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Abstract

Most of the magnetic methods used for investigating planetary interiors are based on the reasonable
hypothesis that the mechanism for the origin of the field is an Earth-like hydromagnetic dynamo: in
this case the planet has an electrically conducting fluid shell within it as in the case of the Earth’s core.
The present paper describes several techniques of planetary magnetic investigation which give impor-
tant clues on the internal constitution of planets. Some considerations on the possible mechanisms for
maintaining a dynamo and simple concepts with the help of a few non-dimensional numbers are also
introduced and discussed. Then some fundamental relationships are given in order to relate the plane-

tary magnetism to other physical parameters, such as angular rotation, core dimensions etc. It finally
summarizes some results available for the planets of the Solar System.
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1. Introduction

The characteristic magnetic field B of a
planet (when present) is generally a space-
time varying vector field. Some planets of
the Solar System, including the Earth, have
their own magnetic field of internal origin
which can be an important clue for infer-
ring some properties of their internal struc-
ture. In an electric-current-free space, if 1V
is the magnetic potential, itis B = — VV
and

V¥V =0 (1.1)

In cartesian coordinates x, y, z, V is the
vector differential operator £d/6x + y/dy
+ Z20/0z (X, y, £ are unit vectors along
x, y, z directions, respectively). Equation
(1.1) holds in regions close to the planet,
where the solar wind-magnetosphere inter-
action can be neglected, and when the ef-

fects of non-conservative fields are small;
this latter requirement can be simply satis-
fied by selecting data only during magneti-
cally quiet time intervals. Hence, in princi-
ple, several measurements made within a
short period of time and all around the
planet allow us to sketch a model of the
planetary magnetic morphology.

In fact, in order to realistically analyse
the global planetary magnetic field we need
to consider two other factors: 1) the larger
the distribution of measurements is, the
better the knowledge of the real distribu-
tion of the potential, around the planet, is
achieved; 2) long-lived measurements lead
us to estimate possible long-term variation
of the field (secular variation).

If one of the above desiderata is not sat-
isfied, data interpretation would be still
possible, using the Earth as a comparison,
eg applying the hydromagnetic geody-
namo theory (e.g. Melchior, 1986) to the
planet under investigation or considering
the dipolar term as the most important en-
ergetic contribution (>94% for the Earth)
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to the magnetic field of the planet. In con-
trast, such a dipolar approximation cannot
be applied, for example, to planets like
Jupiter, for which the dipolar component is
less than 70% of the whole field.

Some reviews are already available in
the literature on magnetic probing of plane-
tary interiors (e.g. Benton, 1979). Together
with the best known methods this paper
deals with some aspects of their application
and with up-to-date results obtained from
observations of the planets in the Solar Sys-
tem. Some general considerations, applica-
ble to any planet under some reasonable
conditions will be given. Reference can also
be made to two previous papers on this
topic, specifically on the magnetic investi-
gation of Mercury (Chiappini and De San-
tis, 1991a,b), this work representing a nat-
ural continuation and extension of that
study.

2. Hypotheses on the origin of planetary
magnetic fields

Since this work is intended to be essen-
tially a review of magnetic techniques, in
this section only a brief summary of geody-
namo theory will be given; for a more de-
tailed description, see, e.g. Roberts and
Gubbins (1987) and Soward (1992).

2.1. Existence of a dynamo

The magnetohydrodynamic (MHD) ap-
proach attempts to estimate a set of fluid
motions and fields that obey both the laws
of motion and Maxwell’s equations. Con-
sider the induction equation (e.g Steven-
son, 1983)

0B/ot =V X (v X B) + nV2B (2.1)

where = (uo) ! is the magnetic diffusiv-
ity, with 4 the magnetic permeability and ¢
the electrical conductivity. It can be seen
that the first term on the right-hand side,
called the «induction term», describes the

possible generation of magnetic field, by in-
teraction with velocity fields v of motions in
the conducting fluid core. In the case of
a uniform stationary conductor for which
v = 0, dB/ot reduces to the second term of
eq. (2.1)

oB/ot = nV?B (2.2)
called the «diffusion term»; it represents
the decay of the field, following an inverse
exponential time law with a characteristic
magnetic diffusion time 7. This characteris-
tic time 7 (=R2/y =3000 R2 X 10~° yr with
the planetary core radius R, in km;
7 ~ 1.2 x 10° yr for the Earth), is for all
planets much less than the age of the Solar
System, 4.5 X 10° years.

The possibility of a field being indefi-
nitely maintained is allowed by equation
(2.1) because of the induction term. The
ratio of this to the diffusion term is the
so-called magnetic Reynolds number R,,
(R,, = VL/y, where V and L are a typical
velocity and the length scale of the mag-
netic variations, respectively; in the case of
the fluid core of a planet L = R.). The typi-
cal state for a working dynamo is reached
when the induction is balanced by the diffu-
sion term and dB/d¢t has a non-negative
average value; this generally happens for
R,, = 10 (Stevenson, 1983). Another re-
quirement is that the characteristic time
scale of the fluid motions, L/V, is much less
than the diffusion time t; because this time
is much smaller than the age of the Solar
System, it is unlikely that a dynamo can re-
tain information regarding its primordial
field. Moreover, such a field must be am-
plified by electric currents (with associated
fields) generated by magnetic fields embed-
ded within the convecting fluid medium.
The amplification is necessary to balance
the effects of Ohmic dissipation. However,
a full description of the problem should re-
quire the parallel use of the equation of
motion (the so-called Navier-Stokes equa-
tion) taking into account also the Coriolis
force which is «dynamically important»
(Stevenson, 1983). More simply, its contri-
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bution can be considered by introducing
the Rossby number, R, (= V/2QL, where
Q is the spin angular velocity of the
planet). In principle R, should be less than
unity. Another important role is played by
the so-called Cowling’s theorem (e.g.
Roberts and Gubbins, 1987) according to
which an axisymmetric magnetic field can-
not be self-maintained by the action of a
dynamo; this fact seems to be confirmed by
planetary magnetic fields which are always
tilted with respect to the rotation axis.

A relevant aspect is concerned with the
fact that the dynamo process creates both
toroidal and poloidal fields (*). The former
remain trapped in the planetary conducting
core, which is the main source of the whole
field, and cannot be measured outside the
planet; the latter are the only ones we can
measure at the surface of the planet or dur-
ing a planetary flyby. According to Busse’s
approach (e.g. 1975, 1983), for the Earth,
the balance between the part of the Corio-
lis force that cannot be balanced by the
pressure gradient and Lorentz magnetic
forces connected with the core surface
(called magnetostrophic balance), allows us
to obtain a poloidal field comparable in
magnitude to the toroidal field. This fact
reduces the energy required to maintain the
process.

In addition to the magnetic Reynolds
number, Stevenson (1984) related the na-
ture of a planetary dynamo to the so-called
energy flux number, which depends on the
energy flux, radius of the core, density, an-
gular velocity and the square of the mag-
netic diffusivity. For dynamo action to be
possible, the energy flux number should be
greater than 1. For energy-limited and dy-
namically-determined dynamos it falls in
the ranges 1-300 and 300-100 000, respec-
tively. To give an illustration of the mean-
ing of these ranges, the planet Mercury can
be included in the former class, while the
Earth may be thought to be in the latter.

(*) Azimuthal and meridional fields are typical
simple forms of toroidal and poloidal fields respec-
tively.

However for turbulent dynamos, typical of
planets like Jupiter, the energy flux number
is greater than 10°.

2.2. Energy considerations

Dynamos can be driven by heat, gravity
and rotation, with the processes acting ei-
ther individually or simultaneously (e.g.
Roberts and Gubbins, 1987). For example,
according to the «gravitational» dynamo, a
possible source for its power supply is lo-
cated in the core, where separation of a
light element, like silicon or sulphur, from
a heavy one, essentially iron, implies an en-
ergy release. According to this theory, sug-
gested for the Earth by Braginsky (1964),
the internal core would have grown be-
cause of crystallization of almost pure iron,
and the light element exceeding the fluid
part of the core would supply the necessary
driving force for convection that can be
driven by compositional motions because of
the presence of alloys with different densi-
ties, since (Stevenson, 1983):

dm AT
Egrav —_—>

4nR2F,
dt T

(2.3)

(Egray = gravitational energy release per
unit inner core mass m; F, = actual core
heat flux; R. = outer core radius; 7 = max-
imum temperature in the fluid core; AT =
temperature difference between T and that
of the outer core upper boundary). The
mechanisms of other kinds of dynamos are
described in detail by Roberts and Gubbins
(1987). However, it is reasonable to believe
that all mechanisms may coexist at the
same time.

3. Relationships between planetary
magnetic field and planetary properties

3.1. Magnetic Bode’s law

As a first, extremely empirical, law the
so-called magnetic Bode’s law has been
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proposed by several authors (e.g. Busse,
1976; Russel, 1979). It derives from the
classical Bode’s law, that simply relates
planetary distances from the Sun with a nu-
merical progression (e.g. Uchupi and
Emery, 1993; section 2.2.). In the case of
planetary magnetism, the magnetic Bode’s
law provides a linear relation between the
logarithms of magnetic momentum and an-
gular momentum of each planet, both mea-
sured in the corresponding Earth units
(fig. 1). This is an example of an empirical
scaling law mainly based on the geostrophic
balance (Busse, 1976). However according
to the presently known values, if correct,
some planets (e.g. Mars and Venus) seem
to deviate from the linear relation, showing
a more complex situation than that pre-
sented by the over-simple magnetic Bode’s
law (this could be also explained by the fact
that the planets deviating from this empiri-
cal law seem not to have any true internal
magnetic field). On the other hand, a more
recent proposal (Mitzutani et al, 1992),

log (M/M,)
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Fig. 1. Magnetic Bode’s law for most of the
planets of the Solar System (adapted from Riki-
take and Honkura, 1985).

based on a magnetostrophic balance seems
to be more appropriate.

3.2. Hide’s formulation

In comparison with Bode’s law, the fol-
lowing three formulations are more prop-
erly relationships between planetary mag-
netism and the dimensions of the electri-
cally conducting core. It is assumed (closely
true) that B is entirely due to electric cur-
rents, with density j, flowing within the
conducting core. Let us define N(t, r = R)
as the number of intersections, at time ¢, of
magnetic lines of force with a closed sur-
face X, containing the origin and having
radius r = R. N is also called the magnetic
pole-strength; it is measured in weber or
tesla - m? and can be expressed as (Hide,
1978):

N@#t,r=R) = § | B-ds| =
(3.1)
= 7 71 B, 6,4, 1) | 7 sin 6dodi

where 6 and 14 are respectively geocentric
colatitude and longitude, and B, is the ra-
dial component of the magnetic field.

On the reasonable hypothesis that the
core is a perfect conductor, we must have
(Bondi and Gold, 1950):

oN
ot

=0 atr=R, 3.2)

where R, is the planetary core’s radius.
For two different epochs and for all sur-

faces outside the core (e.g. forr = a > R))

where j = 0, we may define the quantity:

AN(ty,ty,r=a) = N(tp,r=a)—N(t,r=a)
3.3)
Extrapolating AN down to the planetary
interior, we will find a particular r* for

which AN = 0. This must hold at the
metallic core’s equipotential surface (Hide,
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1978). Carrying on this method by small it-
erations, the value of ¥* = R, can be com-
puted. First Hide and Malin (1981) and
then Voorhies and Benton (1982) applied
this computation to the terrestrial case,
finding a result that closely confirms the
seismic value (3485 km) for R.. Hide’s
formulation, however, is not applicable to
the cases of planetary measurements that
are too close in time: eq. (3.3) requires a
significant time interval (more than two
years) in order to take account of the secu-
lar variation. Unfortunately, secular varia-
tion has not yet been detected for any other
planet than the Earth. It is not yet possible,
in fact, to use existing spacecraft data to
determine time variations of the intrinsic
magnetic field on a time scale of several
years (Connerney and Acufia, 1982).

3.3. Spatial spectrum of the geomagnetic
field

For every contribution associated with n,
the degree of the harmonic expansion
(characterized also by the order m and the
harmonic Gauss coefficients g7, A7), the
harmonic spatial spectrum of the internal
total field B can be defined by the follow-
ing expression (e.g Langel and Estes,
1982):

W) = 1) 3 (@02 + ()]
m=0 (3.4)

In practice, W(n) is proportional to the
mean energy density of B produced by har-
monics of a given degree n (Lowes, 1966,
1974). The semi-logarithmic spectrum of W
for the Earth is illustrated in fig. 2. Two
distinct parts are evident: the first, from
harmonic # = 2 to n = 13, has the steeper
slope and is associated with the core’s con-
tribution; the second one (formed by har-
monics with n greater than 13) has a nearly
horizontal slope and is associated with
crustal noise. The angular coefficient a of
the core part is a function of the core ra-
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Fig. 2. Spatial spectrum of the Earth’s magnetic
field: n is the degree of the spherical harmonic
expansion of the magnetic field; W(n) is defined
by expression (3.4).

dius, through the relation (e.g. Nevanlinna,
1987):

tan a = 2log (R./R) 3.5

where R is the radius of the Earth’s surface
and R, that of the conducting core.

This relation is derived by assuming a
white-noise spectrum at the source layer
(e.g. Stevenson, 1983). An alternative view
is given by Barraclough (1992) and De San-
tis and Barraclough (1994) who consider a
fractal spectrum at the core-mantle bound-
ary. However, both kinds of analysis re-
quire a knowledge of all the harmonic con-
tributions from the core; consequently it
appears difficult to apply it to planets other
than the Earth.

3.4. Jacobs’ formulation

Compared with the previous two meth-
ods, the following formulation is much sim-
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pler, although it introduces the strongest
approximations. Let us consider now only
planets whose interiors include a conduct-
ing core where a typical hydromagnetic dy-
namo can take place. It can be supposed
that for the value of B, measured close to
the planetary core’s surface, a scaling law
holds as follows (Jacobs, 1979a):

B(r = R,) « Vo.R.oofR,) (3.6)

where f(R,,) is a function of the magnetic
Reynolds number R, o, is the density of
the core and w, is the planetary core rota-
tional angular velocity. At the planet’s sur-
face (r = R) relation (3.6) becomes (Ja-
cobs, 1979b):

B(r = R) = \/g_cRcwcf(Rm)(%f )

Assuming that the proportionality con-
stant and f(R,,) in eq. (3.7) are the same
for all planets, the core radius of a planet
which is different from the Earth can be de-
duced, by using our planet as a compari-
son. Relation (3.7), calculated first for the
Earth and then for another planet, gives
the ratio:

1/2 3

e _ (e)" B on( RO Ry )

Bp op R(cP) wp Rg R(cP)
3.8)

where indices E and P indicate terms asso-
ciated with the Earth and with the planet
under investigation, respectively. The val-
ues of planetary fields are computed in the
equatorial plane and, to a close approxima-
tion, for wg/wp it is possible to use the ratio
between planetary rotational velocities in-
stead of those typical of the cores.

Jacobs (1979a,b), applying the above
method to some planets of the Solar Sys-
tem, estimated the radii of their conducting
cores R®) by means of

12 3 1/4
R®) — R(E)[EE(Q_E) (&) e
© LBg\op Rg’ wp

3.9)

The values so estimated are shown in
table I; some of them (Saturn and Jupiter)
are comparable with their respective sur-
face radius. Dolginov (1992) proposed a
similar formula (but with an exponent 1/6
instead of 1/4 in (3.9)), calling it the «nu-
merical law» of the precession dynamo
model.

3.5. Adjustment of Jacobs’ formulation

The value of R,, as determined by Ja-
cobs’ formulation, is to be considered a
lower estimation of the real value (Russel,
1987) since this method makes the assump-
tion that the core is a uniformly conducting
sphere with radius R® in which electric
currents, responsible for the magnetic field
observed at the surface, are generated.
Chiappini and De Santis (1991a) supposed
the existence of a conducting spherical
shell, where turbulent motions generate the
planetary magnetic field. The magnetic
field B generated by a volume current J is
given by the expression:

By =k | ) X (x = X
A | x — x |3

(3.10)
Sya) f K(x,x)d%'
4

Table 1. Values (in km) of the metallic core
(electrically conductive fluid shell in Jupiter and
Saturn) radius as derived from Jacobs’ formula-

tion for some planets with supposed magnetic
field.

Mercury 1100
Venus 2300
Mars 200
Jupiter 74 000
Saturn 60 000
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where x and x’ indicate respectively the co-
ordinates of the point where the potential is
determined, and the coordinates of the in-
finitesimal volume d>c’ of the region where
the current density J(x') flows. Let us
consider a spherical shell defined between
r = Ry and r = R, (with R, > R;) with vol-
ume equal to that of the sphere with radius
determined by Jacobs’ formulation. Let us
introduce the (strong) approximation that
K = constant. That means that the spheri-
cal shell has a magnetic field equal to that
of the sphere previously determined (with
volume 4/37 [R.*]3). Hence, the value of
R, as computed by Jacobs, can be consid-
ered as an intermediate value between R,
and R,, characterizing the inner and outer
core radii, respectively.

4. Observations
4.1. Mercury

In order to have a picture of the possible
problems one can meet in studying plane-
tary interiors by means of magnetic investi-
gations, for the first case of Mercury we
will give rather more details than for the
other planets.

During its 1974-1975 voyage, Mariner 10
showed the existence of a weak magnetic
field that, extrapolated to Mercury’s sur-
face, seemed to have an intensity of several
hundreds of nT (Ness et al., 1975). More-
over a magnetosphere, analogous to the
Earth’s, was observed.

To explain the observed Hermean mag-
netic moment (around 3X10'° A - m?; eg.
Russel, 1987) neither thermal residual mag-
netization nor induced magnetization by so-
lar wind are sufficient.

Extrapolating Mercury’s surface field
down to the surface of its core, we find a
value of about 3 uT, ie. 1% of the pre-
sumed poloidal field in the terrestrial core.
On the other hand, since Mercury is slowly
rotating (rotational period of 58.8 terres-
trial days), a quantitative magnetostrophic
balance would lead to a value for the

toroidal field of twice that of the Earth, i.e.
2 - 10* uT (Gubbins, 1977). This appears
unlikely, as for keeping a stable situation,
extremely high azimuthal fluid core flow
velocities would be required, but this is
usually connected with rapid rotations,
which is not the case for Mercury. So one is
led to conclude that magnetic forces in
Mercury must be rather small. The most
important equilibrium is thus between the
Coriolis and the pressure forces which, for
the Earth, is called geostrophic equilibrium.
This is one of the basic concepts of Busse’s
dynamo (Busse, 1975, 1976, 1983).

In order to estimate the energy devel-
oped by this mechanism, Gubbins (1977)
applied Braginsky’s results to the case of
Mercury, and supposed a model involving
10% of lighter elements (density around 6
g/em’) and 90% of iron (density about 9 g/
cm?®). In the same way we can suppose the
initial existence of a uniform core with 1600
km radius and containing a dense mixture
with a density of 8.7 g/cm3. Subsequently a
differentiation would have occurred proba-
bly releasing roughly 10?8 J. To be in the
range of typical dynamo conditions, we
usually suppose a metallic, partially fluid
core with a Fe alloy constituent which
raises the melting point.

For a Fe-S model, pressure and tempera-
ture conditions within the planet constrain
the fluid core thickness to be around 100-p
km, where p = initial percentage of S mass.
For a reasonable value of p = 3.5% this
thickness would be 350 km. In fig. 3 a pos-
sible internal Hermean configuration is
shown.

Among the magnetic methods previously
described, only Jacobs’ formulation and its
adjustment appear to be applicable to Mer-
cury. Let us recall that Jacobs’ formulation
can be used only for planets other than the
Earth, since our planet acts as a compari-
son.

Applying the appropriate adjustment to
Jacobs’ formulation (Chiappini and De
Santis, 1991a) and considering a 350 km
thick spherical shell, a region with 1250 km
internal and 1600 km external radius is
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Table II. Physical and magnetic properties of planets (adapted from Stevenson, 1983, updating values

to more recent results).

Planet (Ea?t/{?si ) (E;flrli():d 1y Equzzt,klsidius sur]faa(;qi%gel d Di}()((j)é; )tilt
Mercury 0.055 58.78 2440 ~2%x1071 ~10
Venus 0.815 243.71 6 050 (=2x1073) ™
Earth 1 1 6380 30 11
Mars 0.107 1.028 3390 (=107?) (~12)
Jupiter 318 0.411 71 490 ~10° ~10
Saturn 95 0.428 60 270 20 =1
Uranus 14.95 0.748 25 560 ~20 ~60
Neptune 17.1 0.802 24760 ~10 ~50
Pluto ~2%x1073 6.405 ~1150 ) @™

found. The agreement with results deduced
using different assumptions (Siegfred and
Solomon, 1974) is quite good. Figure 3
shows a possible scheme for the planetary
interior. Taking account of the fact that
Ry, 2440 km (e.g. Betty and Chaikin,
1990; table II) the volume of the core (ex-
ternal fluid + internal solid) is 28% of the

mantle
(solidl,convecting)

outer core
(fLuid ;Fe S convecting)

inner
Fe core
(solLid)

Mercury

Fig. 3. Internal structure of Mercury (adapted
from Stevenson, 1983).

10

total volume, which is a much larger frac-
tion than that observed for the Earth
(16%).

We can therefore expect a quite differ-
ent situation compared with the terrestrial
case because the surface of Mercury’s core
is closer to the external surface. Using as a
comparison the harmonic spectrum (3.4)
for the Earth, a core contribution with n up
to almost 20 (e = 2Ry, /[Rp — RMD)) is
expected, while in the case of the Earth
Rmax 1S around 13. Furthermore we cannot
exclude a richer multipolar contribution
with respect to that deduced only from the
dipolar hypothesis.

4.2. Venus

Among the several satellite missions to
the planet Venus, Veneras 9 and 10, in Oc-
tober 1975, led to the observation of a mag-
netic tail extending to long distances from
the planet. Unfortunately this is not a sig-
nificant indication of intrinsic planetary
magnetism. Dubinin et al. (1978) showed,
after laboratory experiments, that a long
magnetic tail may be seen also behind an
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unmagnetized body within a magnetic
wind.

Later, in December 1978, the Pioneer
Venus Orbiter (PVO) observed in the iono-
sphere of Venus a small magnetic field
whose intensity was less than a few nT
(Russel et al., 1979a,b). In 1982, Knudsen
et al. correlated the steady radial magnetic
structures found in the center of the night-
side of the planet with ionospheric density
depletions called ionospheric holes. Luh-
mann and Russel (1983) examined the de-
pendence of the magnetic field in these
holes on the direction of the interplanetary
field; the result of this analysis has led to
the understanding that these fields are es-
sentially induced by the solar-wind interac-
tion. This means that the magnetic field di-
rection in the tail depends on the direction
of the azimuthal component of the inter-
planetary magnetic field.

4.3. Mars

The planet Mars, whose radius is 3390
km, has been probed by Mariner 4, (July
1965) Mars 2, 3 and 5 (November 1971,
December 1971 and February 1974, respec-
tively) and Phobos 2 (February 1989). A
region behind the planet was detected, that
Dolginov et al. (1976) identified as Martian
magnetotail. However, no apparent day-
side entry into the magnetosphere was ob-
served, rather a little solar-wind deflection.
The topology of the magnetic field of the
Martian magnetosphere is different from
that of Venus.

Dolginov (1992) estimated the order of
magnitude of the Martian magnetic mo-
ment to be 2.5 X 10'° A m? with a tilt of
12° =+ 3°, If we consider that Mars has a ro-
tational period close to that of the Earth
and a core size comparable to that of Mer-
cury (see above), we should hypothesize a
field strength between that of the Earth
and that of Mercury. Under these consider-
ations, rescaling from the terrestrial dy-
namo mechanism by using Busse’s (1976)
theory, we obtain an order of magnitude of

11

the magnetic moment for Mars 10° times
greater than the observed moment.

Solar-wind interactions with Mars are
dominated by induction effects (Schwingen-
schuh ef al., 1992) and the present magnetic
field can be considered as the product of
a magnetized rock mantle (Yeroshenko,
1992). Consequently, it seems quite proba-
ble that even if a dynamo was once present,
it has now definitely stopped (Dolginov,
1992).

4.4. Jupiter

Among the planets of the Solar System,
Jupiter is the largest (equatorial radius,
R; = 71500 km) and the most rapidly rotat-
ing (period T = 9 h 55 min 30 s). It is ac-
cepted that it has a strong magnetic field.
Already in 1955, Burke and Franklin de-
tected radio emissions in association with
accelerated particles in Jupiter’s magneto-
sphere at a frequency of 22.2 MHz, giving
evidence of the presence of a planetary
magnetic field. Jovian dynamo is the best
studied after that of the Earth. The magne-
topause of this big planet has been probed
by four spacecraft (Pioneer 10 in December
1973, Pioneer 11 in December 1974, Voy-
ager 1 and 2 in March and August 1979, re-
spectively). Within the Jovian magneto-
sphere, it is thought that the physical pro-
cesses are somewhat different from those
occurring in the terrestrial magnetosphere
because of the presence of the Galilean
satellite, Io, which is a strong source of
plasma, deep in the Jovian magnetosphere,
and because of Jupiter’s strong magnetic
field and of the rapid planetary rotation.

Especially for this latter property, its
magnetosphere differs greatly from the
Earth’s. For modelling purposes, Jupiter’s
magnetosphere can be divided into three
regions: 1) the outer part which is domi-
nated by magnetopause currents on the
dayside and the tail currents at night; 2) the
middle part which is mainly characterized
by the equatorial azimuthal current sheet,
and 3) the inner magnetosphere which is
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dominated by the internal planetary field.
Connerney et al. (1982) modelled the cur-
rent sheet with an annular disk of finite
thickness, and used it to improve the deter-
mination of Jupiter’s internal field. Conner-
ney and Acufia (1982) have used the new
internal field models to conclude that the
Jovimagnetic secular variation must have a
time scale of centuries.

From all such evidences, the planetary
interior of Jupiter is very different from the
interiors of the terrestrial planets, consist-
ing mainly of liquid hydrogen and helium.
Because of the high pressure in the planet,
its deepest interior is expected to be liquid
metallic hydrogen already at 0.71-0.75 Rj;
it is within this metallic liquid that Jupiter’s
dynamo is supposed to act (Russel, 1987).
In a near future the Galileo spacecraft,
which was launched in 1983, will approach
the Jovian magnetosphere; this will be of
great value for the knowledge of the dy-
namics of this planetary magnetosphere
and of the intrinsic internal magnetism (e.g.
Kivelson et al., 1992).

4.5. Saturn

Pioneer 11 in September 1979 and later
Voyager 2, in August 1981, reached Sat-
urn, crossing the planet’s ring system. The
magnetic moment was found to be less than
4.7 X 10%® A m?3, much less than had been
expected from radio emissions (Brown,
1975). The peak of the spectrum of Satur-
nian emissions is about one eighth that of
the Jovian peak, and the measurements of
Saturnian field indicate that B = 20000 nT
at the equator. Moreover, since the field of
Saturn is expected to arise from an internal
source in the planet deeper than that from
which the field of Jupiter arises (Elphic and
Russel, 1978), one would expect the Satur-
nian field to be more dipolar. If we suppose
an outer radius of the magnetic field gener-
ation shell of 23000 km which is consistent
with the magnitude of the dipole moment,
and repeat the analysis of Elphic and Rus-
sel, the expected moment ratio (dipole:
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quadrupole:octupole) is 1.00:0.12:0.05 com-
pared to the terrestrial ratio of 1.00:
0.14:0.10. Thus Saturn’s field should look
much more like a dipole than do the terres-
trial or Jovian fields.

4.6. Uranus

Very little was known about the planet
Uranus between the time of its discovery in
1781 by William Herschel, and the Voyager
2 close encounter on 24 January 1986. Pre-
cise observations indicate that the planetary
rotation axis is tilted 98° with respect to its
orbit around the Sun. Uranus’s orbital pe-
riod is 84 years at a mean orbital distance
of nearly 20 AU. The probe’s entry into the
Uranian magnetosphere revealed the exis-
tence of an internal field whose most unex-
pected property was the large (60°) angle
between the dipole and the rotation axes
(Ness et al., 1986), in contrast with what
happens in the case of the other «magnetic»
planets which exhibit a close alignment be-
tween their magnetic dipole and rotation
axes (< 10°), thought to be a natural con-
sequence of the (not satisfactorily under-
stood) dynamo processes. A preliminary
simple model (offset, tilted dipole or OTD
model), obtained from the magnetic field
observations, provides a useful and easily
visualized representation of the complex
planetary magnetic field of Uranus in terms
of a tilted dipole with an offset of 0.33
planet radii (Ry = 25560 km, table II).
However, the problem regarding the large
difference between the rotation and mag-
netic axes is still open. If this tilt is related
to that between the rotation and orbit axes
then the Uranian interior (where the dy-
namo is located) should «know» where the
Sun is, since the Sun defines the orbit. Ness
et al. (1986) proposed that the planet is in a
state of magnetic field reversal to explain
both the magnetic tilt and the offset dipole;
an alternative explanation could be that the
source of the field (the dynamo) is closer to
the surface than in other planets.

The discovery of a planetary magnetic
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field has been important for another reason
connected with the shape of the planet. It
has yielded an exact determination (in ad-
dition to that from radio emission detec-
tion) of the rotational period (17.24 h),
from periodic fluctuations of the magnetic
field intensity. This period furnishes mean-
ingful information about the planetary inte-
rior, since the rotation produces the equa-
torial bulge whose size depends on the in-
ternal planetary mass distribution. On
Uranus, the equatorial radius is 2.4%
greater than the polar one. Measurements
carried out by Voyager 2 better fit a two-
layer model, which has an internal core and
a dense atmosphere composed of NHj,
CH, and H,0O, extending from the core to
the surface.

Another peculiar effect of the large tilt
of the magnetic axis (pole-on configuration)
is that magnetic reconnection between the
interplanetary and planetary fields occurs
at the time scale of the planetary rotation
period, so rapidly that the magnetosphere
is a quasi-static MHD entity (McNutt,
1991).

4.7. Neptune and Pluto

Very little is known about such remote
planets. Neptune was discovered in 1846 by
Galle and D’Arrest on the basis of gravita-
tional considerations and after the theoreti-
cians J.C. Adams and Le Verrier already
predicted, a few years before, the existence
of the planet. Recently, Voyager 2 during
its 1989 encounter with Neptune showed a
large magnetic field tilt of 47°, with a corre-
sponding surface dipole value of 13.3 uT,
but with a large offset of around half the
planetary radius (Ness et al., 1989). Nep-
tune’s magnetosphere looks like Uranus’s,
with a pole-on configuration, so similar sit-
uations are expected; also a high-order
structure of the magnetic field has been
found showing a complicated field as well
(Krimigis, 1992). Connerney et al. (1992)
describe a spherical harmonic model of the
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Neptunian magnetic field up to a maximum
degree of 8.

Regarding Pluto, only some speculative
studies have been made. It was discovered
only in 1930 by C.W. Tombaugh because of
its small size (radius 26% of the Earth’s).
Because of its relatively light mass (0.2% of
the Earth’s) it is thought to be composed
mostly by ice plus a little rock (Russel,
1987). It is guessed that probably it does
not have any active dynamo even if a rema-
nent magnetism could be found.

5. Final remarks

After some general considerations on
the dynamo process and the ways it can be
maintained, we have introduced some mag-
netic techniques from which it is possible,
in principle, to investigate planetary interi-
ors.

Only a brief mention has been made
here of planetary magnetospheres which
can give further information about the in-
terplanetary and planetary magnetic field
coupling and, consequently, can help to
better understand some mechanisms re-
sponsible for relevant phenomena like e.g.
auroras, bow shocks, radio emissions, mag-
netotail variations, and are in some way re-
lated to the properties of the planetary at-
mospheres and their internal structures (see
for example McNutt, 1991).

For surface inaccessible planets it is im-
possible at present to detect the planetary
surfaces seismically in order to investigate
their internal constitution. As a reliable al-
ternative, the magnetic investigation has
been described with a review of some tech-
niques and their possible application to the
planets of the Solar System. In the case of a
few planets, where the core has already so-
lidified, the most reasonable explanation
for the existence of planetary magnetism is
crustal magnetization. However, almost all
the techniques assume the existence of a
metallic turbulent fluid core inside the
planet. Nevertheless other characteristics
are also relatively important, for example
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Table III. Interpretation for
lues to more recent results).

planetary magnetic fields (adapted from Stevenson, 1983, updating va-

Observed
Planet surface field Interpretation
(uT)

Mercury ~2x101 Thin shell dynamo
Venus =2x1073 Stable, fluid core; no dynamo
Earth 30 Dynamo maintained by inner-core freezing
Mars <1072 Stable, fluid (S-rich) core; no dynamo
Jupiter 5x10° Dynamo maintained by thermal convection
Saturn 20 Dynamo maintained by thermal convection
Uranus, Neptune ~10 Dynamo in Fe core only

the planetary core velocity, dimensions, ob-
served surface magnetic field and so on. A
general overview is given in table III, re-
vised from Stevenson (1983) with the most
recent findings.

Unfortunately, at the moment, dynamo
theory is not so advanced as to be able to
give either a relationship between the mag-
netic field intensity and the rotation rate,
or a threshold above which a magnetic field
can be generated and maintained. Some re-
cent works (e.g. Zhang and Busse, 1990)
shed some further light on the subject.
Moreover, progress on the understanding
of dynamic processes which are associated
with the problem of the magnetohydrody-
namic geodynamo, is quite slow. Some in-
consistencies related to significant differ-
ences between the magnetic and the rota-
tional axes (as on Uranus and Neptune) are
still a field of investigation, but no easy so-
lutions appear to have yet been found.

In conclusion, we can affirm that the
study of planetary magnetic fields can give
important advances to the knowledge of
the planetary interiors. Moreover, compar-
ative studies can help by giving a better
idea about the main global characteristics
that drive and govern the origin, formation
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and maintainance of planetary internal
structures and magnetic ficlds.
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