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Abstract. The review presents modern views on the physics of
magnetospheres of Solar System planets having an intrinsic
magnetic field, and on the structure of magnetospheric mag-
netic fields. Magnetic fields are generated in the interiors of
Mercury, Earth, Jupiter, Saturn, Uranus, and Neptune via the
dynamo mechanism. These fields are so strong that they serve as
obstacles for the plasma stream of the solar wind. A magneto-
sphere surrounding a planet forms as the result of interaction
between the solar wind and the planetary magnetic field. The
dynamics of magnetospheres are primarily enforced by solar
wind variations. Each magnetosphere is unique. The review
considers common and individual sources of magnetic fields
and the properties of planetary magnetospheres.

1. Introduction

Exploration of planetary magnetospheres is a relatively
young and rapidly developing area of space research. The
main body of information on the magnetospheres of planets
of the Solar System has been collected over the last 50 years. It
was found that planets having an intrinsic magnetic field —
Mercury, the Earth, Jupiter, Saturn, Uranus, and Neptune —
are surrounded by magnetospheres. A magnetosphere
appears owing to the interaction of the solar wind with the
planet magnetic field; the magnetic field prevails inside the
magnetosphere, preventing the solar wind from directly
penetrating to the planet. The magnetosphere is filled with
plasma, fast particles, and emissions of various types.
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The solar wind is a relatively low-density stream of hot,
quasineutral, fully ionized hydrogen—helium plasma (com-
posed of protons, neutrons, and a-particles) continuously
emitted from the solar corona and accelerated near the Sun to
supersonic and super-Alfvén speeds. At the boundary of the
heliosphere (at the distance ~ 100 AU), the solar wind
interacts with interstellar matter. In the Earth’s orbit, the
mean speed of the solar wind is 400-500 km s~!, the mean
Alfvén speed is 60 km s™!, the ion density is of the order of 5—
10 cm™3, and the temperatures of ions and electrons
respectively reach 10° and 2 x 10 K. The solar wind density
decreases as the inverse of the squared distance to the Sun,
while its speed stays virtually constant. The plasma of the
solar wind carries a large-scale interplanetary magnetic field
(IMF) from the Sun to the Solar System periphery. The IMF
is formed by the solar magnetic field and the field of the
heliospheric current sheet separating zones of oppositely
directed magnetic field lines (from and toward the Sun in
different solar hemispheres) [1].

The outer boundary of the magnetosphere is called the
magnetopause. It is a thin current sheet where the direction
and magnitude of the magnetic field change. The supersonic
solar wind stream creates an interplanetary bow shock wave
on the dayside before the magnetopause. On this wave, the
solar wind stream is decelerated, compressed, and heated. The
region with turbulent plasma between the bow shock wave
and the magnetopause is called the magnetosheath. On the
inner side, the magnetosphere is bounded by the iono-
sphere—the upper layer of the atmosphere (located at
altitudes in excess of 60 km from the Earth surface) partly
ionized by solar radiation in the far-ultraviolet and X-ray
bands. The Earth’s ionosphere, like the solar wind, serves as a
source of magnetospheric plasma, providing mostly protons,
single-charged helium, and oxygen, as well as electrons, which
ensure quasineutrality. The cusp is the region near the
magnetopause with a minimal magnetic field, filled with a
nearly steady dense plasma of the magnetosheath and located
on high-latitude magnetic field lines of the magnetosphere.

The solar wind and the interplanetary magnetic field
carried by it form an asymmetric magnetosphere, com-
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pressed on the dayside and stretching as a long tail on the
nightside. The size of the magnetosphere is determined by the
balance of the solar wind and magnetospheric magnetic field
pressures across their common boundary. The geometry of
the magnetic field in the magnetotail is shaped by the
transverse current in the neutral current sheet of the tail.
This current closes on the magnetopause. Other currents also
flow at the magnetopause, which shield the interplanetary
space from the magnetic field of magnetospheric sources. The
energy transferred from the solar wind to the magnetosphere
eventually controls various levels of internal magnetic activity
in the magnetosphere. When the level of energy accumulated
in the magnetotail exceeds the critical energy, a substorm
emerges.

The space plasma is so rarefied that Coulomb interactions
between particles are practically absent outside the iono-
sphere. Correspondingly, a large-scale magnetic field gives
rise to the motion of charged particles around field lines along
spiral trajectories at the cyclotron frequency, which exceeds
the collision frequency. Such a plasma is called magnetized
and it is anisotropic because the magnetic field sets a
direction. The conductivity along the direction of the
magnetic field is so high that the magnetic field lines are
frozen in the plasma, i.e., move with it. The high field-aligned
conductivity implies large values of the magnetic Reynolds
number. As a consequence, the magnetic flux in an arbitrary
magnetic field tube is conserved, and the plasma and the
magnetic field move as a single entity. The evolution of
collective processes in a colissionless plasma is dissimilar to
that in a plasma experiencing collisions, and the distribution
of particles over velocities can strongly deviate from the
Maxwellian one (beams of fast particles, anisotropy of
temperatures), which triggers numerous microinstabilities.
Therefore, the motion of cosmic plasma is determined not
only by the local conditions but also by the state of the plasma
and magnetic field in remote regions. Large-scale magnetic
and electric fields combine and connect separate objects of the
global cosmic system.

Magnetohydrodynamics (MHD), the branch of science
dealing with large-scale motions of conducting liquids, gases,
and plasmas in a magnetic field, is commonly used to describe
processes occurring in a cosmic plasma. The equation for the
magnetic field induction vector is [2]

oB
— =V x|[VxB]+1,V’B,

3 N = (100) ™", (1)

where 5, is the magnetic diffusion coefficient, ¢ is the
conductivity, and u, is the magnetic permeability of the
vacuum. It was noted in [3] that in many cases, in particular
in deriving the induction equation, it suffices to write the
specific electric resistivity tensoras .. = 1.0;;, Wheren, is the
scalar specific electric resistivity, the quantity inverse to the
specific electric conductivity ¢. The magnetic diffusion
coefficient is expressed as n,, = 11./1y. The first term in the
right-hand side of Eqn (1) describes the convection of a
magnetic field with the plasma flow, and the second term
describes the diffusion of the field in the plasma. In the MHD
framework, the absence of dissipation is linked to the
preservation of the magnetic field topology [4]. If the first
term in Eqn (1) is much larger than the second one, the
magnetic flux is frozen in the plasma and the magnetic field
topology cannot change. If the second term exceeds the first
one, the connection between the magnetic field and plasma
becomes weaker and the topology is no longer constrained.

The ratio of the first term to the second is characterized by the
Lundquist number Sy, = Val/n,, (Va is the Alfvén speed and /
is the characteristic size) or the magnetic Reynolds number
R = Vl/n,, (V is the mean flow velocity). Media studied in
geo- and astrophysical applications of MHD are character-
ized by high conductivity and/or large sizes, i.e., Sp and
Ry > 1.

Hence, the frozen-in character of the magnetic field
corresponds to large values of Sy and/or Ry,. If this character
is preserved, i.e., the interaction of the solar wind with a
planet remains ‘ideal,” then the plasma of the solar wind and
the magnetospheric plasma do not mix, but form distinct
regions separated by a thin current sheet (magnetopause).

For structures of a small characteristic spatial size or finite
conductivity, for example, for some current sheets, the values
of S. and/or Ry, can be less than or of the order of unity. In
these regions, called dissipative or diffusive, the leading role is
played by the effects of finite electric conductivity, and the
freezing-in conditions can be violated. As a consequence, the
reconnection of magnetic fields becomes possible.

A distinctive feature of the reconnection process is a
change in the topology of the magnetic field in a plasma
with a high finite conductivity. The ratio of the volume of a
dissipating region to that of the surrounding space tends to
zero as n, tends to zero. Nevertheless, the magnetic
reconnection occurring in diffusive regions of relatively
small volume leads to fundamental changes in the macro-
scopic topology of global magnetic fields. The reconnection is
an essentially nonlocal process manifested on large spatial
scales [5].

The reconnection of magnetic field lines in a high-
conductivity plasma is accompanied by a rapid release of
magnetic energy, its subsequent transformation into the
kinetic energy of the plasma, heating, emission and particle
acceleration. The magnetic reconnection is characterized by
an immense variety of types and manifestations in astro-
physical, space, and laboratory plasmas. Similarly to many
fundamental notions in physics, the reconnection combines a
broad set of phenomena within a single universal law [3, 6, 7].

Studying solar flares, Dungey assumed in 1953 [8] that
magnetic field lines can be broken and reconnected; in the
early 1960s, he applied the reconnection concept to describe
the interaction of solar wind with the Earth’s atmosphere [9].
Although the physics of this phenomenon is not fully
understood even now, the reconnection process is believed
to be responsible for the transfer of mass, momentum, and
energy from the solar wind to the magnetosphere, and also for
the excitation of magnetic convection. The leading role of the
magnetic reconnection mechanism finds support, in particu-
lar, in the well-established dependence of the magnetic field
and plasma convection in the magnetosphere on the direction
of the IMF in an unperturbed solar wind flow [10, 11]. In
addition, there are direct observations of phenomena related
to the reconnection in the Earth’s magnetopause [12—18].

In the laboratory and magnetospheric plasmas, as well as
on the Sun, a change in the magnetic field geometry and the
appearance of streams of accelerated particles are observed
over a time that is markedly shorter than that of ordinary
magnetic field diffusion. These observations are explained by
reconnections. The reconnection is also invoked to explain
the viscous dissipation in accretion disks. A widely used
approach to the reconnection problem is based on the MHD
theory and consists in searching for a geometric configuration
that would essentially shorten the effective dissipation time



August 2009

Magnetospheres of planets with an intrinsic magnetic field 767

[3]. However, as noted in [19], the physics of reconnection
goes beyond the MHD approximation and calls for a kinetic
approach.

The occurrence of neutral points is characteristic of
magnetic fields having multiple sources. The locations where
the magnetic field vanishes are called neutral or null points [3].
Neutral points in a plasma, as a rule, lead to the formation of
current sheets. Specific dissipation regions evolve around
neutral points. Two types of plasma moving toward each
other through a dissipation region bring the magnetic field
lines there. Their frozen-in state is violated in this region; they
reconnect and are carried away by the plasma streams. The
result is a redistribution of magnetic fluxes. The self-
consistent dynamics of a highly conducting plasma are
arranged such that neutral points of the magnetic field
coincide with neutral points of the velocity field [20].

An essential contribution toward understanding the
reconnection process was made by S I Syrovatsky (see, e.g.,
[21]). He was the first to theoretically consider a general
nonstationary problem of the flow of a highly conducting
compressible plasma in nonuniform magnetic fields contain-
ing neutral lines. He arrived at the conclusion that both the
considerable increase in the electric current density in the
vicinity of a neutral line and the accumulation of electric
current in current sheets are possible. Plasma flows in strong
magnetic fields, in particular, in the presence of neutral lines
of a magnetic field, were investigated in [22, 23].

Since the 1960s, current sheets that appear in a compres-
sible plasma flowing in an inhomogeneous magnetic field
containing a neutral line were experimentally studied in the
Accelerator Laboratory of the Lebedev Physical Institute (the
problem was formulated by Syrovatsky). In a two-dimen-
sional configuration, a line can exist such that the magnetic
field has an X-type configuration in the plane perpendicular
to it, while the field magnitude decreases to zero. This line is
called the neutral or null line of the magnetic field. In the
plane perpendicular to it, flows and the behavior of field lines
are analogous to those of a two-dimensional reconnection [3].
As a result of these studies, a fundamental conclusion was
drawn on the feasibility of magnetic energy accumulation if a
current sheet is formed in the vicinity of a neutral line. The
subsequent release of the accumulated magnetic energy
occurred through an abrupt breakup of the sheet and was
accompanied by the generation of pulse electric fields
accelerating charged particles.

The concept of dynamic current sheets first introduced by
Syrovatsky turned out to be very fruitful in solving numerous
problems in the physics of laboratory and space plasmas. For
example, it was shown that the Earth’s magnetospheric tail
evolves into a quasistable state in which the location of the far
X-line oscillates between 40 and 60Rg [19], where
Rg = 6378.1 km, the Earth radius.

The topology of magnetic fields plays a key role for
astrophysical and laboratory plasmas, their dynamics, equili-
brium conditions, and energy redistribution. Two configura-
tions B, and B, are said to be topologically reducible if there is
a motion transforming B; into B, and vice versa without
violating their frozen-in character. Configurations B; and B,
are considered topologically different if they are not topolo-
gically reducible. In this case, if the transition from B; to B, is
feasible, it is accompanied by a change in topology and
involves Ohmic dissipation [24].

Depending on the mutual orientation of the planetary
magnetic field and IMF vectors, both two- and three-

dimensional reconnections occur in planetary magneto-
spheres. A two-dimensional reconnection occurs at a neutral
line, where the magnetic field decreases to zero, or at a
quasineutral line, where only the component of the magnetic
field along this line differs from zero. A three-dimensional
reconnection occurs at a neutral point of the magnetic field
[25-29]. A strictly two-dimensional reconnection is realized,
for example, when the IMF and the axis of the dipole of the
planet intrinsic magnetic field are parallel [30], and occurs at a
neutral line lying in the magnetic equator plane. If the IMF
component parallel to the planet dipole axis is strong and
other components are small but nonzero, it can be shown that
the two-dimensional reconnection also occurs at a quasi-
neutral line [27, 28]. The field in the vicinity of the
quasineutral line has the X-type topology in planes perpendi-
cular to it.

If the prevailing component of the IMF is antiparallel to
the planet dipole axis, then a three-dimensional reconnection
occurs at neutral points of the magnetic field located near the
cusps. This type of reconnection is characterized by a far more
complex topology [16, 27, 31, 32]. Neither a quasineutral line
nor an X-type configuration in the magnetic field are formed
in the magnetosphere in this case.

The two-dimensional and three-dimensional reconnec-
tion types imply essentially different structures of the
magnetospheric magnetic field and, consequently, magneto-
spheric convective flows and polar auroras. Accordingly,
comparing theoretical concepts with observations is only
possible if the reconnection type is known in each particular
case. Such a comparison provides an adequate answer to the
question about the influence of the interplanetary magnetic
field on planetary magnetospheres.

It was argued in [14] that within the diffusion region, the
freezing-in condition E + [V x B] = 0 is first violated on the
scale of the order of the ion inertial wave 4; = ¢/, where cis
the speed of light and wy; is the plasma ion frequency. There,
ions are no longer magnetized, but electrons remain attached
to the magnetic field. Further, on the scale of the electron
inertia wave A, the electrons also lose magnetization. In the
electron diffusion region, there exists an electric field aligned
with magnetic field lines, £ = EB.

In the diffusion region, the current sheets separating
magnetic field lines of different topological types (separatrix
surfaces) intersect. The bounding separatrix surfaces host not
only field-aligned currents but also field-aligned potential
differences of the electric field and Ej. Thus, small-scale
structures considered in [17, 18] as diffusion zones are
formed along the separatrix sheets. Recently, measurements
inside or in the vicinity of diffusion zones, including the
narrow layers along separatrix surfaces, were carried out for
the Earth’s orbit. For example, data of numerous measure-
ments in regions of the size of the electron inertial length with
a significant electric field E| directed along the separatrices
were presented in [17]. The observations indicate that the
diffusion zones are of the order of 4—5/; in size (in the vicinity
of the Earth, 4; ~ 100 km).

The Cluster project [33] has been devised for performing
simultaneous measurements at four spatial locations. Its
main goal is to explore small-scale three-dimensional
structures in the Earth magnetosphere and solar wind near
the Earth. Satellites of the Cluster group have first
discovered elongated electron diffusion regions stretching
over 3000 km in the magnetosheath of the Earth magneto-
sphere [34]. In addition, they enabled the first observations
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of the structure of the magnetic field near the neutral point in
the magnetotail [35].

The reconnection may proceed as a quasistationary or a
sporadic process. Since the discovery of flux transfer events,
various short and quasiperiodic events in the day auroral zone
have been identified as the ionospheric manifestations of
sporadic reconnection. Quasistationary reconnection in the
Earth’s magnetic field (with the dipole moment directed to the
south) for the southward magnetic field of the solar wind was
first predicted in [30]; the magnetosphere was regarded there
as a time-averaged configuration.

According to [6], the idea of reconnection was very fruitful
in explaining a number of phenomena in the laboratory and
space plasmas and allowed identifying common features in
processes spanning many orders of magnitude and differing
in geometry and energy scales. The qualitative role of the
reconnection idea is therefore immense, but its quantitative
side has not reached maturity. Accordingly, the most valuable
contribution presently comes not from theoretical models of
reconnection but from ideas expressed through them, in
particular, ideas pertaining to the formation of current sheets
and the subsequent reconnection involving them.

Although the energy density of the interplanetary mag-
netic field is noticeably lower than the kinetic energy density
of the solar wind and the magnitude of the IMF is lower than
planetary magnetic fields by several orders of magnitude, the
reconnection processes are indispensable in forming the
global structure and dynamics of magnetospheres. The
electric field and plasma of the solar wind can penetrate the
magnetosphere along the reconnected magnetic field lines.

Table 1 presents characteristics of Solar System planets
(the material in Ref. [36] was specifically used for the
compilation). Mercury, Venus, the Earth, and Mars are the
planets of the terrestrial group, showing similar size, mass,
and bulk composition. Jupiter, Saturn, Uranus, and Neptune
are giant planets, massive celestial bodies having no rigid
surface and composed mainly of hydrogen and helium. About
98% of the net mass of Solar System planets is comprised by
the giant planets, characterized by large sizes and masses, a
relatively low density, fast rotation, strong magnetic fields,
and numerous moons. Almost all the kinetic energy of the
Solar System is attributed to the giant planets.

Table 1. Characteristics of the planets.

Planet | Radius Mean Period of Dipole Distance
Ry, km | density, revolution | moment, from

gcm™? around GR] the Sun,
planet’s axis, AU

Earth days

Mercury 2439.7| 5.43 58.6462 0.0033 0.39
Venus 6051.8 | 5.24 —243.0185 — 0.72
Earth 6378.1| 5.515 0.9973 0.3 1.00
Mars 3397 3.94 1.0259 <1x107* 1.52
Jupiter | 71,492 1.33 0.4135 4.28 5.20
Saturn | 60,268 1.70 0.4440 0.21 9.58
Uranus | 25,559 1.25 —0.7183 0.23 19.18
Neptune | 24,764 1.64 0.6712 0.13 30.02

The rotation of most planets in the Solar System proceeds
in the direction of their orbital motion. However, Venus
rotates in the opposite sense. A single rotation of Venus
around its axis takes 243 Earth days, which exceeds its siderial
rotation period (Venusian year), lasting 224.7 terrestrial days.

Uranus and Pluto also rotate in the opposite sense, but, in
contrast to other planets, their rotation axes make only a
small angle to their orbital planes, such that Uranus and Pluto
behave as if they were ‘rolling over.’ In 2006, the International
Astronomical Union designated Pluto a dwarf planet, not a
classical planet of the Solar System.

The intrinsic magnetic field of a planet is a very important
characteristic from the standpoint of space electrodynamics.
Presently, the magnetic fields of all planets in the Solar
System are known more or less reliably (see Table 1).
Mercury’s magnetic field is much smaller than the Earth’s.
Venus has no intrinsic magnetic field. The situation with
Mars remains only partially clarified to date: even if it has a
magnetic field, it is bound to be very small. For planets
lacking intrinsic magnetic fields, the inductive interaction
with the magnetized plasma of the solar wind becomes
significant, entailing the formation of inductive magneto-
spheres.

For Jupiter, Saturn, Uranus, and Neptune, not only the
mere existence of magnetic fields is well established, but also
their multipole terms are known. The interaction of the solar
wind with planetary magnetic fields results in the formation
of large-scale magnetospheric magnetic and electric fields,
convection, and current systems. For rapidly rotating giant
planets having strong magnetic fields (Jupiter and Saturn),
the rotation essentially shapes their magnetospheres and the
character of their interaction with the solar wind.

2. Earth’s magnetosphere

Earth is the largest among the planets of the terrestrial group.
It contains an iron core, soft mantle, and solid crust. The
mean density of the Earth’s matter is 5.5 g cm™3. The Earth’s
relief experiences variations within 20 km, including oceanic
trenches. The mean distance from the Earth to the Sun,
1.5 x 10® km, has been adopted as 1 astronomical unit
(AU). The Earth orbits the Sun at the mean speed 30 km s~ .
The angle between the polar axis and the plane perpendicular
to the Earth’s orbit (the ecliptic plane) is 23°. Owing to this
inclination, the Earth has seasons. The annual mean
temperature on the Earth is approximately 290 K. The
Earth has the strongest magnetic field among planets of the
terrestrial group, and its dipole moment is 0.3 G Rg and is
directed southward (R, is the planet radius).

The Earth is surrounded by a magnetosphere, inside
which the magnetic field plays a defining role, while the
solar wind dominates outside. The mean plasma density in
the Earth magnetosphere is npepn = 2 cm~? and its mean
temperature is Tpgpn = 20 x 10° K. The magnetospheric
plasma is therefore more rarefied and hotter than the solar
wind plasma. In addition to the Earth’s intrinsic field, the
magnetospheric current systems [37] serve as sources of the
magnetic field in the magnetosphere.

A schematic of the Earth magnetosphere is presented in
Fig. 1 (see also Refs [38, 39] and Fig. 7 in [40]). It shows the
solar wind flow past the magnetosphere bounded by the
magnetopause, which hosts the shielding currents. The
thickness of the magnetopause is several ion gyroradii [39],
or 400-800 km on the average [41]. The minimum magnetic
field is found in high latitudes in the region of cusps. The IMF
partly penetrates the magnetosphere. Below the magneto-
pause are the mantle, the tail lobes (the schematic displays
only the northern lobe), and the plasma sheet enveloping the
neutral current sheet of the magnetotail, with cross-tail
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Figure 1. Schematic of the spatial structure of plasma, magnetic field, and
electric currents in the Earth’s magnetosphere.

currents directed from dawn to dusk and closing on the
magnetopause flow. The energy of ions in the plasma sheet
of the magnetotail reaches ~ 1—10 keV. The Earth is
surrounded by a plasmosphere, a region 4—6 Rg in radius,
where the plasma, primarily of ionospheric origin, rotates
together with the Earth. This happens because the magnetic
field lines are frozen in the ionospheric plasma. Collisions of
the ionospheric plasma with neutrals at the altitude
~ 120—140 km redistribute the rotation to the magneto-
sphere. The density of a relatively cold plasma in the
plasmosphere is about 10>—10° cm™3; outside the plasmo-
sphere, the plasma is hotter and less dense, and, instead of
rotation, the dominating motion becomes convection, gener-
ated by the interaction of the magnetosphere with the solar
wind. The trap created by the Earth’s magnetic field confines
energetic particles, which build the Earth’s radiation belts
[42]. The centrifugal and magnetic drifts of energetic particles
in the dipole field form a ring current. The electric currents
along magnetic field lines set up sheets linked to polar
auroras.

Because of the rotation of the Sun, the IMF is twisted into
a large-scale spiral structure (Parker’s Archimedes spiral).
Close to the Earth orbit, the magnitude of the IMF is about
~ 5nT under quiet conditions, whereas the magnitude of the
geomagnetic field at the Earth equator is ~ 3 x 10* nT.
Nevertheless, the magnetic field of the solar wind plays a
decisive role in the physics of the Earth magnetosphere. The
magnetic field of the solar wind radically changes the
structure of the Earth’s magnetospheric magnetic field, the
changes being affected by the direction of the IMF [27, 28, 43—
49]. The high magnetic pressure of the solar wind and the IMF
directed southward strongly augment the energy and momen-
tum transfer to the magnetosphere. The magnetic variability
of the magnetosphere is characterized by the geomagnetic
activity indices (Kp, AFE, and others).

The reconnection requires that at least three conditions be
satisfied: neutral lines or neutral points of the magnetic field
exist, a highly conducting plasma is present, and some
perturbation of the initial equilibrium state occurs that
initiates magnetohydrodynamic flows in the plasma and
leads to the excitation of electric current. As mentioned in
[6], the convergence of magnetic field lines with essentially

-30 10

Figure 2. Magnetic field lines in the meridional noon—midnight section
(computations are based on the paraboloid model of the magnetosphere).
(a) The IMF vector points southward. A two-dimensional reconnection
occurs along a low-latitude quasineutral line. The IMF components
penetrating into the magnetosphere: b, = 0.8 nT, b, =0 nT, b. =
—2.8 nT, b ~ 3 nT [27]. (b) The IMF vector points northward. A three-
dimensional reconnection occurs at two neutral points of the magnetic
field located near the cusps. The IMF components penetrating into the
magnetosphere: by = 0.8 nT, b, = 0nT, b. = 2.8 nT, b~ 3nT[27].

different directions of the magnetic field implies that the
current density has to be sufficiently high near the conver-
gence point and that a finite conductivity is actuated upon
reconnection only in compact regions with high current
density, with the change in the topology of field lines
occurring there affecting the motion of all the plasma.

When the IMF is directed southward, a two-dimensional
reconnection occurs at a low-latitude quasineutral line. For
the northward direction, the reconnection bears essentially a
three-dimensional character and occurs at neutral points near
the cusps [10, 16, 27, 28, 46, 50, S51]. As a result of
reconnection, large-scale convection is excited in the magne-
tosphere, which corresponds to cyclic motion of the plasma
(the formation of open field lines from interplanetary and
closed ones, and then the formation of interplanetary and
closed ones from open field lines of the two polar caps). On
the level of the ionosphere, a two-vortex convection pattern
emerges for the southward IMF and a four-vortex one for the
northward IMF (see, e.g., [28]).

Figure 2 [27] shows the magnetic field lines of the Earth
magnetosphere in the meridional noon-midnight cross
section (the Sun is to the right) for the vector of the IMF
directed southward (Fig. 2a) and northward (Fig. 2b). The
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plasma flows are indicated by large arrows. Figures 2a and 2b
respectively correspond to the two- and three-dimensional
reconnection. Oy and Og are the neutral points located in the
north and south cusps, and Ny and Ng are the outer normals
to the magnetopause at the neutral points. The magnetopause
is plotted by the dashed line. The digits mark field lines of
different types: / stands for closed field lines emanating from
and ending at the Earth, 2a and 2b are the open field lines
respectively connecting the interplanetary space with the
north and south polar caps, and 3 are interplanctary field
lines penetrating into the magnetosphere.

The first reconnection process occurs at the location
where the interplanetary and closed magnetospheric lines
first meet. The outcome is the open field lines of two polar
caps carried tailward by the solar wind. The inverse reconnec-
tion process occurs where the open field lines of two polar
caps reconnect on encountering each other, which brings
back the interplanetary and closed field lines. The cycle is thus
closed.

Figure 3 [27] presents the reconnection in the case where
the IMF direction is close to the radial one, i.e., the radial
component directed toward (Fig. 3a) or from (Fig. 3b) the
Sun is greater than or equal to the north—south component of
the IMF. The azimuthal component of the IMF is zero in
Figs 2 and 3. If the direction of the IMF is close to the radial
one, the reconnection in the magnetosphere occurs simulta-
neously at the neutral point in the cusp vicinity and on the
line—a fragment of separatrix C, (shown by the solid curve
in Fig. 3) located at the magnetopause near the second cusp.
The separatrix is composed of two magnetic field lines: C;
(not shown in the figure) and C, connecting the neutral
points. Figures 2 and 3 are based on computations carried
out with the paraboloid model of the Earth magnetosphere
[52]. For better visualization, the IMF was taken to be of the
order of 30 nT [27].

In the paraboloid model of the magnetosphere, the
magnetopause is approximated by a paraboloid of revolu-
tion. The main sources of the magnetic field in this model are
the Earth magnetic field, the tail current system, the ring
current, and the shielding current of the magnetopause. The
paraboloid model also accounts for a partial penetration of
the IMF into the magnetosphere. The portion of the
interplanetary magnetic field penetrating into the magneto-
sphere amounts to 10-20%. The computations are routinely
carried out in the geocentric solar magnetospheric (GSM)
system of coordinates with the X axis directed sunward and
the Y axis perpendicular to the Earth magnetic dipole and
directed toward the dusk, such that the dipole axis is in the
XZ plane. The angle ¥ between the dipole axis and the plane
perpendicular to the Earth—Sun line is called the dipole tilt
angle. Positive values of ¥ are associated with winter in the
Northern Hemisphere, and negative, with summer. The angle
¥ depends on the time, day number, and season as

sin ¥ = — cosa; sin f§, + sin o cos ff, cos @, , (2)

where o; = 11.43° is the tilt angle between the magnetic dipole
and the Earth’s rotation axis, f3, is the inclination of the Sun,
which depends on the day of a year, and ¢, is the angle
between the plane of the midnight meridian and the
meridional plane containing the north pole of the Earth
dipole. The magnitude of ¢, depends on the universal time
UT: ¢,, = n((UT/12") — (1,/180°)), where I, is the geogra-
phical longitude of the northern geomagnetic pole. During a
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Figure 3. (a) Magnetic field lines in the meridional noon—midnight section
for the IMF vector with a strong radial component directed toward the
Sun, computed in the framework of the paraboloid model of the magneto-
sphere. Both the two-dimensional reconnection along a fragment of
separatrix C; lying at the magnetopause and passing through the south-
ern neutral point, and the three-dimensional reconnection at the northern
neutral point occur. The IMF components penetrating into the magneto-
sphere: by = 2.2nT, b, = 0nT,b. = —2.0nT, b ~ 3nT. (b) The same asin
(a), but for the IMF vector with a strong radial component directed from
the Sun. Here, the two-dimensional reconnection along a fragment of
separatrix C; lying at the magnetopause and passing through the northern
neutral point and the three-dimensional reconnection in the southern
neutral point occur. The IMF components penetrating into the magneto-
sphere: b, = =2.2nT, b, = 0nT, b. = 2.0nT, b =~ 3nT[27].

year, ¥ varies within +-35°, and during a day, within +-11.43°
with respect to the mean value equal to —f3,.

The size of the magnetosphere is characterized by the
distance R; from the center of the planet to the point of the
magnetopause that is closest to the Sun (subsolar point). For
the Earth, R; = 10Rg on average, the distance to the bow
shock wave is about 14Rg, and the geomagnetic tail stretches
as far as 1000 Rg (according to Pioneer 7 data). In the far part
of the magnetotail, the magnetic pressure in the tail lobes is
balanced by the thermal pressure of the magnetosheath
plasma. According to observations, the mean radius of the
far magnetotail is about 30Rg, whereas the magnetic field
magnitude in tail lobes is ~ 9.2 nT [53]. The mean geocentric
distance to the internal edge of the current sheet is
Ry =~ 7—8Rg. The electric field potential difference across
the magnetotail is about 20-50 kV (for a strong southward
IMF, up to 100 kV).

The paraboloid model of the magnetosphere [52, 54] is a
dynamical model describing both the internal and external
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magnetospheres with good accuracy, even during the periods
of perturbed activity. It proposes both a physical and analytic
description of the Earth’s magnetospheric magnetic field. The
magnetic field is defined as a vector sum of fields of the main
current systems specified in terms of the input parameters of
the model. The input parameters are derived from observa-
tions taking the conditions inside the magnetosphere and
within the solar wind into account. All the internal magneto-
spheric sources are shielded by currents at the magnetopause.
The total magnetic field vector B(x, y, z) at a spatial location
(x,y,z) inside the magnetosphere is expressed in the helio-
magnetospheric coordinate system at time ¢ as

B(l) = Bd(q’) +Bcf(ql,R1) -I—BT(W,Rl,Rz, @)

+Br(¥labl‘)+Bsr(l1,7bl"R|)+BFAC(T7R17J0)7 (3)

where By(¥) is the Earth’s intrinsic magnetic field,
B.s(¥, Ry) is the field due to currents at the magnetopause
that shield it, Br(, R, Ry, @) is the field of the tail current
system composed of currents across the tail and their
closures on the magnetopause, @ is the magnetic flux in
the tail lobes, B, (¥, b;) is the field of the ring current, b, is
the magnitude of the magnetic field due to the ring current
at the Earth’s equator, By (¥, by, R)) is the field of currents
at the magnetopause that screen the ring current, and Bgac
is the field of field-aligned currents (it is not taken into
account in figures in this review). The field By is determined
by solving the von Neumann problem for the potential Uy,
i.e., B = —VUy with the boundary condition By x n =
—Bg4 x n, where n is the normal to the magnetopause. The
magnetic field of the tail current system Br is determined in
terms of the scalar potential Br = —h R VU, where
b= (2F/(nR}))(R1 /(R +2R,)) is the magnitude of the
magnetic field of tail currents at the forward edge of the
current sheet R,. The expansion of potentials U, and Uy in
series in spherical harmonics or Bessel functions is described
in detail in Ref. [55]. To compute B,, the vector potential A
(B, =V x A) is introduced. The modeling of field-aligned
currents is described in Ref. [56]. It is assumed that the outer
boundary of the ring current outside which its density
vanishes coincides with the internal boundary of the tail
current sheet R,, and that the ring current has only an
azimuthal component. Computation of the field due to the
currents screening the circular current was carried out under
the assumption that the normal component of the magnetic
field is zero at the magnetopause. The input parameters of the
model include the geomagnetic indices Dst and AL, @, R, R,,
@, b;, and J (the total density of field-aligned currents). A
thorough description of the paraboloid model and its
comparison with other models of the Earth magnetosphere
is given, e.g., in Ref. [57].

We list some of the well-known models of the Earth’s
magnetosphere magnetic field. They include the model of
Mead and Fairfield [58], the model of Olson and Pfitzer [59],
the T87 [60] and T89 [61] models of Tsyganenko, the model of
Hilmer and Voigt [62], the T96 [63] model of Tsyganenko, the
paraboloid model [54], the model of Maltsev and Ostapenko
[64], and the TO1 [65] model of Tsyganenko. In the Mead—
Fairfield and Maltsev—Ostapenko models, a separate descrip-
tion of large-scale magnetospheric current systems is lacking.
Only their net magnetic field is computed, which does not
allow following the evolution of each current system having a
specific reaction time to changes in the solar wind, as is

allowed by the paraboloid model. The Mead-Fairfield and
T87 and T89 models use the Kp index characterizing the
intensity of magnetic perturbations every 3 hours, which
prohibits a detailed description of faster variations in the
magnetic field and magnetospheric dynamics, in particular,
during magnetic storms (the paraboloid model permits
simulations of magnetospheric dynamics on a time scale
exceeding 15 min, including the perturbed periods). In the
Olson—Pfitzer model, the shape of the magnetopause was
found empirically, whereas the distance to the subsolar point
of the magnetopause was scaled depending on the magneto-
spheric activity; the ring current, currents at the magneto-
pause, and the tail current were scaled according to this
distance (the magnetosphere scale R; in the paraboloid
model depends on the parameters of the solar wind and the
IMF).

The T89 model incorporates 6 statistical models for
various levels of the Kp index. It is designed to model
perturbed periods and is based on an empirical description.
It lacks the boundary between the ring and tail currents; the
magnetopause is not associated with a surface (the screening
currents of the paraboloid model are absent). The Hilmer—
Voigt model uses four physical parameters to specify three
current systems: the ring, the tail, and magnetopause
currents. The magnetopause is modeled as a surface com-
posed of a semi-infinite cylinder and the day hemisphere of
equal radii. The magnetopause currents shield only the
dipole. The internal edge of the magnetotail plasma sheet is
located at 10.5Rg. T96is an improved version of T87 and T&9.
The input parameters of the T96 empiric statistical model are
the dipole tilt angle, the Dst index, the dynamic solar wind
pressure, and the IMF components B, and B.. The model
relies on magnetic field measurements by satellites at
distances from 3Rg to 70Rg (the paraboloid model allows
computations in more distant parts of the tail). The
magnetopause is specified as a semi-ellipsoid transforming
into a cylinder. The magnetopause screens the dipole, the ring
current, and tail currents. TO1 is a modification of the series
and is used most frequently. It relies on empirical measure-
ments of the magnetic field by satellites near the Earth (at
x > —15Rg). The magnetic field is computed as a 