Davis model shows
that the hydrodynamic Parker limit without rotation seems to
yield a good first approximation for the slow rotating stars rep-
resenting the majority of stars among the sample with planets
within 10 R�. In this limit, the magnetic field does not intro-
duce an additional acceleration of the stellar wind. However,
the radial velocity is changed significantly if the stellar rota-
tion period is decreased from 30 to 3 d due to the coupling of
velocity and magnetic field.

As a major result, the magnetohydrodynamicapproach sug-
gests that the close-in extrasolar planets observed so far may lie
within the Alfvén critical radius. Hence, the stellar wind veloc-
ities at the planetary orbit may be sub-Alfvénic and the winds
behave as if corotating with the star. In such a case, the ex-
pansion speed of the corona is smaller than the local Alfvén
speed in any place between the planet and the star. Because of
this, information about the planet can be carried back to the star
with Alfvén waves possibly allowing for a “magnetic commu-
nication” between star and planet. Furthermore, the magnetic
pressure may not be neglected in the estimation of the size of
the magnetosphere and no bow shocks are formed. In the so-
lar system, Io embedded within the magnetosphere of Jupiter
is situated in a similar plasma regime. The resulting Io–Jupiter
interaction with Alfvén waves is discussed e.g. by Neubauer
(1980). It may be a speculative scenario for the observed chro-
mospheric activity on HD 179949 by Shkolnik et al. (2003).
The consequences of a sub-Alfvénic wind velocity on the in-
teraction between stellar wind and possible planetary magneto-
spheres will be part of our future studies.

We estimated an upper limit for the energy flux deposited
in the magnetospheres by the stellar wind for two planets at
their true location and at a distance of 1 AU from their star. For
the close-in planets the flux is two to three orders of magni-
tude higher than at the Earth-like orbital distance for the same
stellar winds. Hence, we suggest that much more energy will
be available for dissipation processes as e.g. aurorae. As these
processes will probably depend on the specific shape of the
planetary magnetospheres this question is strongly linked to
our future studies mentioned above.

We expect the stellar wind regime to differ significantly
from what is observed for planets in the solar system at the orbit
of close-in extrasolar planets. The possibly sub-Alfvénic veloc-
ity regime raises questions about the interaction of the stellar
wind with the planet and its influence on the planetary magne-
tosphere and magnetospheric energetics.
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