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EARTH

mean surface 
strength 0.3 G 

dipole moment 
 

(2000.0), 
decreasing 5%/
century 

magnetic pole 
inclination 

7.8 × 1022 A m2

11∘
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EARTH



MOON

weak irregular 
surface field: 
3-1000 µG 

could be related to 
large meteor impacts 

no dynamo today, 
unclear if ever 

complex interactions 
with Earth’s 
magnetotail Mark A. Wieczorek, CC BY-SA 3.0, Wikimedia Commons

Lunar Prospector (NASA)

1 mG10 µG



MERCURY

first measured by 
Mariner 10 (1974) 

dipole moment 
 

from MESSENGER 
(Anderson et al. 2011) 

inclination  
offset N by  

radius  
metallic core  
(partially liquid) 

rotation period 

2 mG × R3
M

< 3∘

0.2 RM

RM = 2436 km
0.85 RM

PM = 58.6 d
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MERCURY
Stevenson (2012)



VENUS
dipole moment 

 
(Pioneer Venus, 
Stevenson 1983) 

inactive plate tectonics 
reduced heat flux, 
increased mantle 
temperature, insufficient 
convection 

any paleo-fields erased in 
the hot crust 

radius  
core  (unknown 
state) 
(Margot et al. 2021) 

rotation period 243 d

< 20 μG × R3
V

RV = 6050 km
0.58 RV
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MARS

dipole moment 
 

(Stevenson 1983) 

weak localized 
crustal fields 

radius 
 

core  

rotation period 
1.026 d

< 0.1 mG × R3
M

RM = 3390 km
0.54 RM
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MARS

The core of Mars was 
detected seismically and 
determined to be fluid 
by the InSight lander. 

The lack of current 
dynamo is probably due 
to lack of inner core 
(chemical composition, 
rather low 
temperature). 

There have likely been a 
dynamo in the first 
billion years.

influence the thermochemical evolution of the
planet and accounts for 4.5 billion years of plan-
etary evolution. The geophysical parameter-
ization relies on a unified description of phase
equilibria, seismic properties, and thermochem-
ical parameters. The parameterizations (38) re-
flect, in going from seismic over geodynamic
to geophysical parameterization, a decrease in
the number of degrees of freedom, as the two
latter parameterizations depend increasingly
onmineral physics information and therefore
better-resolved parameters. Because themean
density of the core depends on that of theman-
tle and therefore on the bulk mantle composi-
tion, we considered six differentmodel martian
compositions (12, 14, 43–47) as part of the geo-
physical inversion. To solve the inverse problem,
we employed a stochastic algorithm (48) that
samples models that fit the differential body
wave travel times within uncertainties and are
consistent with prior information (38).
We plotted the results from the joint in-

version of the differential body wave travel
times and the geophysical data (Fig. 2). The
S-wave velocity profiles (Fig. 2A) we obtained
from the three parameterizations were found
to be in good agreement. More scatter exists in
the P-wave velocity profiles, which reflects
fewer P-wave observations, and structure is
only constrained to 800-km depth (Fig. 2A).
All parameterizations provide a good fit to
the ScS-P travel time observations (Fig. 2B).
Above 800-km depth, the velocity profiles are
similar to those obtained by the uppermantle
inversion (32), and below, the S-wave velocity
profiles showadistinct increase around 1050-km
depth, equivalent to the 410-km seismic dis-
continuity in Earth’s mantle that marks the
onset of the mantle transition zone, where
the dominant upper mantle mineral olivine
transforms to wadsleyite. The CMB occurs
between 1520- and 1600-km depth, correspond-
ing to CMB pressures of 18 to 19 GPa and tem-
peratures in the range of ~1900 to 2000 K.
These conditions are unfavorable for the stabi-
lization of bridgmanite and imply that the lower
mantle of Mars is mineralogically comparable
to Earth’s mantle transition zone. This means
that a relatively dense and thermally insulat-
ing lowermantle is absent inMars, which favors
the development of an early thermally driven
dynamo as a means of explaining crustal
magnetism because of elevated core heat flux
(1, 49, 50).
In agreement with geodetic observations

that require a liquid core (10), the observation
of ScS with substantial relative amplitudes
compared with direct S waves rules out a
solid outer core because reflection coefficients
would be too small at a solid-solid interface
[fig. S6-2 (38)]. The separate inversions con-
verge on the same mean radius but show
more spread in mean core density (Fig. 2C),
which reflects the trade-off with mantle

density through bulk mantle composition
(indicated by the blue circles in Fig. 1C). On
the basis of the distributions, we estimate
core radius to be 1830 ± 40 km, at the upper
end of premission estimates (4, 8, 15, 16) that
were based on an earlier and slightly lower
degree-2 Love number [0.169 ± 0.006 (51)],
and mean core density in the range 5.7 to 6.3
g/cm3. We also conducted separate inversions
using the geodynamic method to consider
the influence of individual datasets on the
retrieved core properties (38). These inversions
showed that the mean core radius changed
from 1836 km (seismic data only) to 1815 km
(geodetic data only), whereas the mean core
density remained unchanged. To test the in-
fluence of the source depth, we fixed it to
50 km for all events—consistent with (29, 32)—
and found that this would change the core
radius to 1820 ± 40 km, within the above range.

Compositional constraints on the core typ-
ically derive from geochemical models coupled
with metal-silicate partitioning and mass ba-
lance arguments (52–55) but depend on the
assumed compositions of the building blocks
(56, 57). Although sulfur is commonly considered
the main light element (14, 44, 45, 55) be-
cause of its abundance in the mantle as de-
termined from the martian meteorites (58)
and its siderophile nature at the P-T-fO2 con-
ditions of the formation of Mars’ core (59),
additional light elements, including C, O, Si,
N, and H, are all potentially viable candidates,
as in Earth’s core (60–63). Ni is also expected
to be a core constituent based on meteorite
compositions (64) and should make up 5 to
6 wt % (4). The purple-shaded areas in Fig. 2C
indicate how the mean core density varies with
S content in the Fe-S, Fe-S-O, Fe-S-O-H, and
Fe-S-O-H-C systems, based on thermodynamic
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Table 1. Consolidated differential travel times of S and ScS for the events used in this study.
Magnitudes, Mw, are from the Marsquake Service catalog, version 6 (30), as defined by Böse et al. (82).
Depth estimates are based on the identification of the depth phase sS (see the main text). The events are
labeled by mission Sol of occurrence and sublabeled alphabetically for Sols with more than 1 event.

Event tS-tP (s) tScS-tP (s) sigma(tScS) Depth (km) Mw

S0235b 167 511 3 24 ± 5 3.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0407a 168 510 10 25 ± 5 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0484b 172 513 20 33 ± 5 2.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0173a 173 512 3 24 ± 5 3.6
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0409d 177 510 5 25 ± 5 3.1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

S0325a 230 500 20 30 ± 5 3.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 3. Schematic dia-
gram of Mars’ interior
structure. The cross sec-
tion depicts the core-
induced shadow zone for
seismic waves. The surface
topography is a cut
through the MOLA map
(81) on a great circle arc
from InSight through
Olympus Mons. The
S-wave shadow zone is
minimal and probably filled
by diffracted S waves
(Sdiff), whereas the
P-wave shadow zone is
large and contains
specifically the Tharsis
region. The existence of an
inner core cannot be
determined by current
data, and the seismic ray
paths shown assume no
inner core. Topography
and InSight lander are
exaggerated in scale.
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magnetosphere is a factor for habitability 
protects the atmosphere from the impact of the solar wind 

greatly reduces the rate of hydrogen escape 
oceans support plate tectonics that cools the mantle 

which allows convection in the core



JUPITER
discovered due to 
decametric radio 
emission (Burke & 
Franklin 1955) 

dipole moment 
 

(Juno; 
Connerney et al. 2018) 

radius  
metallic hydrogen with 

 
 

rotation period 0.41 d

4.2 G × R3
J

RJ = 69900 km

η ∼ 105 cm2/s
∼ 0.8 RJ
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JUPITER MOONS

strong interaction with 
the Galilean moons 

inducing large electric 
potentials and dipole 
magnetic fields 

volcanic gases from Io 
form a torus of ionized 
plasma orbiting 
Jupiter 

evidence for 
electrically conducting 
layer within Europa 
and Callisto

© 2009 Max-Planck-Institut für Sonnensystemforschung



GANYMEDE

dipole moment 
 

(Galileo, 
Kivelson et al. 2002) 

radius  
core  

rotation period 7.2 d

7.2 mG × R3
G

RG = 2634 km
∼ 0.2 RG

512 KIVELSON, KHURANA, AND VOLWERK

FIG. 4. Vacuum superposition of an internal dipole field and a uniform
field with orientation appropriate to that present during the G28 pass. The cut
is in the y-z plane of the GphiO coordinate system and Galileo’s trajectory has
been projected into this plane. Following the nomenclature explained in the
text, jovian field lines are dashed, closed field lines are solid, open field lines are
dotted, and the separatrix is a heavy solid curve.

intervals. The parameters of the internal dipole obtained from
the different flybys vary considerably with the fits to passes G8
and G7 as the outliers, a matter that we explain in the next
section.

TABLE II
Fits to the Data Near Closest Approach Represented Separately for Each Pass as an Internal Dipole Plus a Constant Magnetic Field

g01
d g11 h11

Starta Finish Bmax
b Altc (MZ ) (MY ) (−MX ) UFXe UFY UFZ rms f

pass UT UT nT km nT nT nT nT nT nT nT
G1 06:24:56 06:35:58 481 838 −673 85 53 −63 26 12 8.9
G2 18:57:38 19:05:27 1167 264 −728 66 −11 −62 21 15 4.1
G7g 07:07:53 07:17:52 219 3105 −781 33 −42 −38 −13 5 1.4
G8 15:53:42 15:57:51 224 1606 −549 39 −89 −36 −4 126 12.7
G28 10:08:05 10:12:19 348 900 −698 16 25 34 −13 85 15.7

a The second and third columns are the start and end times used for the fit.
b Bmax is the maximum magnetic field strength measured in the interval specified in columns 2 and 3.
c The altitude at closest approach.
d g01 , g

1
1 , h

1
1 are the internal moment coefficients of first order in the Gsph coordinate system; Cartesian moments are given in the GphiO coordinate system. Both

coordinate systems are defined in the text.
e UFX, UFY, and UFZ are the uniform magnetic field components of the fit in GphiO. They relate to the external coefficients of fit by UFX= H1

1 , UFY = −G1
1,

UFZ = −G0
1.

f The rms error is calculated for the difference between data and model in the fitting interval.
g Arguments in the text explain that the information in the G7 and G8 passes does not constrain the dipole moment, so these passes are omitted from the averages

in Tables III–V.

GANYMEDE’S INTERNAL SOURCES FITTED WITH FIXED
DIPOLE AND QUADRUPOLE MOMENTS

The dipole components in Table II are inconsistent from one
pass to another. As the passes occur at different planetocentric
latitudes and longitudes, the scattered values may reflect con-
tributions of higher order internal multipole moments. Fits of
the limited data available to dipole plus quadrupole moments
require that the information content of the passes be adequate to
distinguish the variations related to different multipole moments
along the trajectory. In order to avoid fitting data to passes with
insufficient information content, we next assess the sensitivity of
the measurements along each of the trajectories to contributions
of low-order multipole moments by assuming that the ampli-
tudes of all dipole and quadrupole coefficients are identical at
the surface. Assigning a nominal surface amplitude of 50 nT to
each of the first eight multipoles (g01, g

1
1, h

1
1, g

0
2, g

1
2, g

2
2, h

1
2, h

2
2)

as defined inWalker and Russell (1995), we plot (Fig. 5) the per-
turbations that would be present along the five trajectories. Most
striking is the small amplitude of distinctive variations along the
G7, G8, and G29 trajectories, all of which have closest approach
altitudes of 1600 km or more, compared with the signatures on
the other, lower altitude, trajectories. For the low-altitude passes
(G1, G2, andG28), the signatures of some of the components are
clearly evident, with amplitudes of at least 20 nT. Therefore, we
identify the latter three passes as relevant to the determination of
the internal dipole plus quadrupole coefficients. In addition, each
pass includes contributions frommagnetopause currents that we
approximate as uniform fields (which appear in the multipole fit
as the first-order external coefficients: G0

1, G
1
1, H

1
1 ).

The values of the uniform field contributions are expected to
vary from pass to pass, but the multipole moments are assumed

Kivelson et al. (2002)

Kelvinsong 
CC BY-SA 3.0 

Wikimedia Commons



SATURN

dipole moment 
 

(Stevenson 1983) 

radius 
 

metallic 
hydrogen 

rotation period 
0.44 d

0.21 G × R3
S

RS = 58232 km
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URANUS

dipole moment  
(Voyager 2, 
Ness et al. 1986) 

strongly offset and tilted 

radius  

rotation period 0.72 d 

no metallic hydrogen, 
water-ammonia-methane 
(“CNO”) oceans with 

0.23 G × R3
U

RU = 25360 km

η ∼ 106 cm2/s Ruslik0 / Stassats / Yarl, Public domain, Wikimedia Commons



NEPTUNE

dipole moment  
(Voyager 2, 
Ness et al. 1989) 

strongly offset and tilted 
(not a coincidence) 

radius  

rotation period 0.67 d 

water-ammonia-methane with 

0.13 G × R3
N

RN = 24620 km

η ∼ 106 cm2/s

-236/1930 resembles that in the "entry
layer" of Earth's distant polar cusp (8) in the
following respects:

1) The boundary between the magneto-
sheath and the entry layer is marked by
a discontinuity in the magnetic field
direction, which can be identified with
a crossing of the global magnetopause
surface.

2) This directional discontinuity is asso-
ciated with a local depression in the
magnetic field intensity.

3) The magnitude of the magnetic field
in the boundary layer is strongly fluc-
tuating, whereas its direction is more
stable.

4) The direction of the magnetic field in
the boundary layer changes slowly,
approaching the dipole configuration
closer to the planet.

A similar magnetic field profile in the
vicinity of Earth's distant polar cusp was
reported by Fairfield and Ness (9), who also
observed high-frequently fluctuations in the
magnetic field and a deficit in the field
strength relative to the dipole. Enhanced
magnetic field fluctuations and a deficit in
the field strength relative to that ofthe OTD
were also observed in the boundary layer at
Neptune (see Figs. 1 and 3, respectively). If
the boundary layer at Neptune is an entry
layer, then the density and temperature in
the layer should be comparable to that in the
magnetosheath, the bulk speed should be
low and irregular, and the density should
drop abruptly at the inner edge of the layer.
Plasma data are required to determine
whether the boundary layer observed is a
region of inflow, outflow, or stagnation.

Planetary magnetic field. Upon V2's entry
into the magnetosphere of Neptune
(236/1800 to 236/1930), the observed mag-
nitude of the magnetic field was between 1
and 2 nT (Fig. 3). The field then increased
steadily by four orders of magnitude, reach-
ing a maximum of 9950 nT just before CA
at 1.18 RN at 237/0355:39. The field, with
a notable double peak, then steadily de-
creased with increasing radial distance from
the planet, dropping to 1 nT at 237/1300
(24 RN distance). The brevity of this en-
counter, and the characteristics of the trajec-
tory of V2, yielded an unusual spatial distri-
bution of observations. Most of the varia-
tion in latitude and longitude occurred
while V2 was relatively close to the planet,
less than 4 RN. Between 4 and 20 RN, the
latitude was bounded by 00 and -24° and
the longitude remained between 2750 and
750W.
This longitude system is based on a plane-

tary rotation period (10) of 16 hours 03
min, according to the Jet Propulsion Labo-
ratory (JPL) trajectory data tape (SEDR)

Fig. 3. Comparison of opoC - lly
the magnitude of the ob-
served magnetic field _Z
(bold solid line) and 1,000
OTD model field (long c
dashes) for a period of .
24 hours centered on X 1
Neptune CA; radial dis-
tance of V2 from the
planetary center (short , --
dashes). The OTD mod- ' 10

el is based on vector av- -
erages of the field at 48-s X
intervals in the radial
range of 4 to 15 RN- O X

0

0.1
16 20
I' DAY 23

issued after encounter. In this system, the
spacecraft was at 160°W at CA. The Nep-
tune pole position is defined by a right
ascension of 298.850, declination of 42.420,
as given in the 14 August 1989 JPL distri-
bution of the physical constants.
An OTD representation has been adopted

for the preliminary model of Neptune's
magnetic field. This representation is well
suited for studies of magnetospheric struc-
ture in those regions where the field is
mainly dipolar, R > 4 RN. Closer to Nep-
tune, the OTD is not a good approximation
to the field; significant higher order multi-
poles or local sources, or both (as yet unde-
termined), cannot be neglected. For this
initial report, we determined the best fitting
OTD by systematically varying its location
to obtain a minimum rms residual, while
simultaneously allowing the magnitude and
orientation of the dipole to vary. Averages
of the vector field at 48-s intervals at radial
distances of 4 to 15 RN were used to
determine the model.
The OTD model so obtained has a dipole

moment of 0.133 G-RN3, a dipole tilt (with
respect to the rotation axis) of 46.80 toward
79.50W. (The dipole harmonic terms are:
= 9100 nT, gl = 1760 nT, hI = -9520

nT. The orientation of the dipole is such
that the positive pole is in Neptune's north-
ern hemisphere as defined by the planet's
angular momentum vector. Thus, field lines
are directed outward of the northern hemi-
sphere, as at Jupiter and Saturn, and oppo-
site to the sense of the present-day geomag-
netic field. The OTD center is displaced
(offset) from the planet's center by the sur-
prisingly large value of 0.55 RN (0.17, 0.46,
and -0.24 RN in a right-handed coordinate
system in which the positive z axis is aligned
with the rotation axis and the x axis passes
through the zero meridian).

This OTD model fits the magnetic field
observations with an rms residual of 1.48
nT. Figure 3 compares the magnitude of the

0 4 8 12 16
36 ofo DAY 237 P.

Hour

Rotation

Fig. 4. Diagram of the OTD field lines of Nep-
tune in the meridian plane containing the OTD
center and the rotation axis, illustrating the effects
of the large dipole tilt and offset on the location of
the magnetic equator and pole regions. This
figure is an approximation (the OTD axis is
actually inclined by 220 with respect to this
plane).

observed field with that obtained from the
OTD model for 1 day centered about CA,
corresponding to radial distances less than
30 RN. The OTD model fits the data re-
markably well, even considerably outside the
radial range of observations (4 to 15 RN)
used in the determination of the model. A
progressively increasing difference between
the OTD model and the observed field is
very evident near CA, in a region where the
field is nondipolar and the OTD model is
not applicable.
A schematic diagram of the approximate

configuration of the dipole magnetic field is
shown in Fig. 4. This planetary field appears
similar, in many respects, to that of Uranus
(4, 11). The magnetic field intensity on the
planet's surface may be expected to range
from a low of <0.1 G to a maximum of
> 1.0 G, because of the large spatial offset of
the OTD. However, close to the planet, the

15 DECEMBER I989 REPORTS 14-75

Ness et al. (1989)





PROBLEM 2: 
ELSASSER NUMBER

Elsasser number  is the strength ratio of the Lorentz force density 
 to the Coriolis force density . 

Create a scatter diagram of equatorial dipole magnetic field strength at 
the surface  vs. the rotation period  for planets and moons. Where 
possible, indicate also the dipole magnetic field strength scaled to the 
core radius . 

What values of  are inferred? For magnetic diffusivity, assume 
 for liquid iron,  for metallic hydrogen, 
 for liquid CNO.

Λ
⃗fL = ( ⃗j × ⃗B )/c ⃗fΩ = 2ρ ⃗Ω × ⃗v

Bs P

Bc

Λ
η ∼ 104 cm2/s η ∼ 105 cm2/s
η ∼ 106 cm2/s

This problem is worth 5 points. Solutions should be sent as 1-page PDF files to 
knalew@camk.edu.pl before the next lecture.

mailto:knalew@camk.edu.pl


SUMMARY

Planets and moons that produce global magnetic 
fields: Mercury, Earth, Jupiter, Ganymede, Saturn, 
Uranus, Neptune. 

Rocky planets need convectively unstable liquid 
metallic core, cooling of outer layers (plate tectonics). 

Gas giants may have layers of metallic hydrogen 
(Jupiter, Saturn) or “CNO” oceans (Uranus, Neptune).


