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INFLATION OF A DIPOLE FIELD IN LABORATORY EXPERIMENTS: TOWARD AN UNDERSTANDING
OF MAGNETODISK FORMATION IN THE MAGNETOSPHERE OF A HOT JUPITER
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A. G. Ponomarenko1, V. G. Posukh1, I. F. Shaikhislamov 1, M. L. Khodachenko

magnetopause. In this paper, the basic features of the formation of a hot JupiterÕs magnetodisk are studied by means
of a laboratory experiment. A localized central source produces plasma that expands outward from the surface of
the dipole and inßates the magnetic Þeld. The observed structure of magnetic Þelds, electric currents, and plasma
density indicates the formation of a relatively thin current disk extending beyond the Alfv«enic point. At the edge of
the current disk, an induced magnetic Þeld was found to be several times larger than the Þeld of the initial dipole.
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1. INTRODUCTION

More than half of all known exoplanets have orbits around
their host stars shorter than 0.6 AU. An evident maximum in the
orbital distribution of exoplanets takes place in the vicinity of
0.05 AU. The majority of this population is represented by giant2007a,
2007b).

The magnetosphere of a close-in hot Jupiter is a com-
plex object dependent on (a) stellar factors, e.g., stellar radi-
ation, stellar wind plasma flow, and stellar magnetic field, and
(b) planetary factors, e.g., orbital characteristics, escaping mate-
rial outflow, and planetary magnetic field. Its morphology also
depends on the speed of the stellar wind plasma relative to
the planet (Erkaev et al. 2005; Ip et al. 2004). At sufficiently
large orbital distances the stellar wind is supersonic and super-
Alfvénic, and a Jupiter-type magnetosphere with a bow shock,
magnetopause, and magnetotail is formed. The size of such a
magnetosphere is characterized by the magnetopause standoff
distance R

s, at which the balance between the stellar wind ram
pressure and the pressure of the planetary magnetosphere field
non-thermal erosion by the stellar wind (Khodachenko et al.
2007a). To explain the survival of hot Jupiters in extreme con-
ditions near their host stars, Khodachenko et al. (2012) pro-
posed a more generic view of a hot Jupiter’s magnetosphere. A
key element in the proposed approach is to take into account
the upper atmosphere of a planet as an expanding dynamical
plasmasphere heated and ionized by the stellar XUV radiation
(Johansson et al. 2009; Koskinen et al. 2010). Interaction of the
outflowing plasma with the rotating planetary magnetic dipole
field leads to the development of a current-carrying magnetodisk
surrounding the exoplanet. The inner edge of the magnetodisk
is located at the so-called Alfvénic surface (r = R

A), where the
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Table 1
Dimension and Dimensionless Parameters

Parameter Experiment Hot Jupiter

Planet radius,Rp (cm) 4.5 � 1010

Magnetic moment (A· m2) 3 × 103 1026Ð1027

Temperature,Te (eV) � 5 1Ð10
Plasma velocityV (km sŠ1) 30Ð50 � 10
Gravitational escape velocity (km sŠ1) 0 � 50
Rotation velocity atRp (km sŠ1) 0 1Ð10
Alfv «enic radius,RA/ Rp � 3 5Ð10
Interaction time,tV/ RA � 6 � 1
Reynolds number, 4� 
R AV /c2 � 30 � 1
Hall parameter, 4� eneRAV /cB 1.5 � 1
Gyroradius,RL/ RA � 1 	 1

Finally, due to the relatively small scale of the laboratory
experiment there are always considerations concerning kinetic
effects. These are described by ion-inertia length and ion
gyroradius. For planets they are negligibly smaller than the
scales of interest. Taking the experimental parameters measured
at a distance of 30 cm: Þeld 50 G, velocity 40 km sŠ1, and
ion ßux density 1 A cmŠ2, one Þnds that kinetic scales are
approximately equal to the same 30 cm. Thus, kinetic effects
cannot be totally neglected (Moritaka et al.2010). However,
as previous experiments show (Ponomarenko et al.2008), the
MHD features of interaction which are of interest here remain
basically the same.

The major purpose of the present laboratory study of the
interaction of an expanding plasma ßow with a background
magnetic dipole Þeld was to demonstrate experimentally the
expected formation of a magnetodisk around a hot Jupiter and
the related process of inßation of the initial planetary dipole
magnetic Þeld. In the case of expanding plasma envelopes of a
hot Jupiter, these processes may lead to signiÞcant increase of
the planetary magnetosphere size and contribute, therefore, to
better magnetospheric protection of the planet against the impact
of stellar wind and energetic particles. The experiment we
conducted gives evidence of magnetodisk formation, supported
by measurements of the magnetic Þeld and current in plasma and
short-time images. The inßated Þeld, or the Þeld generated by
induced currents, sufÞciently far from the dipole center, is much
larger than the initial dipole Þeld. The current system generated
by outßowing plasma, as well as the plasma distribution around
the source, has a typical disk structure. The observed aspect ratio
is about� Z/R � 0.3, and the disk width for given experimental
parameters is comparable to or smaller than an ion gyroradius.
If there is sufÞcient space around the dipole, the generated
current adds to the overall magnetic moment of the system
and this part might greatly exceed the initial dipole moment
(several times in the present experiment). The magnetopause
standoff distance is determined by the pressure of the total
magnetospheric magnetic Þeld. Thus, if, in the experiment case,
the ram pressure of the external plasma wind does not exceed
the pressure of the 50 G Þeld, then, judging from Figure8, the
standoff distance should be atRs � 30 cm with inßation, and
only Rs � 15 cm otherwise. The estimations of magnetopause
standoff distanceRs for a hot Jupiter from Khodachenko et al.
(2012) giveRs = (8Ð24)RJ andRs = (5Ð15)RJ for the cases with

and without inclusion of a magnetodisk, respectively. Therefore,
both experimental and theoretical studies predict the increase of
planetary magnetosphere size by approximately double due to
the presence of a magnetodisk.

Finally, it is also worth mentioning a certain physical analogy
of a hot JupiterÕs magnetodisk to some other astrophysical disks
(Belenkaya & Khodachenko2012) and space phenomena. In
particular, it is similar to a heliospheric (astrospheric) current
sheet formed under the conditions of the expanding solar
(stellar) wind and a slowly rotating magnetic Þeld of the Sun
(star). The Jovian and Saturnian magnetodisks, in spite of their
different origin mechanism, may also sometimes be referred
to as analogous to a hot JupiterÕs magnetodisk. Therefore, to a
certain extent, the reported experiment and numerical simulation
may be related to these astrophysical objects as well.
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