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Both theoretical models and experimental results have indicated that a body surrounded
by plasma is negatively charged to a potential around 2-3 times greater than the thermal
potential of the ambient plasma. This potential difference shows that the body holds
some extra electric charge. In this paper, we formulate an expression to compute the
extra electric charge from the ambient plasma. It is shown that the total electric charge
on a body basically depends on its size and the characteristics of the ambient plasma.
When the body size is big or the ambient plasma is dense, the extra electric charge is
large. Since all solar planets are imbedded within the solar wind plasma, they may also
be charged due to the same physics. Analyzing the charging behavior of planets, we
find that the solar planets are significantly charged. The circular electric currents or
charge flows caused by planets’s spinning produce magnetic fields. The magnetic fields
predicted by the present space charge model basically agree with the measurements on
the global magnetic fields of planets (including the Moon). Also, the polarity biases and
reversals of planet magnetic fields are discussed. Therefore, a possible explanation for
the origin of the magnetic fields of planets is proposed.

1

Introduction

showed that this disc dynamo was damped and cannot maintain such a field very long. Later, other dynamo theories were
The origin of the geomagnetic field has been puzzling physi- developed, such as magnetohydrodynamic dynamo, kinecists for hundreds of years. In 1600, Willian Gilbert believed matic dynamo, turbulent hydromagnetic dynamo, and so on
that the Earth is permanently magnetized, like a giant mag- [15-22]. Although it is generally accepted today that the genet. Albert Einstein considered the origin of the geomagnetic omagnetic field arises from dynamo action in the Earth’s liqfield to be one of the five most important unsolved problems uid outer core, there is no viable hydrodynamic geodynamo
in physics. So far, tons of data on the geomagnetism have model as described by McFadden and Merrill [23] because
been accumulated [1]. In general, the geomagnetic field re- there are so many unclear parameters being included in the
sembles the field generated by a dipole magnet located at the governing equations.
center of the Earth. The locations of the north and south geThe study of the magnetic fields of planets offers the key
omagnetic poles are randomly varied and reverse each other to an understanding of the origin of the geomagnetic field.
at irregular periods [2-4]. The intensity of the geomagnetic Until recently, information about the magnetic fields of planfield is transiently changed and in average about 0.5 G, which ets came mostly from indirect measurements or from flyby
is slowly decayed. It is generally believed that the geomag- missions. The measurements are generally sparse in both spanetic field is affected by various external events, such as the tial and temporal distribution and only provide us a first-order
tides, aurora, solar flares, sunspots, and so on.
picture of the magnetic fields of planets.
In order to explain the geomagnetic phenomena, various
The solar planets can be conveniently classified into two
models have been proposed, which are conveniently classi- types (type-I and type-II) according to their magnetic fields
fied into dynamo and non-dynamo models. As a non-dynamo being local or global. A type-I planet has a weak global magmodel, the permanent magnetization of the Earth could not netic field, such as Venus, Mars, or Pluto (also the Moon).
explain the polarity reversals of the geomagnetic field. The These planets are almost naked to the solar wind plasmas becharge separation arising from the thermoelectric effect is, cause of lack of (or very weak) magnetospheres [24]. Their
however, relatively small in comparison with the geomag- atmospheres are usually not strong enough to sheath out the
netic field [5]. In addition, some other effects were suggested solar wind and partially ionized especially at the upstream.
- such as the gyromagnetic effect, the hall effect, the gal- However, the type-II planets (including Mercury, Earth,
vanomagnetic effect, the differential rotation effect, the elec- Jupiter, Saturn, Uranus, and Neptune) have strong global
tromagnetic induction by magnetic storms, and the Nernst- magnetic fields. The solar wind plasmas are separated from
Ettinghauser effect, etc. [6-11].
these planets by their powerful magnetospheres except at
Larmor [12-13] was the first to suggest that large astro- their poles. The solar wind electric currents can still internomical bodies might have magnetic fields that arise from a act with the Earth through partially ionizing the neutral atoms
self-exciting dynamo process. However, Cowling [14] in the atmosphere at the poles. The early measurements did
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show that electric currents were observed in both the air and
the Earth during aurora taking place [25-27].
Dynamo theorists suggested that the global magnetic
fields of the type-II planets were excited due to their interior dynamo actions, which are critically dependent of the
size and spin of the planets. The main reason Venus lacks
a dynamo is because it spins slower than the Earth does. The
reason Mars lacks a dynamo is because it is smaller than the
Earth. However, Mercury probably has a dynamo action even
though it is smaller and its spinning period is longer than
Mars. A dynamo model may not easily answer why Mercury
has a dynamo but Mars does not.
In this paper, a theoretical space charge model for the origin of the global magnetic fields of planets is proposed. The
purpose of this paper is not to be against dynamo theories instead of to suggest another possibility. According to the space
charge physics, a body floating in the space plasma will be
charged. This phenomenon has been actually observed during
space experiments. The electric charge on a large conducting
spherical body is further derived. If the body is spinning,
the electric charge will generate a circular electric current,
which induces a magnetic field. It is shown that the induced
magnetic field depends not only on the size and spin period
of the body, but also on the characteristics of the ambient
plasma. For very large bodies, such as planets, the induced
magnetic fields could be as big as the measurements. Analyzing the magnetic fields and electric charging processes of
the two types of planets results in a consistent explanation for
the magnetic fields of all planets, including the Moon. The
polarity biases and reversals of the planet magnetic fields are
also discussed with this model. In addition, it should be noted
that this model has not included the effects of atmosphere,
body motion, and plasma instabilities on current collection.
The relative motion between the body and the environmental plasma was shown to increase current collection along the
magnetic field lines [28]. The field aligned current-driven instabilities was shown to greatly heat charged particles [29-30]
and hence can also increase the current collected by the body.
2

Space Charging

Experimentally and theoretically, it has been shown that a
satellite moving (or floating) in space plasmas itself becomes
usually negatively charged, since the number of electrons incident on its surface is greater than the number of ions [31]
(see Figure 1a). The absorption of electrons and ions essentially depends on the size of the body, the surface potential,
the material properties of the body, and the state of the ambient plasma. In some special cases, a body may be positively
charged.
The amount of electric charges and the absolute value of
potential increase as long as the number of electrons and the
number of ions being absorbed on its surface are not identical. Since the increasing potential slows down the electric
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Fig. 1: Schematic diagrams for space charge model. (a) Without a
neutral gas layer; (b) with a neutral gas layer.

accumulating processes, an ”equilibrium” state for charge accumulating (i.e. a state in which the total electric current incident on the body is equal to zero) is finally attained if the
ambient plasma is vast. In this situation, the electric potential
at the surface of the body, is determined by
s
2kB T e
kB T e
ln
= −αφth .
(1)
φ0 ' −
e
πme V02
Here the potential at infinite distance (or outside the plasma
sheath) has been chosen to be zero; kB is the Boltzmann constant; e is the proton electric charge; the subscript e refers
to the electron species; T e is the electron temperature; me is
the electron mass; V0 is the velocity of the body relative to
the ambient plasma - which is generally much larger than the
ion thermal velocity and less than the electron thermal velocity; φth is the thermal potential which is defined by kB T e /e;
and α is the factor which is given by the nature logarithm in
Eq. (1). For example, we consider that a spherical body is
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moving in the ionosphere plasma. The thermal potential is
φth ∼ 0.11 V if T e ∼ 0.1 eV is chosen for the plasma. The
factor α is α ∼ 2.58 if V0 = 8 km/s is chosen for the body.
Then the electric potential at the body surface is estimated
as φ0 ∼ −0.3 V, which is in agreement with space measurements. For a motionless or slowly moving body (i.e., V0 = 0
or much smaller than the ion thermal velocity), the result is
φ0 ∼ 2.57 V [32].
If the body is separated from the plasma by a thin layer
of neutral gas (see Figure 1b), the region of neutral gas will
get extra electrons since the electrons incident into the neutral gas region are more than the ions. For a quasi-neutral
plasma the number of electrons entering the neutral gas in a
unit time through a unit area is determined as the electron
flux (n0 v̄e /4), which is much greater than that of ion (n0 v̄i /4).
Here n0 is the number density of electron (or ion) of the quasineutral plasma; v̄e and v̄i are the mean velocity of electrons
and ions, respectively. These extra electrons will diffuse toward the body because both the electron density and the electric potential have gradients. That is to say, the body will
be charged. The total amount of electric charge distributed
on the body and within the neutral gas should be generally
greater than that without the gas layer. In present study, we
limit our analyses in cases of very thin layer and hence ignore
the effects of neutral gas on the charge of the body.
If the electric potential distribution is given, the electric
charge on the body can be obtained. For a spherical body
within a medium (including free space, dielectric medium,
plasma, etc.), the density of electric charge distributed on the
body surface is given by
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solving the Poisson equation,
j=e

52 φ = −

1X
n jq j.
 j=i

(4)

For a body with size much greater than the Debye length,
however, the potential near the body can be approximately
obtained only by solving the one-dimensional Poisson equation,

ne0 e  −φ/φth
d2 φ
=−
e
+ eφ/φth .
(5)
2

dr
Here the Boltzmann number density distributions have been
applied for both electrons and ions. Integrating Eq. (5) one
times with respect to r, we obtain
r

2ne0 eφth −φ/φth
dφ
e
+ eφ/φth − 2 .
(6)
=
dr

At the surface of the body (i.e. at r = a), it becomes
r
dφ
2kB T e ne0 −α
(e + eα − 2).
=
dr r=a


(7)

By substituting Eq. (7) into Eq. (3), we obtain a formula to
estimate the electric charge of a large conducting body floating in space plasmas
p
Qb = −4πa2 20 kB T e ne0 (e−α + eα − 2),
(8)

where the dielectric permittivity has been replaced to that of
free space, since we do not consider a very dense plasma.
Therefore, the body is in general to be negatively charged.
The amount of charge on the body depends not only on the
dφ
,
(2) size and potential of the body but also on the temperature and
σb = −
dr r=a
density of the ambient plasma.
Now we consider the case in which a body is moving relwhere a is the radius of the body; φ is the electric potential ative to the ambient plasma. When the velocity of the body is
distribution; r is the radial coordinate; and  is the dielectric in the range of, vT e  V0  vT i , the number density of ions
permittivity. For a static (or slowly moving) electrically con- near the body is no longer the Boltzmann distribution, where
ducting body, the density of electric charge on the surface is vT e and vT i are the thermal velocities of electrons and ions. In
constant. Hence, the total electric charge of the body is
the upstream, the number density of ions is not interfered by
the body if the body surface does not reflect particles. In the
downstream, however, the number density of ions is almost
2 dφ
Qb = −4πa
,
(3)
zero since the ions slowly respond to the motion of the body.
dr r=a
In this case, the total electric charge on the body surface (or
In the free space, a spherical body with a = 1 m and φ0 = Eq. 3) is similarly derived as
−0.2 V will be charged to Qb = 4π0 aφ0 ∼ −2 × 10−11
!
dφR
dφF
Coulomb.
+
,
(9)
Qb = −2π0 a2
dr r=a
dr r=a
If the medium is plasma, however, the relationship between the total electric charge and the electric potential of where φF and φR are the electric potential distributions in the
the body will be complex. The total electric charge or the upstream and downstream, respectively. The electric potennumbers of electrons and ions being absorbed by a body es- tial distributions can be determined by
sentially depends not only on the potential and size of the
"
!#
body, but also on the state of plasma. In this case, the electric
d 2 φF
ne0 e
φF
=−
1 − exp
,
(10)
potential distribution must be generally determined through
0
φth
dr2
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!
d2 φR ne0 e
φR
=
exp
.
0
φth
dr2
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ne0 = 106 cm3 , and V0 = 8 km/s. Substituting T e and V0
into Eq. (1) we show that the conducting satellite is charged
By integrating both Eq. (10) and Eq. (11) with respect to r to a potential equal to ∼ −2.6φth ; that is, α ∼ 2.6. Substituting a, T e , ne0 , and the value of α into Eq. (8) (or Eq. 14)
once, we obtain the electric fields at the surface as
we obtain the electric charge of the satellite, Q s ' 2 × 10−8
r
F
Coulomb, which is much larger than that in the free space.
2kB T e ne0 α
dφ
(e − α),
=
(12) Furthermore, if the satellite is self-rotated with a spin period,
dr r=a
0
τ s = 1 seconds, the induced magnetic field, from Eq. (9), will
r
be Bs = 2 × 10−11 Gausses, which is quite small. It should
R
dφ
2kB T e ne0 α
(e − 1).
=
(13) be noted that the rotation of the satellite does not significantly
dr r=a
0
affect the ambient plasma because the linear speed at the surBy substituting Eq. (12) and Eq. (13) into Eq. (9), we obtain face due to body rotation is much smaller than the thermal
the total electric charge of the body as
velocities of ions and electrons. The presented model does
not include the magnetic field effect on the body charging (or
√

p
√
Qb = −2πa2 20 kB T e ne0 eα − α + eα − 1 .
(14) current collection) process. If the magnetic field or the body
electric potential is not high, such effect is negligible [33].
This expression gives a value much greater than that from Eq.
(8) if α  1. When α is not small, however, the result from
3 The magnetic fields of the Moon and planets
Eq. (14) approaches that from Eq. (8).
If the body is spinning, the electric charge on the body Now, employing the space charging model proposed above,
surface will generate an electric circular current. This current we study the magnetic fields of the Moon and planets. The
then induces a magnetic field with poles on the spinning axis. predictions on the magnetic fields are compared with the meaThe maximum value of the magnetic field is derived as
surements.
According to the space charge model, the magnetic field
π Qb
B = − µ0 ,
(15) of a body is determined by giving the five parameters: the
4
τ
size and spin period of the body, the density and temperature
where µ0 is the permeability of free space, µ0 = 4π × 10−7 of the plasma, and the velocity of the plasma flow. Table 1
H/m; τ is the spin period of the body; and Qb is given by shows the interplanetary conditions for the Moon and planets
either Eq. (8) or Eq. (14) according to the motion of the [34-35]. The solar wind velocity, density, and temperature are
shown in the third to fifth column. The magnetic field of the
body.
Since the circular current is induced by the self-rotation solar wind near each planet and the distance between the Sun
of a charged body other than by the electric charges moving and each planet are also shown in this table (see the sixth and
on the body, the magnetic field induced by the circular cur- second columns). The radii and spin periods of the Moon and
rent (Eq. 15) is independent of the conductivity of the body planets are shown in the second and third columns in Tables
surface. If the body surface is made of insulate (i.e., infinite 2 and 3.
As mentioned in the Introduction, the Moon and type-I
conductivity) material, the density of electric charge will not
be constant. In this case, we need to integrate Eq. 2 on the planets (e.g. Venus, Mars, and Pluto) are almost naked to the
entire body surface to obtain the total charge. It is generally
believed that all solar planets are not made of insulate materials. Therefore, this magnetic field formula (Eq. 15) can be Table 1: Interplanetary properties: Distance to the Sun LSun (AU),
generally employed to predict the induced magnetic field of a Solar Wind Velocity VSW (km/s), Density nSW (cm−3 ), Temperature
self-rotated large conducting body, such as an orbit satellite, (104 K), and Magnetic Field (nT).
the Moon, and the solar planets. The required parameters are
Planet
LSun VSW
nS W
T S W BS W
the radius of the body, the spinning period of the body, the veMercury
0.4
430
50
20
35
locity of the body relative to plasma flow, the electron temperVenus
0.7
430
14
17
10
ature of the ambient plasma, and the non-perturbed density of
Earth (or Moon)
1
430
7
15
6
the ambient plasma. The induced magnetic field will be great
Mars
1.5
430
3
13
3
when the body is large, the spin is fast, and the plasma is
Jupiter
5.2
430
1/4
9
1
dense. According to the presented model the Mercury magSaturn
9.6
430
1/16
7
1/2
netic field could be greater than the Mars magnetic field beUranus
19
430
1/50
6
1/4
cause the solar wind plasma around Mercury is much denser
Neptune
30
430 1/160
5
1/7
than that around Mars.
Saturn
39
430 1/200
4
1/10
For an orbit satellite with a conducting spherical surface,
the typical required parameters are, a = 1 m, T e = 1500 K,
(11)
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Fig. 2: (a) Relationship between planetary magnetic moment and
angular momentum by the original magnetic Bode’s law (Russell
1987). (b) Relationship between planetary magnetic moment and the
core radius by the dynamo theory-based scaling law (Busse 1976.
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tively predict their present magnetic fields. For the Moon, the
required five parameters are, a = 1.738×106 m, T e ∼ 1.5×105
K, ne0 ∼ 7 cm−3 , V0 = 430 km/s, and τ M = 2.36 × 105 seconds. At first, using T e and V0 , we show, from Eq. 1, that the
Moon is charged to a potential equal to ∼ −φth (that is, α ∼ 1,
with this value of α, the Eq. 14 predicts a result without a significant difference from Eq. 8). Then, substituting a, T e , ne0 ,
and the value of α into Eq. 8 (or Eq. 14), we can obtain the
electric charge of the Moon, Q M ∼ −640 Coulomb. Finally
from Eq. 9, the induce lunar magnetic field (BM ) predicted
by the present model is about BM ∼ 3 nT. The measurements
actually indicate that the intensity of the global magnetic field
of the Moon does not exceed 2 to 3 nT (Table 2; [36]).
For Venus, the prediction on the magnetic field by the
present model is about 6 nT, which agrees with the measurements. Space experiments indicated that the intrinsic value of
the magnetic field at the surface of Venus could not be greater
than 5 nT [37].
For Mars, the prediction on the magnetic field by the
present model is about 200 nT. In the 1970s, the soviet Mars 3
and 5 probes measured a field about 30 - 60 nT near the equator, at periapisis (at an altitude of 1500 km) [38-40]. Since the
magnetic field of Mars on its surface is several times greater
(for the Earth, the factor is ∼ 2 − 4) than that measured at an
altitude of 1500 km, the Mars’ magnetic field could be as big
as 150 nT, which also agrees with the present model prediction.
We also predict the magnetic field for Pluto although we
have not had any measurement available so far. Based on the
present model, the Pluto’s magnetic field is estimated to be
about 0.1 nT, which is ordinarily the same as the magnetic
field of the solar wind there. Therefore, the predictions by the
space charge model on the magnetic fields of the Moon and
the type-I planets basically agree with the measurements (see
Table 2, [36-40].
For the type-II planets (such as the Earth), however, we
cannot directly obtain the present magnetic fields from Eqs.
1, 8, and 9 because the solar wind plasmas are separated from
these planets by their strong magnetospheres. But, we can apply the present model to estimate the ancient magnetic fields
of planets if the characteristics of the initial solar wind are
known. The following gives some analyses for the type-II

solar wind plasmas (actually, they have very thin and weak
gas (or atmosphere) layers). The condition, vT e  V0  vT i , Table 2: Model predictions on B for the type-I planets including
which is used for the deduction of Eq. 14, is generally satis- Moon and Pluto in comparison with data B0 .
fied for the Moon and the type-I planets. In this case, the amPlanet R (km) τ (105 s) B0 (nT) B (nT)
bient plasma is the solar wind, which has speed ∼ 400 km/s
5
Venus
6055
210
≤5
6
and temperature T e ∼ T i ∼ 10 K. It is not difficult to show
Moon
1738
23.6
≤3
3
that the solar wind speed is much smaller than the electron
Mars
3398
0.886
∼ 150
200
thermal speed but much greater than the ion thermal speed.
Pluto
1150
5.519
∼
0.1
Therefore, the space charging model proposed in the previous
section (i.e. Eq. 14) can be directly employed to quantita96

Tianxi Zhang. A Space Charging Model for the Origin of Planets’ Magnetic Fields

Issue 2 (July)

PROGRESS IN PHYSICS

planet magnetic fields based on the evolutionary characteristics of solar system. In the next section, the type-II planet
magnetic fields are further discussed through considering the
polar aurora plasmas as their charging sources. If so, the
present model can still be used and predicts results closer to
the measurements.
It is widely believed that the Sun went through FU Orionis and T-Tauri phases of evolution [1, 41]. A T-Tauri (in
the pre-main sequence) star is partially characterized by violent outbursts of material, very strong magnetic field, and an
increased luminosity of about six magnitudes. Observations
actually indicated very massive winds from these early-type
stars [42]. Preliminary results from the studies of meteorites
and lunar rocks also indicated that the average solar wind
speed might have been considerably greater some 3 − 4 × 109
years ago [42,43].
Thus, it is reasonable to assume that the Sun initially emitted a strong solar wind. During that time period, all our planets were greatly charged from such massive solar wind plasmas and induced magnetic fields with different intensities due
to their different sizes and rotation speeds. If the initial solar
wind is ∼ 103 − 106 times denser than the present solar wind,
the ancient (or initial) magnetic fields are some tens to thousands times greater than the present fields for the Moon and
the type-I planets. For the type-II planets, the ratios of the ancient fields to the present fields are in the range of ∼ 1 − 100.
Thus, the planets with small size and slowly spinning (such as
the Moon and type-I planets) also excited considerably great
intrinsic magnetic fields, which probably had magnetospherelike structures during early periods. However, their magnetic
fields are easily decayed as the solar wind becomes weak due
to their weak abilities to maintain such fields. Large, fast
spinning planets (such as the type-II planets) developed very
strong magnetic fields and formed powerful magnetospheres
- which are also decayed, but relatively more stable than the
type-I planets, because they last a longer time in the decaying
process.
Observations show that the planet’s magnetic field is
stronger if its magnetosphere is bigger. According to the presented model, the denser the ambient plasma is, the more
charge the body is charged, which is proportional to the induced magnetic field. For the type-II planets (e.g. the Earth),
the nearest ambient plasma is the plasmasphere (ionopshere)
or the aurora plasma in the pole regions. For these plasmas
(see [44]), the electron or ion density is ∼ 105 to 106 cm−3
which is much denser than the solar wind plasma. The electron or ion temperature is ∼ 103 to 104 K. In these regions,
most of ions are O+ , which has a thermal velocity around
1 km/s, which is much less than the minimum speed (∼ 8
km/s) for a particle to escape out by overcoming the Earth
gravitation. Therefore, the Earth’s (as well as other type II
planets’) gravity may maintain its magnetic field (or magnetosphere) through trapping the particles of plasmasphere or
plasma in the aurora regions. The magnetic field itself also
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helps the planet to trap the particles of magnetosphere. The
electrons can be trapped by the ions although the electron
thermal velocity may be greater than the minimum escaping
speed. Within a relative stable solar wind, the value of the
magnetic field or the size of the formed magnetosphere actually depends on the planet gravity. The bigger the gravity is,
the stronger the magnetic field is or the bigger the magnetosphere forms if the other parameters are the same.
The results predicted by the present model are very high
in absolute values under the assumption that the ancient solar
wind density varied in the range of 103 −106 times denser than
the present value. During such a long time interval, the planets’ magnetic fields were greatly decreased when the solar
wind density was greatly decreased. For the type-II planets,
we have compared (in the following several paragraphs) the
relative results predicted by the present model on the ancient
magnetic fields of planets with the measurements and found
a good agreement between them.
The fourth column of Table 3 shows the measurements of
the magnetic fields for the type-II planets, which are normalized by dividing the geomagnetic field. A 300 nT magnetic
field was measured for Mercury [45]; a 15 Gausses magnetic
field at the north pole was measured for Jupiter [46]; and orderly ∼ 1 Gausses’ magnetic fields were measured for Saturn,
Uranus, and Neptune [47]. The fifth column of Table 3 shows
the predictions of the ancient magnetic fields for the typeII planets, which are normalized by the ancient geomagnetic
field. Comparing the fourth column with the fifth column
of Table 3, we found that the normalized ancient magnetic
fields of planets predicted by the space charging model basically agree with the present field measurements [45-48]. The
Saturn’s magnetic field (or magnetosphere) could be decayed
more than the Jupiter’s probably due to the lower gravity (or
density) of Saturn.
The decays of planet magnetic fields were probably affected by their gravitation. It is reasonable to assume that a
planet with large gravity has more power to maintain its magnetosphere through trapping its particles. To consider such
gravity effect, we propose a formula for the present magnetic
field of a type-II planet by introducing an arbitrary coefficient,

Table 3: Model predictions on B/Be for ancient magnetic field for
the type-II planets in comparison with data B0 /Be for present magnetic field.

Planet
Mercury
Earth
Jupiter
Saturn
Uranus
Neptune

Tianxi Zhang. A Space Charging Model for the Origin of Planets’ Magnetic Fields

R (km)
2439
6371
71600
60000
25600
24765

τ (105 s)
51
0.864
0.354
0.368
0.621
0.567

B0 /Be
∼ 1/100
≤1
∼ 30
∼2
∼1
∼ 1/2

B/Be
1/130
1
45
13
1
1/2
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f (g), to the Eq. 15 as
π
Qb
B = − µ0 f (g) ,
4
τ

(16)

where g is the gravity at the planet surface and Qb is the body
charge of the planet, which is given by either Eq. 8 or Eq. 14.
Then, the magnetic moment of the planet can be derived as
M=−

2π 2
Qb
a f (g) .
3
τ

(17)

It can be seen that the magnetic moment of the planet is proportional to a4 because of Qb ∝ a2 . It is also proportional
to the square root of the solar wind pressure and inversely
proportional to the planet spin period. On the other hand,
the magnetic Bode’s law also called the Shuster or the Blackett hypothesis established that the magnetic moments of the
planets were proportional to their angular moments (see Figure 2a and [49-50]). The scaling law predicted that the planet
magnetic moments were proportional to the rotation rate
times the fourth power of the core radius (see Figure 2b and
[51]).
In order to compare the results predicted by the present
space charging model with the predictions by either the magnetic Bode’s law or by the scaling law, we plot our model
predictions on the magnetic moments of the type-II planets
versus the observations in Figure 3. The magnetic moments
from both the model predictions and the observations are normalized to the Earth and are shown in log scales. Figure 3a
has not included the gravitation effect and Figure 3b gives the
results with the gravitation effect by assuming that the coefficient is linearly proportional to the gravity ( f (g) ∝ g). The
observation data are from [1].
4

Discussions and Conclusions

In this section, we briefly discuss the following items: 1) current collection of planets with magnetospheres and 2) the polarity biases and reversals of the magnetic fields of planets.
Then, we give our conclusions of this study.
Although the Earth and other type-II planets are not completely naked to the solar wind plasmas, their poles are widely
opened to the outer space due to the double funnel magnetic
structures. The solar and interstellar winds as well as the energetic particles can easily, through the magnetic field lines
(or double funnels), come down into the polar regions of the
planets to excite and to ionize the gases near the surfaces.
This is the phenomena of aurora. The aurora plasmas are
much denser than the solar wind plasma. The density of a
typical aurora plasma could be as high as ∼ 105 to 106 cm−3
which is much denser than the solar wind plasma with density less than ∼ 100 cm−3 [44]. Therefore, these planets are
probably charged at their poles especially during aurora taking place. The early experimental measurements showed that
electric currents were actually observed in the air and in the
98

Fig. 3: Planetary magnetic moments normalized to the Earth predicted by the space charge model versus those from measurements.
(a) Without the gravity effect; (b) with the gravity effect.

Earth while the aurora was taking place [25-27]. The correlation between the Earth current and the geomagnetic activity
was also found. It is interesting that if we consider the aurora
plasma as the source plasma to charge the Earth, the present
model predicts a result very closer to the measurement.
For the Earth, observation records show that the aurora
events asymmetrically occur at the two (i.e. North and South)
poles [52]. The Northern aurora events are generally more
frequent and intense than the Southern aurora events. The
reason is probably due to that the spinning geomagnetic field
lines drift the entering (or coming down) electrons apart from
the axis of spinning at the North but towards the axis of spin-
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ning at the South. That is to say, the charging process at the
North is faster than that at the South. This difference leads
to an electric current from pole to pole. If the conductivity is
different from place to place (or non-uniform) on the Earth’s
surface, the electric current from pole to pole will not be uniformly distributed on the Earth’s surface. This polar current
and the circular current will generate a total magnetic field,
which biases from its rotation axis. Both the biases and the
value of the induced magnetic field are transiently changed
because the space charging process is transient.
The observations indicated that the geomagnetic field
varies in two (long and short) time scales. In the long time
(usually greater than about 100 years) scale, the field strength
is decreased and the biased angle (or the orientation) of the
field also changes in a certain regulation (see [1] and reference therein). On the other hand, the geomagnetic field
changes transiently or in a short time scale [53]. The presented model do predict a magnetic field with such kinds of
variations because the solar wind plasma transiently (short
time) changes and slowly (long time) decays its plasma density. That is, according to the presented model, the planet
magnetic fields should have the two time scale variation behaviors. For the type-I planets (including the Moon), the transient changes of the fields are significant because they are
directly charged from solar wind plasmas (or they get extra
electrons directly from the solar wind plasmas). For the typeII planets, however, the transient changes of the fields may not
be significantly affected by the variation of the solar wind parameters because they do not get extra electrons directly from
the solar wind plasmas. The global field does not significantly
change because it is impossible for the huge magnetosphere
to follow the changes of the solar wind even with the daily
and season effects.
According to the present model, the original magnetosphere is arisen due to the proposed mechanism for the unmagnetized body. The unmagnetized body collected extra
electric charges from the initial solar wind and formed a
strong magnetosphere. If there were no solar wind later, the
originally formed magnetosphere would have not existed for
such a long time because of the charge being quickly released.
In fact, the solar wind only slowly becomes weak. It resists (slows) the releasing of the body charge through refilling
some electric charge to the body. This refilling process is actually the current collection process of a magnetized body,
which can collect extra electric current (or charge) along its
field lines (or at its pole regions). Therefore the energy source
of the magnetosphere (or the planet magnetic field) is the solar wind. The gravity of the body also helps to maintain the
magnetosphere through trapping its particles as we have discussed above.
The present model predicts that all the solar planets (including the Earth and the Moon) are negatively charged. This
conclusion is in agreement with measurements if we analyze
the orientation of the magnetic field and the spin direction for
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each planet. On the other hand, space experiments have indicated that a spacecraft could be positively charged when it
has a special environment (e.g. when it goes to a great distance) [54]. Thus if the Earth becomes positively charged due
to some special solar wind conditions, the orientation of its
magnetic field will be reversed. But how and in what special
conditions the Earth becomes positively charged is open for
further study.
By the way, it should be noted that there are really a lot
of current systems in the planet’s magnetosphere, such as
currents on the magnetospheric boundary, magnetotail currents, the ring currents, the field-aligned currents and so on.
Since any plasma current will locally form a return current in
the plasma, it will not have a significant contribution to the
planet’s global magnetic field.
In summary, we have developed a theoretical model for
the origin of the magnetic fields of planets. According to the
space charging physics, we have shown that a body spinning
within plasma is charged and generates a dipole magnetic
field. The field intensity depends on the size, the spinning
speed of the body, and the state of the ambient plasma. For
a large and fast spinning body in dense and hot plasma, the
generated magnetic field is big. The model predictions on
the present magnetic fields of the Moon, Venus, Mars and
Pluto agree with the measurements; and the relative magnetic
fields of Mercury, Earth, Jupiter, Saturn, Uranus, and Neptune
predicted by the present model also agree with the measured
data. Furthermore, this model offers an understanding of the
polarity biases and reversals of the planets’ magnetic fields,
and hence may provide a new possible explanation for the
origin of the magnetic fields of planets.
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