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ABSTRACT

Weak intrinsic magnetic dipole moments of tidally locked close-in giant exoplanets (“hot Jupiters”) have been
shown in previous studies to be unable to provide an efficient magnetospheric protection for their expanding upper
atmospheres against the stellar plasma flow, which should lead to significant non-thermal atmosphere mass loss. The
present work provides a more complete view of the magnetosphere structure of “hot Jupiters,” based on a paraboloid
magnetospheric model (PMM). Besides the intrinsic planetary magnetic dipole, the PMM considers among the
main magnetic field sources also the electric current system of the magnetotail, magnetopause currents, and the
ring current of a magnetodisk. Due to the outflow of ionized particles from the hydrodynamically expanding upper
atmosphere, “hot Jupiters” may have extended magnetodisks. The magnetic field produced by magnetodisk ring
currents dominates above the contribution of an intrinsic magnetic dipole of a “hot Jupiter” and finally determines
the size and shape of the whole magnetosphere. A slower-than-the-dipole-type decrease of the magnetic field
with the distance forms the essential specifics of magnetodisk-dominated magnetospheres of “hot Jupiters.” This
results in their 40%—70% larger scales compared to those traditionally estimated by only the planetary dipole
taken into account. Therefore, the formation of magnetodisks has to be included in the studies of the stellar wind
plasma interaction with close-in exoplanets, as well as magnetospheric protection for planetary atmospheres against
non-thermal escape due to erosion by the stellar plasma flow.
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satellites: rings — planet—star interactions

1. INTRODUCTION

The questions regarding evolutionary paths of exoplanets
and their key influencing factors nowadays are the subject
of continuous attention in the scientific community. Among
these questions, a prominent position belongs to the problem
of stellar—planetary interactions, including consideration of
influence of stellar radiation and plasma flows, e.g., stellar winds
and coronal mass ejections (CME:s), on planetary environments
and evolution of exoplanets (Lammer et al. 2003, 2007; Erkaev
et al. 2005; Khodachenko et al. 2007b, 2007a). Magnetic fields,
those connected with the planetary intrinsic magnetic dipole
moment M, as well as the magnetic fields associated with
electric current systems induced in close planetary plasma
surroundings play an important role here. They form a planetary
magnetosphere which acts as an obstacle (magnetospheric
obstacle), interacting with the stellar wind. This magnetospheric
obstacle protects planetary ionospheres, upper atmospheres, and
in the case of terrestrial planets—the surfaces—against the
direct impact of stellar plasmas and energetic particles (e.g.,
COSMic rays).

This paper concentrates on peculiarities of giant exoplanet
magnetospheres. At the same time, the major approaches and
views presented here may also be converted to the cases of
smaller rocky exoplanets taking into account their specific
features and appropriate physics. The family of known giant
exoplanets can be subdivided into two main groups: (1) rather
short orbit (in other words “close-in”) Jupiter-type planets, with
an orbital distance d < 0.3 AU—the so-called hot Jupiters;
and (2) a bit more massive giant planets at larger orbital

distances d > 1 AU. The latter also include ice giants located
at d > 10 AU. By this, the close-in “hot Jupiters” represent a
rather substantial fraction, of about 30%, of all presently known
exoplanets.

The upper atmospheres of close-in “hot Jupiters,” heated by
the stellar X-ray/EUV (XUV) radiation and exposed to stellar
wind plasma flows, undergo thermal (due to hydrodynamic ex-
pansion; Lammer et al. 2003; Baraffe et al. 2004; Griemeier
et al. 2004; Yelle 2004, 2006; Tian et al. 2005; Penz et al.
2008; Lammer et al. 2009) and non-thermal (due to a direct
interaction with the stellar wind plasmas; Erkaev et al. 2005;
Khodachenko et al. 2007a; Lammer et al. 2009) mass loss. The
closer an exoplanet is to its host star, the more efficient are these
processes, and therefore, the more important becomes the mag-
netospheric protection of the planet. Hydrodynamic expansion
of a planetary upper atmosphere, heated by stellar XUV flux,
with the resulting photoionization of the expanding atmospheric
gas leads to the formation of an extended, essentially dynamical
ionosphere/plasmasphere (Koskinen et al. 2010). The interac-
tion of such expanding planetary plasma envelopes with the
stellar winds and the intrinsic planetary magnetic fields leads to
the development of a new type of magnetospheres, not typical
for the solar system planets. The effect of an expanding plan-
etary upper ionosphere has been studied for a non-magnetized
terrestrial-type exoplanet numerically in Johansson et al. (2009).
Besides that, recently Trammell et al. (2011) have analyzed the
internal structure of a “hot Jupiter” magnetosphere, paying at-
tention to the specifics of the internal magnetic field configura-
tion and plasma dynamics, but ignoring the interaction of the
planetary magnetic obstacle with a stellar wind. The present
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work makes a step forward in that study and provides a more
complete view of a “hot Jupiter” magnetosphere structure and
topology. We pay attention to the fact that during the significant
thermal outflow of atmospheric gas of close-in “hot Jupiters,”
the upper layers of the expanding planetary atmospheres, ion-
ized by stellar radiation, contribute to the formation of extended
current-carrying plasma disks around the planets. By this, the
rotation of the planet and the presence of even a small intrinsic
magnetic dipole moment play a crucial role in the formation of
the disk. The electric currents induced in the plasma disk pro-
duce an essential effect on the overall magnetic field structure
around the planet, resulting in the formation of a magnetodisk-
dominated magnetosphere of a close-in “hot Jupiter.” Due to the
certain extension of the plasma disks around close-in exoplan-
ets, the sizes of their magnetodisk-dominated magnetospheres
are usually larger than those followed from the traditional es-
timations based on the account of only the screened planetary
magnetic dipoles (GrieBmeier et al. 2004; Khodachenko et al.
2007a).

The structure of an exoplanet magnetosphere depends also
on a speed regime of the stellar wind plasma relative to the
planet (Erkaev et al. 2005; Ip et al. 2004; GrieBmeier et al.
2007a). In the case of an extremely close orbital location of
an exoplanet (e.g., d < 0.03 AU for the Sun-analog star),
where the stellar wind is still under acceleration and remains
not very fast (vg, < 200 km s7!), but hot (T ~ 10° K),
dense (ngy > 10* cm™3), and with a relatively high ambient
magnetic field (B > 1072 G) (Ip et al. 2004; Erkaev et al.
2005; Preusse et al. 2005; Lammer et al. 2009), the relative
speed Vs between an exoplanet and stellar wind plasma may
be submagnetosonic and sub-Alfvénic. This would result in
the absence of a bow shock in the upstream region leading to
the formation of an Alfvénic wing-type magnetosphere. The
present paper, however, does not consider such cases, aiming at
moderately short orbit giant planets (0.3 AU > d > 0.045 AU)
near solar-type stars, under the conditions of a super-Alfvénic
stellar wind flow, i.e., with the magnetospheres having in a
general case a bow shock, a magnetopause, a magnetotail, and
a magnetodisk.

The magnetosphere of a “hot Jupiter” is a complex object,
whose formation and evolution depend on different external
and internal factors. These factors may be subdivided into two
basic groups: (1) stellar factors, e.g., stellar activity, radiation,
and stellar plasma flow (stellar wind, CMESs); and (2) planetary
factors, e.g., orbital characteristics, planetary magnetic field,
and mass loss. In particular, the key magnetosphere influencing
parameters, which we take into consideration in this work, are
the parameters of the stellar wind (density ng, and velocity
Vsw), angular velocity of planetary rotation wy, the value of the
planetary intrinsic magnetic dipole moment M, and the rate
of mass load to the magnetodisk, controlled by the planetary
thermal mass loss d M) /dt. The latter depends on the stellar
activity and XUV radiation. Therefore, in the next sections,
before the modeling of a “hot Jupiter” magnetosphere, we briefly
address these key input parameters and provide their typical
values.

A semi-analytical approach to the modeling of a “hot Jupiter”
magnetosphere structure is applied. It is based on a paraboloid
magnetospheric model (PMM) developed in Alexeev & Sha-
bansky (1972), Alexeev (1978, 1986), Alexeev & Bobrovnikov
(1997), and Alexeev et al. (2003). Besides the intrinsic plane-
tary magnetic dipole and magnetopause currents, the PMM has
among the main sources of the magnetic field also the electric

KHODACHENKO ET AL.

current system of the magnetotail and the induced ring currents
of the magnetodisk. The model works without any restrictions
imposed on the values of interplanetary medium parameters. It
enables the description of the whole variety of possible magne-
tosphere configurations caused by different intrinsic magnetic
fields of exoplanets and various stellar wind conditions. The
key matter of this paper is the application of the PMM to a
hypothetical extrasolar gas giant with the size and mass of the
solar system Jupiter (e.g., Mp, = 1.0M; = 1.89 x 1077 kg,
rp = 1.0Ry = 71.5 x 10 km), located at different orbital
distances around a 4 Gyr old solar-analog G-type star (M, =
1.0 Mgy, = 1.99 x 10%¥ kg, R, = 1.0 Rgyy = 69.6 x 10* km).

The paper is organized in the following way. In Section 2 we
provide estimations of the stellar wind plasma flow parameters
at different orbital distances from a star. Section 3 discusses
the properties of an intrinsic magnetic dipole of a close-in giant
exoplanet, taking into account the effect of tidal locking, and
addresses the problem of planetary magnetospheric protection.
Section 4 deals with an estimation of the thermal mass loss
of an upper atmosphere of a close-in gas giant exoplanet
heated by stellar XUV radiation. In Section 5, based on the
inputs from Sections 2, 3, and 4, a PMM approach to the
modeling of the magnetosphere of a close-in “hot Jupiter” with a
magnetodisk is introduced, and the estimations of typical values
of the exoplanetary magnetosphere size (magnetopause stand-
off distance) are provided. Section 6 discusses the issues of the
“hot Jupiter” magnetospheric protection and the importance of
a magnetodisk in that respect. The Appendix gives additional
details regarding the PMM.

2. STELLAR WIND PLASMA FLOW

Stellar wind plasma flow impacts the planetary environment
and influences the size, shape, and dynamics of the planetary
magnetospheric obstacle. The density ng, and relative velocity
Usw Of the stellar wind encountered by a planet are the key param-
eters which determine the size and shape of the magnetosphere.
For the small orbital distances (d < 0.3 AU) relevant for “hot
Jupiters” at approximately circular orbits, the orbital velocity
of a planet given by Kepler’s law Vx = dQ is approximately
perpendicular to the stellar wind velocity vy, in the reference

system of the star. Here Q = /M,G/d? is the orbital angu-
lar velocity of a planet, where G is the gravitational constant
and M, is the mass of the star. Therefore, the relative speed
between an exoplanet and stellar wind plasma can be estimated

as Usw = ,/VZ +v2,. In view of that, in the case of close-in

exoplanets vy, may differ considerably from vy, (GrieBmeier
et al. 2007a). Since ngy, and vy, vary with the stellar age and
depend also on the stellar spectral type, as well as on the orbital
distance of the planet, the efficiency of magnetospheric protec-
tion for similar planets orbiting different stars at different orbits
will be different and it will change also in course of evolution
of the star and the planet.

Currently good knowledge exists of ngy, and vy, for the Sun,
whereas the amount of corresponding data related to other
stars is much more limited. While the dense stellar winds
from hot stars, cool giants/supergiants, and young T Tauri
stars produce detectable spectroscopic features from which the
wind parameters can be derived, the tenuous winds from Sun-
like G-type stars are several orders of magnitude less massive
and cannot be detected spectroscopically. Recently, there have
been important developments toward indirect detections of
stellar winds through their interactions with the surrounding
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Figure 1. Stellar wind density (a) and velocity (b) change with distance from a solar-analog G-type star of different ages: 0.7, 1, and 4 Gyr.

interstellar medium. In particular, the stellar mass-loss rates and
related stellar wind parameters have been estimated by using the
Hubble Space Telescope high-resolution measurements of the
characteristic Lyman-a absorption feature at 1216 A (created
by neutral hydrogen at the astropause), associated with the
interaction between the fully ionized stellar coronal winds and
the partially ionized local interstellar medium (Wood et al. 2002,
2005).

Combining the stellar mass-loss measurements of Wood
et al. (2005) with the results of Newkirk (1980) for the age
dependence of stellar wind velocity, GrieBmeier et al. (2007a)
estimated the time dependence of the stellar wind velocity and
density at 1 AU (e.g., ngw(f,d = 1 AU) and v, (t,d = 1 AU))
and proposed a method for the calculation of the stellar wind
density ngw(ti, d, My, R,) and velocity vy (s, d, My, R,) at a
given orbital location of an exoplanet d for a given mass M,,
radius R,, and age t, of a star. According to GrieBmeier et al.
(2007a), the radial dependence of the stellar wind properties for
stellar ages >0.7 Gyr can be described by a Parker-type (Parker
1958) stellar wind model. In this model, the interplay between
stellar gravitation and pressure gradients leads to a supersonic
gas flow formed at sufficiently large distances from a star. The
free parameters of the model are the coronal temperature T¢orona
and the stellar mass-loss rate M, which similarly to Mann et al.
(1999) are defined by adjusting the Parker model solution to the
stellar wind velocity value vgy (7., d = 1 AU) at 1 AU given for
a prescribed stellar system age #,. For details of this procedure
see GrieBmeier et al. (2005, 2007a, 2009). An example of such a
result is demonstrated in Figure 1, which shows the dependence
of ngy and vy, on the distance from a solar-analog G-type star
of different ages: 0.7; 1; 4 Gyr. The isothermal Parker model
has been used for these calculations. In spite of containing
a strong idealization assumption (constant temperature of the
wind Tyy,), the model is known to reproduce well the results
of more complicated stellar wind models at the relatively short
orbital distances (d < 0.3 AU) considered in the present paper.

For the practical needs of a “hot Jupiter” magnetosphere
model, Table 1 summarizes the values of stellar wind plasma
parameters for a solar-analog G-type star (M, = Msy,, age:
4 Gyr) at orbital distances of 0.045 AU, 0.1 AU, and 0.3 AU.
Note that the provided values for v, in Table 1 correspond to
the relative velocity of the stellar wind plasma with respect to a
planet, i.e., they include also the orbital velocity of a planet Vg,
as defined above in this section.

It is worth noting that exoplanets at close orbital locations
<0.3 AU to their host stars may also experience strong impacts

Table 1
Stellar Wind Plasma Parameters for a Solar-analog G-type Star (M, = Msun,
Age: 4 Gyr) at Different Orbital Distances d

d Rsw Usw
(AU) (cm™3) (kms™h)
0.045 9.1 x 103 210
0.1 1.2 x 103 260
0.3 92 340

Note. The values of stellar wind velocity vgy include a contribution of the
corresponding Keplerian planetary orbital velocity Vi.

of the stellar CMEs. By considering the Sun as a typical
representative of G-type stars, it seems reasonable to assume
a similarity of the stellar CME activity of G-type stars to that
known for the Sun. Khodachenko et al. (2007b) have shown
that for a critical CME production rate of ~36 CMEs per day
(and higher) a close orbit exoplanet appears under continuous
action of stellar CMEs, so that each next CME collides with the
planet during the time when the previous CME is still passing
over it. Under the conditions of continuous CME flow acting on
a planet, the parameters of the stellar wind (74, Ugy, €tc.) have
to be replaced by the corresponding parameters of CME plasma
(Khodachenko et al. 2007b); that means the harder conditions
for the planetary environments than those existing in the case of
a regular stellar wind. This may have crucial consequences for
the type and size of magnetospheres of close-in exoplanets near
the flaring stars. However, this topic deserves a separate study.
That is beyond the scope of the present paper.

3. INTRINSIC MAGNETIC FIELDS OF “HOT JUPITERS”
AND THE PROBLEM OF MAGNETOSPHERIC
PROTECTION OF EXOPLANETS

An intrinsic magnetic field of a planet, which influences the
character of the magnetospheric obstacle, is generated by a
magnetic dynamo. The existence and efficiency of the dynamo
are closely related to the type of the planet and its interior
structure. Not all planets have intrinsic magnetic fields, or in
other words, efficiently operating dynamos. Planetary magnetic
dynamo requires the presence of an electrically conducting
region (i.e., a liquid outer core for terrestrial planets, or a layer of
electrically conducting liquid hydrogen for gas giants) with non-
uniform flows organized in a certain manner, which create a self-
sustaining magnetic field. According to dynamo theory, this flow
should be convective in nature (Stevenson 1983). Therefore,
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convection can be regarded as a necessary requirement for a
planetary magnetic field (Stevenson 2003).

Limitations of the existing observational techniques make
direct measurements of the magnetic fields of exoplanets im-
possible. At the same time, a rough estimation of an intrinsic
planetary magnetic dipole moment M can be obtained by simple
scaling laws found by the comparison of different contributions
in the governing equations of planetary magnetic dynamo the-
ory (Farrell et al. 1999; Sanchez-Lavega 2004; GrieBmeier et al.
2004; Christensen 2010). Most of these scaling laws reveal a
connection between the intrinsic magnetic field and rotation of
a planet. More recently, Reiners & Christensen (2010), based on
scaling properties of convection-driven dynamos (Christensen
& Aubert 2006), have calculated the evolution of average mag-
netic fields of “hot Jupiters” and found that (1) extrasolar gas
giants may start their evolution with rather high intrinsic mag-
netic fields, which then decrease during the planet life time; and
(2) the planetary magnetic moment may be independent of plan-
etary rotation (Reiners & Christensen 2010). In the present work
we focus on the structure of giant exoplanet magnetospheres and
do not consider the long time evolution of the planetary mag-
netic fields. Therefore, below we proceed with the approach
of GrieBmeier et al. (2004, 2005, 2007a), who estimated the
intrinsic planetary magnetic dipole moments of exoplanets and
corresponding sizes of their magnetospheres using the following
scaling laws for M:

(Busse 1976),
(Stevenson 1983),

12
Mo pt! wprd

M x pcl/zwé/zrfa_l/z

()
Mo plPwd*rPe=14  (Mizutani et al. 1992),
M o< pPwprl’? (Sano 1993).

Here r, is the radius of the dynamo region (also called the core
radius) and wy, is the angular velocity of a planet rotation around
its axis. The internal properties of a planet such as the mass
density and the conductivity of the dynamo region are denoted
by p. and o, respectively (for details of the model parameter
estimation see GrieBmeier et al. 2004, 2007b).

Equations (1) provide a range My, — Mpax of reasonable
planetary magnetic moment values. In spite of being different
in details, all of these models yield an increase of M with an
increasing planetary angular velocity w,. In that respect it is
necessary to take into account the fact that close-in exoplanets
such as “hot Jupiters” very likely are tidally locked to their
host stars. The angular rotation of a tidally locked planet is
synchronized with its orbital motion so that w, is equal to
the orbital angular velocity Q determined by Kepler’s law.
The timescale for tidal locking Tene depends on the planetary
structure, orbital distance to the host star, and the stellar mass
(Showman & Guillot 2002). By this, the planets for which
Tsyne < 0.1 Gyr can be assumed to be tidally locked, since the
age of a planet is at least an order of magnitude longer. On the
other hand, the planets with 7gyn. > 10 Gyr are almost certainly
tidally unlocked. The general trend is that the closer planetary
orbit is to the host star, the shorter is Tgyn. The influence of tidal
locking on the value of an expected planetary magnetic dipole
was studied for different planets (giants and terrestrial type) in
Sénchez-Lavega (2004) and GrieBmeier et al. (2004, 2007b).
It was shown that the magnetic moments of slowly rotating
tidally locked exoplanets are usually much smaller than those
for similar but freely rotating tidally unlocked planets. This can
also be seen in Figure 2, which shows the range of possible

KHODACHENKO ET AL.

1()1E T . ———
o locked pollgglzieﬂly unlocked
L T 3
g Jupiter
107 3
10726 M, = Mo E
E Ll . S B

0.1 d[AU] 1

Figure 2. Range of possible magnetic moments defined by Equation (1) for
a Jupiter-type (M, = Mj; rp = Ry) giant exoplanet, orbiting around a solar-
analog (M, = Mgyn, R« = Rsun) G-type star. Tidal locking causes a significant
decrease of the magnetic moments of the close-in planets compared to the
unlocked freely rotating ones.

planetary magnetic dipole moments defined by Equation (1) for
a Jupiter-type (M, = Mj; r, = Ry) exoplanet orbiting around a
solar-analog G-type star (M, = Msun, Ry = Rsun). The values
of M are scaled in units of the present time Jupiter magnetic
moment M; = 1.56 x 107 A m2.

The size of the planetary magnetic obstacle (e.g., magneto-
sphere) is characterized by the magnetopause substellar stand-
off distance Ry. It is defined from the balance between the
stellar wind kinetic ram pressure and the planetary magnetic
field pressure at the substellar point (Baumjohann & Treumann
1997; GrieBmeier et al. 2004, 2007a; Khodachenko et al. 2007b;
Durand-Manterola 2009). The value of an intrinsic magnetic
dipole moment M plays an important role in defining the size
and shape of the planetary magnetosphere, and therefore the
magnetospheric protection of a planet. So far, the investiga-
tions of planetary magnetospheric protection were made within a
highly simplifying assumption of a planetary dipole-dominated
magnetosphere. This means that only the intrinsic magnetic
dipole moment of an exoplanet and the corresponding mag-
netopause electric currents have been considered as the major
magnetosphere forming factors (GrieBmeier et al. 2004; Kho-
dachenko et al. 2007a, 2007b; Holmstrom et al. 2008; Ekenbick
etal. 2010). In this case, i.e., assuming B(r) « ,/\/l/r3, the value
of R, has been defined by the following expression (Baumjohann
& Treumann 1997):

2042 71/6
M] , @

Ry =R = R
* s 872 psw U2,

where 1t is the diamagnetic permeability of free space, fy ~
1.22 is a form factor of the magnetosphere caused by the account
of the magnetopause electric currents, pg = ngwm is the mass
density of the stellar wind, and vy, is the relative velocity of the
stellar wind plasma which includes also the planetary orbital
rotation velocity.

In general there are other terms which might be important
in the pressure balance, but were not taken into account in the
course of obtaining Equation (2). These are, in particular, the
magnetic pressure of the interplanetary magnetic field (IMF)
and plasma pressure inside the magnetosphere. The inclusion
of IMF may be important for the pressure balance in the
substellar magnetosphere point under certain circumstances.
However, in the present study we consider the case of a super-
Alfvénic flow of the stellar wind encountered by an exoplanet
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Table 2
Ranges of M Given by Equation (1) and Ry = RS“P) Provided by Equation (2)
for a Jupiter-type Exoplanet Orbiting a Solar-analog G-type Star at Different
Distances d under the Action of the Stellar Wind Plasma
Flow Described in Table 1

d M Rgdip) (M min)/ Rs(sdip) (Mmax)
(AU) (M) (rp)

0.0452 0.12-0.3 4.3-6.2

0.1° 0.04-1.0 3.8-12

0.3¢ 1.0-1.0 15-15

Notes.

2 Tidally locked.
b Possible tidally locked.
¢ Not tidally locked.

located outside of the stellar Alfvénic sphere. This means
that gy, > Va, and the dynamic pressure of stellar wind
plasma dominates above the IMF pressure. As to the pressure
of plasma inside magnetosphere, below (in Section 5.3) we
take it into account as the pressure of magnetodisk plasma
Pmp- The analysis of Equations (10) and (11) there shows that
within the adopted approach, the contribution of plasma pressure
to the total pressure balance in the substellar point is about 17%
of the magnetic field pressure produced by the current systems of
the magnetodisk and the corresponding magnetopause currents.

For the tidally locked close-in exoplanets with weak magnetic
moments exposed to a dense and/or fast stellar wind plasma
flows, Equation (2) yields rather small values for Ry, which in
the most extreme cases may even shrink down to the planetary
radius r, (Khodachenko et al. 2007a). Table 2 provides the
ranges for M obtained with Equation (1), as well as the
values of the dipole-dominated magnetopause stand-off distance
RP given by Equation (2) for a Jupiter-type giant exoplanet
orbiting around a solar-analog G-type star at different distances
(0.045; 0.1; 0.3 AU) and appearing under the action of the stellar
wind, characterized by the parameters as given in Table 1. The

values of Rgdlp) are given in units of the Jovian radius r, = Ry.

As can be seen from Table 2, small values of intrinsic
magnetic moments of tidally locked close-in “hot Jupiters”
result in rather small sizes of dipole-dominated magnetospheres,

Ry = Rid“”, compressed by the stellar wind down to only several
planetary radii. Such small magnetospheres have been shown
to be unable to provide efficient protection of planetary upper
atmospheres against strong non-thermal mass loss, essential at
short orbital distances from the stars (Khodachenko et al. 2007b,
2007a; Lammer et al. 2007, 2009). The estimates of the non-
thermal mass loss of magnetically unprotected “hot Jupiters,”
due to the stellar wind ion pickup, lead to significant and
sometimes unrealistic values—up to several tens of planetary
masses M, lost during a planet’s life time (Khodachenko
et al. 2007a). In view of the fact that multiple close-in giant
exoplanets, comparable in mass and size with the solar system
Jupiter, exist and that it is unlikely that all of them began
their life as 10 times or even more massive objects, one
may conclude that additional factors and processes have to
be taken into consideration in order to explain the protection
of close-in exoplanets against of destructive non-thermal mass
loss. In the following sections, we introduce a more complete
model of magnetosphere of a giant gas exoplanet, which due
to its consequent account of the specifics of close-in “hot
Jupiters” provides under similar conditions larger sizes for
the planetary magnetospheric obstacles than those given by

KHODACHENKO ET AL.

the simple screened magnetic dipole model, addressed in this
section and considered so far in the literature.

4. THERMAL MASS LOSS OF CLOSE-IN
HYDROGEN-RICH GAS GIANTS

As shown by Yelle (2004, 2006), Tian et al. (2005), Garcia
Muiioz (2007), Penz et al. (2008), Lammer et al. (2009), and
Koskinen et al. (2010) the majority of the stellar X-ray and
EUV radiation (A < 1000 A) is absorbed in the thermospheres
of hot gas giants where it heats, ionizes, and dissociates a
large fraction of the upper atmospheric neutral gas, turning it
to the hydrodynamic expansion and outflow. By this, thermal
atmospheric hydrogen loss of “hot Jupiters” is known to be
caused mainly by the EUV radiation which is absorbed at higher
atmospheric altitudes, populated mostly by atomic and ionized
hydrogen. X-ray radiation is absorbed in lower atmospheric
layers dominated by molecules.

Observations of solar proxies of different age, performed
with the ASCA, ROSAT, Extreme-Ultraviolet Explorer, Far-
Ultraviolet Spectroscopic Explorer, and IUE satellites, cover a
range from 1 A to 3300 A, except for a gap in the EUV between
360 A and 920 A. This gap corresponds to a region of very strong
interstellar medium absorption (Preibisch & Feigelson 2005)
and requires a certain flux calibration procedure as provided in
Guinan & Ribas (2002) and Ribas et al. (2005). It is a common
practice to use the spectral range of 1-200 A as a proxy for the
adjacent EUV part of the electromagnetic spectrum (Lammer
et al. 2009; Leitzinger et al. 2011). Full spectral irradiance (X-
ray and EUV, i.e. XUV) tables, completed for a sample of solar
proxies within the Sun in Time project (EK Dra [130 Myr], !
UMa [300 Myr], k! Cet [750 Myr], B8 Com [1.6 Gyr], and 8 Hyi
[6.7 Gyr]), show an excellent correlation between the emitted
flux and stellar age (Ribas et al. 2005). In the course of this study,
Ribas et al. (2005) deduced a scaling law for the XUV luminosity
evolution of a Sun-like G-type star in the wavelength range
1-1700 A. Here we use this scaling law for the determination
of stellar XUV flux in order to estimate the thermal mass loss
of a “hot Jupiter,” orbiting a 4 Gyr old solar-analog G-type star.

Hydrodynamic escape of atmospheric gas and the related
planetary thermal mass loss dMF(,’h) /dt was modeled numeri-
cally in Yelle (2004, 2006), Tian et al. (2005), Garcia Mufioz
(2007), and Penz et al. (2008). At the same time, it has been
shown recently that the results of these sophisticated models can
be reproduced using a modified energy-limited approximation
with inclusion of a certain radiative heating efficiency 7, as well
as tidal heating and Roche lobe effects (Erkaev et al. 2007; Penz
et al. 2008; Lammer et al. 2009; Leitzinger et al. 2011):

dMI()th) _ SnFXUV
dt 4Gppy(HK (§)’

3)

where Fxyy is the stellar XUV flux at the orbital distance of a
planet, G is gravitational constant, p,(t) is the mean planetary
density, and K (£) = 1 — 3/2£ + 1/2&3 is a function of Roche
lobe radius § = rr /7, measured in planetary radii (Erkaev
et al. 2007). The heating efficiency 7 in Equation (3) is defined
as the ratio of the net heating rate to the rate of stellar energy
absorption. Recent studies have shown that realistic values of
this parameter lie between 15% and 30% (Lammer et al. 2009;
Chassefiere 1996; Murray-Clay et al. 2009).

Figure 3 shows the dependence of the thermal mass-loss
rate for a Jupiter-type test planet orbiting a solar-analog star
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Figure 3. Thermal mass-loss rate for a Jupiter-type test planet orbiting a solar-
analog star as a function of orbital distance of the planet, calculated with
Equation (3).

as a function of orbital distance of a planet calculated with
Equation (3). A heating efficiency n = 30% and the XUV flux
for a 4 Gyr old G-type star (Ribas et al. 2005) were used in these
calculations.

Three particular cases of the mass-loss rates for a Jupiter-type
test planet at three different orbital distances d around a solar-
analog star, followed from the model described by Equation (3),
are summarized in Table 3 for further study. The last column in
Table 3 provides the corresponding values of an XUV flux at
different orbits around the star. As can be seen from Figure 3
and Table 3 the mass-loss rates of a hypothetical Jupiter analog
exoplanet may reach significant values, up to ~10'" g s71, if
the planet orbits close to its host star (~0.045 AU). Such a large
escape of planetary atmospheric material, ionized then by the
stellar radiation, appears as a source of plasma and a driver for
the formation of extended magnetodisks.

5. PARABOLOID MODEL OF A “HOT JUPITER”
MAGNETOSPHERE

The paraboloid model approach to the study of planetary
magnetospheres has been elaborated in detail during the last
decades in a variety of papers devoted to the solar system
planets (see Alexeev et al. 2003; Alexeev & Belenkaya 2005;
Alexeev et al. 2010 and references therein). Originally the PMM
was proposed for the study of the terrestrial magnetosphere
(Alexeev 1978; Alexeev & Bobrovnikov 1997; Alexeev et al.
2003), but later it has been generalized and widely applied
for the modeling of the magnetospheres of Jupiter and Saturn
(Alexeev & Belenkaya 2005; Alexeev et al. 2006; Belenkaya
2004, 2007, 2009; Belenkaya et al. 2005, 2006, 2007, 2008), as
well as Mercury (Alexeev et al. 2008, 2010). These generalized
models have been successfully tested against the magnetic
field measurements performed by various spacecraft (Mercury:
Messenger; Jupiter: Ulysses and Saturn: Pioneer 11, Cassini),
showing good agreement between the PMM predictions and
the in situ measured values. Therefore, the goal of the paper
is not connected with justification of the PMM methodology.
It consists in the application of the model to the case of a
close-orbit giant exoplanet, in order to reveal a more realistic
configuration of the magnetic field around such a planet and to
estimate the size of the planetary magnetic obstacle. The typical
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Table 3
Mass-loss Rates for a Jupiter-type (Mp = My, rp = Ry, p = 1.33 g cm™3) Test
Planet Orbiting a Solar-analog G-type Star (M, = Msun, R« = Rsun, Age
4 Gyr) at Different Orbital Distances d

d P dm{"” jdi Fxuv
(AU) (day) (gs™hH (ergcm™2s71)
0.045 3.49 1.06 x 100 2665.62
0.1 11.55 1.80 x 10° 539.79
0.3 60.02 1.84 x 108 59.98

Note. The calculations are made with Equation (3), adopting a heating efficiency
n = 30% and the XUV flux for a 4 Gyr old G-type star from Ribas et al. (2005).

characteristics of “hot Jupiters” and their surrounding stellar
wind plasma environment summarized in the previous sections
will be used as an input for the quantitative characterization
of the magnetosphere of an exoplanet on the basis of the
PMM. Below, we will repeat only some basic points of the
PMM concept and after that will demonstrate the importance
of magnetodisks in the scaling of magnetospheres of “hot
Jupiters.” This study sheds more light on the problem of
“hot Jupiter”—stellar wind interaction and magnetospheric
protection of planetary atmospheres against stellar wind erosion.

5.1. PMM—General Issues

The name of the model follows from its key simplifying as-
sumption that the planetary magnetopause may be represented
as a paraboloid of revolution, elongated in the direction of the
stellar wind flow. The PMM calculates the magnetic field gen-
erated by a variety of current systems located on the boundaries
and within the boundaries of a planetary magnetosphere. The
main contributors to the magnetic field in PMM, in the most gen-
eral case, are: (1) the planetary intrinsic magnetic dipole field;
(2) the magnetic field of a current disk (magnetodisk) around
the planet; (3) the magnetopause current, which provides con-
finement of the dipole and magnetodisk fields inside the magne-
topause; (4) the cross-tail currents and their closure currents on
the magnetopause; (5) the IMF, which partially penetrates into
the magnetosphere as a result of reconnection with its magnetic
field. The overall magnetic field produced by the magnetopause
currents, magnetotail, and magnetodisk current systems is cal-
culated using a method developed by Alexeev (1978). It ensures
that the magnetic fields of various magnetospheric sources are
confined within the area delimited by the paraboloidal shape
magnetopause. This is achieved by the implementation of the
appropriate shielding potential at the magnetopause border.

The PMM is formulated in the planetary-dipole-centered
stellar-magnetospheric coordinate system (PSM), with the plan-
etary magnetic dipole moment M located in the xz-plane and
the x-axis pointed toward the star. In the most general case, the
following parameters characterize the structure of the plane-
tary magnetosphere in the PMM shown in Figure 4 (Alexeev &
Bobrovnikov 1997; Alexeev et al. 2003; Belenkaya et al. 2005;
Alexeev & Belenkaya 2005): (1) the distance R; = R, from
the center of planet to the substellar point on the magnetopause;
(2) the distance R, from the center of planet to the inner edge
of the magnetospheric tail current sheet; (3) the outer and in-
ner edges of the magnetodisk relative to the center of planet,
e.g., Rp; and Rp,, respectively; (4) the value of the planetary
dipole magnetic field Byo = By(r = rp, z = 0) in the equatorial
plane at the surface of planet; (5) the value of magnetic field
Bpc = Bup(r = Rpi1,z = 04) produced by the magnetodisk
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Figure 4. Schematic view of the major scales and current sources in the PMM.

at its outer edge; (6) the value of magnetic field B,/ produced
by the current sheet alone at the inner edge of the magnetotail
current sheet (e.g., for r = R,), where ag = (1 +2R,/R))"/?;
(7) the magnetic dipole tilt angle i relative to the z-axis; (8)
the displacement zo of the magnetotail current sheet relative
to the magnetic equatorial plane z = 0; and (9) the portion, b, of
the IMF, B, penetrating into magnetosphere, given as b = kB,
where k, is the reconnection efficiency coefficient (Slavin &
Holzer 1979).

The shape of the magnetopause in the PMM is approximated
by a paraboloid of revolution defined as follows:

2xR; =2R? — y? — 2. “)

The appropriateness of such a shape for the forward magne-
topause is supported by the boundary fit of Russell (1977) and
Slavin et al. (2009). In particular, based on Mariner 10 observa-
tions, Russell (1977) found that a near-paraboloidal shape of the
real planetary magnetopause is characterized by an eccentricity
of 0.8 whereas a true parabola has an eccentricity of 1.0.

In the present paper we consider a simplified version of
the PMM, assuming an orthogonal orientation of the planetary
magnetic dipole relative to the stellar wind plasma flow (e.g.,
¥ = 0), no displacement of magnetotail current sheet (e.g., zo =
0), and without taking into account the IMF. Additional details
regarding the major elements of PMM and their mathematical
representation including the key equations are given in the
Appendix for the sake of completeness.

5.2. Magnetodisk—a Key Element of a
“Hot Jupiter” Magnetosphere

According to the model, a magnetodisk is placed in the
equatorial plane at the interval of radial distances [Rp,, Rpi]
from the center (see Figure 4). The formation of a magnetodisk
is schematically shown in Figure 5. It may be justified in the
following way. It is well known that the field of a rotating
planetary magnetic dipole can drive the inner magnetospheric
plasma to rigid corotation with a planet only inside of the so-
called Alfvénic surface, where the strength of the magnetic field
is high enough (Mestel 1968; Vasyliunas 1983). The equatorial
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Figure 5. Schematic view of magnetodisk formation. The outflowing plasma,
moving along the field lines inside the “Alfvénic surface” (r < Ra), is
concentrated near the equatorial plane and provides the material source for
the creation of a magnetodisk. The plasma, escaping along the filed lines,
penetrating beyond the “Alfvénic surface,” deforms the original planetary
magnetic dipole field, resulting in the radial stretching of the field lines and
the creation of a disk-type current sheet in the equatorial region.

boundary of the “Alfvénic surface,” R4, is determined from the
equality of energy densities of the plasma rotational motion g, =
PA®IRZ /2 and the dipole magnetic field &5 = M2 /210RS,
where My = uoM/(4r) (Mestel 1968; Coroniti & Kennel
1977).

Beyond the “Alfvénic surface” (r > Rj), i.e., in the area
where the rotating planetary dipole magnetic field becomes too
weak to drive the plasma in rigid corotation, an outflow of the
subcorotating material begins. The fact of rigid corotation within
the “Alfvénic surface” assumes a strong coupling between
the rotating magnetic field and the magnetospheric plasma,
which in turn requires sufficiently high ionospheric electric
conductivities. That is assumed to be the case in the present
study. In the general case, a self-consistent treatment of the
electric circuit, formed by the magnetospheric field-aligned
currents caused by the loss of the rigid corotation of plasma
and their closure in the planetary ionosphere, is needed (see, for
example, Cowley et al. 2005). In the idealized case considered
in the present paper, the material is supposed to be in a free
flow regime at r > Rj, i.e., the total sum of forces acting
on an elementary volume of plasma is zero, and its velocity
Vesc remains constant. The material, released in the free flow at
the Alfvénic radius distance with the local corotation angular
velocity Veor(r = Ra) = wpRa, will keep this motion further,
and at some distance r > Rj, the local escaping velocity will
have a radial and an azimuthal component. By this, the radial
component, given as V(1) = Voor(r = Ra)(1 — (Ra/7)*)1/,
at large distances (e.g., for r > Rj,) will be Ve(:C) ~ Veor(r =
Rp) = wpRa. Therefore, the inner edge of the disk may be
taken as approximately coinciding with the “Alfvénic surface”
radius, i.e., Rpy & Ra. Such a centrifugal inertial mechanism
for plasma outflow may be compared with the similar escape
of a stone from a sling. On the other hand, even without
the “sling-type” acceleration, the hydrodynamically escaping
partially ionized upper atmospheric material due to thermal mass
loss (e.g., “thermal wind”) contributes an additional outflow
component which is not distinguished at the present moment
from the centrifugal inertial part in the total expanding plasma
flux V... Altogether, a detailed study of the magnetodisk
formation and the relative role of the “sling-type” and “thermal
wind” mechanisms is an actual task, which has to be performed
with the help of numerical simulations, in order to make possible
quantitative magnetosphere studies for particular exoplanets. It
stays, however, beyond the scope of the present paper, which
deals only with one aspect of this complex problem—how
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the presence of a magnetodisk may change the size of an
exoplanetary magnetosphere.

One of the first cases when a magnetodisk model similar to
that has been discussed is the paper by Mestel (1968). The author
considers there the escape of plasma from a rotating magnetized
star and proposes distinguishing two zones in the stellar wind
flow: first, a “dead zone” where the roughly dipolar field of a
star is strong enough to force the plasma flow to follow the
field and to keep the gas co-rotating with a star, and second, a
“wind zone” where the gas flow drags the field to follow the
flow, resulting in the formation of an open-field lines region.
By this, the “Alfvénic surface,” which crosses the equatorial
plane at r = Rj, separates these two zones (see Figure 5).
Already in this work, two possibilities for the creation of an
outflowing material flux were addressed. One is related to the
pressure gradient-driven “thermal wind,” caused by the high
temperature of the expanding stellar corona, and another due
to the magnetically controlled centrifugal forces which drive a
“centrifugal wind.” The last becomes important if the coronal
temperature is too low for driving a thermal wind. In that sense
the situation is similar to the “hot Jupiter” case considered here,
when the thermal expansion of the heated and ionized planetary
upper atmosphere takes place under the conditions of a rotating
planetary intrinsic magnetic dipole field.

The outflowing plasma, moving along the field lines inside
the “Alfvénic surface” (r < R,), is concentrated near the
equatorial plane and provides the material source for the creation
of the magnetodisk. The plasma, escaping along the field lines
and penetrating beyond the “Alfvénic surface,” deforms the
original planetary magnetic dipole field and results in the radial
stretching of the field lines (Mestel 1968) and the creation
of a disk-type current sheet (of at least several Larmor radii
thickness) in the equatorial region. At the same time, thermal
atmospheric escape itself may appear not only as a source of
plasma for the disk, which compensates for the material loss
(e.g., centrifugal inertial expansion and non-thermal mass loss)
at the magnetosphere boundary, but also appears as an additional
driver for shaping the disk and the whole magnetosphere.
The situation with the magnetodisk formation and confinement
beyond Ry is characterized by continuous load of plasma to the
disk, as well as to the entire magnetosphere, and simultaneous
loss of the expanding material from the system by the non-
thermal mechanisms at the boundary of the magnetosphere.

Therefore, the specifics and essential difference of the consid-
ered exoplanetary magnetodisks, compared to the magnetodisks
of solar system planets (Caudal 1986; Achilleos et al. 2010), as-
sumes the presence of material sources and sinks, which provide
continuous flow of the material through the system. Analytic
solutions for a kinematic model of a stationary electromagnetic
field and electric current environment around a rotating magne-
tized sphere (with a dipole-type magnetic field) in the presence
of an axisymmetric radial outflow of plasma have been con-
sidered in Alekseev et al. (1982). Magnetic field configuration
obtained there clearly indicates the formation of a thin equatorial
current disk.

The ring electric current of the disk is determined by the
magnetic flux above (and below) the disk (Alexeev & Belenkaya
2005). This flux is a part of the total magnetic flux of the
planetary dipole which corresponds to the dipolar field lines
extended outside the “Alfvénic surface,” i.e., the lines which
in the case of an undisturbed magnetic dipole would cross
the equatorial plane beyond the “Alfvénic surface” radius Ra.
Contrary to the dipole field case, these lines are elongated almost
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parallel to the equatorial plane and have, in the case of a highly
conducting plasma, a component By ~ 0. In the considered disk
model the magnetic flux above (and below) the disk is assumed
to be conserved, i.e., independent of the distance. This is true for
a very high (— 00) conductivity of the disk plasma. Under this
condition the pressure of the magnetic field outside the disk may
be considered to be the same as the pressure of plasma at the
disk center. Further details on the disk current and magnetodisk
field can be found in the Appendix.

The density of plasma at the inner edge of the disk ps may be
estimated from the planetary thermal mass loss d M{"™ /d, con-

sidered in Section 4. Let us assume that the portion y (d M) /d1
of the total thermally escaping material takes part in the
formation of the magnetodisk. In this case y(dM{™)/dt =

2 Ri&@pAVESC, where 80 is the angular thickness of the disk.
Using this expression one can write

Y@M /dr)

A A R280 Ve )
From the equality of the above-defined energy densities of the
plasma rotational motion &, and the dipole magnetic field g,
using Equation (5) we obtain the expression for the equatorial
radius of the “Alfvénic surface,” or the inner radius of the disk
Rp;, measured in the planetary radii 7,:

1/6
RA i RDZ 2180 B§0 Vesc
oo Tp powly (dMy" /dt) ’

(6)

where By = By(r = rp, z = 0) is the value of the planetary
dipole magnetic field at the surface of the planet in the equatorial
plane. When obtaining Equation (6) we took into account that
Md = Bd()r s

Now let us specify a value of the factor y in Equations (5)
and (6). First of all, the escaping upper atmospheric material is
only partially ionized, and the neutral fraction has to be excluded
from the consideration of the plasma magnetodisk build-up.
According to the recent aeronomical calculations of the upper
atmospheric structure of giant exoplanets at close orbits (Yelle
2004; Garcia Muiioz 2007; Koskinen et al. 2010) with inclusion
of the major photochemistry processes of atmospheric species,
the expanding material at the heights above 37, is mostly ionized
with the ratio of ion to neutral number densities of about
10 (Yelle 2004). Therefore, in order to take into account the
contribution of only ionized part of the escaping mass, one has
to use in the calculations a weight coefficient 10/11 ~ 0.9
before the total thermal mass-loss rate dMé’h) /dt. At the
same time, the coefficient y has to reflect also the fact that
not all the escaping and ionized material contributes to the
creation of the magnetodisk. There is a part of plasma flow
which is lost along the open field lines. Since motion of the
escaping plasma happens mostly along the field lines, we may
assume that the escaping material flux is proportional to the
magnetic field flux. The total flux of the non-disturbed magnetic
dipole field, which would cross the equatorial plane beyond
the planetary radius rp, is Fy = fr:O B.(r,z = Oydrdg =
f;:c 2m(Baory /r*)rdr = 27 Byory. Then, the portion of the
dipole flux beyond the Alfvénic radius defined in the similar
way is (rp/ Ra) Fo. According to the PMM calculations, this flux
is divided in equal parts between the magnetic flux through the
magnetodisk and the flux of open field lines going to the external
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Figure 6. “Alfvénic surface” equatorial radius R of a “hot Jupiter” as a function
of planetary thermal mass loss.

magnetosphere (Alexeev & Belenkaya 2005). Therefore, the
part of plasma flow, lost along the open field lines, which
does not take part in the formation of the magnetodisk, is the
fraction 0.5(r,/Ra) of the total escaping ionized material flow
(~O.9(dMl§’h))/dt).

Finally, in view of the above given reasoning, taking into
account the fact of partial ionization of the escaping material
and its partial loss along the open field lines, the mass load to
the magnetodisk may be estimated as approximately 0.9(1 —
0.5(rp/Ra)) of the total planetary atmospheric thermal mass
loss. In other words, we have to take in Equations (5) and (6)
the factor y = 0.9(1 — 0.5(r,/ Ra)). This yields a more precise
equation for the “Alfvénic surface” equatorial radius Rx:

<ﬁ>5 _ 47780 B3, Ve <2ﬁ B 1)‘1 -
o 10w20.9dMy™ /dt) \" Tp

Figure 6 displays the solution of Equation (7) as a function of
the planetary thermal mass loss, assuming Vese ~ Veor = wpRa.
This assumption corresponds to the case of a dominating cen-
trifugal inertial material outflow outside the “Alfvénic surface,”
taken for the definiteness sake. This is an idealizing assumption,
but in view of many other uncertainties regarding plasma and
magnetic field parameters of “hot Jupiters,” it may nevertheless
be taken as a suitable simplification.

As can be seen in Figure 6, the values of Ry corresponding
to the mass-loss rates typical for the Jupiter-type test planet
at orbital distances between 0.045 AU and 0.3 AU fall in the
interval from 3.3 r, to 7.3 r, and are high enough to neglect
the dependence of factor y on Ra in Equation (6). In other
words, the plasma lost along the open filed lines does not affect
strongly the overall value of mass load to the magnetodisk
in the considered region of parameters. The effect of neutral
fraction in the escaping material is also not too strong. Thus,
without making a big mistake in estimation of R, one may take
y = 0.9 — 0.5(rp/Ra)) ~ 0.9 ~ 1 in Equation (6). This,
keeping the assumption of Ve = wp R4, Will give the following
expression:

1/5
Ry 2w 86 BC%Orp @)
o powp(dM™ /dr) ’
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which may be used for rough estimations of the R value in “hot
Jupiters.” The difference between the precise result followed
from Equation (7) and the estimations given by Equation (8)
does not exceed several percents of the last (e.g., (3—-6)%).
Such uncertainty does not produce any significant effect in the
PMM calculations of a “hot Jupiter” magnetopause stand-off
distance R;.

In spite of the different physical mechanisms of the origin
of the considered exoplanetary magnetodisks and the magne-
todisks of Jupiter and Saturn in the solar system, the effect of
their current systems on the large-scale magnetosphere struc-
ture, size, and topology, as it is treated by the PMM, remains
similar. In that respect Ra of a “hot Jupiter” may be scaled also
in the units of the “Alfvénic surface” radius Raj of the solar
system Jupiter. Taking into account the proportionality of the
planetary magnetic dipole moments to a certain power k of w,
(see Equation (1)), we can write that Bqg/Bgoy = a)’; / a)f, where
Bgoy is the Jovian magnetic dipole field at the surface of the
planet in the equatorial plane. Then, using the estimative equa-
tion (8) and assuming a similarity of the magnetodisk geometric
parameters (e.g., §0) for the considered hypothetic “hot Jupiter”
and the solar system Jupiter, we obtain

1/5
Ra wp CR=DB My dr !

(2 L) ©)
Al 7 dMy ™ /dt

Note thatin the case of k = 1/2,i.e., with the planetary magnetic
dipole scaling model of Stevenson (1983), the ratio Ra/Ray,
according to Equation (9), is controlled only by the mass-loss
rate and does not depend on the planetary angular velocity.
This case is considered in further calculations of the particular
parameters of “hot Jupiter” magnetospheres.

5.3. Magnetodisk-dominated Magnetosphere of a
“Hot Jupiter”

The inclusion of the magnetodisk and magnetotail into
consideration cardinally changes the estimation of the substellar
magnetopause stand-off distance R;, addressed in Section 3 and
considered in more detail in GrieBmeier et al. (2004, 2007a).
The difference consists of the necessity to take into account in
the substellar point pressure balance not only the magnetic field
pressure of the screened planetary magnetic dipole field, but
also the total pressure. The latter is comprised of the pressure
of the total magnetic field, jointly produced by the screened
magnetic dipole, magnetodisk, and magnetotail, as well as of the
disk plasma pressure ppp. The PMM provides a self-consistent
approach to the calculation of a three-dimensional magnetic
field structure in a planetary magnetosphere and determines R,
based on the consequent evaluation of the total magnetic field
in the substellar point which incorporates the contribution of all
above-mentioned components (current systems) of the model
(i.e., magnetodisk, magnetotail, and magnetopause currents).
The view of magnetic field lines in the zx-plane (¢ = 0 plane) of
a “hot Jupiter” magnetosphere for a Jupiter-type planet orbiting
at different distances around a solar-analog star is shown in
Figure 7.

The basic role of the magnetodisk in the scaling of the
magnetosphere of a close orbit “hot Jupiter” may be illustrated
using a simplified non-self-consistent (additive) approach which
we outline briefly below. On the one hand, this simplified
estimation enables us to see a basic trend; on the other hand, it
is used as a first-order approximation for obtaining the initial
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Figure 7. Magnetic field lines (left panel shows a zoomed view) in the ZX-plane (¢ = 0 plane) of a “*hot Jupiter” magnetosphere for the Jupiter-type planet (M}, = Mj;
rp = Ry), orbiting at different distances around a solar-analog G-type star. (a) 0.045 AU, (b) 0.1 AU, and (c) 0.3 AU.

parameters of the magnetosphere, which are then adjusted to Earth, Jupiter, and Saturn (Alexeev et al. 2008, 2010, 2003;
the self-consistent values via a chain of modeling iterations. Alexeev & Belenkaya 2005; Alexeev et al. 2006; Belenkaya
This is a well-elaborated procedure inside the PMM, which has 2004, 2007, 2009; Belenkaya et al. 2005, 2006, 2007, 2008).
been successfully applied in the previous studies of Mercury, According to the PMM view, a current-carrying plasma disk
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is located beyond the “Alfvénic surface” radius, i.e., at r >
Ra. Therefore, depending on the distance from the planet,
we have a different character of the magnetic field decrease
near the equatorial plane (6 = m/2, or z = 0). Within the
“Alfvénic surface” the field behaves as a dipole one, i.e.,
B(r,z =0) = By(r)6y = Bdors /13 6y. Outside of the “Alfvénic
surface” the character of the field is defined by the current
disk, which according to Equations (A7) and (A9) results in
B,z ~0)= B,(r)ry = BdorS/(RArz) ro, where the relation
BDCRIZ)1 = Bdors /Ra has to be satisfied in order to keep
continuity of the field at the boundary of the “Alfvénic surface”
and to fulfill Equations (A9) at the same time. The pressure
balance equation at the equatorial substellar point (r = R;) in
this case may be written as

5 K*(Ba+ Bups)?
Psw = Pswlsy = Z—MO

where pg, denotes the dynamic pressure of stellar wind; Bgs =
Bo(r = R) = BdorS/RS and Byps = Bdorg/(RARsz) are
the values of the magnetic field produced at the substellar
point by the dipole and magnetodisk, respectively. By this,
we assume that the value of the magnetodisk field in the
vicinity of Ry is about the value of B,(r = R;) (see also in
Figure 7). The coefficient ¥ ~ 2.44 is an amplifying factor of
the inner magnetospheric field at the magnetopause (Alexeev
& Bobrovnikov 1997; Alexeev et al. 2003), which is required
to take into account the contribution of the Chapman—Ferraro
field at the substellar point. It is connected with the form
factor f; from Equation (2) as k = 2 fy. The pressure of the
magnetodisk plasma at the substellar point may be estimated
from the requirement of balance between the magnetic field
pressure in the close vicinity of the disk and plasma pressure
inside the disk: pyp, = (BgOrG/Rf\R;‘)(I/Z,uO), which ensures
the confinement of the highfy conductive disk. Taking into
account all these factors, one may obtain from Equation (10)
an equation for Ry/Rx:

+ Pmp (10)

R, R?
K2+ 2= (146D -5 —
Ra RZ

2uopswRS RS
TOPWZATS —0. ()
BdOrp R}
This polynomial equation relative to R/ Ra can be solved nu-
merically. That will give a rough non-self-consistent estimate for
the magnetosphere size at the substellar point Ry = Rédlp+MD),
caused jointly by the planetary dipole and magnetodisk. Note
that the account of the effects of plasma pressure in the total pres-
sure balance results in the appearance of a unit in brackets in the
third term in Equation (11). As it follows from Equations (10)
and (11), the contribution of plasma pressure is k2 = 5.95 times
less than the contribution of the magnetic field pressure of the
magnetodisk and the corresponding magnetopause currents.

To understand the general trend in variation of R as a func-
tion of the planetary mass-loss rate and angular rotation speed
wp one may consider a reduced equation (1 + k*)(R2/R%) —
Quopsw RS /Brd)(RS/RS) = 0 which follows from Equa-
tion (11) after neglecting the low-power terms for sufficiently
large R,/Ra. The analytic solution of this equation yields an
approximate expression for R;:

Rs B Rédip+MD) Bdléz(1+K2)1/4 (RA)—I/z
B Quopsw)/*

Taking into account Equation (9) and the proportionality of the
planetary magnetic dipole moments to certain power k of w,

12)

p p p
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Table 4
“Hot Jupiter” Magnetopause Stand-off Distance at Substellar Point R and Its
Major Control Parameters

d Ridip+MD+tail) I'éidip+MD) Ridip) Ra Mup/M @ dMl(fh)/dt
(AU) (rp) (rp) (rp)  (1p) (@)  (gs™)

0.045% 8.0 927 576 330 1.64 0.118 1.06 x 10'°
0.12 8.27 906 6.16 466 129 0.036 1.80 x 10°
0.3° 24.2 25.6 150 730 359 10 1.84x10%
5.2¢ 71.9 69.3 418 198 332 1.0 1.0 x 10°
Notes. RidipJ'MDHa“) is given by PMM taking into account screened planetary

dipole, screened magnetodisk, and magnetotail currents; Rédip+MD) is a non-self-
consistent estimation of R followed from Equation (11); is an estimation
of Ry for the case of only a dipole-type magnetosphere given by Equation (2)
with the magnetic dipole moment provided by the model from Stevenson (1983).
2 Tidally locked.

b Not tidally locked.

¢ Jupiter.

R gdip)

(see Equation (1)), Equation (12) may be rewritten in terms of
the known Jovian values (Ray, d My/dt, and Bggy):

p p (zl’LOpsw)l/4 p

(3k+1)/10 (th) 1/10

y ﬂ + am P / dt ( ) 3)
wj dM; / dt

Therefore, according to Equation (13), for a given py,, the size of

the magnetosphere should increase for the increasing planetary

angular velocity wp, and/or thermal mass-loss rate d M[()’ M dt.
Table 4 provides a summary of the PMM-simulated values of

the magnetopause stand-off distance Ry = RgdleDmll) at the
substellar point for different orbital locations of a hypothetical
exoplanet near its host star and compares these values to those
provided by the non-self-consistent estimations of Ry given by

Equation (11) (e.g., Rédi“MD)) and the values corresponding

to the case of only a dipole-type magnetosphere Ridlp ) (.e.,
without the magnetodisk) given by Equation (2). A Jupiter-type
exoplanet and a solar-analog star are taken for these calculations.
By this, for the estimation of the planetary magnetic dipole
moment for the gravitationally locked orbits (e.g., 0.045 AU

and 0.1 AU) a model with M a)é/ ? has been taken (Stevenson
1983). In the bottom line of Table 4 we provide for comparison
the corresponding parameters of the solar system Jupiter. Note
that the magnetodisk mass load in the case of the solar system
Jupiter, caused mainly by its satellite [o’s volcanic activity, is two
to four orders of magnitude less than that for the “hot Jupiter,”
resulting in the thermal mass-loss of the planetary atmosphere.

Due to the screening of the inner magnetospheric sources by
magnetopause currents, their contribution to the real magnetic
field value will be different from that used in course of the
non-self-consistent estimations in Equations (10) and (11). This
causes the difference between the values R, = Rédlp+MD+mﬂ)
obtained with the PMM and the non-self-consistent estimates,
followed from Equation (11).

As can be seen in Table 4, the magnetodisk, whose param-
eters change with the orbital distance of a planet, increases
considerably (up to 40%-70%) the size of the magnetosphere,
compared to a simple dipole-type magnetosphere. The con-
tribution of the magnetodisk to the total field in the substel-
lar point and therefore in the pressure balance, which defines
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R, in all cases is higher than that of the planetary mag-
netic dipole. The ratio of magnetodisk and planetary dipole
magnetic moments Myp/M is always >1. This gives a rea-
son to speak about a magnetodisk-dominated magnetosphere
of a “hot Jupiter.” Such more extended magnetospheres of
“hot Jupiters” may be efficient protectors for the upper at-
mospheres of close-in planets against extreme stellar wind
erosion.

6. DISCUSSION AND CONCLUSIONS

Based on the PMM concept, we introduce in the present
paper a more complete view of an exoplanetary magnetosphere
compared to that assumed in previous studies. It has been applied
to the case of a close orbit “hot Jupiter” with a continuously
expanding and outflowing hydrogen-rich upper atmosphere. The
advantage of the PMM consists in the consequent account of
a whole variety of magnetospheric key current systems and
magnetic field sources. Of special importance, in the context
of exoplanetary physics, is the flexibility of the PMM with
respect to the modeled object, and a possibility to apply it
to the reconstruction of magnetospheres of different types
of exoplanets. The PMM was successfully applied in the
magnetosphere study of solar system planets and resulted in
good agreement with the spacecraft in situ measurements.
However, it is in the present work where the model is applied to
exoplanets for the first time.

The key element and major specifics of the “hot Jupiter”
magnetosphere considered in this work consist of the presence of
a magnetodisk. The expanding and escaping upper atmospheric
gas, heated and ionized by the stellar radiation, contributes to
the build-up of the magnetodisk around the planet. The rotation
(even slow) of the planetary magnetic dipole plays an important
role in this process too. The magnetodisk is assumed to be
located outside the “Alfvénic surface,” at which the equality of
energy of the planetary dipole magnetic field and of the co-
rotating plasma kinetic energy is achieved. Beyond this surface
the rotating magnetic field of a planet cannot drive equatorial
plasma in rigid corotation, and the outflowing plasma changes
the topology of the magnetic field by creating an equatorial
current sheet of the disk. Taking the thermal mass loss of a
“hot Jupiter” as the material source for the equatorial plasma
disk requires that the particle escape height be less than the
inner radius of the disk, i.e., Ra. Such an assumption seems
to be a realistic one in view of the recent estimates of the
upper thermosphere structure for close-in “hot Jupiters” such as
HD209458b (Koskinen et al. 2010), which yields the values of
about three planetary radii. Above these heights the atmosphere
of HD209458b is mostly ionized. According to the picture
adopted in this paper, a “hot Jupiter’s” thermal mass-loss process
should also play an important role (as the major material
source) in the build-up of a magnetodisk and in shaping the
planetary magnetosphere. Ions picked up by the stellar wind
(e.g., Khodachenko et al. 2007a), as well as production of
hot atomic hydrogen (energetic neutral atoms (ENAs)) coronas
(by charge exchange between the neutrals of the expanding
planetary atmospheric material and the protons of the stellar
wind (Holmstrom et al. 2008; Ekenbick et al. 2010)), provide
the major contribution to the mass loss of a close-in “hot Jupiter.”
These processes are nowadays under an extensive study with
the inclusion of the whole complex physics (species interaction,
ionization, and photochemistry). The information on a realistic
size and shape of the exoplanetary magnetosphere, which our
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work intends to provide, is of significant importance for this
study.

Stellar wind interaction with “hot Jupiters” has been simu-
lated numerically, using resistive MHD, by Ip et al. (2004) (ex-
tremely close-in case, no shock) and by Preusse et al. (2007). The
formation of induced magnetospheres near moderately close-in
unmagnetized terrestrial-type exoplanets has been modeled by
Lipatov et al. (2005) on the basis of a hybrid code and in the drift-
kinetic approximation, as well as by Johansson et al. (2009),
using a hybrid code. However, in all of these numerical studies
the planetary obstacle has been implemented just as a spherical
boundary at which zero particle velocity and constant density
were imposed together with the prescribed particle removal and
production mechanisms to model surface absorption and atmo-
sphere expansion. Therefore the effects of rotating planetary
intrinsic magnetic fields and corresponding electrodynamics of
the surrounding plasma, including the formation of planetary
magnetodisks, were not incorporated into these models.

The performed modeling clearly indicates that the presence of
a magnetodisk distinctively changes the character of the mag-
netosphere of a close orbit giant exoplanet which appears to
be a magnetodisk-dominated one, in contrast to the dipole-
dominated magnetospheres traditionally assumed in the pre-
vious studies. The magnetodisk-dominated magnetospheres of
close-orbit “hot Jupiters” with a strong mass loss appear to be a
new type of planetary magnetospheres which have no analogues
among the planets of the solar system. They require, therefore,
a special further investigation.

A more realistic structure of a “hot Jupiter” magnetosphere
predicted by the PMM and its up to 40%-70% larger size,
compared to a simple dipole-type magnetosphere case, have
important consequences for the study of the magnetospheric
protection of close orbit exoplanets, as well as for the inves-
tigation of the formation of extended ENA coronas around
exoplanets (Holmstrom et al. 2008; Ekenbidck et al. 2010;
Lammer et al. 2011). In particular, based on the modeling
of the ENA production around the “hot Jupiter” HD209458b
and subsequent fitting of the planet’s transit Lyman-« spectra,
Ekenbick et al. (2010) reported about the size of the magne-
tospheric obstacle of the planet that R, ~ (4-10) x 10® m
~(5.6-13.9) rp ™~ (4.2-10.5) Rupaogassy. The estimations of Ry
for this planet, assuming only a magnetic dipole-type magne-
tosphere (Khodachenko et al. 2007a), give rather small values
for the magnetopause stand-off distance. This means that the
planetary dipole alone cannot provide the size of the magneto-
sphere of HD209458b, which may fit the magnetospheric ob-
stacle size estimations followed from the ENA measurements
(Holmstrom et al. 2008; Ekenbick et al. 2010; Lammer et al.
2011). At the same time, as has been shown in our study
(Table 4), the inclusion of a magnetodisk can easily add sev-
eral planetary radii to the Rg value. If in the future it will be
possible to obtain an independent estimation for an exoplanet’s
R, e.g., using the measurements of ENA clouds around a planet
(Holmstrom et al. 2008; Ekenbick et al. 2010; Lammer et al.
2011), or by transit curve asymmetry analysis (Vidotto et al.
2011; Llama et al. 2011), or via the detection of the plane-
tary radio emission (GrieBmeier et al. 2007b; Zarka 2007), then
the PMM predictions for R, may be used to judge the realistic
values of the planetary intrinsic magnetic dipole moment, corre-
sponding magnetodisk, and parameters of the stellar wind. This
will open a way to perform remote diagnostics of the whole
stellar-planetary system.
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We assumed in the present study that the host star for a “hot
Jupiter” is a solar-analog G-type star. In this case, in order to be
able to apply the standard version of the PMM which supposes
a super-Alfvénic stellar wind flow encountered by an exoplanet,
we have to ensure that the closest considered orbit (0.045 AU)
of the considered hypothetical exoplanet is located outside of
the stellar Alfvénic sphere, at which the equality of the stellar
wind speed and the local Alfvén speed is achieved. This stellar
Alfvénic sphere should not be mixed with the “Alfvénic surface”
around a planet, addressed in the paper in the context of disk
formation. Taking the stellar wind parameters from Table 1, one
can obtain that this condition is satisfied at the closest considered
planetary orbit (0.045 AU) if the stellar dipole magnetic field
there is less than 1066 nT. This corresponds to the dipole
magnetic field at the stellar equatorial surface and poles less
than 9.65 G and 19.3 G, respectively. That is similar to the
situation on the Sun. The capability of the PMM to take into
account a wide range of environmental conditions and the IMF
(quiet and disturbed) affected by stellar activity processes opens
a broad perspective for further application of the model in the
investigation of the dynamics of exoplanetary magnetospheres.
The next step on this way would be a consequent inclusion of
the effects of IMF, as well as the incorporation of the temporal
variation of the stellar wind parameters (i.e., inclusion of CMEs,
shocks, and streams). The preliminary modeling estimations
in Belenkaya et al. (2010) show that the tail current system
and the magnetodisk ring current, as well as the intrinsic
magnetic dipole, play a significant role in the reconnection
between the IMF and the exoplanetary magnetospheric magnetic
fields. At the same time, the direction of the stellar coronal
magnetic field just slightly modifies the substellar magnetopause
distance R;. It changes dramatically, however, the size of
the region occupied by the field lines connected with the
planet on the night side. Therefore, the IMF direction controls
the overall exoplanetary magnetospheric topology and scale.
But this is a subject for a separate study which is now in
progress.
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APPENDIX
PMM: MAJOR BUILDING BLOCKS

Below, the major building blocks of the PMM applied for the
modeling of a “hot Jupiter” magnetosphere are summarized.

13

KHODACHENKO ET AL.

A.l. Screened Magnetic Dipole

A solution of the problem of a screened planetary dipole
field confined within a model magnetopause approximated by
a paraboloid of revolution was for the first time obtained by
Alexeev & Shabansky (1972). The authors presented a solution
of the Laplace equation with a given potential derivative at the
boundary (Neumann problem) by direct integration of the dipole
magnetic field component normal to the magnetopause. The next
step was made by Greene & Miller (1994), who provided the
integral representations of the screened planetary dipole field
within a paraboloidal magnetopause with an arbitrary magne-
topause flaring angle (i.e., an arbitrary ratio of the dawn—dusk
cross-section radius to the substellar stand-off distance R;). An
analogous approach has been applied in Belenkaya et al. (2005)
for a detailed description of the screened planetary dipole field
within a model magnetopause in the Jovian magnetosphere.
The same method is used in this paper for the reconstruction
of topology of an exoplanetary magnetosphere by means of the
PMM.

The combined field created within the magnetosphere by
the planetary magnetic dipole and the screening magnetopause
current is defined by a scalar potential as Bgis¢ = —VUgrsa
with Ugysq = Uq + Uy, where Uy and Ugq are the corresponding
scalar potentials which describe the dipole and the screening
magnetopause current, respectively. In the case of planetary
dipole, directed along the z-axis of the PSM coordinate system,
the total scalar potential of the screened dipole magnetic
field, confined within the area bounded by the paraboloidal
magnetopause, is given by (Belenkaya et al. 2005)

o0
Ugssa = My cos @ / AT ()T ()
0

Ki)

X (Kl(/\ﬂ) — 1i(AB) e
1

) dx, (A1)
where J;()) is the Bessel function of the first kind; 7;(A8) and
K(AB) are the modified Bessel functions; and the coefficient
My = 2M/R? is determined by the planetary dipole moment
M and the substellar magnetopause distance R;. The primes
in Equation (A1) indicate the derivatives with respect to the
argument and (¢, B, @) are the parabolic coordinates associated
with the dipole-centered PSM Cartesian coordinate system so
that

R
x:71(,82—oﬁ+1),

y = Rjafsing ,
z=Riafcosg .

(A2)

As can be seen from Equation (Al), the derivative of Uggg
with respect to B turns to zero on the magnetopause surface
B = 1, because K{(A) = I](A)(K{(A)/I](A)). This means
that the combined potential Ug,sq, defined by Equation (Al),
confines the dipole magnetic field inside the paraboloidal
shape magnetosphere. The components of this screened dipole
magnetic field in the parabolic coordinates have the following
form (Alexeev & Bobrovnikov 1997; Alexeev et al. 2003):

1 0 Ud+sd

B(d+sd) — _
* Ri/o? + % o
1 0Uq4sa
B(d+sd) - _ ) A3
b R s p? 0P A
glwsay _ L 0Uara
¢ Riaf 3¢
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A.2. Magnetotail Current System

The model of the magnetotail adopted for exoplanets is
similar to that proposed previously for the terrestrial (Alexeev &
Bobrovnikov 1997; Alexeev et al. 2003) and Jovian (Belenkaya
et al. 2005) magnetospheres. The magnetic field of the tail is
presented as a sum of two components: B,;; = B +B,. By this,
B,, which provides the dominant contribution, is produced by
the electric current in the tail current sheet. This current is closed
via the tail magnetopause, and the component B, is the curl-free
field within the magnetosphere caused by the current closure.

In the parabolic coordinates («, B, ¢), associated with the
dipole-centered PSM Cartesian coordinate system according
to Equation (A2), the magnetic field of the tail current sheet
is defined as the following (Belenkaya et al. 2005): B, =
(B2, 0, 0), where

0, o < Qg
f(B.9)

a+p?

By = By (A4)

, o>

This field is divergence free everywhere except for the surface
o = agp, which intersects the x-axis (the stellar wind line) of
the PSM Cartesian system down-tail at the point (—R3, 0, 0),
corresponding to the inner boundary of the magnetotail current
sheet. This enables us to write using the first expression in
Equation (A2) that R, = Rl(aé — 1)/2, and to define via the
model parameters the constant «gp = +/1 +2R;/R;. The non-
zero divergence of B, on the surface @ = ¢ is compensated by
the curl-free field B; so that the total field B,,; satisfies the law:
diVBtail =0.

The function f (8, ¢) in Equation (A4) determines the current
profile in the magnetotail current sheet, which for simplicity is
assumed to be a thin current sheet, e.g., f(8.9)=sign((r/2)—l¢). It
may also be represented as a sum of Bessel function harmonics:

oo o0

D" fakdaOaiB) coslng]

n=1 k=1

f(B,p) = (A5)

where Ay are the zeros of J!(Anx), providing the zero normal
component of the magnetic field at the magnetopause surface
B = 1. To ensure the antisymmetry of the field relative
to the current sheet in the equatorial plane, only the odd
harmonics n = 2m +1 = 1, 3,5, ... are considered in the
sum in Equation (AS5). The coefficients fx in Equation (11) are
defined as fu=@/7)(=1)"/n)Cu, Where Cu=N;! [i| Ja(iuf)Bdp With the
normalizing coefficient N.u=1/2(1—(n?/22))J2(.) (for details see
Belenkaya et al. 2005).

Since the normal component of the magnetic field turns
to zero at the magnetopause surface § = 1, as well as at
the magnetotail current sheet, the total magnetic flux in each
lobe of the distant (@ — o0) tail magnetosphere is constant:
Foo =0.57 R%Bt. This factis used to express B, in Equation (A4)
via the model parameters: B=2F. /= r?. Defined so, B, also relates
to the value of the cross-tail electric current. In the case of the
solar system planets the value of the tail magnetic flux is usually
determined from observations. For exoplanets such observations
are impossible, and during the modeling we assumed the
structure and magnetic flux partition in the magnetosphere
of an exoplanet to be similar to those in the well-studied
magnetospheres of solar system planets (e.g., Earth, Jupiter,
and Saturn). In particular, following Alexeev & Bobrovnikov
(1997), Alexeev et al. (2003), and Belenkaya et al. (2005), we
supposed that the tail lobe magnetic flux, which determines
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the value of the tail current, is the same as the magnetic flux
through the area limited by the inner edge of the tail current. In
other words, the total tail magnetic flux is assumed to be shared
in equal parts between the tail flux crossed by the equatorial
plane and the tail lobe flux through the distant cross-section
area perpendicular to the tail.

Finally, taking care of the continuity of the tail current mag-
netic field By, at the surface o = «, Alexeev & Bobrovnikov
(1997), Alexeev et al. (2003), and Belenkaya et al. (2005)
provide the following expressions for its components in the
parabolic coordinates:

(tail) _
BE| .= m Z] lej Fatchnie Kn(hnket0) Jn(hnicB)
n
x I (Ankat) cos[ng],
N B fB.0) o
(tail) _ t
B(x ’o{>a0 - \/m ( o + Zl kX_I: fnk)\-nk
X In()‘nka())Jn()\nkﬂ)K[/l()‘-nka) COS[”‘P]) 5
By = fk?» Kk Kn(Anko)
x J! (xnkﬁ)ln(xnkmcos[ngo] (AS)
By| = FakAnicTn (ko)

x Jy O»nkﬂ)K (Anka) cos[ny],
B{Y|, . = Z Z Fa K (h@0) Jo (i B)

n=1 k=1
X In()\'nka) Sln[nﬁo]y
oo 00

i B
Bgall)| -2 Z Z Skt Ik @0) Jn (A B)

e 01/3 n=1 k=1

X Ky(Anke) sin[ng].

The n-summing in Equation (A6) is performed over odd terms
only(n=1,3,5,...).

A.3. Screened Equatorial Magnetodisk

A simple model of a current-carrying plasma disk is included
in the PMM (Alexeev & Belenkaya 2005) in order to reflect
the main features of the magnetosphere with a magnetodisk: a
slower-than-the-dipole-type (o< 7—3) decrease of the magnetic
field with the distance from a planet, and the quasi-radial
direction of the magnetic field near the equatorial plane in
the middle magnetosphere. Due to the axial symmetry of the
object, the description of the magnetodisk fields deep inside the
magnetosphere is performed in the spherical coordinate system
(r, ¢, 0) associated with the dipole-centered PSM Cartesian
coordinate system, where the polar angle 6 and azimuthal angle
¢ are counted from the parallel to the dipole z-axis and in the
planet rotation direction, respectively.

The requirement of conservation of the magnetic flux above
(and below) the disk surface supposes that the radial component
of the magnetic field of the disk decreases as oc 1/r2, whereas
By ~ 0 (due to high electroconductivity of the disk). Therefore,
the surface density of the azimuthal electric current (i.e., the
azimuthal current per unit radial distance) concentrated in the
thin equatorial disk may be written as (Alexeev & Belenkaya
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2005; Belenkaya et al. 2005)

2Bpc (Ror\’
ip=—c (—Dl) , (A7)
H“o r
where Bpc is the disk field at its outer edge (r = Rpi). The

magnetic moment of such disk current may be defined by the
integration over the current distribution area (i.e., the thin disk)
as the following (Landau & Lifshitz 1960):

vi% BDC

Rp,
My = 7 f igridr = “ZPCR3 (1—Rp) , (AS)
R Ko 2

D2

where fo = RD2/RD1~

The model parameters in Equations (A7) and (AS8) are
determined by the planetary dipole magnetic flux above and
below the equatorial disk. This flux corresponds to the dipole
field lines which would cross, in the absence of the disk, the
equatorial plane between the “Alfvénic surface” radius Ra
and the outer edge of the disk Rp; (close to Rg). Due to a
very high (close to infinite) conductivity of the collisionless
magnetodisk plasma, the magnetic flux above and below the
disk is supposed to be conserved. The validity of this assumption
has been demonstrated for the case of the solar system Jupiter
by spacecraft in situ measurements (Alexeev & Belenkaya
2005; Alexeev et al. 2006). In particular, in the Galileo and
Ulysses magnetometer data (e.g., Alexeev & Belenkaya 2005),
the spacecraft crossing of the Jovian magnetodisk is recognized
as a strong depression of the magnetic field, typical for a thin
highly conducting current sheet. Near the disk, the spacecraft
magnetometers show that the component of the magnetic field
normal to the equatorial plane is about 10 times smaller than the
radial one. This indicates a quasi-parallel to the equatorial plane
direction of the magnetic field in the close vicinity of the disk.
A similar picture is also observed in the case of Saturn (Arridge
et al. 2008).

The detailed expressions for the components of the magnetic
field generated by the disk have been obtained (Alexeev &
Belenkaya 2005) in the following form:

oo
B(mdish)| _ B Za (1— f2k+1)sz+1(cos 0)
r r>Roy . ODC x 0 [T
k=0
>0 1
(m.disk) _ ok ~2ks Poyap (€O 0)
By | =Bpc Yy ——(1 -7 )= ——,
r2Rp) 2k +2 72k+3
k=0
© 72K+
(m.disk) _ Z _ 0
B, |RD2<rgRD, = Bpc <02k+2 Otzk—f4k+3

k=0

X 72K Porr1(cos 0) +

00
(m.disk) _ Z ~2k
Be |RD2<"§R01 = Bnc ax\”
k=0

sign(cos 0)
—F= |

72\ Pl (cos0)
73 ) Tokv2

[o.¢]
. 1
(m.disk) _ ~2k
B, |r<RD2 = Bnc E x> <1 - _ng”) = Py (cos0),

k=0
oo ~
; 1\ 7% Pl (cos®)
(m.disk) _ ~2k 2k+1
B = o L (7 - ) T S
k=0
(A9)

where P,(cosf) and Pn1 (cos 8) are Legendre polynomials and
associated Legendre polynomials, respectively, 7 = r/Rp; is
dimensionless distance, and coefficient ay = (—1)%/2*k!1 -3 -
5.---Qk—1.
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Since at large planetocentric distance the character of the
magnetodisk field is similar to the dipole field, the corresponding
magnetopause currents required to confine the magnetic field of
the disk inside the magnetosphere may be defined in a way
similar to the case of the screened magnetic dipole addressed
above. By this, the parameter M), defined by the planetary
dipole M should be replaced in Equations (A1) and (A3) by
Myp = 2Myp/R? using Equation (A8).
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