
Size effect on the formation of magnetic field for rocky planets.  H. Senshu1, 1Research Center for the Evolving 
Earth and Planets, Tokyo Institute of Technology (2-12-1, Ookayama, Meguro-ku, Tokyo 152-8551, Japan, sen-
shu@geo.titech.ac.jp). 

 
 
Introduction:  Since the first detection about a 

decade ago [1], there are now more than 200 extrasolar 
planets, or exoplanets, known [2]. Because of the ob-
servational difficulty most of them are much heavier 
than Earth being regarded as gas-giant planet like Jupi-
ter and Saturn, but there are some candidate rocky 
planets [3]. A wide variety of rocky planets would be 
detected in the next decade as is predicted by theoreti-
cal study [4,5]. Then, the next question is whether the 
rocky planets are habitable or not. 

Presence of intrinsic magnet field around a rocky 
planet is one of the most important factors for the habi-
tability of the planet, since magnet field would prevent 
the atmosphere from being blown off and also would 
protect the surface environment from the irradiation of 
the solar wind and galactic cosmic ray. 

There are several ways to create magnetic field; 
magnetic field formation due to a crustal remnant like 
martian case, magnetic bowshock formation resulting 
from the interaction with solar wind like venusian case, 
and magnetic field formation due to a dynamo action 
in a metallic core like terrestrial and probably mercu-
rial case. Among them only the dynamo action can 
make global and sufficiently strong magnetic field. 
Generation of magnetic field via dynamo action needs 
thermal and/or compositional convection within the 
metallic core. In other words, whether or not a planet 
could form intrinsic magnetic field depends on the 
thermal state, or thermal evolution, of the planet. 

Stevenson et al. [6] developed a numerical model 
on the thermal evolution of Earth, Venus, Mars, and 
Mercury, respectively. They discus the formation of 
intrinsic magnetic field based on the resulting heat flux 
at the core-mantle boundary. In this study, we also 
develop the numerical model on the thermal evolution 
of various-sized rocky planets to discuss the size effect 
on the formation of intrinsic magnetic field. 

Numerical Model:  We follow Stevenson et al. 
[6]'s numerical scheme in modeling thermal evolution 
of rocky planets. In this model, the thermal structures 
within the mantle and core are assumed to be adiabatic, 
respectively, except for the top and base of the mantle 
that are thermal boundary layers. The heat fluxes 
through these thermal boundary layers are calculated 
from the Fourier's law of heat conduction, i.e. q=kΔT/d, 
where k is the thermal conductivity, ΔT is the tempera-
ture jump through the thermal boundary layer, and d is 
the thickness of the thermal boundary layer. The thick-

ness of the thermal boundary layer is decided so that 
the local Rayleigh number of the thermal boundary 
layer becomes equal to the critical Rayleigh number, 
Racr, as follows: 

d = (RacrνK/gαΔT)1/3   (1) 
where ν is the kinetic viscosity, K is the thermal diffu-
sivity, and g is the gravitational acceleration. 

The temperature and pressure dependence of vis-
cosity is important in estimation of the heat flux. In 
this study we adopt two types of viscosity model and 
carry out calculations for each model. In one model 
(EP-model) the viscosity explicitly depends on the 
pressure as follows: 

ν =ν1exp(A/T) exp(BP)  (2) 
where ν1, A, and B are constants. We take ν1=4x103 
and A=5.2x104 [6], while B is undecided parameter. 
We adjust the value of B so that this model can repro-
duce the present Earth (the surface heat flux is about 
60 mW/m2, the radius of inner core is 1200 km, and 
intrinsic magnetic field is present at 4.5 Gyr after for-
mation for the case with the radius of 6400 km). In 
another model (IP-model) viscosity implicitly depends 
on  the pressure as follows: 

ν=ν2exp(CTm/T)   (3) 
where ν2=1.4x105 and C=23.25 are constants and Tm is 
the melting temperature which depends on the pressure 
[7]. 

If the temperature at the center of the core becomes 
lower than the liquidus temperature of outer core the 
growth of inner core take place. We assume the outer 
core contains sulfur as impurity and the liquidus tem-
perature of Fe-FeS alloy is given by a product of the 
melting temperature of pure iron [8] and (1-2x) where 
x is mass fraction of the impurity [6]. The latent heat 
and gravitational energy released by the growth of 
inner core work as internal heat sources of the core. 
The concentration of impurity in the outer core is also 
considered. We consider that a magnetic field forms 
when the heat flux at the core-mantle boundary is lar-
ger than conductive heat flux along the adiabatic ther-
mal structure [6]. 

As an initial condition of calculation we assume no 
temperature jump at the core-mantle boundary and the 
averaged mantle temperature of 3000K, 3500K, and 
4000K. We assume the constant surface temperature 
(300K) and whole mantle convection since they are 
also thought to be requirement for habitable planet. 

Lunar and Planetary Science XXXVIII (2007) 2213.pdf



Numerical Results:  Fig. 1 shows the resulting 
thermal history of Earth-sized planet using EP-model 
with initial mantle temperature of 3000K. The pressure 
dependence parameter B is assumed to be 8.86x10-11 
(top panel), 1.06x10-10 (middle panel), and 1.24x10-10 

(bottom panel) for each panel, which correspond to the 
viscosity variation of 105 (top), 106 (middle), and 107  
(bottom) with the pressure variation from 0 to 130 GPa, 
respectively. Among them only the middle panel 
seems to succeed in reproducing the present Earth. 
Thus we adopt the value of B corresponding to the 
viscosity variation of 106 for the pressure range of 130 
GPa in the case with initial mantle temperature of 
3000K. Suitable values of B to reproduce the Earth 
condition for other initial mantle temperatures are de-
cided similarly. 

Using the B value for each initial mantle tempera-
ture, we carry out the numerical simulations of vari-
ous-sized rocky planets to investigate the size-
condition to produce larger heat flux at the core-mantle 
boundary 4.5 Gyr after the formation than conductive 
heat flux along the adiabatic temperature structure 
within the core (Fig. 2). Whether the presence of inner 
core is required for formation of magnetic field or not 
is unclear so far. Thus both cases of enough heat flux 
with/without inner core are shown  in the figure. As is 
clearly shown in Fig. 2, a planet with radius much lar-
ger than that of Earth does not form magnetic field. 

When we adopt IP-model as viscosity model, 
which does not include free parameter like B in EP-
model, we cannot find a condition for Earth sized 
planet to possess a magnetic field (IP-model (a) in Fig. 
2). If the viscosity in equation (1) is calculated by us-
ing the temperature at the middle of the thermal 
boundary layer instead of temperature at the inner edge 
of the thermal boundary layer, Earth sized planet might 
possess magnetic field (IP-model (b) in Fig. 2). How-
ever, even in this case, it seems that planet with radius 
much larger than that of Earth does not form magnetic 
field. 

Summary:  We developed the numerical model on 
the thermal evolution of various-sized rocky planets. 
Instead of  ambiguity in viscosity model, our result 
indicates that rocky planets much larger than Earth can 
not form magnetic field via dynamo action. Thus, such 
planets might not be habitable planets. 
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Figure 1: The evolution of a planet with the radius of 
6400 km and the initial mantle temperature of 3000 K. 
The viscosity is calculated by using EP-model with the 
various pressure dependence factor. No inner core 
forms in case (c). 
 

 Radius [km]

EP-model

IP-model (a)

IP-model (b)

3000K
3500K
4000K

initial mantle temperature

3000 4000 5000 6000 7000 8000 9000

Earth’s radius

Figure 2:  The size condition for heat flux larger than 
adiabatic one at the core-mantle boundary 4.5 Gyr 
after the formation. Thick line means enough heat flux 
with the presence of inner core and the broken line 
means the enough heat flux but inner core. 
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