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Abstract: An astrophysical dynamo converts the kinetic energy of fluids into magnetic energy. Dy-
namo is a non-local process. Here, we consider whether a dynamo can operate at the magnetopauses
of magnetic rapidly rotating planets. We analyze the main necessary condition for the work of this
type of dynamo—the rotation transfer from the planet to the magnetopause. We show the role of
the current disc around a rapidly rotating magnetic planet in the redistribution of angular momen-
tum depending on the direction of the external magnetic field, using the example of the Jupiter’s
magnetodisc.
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1. Introduction

Two non-local processes are very important for space plasma physics: reconnection
and dynamo. Magnetic reconnection, for example, Ref. [1] converts magnetic energy into
kinetic energy, heat, and energy of accelerated particles. This occurs in a relatively small
diffusion region, but its effect is manifested on a large scale. The dynamo, e.g., [2] vice versa,
converts the kinetic energy of electrically conducting fluids into magnetic energy. This
process also takes place in a small diffusion region, but the generated amplified magnetic
field exists on a large spatial scale. To sustain these processes, energy sources are required.
Here, we pay attention to the last of these mechanisms and to its energy source.

The sources of energy for plasma flows that generate dynamo can be different. Here,
we are interested in a dynamo generated by the braking of rotation (this process can
be considered as differential rotation) at the boundaries of magnetospheres of magnetic
fast-spinning planets. The magnetosphere is a cavity around the planet, controlled by
its magnetic field and plasma. The magnetospheric magnetic field includes not only the
planetary field but also the field of magnetospheric current systems. The magnetospheric
plasma consists of the ionospheric/exospheric plasma and may include some parts of
the stellar wind plasma and the plasma from some volcanic moons if they exist. The
magnetospheric boundary is called magnetopause.

For the dynamo to work, axial and mirror symmetry must be violated. Mirror sym-
metry breaking means the predominance of vortices of the same sign, i.e., the presence of
average helicity. Mirror asymmetric random movements can generate large-scale magnetic
fields. The Coriolis force reduces the geometric symmetry of the system. In addition, the
existence of a diffusion zone with decreased conductivity is necessary for dynamo action.

The transfer of angular momentum can be carried out, for example, by the magnetoro-
tational instability or MRI. The magnetorotational instability was described, for example,
by Balbus and Hawley [3]. They showed how MHD turbulence arises in the accretion
discs in the presence of a weak magnetic field and outwardly decreasing differential ro-
tation. This leads to an increase in the effective viscosity and magnetic field generation.
Masada et al. [4] investigated the non-linear properties of MRI using the three-dimensional
numerical simulations of compressible MHD for core-collapse supernovae. The authors
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found that for proto-neutron stars with a milliseconds period and a magnetic field of 105 G,
the energy dissipation rate can exceed 1051 erg s−1. Reboul-Salze et al. [5] considered the
efficiency of magnetorotational instability in the generation of a strong magnetic field in
magnetars. The authors obtained a turbulent MRI-driven dynamo with a magnetic field
in the proto-neutron stars > 2 × 1015 G, which confirms the idea that magnetorotational
instability can generate a strong magnetic field of magnetar. Probably, this mechanism can
also work at the magnetopause of a rapidly rotating magnetic planet. However, for the
angular momentum transfer from the planet to magnetopause inside the magnetosphere
with collisionless plasma and highly conducting magnetic field lines, we assume that the
main agent is the electric corotation field.

The magnetic field plays a significant role in the transfer of rotation from celestial
bodies to great distances, as the plasma motion is determined by the interaction of the
external magnetic field with the magnetic field of the magnetosphere. We analyze the
influence of the interstellar magnetic field on this process and emphasize the role of the
current disc, which can arise around the magnetic rapidly rotating planet. We will show
how the rotation transfer depends on the value of the Alfven radius along the path of
the rotating plasma. Thus, we consider how plasma flows can amplify and modify a
weak background poloidal magnetic field just outside the magnetopauses of magnetized
fast-rotating planets using Jupiter as an example.

2. Dynamo Generated by Rotation Braking at the Magnetopause of Jupiter

In the Jovian magnetosphere, due to the strong planetary magnetic field, fast rotation,
and the presence of an additional plasma source—the volcanic moon Io—a current disc,
called a magnetodisc, is formed around the planet. The transfer of rotation from the planet
to the outer regions has its own peculiarities in the Jovian magnetosphere. A thin shell
of strong field-aligned currents associated with the main auroral ovals arises at about
~20 RJ, where RJ ~7 × 107 м is Jupiter’s radius [6–11]. It is assumed that there are no
distributed field-aligned currents closer to the planet from this field-aligned current shell
and, correspondingly, there is no azimuthal magnetic field Bϕ there. Behind these field-
aligned currents flowing out from the ionosphere, reverse field-aligned currents, closed in
the ionosphere and in the current disc, can be distributed or concentrated.

Different rotating celestial bodies transfer rotation to different distances. For example,
in the terrestrial magnetosphere, the corotation of plasma stops at the plasmapause located
at ~4–5 RE from the center of the planet in the equatorial magnetospheric plane, where
RE ~ 6.4 × 106 M is the Earth radius. In the case of Jupiter, the rotation can be transferred
to the magnetopause by the electric corotation field.

Thus, in the presence of a strong magnetic field of a fast-rotating planet, the rotation
can be transferred to large distances (for a low but sufficient amount of magnetospheric
plasma) up to the surrounding interplanetary medium, where it is slowing down. There,
the energy of rotation, in principle, can be converted into magnetic energy if, at least, the
necessary conditions for the dynamo action are carried out.

Jupiter has the strongest intrinsic magnetic field of the planets in the solar system,
which defines the largest magnetosphere. In the 1950s, from the observed decametric
and decimetric radio emission, it was found that Jupiter has its own magnetic field. Later,
Pioneer 10 and 11 in 1973 and 1974 measured the Jovian magnetic field. The dipole magnetic
moment of Jupiter MJ ~ 4.2 × 105 nT RJ

3 is directed northward. Its angle with the rotation
axis is ~10◦ [9,12]. The Jovian rotation period is ~10 h [9]. Jupiter’s atmosphere transfers
torque from the planet to the ionosphere, where the plasma rotates due to ion collisions
with neutrals [6]. The electric corotation field Ecor is transmitted into the magnetosphere
along highly conducting magnetic field lines:

Ecor = −[ΩJ × r] × B, (1)

(in the unmoving frame of reference), where B is the magnetic field, r is the jovicentric
radius-vector, and ΩJ ~ 1.76 × 10−4 s−1 is the angular velocity of Jupiter. Corotation of
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magnetospheric plasma occurs under the action of Ecor. Electric potential corresponding to
rigid corotation in the dipole magnetic field is:

Urig = (B0 JΩJ RJ
3/r) sin2 θ, (2)

where B0J is the magnetic field at the Jovian equator, and θ is a polar angle measured from
the dipole magnetic field axis (co-latitude). Magnetospheric magnetic field lines are highly
conductive, so in zero approximation, it is assumed that they are equipotential and transfer
the Urig into the magnetosphere. The rigid corotation velocity is:

Vrig = rΩJ sin θ eϕ (3)

where eϕ is the unit vector in the azimuth direction.
In fact, the Jovian magnetospheric magnetic field includes not only a planetary dipole

(and terms of a higher order) but also magnetic fields from other magnetospheric current
systems: magnetopause shielding currents, magnetodisc, and tail current systems. All
these sources of the magnetic field are described in the paraboloid model of Jupiter’s mag-
netosphere, in which the magnetopause is approximated by a paraboloid of revolution, for
example [13,14]. Distance from the center of the planet to the magnetopause subsolar point
is Rss. The solar wind and its magnetic field from Jupiter’s magnetosphere continuously
interact with it. If the interplanetary magnetic field (IMF) is zero, the magnetosphere is
closed: the magnetic field lines do not intersect the magnetopause. In this case, all magne-
tospheric field lines are divided into two classes: closed and open through the tail. Closed
field lines have both footprints on the planet, while open lines are stretched into the tail
and have one footprint on the planet and the other end in the solar wind. These open field
lines transfer the rotation to the distant tail, where it gradually damps. Belenkaya [13],
using the paraboloid model of the Jovian magnetosphere by Alexeev and Belenkaya [14],
showed that the footprints of open field lines, going in the tail, have magnetic latitudes
from ~82–84◦ to 90◦ (for the chosen model parameters). Thus, in this case, the rotation is
not transmitted to the magnetopause but remains locked in the magnetosphere.

For an IMF antiparallel to the planetary dipole moment (southward for the case of
Jupiter, which magnetic moment is northward), the open field line flux turns from the
distant tail to the equatorial plane of the magnetosphere, through which it goes into the
opposite hemispace. In this case, in the equatorial magnetospheric plane, we obtain a
system of two vortices: the nearest one surrounds the planet and corotates with it. It is
located on closed field lines, while the distant vortex of anticorotation is placed on open
field lines.

In the equatorial magnetosphere, corotation of magnetospheric plasma begins to break
down beyond the Alfven radius—the distance from the planetary center at which the
density of kinetic energy equals the density of magnetic energy. In Jupiter’s equatorial
magnetosphere, the Alfven radius is placed approximately at ~20 RJ (somewhere between
Ganymede and Callisto [15]). Under the action of centrifugal force, the magnetospheric
plasma with a significant fraction of iogenic ions begins to move radially outward in the
equatorial magnetosphere beyond the Alfven radius, which leads to a decrease in the
azimuthal velocity there. Since the open field line flux intersects the equatorial plane
much farther from the Alfven radius, rotation on it should be practically absent and not
be transferred to the magnetopause. Thus, the presence of a magnetodisc, on which rigid
corotation slows down, prevents the rotation transfer to the magnetopause.

For an IMF almost parallel to the planetary dipole moment (northward for the case of
Jupiter), open field lines do not intersect the equatorial magnetospheric plane, except the
single one—separatrix—dividing open, closed, and interplanetary field lines. In this case,
all open field lines intersect the corresponding magnetopause, and there is no significant
rotation decrease on them since they do not cross the magnetodisc and equatorial region
beyond it. The Alfven radius along open field lines, in this case, is much larger than in the
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low-latitude magnetosphere. At the Alfven radius, the flow velocity is equal to the Alfven
velocity VA (according to definition). The Alfven velocity is:

VA = B/(µ0·ni·mi)1/2 (4)

where µ0 is the permeability of the vacuum, ni and mi are the density and mass of ions,
respectively. VA in the Jovian tail lobes is very large ~31 × 103 km s−1 [16,17], because
the ion density there is extremely low ~10−5 cm−3 [18] (much less than in the plasma
sheet), and there are fewer heavy ions than in the equatorial region, which is rich in iogenic
heavy ions. For these parameters, the Alfven radius in the tail lobes can be estimated as
2.5 × 103 RJ [19], which exceeds the distance to the magnetopause. Thus, the northward
IMF corotation can be directly transferred to the northern and southern magnetopause. For
example, open field lines with footprints at latitudes ≥ 82◦ transport rotation to the region
at the magnetopause from its low-latitude dayside part through the cusp to the nightside
rather distant tail part. We assume that corotation is stopped beyond the magnetopause.

A decrease in the rotation energy beyond the magnetospheric boundary can, under
certain necessary conditions, lead to the generation of a magnetic field just out of the
Jovian magnetopause due to the dynamo action [19]. In the work of Belenkaya [19], the
main necessary conditions for a dynamo at the Jovian magnetopause are listed, and their
fulfillment is verified. The nature of the dynamo is, in principle, three-dimensional, and this
is fulfilled in the case of Jupiter. The background poloidal IMF, interacting with decreasing
rotation outside the magnetopause (which can be considered as differential rotation), is
stretched into a toroidal field. The Coriolis force (in the rotating frame of reference) twists
the toroidal field in the meridional planes. The average density of kinetic helicity:

hk = 〈V ·curl V〉 6= 0 (5)

arises out of the magnetopause.
In addition to the kinetic helicity density (hk), in rotating fluids with MHD turbulence,

there is a magnetic helicity density: hM = 〈A·B〉 6= 0, where B = curl A, and A is the vector
potential of the magnetic field B, for example [20]. hM is a measure of the linkage and twist
of the magnetic field lines. The magnetic helicity is important for the work of a large-scale
dynamo. For example, Shebalin [21] presented theoretical analysis and computational
results of the geodynamo generation by MHD turbulence. The model used was based on
the connection between the dipole in the terrestrial core and the magnetic helicity in it.
Shebalin [21] derived a value of 3 mT for the Earth’s average dipole magnetic field and
stated that “without magnetic helicity there is no dipole field”. Large-scale astrophysical
magnetic fields arise in the interstellar medium, in stars and planets due to turbulent
dynamo effects. Their formation may be associated with magnetic helicity, for example [22].
Teissier and Müller [23] have studied the magnetic helicity transferred from small to larger
scales in the context of large-scale magnetic fields created by a magnetic dynamo.

For the work of dynamo, a dissipative zone is required. Belenkaya [19,24] showed
that the Jovian magnetopause plays the role of a dissipative zone. It was also shown that
to enhance the magnetic field out of the magnetopause, it is necessary that the poloidal
component of the velocity of plasma flux passing by the planet and the perpendicularity to
the axis of the planetary rotation component of the magnetic field beyond the magnetopause
should not be zero. This condition is fulfilled for the plasma flow and magnetic field of the
solar wind passing by Jupiter’s magnetosphere.

Following Belenkaya [19], we roughly estimate the possibility of extracting magnetic
energy from the damping rotation kinetic energy. To increase the IMF outside the Jovian
magnetopause, the rotation energy there must exceed the energy of the solar wind flow.
This condition is valid for the distances l from the planetary rotation axis, where l0 ≤ l ≤ Rss.
Here l0 = V0/ΩJ, and V0 is the solar wind velocity. Based on Ulysses measurements at
5 AU during the 23rd solar cycle, the average values of the solar wind parameters are:
V0 ~ 400 km c−1, MA ~ 17 (Alfven Mach number), and IMF b0 ~ 0.7 nT [25]. The mean
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value of the subsolar magnetopause distance from the planetary center was estimated as
Rss ~ 86 RJ [25]. For Jupiter we receive l0 = V0/ΩJ ~ 32 RJ.

Moreover, at l0 ≤ l ≤ Rss, the dynamo mechanism can act when the kinetic energy
density of damping rotation (next mext (ΩJl)2/2) out of the magnetopause exceeds the
magnetic energy density (b2/2µ0), which can be obtained there. Here b is the generated
magnetic field value in the solar wind and mext, and next is the mass and density of ions,
respectively, outside the magnetopause. Thus,

next mext (ΩJl)2/2 ≥ b2/2µ0 (6)

This means that the rotation velocity (ΩJl) transferred to the magnetopause must be
of the order of or greater than the Alfven velocity in the solar wind corresponding to the
enhanced magnetic field, b (VAext = b/(µ0 mext next)1/2). From the assumption of the energy
equipartition [26], we obtain from Formula (6):

(µ0 mext next)1/2 = b/(ΩJl) = b0/V0A (7)

under the assumption that the plasma density in the dynamo region equals the undisturbed
value. Here V0A = b0/(µ0 mext next)1/2 is the Alfven velocity of the undisturbed solar wind flow.
From the definition MA = V0/V0A it follows: V0A = V0/MA = 400 km s−1/17 = 23.5 km s−1.
From Equation (7), we receive:

b/b0 ∼= ΩJl/V0A (8)

Considering l≥ l0, we can estimate the IMF enhancement outside the Jovian magnetopause
relative to its undisturbed value as b/b0 ≥ 1.76× 10−4 s−1 32 RJ/23.5 km s−1 = 16.8. Of course,
this is a very rough estimate. Indeed, the plasma angular velocity at the magnetopause
is less than the velocity of Jupiter’s rigid rotation. The velocity decrease occurs in the
ionosphere and magnetosphere. As mentioned above, for a favorable IMF orientation, along
the open field lines, the Alfven radius is greater than the distance to the magnetopause;
therefore, the magnetic energy density is higher than the kinetic energy density, and the
plasma follows the magnetic field. So, the decrease in rotation velocity in the magnetosphere
is not large for this case.

In addition, the energy of damping rotation outside the magnetopause is not com-
pletely transferred to the magnetic energy. So, we obtain the upper limit of magnetic field
amplification by the described mechanism.

3. Application to Exoplanets

As applied to the study of fast-rotating magnetized exoplanets, this means that one of
the necessary conditions for a dynamo is the presence of a poloidal velocity component
in the plasma flow around the magnetosphere and the difference in the direction of the
interstellar magnetic field from the directions of the planetary rotation and magnetic axes.

Moreover, as shown above, for the proposed mechanism, it is necessary that rotation
is transferred to the magnetopause, which is relevant for magnetic rapidly rotating exo-
planet only if the stellar wind magnetic field is almost parallel (but not strictly parallel)
to the axis of the planet’s magnetic dipole. In this case, rotation is directly transferred
to the magnetopause if the plasma density in the lobes is rather low but sufficient to
support rotation.

Another conclusion for exoplanets made from the study of Jupiter’s magnetosphere
is an estimate based on a comparison of the kinetic energy density of damped rotation
and the magnetic energy density of the enhanced magnetic field B2/2µ0 obtained from
it. The first energy density should be greater than the second, but the kinetic energy
density of rotation ni·mi (Ωl)2/2 depends on the distance from the planetary rotation axis l,
which is limited by the distance to the front point of the magnetopause Rss, which is the
magnetospheric size scale: l ≤ Rss. Rss is determined by the equality of pressures on both
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sides of the magnetopause: the total pressure of the stellar wind should be equal to the
total magnetospheric pressure at the front point of the magnetopause.

For magnetic field amplification, another condition must be fulfilled: the rotation
velocity Ωl must be greater than the stellar wind velocity Vsw. Thus, magnetic field
amplification out of the magnetopause is possible for l > Vsw/Ω, or the inverse Rossby
number R0

−1 must be greater than 1:

R0
−1 ≡ Ωl/Vsw >> 1 (9)

From these two constraints, we obtain the size of the dynamo region outside the
magnetopause at a distance l from the rotation axis of the planet:

Vsw/Ω < l ≤ Rss + δ (10)

where δ is the width of the layer just beyond the magnetopause, in which the circulation
breaks down. For the planets of the solar system, only Jupiter with its giant magnetosphere
satisfies this requirement [19].

4. Conclusions

The magnetic reconnection of the interplanetary and magnetospheric magnetic fields
plays a significant role in the magnetospheric magnetic field structure and, therefore, for
the angular momentum transfer along highly conducting open magnetic field lines. Thus,
the interplanetary magnetic field, especially its direction relative to the direction of the
planet’s magnetic field, controls the rotation transport.

In this paper, the possibility of the magnetic field amplification outside the magne-
topause of a rapidly rotating magnetic planet by the dynamo mechanism powered by the
energy of braking rotation in the dynamo region is discussed. To implement this process, it
is necessary to transfer the rotation to the magnetopause without significant damping.

Under certain conditions, the magnetodisc can be formed in the magnetosphere of a
rapidly rotating magnetic planet. Using the example of Jupiter’s magnetosphere, we show
that the implementation of the rotation transfer depends on whether the corresponding
open magnetic field lines intersect the planetary magnetodisc or not. Our analysis reveals
that the current disc around the planet plays a significant role in the redistribution of
angular momentum because due to the radial outflow in it, the azimuthal plasma velocity
slows down, and the field lines intersected the disc cannot transmit rotation further. Those
open field lines that do not intersect the disc or the equatorial magnetosphere beyond it
can transfer rotation to the boundary of the magnetosphere, beyond which it is gradually
damped down.

It is noted for the first time that if the planet’s magnetic field and angular rotation
velocity are sufficiently large and there is enough plasma in the magnetosphere to form a
magnetodisc, the magnetospheric size can be so large that the linear rotation speed at the
magnetopause can exceed the external flow and Alfven velocities, and if the other necessary
conditions are met [19,24], the dynamo can act out of the magnetopause on those parts of
it, dependent on the interplanetary magnetic field direction, where open field lines come,
bypassing the magnetodisc and equatorial magnetosphere beyond it.
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