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Introduction: Since the first detection of extra 

solar planet [1], more than 260 exoplanets have been 

detected so far. Most of them are gas giants because 

heavier planet is more easily detected. But a wide 

variety of terrestrial planets would be detected in the 

next decade as is predicted by theoretical study [2]. 

Then, the next question is whether the terrestrial pla-

nets are habitable or not. 

The habitability of terrestrial planets is mainly 

discussed on the basis of stability of liquid water at 

the planetary surface [3]. Addition to that we propose 

that there is another key factor, the existence of in-

trinsic magnetic field, for the habitability since the 

field protects the lives from high energy cosmic ray 

and solar wind which are hazardous to lives on the 

planetary surface. 

Dynamo action is the most plausible process to 

form strong and stable magnetic field for long dura-

tion. However, since dynamo action requires vigorous 

convection within molten metallic core, thermal evo-

lution of the planet should be considered to discuss 

possibility of existence of intrinsic magnetic field. 

Stevenson et al. [4] studied the thermal evolution 

of the terrestrial planets in solar system by using 

thermal boundary layer model and discussed the for-

mation of intrinsic magnetic field based on the result-

ing heat flux at the core-mantle boundary. Their mod-

el seems to successfully explain the difference among 

terrestrial planets in solar system, however it is doubt-

ful whether or not thermal boundary layer model is 

applicable for convecting mantle with wide variety of 

pressure and viscosity. Especially, since viscosity 

varies several orders of magnitude through mantle, 

arbitral rule is needed to estimate heat flux through 

the thermal boundary layer. 

In this study, we construct a new numerical model 

on the thermal evolution of terrestrial planets to dis-

cuss the relationship between planetary mass and life-

time of planetary magnetic field. 

Numerical Method: Our model is one-

dimensional in the radial direction and simulates 

thermal evolution of various-sized terrestrial planets 

taking into account temperature- and pressure-

dependences of physical parameters, conductive and 

convective heat transfer, internal heat source, and 

growth of inner core. 

The initial density distribution within the mantle 

and core are calculated by using second order Birch-

Murnaghan equation of state (e.g. Valencia et al. [5]). 

The upper mantle-lower mantle phase change is as-

sumed to occur at the pressure of 24 GPa, and the 

core is assumed to be uniform at the initial condition. 

The initial concentration of impurity within the core 

is varied as a free parameter.   

Convective heat flux would highly depend on vis-

cosity which could vary several orders of magnitude 

through the mantle. In this study, we adopt mixing-

length theory [6] to calculate the convective heat flux 

within the mantle since the theory gives the convec-

tive heat flux as a function of local physical parame-

ters such as density, heat capacity, adiabatic tempera-

ture gradient, and viscosity. 

Long-lived radiogenic isotopes (
40

K, 
232

Th, 
235

U, 

and 
238

U) are considered as internal heat sources. The 

relative amounts of these radioisotopes are assumed 

to be the same with that of bulk-Earth [7]. Radioiso-

topes are assumed to distribute uniformly throughout 

the mantle and not to be partitioned into the core. 

Initial temperature at core mantel boundary is giv-

en as 1000K higher than the temperature correspond-

ing to potential temperature of 1500K. Initial thermal 

structure of the mantle is given as an average of adia-

batic structure passing through the initial temperature 

at core mantle boundary and adiabatic structure pass-

ing through the temperature of 1500K at the planetary 

surface. The thermal structure of the core is given as 

adiabatic. The temperature at the surface is fixed 

300K through the calculation because our target is 

planet in the habitable zone. 

Once the temperature at the center of the core be-

comes lower than the liquidus temperature of outer 

core, an inner core grows. We assume the liquidus 

temperature of outer core is given as a product of 

pressure-dependent melting temperature of pure iron 

[8] and (12x) where x is mass fraction of impurity 

[4].The latent heat and gravitational energy released 

with growth of inner core works as internal heat 

source of the core. 

By using this model we can know evolution of 

heat flux from the core to the mantle for cases of var-

ious-sized planets with various initial impurities in the 

core. Since dynamo action requires vigorous convec-

tion in the outer core, the life-time of intrinsic mag-

netic field is given as a duration within which the heat 

flux exceeds a threshold value. Following Stevenson 

et al. [4] we adopt the conductive heat flux along core 

adiabat as the threshold value.  
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Figure 1: The evolution of inner core radius (red 

curves) and core heat flux (blue curves). The mass of 

planet is assumed to be one Earth mass.  The initial 

impurities of core are 10wt% (thick curves), 15wt% 

(dots), and 5wt% (chains), respectively.  

 

 

 

 

Numerical Results: Figure 1 shows the evolution 

of inner core radius and core heat flux for the case of 

1 Earth mass planets. The thick curves are for the 

case that impurity concentration in the core, x0, is 

10wt%, the broken curves are for the case of  

x0=15wt%,  and the one-dotted chains are for the case 

of x0=5wt%, respectively. 

For the case of x0=10wt%, an inner core forms at 

2.2 Gyr. Since then reduction rate of core heat flux 

becomes moderate because of gravitational energy 

and latent heat released at the surface of inner core. 

Core heat flux remains higher than the minimum flux 

to drive the convection in the outer core for about 

12.0 Gyr, i.e. planet can drive dynamo action to sus-

tain its intrinsic magnetic field for 12.0 Gyr. 

We carry out the numerical simulation for various 

sized planets to estimate the life-time of magnetic 

field as a function of planetary mass. Figure 2 shows 

the resulting life-time of the intrinsic magnetic field 

as a function of planetary mass. Each curve represents 

the life-time of intrinsic magnetic field for different 

initial impurity concentration in the core. Generally, 

these curves show convex upward configuration. 

Note that solid curve shows the cases with inner core 

formation and dashed curve shows the cases without 

inner core formation. 

When planetary mass is less than 0.5 Earth mass, 

life-time of the field becomes shorter for smaller pla-

net. This is because of the smaller planet cools down 

more quickly and thermal energy of the core decrease 

within short period. 

Figure 2: Life-time of intrinsic magnetic field as a 

function of planetary mass. Each curves shows differ-

ent initial impurity concentration in the core. Solid 

curves show the case with inner core nucleation and 

dots show the case without the nucleation. 

 

 

 

 

 On the other hand, when planetary mass is more 

than Earth-mass, life time of the field becomes short-

er with larger planet. This is because of depression of 

heat transport efficiency. Since the viscosity of the 

mantle depends on the pressure, the viscosity at the 

bottom of the mantle becomes higher for heavier pla-

net. In this case such a viscous mantle can not sustain 

large heat flux from the core to invoke vigorous con-

vection within outer core while the core remains hot. 

Conclusion: According to our numerical results, 

the planetary mass must be between 0.1 and 1.4 Earth 

mass to sustain the intrinsic magnetic field for more 

than 4.5 Gyr. If existence of intrinsic magnetic field 

were a key factor to make the planet habitable, the 

mass range above indicates that super-Earths would 

not be habitable. 
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