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Abstract
During the past 20 years the search and discovery of exoplanets come turns in one of the most exciting field in research for astronomers. A lot of these new worlds are Earth-like planets, rocky, iron
and water rich objetcs. Some of them are inside the Habitable Zone of their host stars. This is our
first step to find a place that looks like ours. Many conditions are required before a planet can be
consider suitable to engender and sustain life during billions of years as our planet do. There are a
lot of criteria to define a habitable planet, the most of them related only with the surficial temperature
and the presence of liquid water on the surface. To sustain the environment for life, the planet needs
an atmosphere and additionally, it must have a magnetic field to protect the atmosphere.
The rotation and thermal evolution of a planet plays a main role in the planetary magnetic field evolution. The rotation period determines properties like the regime of the planetary dynamo and its
intensity. This is crucial for a planet to keep its reservoir of volatile material like water, protected
against the erosive action of the stellar wind and cosmic rays. Planets orbiting dwarf stars are tidally
afected by their host, this detemines the final rotation period (resonance) or the tidal locking of the
planet, especially during the very first Myr. At the same time this first period of the planet history is
the most afected by the magnetic activity of the host star. We calculate the rotation and tidal evolution
of planets and combine this with a thermal evolution model to know how this very first stages of the
planetary evolution finish with an stable and protective planetary magnetic field or with an unprotected
planet.
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C HAPTER 1

An Introduction to Super Earths

”There are countless suns and countless earths, all rotating around their suns in exactly the same
way as the seven planets of our system. We see only the suns because they are largest bodies and
are luminous, but their planets remain invisible to us because they are smaller and non-luminous.
These countless worlds in the universe are no worse and no less inhabited than our Earth.”
Giordano Bruno, L’infinito Universo E Mondi, 1584

Since 1995 the discovery of exoplanets had established a complete collection of types for these
worlds orbiting around other stars in our galaxy. From giant gas planets like Jupiter orbiting so close
to its star that are being evaporated by its host, called Hot Jupiters, through oceanic and icy Neptunelike planets, to the most interesting kind of planets for us, Earth-like planets. The study of this new
zoo is one of the most exciting areas of planetary sciences research today. After the first discovery
of an exoplanet orbiting the star 51 Pegasi, more than 1000 1 exoplanets have been discovered by
different teams using different observational methods. One of the most amazing news for planetary
sciences is the discovery of an Earth-mass planet orbiting one of the stars in our closest neighbor
stellar system Alpha Cetauri Dumusque et al. 2012.
One of the most successful methods to search exoplanets is based on the Doppler shift, the measure
of small changes in the radial velocity of the stars which allow researchers to infer the presence of
planets orbiting around the star. The majority of the discovered exoplanets are massive giant planets,
because it is easier to find massive planets that affect by gravity the movement of its host star. In recent times a lot of discoveries are little planets. The method of radial velocity has allowed discovering
low mass exoplanets, Earth-like planets. The range of discovered masses goes from KOI-55 c -the
lightest known exoplanet with 0.67 M⊕ (Mayor et al., 2009)- to objects like CD-352722 b close to 30
MJ (Jupiter mass) (Schneider et al., 2011).
Another method to find planets around other stars is by measuring the arriving light of the star to detect little decreases caused by the transit of a planet in front of the star. One of the most successful
projects doing this kind of measurements is the space photometer lead by NASA, called Kepler. The
detection of transits made by Kepler have risen the candidates to be planets up to 3216 2 and its last
1
2

For updates please refer to http://exoplanet.eu
For updates please refer to: http://kepler.nasa.gov/

1

discoveries increases the possibilities to find low mass planets around main sequence stars near to
the Earth (Borucki et al., 2011; Batalha et al., 2012).
Several of the discovered extrasolar planets are in the intermediate range of masses from 1-10 M⊕ 3 ,
called super Earths; this kind of planets with physical and dynamical properties make them different
from the terrestrial planets known in our own planetary system and good candidates for habitability. The first exoplanets with a mass between 1-10 M⊕ was found orbiting around the pulsar PSRB1257+12, the team led by Aleksander Wolszczan discovered a whole planetary system with three
rocky planets (Wolszczan & Frail, 1992), having masses close to Earth’s mass, 4.2 M⊕ , 3.9 M⊕ and
2.1 M⊕ respectively; in fact, this was the first planetary system found ever. Later in 2005 a team led
by Eugenio Rivera found another planetary system containing low mass planets (Rivera et al., 2005),
this time orbiting around a main sequence star only 15 light years away from the Earth, the star was
Gl 876. The third planet found in this system, designed as Gl 876 b, has 7.5 M⊕ . It was the first
super Earth found around a main sequence star. Since this finding, and at the writing time, almost
76 4 super Earth candidates have been discovered around other main sequence stars close to the
Earth in our galaxy (see table 1.1).
The peculiar properties of super Earths make them a particularly important class of extrasolar planets; their sizes and masses suggest that super Earths may have dynamic interiors and be able to
develop and maintain atmospheres and planetary magnetic fields, both necessary conditions to be
potentially habitable (Haghighipour, 2011). On the other hand, their close-in orbits and their composition represent a challenge to the planetary formation theories. This makes super Earths an important
key to identify new planetary formation mechanisms. The majority of super Earth candidates has
semi-major axis smaller than 0.2 AU and eccentricities from 0 to 0.4 showing an orbital diversity and
make them a particular class of planets (Haghighipour, 2011).

1.1 The Planetary Taxonomy
The International Astronomical Union - IAU decided in its meeting in August 2006 to establish the
criteria to call a celestial body a planet5 . In agreement with IAU, a planet is a celestial body that:
1. Is in orbit around The Sun (or a star for exoplanets)
2. Has sufficient mass for its self-gravity to overcome rigid body forces so that it assumes a hydrostatic equilibrium (nearly round) shape.
3. Has cleared the neighborhood around its orbit.
3
This measured mass is a minimum limit for the actual mass of the planet, this is because the actual inclination of the
exoplanet’s orbit is unknown, the obtained values are the minimum mass Mp sin(i) not Mp itself. All ways we mentioned
the planetary mass we are talking about Mp sin(i).
4
For updates please refer to http://exoplanet.eu
5
IAU Resolution 5, Definition of a Planet in the Solar System
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According to these criteria, other celestial bodies found around other stars in our galaxy can be
planets too, nevertheless the third criteria is impossible to know for exoplanets. The IAU’s definition
incorporates physical properties and location, but not formation (Seager, 2011). The definition of a
planet seems to be solved, but this answer is incomplete without a formation criterion. In our solar
system, the eight planets are divided on recognizable types of planets. Based on its structure there
are three different types of planets in the Solar System:

• Terrestrial planets: Low mass, solid and iron-rocky planets with high density similar to Earth
(ρ > 3.5gcm−3 ).
• Giant planets: Gaseous planets with low density like Jupiter (ρ < 2.0gcm−3 ) and icy mediumsized planets (Rp > 2.0R⊕ ) like Neptune.
• Dwarf planets: Massive enough for its shape to be spherical, but that has not cleared its orbital
region of other objects, like Pluto.

The main feature involved in the process to find an exoplanet around a star, in accordance with the
methods to search them, is their mass. Because of that most of the found exoplanets are giants.
The mass is the first characteristic at the moment of classifying an exoplanet; the other characteristic
needed is the radius. Taking into account the birth and evolution of a star, a planet was defined
as not having central deuterium burning (Carroll & Ostlie, 2006). This criterion enables a planet to
be defined as having a maximum mass around 13 MJ (Jupiter Masses). But the discovery of HD
168443 c with a minumun mass of 18.1 MJ introduced a complication (Marcy et al., 2001). The first
brown dwarf was discovered at nearly the same time as the first exoplanet. Identifying these two
astrophysical types of objects remains an open issue. Brown dwarfs are formed like stars through
the gravitational collapse of a molecular cloud. On the other hand, the most accepted theory propose that planets are formed in a protoplanetary disk through an accretion process. Brown dwarfs
with small masses have begun to be discovered, reaching masses close to gaseous giants, the two
families of objects being closely related in terms of atmospheric and interior properties (Baraffe et al.,
2010).
With this in mind, we can classify exoplanets using the classes defined by Seager (2011):

• Giant Planets: are those with a substantial H/He envelope. Gas planets are composed basically of gas, whereas ice planets are composed primarily by water, ammonia, and methane.
• Terestrial Planets: Often referred to as ”rocky planets”. These are planets primarily supported
graviationaly by the Coulomb pressure and have a defined surface, solid or liquid. These planets can sustain an atmosphere above the surface, but this is not necessarily a common feature. Formation theories suggest that most of terrestrial planets have masses less than 10 M⊕
(Ida & Lin, 2004a). Terrestrial planets that have liquid water in their surface have the possibility
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to be habitable. This requires the presence of an atmosphere with a surface pressure and temperature suitable for liquid water.

A sub-classification of these planets types are commonly used for exoplanets depending on features
as composition, mass and distance to the host star (Seager, 2011):
• Hot Jupiters: Planets with masses and radius comparable to or greater than Jupiter mass
located so close to its host star, with a < 0.1 AU .
• Super Earths: This classification refers to rocky planets larger than our Earth, in the mass
range 1-10 M⊕ and radii < 1.75 R⊕ .
• Neptune-like: This name is used for planets between 10-25 M⊕ whose volume is dominated
by an H/He envelope, but mass is primarily heavier elements, mainly ices.
• Water Worlds: Terrestrial planets with 25 % or more water mass. Its surfaces can be huge
deep oceans.
• Carbon Planets: Terrestrial planets that contain more carbon than oxygen, their rocks are likely
to be carbides rather than silicates.

1.1.1 Planetary Formation
Calling an exoplanet with 1-10 M⊕ a super Earth does not imply that these exoplanets looks like our
planet, because this is just a mass criterion. There are different limits for the mass of a super Earth
in the literature, the first definition of a super Earth as a terrestrial planet with a mass between 1 and
10 M⊕ is defined in Valencia et al. (2006), some other authors like Fortney et al. (2007) use 5 to 10
M⊕ . We could define a super Earth as a mainly solid planet not dominated by an atmosphere. In the
low limit, the boundary for mass of a super Earth is of course the Earth’s mass. Planets underneath
are known as Mars-like or even Mercury-like planets with very low mass (M p < 0.1M⊕ ). The upper
boundary for the mass of a super Earth is less clear, and depends on several factors.
There are no planets between 1-10 M⊕ in our own planetary system, we do not have a super Earth
in our neighborhood. Based on the discovery evidence, we know now that super Earth planets exist
and probably they could be numerous in our galaxy (Mayor & Udry, 2008). From the standard model
of planetary formation we know that terrestrial planets and the cores of giant gas planets are made
by the sum of little pieces with sizes between 1 to 10 km known as planetesimals. After dramatic collisions and accretion process we obtain from tens to hundreds of planetary size-like bodies (Armitage,
2010). Some of the created bodies with masses similar to our Moon’s could start to achieve gas from
the protoplanetary disk and form thin atmospheres, these primaries atmospheres disappear soon if
the planet does not have enough mass and gravity to sustain it over its surface. By the end of this
process several Earth-like planets are formed. Far from the vicinity of the forming Sun, beyond the
limit known as the snow line, the solid cores are more massive than those formed in the interior of
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the disk becosue there are more material available. If the mass of the formed body reaches some
critical value of several earth masses, the pressure of the atmosphere cannot support the gravity
and the weak atmosphere collapses on to the new planetary core. After this atmosphere collapse,
the core keeps on gaining gas from the disk and start forming a giant planet. The mass reached
by the core and the time it takes to form a giant planet depends on the density of the disk (material
available) as well as the distance from the forming star. The process is favored in regions far from
the star further away of the snow line, where the density of dust particles increases because the
ice condenses around them. This facilitates the large cores formation and the late accretion of gas
around it (Ida & Lin, 2004a,b). Even if the gas available for accretion is depleted, the planets grow
from 10 to more than 100 M⊕ so quickly (Ida & Lin, 2004a), a Jupiter mass planet grows just in a few
million years (Ikoma et al., 2000). As a result of this formation model, planets formed with masses
between 10 and 100 M⊕ are rarely at distances from 0.2 to 3 AU from the star depending on the
star mass. This lack of medium mass planets at these distances is defined as a planet desert by
Ida & Lin (2004a).
The planet formation models result in a great diversity of planetary systems and masses (Scharf,
2009). The time that takes to form a giant planet from the first cloud collapse to the planet complete
formation is less than 10 Myr. The accumulation of dust to form planetesimals, up to 0.1 M⊕ embryos,
is less than 1 Myr (Scharf, 2009). The formation of giant planet cores of 10 M⊕ takes only 1-3 Myr.
Finally the formation process produces three types of planets: Terrestrial planets, which includes
rocky up to 10 M⊕ , Ice giants and Gas giants. This great diversity of planets and masses resulting
from models, shows that rocky planets and low mass ice giants are possible. super Earths and low
mass ice giants can be common in the planetary zoo. Finally we can conclude that the super Earths
are possible, based on the discoveries of exoplanets with masses within 1-10 M⊕ .

1.1.2 Formation of Super Earths
The better known model of planetary formation is based on the minimum-mass solar nebula (the
protoplanetary disk that forms the Solar System). According to this model there was enough solid
material in the original protoplanetary disk to form planets even larger than the Earth. The upper
mass reached by a planet in the inner side of a protoplanetary disk depends on the available amount
of solid material (Ida & Lin, 2004a; Armitage, 2010)).
If a planet grows above the mass of the Earth, it begins to accrete gas from the disk. This gas accumulation process culminate in a runaway accretion that will form a gas giant. The value of the critical
mass, for which such runaway growth could occur would thus determine whether super Earths are
likely to exist at all. Some models predicts that planets behind 10 M⊕ grows so rapidly that can reach
more than 100 M⊕ in a few million of years (Ida & Lin, 2004a). These models predicts a large number
of super Earths formed in the inner parts of the disk too. From the current planetary formation models
it is possible to infer the existence of planets with masses in the range 1 - 10 M⊕ . The diversity of
known planetary systems containing super Earths suggest two different ways of formation. The first
is a process of in-place formation. Second is a formation process while the orbital dynamics of the
disk were evolving, this implies that super Earths were formed at large distances and were scattered
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to their close-in locations by gravitational interactions with the protoplanetary disk, that is, by a migration process (Haghighipour, 2011).
On the other hand, the formation of planets around low mass stars (M-dwarfs), where the solid material available is less than a solar type nebula, implies that is no easy to achieve the formation of
giants but the most probable formation of low mass planets ranging from Earth-like to Neptune-like
masses. The dynamic of formation around M-dwarfs is a slow process compared with more massive
protoplanetary disks. Other factor involved is the rapid dispersal of the gas in the disk, which is another disadvantage for the giants formation. According to this, the planets formed around M-dwarfs
must be mainly low mass planets, that is in the mass range of super Earths or smaller (Haghighipour,
2011). Nevertheless, several giant planets have been discovered around M-dwarfs, so there is a
remaining open problem with the current formation models.
Nowadays it is generally accepted that super Earths are formed through two different processes:
core accretion and planetary migration. Recent models combining core accretion and type-I migration produce objects in range 3-4 M⊕ in close-in orbits (McNeil & Nelson, 2010). Although this two
mechanisms for the formation of super Earths seems to be viable, the real process is still an open
problem for computational modeling.

1.2 Mass-Radius Relationship for Super Earths
Different types of planets are defined by its internal composition. With measured masses and radii
and models for the interior of the planet, the composition could be inferred, but there are a lot of possible solutions, the only parameter that could be inferred is the bounds to the bulk composition of the
planet (Valencia, 2011). From the observations of radial velocity changes and transits, astronomers
are capable to measure the mass and the radius of the planet. Using these values the average density could be computed and this result shows indirectly which kind of planet are you observing. High
density planets like Earth or Mercury push us to classify they as rocky, but only other analysis on the
likelihood of other materials present in their compositions can give us the certain about the terrestrial
nature of these planets. The modeling challenge is to differentiate the planets mainly solid made by
rocky and ice, from planets with no negligible volatile envelopes (Valencia, 2011).
The giant gaseous planets are structured by a very small core (compared with the planet itself) enveloped with a huge H/He layer that represents the main composition. On the other hand, super
Earths and Neptune-like planets are composed mainly by rocky and icy materials and have thin atmospheres compared with the planet, that are not the main component in their bulk composition.
The internal structure model must take into account the different rock and ice properties to be appropriate to describe the bulk composition of a super Earth. Combining internal structure models and
H/He and H2 O envelopes it is possible to infer the main composition of super Earths (Valencia et al.,
2006; Seager et al., 2007; Fortney et al., 2007; Adams et al., 2008; Valencia, 2011). The models of
the internal composition for terrestrial planets are based on the hypothesis they are made primarily
of iron, silicates and water, and to a lesser extent, some other carbon compounds (Seager et al.,
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2007). The differences in compositions of rocky planets depends mainly on the amount of iron that
the planet has, located mostly in the core and some as part of the mantle. The composition of the
rocky planets range from a pure iron planet to a planet without iron - a Moon-like planet - (Valencia,
2011). Earth-like planets have ∼ 32 % of iron while Mercury-like planets are iron rich with more than
60 % of their mass represented by its core. Figure 1.1 shows the Mass-Radius relationship for rocky
planets.

1.3 Habitability of Super Earths
The masses and possible composition and structure of these planets imply that super Earths could
have the capability of developing and retaining atmospheres, and may also be able to have a dynamic
interior that produce a magnetic field also. These properties make super Earths good candidates to
develop and sustain life in the universe, in fact this is the definition of habitability itself, develop and
maintaining life. The classic concept of habitability is based on the possibility of a planet to sustain
liquid water on its surface (Kasting et al., 1993) (see section: 2.1), this depends on the energy equilibrium of the planet that determines its surface temperature, it does not contemplate the planet’s
dynamics. But there are other factors involved on the question of planetary habitability. The modern
notion of planetary habitability implies many other geophysical, geochemical, astrophysical and biotic
criteria that must be met before a planet can support life. A super Earth or in general any rocky planet
must fulfill a number of criteria to be considerated suitable for life. Some of these criteria are related
with the internal structure and dynamics of the planet that determines properties like the recycling
of volatile from the atmosphere, the tectonic activity and the formation and presence of a protective
magnetic field.
Stellar parameters, such as mass, luminosity and stellar activity, and orbital dynamics properties such
as the location of the Habitable Zone (for a complete definition of the Habitable Zone see section:
2.1.2) determines a lot of properties shared between the star and planet. Structures like the planetary magnetosphere are form by the stellar wind and the planetary magnetic field interaction. The
maintenance of an atmosphere depending on the host star’s irradiation and particle flux evolution
and the availability of the planet to develop an active magnetic field that forms a protective magnetosphere (Lammer et al., 2010). All these conditions are closely related with the thermal and magnetic
evolution of the planet (see chapter 4), and the environment transformation and regulation led by the
presence of life in the planet. In the following we will deal with these new considerations for habitability.
The habitability of a planet is related with its radius and mass too. As a consequence of the formation
processes, an Earth-like planet is defined as having a minimum radius of about 0.5 R⊕ (Haghighipour,
2013). On the other hand, the maximum radius is not so clear, according to the formation models,
a terrestrial core starts to accumulate a gas envelope and turn into a gas-giant planet somewhere
around 10-15 M⊕ , which leads to a radius of about 2 R⊕ as an upper limit for terrestrial planetary
densities (Selsis et al., 2007a). The mass determines the evolution of the internal heat flux and
plays a role in the gravitational maintenance of the thin atmosphere, low mass planets lose their
7

Mass-Radius relation for rocky planets[htp]

Figure 1.1: Mass-radius relation for different compositions of rocky planets. No-iron planets have a
Moon-like composition. Earth-like planets have ∼ 67 % by weight of silicate mantle and ∼ 33 % iron
core. Super-Mercuries have 37 % silicate mantle and 63 % pure iron core. Pure-Fe planets do not
have any silicates. Icy giants Uranus and Neptune are shown as reference. U: Uranus, N: Neptune,
K-10b: Kepler 10 b, C-7b, Corot 7 b, are showing for comparation. Vertical and horizontal bars
are uncertainties in radius and mass respectively. Figure reproduced with permission from Valencia
(2011).
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atmospheres easier than massive terrestrial planets.

1.3.1 Dynamics of the Orbit and Spin
Planets located in close orbits around their host stars are subject to a strong tidal interaction. This
gravitational relation influence directly the habitability of the planets. For planets placed in close orbits the strong tidal dissipation leads to gravitational locking at very short timescales. The tidal forces
can change the orbits limiting the time for the emergence and evolution of life on a planet. Planets
detected inside the Habitable Zone close to M-dwarfs stars are probably tidally locked if their orbit
is circular (Merlis & Schneider, 2010), or orbiting in a resonance period for eccentricities different to
zero (Makarov et al., 2012). This characteristic complicate the homogeneous warming provided by
an atmosphere and turns the planetary climate dramatic, with a day side hemisphere heated, where
the surface material could reach the melt temperature forming a liquid rocky ocean, and a frozen
night side hemisphere where the atmosphere could be even condensed and collapsed.
Planets must be habitable during a time scale enough to life develop, in the case of the Earth, this
takes around 700 Myr after its formation. Nevertheless, the orbital properties depending on physical
and dynamical conditions, and this behavior may evolve and produce the orbits to past the Habitable
Zone. For a planet be placed on the correct orbit for life, it must have low eccentricity so that tidal
interactions do not make it inhospitable. Planets with eccentricities larger than 0.5 suffer tides that
make them to have shorter habitable life-times (Barnes et al., 2008). Is generally accepted that the
majority of terrestrial planets inside the Habitable Zone of low-mass stars will be on nearly circular
orbits (Barnes et al., 2008), and must be tidally locked in less than 1 Gyr. However, recent works on
numerical simulations of the orbital dynamics shows that the 1:1 resonance for the planetary orbit is
not so common (Makarov & Efroimsky, 2012; Makarov et al., 2012), and is more probable to achieve
2:1 resonances for close-in planets with no low eccentricities. Depending on the eccentricity and the
rheological properties of the planet which include the response of the mantle to the tidal forces, the
spin of the planet evolves to a low resonance but it is not necessarily locked. The spin of the planet
is a fundamental property related directly with the appearance and maintenance of a planetary magnetic field (see chapter 3). Planetary magnetic fields acts like shields protecting the atmosphere from
stellar wind and cosmic rays. The rate of rotation of the planet determines the regime of the planetary magnetic field, and the structure of the magnetosphere (Zuluaga & Cuartas, 2012). A long lived
dipolar magnetic field is better for life development and evolution.
Finally, the tidal processes influence the obliquity evolution of the planet rotation axis. This process
call it ”tilt erosion” occurs much faster than the time needed for life emerged in planets orbiting in the
Habitable Zone of low mass stars (Heller et al., 2011). Obliquity determines atmospheric conditions
and the amount of tidal heating and the rotation period, all these properties related directly with the
habitability.
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Figure 1.2: Interior models of Earth-like and ocean exoplanets. The thicknesses of the layers are not
to scale, but their relative sizes between the two planetary families are correct. For a given mass,
an ocean exoplanet has a smaller metallic core and silicate mantles and a larger radius than an
Earth-like planet. In the case of ocean planets, the upper silicate mantle, composed of olivine and
pyroxenes, may not exist if the amount of H2 O is such that the pressure at the ice/silicate interface is
larger than that of the olivine to Mg-perovskite + magnesiowustite transformation. Credit: Reproduced
with permission from Sotin et al. (2007).
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Figure 1.3: Internal properties of super Earths scaled with mass. Densty, Gravity, Pressure and Mass
profiles are shown for different planetary masses between 0.5 M⊕ to 10.0 M⊕ . The fit of the scale
law for planet radius and core radius depending on the mass are showed too. Figure from models
used by the author and colaborators.
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1.3.2 The Interior of the Terrestrial Planets
The models used to infer the internal structure and composition of super Earths assume that the material and composition are the same as the Earth and their interior properties like density, temperature
and presure scales with the planetary mass (Valencia et al., 2006). There are three characteristics
of the planetary interior that are related with its habitability: its composition, its tectonic activity and
the appearance and manteinance of a planetary magnetic field. Water is the most important element
for habitability, but this does not means that the contribution of water to the total mass must be large.
In fact Earth’s water only contribute with ∼ 0.023% of the planetary mass. But water must be present
on its surface in a liquid state to call a planet habitable. The knowledge about the interior of planets
is limited to Earth and for satellites only to our Moon, where direct measurements have been done
by seismographs that allow us to infer the composition and structure of their interiors. We do not
have access to this kind of information from other planets of the solar system and of course from
exoplanets. However, the relation between mass and radius let us to infer their average density and
then the possible materials which the planet is made.
For terrestrial planets the internal composition is not uniform, the pressure and temperature inside
the planet change the state of materials, turning the structure of an Earth-like planet a collection of
different layers with different composition and physical properties. For the Earth the material of the
mantle and core are quite well determined, the mantle is mainly formed by two types of silicates:
olivine at the upper mantle and perovskite in the lower mantle. Core is formed mainly by iron plus
some light elements like sulfur, oxygen and hydrogen. The main bulk composition materials of super Earths can be described as the combination of three ingredients: iron (core-mantle), silicates
(mantle-surface) and water (mantle-surface) (Valencia et al., 2007b). This mix of materials implies
different average densities and that a maximum planetary radius exist for a given planetary mass.
The water rich planets must have larger radii than the only rocky ones. Likewise, the minimum radius
of a super Earth is a function of its mass. Nevertheless, the proportion of each material cannot be
any, there are not planets with small mantles and large cores and water contents (Valencia et al.,
2007b).
Although the interior models let us infer the possible composition of super Earths, and give us a general outlook, the mass and radius knowledge is not enough to determine their actual compositions.
The combination of different components may result in the same mass and radius (Haghighipour,
2011). There is no way to know the actual composition of a super Earth, but our improved instruments in the future will be capable to measure the traces of elements in these planets atmospheres,
this is not enough to know how their interiors are made, but will give us information about the possibility of life on its surfaces.

1.3.3 Tectonic Activity
In a simplistic, but generally accepted way, terrestrial planets are formed hot, after the accretion
process the surface and interior of the planet is melted and a slow cooling process starts (secular
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cooling) forming a solid surface first and removing heat from the interior. This primordial heat, and
other internal heat sources like radioactive decay of elements like Uranium and Potassium, the slow
gravitational contraction process and the rotational friction must be extracted from the inner layers in
such a way that the planet interior is dynamic. The cooling of the planetary interior is governed by
convection, the mantle convection controls the cooling of the core and produce convection currents
that travel from the core-mantle boundary to the solid crust. The convection operates in two different
ways: Moving the pieces of litosphere known as plates, this is call it the mobile-lid regime, like the
Earth’s tectonism, or forming a rigid layer at the surface known as the stagnant-lid regime like in Mars
or Venus.
The tectonic activity of a planet determining its thermal state, which in turn is fundamental to the
planetary habitability (Valencia & O’Connell, 2009). It has been argued that to be habitable a planet
needs that plate tectonics remain active over billions of years. The cycling of volatile material from
the atmosphere to the mantle is governed by plate tectonics that helps to regulate the composition
of the planet atmosphere, including the greenhouse gases as CO2 and H2 O, and hence, helps to
control the surface temperature and planetary habitability (Kasting et al., 1993; Franck et al., 2000b).
Plate tectonics could creates land surfaces that favor the appearance of life and enhances of biodiversity through evolution on isolated continents (Lammer et al., 2010). A planet needs enough water
to drive mantle convection and have a damp mantle to lubricate the plates motion. Water affects the
dynamics of the mantle and the planetary tectonic power, it makes the lithosphere deformable for
subduction to occur and facilitates the volcanic activity.
Plate tectonics is an evolutionary phenomenon, it depends on the planet thermal evolution. A planet
with tectonism must have enough heat flux to drive vigorous convection needed for active plates
movement. The total heat flux varies with time while the interior of the planet is changing and cooling.
When the flux of heat from the interior fall bellow a threshold, plate tectonics will cease to operate
on a planet, the time for this depends on the thermal evolution. Although, planets close to their host
stars suffer the tidal heating that could sustain the tectonism more time. Nevertheless, the tectonism
in super Earths is still an open problem and remains under debate.

1.3.4 Magnetic Fields and Habitability
Some planets and moons form and sustain huge magnetic structures produced by an intense magnetic field from inside the body, this magnetic field interacts with the stellar wind forming a cavity
that surround them, known as a magnetosphere. In the case of giant planets, these magnetospheres
could be 10-100 times larger than the planet, as we know from the solar system (de Pater & Lissauer,
2001). The magnetic field is generated in the interior of the planet by a dynamo process (Stevenson,
1983, 2003, 2010), as the case of our own geomagnetic field. The properties of this planetary magnetic field depends on major differences in structure, composition, and thermal history, most of these
dynamos are thought to be maintained by similar mechanisms: thermal and compositional convection in electrically conducting fluids in the planetary interior (Olson & Christensen, 2006). The main
properties of the magnetic field like its dipole moment, surface intensity and dipolar component intensity could be scaled from the well known geomagnetic properties to infer the same characteristics in
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planets with higher mass like super Earths (Olson & Christensen, 2006; Christensen & Aubert, 2006;
Christensen, 2010).
For a planet the main protective role is played by the magnetosphere that acts as a shield. The planetary magnetic field protects the planet against threats coming from space like high energy particles
of the stellar wind and galactic cosmic rays. Having a weak or lacking a planetary magnetic field
could have a strong effect on a planetary atmosphere. The mechanism that produces the planetary
magnetic field is a dynamo process related to liquid regions in the core, convection, and conductive
materials like iron. The energy sources that sustain the field may vary, and the thermal history is
directly related with the available power to maintain the magnetic field working.
Terrestrial planets consist primarily of material that condenses at high temperatures as metallic iron
and silicates. The planets form metallic iron-rich cores. These cores are at least partially liquid
during a long time while the planet cools off. This conductive fluid needs to suffer convection to start
the dynamo action. Convection requires that the Coriolis force have a large effect on the flow. An
important consequenceof the strong Coriolis force in planetary dynamo regions is that the system
seeks to minimize flow variations in the direction of the planetary rotation axis. A geostrophic flow
is two-dimensional and takes the form of convection columns aligned with tha planetary rotation axis
(Wicht & Tilgner, 2010). This, however, is easily satisfied, even for the case of slowly rotating planets.
Terrestrial planets can develop and sustain a dynamo, but the question is if the dynamo can produce
a field that is strong enough and have a lifetime long enough to protect the planet during the time that
life needs to appear and evolve.

1.3.5 Planetary Atmosphere and Habitability
Planetary atmospheres contain the main volatile material needed to develop and sustain life in a
planet, this is H2 O. Their cycles are governed by the interaction between the interior, the surface and
the atmosphere of the planet. The content of greenhouse gases in the atmosphere helps to control
the surface temperature of the planet and determine the presence of liquid water on it. The presence
or not of clouds in the atmosphere is related with the temperature of equilibrium of the planet and the
variation of the average albedo of the atmosphere. For example, CO2 clouds absorb infrared radiation warming the planet surface, low H2 O clouds like cumulus and stratus reflect visible light waves
cooling the planet surface, on the other hand, high H2 O clouds absorb Infrared radiation coming out
from the planet and warm up the surface. The presence of an atmosphere and its composition determine the physical limits for the habitability of a planet (Selsis et al., 2007b). The atmosphere controls
the flux of heat out of the planet, making the planet habitable or not.
The atmospheres of Earth-like planets within their Habitable Zones are differently affected due to
thermal and nonthermal escape processes. The atmosphere could be eroded by the intense radiation coming from its host star, the stellar wind and coronal mass ejection processes. Around M stars
these processes are strong, making planets around them less capable to sustain an atmosphere and
to be habitable (Segura et al., 2010; Zendejas et al., 2010). The process by which the planetary atmosphere is lost could be thermal, when the planet temperature increases, the atmosphere expands
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and its high layers, like the exosphere, are directly exposed to the erosive action of the stellar wind.
On the high layers the UV photodissosiate the molecule of H2 O and make the Hydrogen to be lost
into the space. This process reduce the quantity of water of a planet and make it less habitable.
Planets of our own system like Venus and Mars have lost their water through processes like those.

1.4 Potentially Habitable Super Earths
Since the first detection of a low mass exoplanet orbiting a main sequence star, at least 76 of them6
fit in the mass range 1-10 M⊕ 7 and could be classified as super Earths. Table 1.1 at the end of this
chapter shows the list of already discovered super Earths in our galaxy at the time of writing. Most
of the discovered planets have close-in orbits around their host stars. Only a few of them have been
found between the limits where liquid water can exist on the planetary surface, the habitable zone
(for a complete definition of the Habitable Zone see section: 2.1.2). Almost five of the known super
Earths are orbiting its stars inside the Habitable Zone, this makes these planets more interesting
for astronomers and astrobiologist. During the time of writing three more super Earths were found
orbiting GJ 667C, two of them inside the Habitable Zone increasing the number of possible habitable
super Earths to 7 planets (Anglada-Escudé et al., 2013). The super Earths of our interest are: Gl
581 d, GJ 667C c, HD 40307 g and HD 85512 b.

1.4.1 Gliese 581 d
The host star of this planet, also call it Wolf 562 or HO Librae, is a red dwarf with spectral type M3V.
Located 6.26 parsecs far from the Earth in the constellation of Libra, this dwarf have a third of our
sun mass. Astronomers calculate its age to be around 8 Gyr and its size is only 0.38 the size of the
sun. The discovery of the first pair of low mass exoplanets in or close to the Habitable Zone of its
host star found ever, was announced on April 2007 by a team from the University of Geneva working
with the HARPS instrument (High Accuracy Radial velocity Planetary Search) (Udry et al., 2007). At
least four planets are orbiting this star in coplanar orbits, three of them are super Earths: c, d and e.
Gl 581 d was detected by radial velocity method and its minimum mass calculated is 6.06 M⊕ , orbits
its host star every 66.64 days at a distance of 0.22 AU. In accordance with this, the planet is inside
the habitable zone (Selsis et al., 2007b; Mayor et al., 2009).
The fourth discovery around this red dwarf was a little rocky planet with a mass of 1.94 M⊕ , this turn
Gl 571 e into one of the lowest mass exoplanet found arruond a main sequence star (Mayor et al.,
2009). It is only 0.03 AU from the star, so due to its high temperature and strong radiation received
from the star this planet cannot support liquid water on its surface and in consequence any life.
6
7

For updates please refer to http://exoplanet.eu
Remember that this is a minimum mass range (Mp sin(i)).
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1.4.2 GJ 667C c
The host star of the planetary system is the C component of a triple star system in Scorpii. It is a red
dwarf with spectral type M1.5V, and 0.31 M⊙ . Two planets were discovered orbiting this star in 2011
(Bonfils et al., 2011). Both planets b and c are super Earths with 5.48 and 4.26 M⊕ respectively. The
outer one of these two planets, GJ 667C c, is the smallest planet found ever inside the Habitable
Zone (Anglada-Escudé et al., 2012). The six planets of this packed system receive between 20 to
200% of the Earth’s current isolation. After the calculations of the Habitable Zone for the star, three
of the planets: c, f, and e are in the Habitable Zone and d might be (Anglada-Escudé et al., 2013)
(see figure 1.4). The stellar flux received on the top of a hypothetical atmosphere in GJ 667C c
is 90% of the solar flux on the Earth’s distance. GJ 667C c is comfortably placed in the HZ and
also satisfies the empirical limits set by an unhabitable Venus and a possibly habitable early Mars
(Anglada-Escudé et al., 2012). The capability of GJ 667C c to support liquid water on its surface
depends on unknown properties like its albedo, atmospheric composition, the presence of clouds
and a dynamic interior. In a more recent research, other five planets were discovered orbiting this
M-dwarf (Anglada-Escudé et al., 2013).

1.4.3 HD 40307 g
HD 40307 is an orange K2.5V star 42 light years far from The Sun in the Pictor constellation. Three
planets were discovered orbiting this star in 2008 (Barnes et al., 2009). The smallest planet of the
trio, HD 40307 b is a 4.2 M⊕ planet with a circle orbit at 0.047 AU and a period of 4.3 days. Because
the planet does not transit in front of its host star, the actual size and density of the planet cannot
be determined yet. The second member of the system, HD 40307 c is 6.8 M⊕ and orbits the star
in 9.62 days. Finally, HD 40307 d have 9.2 M⊕ and orbits 0.134 AU from the star. In january 2013
the presence of three more planets around this star was announced (Tuomi et al., 2013), all of them
being super Earths. HD 40307 is a six super Earth planet system. HD 40307 e is a 3.5 M⊕ super
Earth orbiting 0.187 AU in a period of 34.62 days. HD 40307 f is a 5.2 M⊕ planet 0.25 AU far from
the host star. The most interesting discovery in this system is HD 40307 g, this is a 7.1 M⊕ super
Earth inside the Habitable Zone (see figure 1.4).

1.4.4 HD 85512 b
The star HD 85512 is an orange dwarf K5V spectral type in the constellation Vela, at 36 light years
away from Earth. Smaller than our Sun, this star is only 0.69 M⊙ , but its age is a little larger with
5.6 Gyr. In 2011 the discovery of a low mass planet orbiting the star was announced by the HARPS
group (Pepe et al., 2011). This super Earth has 3.6 M⊕ and is one of the smallest planet discovered
inside the Habitable Zone. In fact, the planet just cross through the innermost limit of the Habitable
Zone because its eccentricity is not negligible. Nevertheless, a climate model developed for these
planets by Kaltenegger et al. (2011) show that depending on the albedo and the cover of clouds in
a hypothetical atmosphere on the planet, it could achieve a temperature on its surface capable to
maintain liquid water, making the planet habitable.
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Figure 1.4: Known super Earths inside the Habitable Zone of its host stars. These planets are the
most interesting targets for astrobiologist and some of them are included in our models like test
planets. The sizes of the planets are scaled under the assumption of an Earth-like composition and
structure.
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Planet
KOI-55 c
Kepler-42 d
α CenB b
Kepler-42 c
Gl 581 e
Kepler-11 f
HD 20794 c
HD 20794 b
GJ 667C e
GJ 667C f
HD 215152 b
Kepler-42 b
HD 215152 c
Kepler-20 e
MOA-2007-BLG-192-L b
HD 40307 e
HD 85512 b
HD 39194 b
HD 40307 b
HD 156668 b
GJ 667C c
Kepler-11 b
KOI-55 b
Kepler-36 b
GJ 676A d
Kepler-10 b
GJ 667C g
HD 20794 d
Kepler-68 c
61 Vir b
HD 39194 d
HD 40307 f
HD 136352 b
Gl 581 c
Kepler-57 c
OGLE-05-390L b
GJ 667C b
GJ 433 b
HD 1461 b
HD 39194 c
Gl 581 d
Kepler-11 d
HD 154088 b
GJ 1214 b
HD 215497 b
HD 40307 c
Gl 876 d
Kepler-18 b
GJ 667C d
GJ 3634 b
Kepler-9 d
Kepler-50 c
HD 40307 g
GJ 163 c
Corot-7 b
HD 181433 b
HD 1461 b
Kepler-50 b
HD 97658 b
KIC 8435766 b
Kepler-36 c
Kepler-68 b
55 Cnc e
HD 93385 b
Corot-7 c
Kepler-11 e
GJ 176 b
Kepler-20 b
BD 061339 b
HD 41248 c
Kepler-62 b
HD 96700 b
HD 7924 b
HD 134606 b
HD 40307 d
HD 136352 d

Mp (M⊕ )

Rp (R⊕ )

P (d)

a (AU )

Ms (M⊙ )

0.67
0.95
1.14
1.91
1.94
2.30
2.41
2.70
2.71
2.71
2.76
2.86
3.08
3.08
3.18
3.49
3.49
3.72
4.00
4.16
4.26
4.32
4.45
4.45
4.47
4.54
4.62
4.76
4.76
5.08
5.14
5.21
5.27
5.40
5.42
5.42
5.48
5.78
5.91
5.94
6.06
6.09
6.13
6.26
6.35
6.61
6.70
6.92
6.95
6.99
7.02
7.02
7.10
7.29
7.34
7.59
7.62
7.66
6.35
7.97
7.97
8.26
8.35
8.39
8.42
8.43
8.45
8.58
8.61
8.65
8.93
9.06
9.25
9.31
9.50
9.57

0.87
0.57
0.727
2.62
0.78
0.87
1.98
0.76
1.49
1.42
0.90
1.57
3.44
2.75
2.0
1.65
2.8
1.55
2.24
1.1
3.7
2.18
2.16
4.54
1.9
1.28
-

0.34
1.86
3.23
0.453
3.15
46.69
40.11
18.31
62.24
39.0
7.28
1.21
10.86
6.1
34.62
58.43
5.63
4.31
4.65
28.13
10.30
0.24
13.84
3.6
0.84
256.2
90.31
9.60
4.21
33.94
51.76
11.57
12.92
11.6
3500
7.2
7.37
13.5
14.03
66.64
22.69
18.59
1.58
3.93
9.62
1.94
3.50
106.4
2.65
1.59
9.37
197.8
25.65
0.85
9.37
5.77
7.81
9.49
0.355
16.23
5.39
0.74
13.19
3.70
31.99
8.78
3.7
3.87
25.65
5.71
8.12
5.39
12.08
20.46
106.72

0.0076
0.0154
0.04
0.006
0.03
0.25
0.20
0.12
0.213
0.156
0.065
0.0116
0.085
0.0507
0.66
0.187
0.26
0.052
0.047
0.05
0.125
0.091
0.006
0.115
0.0413
0.017
0.549
0.35
0.090
0.05
0.172
0.247
0.093
0.073
2.1
0.0504
0.058
0.112
0.095
0.22
0.16
0.1316
0.014
0.047
0.08
0.02
0.045
0.30
0.029
0.027
0.6
0.1254
0.017
0.08
0.063
0.0797
0.01
0.13
0.0617
0.016
0.112
0.046
0.194
0.066
0.045
0.043
0.172
0.055
0.077
0.057
0.102
0.134
0.411

0.496
0.13
0.934
0.13
0.31
0.95
0.70
0.70
0.33
0.33
0.13
0.912
0.06
0.77
0.69
0.77
0.77
0.33
0.95
0.496
1.071
0.71
0.895
0.33
0.7
1.079
0.95
0.77
0.31
0.83
0.22
0.33
0.48
1.08
0.31
0.95
0.153
0.87
0.77
0.33
0.97
0.33
0.45
1.07
1.23
0.77
0.4
0.93
0.78
1.08
1.23
0.85
0.84
1.071
1.079
0.905
0.93
0.95
0.49
0.912
0.7
0.92
0.69
0.832
0.77
-

S-Type
sdB
K1V
M3
G
G8V
G8V
M1.5V
M1.5V
G8
M
K2.5V
K5V
K0V
K2.5V
K3V
M1.5V
G
sdB
M0V
G
M1.5V
G8V
G5V
K0V
K2.5V
G4V
M2.5V
M
M1.5V
M1.5
G0V
K0V
M2.5V
G
K0IV
M
K3V
K2.5V
M4V
G2V
M1.5V
M2.5
G2V
K2.5V
M3.5
K0V
K3IV
G0V
K1V
G
K0IV-V
G2V
K0V
G
M2.5V
G8
K7V/M0V
G2V
K2V
G0V
KOV
G6IV
K2.5V
G4V

Table 1.1: List of known super Earths, (Mp < 10 M⊕ ) as in August 2013.
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C HAPTER 2

Habitability and the Habitable Zone
”Water is thought to be one of the most abundant chemical compounds in the universe. The two atoms from
which it is formed, hydrogen and oxygen, are the first and third most abundant elements.”.

James Kasting, How to find a habitable planet, 2010.

The term planetary habitability is actually related with the capability of a planet to develop and sustain
life. There are three minimum requirements to start the chemical processes that will results in organic
molecules chemistry, the capability to build more complex compounds, and finally the appearance of
life: 1) an energy source, 2) a place to develop the chemistry experiments like a planet surface or
ocean and 3) a chemical solvent like water. An usual energy source is a star that radiates a planet
with light, other could be geothermal sources, the other two requirements, a surface and water, are
available in rocky planets and moons.

2.1 Habitability and Limits of the Classical Habitable Zone
The first approach to the definition of planetary habitability is included in the work by Dole (1964). In
his work Dole describes the basic needs to the human being to inhabit a planet. Some of the basic
considerations taking on account in this work was issues like temperature, light, gravity, atmosphere
composition, atmosphere pressure and water. Dole (1964) defined the planetary habitability based
on planetary characteristics as mass, rotation period, inclination and distance from the star, orbit
eccentricity, star properties and the presence of a large moon that stabilize the inclination and rotation
of the planet. The Dole’s definition where used when the detection of extrasolar planets was not a
scientific possibility, now the number of exoplanets is over 900 and a lot of them are rocky planets,
possibly habitable. Earth is the only example of a habitated planet that we know, it have liquid
water on its surface, an atmosphere with a controlled greenhouse effect that warms its surface above
freezing, and the right geological activity to maintain plate tectonics and recycling volatile material
(Lammer et al., 2009).

2.1.1 Planet Temperature
To define the Habitable Zone and the habitability of a planet there are three different temperatures to
take on account (Lammer et al., 2010):
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• Equilibrium temperature (Teq ): It is defined as the temperature of a black body with the same
surface area and the same radiative power of the planet.
• Surface temperature (Ts ): It is defined as the temperature measured in the interface between
the atmosphere and the solid surface.
• Exosphere temperature (Tex ): It is the temperature at the upper layer of the atmosphere, this
temperature controls the rate of volatile material that escape to the space.

The regulation of surface temperature was modeled by three feedback loops (Fogg, 1992):
• The ice positive feedback that accentuated any climatic cooling by increasing the amount of
high albedo ice cover
• The water greenhouse positive feedback that accentuated any warming trend by increasing the
mass of H2 O in the atmosphere.
• The cloud-albedo negative feedback that would exert stabilizing influence on surface temperature by increasing the area of reflective cloud cover at high temperatures and vice versa.

The equilibrium temperature depends on the energy balance between the insolation that reaches the
planet represented by the stellar flux and the energy reflected and emitted by the planet represented
by the bond albedo (Selsis et al., 2007b):
Teq =

( S(1 − A ) )1/4
p
,
fσ

(2.1)

here S is the stellar flux at the distance of the planet, Ap is the bond albedo of the planet, σ is the
Stefan-Boltzmann constant and f is a distribution factor of the incident energy above the planet, a
planet with a rapid rotation (< 96 h, see section 5.4) is capable to distribute the energy all around
its surface more efficiently than a tidally blocked planet. In the first case f = 4, for the second case
f = 2 (Selsis et al., 2007b). The planet albedo is the ratio between the flux radiated by the planet in
the infrared spectrum FIR , and the flux incident from the star S:
FIR
.
(2.2)
S
In the case of the Earth if we take the incident flux as the solar constant for 1 AU: S⊙ = 1360 W m−2 ,
and a planet temperature of 290 K, the albedo of the Earth is:
Ap =

A⊕ =

FIR⊕
≈ 0.3,
S⊙

(2.3)

We must be clear about that in a planet with a dense atmosphere Teq is not a measure of the physical
temperature at the surface or in the atmosphere, it is necessary to take on account other factors like
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the greenhouse effect to obtain the real temperature of the planet surface. It implies that having a
Teq > 270 K is not enough to make a planet habitable. The surface temperature Ts is related with Teq
by a greenhouse difference factor ∆T (Franck et al., 2000a, 2004):
Ts = Teq + ∆T.

(2.4)

Usually ∆T is a function of Ts and Patm , but it is also a function of the atmosphere composition, the
presence or not of clouds and Teq it self (Franck et al., 1999).

2.1.2 Limits of the Habitable Zone
The concept of the Habitable Zone was first proposed by Huang (1960) and has been revisited several times after that by Hart (1979); Kasting et al. (1993); Selsis et al. (2007b) and Kopparapu et al.
(2013). The Habitable Zone is described as a shell surrounding a star where the insolation coming out
from it makes the temperature on a planet enough to sustain liquid water on its surface. The width of
the shell and the average distance between the star and its Habitable Zone depends on the star’s luminosity and is variable through the lifetime of the star (Underwood et al., 2003; Lammer et al., 2009).
The limits of the Habitable Zone are determinated mainly by the amount of insolation received by the
planet. As we saw in section 2.1.1, the equilibrium between the incoming insolation from the star and
the outgoing flux from the planet that includes reflected light and infrared radiation, determines the
planetary surface temperature.
The inner boundary of the Habitable Zone is determined by the distance for which the greenhouse
effect, caused mainly by the presence of water vapor and CO2 in the planetary atmosphere, reach a
growing level out of control and the water start to get lost (Kasting et al., 1988). Because the greenhouse, the surface temperature increases beyond the limit for water evaporation, the water molecules
reach the upper layers of the atmosphere where are dissociated by UV rays, losing the Hydrogen
through a thermal expansion processes into the space (Kasting et al., 1988). Later the Oxygen is
lost by ionization pick up processes that erodes the ions from the exosphere (Lammer et al., 2010;
Moore & Horwitz, 2007; Moore & Khazanov, 2010). On the other hand, the external limit of the Habitable Zone is calculated taking into account the capability of the greenhouse effect to sustain the
planet surface temperature above the freezing point of water. On the Earth the carbonate-silicate
cycle stabilize the level of CO2 in such way that the temperature is above 273 K. It is impossible to
know how this cycle operates in other planets or if in fact there is any cycle at all. The climate models assume that the level of CO2 is maintained at a ”habitable level”, this guarantees a temperature
above the freezing point of the water (Selsis et al., 2007b).
The greenhouse effect is the main feature to define the Habitable Zone, if only the surface conditions
of the planet are taken into account. Other aspects like the planetary atmosphere, geological and
orbital dynamics are not considered to define the temperature of the planet (Kasting et al., 1993).
Nevertheless, other characteristics are taken into account to define the Habitable Zone limits. These
21

other physical properties of the planet are for example the cloud cover, the variation of the planetary albedo produced by the clouds at different altitudes, and the orbit eccentricity that changes the
quantity of insolation that reaches the planet surface (Dole, 1964; Hart, 1979; Barnes et al., 2008;
Kitzmann et al., 2010).
The parameters to define the Habitable Zone depends on those conditions that are necessary to
have liquid water on the surface just as we define it before. It is not enough to be at the correct
distance from the star to be a habitable planet. The habitability condition depends on physical and
chemical properties that depends itself on more complex geological conditions. The criteria to define
the Habitable Zone limits can be found first in the work of Kasting et al. (1993) and was delicately
revised latter by Underwood et al. (2003), Selsis et al. (2007b) and recently Kopparapu et al. (2013).
The distance where liquid water could be found is imposed by the quantity of insolation that reach
the planet and this depends mainly on the star luminosity. Taken this into account the distance of the
habitable zone in astronomical units is:
( L )1/2
∗

,
(2.5)
S
where L∗ and S are the star luminosity and the stellar flux at the distance d respectively, measured
in solar units.
d=

As the distance to have liquid water on the planet surface depends on the stellar flux, the criteria to
establish the inner and outer limits of the Habitable Zone are defined based in climate models that
are affected by the insolation incoming from the star (Kasting et al., 1993; Underwood et al., 2003;
Selsis et al., 2007b; Kopparapu et al., 2013). The presence of water on the surface will depend on
the composition, the pressure, the clouds and the saturation of the planetary atmosphere. These are
some of the main criteria that define the limits of the Habitable Zone:
• Inner limit criteria:
1. Recent Venus: The radar observations of Venus made by the MAGELLAN probe1 in the
90’s suggest that liquid water was absent on its surface at least during the last 1 Gyr. The
solar flux at this time was ∼ 8% less than the modern value at 0.72 AU, the distance of Venus
(Baraffe et al., 1998). This is equivalent to the flux if the planet was located at 0.75 AU presently.
This is an empirical indication of the inner edge of the Habitable Zone, where the solar flux is
equal to that when water is believed to have last flowed on the Venus surface.
2. Runaway Greenhouse: As the planet is closer to the star, the surface temperature grows
rapidly. As the temperature grows, the infrared insolation of the planet grows too. Because the
level of evaporation increases, the water vapor in the atmosphere grows increasing the infrared
opacity and the decreasing the albedo due to the absorption of near infrared by the water vapor.
1

http://www2.jpl.nasa.gov/magellan/
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This enlarge the greenhouse effect and the surface warming increasing the surface temperature and increasing the atmospheric vapor content and so on. The relation between surface
temperature, vapor pressure and infrared opacity combines and infrared flux outgoing from the
planet reach its upper limit of about 300 W m−2 , known as the runaway greenhouse threshold.
The corresponding distance is 0.84 AU.
3. Water Loss: After a continuous evaporation process, the water vapor become the main
constituent of the atmosphere (saturation). The atmosphere is warm enough to have a wet
stratosphere, from where water is gradually lost by UV photodissociation. For the solar case
this point of no return is reached at a distance of 0.95 AU.
• Outer limit criteria:
1. Maximum Greenhouse Effect: The variation in the CO2 partial pressure define the main
criteria for the external boundary. If we fix the surface temperature of the planet at 273 K, then
the greenhouse effect depends mainly on the atmospheric CO2 partial pressure. As the CO2
pressure grows, the outgoing infrared insolation decreases. At the same time the absorbed
solar insolation decreases too, increasing the planetary albedo. The solar and infrared effects
combined produce a decrease in the effective flux reducing it to the low value ∼ 0.36 S⊙ that
correspond to a distance of 1.67 AU. This criterion establish the maximum distance at which a
surface temperature of 273 K can be maintained by a carbon dioxide cloud-free atmosphere.
2. First CO2 Condensation: A more conservative limit for the outer boundary consider the
minimum CO2 partial pressure at which CO2 start to condense. For a surface temperature of
273 K, this limit establish the distance at which carbon dioxide clouds first begins to form. This
happens at a flux ∼ 0.53 S⊙ and a distance of 1.37 AU.
3. Early Mars: The flux at Mars at the beginning of The Sun main sequence lifetime when
its luminosity was ∼ 28% lower than its modern value and when free standing bodies of water
are believed to have existed on the Martian surface (Selsis et al., 2007b). This limit corresponds
to a distance of 1.77 AU.
Other criteria to determine the Habitable Zone limits are the planetary atmosphere including water clouds cover in different portions or the possibility of the existence of thermophilic organisms
(Selsis et al., 2007b). For a complete list of Habitable Zone limits criteria see table 2.1.

2.2 Habitable Zone Around Other Stars
The Habitable Zone is strongly related with the energy produced by the star. In the case of The Sun
we know that the main fraction of its insolation is produced in the visible region of the spectrum. The
stars with an effective temperature lower than The Sun emits mainly in infrared light, this is absorbed
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Figure 2.1: Limits to Habitable Zone depending on the criteria. Lower axis: distance in AU. Upper
axis: the stellar irradiance.
by water in the inner limit of the Habitable Zone, and absorbed by CO2 and CH4 in the outer limit
of the Habitable Zone. This implies that the limits of the Habitable Zone for later spectral types than
The Sun as K,M stars cannot be scaled with the luminosity of the star only, its peak of insolation is a
feature determining the place and width of the Habitable Zone (Selsis et al., 2007b).
Each spectral type have a different effective temperature and a different spectral distribution. For
the case of The Sun Tef f ≈ 5780 K, and its peak value is in the middle of the visible spectrum
(λ ≈ 0, 51 µm) (Kasting et al., 1993). The question is how the Habitable Zone limits vary depending
on the insolation peak for each spectral type. For a planet at the same distance of its star, the result
of a change in the spectral type is the variation of the planetary albedo. For example, an Earth like
planet orbiting a F type star at a distance for which S = S⊙ = 1360 W m−2 , this means an increase in
the albedo, on the other hand, if the planet is orbiting a M star the albedo decreases. These changes
in the albedo implies a variation of the Habitable Zone limits. For example, for a F0 star the flux S
increases up to 30 % and decreased the same for a M0 star (Kasting et al., 1993).
On the other hand, the Habitable Zone limits change while the star evolves through the main sequence, the luminosity and temperature of the star increase in time. The Habitable Zone limits migrate out moving away from the star. Stars with the same luminosity can produce different changes
in the Habitable Zone, the reddish ones emites mainly in the IR spectrum, this insolation is more
effective warming up the planetary surface, so the reddish stars will have its Habitable Zone farthest
(Underwood et al., 2003).
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A reviewed model to calculate the limits of the Habitable Zone was proposed by Kopparapu et al.
(2013). In this work they revisit the criteria to define the boundaries based on the stellar fluxes and
update the climate model used by Kasting et al. (1993). The main changes are for the water lost
criterion for the inner edge and the maximum greenhouse for the outer limit of the Habitable Zone.
The model of Kopparapu et al. (2013) considered main sequence stars: F,G,K and M types, with
effective temperatures in the range 2600 K ≤ Tef f ≤ 7200 K. The flux on the top of the atmosphere
of an Earth like planet is calculated as:
S = S⊙ + aT∗ + bT∗2 + cT∗3 + dT∗4

(2.6)

where T∗ = Tef f − 5780 K and a, b, c and d are coefficients that depends on the different limits criteria
(see table 2.2. Other models factors are included in table 2.2 too). The minimum and maximum fluxes
for the Habitable Zone for different criteria and authors are listed in table 2.1. The resulting Habitable
Zone are plotted in figures 2.2 and 2.3. Inner and outer limits and the width of the Habitable Zone
for low mass stars (0.1-1.0 M⊙ ) change depending on the criteria. The more optimistic limits implies
the presence of a total cover of clouds in the planetary atmosphere and a wide Habitable Zone with
a stellar flux difference of 4.55 S⊙ . While, the more conservative establish a very narrow zone with
only 0.735 S⊙ of difference. In distance, the maximum Habitable Zone goes from 0.46 AU to 2.4 AU
(see figure 2.1).

2.2.1 Other Factors Affecting Habitability
To be habitable does not mean that there are living things on it. The question to respond is not only if
a planet is or not habitable, but also could life have originated and evolved there? To have the correct
Teq is not enough to sustain liquid water on the surface. It must be guaranteed that an atmosphere
exist. The atmosphere controls the climatic state of the planet, its content of water and CO2 determine the greenhouse effect and the surface temperature. A dynamic atmosphere is necessary to
stabilize the temperature and make an equal distribution of the energy around the planet.
Other geological aspects like tectonism and volcanic activity are fundamental at recycling the volatile
materials that enrich the atmosphere, specially water and CO2 that are renovated permanently
through the continuous formation and subduction of lithosphere. The orbital dynamics have an important influence on habitability too. An eccentric orbit makes the planet goes in and out of the
Habitable Zone periodically, this variation in the distance will influence directly on atmospheric and
biotic processes in the planet. The generation of a magnetic field that protect the planet is fundamental to prevent the atmosphere erosion caused by the stellar winds and cosmic rays as we will
see in next chapters. An intense magnetic field guarantees the protection against these two factors (Grießmeier et al., 2005, 2010; Zuluaga et al., 2013). It is necessary to consider the mass, the
rotation and the thermal evolution of the planet also because it affects all the mentioned factors.
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Figure 2.2: Limits for the Habitable Zone defined by (Kasting et al., 1993) (up) and (Underwood et al.,
2003) (down). Venus (V), Earth (E) and Mars (M) are shown as a reference.
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Figure 2.3: Limits for the Habitable Zone defined by (Selsis et al., 2007b) (up) and (Kopparapu et al.,
2013) (down). Venus (V), Earth (E) and Mars (M) are shown as a reference.
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2.3 Life and Habitability
To recognize the possible habitability of a planet, it is necessary first to identify the critical planetary
properties (distance to the star, possible atmosphere, mass, magnetic field, etc.) affecting the most
the potential habitability and find the range of values of these properties better suited for life. Since
the seminal works by Dole (1964) and more recently by Kasting et al. (1993) and Selsis et al. (2007b)
the definition of habitability has been mainly related with the equilibrium between the amount of insolation that a planet receives from its parent star and the energy that the planet radiates to space
from its surface and atmosphere. The insolation received by the planet is supposed to determine
the capacity of a planet to harbor surface liquid water and hence an evolving and, probably more
importantly, “observable” biosphere. Habitable Zone defined by Kasting et al. (1993) depends purely
of a insolation condition. A planet having a dense enough atmosphere, is compatible with surface
liquid water and probably with life as we know it.
This Habitable Zone is a good zero-order definition of a more general Habitable Zone where, beyond
the simple condition of insolation, life forms could thrive in the solid surface of a planet. Although
the radiative Habitable Zone is well suited for a basic selection of planetary candidates in followup observational efforts, lacks to capture the implicit complexity involved in defining what makes a
planet habitable in a more general context. Radiation itself could be a very complex issue. Changing
several properties of the atmosphere could substantially change the equilibrium temperature of the
planet, stretching the radiative Habitable Zone by a factor of 2 or 3 (Hart, 1979; Kasting et al., 1993;
Underwood et al., 2003; Selsis et al., 2007b). Clouds and a different chemistry could substantially
alter the thermal equilibrium of a planetary atmosphere respect to the reference case studied by
Kasting et al. (1993).
Habitability has morphed in a complex and probably more fundamental subject involving the incredible properties of life in its interaction with a dynamical planetary environment. All the efforts to define
a Habitable Zone, being it due only to insolation or linked to other complex physical factors, assume
habitability as a necessary, altough not sufficient, abiotic condition for life. Habitability is thought as a
condition that should be fulfilled in the first place in order to guarantee the appearance and evolution
of life. But as the case of Earth, Mars and Venus in our own solar system has taught us habitability seems to be more than an abiotic prerequisite (Margulis & Lovelock, 1974; Lovelock & Margulis,
1974; Lovelock, 2009; Sagan & Mullen, 1972; Walker et al., 1981; Rosing et al., 2010). Habitability is
actually an emergent property of a very complex system involving the interaction among astrophysical, geological and not less important biological factors.
Although the discussion of habitability in all its complexity has been out of the simplistic approaches
regarding the definition of the parameter space where exoplanetary searches should be pointed out,
one very important and still simple aspect of the problem is being systematically excluded: the effect
that life itself have in the habitability of a planetary environment.
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Reference

Criterion

Classical HZ Radiation Limits
(Hart, 1979)
(Kasting et al., 1993)

(Underwood et al., 2003)

(Selsis et al., 2007b)

(Kopparapu et al., 2013)

Daisyworld Model Radiation Limits
(Watson & Lovelock, 1983)
(Lovelock, 1989)
(Harting & Lovelock, 1996)
(Lenton, 1998)
(Lenton & Lovelock, 2000)
(Lenton & Lovelock, 2001)

(Boyle et al., 2011)
(Salazar & Poveda, 2009)

Smin

Runaway greenhouse
Runaway glaciation
Water loss
Runaway greenhouse
First CO2 condensation
maximum greenhouse
Water loss
Runaway greenhouse
Recent Venus
First CO2 condensation
Maximum greenhouse
Early Mars
Water loss
Runaway greenhouse
Thermophilic limit
Recent Venus
H2 O Clouds (100%)
H2 O Clouds (50%)
H2 O Clouds (0%)
CO2 Clouds (100%)
CO2 Clouds (50%)
CO2 Clouds (0%)
Early Mars
Moist greenhouse
Runaway greenhouse
Maximum greenhouse

0, 325

Neutral Daisy
Original Daisyworld
Albedo variation
Gaussian growth curve
Mutation of albedo
Constrained adaptation
Density dependent death
Extended albedo mutation
Variance in Temperature tolerance
Variance in growth optima
Symbiotic Daisyworld increasing luminosity
Hydrologic Daisyworld

0, 74
0, 68
0, 68
0, 72
0, 74
0, 51
0, 65
0, 74
0, 60
0, 68
0, 57
0, 30

Smax

∆S

1, 11

0, 13

1, 11
1, 42

1, 06

1, 11
1, 43
1, 78

1, 46

1, 11
1, 42
1, 13
1, 93
4, 72
2, 16
1, 42

4, 55

1, 015
1, 06

0, 735

1, 11
1, 50
1, 50
1, 45
1, 50
2, 32
1, 53
3, 20
1, 57
1, 50
1, 55
3, 26

0, 37
0, 82
0, 82
0, 73
0, 76
1, 81
0, 88
2, 46
0, 97
0, 82
0, 98
2, 96

0, 98

0, 53
0, 36

0, 53
0, 36
0, 32

0, 17
0, 26
0, 36
0, 32

Table 2.1: Range of S for 1 M⊙ star. Smax and Smin are in S⊙ .
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2.3.1 Habitable Zone Affected by Life Itself
The interaction between life and its abiotic planetary environment supports the necessary physical
conditions for the existence and persistence of life itself. This proposal is in contrast with an abiotic
definition of the Habitable Zone whereby those physical conditions required to support life are independent of the existence of life. Where the limits of this Inhabited Habitable Zone lie? Though considerably more complex than the determination for example of the radiative Habitable Zone borders,
the limits of an inhabited Habitable Zone can be determined using models of the biota-environment
interaction as complex as required and will be dependent on the particularities of these models.
The abiotic definition of the Habitable Zone ignores the capacity of life to substantially alter its abiotic environment. This represents a problem at the time of estimating the potential habitability of a
planetary environment. For instance the different definitions of the Habitable Zone (e.g. (Hart, 1979),
(Kasting et al., 1993), (Underwood et al., 2003), (Selsis et al., 2007b), (Kopparapu et al., 2013)) consider a fixed (non-dynamical) greenhouse effect owing to the presence of CO2 in the atmosphere, and
the effect of clouds in reflecting part of the incoming short wave insolation. Biota can strongly modify
these effects trough interactions with atmospheric CO2 , water vapor, and clouds. The Earth system
provides multiple examples of such interactions and its magnitude. Biogenic mass fluxes on Earth
strongly alter the atmospheric composition. Early works by J.E. Lovelock, highlighted that Earth’s atmosphere has remained far from thermodynamic equilibrium during geologic time, and he interpreted
this observation as a proxy of life (Hitchcock & Lovelock, 1967; Lovelock, 1972; Lovelock & Margulis,
1974). The idea of a biologically regulated planetary environment would imply that life have an important grade of responsibility for the maintenance of Earth’s habitability through geological timescales.
A well-known simple model frequently used to explore the role of biota in the regulation of the environment is Daisyworld (Watson & Lovelock, 1983; Lenton & Lovelock, 2001; Wood et al., 2008), a
zero-dimensional model of global radiative balance which represents an imaginary planet similar in
size to Earth, rotating around a Sun which acts as its energy source, ocean-devoided but containing
enough water to sustain life, and covered on its surface by two species of white and black daisies,
whose albedos are greater and lesser than bare ground, respectively.
In Daisyworld, biota affects habitability because it affects the planetary energy balance. The simplicity
of the model does not allow to directly extrapolate its results to the Earth or any other real planet. However, some lessons from Daisyworld may contribute to understand real worlds (Lenton & Lovelock,
2001). In particular, the idea that life has a strong potential to alter the energy balance of a planet is
not only valid for this model but also for real planets, such as the Earth, with a biosphere interacting
with the atmosphere through exchanges of mass and energy. Based on this idea, results from Daisyworld reinforce that life has a strong potential to alter the habitability of a planet.
The original Daisyworld model of Watson & Lovelock (1983) assumes an exact energy balance between the planetary net incident short-wave and outgoing long-wave insolations. Nevison et al.
(1999) modified this assumption using a time rate of change for the system’s internal energy, as
a function of the planetary mean heat capacity or thermal inertia. Salazar & Poveda (2009) modified
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the model of Nevison et al. (1999) to introduce a physical representation of clouds which make up part
of the planetary energy balance, and the hydrologic cycle through a simple representation of precipitation and evapotranspiration, in turn coupled to clouds dynamics. Figure 2.4 shows the equilibrium
temperature for a Daisy world including a hydrologic cycle. The most general Daisyworld model have
a set of free parameters including the albedo of daisies, bare ground and clouds, the thermal inertia
of the planet and admits several functional forms and dependencies of the daisies growth rate. For
instance the original Daisyworld (Watson & Lovelock, 1983) assumed a planet with no thermal inertia
and no hydrologic cycle. Other variants have included a finite thermal inertia (Nevison et al., 1999)
and a hydrologic cycle (Salazar & Poveda, 2009). Table 2.1 summarize some of the variants of the
Daisyworld model and the predicted limits for the Habitable Zone, Smin and Smin and its width ∆S,
expressed in terms of the normalized stellar insolation flux. A graphical representation of those limits
are depicted in figure 2.5, where we have plotted lines of equal S in a Teﬀ vs. a diagram in the same
spirit of the well-known representation of the classical Habitable Zone.
The “neutral Daisy” criteria correspond to an uninhabitated planet and the limits are analog to an
abiotic radiative Habitable Zone. The point we want to stress is that the limits of the Habitable Zone
are very sensitive first to the presence of life (the width of the model affected the least is almost two
times wider than the neutral Daisy case) and second to the particularities of the biologic dynamics
and their interaction with the environment (the hydrologic Daisyworld has a maximum width as large
as 8 times that of the neutral Daisy case).
The average equilibrium temperature of the Hydrologic Daisyworld is a function of solar forcing
(Salazar & Poveda, 2009). The result depicted in figure 2.4 correspond to typical values of the model
parameters (cloud albedo and height). We can see that in a given interval of S values, the equilibrium
state is not a fixed set point but a limit cycle characterized by temperature oscillations with constant
amplitude and mean value. These oscillations are represented in the figure by their mean and extreme (maximun and minimum) values. In the inset panel we show the oscillations corresponding to
S = 1. It is interesting to notice that not all the equilibrium states inside the inhabited Habitable Zone
are limit cycles.
Comparing the Habitable Zones obtained with Daisyworld model and those found in literature we
can posed the hypothesis that life can modify and particularly extend the region whithin which liquid
water can exist. Accordingly the concept of a Habitable Zone could be extended to a more general
definition involving the role of biota.
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Figure 2.4: The temperature profile predicted by a Daisyworld model including hydrologic cycle.
(Salazar & Poveda, 2009).
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Figure 2.5: Limits for the Habitable Zone establish by biotic criteria: Green (Hydrologic Daisyworld),
Blue (Neutral Daisyworld), Red (Original Daisyworld), Cian (Constrained adaptation), Yellow (Extended albedo mutation). Compare with classical physical criteria: Red dotted (Recent Venus) and
Blue dotted (Early Mars). See table 2.1.

33

34

d=

L∗
L⊙

)1/2

(
L∗
S

)1/2

⊙

S = S⊙ + aT∗ + bT∗2 + cT∗3 + dT∗4

SRV = 2.286 × 10−8 T∗2 − 1.349 × 10−4 T∗ + 1.786
SRG = 4.190 × 10−8 T∗2 − 2.139 × 10−4 T∗ + 1.268
SW L = 1.429 × 10−8 T∗2 − 8.429 × 10−5 T∗ + 1.116
SF C = 5.238 × 10−9 T∗2 − 1.424 × 10−5 T∗ + 0.441
SM G = 6.190 × 10−9 T∗2 − 1.319 × 10−5 T∗ + 0.2341
SEM = 5.714 × 10−8 T∗2 − 1.371 × 10−5 T∗ + 0.2125

S=

FIR
Fs

Stellar Flux S in S⊙

T∗ = Tef f − 5780 K
aRV = 1.4316 × 10−4
aRG = 1.3242 × 10−4
aW L = 8.1774 × 10−5
aM G = 5.8942 × 10−5
aEM = 5.4513 × 10−5
bRV = 2.9875 × 10−9
bRG = 1.5418 × 10−8
bW L = 1.7063 × 10−9
bM G = 1.6558 × 10−9
bEM = 1.5313 × 10−9
cRV = −7.5702 × 10−12
cRG = −7.9895 × 10−12
cW L = −4.3241 × 10−12
cM G = −3.0045 × 10−12
cEM = −2.7786 × 10−12
dRV = −1.1635 × 10−15
dRG = −1.8328 × 10−15
dW L = −6.6462 × 10−16
dM G = −5.2983 × 10−16
dEM = −4.8997 × 10−16

aout = 1, 3786 × 10−4 , bout = 1, 4286 × 10−9
T∗ = Tef f − 5700 K

ain = 2, 7619 × 10−5 , bin = 3, 8095 × 10−9

T∗ : Tef f of the star

FIR : Infrared outgoing insolation
Fs : Net surface incident flux

Factors

Table 2.2: Expressions to calculate the distance to the Habitable Zone and factors proposed by each author. RV: Recent Venus. RG: Runaway
Greenhouse.
WL: Water Loss (equivalent to Moist Greenhouse in (Kopparapu et al., 2013)). FC: First Condensation.MG: Maximum Greenhouse. EM: Early Mars.

(Kopparapu et al., 2013)

dout

(

(
)1/2
L∗
= (lout⊙ − aout T∗ − bout T∗2 ) L

din = (lin⊙ − ain T∗ − bin T∗2 )

)1/2

(Selsis et al., 2007b)

L∗
S

d=

(

HZ Distance in AU
( )1/2
d = LS∗

(Underwood et al., 2003)

(Kasting et al., 1993)

Reference

C HAPTER 3

Planetary Magnetic Fields

”Diurnal motion is due to causes which have now to be sought,
arising from magnetick vigour and from the confederated bodies.”
William Gilbert, De Magneto, 1600

The magnetic fields of astronomical objects are mainly generated inside the body, in the interior of
stars, planets and satellites. Earth and giant planets and a few satellites in the solar system are
known to have dipolar magnetic fields generated internally (Breuer et al., 2010). The generation of a
self sustained magnetic field requires an electrically conducting fluid in a shell and fluid motion within
that shell. In terrestrial planets this region is establish by the shell of liquid iron surrounding the solid
core. The cooling process of the core in some cases, specially for low mass planets, produce the
solidification of the most inner layers of core; the growth of this solid core may provide a source of
energy in the form of buoyancy flux and convection movements, this energy release produce finally
the dynamo. The buoyancy in this case derives from a difference in composition between the solid
inner core and the fluid outer core. Light elements such as sulfur and oxygen tend to be expelled
from the solidifying core and concentrate in the fluid outer core (Breuer et al., 2010).
The current understanding of the planetary magnetic field emergence and it evolution in super Earths
arise from thermal evolution models of the Earth developed by Stevenson (2003), Labrosse (2003),
Labrosse (2007a), Labrosse (2007b),Nimmo (2009), Aubert et al. (2009), and Breuer et al. (2010)
and scaling laws for convection-driven dynamos obtained from extensive numerical simulations developed by Christensen & Aubert (2006), Olson & Christensen (2006), Aubert et al. (2009), Christensen et al.
(2009) and Christensen (2010).
Planetary magnetic fields would likely play a role in the planetary habitability (von Bloh et al., 2007;
Grießmeier et al., 2005, 2009, 2010; van Thienen et al., 2007; Lammer et al., 2010). The strength
of the planetary magnetic field impact directly the evolution and maintenance of the planetary atmospheres, and have a central role in the determination of the conditions for the emergence and
possible evolution of life.
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3.1 Planetary Properties Related with the Magnetic Field
The magnetic field appears as the result of the internal dynamics of the planet. The cause of this
field are the electrical currents produced so deep within the body and its presence and behavior tells
us something about the physical state and the dynamics of the material deep inside the planet. The
planetary magnetic field is one the ways of probing the interior structure. The nature of a dynamo
lies in electromagnetic induction: The creation of currents and field through the motion of conducting
fluid (Stevenson, 2010).
The cores of rocky planets are generally, at least, partially liquid, even after billions of years of cooling. This is because the sulfur in the core reduce the freezing point of the iron alloy. The width of
the liquid shell of the core depends on the sulfur content, less sulfur implies a thinner fluid region of
the core. The presence of a dynamo is related to the vigor of motions in this liquid layer (Stevenson,
2010).
The emergence of the magnetic field needs convection fluxes inside the liquid core and these fluxes
need a source of energy. The source of this energy is the release of heat from the inner core that
is transported through the outer core and finally removed out through the mantle. This heat flux
was established first at the beginning of the planet history and remains happening while the planet
interior is cooling, on the other hand, the heat flux increases when the solidification of the inner core
begins releasing light elements. Both, the internal structure and the thermal evolution determine all
the properties of the planetary magnetic field, its intensity, regime and lifetime.

3.1.1 The Interior of Massive Terrestrial Planets
A lot of models of the interior structure of super Earths have been extensively developed over the last
seven years (Valencia et al., 2006, 2007b,c; Fortney et al., 2007; Seager et al., 2007; Selsis et al.,
2007b; Sotin et al., 2007; Adams et al., 2008; Baraffe et al., 2008; Grasset et al., 2009). Although
there are still open questions to be addressed, these models are giving us an understanding of global
properties such as the mass-radius relationship and its dependence with planetary composition, as
well as different geophysical phenomena such as mantle convection, degassing and plate tectonics
(Olson, 2007; Papuc & Davies, 2008; Valencia et al., 2007a; Valencia & O’Connell, 2009; Korenaga,
2010).
If we supose that terrestrial planets are made as the Earth, the internal structure of these massive
planets could be inferred by scaling the structure and internal properties of the Earth itself, and
depending on the planetary mass. The scaling model assume a spherically symmetric planet that is
chemically and mineralogically homogeneous. The equations describing density ρ, gravity g, mass
m, and pressure P inside the planet are:
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dρ
dr
dg
dr
dm
dr
dP
dr

=−

ρ(r)g(r)
ϕ(r)

(3.1)

= 4πGρ(r) −

2Gm(r)
r3

(3.2)

= 4πr2 ρ(r)

(3.3)

= −ρ(r)g(r)

(3.4)

where ϕ(r) = Ks (r)/ρ(r) is known as the seismic parameter that can be calculated from the equation of state, Ks is known as the adiabatic bulk modulus, G is the gravitational constant and r is the
distance measured from the center of the planet. It is necessary to solve an equation of state (EOS)
for each material that forms the interior shells of the planet. Some authors chose a third-order EOS
known as the Birch-Murnaghan equation, others authors, including us (see the next chapter), chose
a different EOS, in this case the Vinet equation. The model should fit the interior of the Earth is the
PREM: Preliminary Reference Earth Model, developed by (Dziewonski & Anderson, 1981), which reproduces the interior of the Earth, and it is only valid for comparison purposes. For a 1 M⊕ planet,
the interior model must to reproduce the PREM to be acceptable.
Scaling the Earth’s properties to larger planets gives an insight into the internal structure of a massive
terrestrial planet as a super Earth. These planets due to their large compressional effects and high
internal temperatures exhibit a mass to radius relationship that deviates from the cubic power relationship for constant density scaling (Valencia et al., 2006). The model was used to find that the main
physical properties of an Earth-like planet could be scaled depending on its mass. Properties like
the radius, density, temperature, gravity and the size of the liquid shell of the outer core scales with
planetary mass. Table 3.1 shows how some of the main properties could be calculated for massive
planets using a general form that scales the same property for the Earth:
Pr = Pr⊕

( M )βp
p

(3.5)

M⊕

where Pr⊕ is the same property measured for the Earth, Mp is the mass of the planet in Earth
masses and βp is the exponent which scale the property for massive planets calculated for an Earth
like composition.
Property
Planetary Radius (Rp )
Mean Density (ρ)
Core Radius (Rc )

βp
0.270
0.192
0.244

Pr⊕
6.37 × 106 m
5500 kg m−3
3.48 × 106 m

Table 3.1: Scaled properties exponent for massive terrestrial planets and its values for the Earth.
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3.2 Dynamo Generated Magnetic Fields
The planetary magnetic field could be characterized through a simple model like a dipole. Planetary
dynamos are known as homogeneous dynamos since they operate in a singly connected domain
of high electrical conductivity (Busse & Simitev, 2009). Although flow inside a planetary core is turbulent and the small scale structure of the magnetic field is chaotic, the large scale structure can
be regular as we see in the Earth’s magnetic field. There are steady and oscillatory dynamos. The
Sun’s magnetic field is a good example of an oscillatory dynamo with activity and quiet periods. On
the other hand, the Earth’s dynamo is a steady one, even considering the variations in its amplitude
and its polarity reversals on a long time scale.
The model adopted to understand the planetary scale magnetic fields is the dynamo produced by
magneto hydrodynamic processes. Dynamos convert mechanical energy into magnetic one, this
process lies in the electromagnetic induction: creation of electromagnetic forces associated with
currents and finally a field, by the motion (advection) of conducting fluids across magnetic field lines
(Stevenson, 2010). Mathematically this process is expressed by combining Ohm’s, Ampere’s and
Faraday’s laws of induction:
∂B
= λ∇2 B + ∇ × (v × B),
∂t

(3.6)

where B is the magnetic field, v represents the fluid motion relative to a rigid rotating frame, and
λ is the magnetic diffusivity, this expression is known as the induction equation and describes the
magnetic field inside the conducting volume. A complete drescription and details of the solution of
this equation is available in section III in Roberts & Glatzmaier (2000).
If there is no motion in the fluid, then the field decays on a timescale τ ∼ L2 /π 2 λ, where L is a
characteristic length scale of the field (Stevenson, 2010). In terrestrial planets the fluid corresponds
to liquid metallic iron alloyed with light elements like sulfur, and the length scale is related with the
width of the electrically conducting region, the liquid shell of the core. The decay time is much less
than the planet age (a few tens of thousand of years in the case of the Earth), this implies that the
field must be generated continuously. The central problem of the dynamo hinge on the source of the
magnetic field. This is known as the dynamo condition: A successful dynamo is one that actively
maintains B for as long as energy sources exist to maintain v (Roberts & Glatzmaier, 2000).
There are two kinds of dynamo models: kinematic dynamo and MHD dynamo (Roberts & Glatzmaier,
2000). In the kinematic case, given a fluid motion v, you must find B. On the other hand, the MHD
case try to find both v and B from a known energy source. Analytical and numerical solutions suggest that the dynamo will exist only if some conditions are present in the fluid motion. One of these
features is that the magnetic Reynolds number Rm = vL/λ exceeds some critical value between
10 - 100 (Stevenson, 2010). Under the assumption of a spherical shell geometry and including
the role of the Coriolis forces in the force balance and the pattern of convection, the Rmcrit ≃ 50
(Christensen & Aubert, 2006).
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The motion of the fluid in a way that produce a magnetic field arise as a consequence of the Coriolis
force and its effect on the flow (Stevenson, 2010). The quantity that relates the movement of the flow
and the Coriolis force is the Rossby number :
Ro =

v
,
2ΩD

(3.7)

where Ω is the rotation rate of the planet. A small Rossby number signifies a system which is strongly
affected by Coriolis forces, a large Rossby number signifies a system in which inertial and centrifugal
forces dominate.

3.2.1 The Geodynamo
The first proposal to explain the origin of the geomagnetic field was made in the early 17th century by
William Gilmore. More than 300 years later, Joseph Larmor propose a model to the Earth’s magnetic
field in the 20th century. This theory was developed during the last 90 years and has been tested
by numerical integrations (e.g. Roberts & Glatzmaier (2000)) and is the first step to understand the
planetary magnetism in other bodies.
Dynamo theory describes how a rotating, convecting, and electrically conducting fluid can maintain
an active magnetic field over geological time scales. The paleomagnetic records indicates that the
Earth’s magnetic field was active during a time as long as three billion years ago. If the magnetic field
were not continually generated, would decay in only a few tens of thousand of years. On the other
hand, the dipole polarity of the field has change many times in the past in periods of few hundreds
of thousand of years. These argued for a mechanism that sustain permanently the generation of the
field inside the planet.
The convection in the fluid outer core is thought to be driven by two different sources: thermal and
compositional buoyancy at the inner core boundary. This produce the Earth slowly cools and iron in
the fluid alloy solidifies onto the inner core releasing latent heat and light elements constituent like
sulfur and oxigen. The combined action of buoyancy and rotation of the planet (Coriolis forces), make
the fluid to move in spiral paths.
However, there is not a complete model about how this mechanism really works. Why the Earth’s
magnetic field have the intensity and structure that it shows to us? Why the magnetic dipole is relatively aligned with the rotation axis? Why the dipole occasionally change its polarity? In order to
answer this kind of questions about the geodynamo, self-consistent numerical models were developed by Glatzmaier & Roberts (1995) to simulate convection and generation of the magnetic field, as
well as the reversals processes of the polarity.
As a result of this model, they found that numerical dynamos are very similar to theoretical dynamos,
in fact the simulated magnetic field has an intensity and a dipole dominated structure that is very
similar to the Earth’s real field. The numerical solution shows how the planetary rotation plays an
important role on the convection processes and it is responsible for the structure and time evolution
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of the magnetic field.

3.2.2 Magnetic Scaling Laws
The dynamo scaling theory wants to explain the magnetic field in terms of fundamental properties of
the planet and the dynamo region like the core radius, the conductivity and density of the core, the
rotation rate and the flux of convective energy (Christensen, 2010). To scale, the dynamos must be
qualitatively similar and differ only in specific parameter values. This means that the structure and
evolution of planets must be similar. The models for the interior and thermal evolution of super Earths
suppose this from the beginning. The scaling laws based on our knowledge about our own dynamo
provides a handle to estimate the magnetic field of extrasolar planets.
Numerical dynamo experiments suggest that the global properties of convection-driven dynamos can
be expressed in terms of simple power-law functions of a modified Rayleigh Number (Christensen & Aubert,
2006; Olson & Christensen, 2006; Aubert et al., 2009; Christensen et al., 2009). The scaling relationships found by these works involve the convective power Qconv , the core geometry, i.e.the outer core
radius and the depth of the liquid core D = Rc − Ric (inner core radius) and the rotation rate Ω. The
power-based scaling laws are expressed using the parametrization by Aubert et al. (2009) where the
properties of the dynamo are scaled in terms of the non-dimensional convective power density p,
p=

Qconv
3
Ω D 2 ρc V

(3.8)

Here ρc and V are the average density and total volume of the convecting region respectively. The
use of p in the scaling laws, instead of the mass anomaly related Rayleigh number RaQ , is justified
from physical and numerical grounds (see section 2.2 in Aubert et al. (2009)). Two basic aquantities
have been used to characterize the global properties of a dynamo (Christensen & Aubert, 2006;
Christensen, 2010): the Lorentz number Lo and the local Rossby number Rol . Lo is the magnetic
field strength and is defined by eq. (22) in Aubert et al. (2009) as
Brms
Lo = √
ρc µo ΩD

(3.9)

∫
where Brms = (1/V ) B 2 dV , is the rms amplitude of the magnetic field inside the convecting shell
with volume V , µo is the magnetic permeability. Rol measures the ratio of inertial to Coriolis forces
and is defined as
Rol =

Urms
ΩL

(3.10)

where Urms and L ∼ D/l are the characteristic convective velocity and length scale respectively (l is
the mean spherical harmonic degree of the kinetic energy spectrum). By definition Rol will be large for
vigorous convection, small characteristic length scale or slowly rotating dynamos. Conversely rapid
rotating dynamos, large characteristic length scale or a weak convection will have small values of Rol .

40

Numerical dynamo experiments covering a wide range of physical properties and boundary conditions (Christensen & Aubert, 2006; Olson & Christensen, 2006; Aubert et al., 2009; Christensen et al.,
2009; Christensen, 2010) have found the following scaling relationships for Lo and Rol (eq. 22 and
30 in Aubert et al. (2009)):
1/2

Lo = cLo fohm p1/3
Ro∗l ≡

Rol
= cRol p1/2 E −1/3 (P r/P m)1/5
(1 + χ)

(3.11)
(3.12)

where fohm is the fraction of the available convective power converted to magnetic field and lost by
ohmic dissipation, χ ≡ Ric /Rc is the ratio between the solid inner core radius and the radius of the
planet’s core, E = ν/(ΩD2 ) is the Ekman number (ν is the viscous diffusivity) and P r/P m = λ/κ
is the ratio of the Prandtl to magnetic Prandtl number (λ and κ are the magnetic and thermal diffusivities respectively). For simplicity we have approximated the scaling law exponents to the ratio of
the smallest integers as suggested by Olson & Christensen (2006). We have also introduced here
the modified local Rossby Number Ro∗l following the suggestion by Aubert et al. (2009). The relation
between Ro∗l and the power of the dynamo p is showing in figure 3.1.
The values of the constants cLo and cRol are obtained by fitting the results of numerical dynamo experiments with different boundary conditions. It should be noted that although the scaling law for Lo
in eq. (3.11) has been generally tested only for dipolar dynamos, recently Christensen (2010) has
found that the magnetic energy Em ∼ Lo2 still follows a 2/3-scaling law for multipolar dynamos. In
that case the constant cLo fitting the properties of multipolar dynamos is smaller than in the dipolar
case by a factor ≈ 0.6 (Christensen, 2010).
Particulary interesting is that the scaling law for Lo provides a simple way to scale Brms with p
irrespective of the dynamo regime. Using the definition in eq. (3.9) and the scaling law in eq. (3.11)
we can write down an expression for the magnetic field intensity (see eq. (22) in Aubert et al. (2009))
1/2

Brms = cB fohm (ρc µo )1/2 ΩDp1/3

(3.13)

Given the fact that by definition p ∝ Ω−1/3 (see eq. (3.8)), we find that Brms is almost independent of
rotation rate both in the dipolar and multipolar regimes. It should be recalled that the exact value of
the exponent of p in the scaling law for Lo is close to 1/3 but not exactly equal to this value. However,
the dipolar component of the field will depend on rotation rate through the local Rossby number in
the case of reversing dipolar and multipolar dynamos (see chapter 5).

3.2.3 Dynamo Regimes
Dynamos could be broadly classified according to the power spectrum of the magnetic field at CMB
in two groups: dipolar dominated dynamos, i.e.dynamos where the dipolar component dominate
over other higher order components, and multipolar dynamos that have a flatter spectrum or a weak
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Figure 3.1: Local Rossby number Rol∗ as a function of the combination pE −2/3 P r2/5 P m−2/5
and dependence on χ (see equation 3.12).
This figure reproduce the results showed
in figure 8 in Aubert et al. (2009) but here we are using numerical dynamos results from
U.R. Christensen, personal communication (2011). Geodynamo is showing for comparison, as we
show here, the scaling law is not far from the actual dynamos, even with a very different Ekman
number a natural dynamo obeys the scaling law.
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Figure 3.2:
Values of fdip ratio in numerical dynamo experiments.
CA06, ALP09
Aubert et al. (2009) and
and C11 are data from Christensen & Aubert (2006),
U.R. Christensen, personal communication (2011) repectively. The dashed curve is the maximum value of fdip at a given value of the local Rossby number. The regions corresponding to
different dynamo regimes have been depicted using shading vertical bands. Multipolar dynamos
could be found in the shaded region of reversing dipolar dynamos or non reversing dynamos
(fdip ∼ 1) with certain boundary conditions could be found in the reversing band.
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dipolar contribution. Quantitatively the dipolarity of core dynamos is commonly measured using the
ratio fdip of the mean dipole field strength at the CMB, B dip , to the rms field strength summed up to
the harmonic degree 12 at the same surface B CM B ,
fdip =

B dip
.
B CM B

(3.14)

It has been assumed that dipolar dominated dynamo have fdip > 0.35 (Aubert et al., 2009; Christensen,
2010). Conversely when fdip ≲ 0.35 the dynamo is classified as multipolar. Another useful quantity to
measure the degree of dipolarity is the relation bdip between the rms strength of the field in the shell
volume Brms and the dipolar component at the CMB,
bdip =

Brms
.
B dip

(3.15)

Large values of bdip are typically a signature of a multipolar dynamo although in numerical experiments dipolar dominated dynamos could also have large bdip values. However, the contrary is not
true: low values of bdip are only found in dipolar dominated dynamos. Typical values of bdip can be
found in figure (3.3).
For the present conditions of the geodynamo fdip⊕ ≃ 0.63, Bdip⊕ = 0.263 mT and BCM B⊕ = 0.42 mT
(Olson, 2007), placing it in the dipolar regime. However, the value of bdip for the geodynamo is largely
uncertain. Estimates of Brms (required to compute bdip ) can be computed applying proper scaling
laws. Using for example the Elsasser number criterion an estimate of Brms⊕ ∼ 4 mT is obtained
(Roberts & Glatzmaier, 2000; Olson, 2007). Dividing by Bdip⊕ = 0.263 mT we obtain bdip⊕ ∼ 15. On
the other hand power based scaling laws as those used in this work Christensen (2010) could be
used to predict Brms ∼ 1.5 mT (see e.g. Aubert et al. (2009)) and therefore bdip⊕ ∼ 5 . Both values
are also compatible with those found in numerical dipolar dominated dynamos (see figure 3.3).
Dynamos could be stable in the long-term or exhibit a reversing behavior (see Amit et al. (2010) and
references there in). As we see in figure 3.2, in most cases multipolar dynamos do not reverse
and reversing dynamos are dipolar, with very little (if any) overlap between multipolar and reversing dynamos (Kutzner & Christensen, 2002), although some special dynamos are dipole-dominated
reversing (e.g. Olson (2007)). Dipolarity and reversals define the dynamo regime. Studying numerical dynamos in a wide range of conditions, Christensen & Aubert (2006) discovered that the local
Rossby Number is a proxy of dynamo regime (see figure 3.2). Their finding has been confirmed
by other works like Olson & Christensen (2006); Aubert et al. (2009); Driscoll & Olson (2009) over a
wider range of dynamo parameters. Aubert et al. (2009) found that dipolar dominated magnetic fields
are generated by dynamos with values of Ro∗l below a threshold of around 0.1. (Driscoll & Olson,
2009) have confirmed this result but using as a dipolarity proxy the modified Rayleigh number RaQ
(see figure 2 and 3 in Driscoll & Olson (2009)). It should be stressed that although Ro∗l could not be
the only controlling factor of dipolarity, most of the available evidence points to this quantity as a good
proxy for dynamo regime.

44

The value of Rol for the geodynamo is estimated at 0.08 (Olson & Christensen, 2006). For χ⊕ =
0.35 the value of Ro∗l = 0.07. This places our planet close to the boundary between dipolar and
multipolar dynamos. The reason the geodynamo is so close to that particular boundary is unknown
(see section 7.2 for a discussion). Dynamo regimes are thus separated in parameter space by
complex boundaries broadly limited by approximate values of Ro∗l . Non-reversing dipolar dynamos
has Ro∗l < 0.04 (irrespective of the type of convection and boundary conditions). The critical value
of Ro∗l for the transition from dipolar to multipolar regime is in the range 0.04 < Ro∗l < 0.1 depending
for example of the type of convection. In numerical dynamo experiments, where several types of
convection are considered, this region is populated by a mixture of non-reversing, reversing dynamos
and multipolar dynamos. We denote this interval in Ro∗l the “reversing region”. Finally, dynamos with
Ro∗l > 0.1 are multipolar (see figure 3.2).
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Figure 3.3: Values of bdip and fdip for the same set of numerical dynamo data as figure 3.2. A correlation between the minimum value of bdip at a given value of fdip is used to estimate the maximum
value of the dipolar component of the core magnetic field. The geodynamo is indicated (⊕). The
uncertainty in bdip⊕ is indicated with the thick black line.
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C HAPTER 4

Thermal Evolution

”The chief object of the present communication is to estimate from the known general increase of
temperature in the earth downwards, the date of the first establishment of that consistentior
status, which, according to Leibnitz’s theory, is the initial date of all geological history.”
William Thomson (Lord Kelvin), On the Secular Cooling of the Earth, 1864

The thermal evolution determine the flux of heat from the interior of the planet, which provide the
power to establish and sustain the magnetic field. Depending on the available energy and the time
during the flux of heat is enough to produce vigorous convection, the magnetic field will be active
and potentially provide protection to the planet. The existence of a dynamo and the intensity of the
produced magnetic field depending on the heat transfer rate through the mantle of the planet. The
power of the dynamo is directly related to the heat flow coming out from the core that is trasported
by the mantle. For planets where an inner core is formed, the inner core growth and the core cooling
rate determines the heat flux. This flux from the core is directly dependent on the vigor of convection
in the mantle and on the mantle heat transfer rate (Breuer et al., 2010).
For exoplanets, specially Earth-like planets, it is no easy to predict if they will have a magnetic field.
For habitability a long lifetime magnetic field would be advantageous to the possible evolution of life
on the surface. Although many planets in the super Earths mass range was discovered in the last
eight years, we do not know if these planets can form a magnetic field as the Earth do it. The models
for the thermal evolution of these planets just start to be developed in recent years (Papuc & Davies,
2008; Gaidos et al., 2010; Tachinami et al., 2011; Driscoll & Olson, 2011). These models predict that
super Earths could develop long life magnetic fields.

4.1 Review of Previous Models of Thermal Evolution
The evolution and long-term survival of a dynamo-generated magnetic field strongly depends on the
thermal history of the planet. The energy sources and the amount of energy available for dynamo
action change in time as the planet cools and, in some super Earths, its core solidifies. Thermal
evolution models are the starting point of any dynamo evolution model. The onset of dynamo action
in the core requires values of the magnetic Reynolds number beyond a given threshold Rem > 40
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(Olson & Christensen, 2006). The strength of the dynamo and hence the intensity of the generated magnetic field are essentially set by the available convective power Qconv (Olson & Christensen,
2006). An important role is also played by the size of the convective region that is given by the difference between the radius of the outer core and the radius of the solid inner core. In two of the
thermal evolution models, Gaidos et al. (2010) and Tachinami et al. (2011) Qconv is estimated in different ways.
The first work on thermal evolution made by Gaidos et al. (2010) uses a model of the structure of
the planetary core, we call this model the Core Thermal Evolution or CTE model. On the other hand
the work of Tachinami et al. (2011) uses the well known Mixing Length Theory developed by Ludwig
Prandtl in the early 20th century and adapted to planetary conditions to model the mantle convection
process with a detailed treatment of its rheological properties, we call this model as the Mantle based
Thermal Evolution model or MTE model. Although thermal evolution models for the Earth, other
terrestrial planets and even super Earths have been developed in the past by Stevenson (2003);
Labrosse (2003, 2007a); Papuc & Davies (2008); Nimmo (2009); Breuer et al. (2010), the CTE and
MTE models give the first detailed description of the dynamo-generated magnetic fields of extrasolar
terrestrial planets. A goal of this work is to develope our own thermal evolution model by combining
both, core and mantle evolution (see section 4.2).
In the CTE model the Qconv is obtained by solving first the thermal equilibrium equations for the core
and mantle and then computing the ohmic dissipation from the balance between entropy sources
(radioactive decay, secular cooling, sensible heat, latent heat and other sources of buoyancy) and
sinks (heat conduction, ohmic dissipation and other sources of dissipation) (Lister, 2003; Labrosse,
2003, 2007a; Nimmo, 2009; Gaidos et al., 2010). In the MTE model, Qconv is estimated solving first
the thermal transport equations in the mantle and the core and computing the difference between
the heat that comes out of the core-mantle boundary (CMB) and the amount of energy transported
by conduction through it (Tachinami et al., 2011). Important differences between the CTE and MTE
models arise from the way as Qconv is estimated. In the following we discuss in detail some of the
specific features of the CTE and MTE models.

4.1.1 The Core Thermal Evolution Model - CTE
The model developed by Gaidos et al. (2010) (CTE model) solved the entropy equilibrium equations
in the core assuming adequate initial and boundary conditions and a parametrized description of the
density and temperature profiles. They used a basic model of the heat transport inside the mantle to
compute the total planetary energy balance and calculate the relevant quantities required to describe
the thermal evolution of planets between 1 and 4.8 M⊕ . Assuming rapidly rotating planets, they
also predicted the evolution of the planetary magnetic field intensity from the dynamo scaling laws
originally developed by Christensen & Aubert (2006) and later improved by Aubert et al. (2009) and
Christensen (2010). Table 4.1 shows some of the results presented in figure 8 of Gaidos et al. (2010).
In the CTE model the interaction between the core thermal distribution, the existence and growth of
a solid inner core, the mantle properties, the onset of plate tectonics and the surface temperature,
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determine the existence and survival of an intense planetary magnetic field. A robust upper bound,
close to 2 M⊕ (low-mass super Earths) to have strong protective planetary magnetic field is obtained
with this model. Planets with masses larger than this limit will not cool enough to develop a solid inner
core, a condition that considerably boosts the magnetic field intensity in lighter and cooler planets.
As a consequence, massive super Earths (M ≳ 2M⊕ ) develop a decaying weak magnetic field. In
this case the dynamo is shut down early when the convective power falls below the condition for the
dynamo action. These results depend strongly on the existence or not of mobile lids.

4.1.2 The Mantle Thermal Evolution Model - MTE
Tachinami et al. (2011) (MTE model) pays special attention to the role that the mantle have in the
extraction of heat from the core, taking into account its particular rheological properties. This model
use the Mixing Length Theory developed by Ludwig Prandtl in the early 20th century and modified
for solid planets in order to compute the energy transported by convection in the mantle and the energy budget at the CMB for planets with mass between 0.1 and 10 M⊕ . The model assume a planet
with a mantle-core mass ratio similar to the Earth’s. The MTE model includes parameters like the
rheological properties of the mantle (especially important is the activation volume V∗ that determines
the viscosity dependence on pressure and temperature) and the temperature contrast ∆TCM B in the
boundary layer between the convecting mantle and the CMB. After solving the mantle and core coupled thermal transport equations, they compute, for different configurations, the heat flux at the CMB,
FCM B , the heat conducted along the adiabat Fcond at the CMB, and the solid inner core radius Ric as
a function of time. To predict the planetary magnetic field intensity and its lifetime they estimate the
convective power as Qconv = (FCM B − Fcond ) × 4πRc2 where Rc is the radius of the outer core. As
in the case of the CTE model this model assume rapidly rotating planets, i.e. planets with a dynamo
operating in the dipolar regime.
Two important new predictions arise from the MTE model:
1. Thermal evolution is affected by the strong dependence on pressure and temperature of the
mantle viscosity.
2. The intensity and lifetime of the planetary magnetic field would strongly depend on the initial
temperature profile which is characterized by the parameter ∆TCM B .
The temperature contrast between the core and the lower mantle is a property mainly determined by
the early accretion and differentiation history of the planet. Larger values of the initial temperature
contrast ∆TCM B , created for example by a violent accrection history, would favor the appearance of
an intense and long-lived planetary magnetic field. The MTE model predicts that by doubling ∆TCM B
from 1000 K to 2000 K the dynamo lifetime in massive super Earths (M > 2M⊕ ) is almost one order
of magnitude larger. It should be stressed that the CTE model also studied the effects of different
thermal profiles by considering the cases of non-habitable surface temperatures. This would be the
case of highly irradiated planets (not considered in the MTE model). In this case the conclusions
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drawn by both models about the effect of different temperature profiles on the planetary magnetic
field properties, were essentially the same.

4.1.3 Comparison of the Models
The results of the CTE and MTE models point broadly in the same direction: super Earths with
masses less than approximately 2 M⊕ seem to have properties better suited for the development of
strong and long-lived planetary magnetic fields. The ∼ 2 M⊕ threshold is the most robust prediction
of these models. In the CTE model the reason that limits the capability of low-mass super Earths
to sustain a dynamo is the early cooling and stratification of the core. On the other hand, the MTE
model predicts a strong effect of the pressure-dependent viscosity in the thermal evolution of the
planet, which limits the capacity of mantle convection to extract heat efficiently from the core, especially in the case of massive planets.
The evolution of the planetary magnetic field properties predicted by the CTE and MTE models were
obtained for planets with short, but not specified, periods of rotation, i.e. planets with dynamos operating in the dipolar regime. For rapidly rotating dynamos, the reference dynamo models used by the
CTE and MTE models (Christensen & Aubert, 2006; Olson & Christensen, 2006; Aubert et al., 2009;
Christensen et al., 2009) predict that the magnetic energy density and hence the magnetic field intensity, depends weakly on the rotation rate. The still open question regarding the effect that long
periods of rotation would have in the planetary magnetic field properties predicted by these models.
Particularly interesting is to study the effect that rotation would have in the determination of dynamo
regime. It would be equally interesting to estimate the value for the rotation rate where the rapid
rotation approximation could be used. These questions are particularly relevant in the case of tidally
locked super Earths.
With the purpose of understanding how thermal models influence the development of a magnetic
field, a limited subset of model configurations included in the CTE and MTE models have been selected (see highlighted in Table 4.1). The final goal is to study the effect of rotation in the evolution of
long-lived protective planetary magnetic field in habitable super Earths, a solid planet which teperature on its surface is enough to maintain liquid water on the planet surface (Kasting et al., 1993). The
chosen configurations must meet two criteria:
1. Habitable surface temperatures (288 K in the CTE model, 300 K in the MTE model).
2. Long-lived and intense planetary magnetic field.
In the CTE case the latter condition requires the existence of plate tectonics. We are interested
in computing upper bounds to surface planetary magnetic field intensities, given the same set of
planetary properties (mass, composition, surface temperature, etc.) the case where plate tectonics
arises will be the best suited to set these bounds. For planets with 1 M⊕ the configuration selected
in the CTE and MTE models must reproduce the intensity of the present Earth’s planetary magnetic
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field and be consistent with the thermal evolution of the Earth, i.e. they must predict correctly the time
of inner core nucleation.

4.2 Hybrid Reference Thermal Evolution Model - RTEM
Taking into account the previous works by Gaidos et al. (2010) and Tachinami et al. (2011), we develop our own thermal evolution model, by combining the core and mantle conditions of heat transport
to obtain a more complete outlook of the magnetic and internal evolution of the planet. The main details of this model is founded in our published work Zuluaga et al. (2013). We assume here that the
main source of a global planetary magnetic field in terrestrial planets is the action of a dynamo powered by convection in a liquid metallic core (Stevenson, 1983, 2003) as we saw in chapter 3.
The properties and evolution of a core dynamo will depend on the internal structure and thermal
history of the planet. Thermal evolution of terrestrial planets, specially the Earth itself, has been
studied for decades (for a recent review see e.g. Nimmo (2009)). A diversity of thermal evolution
models for planets larger than the Earth have recently appeared in literature (Papuc & Davies, 2008;
Gaidos et al., 2010; Tachinami et al., 2011; Driscoll & Olson, 2011; Stamenković et al., 2011). But
the lack of observational evidence against which we can compare the predictions of these models
has left too much room for uncertainties specially regarding mantle rheology and core composition
and thermodynamics. Albeit these fundamental limitations a global picture of the thermal history of
super-Earths has started to arise. Here we follow the lines of Labrosse (2003) and Gaidos et al.
(2010) developing a parametrized thermal evolution model, combining a simplified model of the interior structure and a parametrized description of the core and mantle rheology.
Our model includes several distinctive characteristics respect to previous ones. The most important
characteristic is an up-to-date treatment of mantle rheology. We use different formulae and parameters to describe the viscosity of the upper and lower mantle which also have very different mineralogy.
We treat the thermal and density profile in the mantle in the same way as in the core, avoiding to assume isothermal mantles (see e.g. Gaidos et al. (2010)). We use a novel ansatz to assign initial
values to the lower mantle and core temperature, two of the most uncertain quantities in thermal
evolution models. Using this ansatz we avoid to assign arbitrary initial temperatures to these critical layers but more importantly we use an unified method to set these initial temperatures for planets
with very different masses. In other models these temperatures are set by hand (e.g. Papuc & Davies
(2008)) or are free parameters of the model (e.g. Tachinami et al. (2011)).
Four key properties should be predicted by any thermal evolution model in order to calculate the
magnetic properties of the planet: 1) the total available convective power Qconv or its flux qconv =
Qconv /4πRc2 (Rc is the core radius), providing the energy required for magnetic field amplification
through dynamo action; 2) the radius of the solid inner core Ric and from there the height D ≈
Rc − Ric of the convecting shell where the dynamo action takes place; 3) the time of inner core formation tic and 4) the total dynamo life-time tdyn . In order to calculate these quantities we solve
simply parametrized energy and entropy balance equations describing the flux of heat and en51

M (M⊕ )

Tectonics

1M⊕

PT
SL
PT
SL
PT
PT
PT
PT

1.5M⊕
2M⊕
2.5M⊕
3.0M⊕
4.0M⊕

M (M⊕ )
1.0M⊕
2.0M⊕
5.0M⊕

V∗
3

−1

3 m mol
10 m3 mol−1
3 m3 mol−1
10 m3 mol−1
3 m3 mol−1
10 m3 mol−1

CTE model (tic ,Bs ,Tdyn )
Ts
288K
2.8, 90, >10
6.5, 0, >10
4.4, 20, >10
–
6.8, 20, >10
>10, 20, 7
>10, 20, 6.5
>10, 20, 5.2

1500K
1.7,140,>10
5.9, 0, >10
2.7, 130, >10
6.5, 0, >10
4.2, 90, >10
>10, 30, 6.4
>10, 30, 10
>10, 30, 9

MTE model (tic ,Bs ,Tdyn )
∆TCM B
1000K
2000K
5000K
4, 80, >20 6.5, 110, >20 7.5, 130, >20
2.7, 80, 10
2.8, 80, 10
2.8, 80, 10
0, 90, >20
7, 120, >20
8, 140, >20
0, 0, 0.5
14, 100, >20
14, 100, >20
0, 0, 1
7.5, 130, >20
11, 160, >20
0, 0, >20
>20, 0, >20
>20, 150, >20

10000K
7.5, 130, >20
2.8, 80, 10
8, 140, >20
14, 100, >20
11, 160, >20
>20, 150, >20

Table 4.1: Summary of results for the evolution of planetary magnetic field in the CTE and MTE
models (Gaidos et al., 2010; Tachinami et al., 2011). For every mass and each pair of independent
planetary properties (tectonics and surface temperature, Ts in CTE model, activation volume, V ∗ and
temperature contrast at CMB, ∆TCM B in MTE model), we present the value of three properties of
the dynamo and the predicted planetary magnetic field: tic (Gyr) the time for the starting of the inner
core nucleation, Bs (to ) (µT ) surface magnetic field at a reference time taken here as the present age
of the Earth, 4.54 Gyr and Tdyn (Gyr) the lifetime of the dynamo. All the values are approximated and
have been used to characterize the global conditions to have a protective planetary magnetic field.
In the CTE model stagnant lid (SL), as opposed to plate tectonics (PT) configurations, are not able
to produce a dynamo for masses larger than 1.5 M⊕ and are not included in the Table. We have
highlighted the configurations used in this work to study the role of rotation in the planetary magnetic
field evolution.
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tropy in the planetary core and mantle. As stated before our model in the interior structure model
by Valencia et al. (2006) and in thermal evolution models previously developed by Schubert et al.
(1979), Stevenson (1983), Nimmo & Stevenson (2000), Labrosse et al. (2001), Labrosse (2003),
Gubbins et al. (2003), Gubbins et al. (2004), Aubert et al. (2009),Gaidos et al. (2010), Stamenković et al.
(2011). For a detailed description of the fundamental physics behind the thermal evolution model
please refer to these works.

4.3 Internal Structure
Our one-dimensional model for the interior assumes a planet made by two well differentiated chemically and mineralogically homogeneous shells: a rocky mantle made by olivine and perovskite and a
Fe+Alloy core. The mechanical conditions inside the planet (pressure P , density ρ and gravitational
field g) are computed by solving simultaneously the continuity, Adams-Williamson and hydrostatic
equillibrium equations (eqs. 3.1 -3.4 in chapter 3). For all planetary masses we assume boundary
conditions, ρ(r = Rp ) = 4000 kg m−3 and P (r = Rp ) = 0 Pa. For each planetary mass and core mass
fraction CM F = Mcore /Mp we use a RK4 integrator and a shooting method to compute consistently
the core Rc and planetary radius Rp .
In all cases we use the Vinet equation of state instead of the commonly used third order BirchMurnaghan equation, because the former predicts better the dependence on pressure of compressibility for the typical pressures found in super-Earths, i.e. 100 − 1000 GPa for Mp = 1 − 10M⊕
(Valencia et al., 2006; Tachinami et al., 2011). We have ignored thermal corrections to the adiabatic
compressibility, i.e. KS (ρ, T ) ≈ KS (ρ, 300 K) + ∆Ks (T ) (Valencia et al., 2006). This assumption
allows us to decouple the computationally expensive calculation of the thermal profile from the mechanical structure at each time-step in the thermal evolution integration.
Although we have ignored the “first-order” effect of the temperature in the mechanical structure, we
have taken into account “second-order” effects produced by phase transitions inside the mantle and
core. Using the initial temperature profile inside the mantle we calculate the radius of transition from
olivine to perovskite (neglecting the effect of an intermediate layer of wadsleyite). For that purpose
we use a lineal reduced pressure function that relate the temperature in this transition layer and the
pressure, as defined by Valencia et al. (2007b): T = 400P − 4287. For simplicity the position of the
transition layer is assumed constant during the whole thermal evolution of the planet. We have verified that this assumption does not change significatively the mechanical properties inside the planet
at least at a level to affect the thermal evolution itself.
Inside the core we use the thermal profile at each time-step to compute the radius for the transition
from liquid to solid iron. However and to avoid a continuous update of the mechanical structure we
assume that at this transition the iron density changes by a constant factor ∆ρ = (ρs − ρl )/ρl . Here
ρs is computed using the Vinet equation evaluated at the conditions in the center of the planet. For
the sake of simplicity the value for ∆ρ is assumed the same at all points inside the solid inner core.
Table 4.2 enumerates the relevant physical parameters values used to calculate the interior structure
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Figure 4.1: Schematic representation of the planetary interior. The temperature profile depicted
below the slice does not use real data. Distances and sizes are not at the right scale.
and thermal evolution of terrestrial planets.

4.4 Core Thermal Evolution
In order to compute the thermal evolution of the core we solve the equations of energy and entropy
balance (Labrosse et al., 2001; Nimmo, 2009):
Qc = Qs + fi (Qg + Ql )

(4.1)

Φ = El + fi (Es + Eg ) − Ek .

(4.2)

Here Qc is the total heat flowing through the core mantle boundary (CMB) and Φ is the total entropy
produced in the core. Es and Qs are the entropy and heat released by the secular cooling, Eg and Qg
are the contribution to entropy and heat due to the redistribution of gravitational potential when light
elements are released at the liquid-solid interface (buoyant energy), El and Ql are the entropy and
heat released by the phase transition (latent heat) and Ek is a term accounting for the sink of entropy
due to the conduction of heat along the core. We have avoided the terms coming from radioactive
and pressure heating because their contribution are negligible at the typical conditions inside superEarths (Nimmo, 2009). As long as the buoyant and latent entropy and heat are only present when
a solid inner core exist we have introduced a boolean variable fi that turn-on these terms when the
condition for the solidification of the inner core arises.
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The terms for the energy and entropy balance are a function of the time-derivative of the temperature
profile ∂T (r, t)/∂t. The expressions for the heat sources and entropy are founded in Nimmo (2009).
First for heats:
∫

dTc
dV
dt
2L T
dTc
4πRic
H ic
Latent heat, Ql = −
(dTm /dP − dT /dP )gTc dt
∫
Dc
Compositional heat, Qg = ρψαc
dV
Dt
Secular cooling, Qs = −

ρcp

(4.3a)
(4.3b)
(4.3c)

and for entropies:
∫

(1
1 ) dTc
−
dV
Tc T dt
2 L (T − T )
4πRic
1 dTc
c
H ic
El = −
−
(dTm /dP − dT /dP )gTc Tc dt
Qg
Eg =
Tc
Es = −

ρcp

(4.4a)
(4.4b)
(4.4c)

Subscripted ic terms are related with the inner core and subscripted c terms with the outer core respectively.
Taking into account the compositional source of energy, the rate of release of light material into the
outer core is related to the rate of growth of the inner core (Gubbins et al., 2004),
Dc
dRic
dTc
= Cc
= Cc Cr
,
Dt
dt
dt

(4.5)

where,

Cc =

2 ρ(r)C
4πRic
Mc

(4.6a)

Cr =

Tic
(dTm /dP − dT /dP )ρ(r)g(r)Tc

(4.6b)

are related with the cooling rate at the core surface and C is the concentration or mass fraction. It
is one of the three thermodynamic parameters of a mixture, that includes P and T as the other two
properties. In the inner core C is constant (Gubbins et al., 2004).
If we decouple the radial dependence of temperature from its evolution, i.e. T (r, t) = fc (r)Tc (t), with
Tc (t) the temperature at the top of the core, the energy balance equation (4.1) can be converted into
a first order differential equation on Tc :
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dTc
(4.7)
dt
Here Mc is the core mass and Cs , Cg and Cl are bulk heat capacities expressed as volumetric
integrals containing the radial dependence of temperature fc (r):
Qc = Mc [Cs + fi (Cg + Cl )]

∫
1
ρcp dV
Cs = −
Mc
∫
1
ρψαc Cc Cr dV
Cg =
Mc
Cc
LH
Cl = −
c (dTm /dP − dT /dP )ρgTc

(4.8a)
(4.8b)
(4.8c)

We assume that both core and mantle have an adiabatic temperature profile, i.e. T (r, t) and hence
fc (r) obeys the adiabatic equation:
dT (r)
ρ(r)g(r)T (r)
=
γ(r)
dr
Ks (r)

(4.9)

where Ks is the adiabatic bulk modulus at any given radius and γ is the Gruneisen parameter. Using
a simple exponential fit for the core density, as proposed by Labrosse et al. (2001), the adiabatic
temperature can be approximated as:
( 2
)
Rc − r2
T (r, t) = Tc (t) exp
(4.10)
D2
√
where D = 3cp /2παρc G is the scale height of temperature or the adiabatic height, α is the isothermal expansivity (assumed constant along the core) and ρc is the density at core center. It should
be noted again that Tc (t) = T (r = Rc , t). Using this parametrization the secular bulk heat capacity
Cs ≡ Qs /(Mc dTc /dt) is obtained from equations (4.3a) and (4.8a):
∫
Cs = −4π

(

Rc

ρ(r)cp exp
0

Rc2 − r2
D2

)
r2 dr

(4.11)

Analogous expressions for Cg and Cl are obtained from the definition of Qg and Ql as given in equations (??) and heat capacities in (4.8).
The total heat released by the core Qc (Tc ) is calculated using the boundary layer theory (see e.g.
Stevenson (1983)). Under this approximation Qc is given by Ricard (2009):
Qc = 4πRc km ∆TCMB Nuc ,

(4.12)

where km is the thermal conductivity of the lower mantle, ∆TCMB = Tc −Tl is the temperature contrast
across the CMB, Tl is the lower mantle temperature, and Nuc ≈ (Rac /Ra∗ )1/3 is the Nusselt number
at the core (Schubert et al., 2001). The critical Rayleigh number Ra∗ ≈ 1000 is a free parameter
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in our model. The local Rayleigh number Rac at the CMB is calculated under the assumption of a
boundary heated from below (Ricard, 2009),
Rac =

ρ g α ∆TCMB (Rp − Rc )3
,
κc ηc

(4.13)

where g is the gravitational field, κc is the thermal diffusivity, and ηc is the dynamical viscosity. All these
properties are averaged inside the “film” separating the core from the lower mantle. To calculate the
average viscosity in the film we use the pressure at the CMB and a film temperature given by a
weighted average between the core temperature and lower mantle temperature:
Tηc = ξc Tc + (1 − ξc )Tl

(4.14)

ξc is a free parameter whose value is choosen in order to reproduce the thermal properties of the
Earth.
To model the formation and evolution of the solid inner core we need to compare at each time the
temperature profile with the iron solidus. We use here the Lindemann law (Labrosse et al., 2001) to
calculate the solidus temperature of a Fe+Alloy:
∂ log τ
= 2 [γ − δ(ρ)]
∂ log ρ

(4.15)

where δ(ρ) ≈ 1/3 and τ is the solidus temperature. To integrate this equation we use the density
profile provided by the interior structure model and use as reference values ρ0 = 8300 kg/m3 (pure
iron) and τ0 = 1808 K. The central temperature T (r = 0, t) and the solidus at that point τ (r = 0) are
compared at each time step. When T (0, tic ) ≈ τ (0), tic is the time of inner core formation, the buoyant
and latent heat terms are turn-on in eqs. (4.1) and (4.2), i.e. set fi = 1, and continue the integration
including these terms.
The radius of the inner core at times t > tic is obtained by solving the equation proposed by Nimmo
(2009) and Gaidos et al. (2010),
dRic
D2
1 dTc
=−
,
dt
2Ric (∆ − 1) Tc dt

(4.16)

where ∆ is the ratio between the gradient of the solidus and the actual thermal gradient as measured
at Ric . When the core cools down below a given level the outer layers start to stratificate. Here we
model the effect of stratification by correcting the radius and temperature of the core following the
prescription by Gaidos et al. (2010). When stratified the effective radius of the core is reduced to R⋆
(eq. (27) in Gaidos et al. (2010)) and the temperature at the core surface is increase to T⋆ (eq. (28)
in Gaidos et al. (2010)). The stratification of the core reduce the height of the convective shell which
could potentially enhance the intensity of the dynamo-generated magnetic field.
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The estimation of the dynamo properties requires the computation of the available convective power
Qconv , this is calculated here assuming that most of the dissipation occurs at the top of the core.
Under this assumption,
Qconv ≈ ΦTc

(4.17)

When Qconv becomes negative, i.e. El + Es + Eg < Ek in eq. (4.2), convection is not longer efficient
to transport energy across the outer core, and the dynamo shuts down. The integration stops when
this condition is fulfilled at a time we label as the dynamo life-time tdyn .

4.5 Mantle Thermal Evolution
The energy balance in the mantle can be written as:
Qm = χr Qr + Qs + Qc

(4.18)

Here Qm is the heat flowing out through the surface boundary, Qr is the heat produced in the decay
of radioactive nuclides inside the mantle, Qs is the secular heat and Qc is the heat coming from the
core (eq. (4.12)). We use here the standard expressions and parameters for the radioactive energy
production as given by Kite et al. (2009). However and in order to correct for the non-homogeneous
distribution of radioactive elements in the mantle, we introduce a multiplicative correction factor χr .
Here we adopt χr = 1.253 that fits well the Earth properties. We have verified that the thermal evolution is not too sensitive to χr and assumed the same value for all planetary masses.
The secular heat in the mantle is computed using also eq. (4.3). As in the case of the core we
decouple the spatial fm (r) and temporal Tm (t) evolution of temperature to simplify the integration of
the energy balance equation, 4.18. We assume that the temperature radial profile does not change
during the thermal evolution. Under this assumption the temperature profile in the mantle can be also
written as T (r, t) = Tm (t)fm (r). In this case Tm (t) = T (r = Rp , t) is the temperature right below the
surface boundary layer (see figure 4.1). Here Tm (t) is the temperature of the upper mantle. For this
purpose we assume an adiabatic temperature gradient across the mantle (convective mantle) and an
exponential fit to mantle density. In this case the scale height Dm is obtained by fitting the numerical
density profile.
Assuming an adiabatical temperature profile in the mantle we can also write:
(
)
Rp2 − r2
fm (r) = exp
,
2
Dm

(4.19)

in analogy to the core temperature profile, eq. (4.10). In this expression Dm is the temperature scale
2 = L2 /γ (Labrosse,
height for the mantle which is related to the density scale height Lm through Dm
m
2003). In our simplified model we take the values of the density at the boundaries of the mantle and
obtain analytically an estimate for Lm and hence for Dm .
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The energy balance is complete when we compute the heat Qm at the SB as a function of Tm . In this
case the presence or not of mobile lid could play an important role in the efficiency with which the
planet gets rid of the heat coming from the mantle. In the mobile lid regime we assume that the outer
layer is fully convective and use the boundary layer theory approximation to calculate Qm ,
QML
m =

4πRp2 km ∆Tm Num
Rp − Rc

(4.20)

where ∆Tm = Tm − Ts is the temperature contrast across the SB and Ts the surface temperature.
Since we are studying the thermal evolution of habitable planets we assume in all cases Ts = 290 K.
Planetary interior structure and thermal evolution are not too sensitive to surface temperature and are
nearly the same in the range 250 − 370 K. In the mobile lid regime Num obeys the same relationship
with the critical Rayleigh number as in the core. In this case however we compute the local Rayleigh
number under the assumption of material heated from inside (Gaidos et al., 2010),
Ram =

αgρ2 H(Rp − Rc )5
km κm ηm

(4.21)

where H = (Qr + Qc )/Mm is the density of heat inside the mantle, km and κm are the the thermal
conductivity and diffusivity respectively and ηm is the upper mantle viscosity. In the stagnant lid
regime the SB provides a rigid boundary for the heat flux. In this case we adopt the approximation
used by Nimmo & Stevenson (2000):
QSL
m

=

km
4πRp2
2

(

ρgα
κm ηm

)1/3

γ −4/3

(4.22)

Here γ is proportional to the temperature derivative of the logarithm of viscosity, γ ≡ −d ln ηm /dTm .
Once Qm has independently computed the mantle energy balance, eq. (4.18), is transformed into an
ordinary differential equation for the upper mantle temperature Tm ,
Qm = χr Qr + Qc + Cm

dTm
dt

(4.23)

where Cm is the bulk heat capacity of the upper mantle which is calculated with an analogous expression to eq. (4.11)

4.5.1 Initial Conditions
In order to solve the coupled differential eqs. (4.7), (4.16) and (4.23) we need to choose a proper set
of initial conditions. The initial value of the upper mantle temperature is choosen using the prescription
by Stamenković et al. (2011). According to this prescription Tm (t = 0) is computed by integrating the
pressure-dependent adiabatic equation up to the average pressure inside the mantle ⟨Pm ⟩,
(∫
Tm (t = 0) = θ exp
0
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⟨Pm ⟩

γ0
dP ′
Ks (P ′ )

)
(4.24)

Here θ = 1700 K is a potential temperature which is assumed the same for all planetary masses.
The initial value of core temperature Tc (t = 0) is one of the most uncertain parameters of thermal
evolution models. Although nobody knows its actual value or its dependence on formation history
and planetary mass, it is reasonable to start the integration of a simplified thermal evolution model
when the core temperature is of the same order than the melting point for sillicates at the lower mantle pressure. A small arbitrary temperature contrast against this reference value (Gaidos et al., 2010;
Tachinami et al., 2011) or more complicated mass-dependent assumptions (Papuc & Davies, 2008)
have been used in previous works to set the initial core temperature. We use here a simple prescription that agrees reasonably well with previous attempts and provides an unified expression that could
be used consistently for all planetary masses.
According to our prescription the temperature contrast across the CMB could be assumed of the
same order than the temperature contrast between the lower and upper mantle, i.e. ∆TCMB ∼
∆Tadb = Tm − Tl . Although there is not a simple physical justification for this assumption, it could be
partially understood by thinking that the heat released by the core at a temperature gradient ∆TCMB
should be also transported through the mantle at a similar temperature contrast ∆Tadb . We have
found that the thermal evolution properties of the Earth are reproduced reasonably well when we set,
Tc (t = 0) = Tl + ϵadb ∆Tadb

(4.25)

with ϵadb = 0.7. It is interesting to mention here that Tc (t = 0) computed with this prescription is very
close at the level of a few percent, than the perovskite melting temperature at the pressure of the
CMB in all the range of planetary masses studied here. This result agrees with the initial guess that
we should start the integration of the model around this particular temperature. In our model ϵadb is
treated as a free parameter sensitive to be varied in order to study the dependence of our results to
this particular ansatz.

4.6 Rheological Model
One of the most controversial aspects and probably the largest source of uncertainties in thermal
evolution models is the calculation of the rheological properties of sillicates and iron at high pressures and temperatures. A detailed discussion on this important topic is out of the scope of this
work. An up-to-date discussion and analysis of the dependence on pressure and temperature of
viscosity in super-Earths and its influence in thermal evolution can be found in the recent works by
Tachinami et al. (2011) and Stamenković et al. (2011).
We use here two different models to calculate viscosity under different ranges of temperatures and
pressures. For the high pressures and temperatures of the lower mantle we use a Nabarro-Herring
model (Yamazaki & Karato, 2001),
(
)
Rg dm
b Tmelt (P )
ηNH (P, T ) =
T ρ(P, T ) exp
(4.26)
D0 Ammol
T
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Here Rg = 8.31 Jmol−1 K−1 is the gas constant, d is the grain size and m the growing exponent, A and
b are free parameters, D0 is the pre-exponential diffusion coefficient and mmol and Tmelt (P ) are the
molar density and melting temperature of Perovskite. For all these parameters we have assumed the
same values used by Stamenković et al. (2011). The Nabarro-Herring formula allows us to compute
ηc = ηNH (Tηc ), where Tηc is the film temperature computed using the average in eq. (4.14).
The upper mantle has a completely different mineralogy and it is under the influence of lower pressures and temperatures. Although previous works have used the same model and parameters to calculate viscosity across the whole mantle (Stamenković et al. (2011) for example use the Perovskite
viscosity parameters also in the Olivine upper mantle), we have found here that using a different
rheological model in the upper and lower mantle avoids an under and overestimation, respectively, of
the value of viscosity that could have a significant effect in the thermal evolution.
In the upper mantle we find that using an Arrhenius-type model leads to better estimates of viscosity
than that obtained using the Nabarro-Herring model. In this case we use the same parametrization
given by Tachinami et al. (2011):
[
)]
( ∗
1
1
E + PV ∗
ηA (P, T ) =
ϵ̇(1−n)/n
(4.27)
exp
2 B 1/n
nRg T
where ϵ̇ is the strain rate, n is the creep index, B is the Barger coefficient, and E ∗ and V ∗ are the
activation energy and volume. The values assumed here for these parameters are the same as that
given in table 4 of Tachinami et al. (2011) except for the activation volume whose value we assume
here V ∗ = 2.5 × 10−6 m3 mol−1 . Using the formula in eq. (4.27), the upper mantle viscosity is computed as ηm = ηA (⟨Pm ⟩, Tup ).
A summary of the parameters used by our interior and thermal evolution models are presented in
table 4.2. The values listed in column 3 define what we will call the reference thermal evolution model
(RTEM). These reference values have been mostly obtained by fitting the present interior properties
of the Earth (Valencia et al., 2006) and the global features of its thermal evolution (time of inner core
formation and present values of Ric , Qm and surface magnetic field intensity). For the stagnant
lid case we use as suggested by Gaidos et al. (2010) the values of the parameters that globally
reproduce the present thermal and magnetic properties of Venus. Figure 4.2 shows the results of
applying the RTEM to a set of hypothetical terrestrial planets in the mass-range Mp = 0.5 − 6M⊕ .
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Parameter

Definition

CMF
Ts
Ps

Core mass fraction
Surface temperature
Surface pressure

–
ρ0 , K0 , K0′ , γ0 , q, θ0
kc
∆S

Material
Equation of state parameters
Thermal conductivity
Entropy of fusion

–
ρ0 , K0 , K0′ , γ0 , q, θ0
α
cp
kc
κc
∆S
ϵad
ξc

Material
Equation of state parameters
Thermal expansivity
Specific heat
Thermal conductivity
Thermal diffusivity
Entropy of fusion
Adiabatic factor for Tc (t = 0)
Weight of Tc in core viscosity

–
ρ0 , K0 , K0′ , γ0 , q, θ0
d, m, A, b, D0 , mmol
α
cp
km
κm
∆S

Material
Equation of state parameters
Viscosity parameters
Thermal expansivity
Specific heat
Thermal conductivity
Thermal diffusivity
Entropy of fusion

–
ρ0 , K0 , K0′ , γ0 , q, θ0
B, n, E ∗ , ϵ̇
V∗
α
cp
km
κm
θ
χr

Material
Equation of state parameters
Viscosity parameters
Activation volume
Thermal expansivity
Specific heat
Thermal conductivity
Thermal diffusivity
Potential temperature
Radiactive heat correction

Value
Bulk
0.325
290 K
0 bar
Inner core
Fe
8300 kg m−3 , 160.2 GPa, 5.82, 1.36, 0.91, 998 K
40 W m−1 K−1
118 j kg−1 K−1
Outer core
Fe(0,8) FeS(0,2)
7171 kg m−3 , 150.2 GPa, 5.675, 1.36, 0.91, 998 K
1.4 ×10−6 K−1
850 j kg−1 K−1
40 W m−1 K−1
6.5 × 10−6 m2 s−1
118 j kg−1 K−1
0.71
0.4
Lower mantle
perovskita+fmw
4152 kg m−3 , 223.6 GPa, 4.274, 1.48, 1.4, 1070 K
1×10−3 m, 2, 13.3, 12.33, 2.7×10−10 m2 s−1 , 0.10039 kg mol−1
2.4 ×10−6 K−1
1250 j kg−1 K−1
6 W m−1 K−1
7.5 × 10−7 m2 s−1
130 j kg−1 K−1
Upper mantle
olivine
3347 kg m−3 , 126.8 GPa, 4.274, 0.99, 2.1, 809 K
3.5 × 10−15 Pa−n s−1 , 3, 430×103 j mol−1 , 1 × 10−15 s−1
2.5 ×10−6 m3 mol−1
3.6 ×10−6 K−1
1250 j kg−1 K−1
6 W m−1 K−1
7.5 × 10−7 m2 s−1
1700 K
1.253

Ref.
–
–
–
A
A
B
C
A
A
D
C
B
E
C
–
–
A
A
F
D
C
C
E
C
A
A
D
F
D
C
C
E
F
–

Table 4.2: Interior structure and thermal evolution model parameters. References: (A) Valencia et al.
(2006), (B) Nimmo (2009), (C) Gaidos et al. (2010), (D) Tachinami et al. (2011), (E) Ricard (2009),
(F) Stamenković et al. (2011).
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Figure 4.2: Thermal evolution of TPs with an Earth-like composition (CMF = 0.325) using the RTEM
(see table 4.2). Upper panel: convective power flux Qconv (see eq. (4.17)). Middle panel: radius of
the inner core Ric . Lower panel: time of inner core formation (blue squares) and dynamo lifetime (red
circles). In the RTEM the metallic core is liquid at t = 0 for all planetary masses. Planets with a mass
Mp < Mcrit = 2.0M⊕ develop a solid inner core before the shut down of the dynamo while the core
of more massive planets remains liquid at least until the dynamo shutdown.
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C HAPTER 5

The Role of Rotation
”I shall now recall to mind that the motion of the heavenly bodies is circular, since the motion
appropriate to a sphere is rotation in a circle.”
Nicolaus Copernicus , De Revolutionibus Orbium Coelestium, 1543

Using the results of the thermal evolution models and the scaling laws presented in section 3.2.2,
we could try to constrain the expected properties of the planetary magnetic field in super Earths.
Gaidos et al. (2010) and Tachinami et al. (2011) performed this task assuming rapidly rotating planets and hence dipolar dominated dynamos. This work go further by including the effect of rotation
into determining the dynamo regime. This section will develop a general procedure to estimate the
planetary magnetic field properties in planets with dipolar and multipolar core magnetic field, a condition required to estimate the magnetic properties of slowly rotating planets.
The work of Gaidos et al. (2010), have focused only on the evolution of the magnetic fields assuming rapidly rotating planets i.e. planets in the dipolar regime. It is necessary to include the effects
of rotation in the evolution of the magnetic field regime and obtain some global constraints to the
existence of intense and protective magnetic fields in rapidly and slowly rotating super Earths. The
emergence and maintenance of a protective planetary magnetic field is a function of the planetary
mass and also depends on the rotation rate. The results of our research shows how low-mass super
Earths (M ≲ 2M⊕ ) develop intense surface magnetic fields but their lifetimes will be limited to 2-4
Gyr for rotational periods larger than 1-4 days. On the other hand and also in the case of slowly
rotating planets, more massive super Earths (M ≳ 2M⊕ ) have weak magnetic fields but their dipoles
will last longer. Using these it is possible to classified the super Earths based on the rotation rate and
according to the evolving properties of the planetary magnetic field.

5.1 Rotation and the Core Magnetic Field Regime
In order to predict the evolution of core magnetic field regime and to constrain the evolving planetary
magnetic field intensity, is necessary to find a general expression for the local Rossby Number as
a function of time, planetary mass and rotation rate. Replacing p as defined in eq. (3.8) and using
E = ν/(ΩD2 ), the scaling law for Ro∗l in eq. (3.12) can be written as:
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[
] [
]
−3/2 −1
Ro∗l = cRol × Q1/2
D (ρc V )−1/2 × ν −1/3 Ω1/3 D2/3 × (λ/κ)1/5
conv Ω

(5.1)

In this expression Qconv and χ = Ric /Rc are provided directly by the thermal evolution model. Using
χ is possible to compute D = Rc (1 − χ) and V = (4π/3)Rc3 (1 − χ3 ). The core radius and average
density are scaled using Rc ∝ Mp0.271 and ρc ∝ Mp0.243 following Valencia et al. (2006). Finally, the
rotation rate Ω is expressed in terms of the period of rotation P using Ω = 2π/P (see section 5.3 for
further comments). The general expression for Ro∗l as a function of time, mass and rotation is finally
[
] [
]
−11/6
1/2
−1/3
3 −1/2
Ro∗l (t, M, P ) = C ρ−1/6
R
×
Q
(1
−
χ)
(1
−
χ
)
× P 7/6
(5.2)
c
c
conv
Here we have separated the quantities that explicitly depend on planetary mass (first bracket) and
those that depend explicitly on time and implicitly on mass (second bracket). The dependence on
rotation has been isolated in the P 7/6 term. The quantity C depends on the core viscous, thermal
and magnetic diffusivities that we will assume are nearly constant in time and almost independent
of planetary mass. In our models C has been set imposing that a 1M⊕ planet at t = 4.54 Gyr and
P = 1 day has a value Ro∗l (t = 4.54 Gyr, M = 1M⊕ , P = 1 day) = 0.07.
As can be seen in equation (5.2) the value of Ro∗l strongly depends on the rotation period P . Slowly
rotating dynamos (large P ) will have large values of Ro∗l and hence will be multipolar. It is also
interesting to note that dynamos arising from a completely liquid iron core (χ = 0) will have a smaller
local Rossby number and hence will be dipolar dominated for a wider range of periods of rotation.
In this case, however, in the absence of compositional convection the magnetic field strength could
be much weaker. Additionally, for a fixed convective power, more massive planets will have smaller
values Ro∗l and they tend to have dipolar dominated dynamos.

5.2 Scaling the Magnetic Field Intensity
Now the problem of estimating the core magnetic field intensity in the dipolar and multipolar regimes
is tackled starting from the thermal evolution model inputs Qconv and D = Rc (1 − χ) (see 3.2.2 for
a D definition). Using the definition of bdip (eq. (3.15)) and the scaling law for Brms (eq. (3.13)) the
dipolar field intensity at the CMB could be computed as,

B dip =
=

1

1/2

√

ρc µo ΩDp1/3
bdip
[
] [
]
√
1
−2/3
1/3
cB fohm µo × ρ1/6
× Q1/3
(1 − χ3 )−1/3
c Rc
conv (1 − χ)
bdip
cB fohm

(5.3)

Here the definition of p (eq. (3.8)) was used and replaced D and V in terms of Rc and χ. It is
customary to assume that in the case of rapid rotating dynamos bdip ∼ 1 and hence B dip ∼ Brms .
That was the approximation used by Gaidos et al. (2010) and Tachinami et al. (2011) to estimate the
field intensities reported in their works. However, in many relevant cases (see section 5.4.1) this
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Figure 5.1: Evolution of the local Rossby number computed from selected results of the CTE model.
Solid and dashed lines correspond to the cases of constant and variable period of rotation respectively. Earth-like values for the period of rotation were assumed, i.e. Po =24 h and to = 4.54 Gyr. In
the case of a variable period of rotation (dashed lines) we have used P˙o = 1.5 h Gyr−1 . Shaded regions enclose values of Ro∗l corresponding to multipolar (gray upper region), dipolar reversing (yellow
middle region) and dipolar non-reversing (green lower region) dynamo regimes.
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Figure 5.2: Evolution of the local Rossby number computed from selected results of the MTE model.
The description is the same as figure 5.1.
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approximation will not be valid and a proper prescription to estimate bdip as a function of the thermal
evolution model is required. We have studied the values of bdip for a set of numerical dynamo results (U.R.Christensen, personal communication), (Christensen & Aubert, 2006; Aubert et al., 2009;
Christensen, 2010), and found that although the value of this quantity varies in a wide range, both in
the case of dipolar and multipolar dynamos, it is possible to find a lower bound bmin
dip that is a function
of fdip (see figure 3.3),
−α
bmin
dip = cbdip fdip ,

(5.4)

where cbdip ≃ 2.5 and α ≃ 11/10 are the best fitting parameters. Using this equation an upper bound
to the dipolar field at the CMB could be computed directly from eq. (5.3), replacing bdip as bmin
dip from
eq. (5.4),
max

B dip ≲ B dip =

[
] [
]
cLo 11/10 √
−2/3
1/3
fdip
fohm µo × ρ1/6
× Q1/3
(1 − χ3 )−1/3
c Rc
conv (1 − χ)
cbdip

(5.5)

The constant cLo adopts different values according to the dynamo regime: in the multipolar case
(fdip ≲ 0.35), cLo ≃ 1 and in the dipolar case (fdip > 0.35), cLo ≃ 0.6. Therefore, cLo depends implicitly on fdip .
In summary, although fdip and bdip do not have unique values for dynamos in a given regime, they
are constrained from above and below respectively, providing an interesting opportunity to constrain
the dipolar component of the core magnetic field. Estimating the local Rossby number of a planetary
dynamo with a given rotation rate it is possible to compute the maximum value of fdip attainable by
dynamos at that Ro∗l using numerical dynamo results (figure 3.2). With this quantity in hand and
using equation (5.5) it is possible to calculate the maximum value of the dipolar component of the
core magnetic field.
It is possible to write down this procedure in the form of a simple algorithm. Given a planet with mass
Mp and period of rotation P , the maximum dipolar component of the core magnetic field at time t
could be computed using the following procedure:

1. Using the thermal evolution model find Qconv (t) and χ(t)
2. Compute Ro∗l using eq. (5.2).
3. Using Ro∗l compute the maximum value of fdip as given by an envelop to numerical dynamo
results in the fdip − Ro∗l space (see dashed line in figure 3.2).
max

4. Using fdip compute the maximum dipolar component of the core magnetic field, B dip using eq.
(5.5). Values adopted for cLo are ≈ 1 for dipolar dynamos (fdip > 0.35) and ≈ 0.6 for multipolar
dynamos (fdip < 0.35) (Aubert et al., 2009; Christensen, 2010).
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We are assuming fohm ≈ 1 which is consistent with the goal to obtain an upper bound to the core
magnetic field.
Using the maximum intensity of the dipolar component of the core magnetic field and assuming a
low-conductivity mantle it is possible to estimate the magnetic field at the planetary surface. In the
case of a dipolar dominated core magnetic field the surface field intensity scales simply as (Rc /Rp )3 .
But, if the core magnetic field has a more complex power spectrum, the properties of the magnetic
field at the surface are harder to estimate. However, since we are interested in the protective properties of the planetary magnetic field and they mainly depend on the dipolar component of the field
(Stadelmann et al., 2010), we can still compute the maximum dipolar component of the planetary
max
magnetic field, B s,dip , using the formula:
max
B s,dip

=

max
B dip

(

Rc
Rp

)3
(5.6)

5.2.1 From the Core Magnetic Field to the Planetary Magnetic Field Intensity
Assuming a low conductivity mantle and neglecting other field sources, the magnetic field in the
region outside the conducting core is derived from a potential given by the solution of the Laplace
equation with Neumann’s boundary conditions at the CMB (Backus et al., 1996),
V (r, θ, ϕ) = −

)
∞ (
l
Rc ∑ Rc l+1 ∑ m m
al Yl (θ, ϕ)
µ0
r
m=0

l=1

Ylm

(5.7)

am
l

where
are the spherical harmonics and
are the expansion coefficients. Using the harmonic
expansion, the field regime (dipolar or multipolar) could be described in terms of the power spectrum
Wl (r) that expands the energy density at radius r,
W (r) =

∞
∑

Wl (r) ∼

)
∞ (
∑
Rc 2l+4
l=1

l=1

r

wl

(5.8)

In the case of a dipolar dominated core magnetic field, i.e. a magnetic field where the averaged
dipolar component is a significative fraction of the total averaged magnetic field strength (see section
3.2.3), the dipolar contribution to the power spectrum W1 (Rc ) = w1 is generally larger than those
from higher order harmonics (see for example the core magnetic field power spectrum of the Earth
and other simulated dynamos in figure 4 of Driscoll & Olson (2009)). Conversely when the field is
multipolar the contribution from w1 is of the same order or smaller than the higher order harmonics contributions. The dependence on r of Wl (r) changes the power spectrum of the field outside
the core. If the core magnetic field is dipolar dominated, the surface field will be strongly dipolar.
However, in the case of a multipolar field the surface field regime will depend on the CMB power
spectrum. Multipolar fields with a flat spectrum w1 ≃ wl for l > 1 will be dipolar on the planetary
surface. A strongly multipolar field with a dominated component of order lmax will exhibit a surface
flat spectrum provided wlmax ≃ w1 (Rc /Rp )2−2lmax . Assuming a quadrupole dominated core magnetic
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field and Rc /Rp ≈ 0.3 this conditions implies that for w2 ≲ 10w1 the surface field will still be weakly
dipolar.
⃗ θ, ϕ) = −∇V (r, θ, ϕ) could also be expanded,
The magnetic field outside of the core B(r,
⃗
B(r)
=

∞ ∑
l
∑

⃗ m (r)
B
l

(5.9)

l=1 m=0
l+2 . Using this notation the
⃗ l (r) = ∑l
⃗m
⃗
The contribution of order l is B
m=0 Bl (r) = Bl (Rc )(Rc /r)
⃗ 1 (Rc )| > where the average is
dipolar component of the core magnetic field is written as B dip =< |B
computed over the CMB surface. On the planetary surface the dipolar component of the planetary
magnetic field will be then given by,

(
B s,dip = B dip

Rc
Rp

)3
(5.10)

irrespective of the regime of the surface field.

5.3 Evolution of the Rotation Rate
As was said in section 3.2.3, the dependence on rotation was expressed in terms of the period P
instead of the rotation rate Ω = 2π/P . P is better suited to study cases where rotation and orbital
periods are related (tidal locking) or in cases where large tidal effects from planet-stellar interaction
or due to hypothetical moons introduce simple long-term variation of P (Varga et al., 1998). The
long-term evolution of rotation periods in terrestrial planets is a complex subject that depends on
many different effects ranging from dynamical conditions at formation; catastrophic impacts; interior
processes changing the distribution of matter to tidal interactions with the central star; close orbiting
bodies or other bodies in the planetary system (see van Hoolts (2009) and references therein).
To model the long-term variations of the rotation period, it is necessary to considered two simple
extreme scenarios: (1) Constant period of rotation Po ; this will be the case for tidally locked planets
and also for planets that have preserved their primordial rotation, e.g. Mars. (2) Linearly increasing
rotation period. This would be the case for planets affected by strong tidal damping from the central
star, a close big moon or other planetary system bodies. In the latter scenario, and following the
models used to study the long-term variation of the Earth’s period of rotation (Varga et al., 1998), we
have assumed a simple linear variation,
P (t) = Po + P˙o (t − to ).

(5.11)

Here Po and P˙o are respectively the rotation period at to and its rate of variation. For an Earth-like
rotation we assumed to = 4.54 Gyr, Po = 24 h and Ṗo ≈ 1.5 h Gyr−1 , values which are compatible
with a primordial rotation of P (t = 0) = Pini ≈ 17 hrs (Varga et al., 1998; Denis et al., 2011).
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Figure 5.3: Evolution of the convective power density p in the CTE (solid lines) and MTE (dashed
lines) models for two different planetary masses. p is one order of magnitude larger in the MTE
model and falls faster than in the CTE model due to differences in the estimations of the convective
power.
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We have computed the evolution of Ro∗l using eq. (5.2) and the values of Qconv (t) and χ(t) provided
by the CTE and MTE models in the cases highlighted in Table 4.1. The results for different planetary
masses assuming Po =24 h, both in the case of constant and variable period of rotation, are depicted
in figures 5.1 and 5.2.
There are important differences between the results obtained with the CTE and the MTE models.
These differences arise from the magnitude and evolution of the convective power density in both
models (see figure 5.3). While in the CTE model the available power comes directly from the entropy
dissipation inside the core, in the MTE model the amount of energy available for convection is simply
bounded by the energy extracted by the mantle through the CMB. As a consequence, the power density is almost one order of magnitude larger and grows faster with planetary mass in the MTE case
than in the CTE model. On the other hand, the energy flux through the CMB falls more rapidly in the
MTE model than the entropy dissipated inside the core in the CTE model. This effect produces a net
decrease in the power density at later times, at least in the case of low-mass super Earths.
The most noticeable change in the evolution of the Ro∗l happens during the so-called “p-rebound” just
after the start of the inner core nucleation at time tic . In the CTE model, p goes through a sudden
and strong increase at tic due to the combined effect of a convective power increase, which is the
result of the release of latent heat and light elements, and the reduction in the vertical height D of the
convecting shell. The p-rebound in the MTE model is milder and comes mainly from the reduction
in D. In the MTE model the CMB flux FCM B that determines the estimated value of Qconv , is not
sensitive to the new sources of entropy dissipation in the recently formed inner core. Although we are
comparing both models in equivalent conditions, it is clear that the MTE model lacks very important
details that reduce the likelihood of the conclusions drawn from the application of this model in our
case.
Given these fundamental differences we will present separate analysis of the predicted properties of
the core magnetic field for the CTE and MTE models in the following paragraphs.

5.3.1 Role of Rotation in the CTE Model
The evolution of Ro∗l for the CTE model is depicted in figure 5.1. As expected, the Local Rossby
Number varies in time in a similar way as p does (see figure 5.3). Evolution of the period of rotation
has an important effect, particularly when the convective power flux has dropped at late times. In the
case of low-mass planets, the p-rebound is responsible for the most important features of the Ro∗l
evolution. The sudden increase in p and the related decrease in D produce an even faster increase
in Ro∗l . This behavior has two effects: (1) Ro∗l reaches a minimum value at tic , e.g. Ro∗l,min ≃ 0.02
for M = 1M⊕ and Ro∗l,min ≃ 0.01 for M = 2M⊕ , regardless of variations in the period of rotation, and
(2) the inner core nucleation, at certain periods of rotation (see below) will mark the transition from a
dipolar to a multipolar regime.
In the case of massive planets where the solid inner core does not appear in the first 10 Gyr, Ro∗l
steadily decrease until the dynamo finally shuts down. In this case the ability of the planet to create a
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Figure 5.4: Comparison of the evolution of Ro∗l for a 1M⊕ planet with a period of rotation P ≈ 1.4
days and P ≈ 1 day in the CTE model. The Ro∗l in the case of variable period of rotation (dashed
and dashed-dotted lines) has been computed for two different rates P˙o assuming the same reference
period of rotation Po ≈ 1.4 days at t = 4.54 Gyr. The squares are placed at the times where the
dynamo becomes multipolar (dotted line at Ro∗l = 0.1 marks the transition to the multipolar regime)
for the constant and variable period of rotation of super Earths respectively. Notice that the dashed
line is below the dashed-dotted line before t = 4.54 Gyr and above it after that time. Shaded regions
enclose values of Rol* corresponding to different dynamo regimes, multipolar (upper region, Ro∗l >
0.1), dipolar reversing (middle region, 0.04 < Ro∗l < 0.1) and dipolar non-reversing (lower region,
Ro∗l < 0.04).
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dipolar core magnetic field at large periods of rotation (slowly rotating planets) is constrained by the
value of the local Rossby Number close to the time of dynamo shut down. We found in this case that
Ro∗l,min ∼ 10−3 , which is again independent of variations in the period of rotation. Taking into account
that Ro∗l ∝ P 7/6 (eq. (5.2)) and using the critical value Ro∗l = 0.1, at which all dynamos have became
multipolar, we found that planets with a constant period of rotation P ≲ Pmul = Po (0.1/Ro∗l,min )6/7
will have a chance to develop a dipolar dominated core magnetic field at some point in the dynamo
lifetime. In the case of planets with M ≲ 2M⊕ the limit is Pmul ∼ 4 − 9 days (the lowest value corresponding to the lightest planet, 1 M⊕ and for more massive planets, i.e. M ≳ 2M⊕ , Pmul ∼ 30 − 50
days. These limits set upper bounds of what should be considered rapidly rotating planets, i.e.
planets able to develop strong and long-lived dipolar magnetic fields. To find more precise limits it is
necessary to compute the dipolar core magnetic field lifetime, a problem that will be addressed below.
In order to understand the role of rotation in the survival of a dipolar dominated core magnetic field
in the case of planets with M < 2M⊕ , the evolution of Ro∗l must be studied for several values of the
reference period of rotation Po in the case of constant and variable rotation rate. The case for a 1M⊕
planet with Po ≈ 1.4 days (33 hours) is shown in figure 5.4. In this case the core magnetic field dipolarity is guaranteed only during the first few Gyr when no solid inner core has been formed and the
convective power density is still down (low Ro∗l ). Shortly after the p-rebound the convective forces increase enough to make the core magnetic field multipolar and the period of dipolar dominance ends.
The time spent by the dynamo in the dipolar dominated regime is called the dipolar lifetime, Tdip .
More massive super Earths M > 2M⊕ exhibit a different behavior. For periods of rotation P ≲ Pmul
the core magnetic field is multipolar at the beginning and turns dipolar at a time called the dipolarity
switch time, tsw . In this case Tdip is computed as the difference between the dynamo lifetime and the
tsw .
A plot of Tdip for different planetary mass as a function of the reference period of rotation Po is depicted in figure 5.5. As expected Tdip is equal to the dynamo lifetime in the case of rapidly rotating
planets (Po ∼ 1 day). The critical period of rotation Pc up to which this condition is met, increase
with planetary mass for M ≤ 2M⊕ as a consequence of a later formation of the inner core in more
massive planets (see figures 5.1 and 5.2 ). In the case of planets with M > 2M⊕ , the critical period
Pc is almost the same, Pc ≃ 2 − 2.5 days, a behavior explained by the similarity between the evolution
of Ro∗l in this type of planets (see figure 5.1).
A variable period of rotation decrease Pc for planets below 2M⊕ but increase in the case of more
massive planets. The explanation of this behavior could be found in figure 5.1. Low mass planets
has a lower Pc if Ro∗l is larger at late times and this is exactly the effect of a variable period of rotation.
Conversely more massive planets has a larger Pc if Ro∗l is lower at early times as expected again in
the case of a variable period of rotation. It is also interesting to note that in the case of low mass
super Earths, an intermediate level of dipolar core magnetic field lifetime beyond Pc is found. This
intermediate level is a by product of the steep increase in Ro∗l around the time of inner core nucleation tic . For times t < tic the dipolarity condition is ensured in a wide range of rotation rates. This
effect explains why the dipolar lifetime at this intermediate level is close to tic . With these results it is
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possible to set a more stringent limit to the periods of rotation required to have long-lived (Tdip ≳ 3
Gyr) dipolar dominated core magnetic fields. We found that regardless of the mass, super Earths
with P ≲ 2 − 3 days will meet this condition.
An interesting and nontrivial prediction arise from the dipolar lifetime dependence on mass and period. In the works by Gaidos et al. (2010) and Tachinami et al. (2011) low-mass planets were identified as the best candidates to have intense, long-lived planetary magnetic field. This result was a
consequence of the favorable conditions that the early nucleation of a solid inner core and a lower
viscosity mantle have on the determination of the planetary magnetic field properties and its lifetime.
This result is still valid here, at least for planets with periods of rotation smaller than ≈ 1.5 days. However, when rotation periods are larger than this limit the roles are interchanged: massive super Earths
would develop a dipolar core magnetic field for a longer time than the lightest planets. The reason
for this switch is the strong p-rebound when the inner core starts to nucleate in light super Earths.
Since the thermal evolution of massive planets does not exhibit such rebound, the rotation period for
M > 2M⊕ could be increased even more, before the core magnetic field becomes multipolar.
Taking into account the evolution of Ro∗l and the information it could provide on the core magnetic
field regime, we have computed the intensity of the dipolar component of the planetary magnetic
field, B s,dip following the procedure outlined in section ??. The result is depicted in figure 5.6
where we have additionally included the measured value of the Earth magnetic field at present times
(Maus et al., 2005) and three recent measured paleomagnetic intensities at 3.2 and 3.4 Gyr ago
(Tarduno et al., 2010) (indicated with an Earth symbol and error bars respectively). It is clear in this
case that the evolution of the Ro∗l has an important impact on the measured field at the planetary
surface. In the case of an Earth mass planet with P = 1.5 days (lower panel in figure 5.6) the dipolar
component of the field reaches a maximum intensity almost 300 Myrs after the initiation of the inner
core nucleation just to decay again in hundreds of megayears as a consequence of the increase in
intensity of the convective currents versus the weak Coriolis force. At 3 Gyr the core magnetic field
becomes fully multipolar and the intensity measured at the surface is just the core magnetic field
dipolar component. We have assumed that the transition from the dipolar to the multipolar regime
happens in short times when compared with the thermal evolution time scales. In order to compare
the dipolar planetary magnetic field intensities of planets with different masses and to understand the
global role of rotation in the determination of the planetary magnetic field properties, the dipolar field
intensity averaged over the dynamo lifetime Tdyn was computed
−1
Bavg ≡< B s,dip >= Tdyn

∫

Tdyn

B s,dip dt

(5.12)

0

Although not phenomenologically relevant this quantity is very useful to compare the planetary magnetic field for evolving dynamos with different planetary parameters. On the other hand the minimum
and maximum “historical” dipolar field intensities for a given planetary mass and rotation rate, observed in a relevant range of parameters, are of the same order of this average and therefore Bavg
seems a good first order estimate of the evolving planetary magnetic field intensity. In figure 5.8
we plot Bavg vs. Po for planets with different masses. We found a similar behavior of Bavg as that
found in Tdip (figure 5.5). In this case however the differences between the field intensities are not as
76

noticeable as those found in the case of the dipolar core magnetic field lifetime.
Field intensity is not the only observable we can try to estimate with this model. Reversal frequencies could also be inferred (Driscoll & Olson, 2009). Although we have not computed this property it
should be mentioned that the predicted monotonous variation of the local Rossby Number could not
explain completely the variation in reversal frequency observed in the Earth’s paleomagnetic field.
For example the increase in Ro∗l after inner core nucleation could explain the transition from a superchrone to reversals but not from reversals to superchrone.
Displaying the properties of an evolving magnetic field (dipolar lifetime and intensity) for different
planetary masses and periods of rotation is challenging. To simplify the graphical representation of
planetary magnetic field properties and their dependence on mass and rotation rate, we introduce
here the Mass-Period diagram (hereafter M − P diagram). We have used M − P diagrams in figure
5.9 to depict Tdip and Bavg for the CTE model, comparing the cases of constant and variable periods
of rotation. The conclusions drawn from figures 5.5 and 5.8 are well illustrated in the M − P diagrams
(see figure 5.9). Planets with masses between 1 and 3 M⊕ and periods P < 3 days, are the best
suited to developing a long-lived dipolar field, and planets with M < 2M⊕ and P < 1.5 days develop
dipolar field intensities of the same order as the Earth’s. Qualitatively the effects of a variable period
of rotation are negligible.

5.3.2 Role of Rotation in the MTE Model
The evolution of Ro∗l for the MTE model is plotted in figure 5.2. In all the cases the Ro∗l has large values at early times and hence the predicted core magnetic field is always multipolar at the beginning.
This result is a consequence of the large initial CMB flux FCM B used in this model to estimate the
convective power at the core. For all the planetary masses and in the case of rapidly rotating planets,
dynamos switch from a multipolar to a dipolar regime at what we have called the dipolar switch time
tsw . In several cases, the intensity of the p-rebound and/or the variation of the period of rotation
reduce the time spent for the dynamo in a dipolar dominated state Tdip . In the analogous to figure
5.9 for the CTE model, we have plotted tsw and Tdip in M-P diagrams in figure 5.10. In order to have
a protective planetary magnetic field it is expected that the core core magnetic field becomes dipolar
as early as possible (small tsw ). Indeed a protective planetary magnetic field is more important in the
early phases of planetary and stellar evolution than at late times (see e.g. Lichtenegger et al. (2010)).
We also expect that the duration of the dipolarity phase Tdip be also large. The effects of a variable
period of rotation are noticeable especially in the case of large mass planets. This fact is the result of
the particular behavior of the evolving Ro∗l .
For the MTE model the limit for rapidly rotating planets, as estimated by the condition to have longlived dipolar fields, is more stringent than in the CTE model. Only planets with periods shorter than
1 day develop intense and long lived dipolar core magnetic field in contrast with approximately 2-3
days limit found in the case of the CTE model.
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Figure 5.5: Lifetime of the dipolar dominated core magnetic field in the CTE model obtained from
the analysis of the Ro∗l evolution for planets with different masses. Constant (solid line) and variable
(dashed lines) periods of rotation have been assumed. The gray regions are limited by the maximum
rotation periods of low mass planets (M < 2M⊕ ) in the three categories introduced in this work (see
text).
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Figure 5.6: Maximum dipolar component of the surface planetary magnetic field estimated using the
thermal inputs of the CTE model. The case of rapidly rotating planets, Po = 1 day, is presented. The
value of the Ro∗l has also been plotted in order to illustrate the effect that a transition between dynamo
regimes have in the evolution of the planetary magnetic field. The red continuous, dashed and dotted
lines in the Ro∗l subpanel are the limits between the regimes (dipolar non reversing, dipolar reversing
and multipolar). The value of Bs,dip for the present Earth’s magnetic field (Earth symbol ⊕) and
recent paleointensities measurements (error bars) has also been included ((Tarduno et al., 2010):
Kaap Valley (KPV), Barberton Greenstone Belt (BGB), and Nondweni Greenstone Belt (NGB), dacite
localities).
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Figure 5.7: Maximum dipolar component of the surface planetary magnetic field. The dipolar planetary magnetic field intensities for a 1M⊕ planet with different periods of rotation are compared. The
dashed lines in the magnetic field plot are the lifetime average of the maximum dipolar component of
the planetary magnetic field, Bavg (Eq.(5.12)). The rest as in figure 5.6.
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Figure 5.8: Surface dipolar field intensity averaged over the dynamo lifetime, Bavg as defined by Eq.
(5.12), for planets with constant (solid) and variable (dashed lines) periods of rotation.
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5.4 Classification of Super Earths Depending on its Rotation
The resulting effects that a variation in the rotation period has in the dynamo properties of super
Earths, suggest the possibility to classify SE dynamos in three different groups: rapid, slow and very
slow rotators (see figure 5.5). Rapid rotators are planets with strong dipolar dominated dynamos
lasting several to tens of Gyr. This type of planets have dynamos with local Rossby numbers below
the critical value, i.e. operating in the dipolar regime, for the most part of the dynamo lifetime (50% is
the criterion used here). Our planet would belong to this group. Slow rotators are super Earths with
dipolar dynamos lasting for less than 50% of the dynamo lifetime. Dynamos of this type spends most
time of their lifetime in the reversing region and a non negligible time above the critical value for the
multipolar regime. Very slow rotators correspond to planets that do not develop a dipolar dominated
field during their entire dynamo lifetime. Dynamos of this type have large super critical local Rossby
numbers.
The range of periods of rotation defining the proposed categories, varies with mass and depends
on the particular thermal evolution model used to predict the planetary magnetic field properties. In
the case of the CTE model we found that rapid rotators have P ≲ 1.5 days, irrespective of planetary
mass, slow rotators with masses M ≲ 2M⊕ have periods of rotation in the range 4 ≲ P ≲ 10 days,
while more massive slow rotators will have 4 ≲ P ≲ 20 days. Planets with P ≳ 10 − 20 days are
very slow rotators. We have plotted these limits in figure 5.5. In the case of the MTE model the limit
for rapid rotators are more stringent than in the CTE model. This fact is a consequence of the high
convective power predicted by this model at early times (see figures 5.2 and 5.3). The maximum
rotation rate for rapid rotating planets in this case is not larger than 1 day. The category of slow
rotators is practically nonexisten in this model. Planets with periods of rotation larger than 1-1.5 days
will be very slow rotators if the thermal evolution model has the features predicted by the MTE model.

5.4.1 Application to Already Discovered Super Earths
The application of these results to study the development of protective magnetic fields in newly discovered super Earths, depends on the ability to know or estimate their rotation periods. The most of
already discovered super Earths are tidally locked and hence their rotation periods are also known.
According to recent claims, planets with masses in the range of interest for this work (M < 2M⊕ )
and orbital periods less than 50 days could be common around low-mass stars (Howard et al., 2010).
Therefore, tidally locked super Earths are the best initial target for this kind of analysis. Nevertheless,
in the case of unlocked super Earths yet to be discovered the feasibility to measure the period of rotation using present and future observational facilities has also been devised (see Ford et al. (2001);
Pallé et al. (2008) and references therein).
In figure 5.11 we have plotted the Habitable Zone (HZ) for GKM stars and the physical parameters of
confirmed super Earths plus the subset of Kepler candidates inside the HZ (Borucki et al., 2011). We
have also included there, contours of equilibrium temperatures (Selsis et al., 2007b; Lammer et al.,
2010), the outer limits to have tidally locked planets in 1 and 3 Gyr (Kasting et al., 1993), and the
range of periods defining our categories of rapid, slow and very slow rotators in the case of massive
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super Earths assuming the CTE thermal evolution model.
It is needed to point out that the results have a limited range of applicability when compared with
the wide range of physical properties founded in this set of discovered super Earths. We have assumed from the beginning that planets have a composition similar to Earth, habitable temperatures
and mobile lids. Low density planets as GJ 1214 b probably covered by thick volatile atmospheres
(Nettelmann et al., 2011), could have other ways to create intrinsic magnetic fields and the limits to
develop protective planetary magnetic field should be different than those found here in the case of
core dynamos. Nevertheless, rotation will still play an interesting role in the planetary magnetic field
properties of these types of planets and efforts to include this effect should not be underestimated.
On the other hand the composition of many of these super Earths is still unknown (there is a lack of
complete information on their masses and radii). Super Earths with high surface temperatures e.g.
Corot 7b (Valencia et al., 2010), also fall outside the range of applicability of these results. Higher
surface temperatures reduce the viscosity in the mantle favoring the extraction of energy from the
core and increasing the convective power energy. Gaidos et al. (2010) found higher values of the
surface planetary magnetic field in the case of ≈ O(1)M⊕ planets and larger dynamos lifetime in
more massive super Earths, when surface temperatures are increased. In those cases the Ro∗l will
also be larger and the critical period of rotation to have multipolar dynamos will be smaller. These
results suggest that hot super Earths would lack of protective magnetic fields even with periods of
rotation proper of colder slow rotators.
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Figure 5.9: Mass-Rotation (M-P) diagrams for the dipolar field lifetime, Tdip and the average surface
magnetic field, Bavg in the CTE model. In each diagram the case for constant (upper half of each
panel) and variable (lower half of each panel) periods of rotation have been assumed. Contours of
equal values of the quantities represented on each diagram are also included.
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Figure 5.10: Mass-Rotation (M-P) diagrams for the dipolar field lifetime, Tdip and the dipolarity switch
time tsw in the MTE model. In each diagram the case for constant (upper half of each panel) and
variable (lower half of each panel) periods of rotation have been assumed. Contours of equal values
of the quantities represented on each diagram are also included.
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Figure 5.11: Stellar mass vs. orbital period diagram for planets around GKM stars (M < 1.05M⊙ ).
Circles indicate the position of known super Earths, including GJ 667C c and HD 40307 g, orbiting
stars in the selected mass range. Each circle has a diameter proportional to the minimum mass
of the planet. Contours of equal equilibrium temperatures Teq as measured in planetary surfaces
assuming an Earth-like bond albedo (A = 0.29) and a redistribution factor of 2 as expected for tidally
locked planet (Selsis et al., 2007b) has been also plotted. Red and blue lines are the inner and outer
limit of the habitable zone as computed using the Venus and Mars criteria in (Selsis et al., 2007b).
Green line is the 1 AU-equivalent distance where the planet will receive the same flux as the Earth
(Kaltenegger, 2010). The vertical thick dashed line indicates the maximum distance inside which
planets will be tidally locked in times less than 1 and 3 Gyr (Kasting et al., 1993).
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tic
Tdip
tsw
Tdyn

Brms
B dip
B s,dip
fdip
bdip

Qconv
p
Lo
Ro
Rol
fohm

Acronyms

Table 5.1: Symbols and quantities.

Planetary Properties
Planetary radius, Rp = 6371(M/M⊕ )0.265
Radius of the core, Rc = 3480(M/M⊕ )0.243
Average core density, ρc = 1.1 × 104 (M/M⊕ )0.271
Rotation rate, period of rotation, T = 2π/Ω
Radius of the solid inner core, χ = Ric /Rc
Vertical height of the liquid core, D = Rc − Ric
3
Volume of the dynamo region, V = 4/3π(Rc3 − Ric
)
Dynamo Properties
Total convective power
Total convective power density
Lorentz number, Lo ∼< Emag >1/2
Rossby number, Ro ∼< Ekin >1/2
Local Rossby number, Rol ∼< lu >< Ekin >1/2
Fraction of ohmic dissipation
Magnetic Field Properties
rms amplitude of the magnetic field inside the convecting shell
Dipolar component intensity of the core magnetic field
Dipolar component of the planetary magnetic field, B s,dip = B dip (Rc /Rp )3
Dipolar fraction of the core magnetic field, fdip = B dip /B CM B
Ratio between the rms strength of the field
and the dipolar component at the CMB, bdip = Brms /B dip
Starting time for the inner core nucleation
Dipolar lifetime
Dipolarity switch time
Dynamo lifetime

Planetary Magnetic Field
Core Magnetic Field
Core Thermal Evolution
Mantle based Thermal Evolution
habitable zone

PMF
core magnetic field
CTE
MTE
HZ

Rp
Rc
ρc
Ω,T
Ric , χ
D
V

Meaning

Symbol

Adim., (Christensen et al., 2009)
Gyr
Gyr
Gyr
Gyr

µT
µT
µT
Adim., (Christensen & Aubert, 2006)

W s−1
Adimensional
Adim., (Christensen & Aubert, 2006)
Adim., (Christensen & Aubert, 2006)
Adim., (Christensen & Aubert, 2006)
Adim., (Christensen & Aubert, 2006)

km, (Valencia et al., 2006)
km, (Valencia et al., 2006)
kg m−3 , (Valencia et al., 2006)
rad s−1 , days
km
km
km3

Surface magnetic field
Core surface magnetic field
(Gaidos et al., 2010)
(Tachinami et al., 2011)
(Kasting et al., 1993)

Notes
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C HAPTER 6

Magnetic Protection of Super Earths
”The magnetic force is animate, or imitates a soul; in many respects it surpasses the human soul while it is
united to an organic body.”

William Gilbert, De Magneto, 1600

Magnetic protection of potentially habitable planets plays a central role into determining their actual
habitability and/or the chances to detect atmospheric biosignatures. We develop here a thermal evolution model of potentially habitable Earth-like planets and super-Earths. Using up-to-date dynamo
scaling laws we predict the properties of core dynamo magnetic fields and study the influence of
thermal evolution in their properties. The level of magnetic protection of tidally locked and unlocked
planets is estimated combining simplified models of the planetary magnetosphere and a phenomenological description of the stellar wind.
Thermal evolution introduces a strong dependence of magnetic protection on planetary mass and
rotation rate. Tidally locked terrestrial planets with an Earth-like composition would have early dayside magnetospause distances between 1.5 and 4.0 Rp , larger than previously estimated. Unlocked
planets with periods of rotation ∼ 1 day are protected by magnetospheres extending between 3 and 8
Rp . Our results are robust against variations in planetary bulk composition and uncertainties in other
critical model parameters.
The discovery of extrasolar habitable planets is one of the most ambitious challenges in exoplanetary
research. As we comment in chapter 2 there are almost 861 confirmed exoplanets 1 including 67 classified as Earth-like planets (M ∼ 1 M⊕ ) and super-Earths (M ∼ 1 − 10 M⊕ ), (Valencia et al., 2006)
(see table 1.1). Among these low mass planets there are confirmed SEs, GJ 667C c (Bonfils et al.,
2011), Gl 581 d (Udry et al., 2007; Mayor et al., 2009), and HD 40307 g (Tuomi et al., 2013), and
tens of Kepler candidates (Borucki et al., 2011; Batalha et al., 2012) that are close or inside the Habitable Zone of their host stars (see e.g. Selsis et al. (2007b); Pepe et al. (2011); Kaltenegger et al.
(2011)). If we include the possibility that giant exoplanets could harbour habitable exomoons, the
number of the already discovered potentially habitable planetary environments beyond the Solar
System could be rised to several tens (Underwood et al., 2003; Kaltenegger, 2010). Moreover, the
existence of a plethora of other terrestrial planets and exomoons in the Galaxy is rapidly gaining evidence (Borucki et al., 2011; Catanzarite & Shao, 2011; Bonfils et al., 2011; Kipping et al., 2012), and
1

For updates, please refer to http://exoplanet.eu
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the chances that a large number of potentially habitable extrasolar bodies could be discovered in the
near future are very large.
The question of which properties a planetary environment needs in order to allow the appearance,
evolution and diversification of life has been extensively studied (for recent reviews see Lammer et al.
(2009) and Kasting (2010)). Two basic and complementary physical conditions must be fulfilled: the
presence of an atmosphere and the existence of liquid water on the surface (Kasting et al., 1993).
However, the fulfilment of these basic conditions depends on many complex and diverse endogenous
and exogenous factors (for a comprehensive enumeration of these factors see e.g. Ward & Brownlee
(2000) or Lammer et al. (2010)).
The existence and long-term stability of an intense planetary magnetic field (planetary magnetic field)
is one of these relevant factors (see e.g. Grießmeier et al. (2010) and references therein). It has
been shown that a strong enough planetary magnetic field protect the atmosphere of potentially habitable planets, especially its valuable content of water and other volatiles, against the erosive action
of the stellar wind Lammer et al. (2003, 2007); Khodachenko et al. (2007); Chaufray et al. (2007).
Planetary magnetospheres also act as shields against the potentially harmful effects that the stellar and galactic cosmic rays (CR) produce in the life-forms evolving on the planetary surface (see
e.g. (Grießmeier et al., 2005)). Even in the case that life could arise and evolve on unmagnetized
planets, the detection of atmospheric biosignatures would be also affected by a higher flux of stellar
and galactic CR, especially if the planet is around very active M-dwarfs (dM) (Grenfell et al., 2007;
Segura et al., 2010).
It has been recently predicted that most of the terrestrial planets in our Galaxy could be found around
dM stars (Boss, 2006; Mayor & Udry, 2008; Scalo et al., 2007; Rauer et al., 2011; Bonfils et al., 2011).
Actually ∼ 20% of the presently confirmed super-Earths belong to planetary systems around stars
of this type. Planets in the Habitable Zone of low mass stars (M⋆ ≲ 0.6M⊙ ) would be tidally locked
(Joshi et al., 1997; Heller et al., 2011), a condition that poses serious limitations to their potential habitability (see e.g. Kite et al. (2011) and references therein). Tidally locked planets inside the Habitable
Zone of dMs have periods in the range of 5 − 100 days, a condition that has commonly been associated with the almost complete lack of a protective magnetic field (Grießmeier et al., 2004). However,
the relation between rotation and planetary magnetic field properties, that is critical to assess the
magnetic protection of slowly rotating planets, is more complex than previously thought. In particular,
a detailed knowledge of the thermal evolution of the planet is required to predict not only the intensity
but also the regime (dipolar or multipolar) of the planetary magnetic field for a given planetary mass
and rotation rate (Zuluaga & Cuartas, 2012).
Although several authors have extensively studied the protection that intrinsic planetary magnetic field
would provide to extrasolar planets (Grießmeier et al., 2005; Khodachenko et al., 2007; Lammer et al.,
2007; Grießmeier et al., 2009, 2010), all these works have disregarded the influence that thermal
evolution has in the evolution of planetary magnetic properties. They have used also outdated dynamo scaling-laws that have been revised in the last couple of years (see Christensen (2010) and
references therein). The role of rotation in determining the planetary magnetic field properties that is
90

critical in assessing the case of tidally locked planets has been also overlooked (Zuluaga & Cuartas,
2012).
This chapter is devoted to develop a comprenhensive model for the evolution of the magnetic protection of potentially habitable terrestrial planets around GKM main sequence stars. To achieve this
goal we integrate in a single framework a parametrized thermal evolution model based in the most
recent advances in the field (Gaidos et al., 2010; Tachinami et al., 2011; Stamenković et al., 2012),
up-to-date dynamo scaling-laws (Christensen, 2010; Zuluaga & Cuartas, 2012) and phenomenological models for the evolution of the stellar wind and planet-star magnetic interaction (Grießmeier et al.,
2010). Our model is aimed at:

1. Understanding the influence of thermal evolution in the magnetic protection of terrestrial planets.
2. Assesing the role of low rotation periods in the evolution of the magnetic protection of tidallylocked habitable planets.
3. Placing more realistic constraints on the magnetic properties of potentially habitable terrestrial
planets suitable for future studies of atmospheric mass-loss or the CR effect on the atmospheric
chemistry or in life itself.

This way to face up the problem go a step-forward in the understanding of planetary magnetic protection because it includes two relevant and previously overlooked aspects of the problem:

1. The dependence of magnetic properties on the thermal evolution of the planet and hence on
planetary mass and composition.
2. The role of rotation into the determination of magnetic field intensity and regime.

Additionally, we are attempting to calculate the magnetic properties of the already discovered potentially habitable super-Earths like GJ 667C c, Gl 581 d and HD 40307 g.

6.1 Critical Properties of an Evolving Magnetosphere
The interaction between the planetary magnetic field, the interplanetary magnetic field and the stellar
wind creates a magnetic cavity around the planet known as the magnetosphere. Although magnetospheres are very complex systems, its global properties are continuous functions of only two physical
variables (Siscoe & Christopher, 1975): the magnetic dipole moment of the planet, M, and the dynamical pressure of the stellar wind, Psw . Dipole moment is defined in the multipolar expansion of the
magnetic field strength:
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√
( )
2µ0 M
1
Bp (r) =
+O
,
3
4πr
r4

(6.1)

where Bp (r) is the angular-averaged planetary magnetic field strength measured at a distance r from
the planet center and µ0 = 4π × 10−7 H/m is the vacuum permeability. In the following we will drop-off
the higher order terms in 1/r (multipolar terms) and focus in the dipolar component of the field Bpdip
which is explicitely given by the first term of the right side in eq. (6.1).
The dynamical pressure of the stellar wind is given by
2
Psw = mnveﬀ
+ 2nkB T.

(6.2)

where m and n are the typical mass of a wind particle (mostly protons) and its number density, re2 + v 2 )1/2 is the effective velocity of the stellar wind as measured in the
spectively. Here veﬀ = (vsw
p
reference frame of the planet whose orbital velocity is vp . T is the local temperature of the wind
plasma and kB = 1.38 × 10−23 j/K is the Boltzmann constant.
There are three basic properties of planetary magnetospheres we are interested in:

1. The maximum magnetopause field intensity Bmp , which is a proxy of the flux of high energy
particles entering into the magnetospheric cavity.
2. The standoff or stagnation radius, RS , a measure of the size of the dayside magnetosphere.
3. The area of the polar cap Apc that measures the total area of the planetary atmosphere exposed
to open field lines through which particles can escape to interplanetary space.

The value of these quantities provides information about the level of exposure that a habitable planet
has to the erosive effects of stellar wind and the potentially harmful effects of the CR. The maximum
value of the magnetopause field intensity Bmp is estimated from the balance between the magnetic
2 /(2µ ) and the dynamical stellar wind pressure P
pressure Pmp = Bmp
0
sw (eq. 6.2),
1/2
Bmp = (2µ0 )1/2 Psw

(6.3)

Here we are assuming that the pressure exerted by the plasma inside the magnetospheric cavity
is negligible. Although magnetopause fields arise from very complex processes (Chapman-Ferraro
and other complex currents at the magnetosphere boundary), in simplified models Bmp is assumed
proportional to the planetary magnetic field intensity Bp as measured at the substellar point r = RS
(Mead, 1964; Voigt, 1995),
(
)
f0 µ0 √
(6.4)
Bmp = 2f0 Bp (r = RS ) ≈
2MRS−3
2π
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f0 is a numerical enhancement factor of order 1 that can be estimated numerically. We are assuming
here that the dipolar component of the intrinsic field (first term in the r.h.s. of eq. (6.1)) dominates at
magnetopause distances even in slightly dipolar planetary magnetic field.
Combining equation (6.3) and (6.4) we estimate the standoff distance:
(
RS =

µ0 f02
8π 2

)1/6

−1/6
M1/3 Psw

that can be expressed in terms of the present dipole moment of the Earth M⊕ = 7.768 × 1022
A m2 and the average dynamic pressure of the solar wind as measured at the orbit of our planet
Psw⊙ = 2.24 × 10−9 (Stacey, 1992; Grießmeier et al., 2005):
RS
= 9.75
R⊕

(

M
M⊕

)1/3 (

Psw
Psw⊙

)−1/6
(6.5)

It is important to stress that the value of RS estimated with eq. (6.5) assumes a negligible value of
the plasma pressure inside the magentospheric cavity. This approximation is valid if at least one of
these conditions is fulfilled: 1) the planetary magnetic field is very intense, 2) the dynamical pressure
of the stellar wind is small, or 3) the planetary atmosphere is not too bloated by the XUV radiation.
In the case when any of these conditions are fulfilled we will refer to RS as given by eq. (6.5) as the
magnetic standoff distance which is an underestimation of the actual size of the magnetosphere.
The last but not less important property we are interested on to evaluate the level of magnetic protection is the area of the polar cap. This is the region in the magnetosphere where magnetic field lines
could be open into the interplanetary space or to the magnetotail region. Siscoe & Chen (1975) have
shown that the area of the polar cap Apc scales with dipole moment and dynamical pressure as:
Apc
= 4.63%
4πRp2

(

M
M⊕

)−1/3 (

Psw
Psw⊙

)1/6
(6.6)

Here we have normalized the polar cap area with the total area of the atmosphere 4πRp2 , and assumed the atmosphere has a scale-height much smaller than planetary radius Rp .
In order to model the evolution of these three key magnetosphere properties we need to estimate the
surface dipolar component of the planetary magnetic field Bpdip (Rp ) (from which we can obtain the
dipole moment M), the average number density n, velocity veﬀ and temperature T of the stellar wind
(which are required to predict the dynamical pressure Psw ). These quantities depend in general on
time and also on different planetary and stellar properties. In the following sections we describe our
model for the calculation of the evolving values of these fundamental quantities.
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6.2 Revisiting the Scaling Laws of the Planetary Magnetic Field
In recent years improved numerical experiments have constrained the full set of possible scaling laws
used to predict the properties of planetary and stellar convection-driven dynamos (see Christensen
(2010) and references therein). It has been found that in a wide range of physical conditions the
global properties of a planetary dynamo can be expressed in terms of simple power-law functions of
the total convective power Qconv and the size of the convective region.
One of the most important results of power-based
scaling laws is the fact that the volume averaged
∫ 2
2
magnetic field intensity Brms = (1/V ) B dV does not depend on the rotation rate of the planet (see
eq. (2.11)),
1/2

Brms ≈ CBrms µ0 ρc 1/6 (D/V )1/3 Q1/3
conv

(6.7)

Here CBrms is a fitting constant obtained from numerical dynamo experiments and its value is different
dip
mul = 0.18. ρ ,
in the case of dipolar dominated dynamos, CBrms
= 0.24, and multipolar dynamos, CBrms
c
3 )/3 are the average density, height and volume of the convecD = R⋆ − Ric and V = 4π(R⋆3 − Ric
tive shell. The dipolar field intensity at the planetary surface, and hence the dipole moment of the
planetary magnetic field, can be estimated if we have information about the power spectrum of the
magnetic field at the core surface. Although we cannot predict the relative contribution of each mode
to the total core field strength, numerical dynamos exhibit an interesting property: there is a scalable dimensionless quantity, the local Rossby number Ro∗l , that could be used to distinguish dipolar
dominated from multipolar dynamos. The scaling relation for Ro∗l is (see eq. (2.15)):
7/6
Ro∗l = CRol ρc −1/6 Rc−2/3 D−1/3 V −1/2 Q1/2
.
conv P

(6.8)

Here CRol = 0.67 is a fitting constant and P is the period of rotation. It has been found that dipolar
dominated fields arise systematically when dynamos have Ro∗l < 0.1. Multipolar fields arise in dynamos with values of the local Rossby number close to and larger than this critical value. From eq.
(6.8) we see that in general fast rotating dynamos (low P ) have dipolar dominated core fields while
slowly rotating ones (large P ) produce multipolar fields and hence fields with a much lower dipole
moment.
It is important to stress that the almost independence of Brms on rotation rate, together with the role
that rotation has in the determination of the core field regime, implies that even very slowly rotating
planets could have a comparable magnetic energy budget than rapidly rotating planets with similar
size and thermal histories. In the former case the magnetic energy will be redistributed among other
multipolar modes rendering the core field more complex in space and probably also in time. Together
all these facts introduce a non-trivial dependence of dipole moment on rotation rate very different
than that obtained with the traditional scaling laws used by previous works (see e.g. Grießmeier et al.
(2004) and Khodachenko et al. (2007)).
Using the value of Brms and Ro∗l we can compute the maximum dipolar component of the field at
core surface. For this purpose we use the maximum dipolarity fraction fdip (the ratio of the dipolar
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max ≈ 1.0
component to the total field strength at core surface) that for dipolar dominated dynamos is fdip
max ≈ 0.35 (see Zuluaga & Cuartas (2012) for details). To connect this
and for multipolar ones is fdip
ratio to the volumetric averaged magnetic field Brms we use the volumetric dipolarity fraction bdip that
it is found, as shown by numerical experiments, conveniently related with the maxium value of fdip
through eq. (2.17):
max −11/10
bmin
dip = cbdip fdip

(6.9)

where cbdip ≈ 2.5 is again a fitting constant. Combining eqs. (6.7)-(6.9) we can compute an upper
bound to the dipolar component of the field at the CMB:
Bcdip ≲

1

Brms =
bmin
dip

max 11/10
fdip

cbdip

Brms

(6.10)

The surface dipolar field strength is estimated using eq. (2.19),
(
Bpdip (Rp )

=

Bcdip

Rp
Rc

)3
(6.11)

and finally the total dipole moment is calculated using eq. (6.1) for r = Rp .
It should be emphasized that the surface magnetic field intensity determined using eq. (6.11) overestimates the planetary magnetic field dipolar component. The actual field could be much more
complex spatially and the dipolar component could be lower. As a consequence our model can only
predict the maximum level of protection that a given planet could have from a dynamo-generated
intrinsic planetary magnetic field.
The results of applying the RTEM to calculate the properties of the magnetic field of terrestrial planets
in the mass range 0.5-4.0 M⊕ using the scaling laws in eqs. (6.7), (6.8) and (6.10) are summarized
in figures 6.1 and 6.2. In figure 6.1 we show the local Rossby number, the maximum dipolar field
intensity and the dipole moment as a function of time computed for planets with different mass and
two different periods of rotation (P = 1 day and P = 2 days). This figure shows the effect that rotation has in the evolution of dynamo geometry and hence in the maximum attainable dipolar field
intensity at the planetary surface. In figure 6.2 we have summarized in mass-period (M-P) diagrams
(Zuluaga & Cuartas, 2012) the evolution of the dipole moment for planets with long-lived dynamos.
We see that for periods lower than 1 day and larger than 5-7 days the dipole moment is nearly
independent of rotation. Slowly rotating planets have a non-negligible dipole moment which is systematically larger for more massive planets.
It is interesting to compare the predicted values of the maximum dipole moment calculated here with
the values roughly estimated in previous works (Grießmeier et al., 2005; Khodachenko et al., 2007;
López-Morales et al., 2011). On one hand while Khodachenko et al. (2007) estimate dipole moments
for tidally locked planets in the range 0.022-0.15 M⊕ our models predict maximum dipole moments
almost one order of magnitude larger (0.15-0.60 M⊕ ) with the largest differences at the highest end
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of planetary masses (M ≳ 4M⊕ ). On the other hand López-Morales et al. (2011) estimate dipole
moments as high as 10-80 M⊕ even for tidally locked planets. These values are one to two order of
magnitude higher than our most optimistic estimates.

6.3 Planet-Star Interaction
The planetary magnetic field properties constrained using the thermal evolution model and the dynamoscaling laws are not enough to evaluate the level of magnetic protection of a potentially habitable TP.
We need to estimate also the magnetosphere and stellar properties (stellar wind and luminosity) as
a function of time in order to asses properly the level of star-planet interaction.
Since the model developed in previous sections provides only the maximum intensity of the planetary
magnetic field, we will be interested here into constraint the magnetopshere and stellar properties
from below, i.e. to find the lower level of “stellar aggression” for a given star-planet configuration.
Combining upper bounds of planetary magnetic field properties and lower bounds for the star-planet
interaction will produce an overestimation of the overall magnetic protection of a planet. If under
this conservative model a given star-planet configuration is not suitable to provide enough magnetic
protection to the planet the actual case should be much worse. But if, on the other hand, our conservative approach predicts a high level of magnetic protection, the actual case could still be that of an
unprotected planet. Therefore our model is confident at predicting which planets will be unprotected
but less confident at predicting which ones will be actually protected.

6.3.1 The Habitable Zone and Tidally Locking Limits
Surface temperature and hence “first-order” habitability of a planet depends on three basic factors: 1)
the fundamental properties of the star (luminosity L⋆ , effective temperature T⋆ and radius R⋆ ) 2) the
average star-planet distance (distance to the Habitable Zone) and 3) the conmensurability of planetary rotation and orbital period (tidal locking). These properties should be properly model in order
to asses the degree of star-planet interaction which are crtical at determining the magnetic protection.
The basic properties of main-sequence stars of different masses and metallicities have been studied
for decades and are becoming critical to asses the actual properties of newly discovered exoplanets. The case of low mass main sequence stars (GKM) are particularly important at providing the
properties of the stars with the highest potential to harbor habitable planets with evolved and diverse
biospheres.
Here we use the theoretical results by Baraffe et al. (1998) that predicts the evolution of different
metallicities main-sequence GKM stars. We have choosen from that model those results corresponding to the case of solar metallicity stars. We have disregarded the fact that the basic stellar properties
actually evolve during the critical period where magnetic protection will be evaluated, i.e. t = 0.5 − 3
Gyr. To be consistent with the purpose of estimating conservative limits to magnetic protection, we
took the stellar properties as provided by the model at the highest end of the time interval, i.e. t = 3
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Figure 6.1: Planetary magnetic field properties predicted using the RTEM and eqs. (6.7), (6.8) and
(6.10) for planets masses 0.5-4.0 M⊕ . Here the plot of the local Rossby number (lower panel) and
the maximum dipole moment (upper panel). We included the present values of the geodynamo (⊕
symbol) and three measurements of paleomagnetic intensities (error bars) at 3.2 and 3.4 Gyr ago
(Tarduno et al., 2010). We compare the magnetic properties for two periods of rotation, 1 day (solid
curves) and 2 days (dashed curves). The effect of a larger period of rotation is more significant at
early times in the case of massive planets (Mp ≳ 2M⊕ ) and at late times for lower mass planets.
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Figure 6.2: Mass-Period (M-P) diagrams of the dipole moment for long-lived planetary dynamos
computed using the RTEM. Three regimes are identified (Zuluaga & Cuartas, 2012): rapid rotating
planets (P ≲ 1 day) whose dipole moment are large and almost independent of rotation rate; slowly
rotating planets (1 day ≲ P ≲ 5 day) whose dipole moment are intermediate in value and highly
depend of rotation rate; and very slowly rotating planets (P ≳ 5−10 days) with small but non-negligible
rotation-independent dipole moments. At lower masses (Mp < 2M⊕ ) the shape of the dipole-moment
contours is determined by the time of inner-core formation: ∼1 Gyr for 0.5M⊕ , ∼ 2 Gyr for 1.0 M⊕
and ≳4.6 Gyr for Mp ≳ 1.5 M⊕ .
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Gyr. Since luminosity increases with time in GKM stars this assumption guarantee the largest distance of the Habitable Zone and hence the lowest effects of the stellar insolation and the stellar wind.
In oder to estimate the Habitable Zone limits we use the well-known results of Kasting et al. (1993)
and the the parabolic fitting developed by Selsis et al. (2007b). Accordingly the inner and outer limits
of the Habitable Zone, ain and aout respectively, are given in terms of the stellar effective temperature
and luminosity by:
√
ain = (ain⊙ − αin ∆T − βin ∆T 2 ) L/L
√ ⊙
aout = (aout⊙ − αout ∆T − βout ∆T 2 ) L/L⊙

(6.12)

where ain⊙ and aout⊙ are the inner and outer limits of the Habitable Zone for the present sun,
∆T = T∗ −T⊙ and α and β are fitting constants. For our purposes we use the conservative limits given
by the criteria of “recent Venus” and “early Mars” (Kasting et al., 1993). For this case ain⊙ = 0.72,
αin = 2.7619 × 10−5 , βin = 3.8095 × 10−9 and aout⊙ = 1.77, αout = 1.3786 × 10−4 , βout = 1.4286 × 10−9
(Selsis et al., 2007b).
The orbital and rotational properties of planets at close-in orbits are strongly affected by the gravitational and tidal interaction with the host star. Tidal torques dampens the primordial rotation and
axis tilt leaving the planet in a final resonant equilibrium where the period of rotation P becomes
commensurable with the orbital period Po ,
(6.13)

P : Po = n : 2

Here n is an integer larger than or equal to 2. The value of n is determined by multiple dynamical factors, being the most important the orbital planetary eccentricity (Leconte et al., 2010; Ferraz-Mello et al.,
2008; Heller et al., 2011). In the solar system the tidal interaction between the Sun and Mercury has
trapped the planet in a 3:2 resonance. In the case of Gl 581 d, detailed dynamical models predict a
resonant 2:1 equilibrium state (Heller et al., 2011), i.e. the rotation period of the planet is a half of its
orbital period.
Although estimating in general the time required for the “tidal erosion” is very hard given the large uncertainties in the key physical parameters involved (see Heller et al. (2011) for a detailed discussion)
the maximum distance atid at which a solid planet in a circular orbit becomes tidally locked before a
given time t can be roughly estimated by Peale (1977):
[

(M⋆ /M⊙ )2 Pprim
atid (t) = 0.5 AU
Q

]1/6
t1/6

(6.14)

Here the primordial period of rotation Pprim should be expressed in hours, t in Gyr and Q is the dimensionless dissipation function. For the purposes of this work we assume a primordial period of
rotation Pprim = 17 hours (Varga et al., 1998; Denis et al., 2011) and a dissipation function Q ≈ 100
(Henning et al., 2009; Heller et al., 2011).
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In figure 6.3 we summarize the properties of solar metallicity GKM main sequence stars provided by
the Baraffe et al. (1998) model and the corresponding limits of the Habitable Zone and tidal locking
maximum distance. The properties of the host stars of the already discovered potentially habitable
super-Earths, Gl 581 d, GJ 667C c and HD 40307 g, are also highlighted in this figure.

6.3.2 Stellar Wind
The stellar wind poses the highest risks for a magnetically unprotected potentially habitable terrestrial
planet. Not only its dynamical pressure is able to obliterate an exposed atmosphere, especially at
early phase of stellar evolution (Lammer et al., 2003), but the flux of stellar CR along the wind could
pose a serious risk to any forms of surface life directly exposed to them (Grießmeier et al., 2005).
The last step in order to estimate the magnetospheric properties and hence the level of magnetic
protection is try to predict the stellar wind properties for different stellar masses and as a function of
planetary distance and time.
There are two simple models used to describe the spatial structure and dynamics of the stellar wind:
the pure hydrodynamical model developed originally by Parker (1958) that describes the wind as a
non-magnetized, isothermal and axially symmetric flux of particles (hereafter the Parker’s model) and
the more detailed albeit simple magneto-hydrodynamic model developed originally by Weber & Davis
(1967) that take into account the effects of stellar rotation and treat the wind as a magnetized plasma.
It has been shown that the Parker’s model describes reliably the properties of the stellar winds in the
case of stars with periods of rotation of the same order of the present solar value, i.e. P ∼ 30 days
(Preusse et al., 2005). However for rapidly rotating stars, i.e. young stars and/or active dM stars, the
isothermal model underestimates the stellar wind properties almost by a factor of 2 (Preusse et al.,
2005). For the purposes of scaling the properties of the planetary magnetospheres, (equations (6.3)(6.6)), an underestimation of the stellar wind dynamic pressure of that size, will give us values of
the key magnetospheric properties that will be off by 10-40% of the values given by more detailed
models. Magnetopause fields have the largest uncertainties will be underestimated by ∼ 40%, while
standoff distances and polar cap areas will be respectively under and overestimated by just ∼ 10%.
According to the Parker’s model the stellar wind average particle velocity v at distance d from the host
star is obtained by solving the Parker’s wind equation (Parker, 1958):
u2 − log u = 4 log ρ +

4
−3
ρ

(6.15)

√
where u = v/vc and ρ = d/dc are the velocity and distance normalized with respect to vc = kB T /m
and dc = GM⋆ m/(4kB T ) which are respectively the local sound velocity and the critical distance
where the stellar wind becomes subsonic. T is the temperature of the plasma which in the isothermal
case is assumed constant at all distances and equal to the temperature of the stellar corona. T is the
only free parameter controlling the velocity profile of the stellar wind.
The number density n(d) is calculated from the velocity using the continuity equation:
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Figure 6.3: HZ limits corresponding to the conservative criteria of recent Venus and early Mars
according to the updated limits estimated by Kopparapu et al. (2013). Stellar properties are computed
at τ = 3 Gyr using the models by Baraffe et al. (1998). Planets at distances below the dashed line
would be tidally locked before 0.7 Gyr (Peale, 1977). The location of Earth, Venus and the potentially
habitable extra-solar-system planets GL 581 d, GJ 667C c and HD 40307 g are also included.
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n(d) =

Ṁ⋆
2
4πd v(d)m

(6.16)

Here Ṁ⋆ is the stellar mass-loss rate, which is a free parameter in the model. To calculate the evolution of the stellar wind we need a way to estimate the evolution of the coronal temperature T and the
mass-loss rate Ṁ⋆ .
Using observational estimates of the stellar mass-loss rate (Wood et al., 2002) and theoretical models
for the evolution of the stellar wind velocity Newkirk (1980), Grießmeier et al. (2004) and Lammer et al.
(2004) developed semiempirical formulae to calculate the evolution of the long-term averaged number density and velocity of the stellar wind for main sequence stars at a given reference distance (1
AU):
(
)
t αv
v1AU (t) = v0 1 +
τ
(
n1AU (t) = n0

t
1+
τ

(6.17)

)αn
(6.18)

Here αv = −0.43, αn = −1.86 ± 0.6 and τ = 25.6 Myr (Grießmeier et al., 2009). The parameters
v0 = 3971 km/s and n0 = 1.04 × 1011 m−3 are estimated from the present long-term averages of the
solar wind as measured at the distance of the Earth n(4.6 Gyr, 1 AU, 1 M⊙ ) = 6.59 × 106 m−3 and
v(4.6 Gyr, 1 AU, 1 M⊙ ) = 425 km/s (Schwenn, 1990).
Using these formulae Grießmeier et al. (2007a) devised a clever way to estimate consistently T (t)
and Ṁ⋆ (t) in the Parker’s model and hence to predict the stellar wind properties as a function of d
and t. For the sake of completeness we summarize here this procedure. For further details see
section 2.4 in Grießmeier et al. (2007a). For a stellar mass M⋆ and time t, the velocity of the stellar
wind at d = 1 AU, v1AU , is calculated using equation (6.17). Replacing this velocity in the Parker’s
wind equation for d = 1 AU, we find numerically the temperature of the Corona T (t). This parameter
is enough to provide us the whole velocity profile v(t, d, M⋆ ) at time t. To compute the number density
we need the mass-loss rate for this particular star and at this time. Using the velocity and number
density calculated from eqs. (6.17) and (6.18) the mass-loss rate for the Sun M˙⊙ at time t and d = 1
AU can be obtained:
Ṁ⊙ (t) = 4π(1 AU)2 m n1AU (t)v1AU (t)

(6.19)

Assuming that the mass-loss rate scales-up simply with the stellar surface area, i.e. Ṁ⋆ (t) =
Ṁ⊙ (t)(R⋆ /R⊙ )2 , the value of Ṁ⋆ can be finally estimated. Using v(t, d, M⋆ ) and Ṁ⋆ in the continuity equation (6.16), the number density of the stellar wind n(t, d, M⋆ ) is finally obtained. The value
of the stellar wind dynamical pressure Pdyn (t, d, M⋆ ) = m n(t, d, M⋆ ) v(t, d, M⋆ )2 inside the Habitable
Zone of four different stars as computed using the procedure described before is plotted in figure 6.4.
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Figure 6.4: Evolution of the stellar wind dynamic pressure at the center of the HZ for a selected set
of stellar masses. The reference average solar wind pressure is PSW⊙ = 1.86 nPa. Dashed curves
indicate the value of the stellar wind pressure at the inner and outer edges of the HZ around stars with
0.2 M⊙ and 1.0 M⊙ respectively. The HZ limits where the pressure were calculated are assumed
static and equal to those at τ = 3 Gyr.s
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It is important to stress here that for stellar ages t ≲ 0.7 Gyr the semiempirical formulae in eqs. (6.17)
and (6.18) are not longer reliable (Grießmeier et al., 2007a). These equations are based in the empirical relationship observed between the X-ray surface flux and the mass-loss rate Ṁ⋆ (Wood et al.,
2002) which has been reliably obtained only for ages t ≳ 0.7 Gyr. However Wood et al. (2005) have
shown that an extrapolation of the empirical relationship to earlier times overestimates the mass-loss
rate by factor of 10-100. At times t ≲ 0.7 Gyr and over a given magnetic activity threshold the stellar
wind of main-sequence stars seems to be inhibited (Wood et al., 2005). Therefore the limit placed
by observations at t ≈ 0.7 Gyr is not simply an observational constraint but could mark the time
where the early stellar wind reaches a maximum (J.L. Linsky, Private Communication). This fact suggests that at early times the effect of the stellar wind on the planetary magnetosphere is much lower
than normally assumed. Hereafter we will assume that intrinsic planetary magnetic field are strongly
enough to protect the planet at least until the maximum of the stellar wind is reached at t ≈ 0.7 Gyr
and focus on the stellar-wind and magnetosphere properties for times larger than this.

6.4 Magnetosphers of Terrestrial Planets
Using the results of the RTEM, the power-based scaling laws for dynamo properties, and the properties of the stellar insolation and stellar wind pressure, we have calculated the magnetosphere
properties of earth-like planets and super Earths in the Habitable Zone of different main-sequence
stars. We have performed these calculations for hypothetical terrestrial planets in the mass-range
0.5-6 M⊕ and for the already discovered potentially habitable planets Gl 581 d, GJ 667C c and HD
40307 g (see table 6.1). The case of the Earth and an habitable Venus has been also studied for
references purposes.
To include the effect of rotation in the properties of the planetary magnetic field we have assumed
that planets in the Habitable Zone of late K and dM stars (M < 0.7M⊙ ) are tidally locked at times
t < 0.7 Gyr (n=2 in eq. (6.13), see figure 6.3). Planets around G and early K stars (M ≳ 0.7M⊙ ) will
be assumed to have their primordial periods of rotation that we choose in the range 1 − 100 days as
predicted by models of planetary formation (Miguel & Brunini, 2010).
Figures 6.5 and 6.6 show the evolution of magnetosphere properties for tidally locked and unlocked
potentially habitable planets respectively. In all cases we have assumed that the planets are in the
middle of the HZ of their host stars. Even at early times tidally locked planets of arbitrary mass
have a non-negligible magnetosphere radius RS > 1.5 Rp . Previous estimates of the standoff distances for tidally locked planets are much lower than the values reported here. As an example
Khodachenko et al. (2007) place the standoff distances well below 2 Rp , even under mild stellar wind
conditions (see figure 4 in their work) and independent of planetary mass and age. In contrast our
model predicts standoff distances for tidally locked planets in the range of 2-6 Rp depending on
planetary mass and stellar age. The differences between both predictions arise mainly from the
underestimation of the dipole moment for slowly rotating planets found in these works. Thermal evolution and the dependency on planetary mass of the PMF properties are responsible for the rest of
the discrepancies in previous estimates of the magnetosphere properties.
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Figure 6.5: Evolution of the magnetopause field (upper row), standoff distance (middle row) and
polar cap area (lower row) of tidally locked (slow rotating) planets around late dK and dM stars. The
rotation of each planet is assumed equal to the orbital period at the middle of the HZ (see values in the
rightmost vertical axes). The value of the magnetosphere properties rerturned by the contour lines in
these plots could be an under or an overestimation of these properties according to the position of a
planet inside the HZ. In the case of GL 581 d (GJ 667C c), which is located in the outer (inner) edge
of the HZ, the magnetopause field and polar cap area are overestimated (underestimated) while the
standoff distance is underestimated (overestimated).
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Figure 6.6: Same as figure 6.5 but for unlocked planets around early K and G stars (M⋆ ≳ 0.7). For
all planets we have assumed a constant period of rotation P = 1 day

106

Though tidally locked planets seem to have larger magnetospheres than previously expected, they
still have large polar caps, a feature that was previously overlooked. As a consequence of this fact
well protected atmospheres, i.e. atmospheres that lie well inside of the magnetosphere cavity (hereafter magnetised planets), could have more than 15% of their surface area exposed to open field
lines where thermal and non-thermal processes could efficiently remove atmospheric gases. Moreover, our model predicts that these planets would have multipolar planetary magnetic field which contributes to an increase of the atmospheric area open to the interplanetary and magnetotail regions
(Siscoe & Crooker, 1976). Then the exposition of magnetised planets to harmful external effects
would be a complex function of the standoff distance and the polar cap area.
Overall magnetic protection improves with time. As the star evolves the dynamic pressure of the stellar wind decreases more rapidly than the dipole moment (see figures 6.2 and 6.4). As a consequence
the standoff distance grows in time and the polar cap is shrunk. However with the reduction in time of
the stellar wind pressure the magnetopause field is also reduced a fact that can affect the incoming
flux of CR at late times.
The sinuous shape of the contour lines in the middle and lower rows is a byproduct of the inner
core solidification in planets with Mp < 2M⊕ . Critical boundaries between regions with very different
behaviors in the magnetosphere properties are observed at Mp ∼ 1.0M⊕ and Mp ∼ 1.8M⊕ in the
middle and rightmost panels of the standoff radius and polar cap area contours. Planets to the right
of these boundaries still have a completely liquid core and therefore produce weaker PMFs (lower
standoff radius and larger polar cap areas). On the other hand, the inner core in planets to the left of
the these boundaries have already started to grow and therefore their PMFs are stronger.
Unlocked planets (figure 6.6) are better protected than slowly rotating tidally locked planets by developing extended magnetospheres RS ≳ 4 Rp and lower polar cap areas Apc ≲ 10%. It is interesting
to notice that in both cases and at times t ∼ 1 Gyr a smaller planetary mass implies a lower level of
magnetic protection (lower standoff distances and larger polar caps). This result seems to contradict
the idea that low-mass planets (Mp ≲ 2) are better suited to develop intense and protective PMFs
(Gaidos et al., 2010; Tachinami et al., 2011; Zuluaga & Cuartas, 2012). To explain this contradiction
one should take into account that magnetic protection as defined in this work depends on dipole
moment instead of surface magnetic field strength. Since dipole moment scales-up as M ∼ Bdip Rp3
more massive planets will have a better chance to have large and protective dipole moments.
It is interesting to compare the predicted values of the maximum dipole moment calculated here
with the values roughly estimated in previous attempts (Grießmeier et al., 2005; Khodachenko et al.,
2007; López-Morales et al., 2011). On one hand Khodachenko et al. (2007) estimate dipole moments
for tidally locked planets in the range 0.022-0.15 M⊕ . These values have been systematically used
in the literature to study different aspects of planetary magnetic protection (see e.g. Lammer et al.
(2010) and references therein). For the same type of planets our model predicts maximum dipole moments almost one order of magnitude larger (0.15-0.60 M⊕ ) with the largest differences found for the
most massive planets (M ≳ 4M⊕ ). These differences arise from the fact that none of the scaling-laws
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Figure 6.7: Evolution of magnetosphere properties for the already discovered habitable SEs, the
Earth and an “hydrated” version of Venus (low viscosity mantle and mobile lid). Shaded regions
are limited by the properties calculated at a minimum period of rotation of P ≈ 1 day (upper and
lower bounds in standoff radius and polar cap area curves respectively) and the maximum period
of rotation P ≈ Po corresponding to a perfect match between the rotation and orbital periods (tidal
locking). The actual curves should lie inside the shaded regions probably closer to the lower (upper)
limits in the case of close-in already tidally locked planets (including Venus). Magnetopause fields
does not depend on the rotation period of the planet. Filled circles are the predicted present day
magnetosphere properties computed according to the properties summarized in table 6.1.
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used by Khodachenko et al. (2007) depend on the convective power. In our results the dependency
on power explains the differences between massive planets and ligther planets especially at early
times. On the other hand López-Morales et al. (2011) estimate magnetic dipolar moments of tidally
locked super-Earths in the range 0.1-1.0 M⊕ . These values are compatible with our results. In their,
work López-Morales et al. (2011) use the same power-based scaling laws we applied here but assume a rather simple interior model and a static thermal model where the convective power is set
such that maximizes the efficiency with which the convective energy is converted into the magnetic
field.
A more detailed account of the evolution of magnetosphere properties for the already discovered
habitable planets is presented in figure 6.7. In all cases we have assumed that all planets have
compositions similar to Earth (RTEM). Although almost all planets are tidally locked, we have also
computed the magnetic properties for a primordial period of rotation P = 1 day. The case of the
“hydrated” Venus is particularly interesting in order to analyse the rest of planets. The dynamo of
the actual Venus probably shut down at t = 3 Gyr as a consequence of the drying of the mantle
(Christensen et al., 2009). A massive loss of water induced by a runaway greenhouse and insufficient early magnetic protection played a central role in the extinction of the early Venusian magnetic
field. The evolution of the magnetic field in the potentially habitable planets Gl 581 d, GJ 667C c and
HD 40307 g could have a similar fate. Their masses are much larger and therefore their atmospheres
are protected by stronger gravitational fields.
For planet HD 40307 g our RTEM predicts a late shut down of the dynamo tdyn ∼ 4 Gyr. According to
our reference model the planet is presently devoid of a dynamo generated magnetic field. However,
being around a K star (M⋆ ∼ 0.7) the stellar wind and XUV radiation have probably decreased enough
to not represent at present times a real threat for its atmosphere. Gl 581 d and GJ 667C c are located
in the HZ of dM stars where the stellar wind pressure and XUV radiation, even at times as late as 4
Gyr, are intense enough to erode their atmospheres or to make them lose their water content. The
RTEM predicts that for an Earth-composition Gl 581 d at present times had already lost its dynamo
and has been exposed for almost 2.5 Gyr to the harmful effects of the stellar wind and CR. The
planet however is the most massive of the three planets and probably has a thick atmosphere able
to withstand the continuous agression of its host star. Given the estimated age of the GJ 667C
system (t ≈ 2 Gyr), the RTEM predicts that the planet still has a dynamo (red circle in figure 6.7).
Magnetosphere properties are very close to that of our “hydrated” Venus, 4 Gyr ago. However its
mass is lower than that of Gl 581 d and it is located at the inner edge of the HZ where the exposition
to the XUV radiation from its host star (a young M1 star) could have been enough to induce massive
loss of atmospheric gases including water.

6.4.1 Toward an Estimation of the Atmospheric Mass-loss
Combining the model of magnetosphere evolution developed here with models of thermal and nonthermal atmospheric escape it would be possible to estimate the mass-loss rate from atmopsheres
of magnetised and unmagnetised potentially habitable planets. This is a fundamental goal to be pursued in the near future if we want to assess the actual habitability of present and future discovered
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terrestrial planets in the HZ of their host stars. The complex interaction between an inflated atmosphere and its protective magnetosphere and large uncertainties in the surface fluxes of atmospheric
gasses that compensate the loss of volatiles induced by the action of the stellar wind, render this
goal hard to achieve in the present. Despite these limitations we can still make order of magnitude
estimations based on our own results and the mass-loss rate computed for example in the recent
works by Tian et al. (2008), Tian (2009) and Lammer et al. (2012).
Atmospheric thermal mass-loss induced by the exposition to X-rays and EUV stellar radiation (XUV)
have been estimated for the case of Earth-like N2 rich atmospheres (Watson et al., 1981; Kulikov et al.,
2006; Tian et al., 2008) and dry Venus-like CO2 rich atmospheres (Tian, 2009; Lammer et al., 2012).
One critical property of an inflated atmosphere is essential to evaluate the exposition of such atmospheres to further non-thermal processes: the radius of the exobase Rexo . Rexo is defined as the
distance where the mean-free path of atmospheric particles could be comparable to the size of the
planet. When the radius of the exobase is comparable or larger than the magnetic standoff distance
RS we will say that the planet is unmagnetised. Under these conditions the gases escaping from the
exosphere will be picked-up by the stellar wind and lost to the interplanetary space. On the other
hand if the exobase is well inside the magnetosphere (which is the case of the Earth today) atmopsheric gasses escaping thermally from the exosphere could stay trapped by the magnetic field forming
a plasmasphere. Planets under this condition will be magnetically protected and the mass-loss rate
is expected to be much lower than for unmagnetised planets.
Using the conservative estimation of the X and EUV luminosities of main-sequence stars given by
Garcés et al. (2011) we have estimated the XUV flux at the top of the atmospheres of GL 581 d,
GJ 667C c and HD 40307 g during the first critical gigayear of planetary evolution. The planet that
received the minimum amount of XUV radiation is HD 40307 g with FXUV = 35 − 10 PEV (1 PEV =
0.64 erg cm−2 s−1 is the Present Earth Value , (Judge et al., 2003; Guinan et al., 2009)). Gl 581 d
was exposed in the first gigayear to a flux of FXUV = 150 − 250 PEV while GJ 667C c received the
maximum amount of XUV radiation among them, FXUV = 450 − 800 PEV. Using the recent results by
Tian (2009) that computed the exosphere properties of massive super-Earths, i.e. Mp ⩾ 6M⊕ , subject to different XUV fluxes, we can estimate the exosphere radius and mass-loss rate for our three
habitable super-Earths. Actually, since the Tian (2009) results are only available for planets with a
minimum mass of Mp = 6M⊕ , a qualitative extrapolation of the results for 10, 7 and 6 M⊕ (see figure
4 and 6 in its paper), shows that exobase radius and mass-loss rates are larger for less massive
planets. This is particularly useful at trying to apply the Tian’s results to GJ 667C c Mp ≈ 4.5M⊕ and
other less massive potentially habitable planets. In these cases we will use the results by Tian (2009)
to calculate a lower bound of the exobase radius and mass-loss rates.
Using the estimated XUV flux for HD 40307 g (Mp ≈ 7M⊕ ) and assuming an initial CO2 rich atmosphere, Tian’s results predict that the exosphere of the planet and hence its mass-loss rate was
low enough to avoid a significant early erosion of its atmosphere (see figures 4 and 6 in his paper).
This is true at least during the first 1-2 Gyr during which our magnetic protection model predict the
planet was enshrouded by a protective magnetosphere (see figure 6.7). After dynamo shut down
the atmosphere of HD 40307 g has been exposed to the direct action of the stellar wind. Assum110

ing a stellar age of 4.5 Gyr (Tuomi et al., 2013) this effect has been eroding the atmosphere for 3-4
Gyrs. During this unmagnetised phase the atmospheric mass-loss rate can be simply estimated as
Ṁ ≈ αmnveﬀ (Zendejas et al., 2010) where α is the so-called entrainment efficiency and m, n and
veﬀ are the mass, number density and effective velocity of the stellar wind as measured at planetary
distance (see eq. (6.2)). Using a entrainment efficiency α ∼ 0.3 (which is appropriate for example
to describe the mass-loss of the Venus atmosphere) we obtain that the total mass-loss during the
unmagnetised phase is less than 1% of a conservative estimate of the total volatile content of the
planet (Tian, 2009). Although our model provides only upper limits to magnetic protection and the
planet could have for example a lighter Nitrogen-rich atmosphere which is more prone to XUV induced
mass-losses (Watson et al., 1981; Kulikov et al., 2006; Tian et al., 2008), this preliminary estimation
suggests that HD 40307 g probably still preserve a dense enough atmosphere able to sustain surface
liquid water and hence to be actually habitable.
The case of Gl 581 d (Mp ≈ 6M⊕ ) is quite different. Assuming that our estimations of the XUV flux
are right, the exosphere radius predicted by Tian (2009) should be close to the actual one. In this
case at times t ∼ 1 Gyr, Rexo = 1.8 − 2.3 Rp . However our reference magnetosphere model predicts for this planet magnetic standoff distances RS > 2.7 at all times. We conclude that using our
estimations Gl 581 d could have been protected by its intrinsic magnetic field during the critical early
phases of planetary evolution and probably has preserved the critical volatiles in its atmosphere. Still
the uncertainties in the exosphere model or in the atmopsheric composition and of course in the magnetic model developed here should lead to a different conclusion and further theoretical and probably
observational investigation is required.
The most interesting case is that of GJ 667C c (Mp ≈ 4.5M⊕ ). The minimum exosphere radius predicted for this planet at t ∼ 1 Gyr lies between 3.0 − 4.5 Rp while according to our magnetosphere
model, the magnetic standoff distance is RS < 3 Rp up to 2 Gyr. Since the exosphere radius should
actually be larger than that predicted with the Tian (2009) model and our magnetic model is actually
optimistic, the chances that this planet was unprotected by its magnetic field in the critical first gigayear are high. But exposition does not necessarily mean a complete obliteration of the atmosphere
(see for example the case of Venus). To evaluate the level of thermal and non-thermal obliteration of
the atmosphere we need to estimate the actual mass-loss rate. At the XUV fluxes estimated at the
top of the atmosphere of this planet during the first gigayear, the minimum thermal mass-loss rate
of Carbon atoms from a CO2 rich atmosphere will be larger than 2 − 4 × 1010 atoms cm−2 s−1 (see
figure 6 in Tian (2009)). We should recall that this is actually the value for a 6M⊕ super-Earth. For the
actual mass of the planet, 4.5M⊕ , the mass-loss rate could be even larger. Moreover if as predicted
here the exosphere is exposed directly to the stellar wind, non-thermal processes can contribute to
a larger increase in the mass-loss from the planetary atmosphere. At the minimum mass-loss rate
the exposed GJ 667C c atmosphere could have lost more than ∼ 1046 atoms of Carbon in just ∼ 100
Myr and in the first gigayear the amount of carbon thermally lost to space could rise to ∼ 1047 atoms.
If we scale-up linearly with planetary mass the total inventory of CO2 in the atmosphere, crust and
mantle of Venus, which is 2 − 3 × 1046 molecules (see Tian (2009) and references therein), a 4.5M⊕
planet will have a total budget of ∼ 1047 CO2 molecules. In summary at the minimum mass-loss rate
and assuming a relatively rapid degassing of the planet, GJ 667C c could have lost its total inventory
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of Carbon to interplanetary space in the first couple of gigayears. Even assuming that large amounts
of CO2 are still trapped in the mantle and crust of the planet, its atmosphere should be being rapidly
obliterated by the stellar wind. We speculate that GJ 667C c is a sort of “Venus-like” planet. Regardless the fact the planet is well inside the radiative habitable zone it has lost its capacity to support life
via a massive stellar-wind induced loss of volatiles.

6.4.2 Sensitivity Analysis
In order to study the effect that uncertainties in several critical thermal evolution parameters have
in the prediction of the overall magnetic protection of potentially habitable TPs, it is necessary to
perform a sensitivity analysis of the thermal model. For this purpose the value of 6 carefully chosen
parameters of the model are varied and compared with the predicted dipole moment, the time of inner
core formation and the dynamo lifetime with the same values obtained using the RTEM. The analysis
make these comparisons for planets with five different masses: 0.7, 1.0, 3.5, 4.5 and 6.0 M⊕ (see
figure 6.8). These masses correspond approximately with those of the already discovered habitable
planets (see table 6.1) including a hydrated Venus and present Earth. In all cases we assume for
simplicity a primordial period of rotation of P = 1 day.
Since the dipole moment is an evolving quantity we have plotted in figure 6.8 the average value of
this quantity as calculated in the interval 0.7-2.0 Gyr. For times earlier than 0.7 Gyr the stellar wind
pressure is uncertain and the magnetic protection cannot be estimated (as discussed in section 6.3.2
observations suggest lower stellar wind pressures at times earlier than this). For times larger than 2.0
Gyr the flux of XUV radiation and the stellar wind pressure has decreased below the initial high levels.
Although an average of the dipole moment is not phenomenologically relevant, it could be used as
a proxy of the overall magnetic shielding of the planet during the harsh early phases of stellar and
planetary evolution.
After studying the full set of physical parameters involved in our interior structure and thermal evolution models (see table 4.2) we identified 6 critical parameters whose values could have noticeable
effects on the results or are subject to large uncertainties. We performed an analysis of the sensitivity
that the model have to the variation of the following physical parameters:
1. The core mass fraction, CMF. This is the fraction of the planetary mass represented by the
metallic core. This parameter is determined by the Fe/Si ratio of the planet that it is fixed at
planetary formation or could be altered by exogenous processes (e.g. late large planetary
impacts). Our reference model uses the Earth’s value CMF = 0.325, i.e. assumes that all
planets are dominated by a sillicate-rich mantle. As a comparison Mars has a CMF = 0.23
and the value for Mercury is CMF = 0.65 (it should be recalled that Mercury could have lost
a significant fraction of its mantle sillicates increasing the total iron fraction, probably after an
early large impact). The CMF determines the size of the core and hence the thermal properties
of the convective shell where the magnetic field is generated. For our sensitivity analysis we
have taken two extreme values of this parameter, CMF = 0.23 (a mars-like core) and CMF =
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0.43 (an iron-rich core). Planets with larger cores have low pressure olivine mantles and our
rheological model becomes unreliable.
2. The initial temperature contrast at the CMB, ∆TCMB = ϵadb ∆Tadb (see eq. (4.25)). This is
one of the most uncertain properties in thermal evolution models. The initial core temperatures
would be determined by random processes involved in the assembly and differentiation of the
planet. It could vary widely from planet to planet. In order to fit the thermal history of the Earth
(time of inner core formation, present size of the inner core and magnetic field strength) we set
ϵadb = 0.7 and applied the same value to all planetary masses. In our sensitivty analysis we
varied this parameter between two extreme values of 0.6 and 0.8. Though we are not sure that
this interval is representative of planets with very different masses and formation histories, our
analysis provides at least the magnitude and sign of the effect that this parameter has in the
dynamo properties predicted by our thermal evolution model.
3. High pressure viscosity rate coefficient, b (see eq. (4.26)). Rheological properties of sillicates inside the mantle are among the most uncertain aspects of thermal evolution models.
They critically determine, among other key quantities, the amount of heat that the core and mantle could transport through their respective boundary layers (see eqs. (4.12), (4.20) and (4.22)).
We found that the viscosity of the lower mantle (perovskite) is the most important source of
uncertainties in our thermal evolution model. The formula used to compute viscosity at that
layer (see eq. (4.27)) strongly depends on temperature and pressure and the parameter controlling this dependence is the “rate coefficient” b. In the RTEM we used the value b = 12.3301
to reconstruct the thermal properties of the Earth. In this value all the figures are significative
reflecting the strong sensitivity of the model to this parameter. To study the impact of b in the
model results, we varied it in the interval 10 − 14.
4. Iron thermal conductivity, kc . This parameter controls the amount of heat coming out from
the core. In the RTEM we used a value kc =40 Wm−1 K−1 that fits the thermal evolution history
and present magnetic field of the Earth (see table 4.2). Although recent first-principles analysis
suggest that values as large as 150-250 Wm−1 K−1 could be common at Earth’s core conditions
(Pozzo et al., 2012) we conform here to the standard values of this parameter. Further investigations to explore values as large as that found by Pozzo et al. (2012) should be attempted.
For our sensitivity analysis we varied kc between 35 and 70 Wm−1 K−1 , two values which are
inside the typical uncertainty assumed for this property.
5. Grüneisen parameter for iron, γ0c . This is one of the most critical parameters of the equation
of state specially at core conditions. It affects strongly the mechanical structure, temperature
profile and phase of iron in the metallic core (for a detailed discussion on the sensitivity of interior structure models to this parameter see e.g. VAL06). In the RTEM we used the reference
value γ0c =1.36 that fits the thermal evolution history and present magnetic field of the Earth
(see table 4.2). Assuming different kind of core alloys a relatively large range of values of this
parameter has been used in literature (see VAL06 and references there in). Grüneisen parameter values have been found in the range of 1.36-2.338. Since our RTEM value is at the lower
end of this range for our sensitivity analysis we have recalculated the model for a larger value
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of 2.06.

Other uncertain parameters such as the critical Rayleigh number at the CMB, Rac , that is also varied
to study the sensitivity of thermal evolution models (Gaidos, E., 2011), were also studied. We did not
found significant sensitivity of our model to variation of those parameters. The relative variation in
the aforementioned magnetosphere and dynamo properties when each of the previously described
parameters were varied independently is show in figure 6.8.
The planetary composition (CMF), mantle viscosity are responsible for the largest uncertainties in
the predicted magnetic properties of the planet. Planets with small metallic cores have on average
low magnetic dipole moments (squares in the first column of the upper panel). This is mainly due to
a geometrical effect. The total heat produced by the core and hence the magnetic field strength at
core surface is of the same order for Fe-poor and Fe-rich planets. However a small core means also
a lower magnetic dipole moment, i.e. M ∼ Rc3 . Planets with lower content of iron also have small
and hot cores and therefore the solid inner core formation and the shutting down of the dynamo are
slightly delayed (squares in the middle and lowest panel of figure 6.8).
Viscosity dependence on pressure and temperature, as quantified by the parameter b, has the opposite effect on planetary magnetic properties than CMF at least for earth-like planets. A low viscosity
lower mantle will favour the extraction of heat from the metallic core increasing the available convective energy for dynamo action. On the other hand a viscuous lower mantle will delay the formation of
a solid inner core and extend the lifetime of the dynamo (middle and lowest panel in figure 6.8).
The effect of the Grüneisen parameter at core conditions are negligible, at least on what respect to
the magnetic field strength and lifetime (upper and lower panels) which are the most critical properties affecting planetary magnetic protection. Only the time of inner-core formation is strongly affected
by changes in this parameter. In planets smaller than Earth, inner-core solidification can be delayed
up to three times the reference value. On the other with a larger Grüneisen parameter hand, earthlike planets could get a solid inner-core very early in their thermal histories even almost since the
beginning. This is the result of the interplay between the resulting evolution of the thermal profile and
the solidus.
The effect of the initial temperature contrast across the CMB, quantified by the parameter ϵadb , goes in
the same direction as viscosity. The reasons for this behavior are however far more complex. A larger
initial temperature contrast across the CMB also implies a larger initial temperature at the core center.
Although a hotter core also produce a larger amount of available convective energy, the time required
for iron to reach the solidification temperature is also larger. The dynamo of planets with Mp < 2M⊕
and hot cores (large ϵadb ) is weaker than that of more massive planets during the critical first couple
of gigayears where the average is calculated. Planets with a colder core develops a solid inner core
almost from the beginning and the release of latent and gravitational energy feeds a stronger dynamo.
For more massive planets, Mp > 2M⊕ , the condition for an inner core formation is never reached
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Planet

Mp (M⊕ )

Rp (R⊕ )

a(AU)

Po (days)

e

S-type

M⋆ (M⊙ )

age(Gyr)

tid.locked

Refs.

Earth
Venus
GJ 667C c
Gl 581 d
HD 40307 g

1.0
0.814
4.545
6.038
7.1

1.0
0.949
1.5*
1.6*
1.7*

1.0
0.723
0.123
0.22
0.6

365.25
224.7
28.155
66.64
197.8

0.016
0.007
< 0.27
0.25
0.29

G2V
G2V
M1.25V
M3V
K2.5V

1.0
1.0
0.37
0.31
0.77

4.56
4.56
> 2.0
4.3 − 8.0
4.5

No
Probably
Yes
Yes
No

–
–
(1)
(2),(3)
(4)

Table 6.1: Properties of the already discovered SEs inside the HZ of their host stars. For reference
purposes the properties of Venus and the Earth are also included. Values of radii marked with an ∗ are
unknown and were estimated using the mass-radius relation for planets with the same composition
as the Earth, i.e. Rp = R⊕ (Mp /M⊕ )0.27 ((Valencia et al., 2006)). References are: (1) (Bonfils et al.,
2011), (2) (Udry et al., 2007), (3) (Mayor et al., 2009), (4) (Tuomi et al., 2013)
during the dynamo lifetime. In this case planets with hot cores (large lower mantle viscosities or
high temperature contrasts along the CMB) produce large amounts of available convective energy.
A larger convective power will produce a larger value of the local Rossby number. Thus massive
planets with hot cores also have multipolar dynamos and hence lower dipole magnetic moments and
a reduced magnetic protection.
Thermal conductivity affect less the results of the thermal evolution model. Besides the case of
massive planets where differences in the order of 10-30% in the magnetic properties are observed
when kc varies between its extremes, the magnetic properties calculated with our reference thermal
evolution model seem very robust against variations in these two properties. However, it should be
mentioned that this result applies only when a standard value of kc is assumed. Further investigations
to explore the recent findings (Pozzo et al., 2012) concerning the possibility that kc could be larger by
factors as large as 2-3 should be attempted.
In summary, despite the existence of a natural sensitivity of our simplified thermal evolution model
to uncertainties on their free parameters, the results presented in this paper seem to be correct at
least in the order of magnitude. Moreover since the standoff distance and polar cap areas, which are
the actual proxies to magnetic protection, goes as M1/3 , a one order of magnitude estimation of M
will give us an estimation of the level of magnetic protection off by a factor around 2. To clarify this
point let’s consider the case of Gl 581 d. If we assume for example that its iron content is much less
than that of the Earth (as was assumed in the RTEM model) but the rest of critical thermal properties
are essentially the same, the average standoff distance (polar cap area) at the critical first gigayear
will be off by only ∼ 30% with respect to the prediction depicted in figure 6.7. More interesting is to
notice that probably the uncertainties due to the unknown period of rotation (shaded area in figure
6.7) seem to be much larger than those coming from the uncertainties in the thermal evolution model.
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Figure 6.8: Sensitivity analysis of the reference thermal evolution model (RTEM). Squares and diamonds indicate the relative value of three critical magnetic properties, ⟨Mdip ⟩ (the average of the
dipole moment between 0.7 and 2 Gyr), tic (time of inner core formation) and tdyn (dynamo lifetime),
as calculated by the thermal evolution model. For the analysis 5 different key thermal evolution parameters were independently changed with respect to the reference value in the RTEM: the core
mass fraction (CMF), the thermal conductivity of the core (kc ), the Grüneisen parameter at core conditions (γ0c ), the high pressure viscosity rate coefficient (b) and the adiabatic factor (ϵadb ). The results
obtained when the minimum value of the parameters were used are indicated with squares. Conversely, the results obtained with the maximum value of each parameter are indicated with diamonds.
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C HAPTER 7

Discusion and Conclusions
”Planets and stars are supremely important to every memeber of the human race. Although most people
never give it much thought, we live on a planet and are warmed and nourished by a star - not just any planet
and not just any star, but a particular kind of planet with certain essential characteristics and a particular kind
of star”

Stephen H. Dole, Habitable planets for man, 1964.

7.1 Magnetic Fields in Super Earths
In chapter 5 we studied the role of rotation in the evolution of the dynamo-generated magnetic fields
in Super Earths. In this chapter the evolution of the local Rossby number and the volumetric magnetic field strength for core dynamos in super Earths was computed. For this purpose we used the
results of two published thermal evolution models (Gaidos et al., 2010; Tachinami et al., 2011) and
scaling laws fitted with numerical dynamo experiments (Aubert et al., 2009; Christensen & Aubert,
2006; Christensen, 2010). Assuming that the local Rossby number could be used as a proxy to dynamo regime, we estimated the maximum dipolar component of the magnetic field at the core-mantle
boundary, and from it an upper bound to the dipolar part of the field at the planetary surface.
We used two quatities to characterize the global magnetic properties of super Earths: (1) the average
of the surface dipolar component of the field, Bavg and (2) the total time Tdip spent by the dynamo
in the dipolar dominated regime (reversing and non reversing). Intense magnetic fields with a strong
dipolar component (Stadelmann et al., 2010), are best suited to protect planetary environments from
external agents (stellar wind and cosmic rays). Therefore large values of Bavg , irrespective of the
dynamo regime, are consistent with planetary habitability. The long-term preservation of water and
other volatiles in a planetary atmosphere and the development of life, would require long-lived protective planetary magnetic fields, i.e. large values of Tdip . Intense and protective magnetic fields in
the early phases of planetary and stellar evolution will be also suited for the preservation of an atmosphere or its volatiles. However a planet that achieves to preserve its atmosphere during the harsh
conditions of the early active phase of stellar evolution but lacks of a protective magnetic field soon
after this period will leave emerging forms of life to an integrated effect of galactic and stellar cosmic
rays induced damages.
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We have introduced a rotation-based classification, by using the CTE model. Super Earths could be
rapid rotators P ≲ 1.5 − 4 days, slow rotators 4 ≲ P ≲ 10 − 20 days and otherwise, very slow rotators.
Planets in the Habitable Zone of low mass stars M⋆ < 0.6 that will be tidally locked in less than 1 Gyr,
will fall between the slow and very slow rotator types. Unlocked planets could be any of the types
described before, according to their primordial period of rotation and the effects that could dampen it.
More theoretical and observational efforts should be undertaken to address the problem of direct or
indirect detection of planetary magnetic field around low mass planets (see section 7.4). The detection and measurement of such planetary magnetic fields will help us to constrain thermal evolution
and dynamo models. The role of magnetic fields in planetary habitability is another problem that
deserves close attention. The work by Grießmeier et al. (2010) have tackled this problem in detail
but their planetary magnetic field models are too simplistic. Although the effect of rotation rates is
considered in those models and they have focused on tidally locked planets, their models do not
include the effects of thermal evolution on the planetary magnetic field properties and their treatment
of the dependence of these properties of the rotation rate is also limited.

7.2 The Thermal Evolution of Super Earths
All of our research was based on three main hypothesis: (1) the thermal evolution models by Gaidos et al.
(2010) and Tachinami et al. (2011) provide global robust features of the thermal evolution in super
Earths, (2) The scaling laws fitted with numerical dynamo experiments can be extrapolated to regions in the parameter space where real planetary dynamos lie, (3) the local Rossby Number could
be used as a proxy for dynamo regime.
It is clear that to test hypothesis (1) it is necessary to address the open questions left by Gaidos et al.
(2010) and Tachinami et al. (2011). It is important to solve a complete model including a rigorous
treatment of convection in the mantle, as was done in the MTE model, but also taking into account
a detailed model of the structure and entropy balance in the core as done by the CTE model. We
develop our own thermal evolution model in chapter 4 trying to look for this more complete model.
In spite of the limitations, there are two robust predictions from these models that may be confirmed
by more complete models or even by observations: (1) there is a maximum planetary mass, ∼ 2M⊕
beyond which conditions to develop strong and long-lived planetary magnetic field decline; (2) the
formation of a solid inner core is favored in the case of ≈ O(1)M⊕ planets. These two features are
of fundamental importance to our results. Changes in other outputs of the thermal evolution model
such as the differences between the convective power for planets with different mass or the role that
other planetary properties will have in the onset of a dynamo, will not change these conclusions.
Hypothesis (2) is also a matter of concern in the studies of planetary and stellar dynamos (Christensen,
2010). Although the application of numerical dynamo-based scaling laws to planetary dynamos has
had some success (Olson & Christensen, 2006), higher resolution in future numerical experiments
aimed at exploring a wider region of the parameter space is required to confirm this hypothesis.
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Further advances in the understanding of how non dipolar dynamos behave will also be required to
support the procedure devised in this work to estimate the planetary magnetic field intensity in that
case.
Hypothesis (3) relies again on inferences from extensive numerical dynamo experiments (see figure
3.2). From the numerical parametric studies of Sreenivasan & Jones (2006) it is well known that
dipolarity decrease with the increase of the ratio of inertial to Coriolis forces. Christensen & Aubert
(2006) identified a critical value for Ro∗l , this critical behavior has been confirmed by more studies
performed by Aubert et al. (2009), Driscoll & Olson (2009) and Christensen (2010). Driscoll & Olson
(2009) found a threshold in RaQ separating the dipolar and multipolar regimes (see figure 3b in their
paper) consistent with the Ro∗l critical value found by Christensen & Aubert (2006) and Aubert et al.
(2009). Less clear are the properties of the dynamos lying close to the boundary between the dipolar
and multipolar regimes. The best known planetary dynamo, i.e. the Earth’s dynamo, is just right there.
Driscoll & Olson (2009) discussed the relationship between the particular reversal history of the Earth
and the unknown properties of the transitional region between dipolar and multipolar regimes in parametric space. In this case however an open question remains: why is the Earth’s dynamo so close
to this boundary? The scaling law for Ro∗l found in eq. (5.2) could shed light into this “coincidence
problem”. It is noted that the particular thermal history of our planet does not affect to a large extent
the order of magnitude of Ro∗l . As shown in figure 5.1 and 5.3, one or two orders of magnitude variation of p (convective power density) are not enough to change the order of magnitude of Ro∗l . This
quantity is more sensitive to the period of rotation and the core radius of the planet. The period of
rotation of the Earth has been of the same order since the formation of the planet (Denis et al., 2011)
and it is close to that of Mars. The core radius is mainly determined by the Fe/Si ratio, a quantity that
is not “fine-tuned” for the Earth since Venus and Mars has a similar value of this ratio. In conclusion
the present value of the Earth’s dynamo local Rossby number is not just coincidentially close to the
boundary region since, as argued here, reasonable variations in the key properties of the dynamo
will place it not too far from this region.
It should be stressed that after the results presented in this work and taking into account the fact that
probably most of the habitable super Earths may lie in tidally locked regions (see e.g. Boss (2006)
and Forveille et al. (2009)) where large periods of rotation could be common, future efforts to try to
understand the emergence and evolution of planetary magnetic fields in these types of planets, must
consider the kind of direct and indirect effects that rotation have in the planetary magnetic field properties as those considered here. In other words the assumption of rapidly rotating planets, i.e. P ≲ 2
days, is no longer valid if we want to study tidally locked super Earths inside the HZ of M-dwarfs. On
the other hand assuming that tidally locked planets lacks completely of an intense planetary magnetic
field is also an oversimplification. As has been shown here there are a range of periods of rotation
where planets could sustain moderate magnetic fields having large periods of rotation.
Thermal evolution models used in chapter 5 assumed planetary properties very similar to Earth.
Gaidos et al. (2010) studied the impact that several modifications to this reference model will have on
their results. An interesting case is that of planets with a different relative core size. They found that
an increase in core size (a larger Fe to Si ratio) essentially has two effects: (1) an earlier nucleation
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of the solid inner core and (2) an increase of the surface magnetic field intensity. The latter effect
is mostly due to the smaller attenuation of core field and not to a noticeable modification of the
convective power density. A different core size changes our results in two important ways: (1) the
predicted maximum dipolar component of the planetary magnetic field is increased and (2) the dipolar
field lifetime, especially in the case of slow rotators, is decreased. Assuming that a different core size
does not affect noticeably the convective power, the local Rossby number will be slightly modified
and hence the general results regarding, for example, the intervals of rotation periods for the new
categories of rotators, will not be substantially altered.

7.3 Magentic Habitability of Super Earths
In chapter 4 we developed a more complete thermal evolution model for terrestrial planets and analyses the evolution of the magnetic protection for these planets in chapter 6. When applying a simplified
thermal evolution model and global scaling laws for dynamo properties to planets whose bulk properties are barely known or even hypothetical, we have face the same question: how can these models
be validated or improved with observations? Dynamo scaling laws has been compared and improved
using the well-known properties of the solar system planets and low mass stars, but the dependence
on rotation of the dipole field intensity obtained through the local Rossby number still expects observational validation and further improvements.
The case of the thermal evolution models is similar. Simple parametric models as that presented
in chapter 4 have achieved relatively well at predicting the thermal and magnetic properties of the
Earth. They have been also succesful at predicting the global thermal evolution of Mercury, Venus
and Mars. However its applicability to planets with masses larger than the Earth is still uncertain and
awaits for future observational support.
In chapter 6 We studied the influence that the thermal evolution of potentially habitable terrestrial
planets has in the protection that an evolving planetary magnetosphere could provide against the
atmospheric erosion caused by the stellar wind.
The model developed in this work is a simple parametrized thermal evolution model able to reproduce
the global thermal history and magnetic properties of the past and present Earth. We applied this
model to predict the thermal histories of planets with masses in the range of 0.5 to 6.0 M⊕ and with
chemical compositions similar to Earth. Using these results and applying up-to-date dynamo scaling
laws we predicted the magnetic properties of terrestrial planets in the Habitable Zone as a function
of time, planetary mass and rotation rate. A simple model of the evolution and interaction of the
stellar wind with the planetary magnetic field, that has been adapted from previous works, allowed
us to compute the global properties of the magnetosphere in order to asses the level of magnetic
protection that potentially habitable Earth-like planets could actually have.
We applied our model to the case of already known potentially habitable terrestrial planets (Gl 581
d, HD 40307 g and GJ 667C c), to the Earth itself and to the case of a hypothetical hydrated Venus.
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In the case of the Earth our model reproduce fairly well the early and present thermal and magnetic
properties of our planet. In the case of the hydrated Venus, the model predict low values of the
standoff distance and large polar cap areas in the first critical Gyr of thermal evolution, which are
compatible with the idea that the planet lacked of a strong enough magnetic protection able to avoid
a massive loss of water and volatiles that finally lead to the shut down of its dynamo ∼ 3 Gyr ago.
Compelling results were found in the case of the three already discovered and potentially habitable
super Earths. Assuming an earth-like composition and thermal evolution parameters similar to those
used in the case of the Earth (reference thermal evolution model, RTEM), our model predicted that
the dynamo of Gl 581 d and HD 40307 g have been already shut down. A younger GJ 667C c seems
to still have an active dynamo.
A non-trivial dependence of the magnetic properties on planetary age, planetary mass and period of
rotation has been found in general for terrestrial planets inside the Habitable Zone of their host stars.
Thermal evolution is responsible for the non-trivial relationship among all these properties. Contrary
to what was found in previous works tidally locked planets could develop relatively intense magnetic
fields and extended magnetospheres. However they also have extended polar caps and probably
multipolar magnetic fields where field lines open to the interplanetary space and magnetotail regions
probably increasing the non-thermal mass-losses.
Using recent results for the relationship between the exposition to XUV radiation, the exobase radius
and mass-loss rate from massive super Earths, we estimated the level of exposure and mass-losses
for the three already discovered potentially habitable super Earths. With the available information not
too much could be said about the magnetic protection of HD 40307 g. Further theoretical investigations are required to evaluate this case. Our model predicts a large enough magnetosphere able
to protect Gl 581 d against the erosive action of the stellar wind during the first critical phases of
planetary evolution. However since our model is still optimistic further theoretical and probably observational analyses should be performed to establish on a more solid basis the magnetic protection
of this planet. Our upper-limit to the standoff-distance and the most optimistic estimation of exobase
radius and mass-loss rate from the atmosphere of GJ 667C c, point-out the fact that this planet has
already lost a large fraction of its inventory of volatiles. All the evidence compiled in this work make
GJ 667C c a sort of “Venus analogue”. Although further theoretical analyses are required our best
guess is that despite the fact that it is inside the radiative HZ of its host star the planet is presently
uninhabitble.
We tested the robustness of our conclussions by changing several of the most sensitive input parameters of our thermal evolution model. We found that even under the present uncertainties the
predicted properties of planetary magnetopsheres are rather robust. We calculated that introducing
large variations in the composition of the planets and the rheological and thermal properties of their
interiors with respect to the reference thermal evolution model, the critical magnetic properties, such
as the standoff radius and the area of the polar cap, change only by a factor of two. Results are also
robust against uncertainties in the stellar wind properties that could be very important in the case of
close-in habitable planets around active and young dM stars.
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The problem of evaluating the magnetic protection of potentially habitable planets is far from being
settled. Other sources of intrinsic magnetic fields, thermal evolution and interior structure of planets
with “exotic” compositions, improved theoretical models and new experimental evidence of the behavior of iron at high pressures and temperatures, improved and validated models of the evolution
and spatial structure of stellar winds and of course more and better observational data coming from
the already discovered habitable super Earths and future discovered potentially habitable exoplanets,
will allow us to assess the actual magnetic protection of potentially habitable environments.

7.4 Observational Support
Validating or improving thermal evolution models and dynamo scaling laws for the case of super
Earths nowadays represents a huge observational challenge. The available sensitivity of our best
instruments in the Earth and in space are rather insufficent. New and/or improved instruments and
observational techniques will be required to detect, catalogue and compare the thermal and magnetic
properties of low mass planets in the medium to far future. However the importance that the detection
and characterization of the magnetic properties of future discovered potentially habitable planets in
order to assess their true habitability clearly justify the effort.
The first goal seems to be the direct or indirect detection of super Earth magnetospheres. Four methods, some of them already used in our own solar system, could be devised to achieve this goal: 1)
the detection of radio waves coming from synchrotron and cyclotron radiation produced by plasma
trapped in the magnetosphere, 2) the detection of a bow shock or a tail of ions produced by the interaction of the planetary atmosphere and magnetosphere with the stellar wind or the interplanetary
plasma, 3) the detection of planetary auroras and 4) spectroscopic observations of a non-equilibrium
atmospheric chemistry induced by a high flux of cosmic rays (this is actually a negative detection of
a magnetosphere).
The first (radio emission) and second methods (bow shock or tail) have already been studied in detail
(Bastian et al., 2000; Farrell et al., 2004; Grießmeier et al., 2007b; Lazio et al., 2009; Vidotto et al.,
2010, 2011). Its reliability, at least for the case of planets with intense magnetic fields or placed very
close to their host star, has been already tested.
If synchrotron or cyclotron radiation coming from the magnetosphere of terrestrial planets could be
detected, the power and spectra of the radiation could be used to measure the magnetic field strength.
However, even with the most sensitive instruments, e.g. the Low Frequency Array, LOFAR or the Long
Wavelength Array LWA, the expected power and spectra are several orders of magnitude below the
threshold of detection. Powers as large as 103 - 105 times the Jupiter radio emission and frequencies
in the range of tens of MHz are required for the present detection of synchrotron radio emission in
planetary magnetospheres (see e.g. Grießmeier et al. (2007b)). The magnetic field intensities and
expected frequencies produced in super Earths magnetospheres are several orders of magnitude
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lower than these thresholds and probably are far from being detected in the near future.
It has been shown recently that measurements of the asymmetry between the ingress and egress of
transiting planets can be used to detect the presence of a bow shock or a tail of plasma around the
planet. Vidoto (2010, 2011) used this phenomenon to constrain the magnetic properties of Wasp-12
b. The formation of a detectable bow-shock depends, among other factors, on the relative velocity
between the planet and the shocked plasma. Close-in planets with strong enough magnetic fields
(this is precisely the case of Wasp-12 b) can easily develop UV-opaque bow shocks and allow reliable
detection. However low-mass planets with relatively weak magnetic fields such as those predicted
with our models, hardly produce a detectable bow-shock. It has been estimated that magnetopause
fields in the range of several Gauss should be required to have a detectable signal of a bow shock
(A.A. Vidotto, Private Communication). Our habitable super Earths have magnetopause fields in the
order of a few micro Gauss (see figure 6.5). The case of an ion tail coming from a weakly magnetised planet has received less attention and probably could offer better chances for a future indirect
detection of the magnetic environment of low mass planets.
Finally the detection of far UV (FUV) or X-ray emission from planetary auroras can also be used as a
tool to study directly and indirectly planetary magnetospheres. Planetary auroras with intensities as
high as 102 to 103 times larger than that of the Earth are expected in close-in giant planets subject
to the effects of CME’s from its host star (Cohen et al., 2011). If we estimate that a typical Earth
Aurora has an intensity of 1 kR (Neudegg et al., 2001) (Being 1 R ∼ 10−11 photons m−2 s−1 srad−1 )
and assuming that 10% of a close-in Jupiter-like planet is covered by auroras producing FUV photons
around 130 nm, the total emitted power from these planets will be ∼ 1013 W. If we assume that this
is the present threshold for exoplanetary aurora detection, even under strong stellar wind conditions
and distances typical of the Habitable Zone, the total FUV power produced by auroras in the polar
cap of earth-like planets could be only 105 W which is 8 orders of magnitude less than the present
detection threshold. Not to mention that the FUV radiation should be detected against an intense UV
background coming from a probably young and active low mass star. If we can find ways to overpass
these difficulties, the observation of the FUV and X-ray emmision and its variability from auroras in
potentially habitable super Earths could be used as powerful probes of the magnetic environment
around the planet.

7.5 Conclusions
7.5.1 In Relation to the Planetary Magnetic Field
1. We found that the planetary magnetic field properties depend strongly on planetary mass and
rotation period. Rapidly rotating super Earths P ≈ O(1) day, with mass ≈ O(1)M⊕ , have the
best potential to develop long-lived and intense planetary magnetic fields.
2. More massive planets develop weaker magnetic fields but they have dipolar dominated dynamos in a slightly larger range of rotational periods P ∼ 1 − 3 days.
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3. Super Earths with rotation periods larger than 3 − 10 days (depending on their mass) will spend
the majority of the dynamo lifetime in a multipolar state.
4. We have introduced a rotation-based classification of Super Earths: rapid rotators have P ≲
1.5 − 4 days, slow rotators 4 ≲ P ≲ 10 − 20 days and P > 20 days are very slow rotators.
5. There is an upper limit to the planetary mass, ∼ 2M⊕ beyond which conditions to develop strong
and long-lived planetary magnetic field decline.
6. The formation of a solid inner core is favored in the case of low mass planets. High mass super
Earths never form an inner core.
7. There are a range of periods of rotation where planets could sustain moderate magnetic fields
having large periods of rotation. This means that not only rapid rotators are able to produce
dynamo-generated magnetic fields.

7.5.2 In Relation to the Thermal Evolution and the Habitability of Super Earths
1. We found that the inner core formation and its growth and size is an important aspect to consider. The size of the inner core is related with the maximum dipolar component of the magnetic
field and the dipole lifetime also.
2. Our thermal evolution model reproduce the early and present thermal and magnetic properties
of The Earth.
3. For an hydrated Venus our model predict low values of the standoff distance and large polar
cap areas in the first Gyr. This is compatible with a planet lacked of a strong magnetic field able
to avoid a massive loss of water and volatiles that finally lead to the shut down of its dynamo
∼ 3 Gyr ago.
4. In the case of the already discovered super Earths, our model predicted that the dynamo of Gl
581 d and HD 40307 g have been already shut down. A younger GJ 667C c seems to still have
an active dynamo but it is not enough to protect the planet against the violent activity of its host
star.
5. It is possible that Gl 581 d had a protective magnetosphere during the first Gyr of planetary
evolution.
6. In the case of GJ 667C c, we think that this planet has lost a large fraction of its inventory of
volatiles. Our best guess about its habitability is that the planet is presently uninhabitble.
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Preusse, S., Kopp, A., Büchner, J. & Motschmann, U. (2005) Stellar wind regimes of close-in extrasolar planets. A&A 434:1191–1200.
Rauer, H., Gebauer, S., Paris, P. V., Cabrera, J., Godolt, M., Grenfell, J. L., Belu, A., Selsis, F., Hedelt,
P. & Schreier, F. (2011) Potential biosignatures in super-Earth atmospheres. I. Spectral appearance
of super-Earths around M dwarfs. A&A 529:A8.
Ricard, Y. (2009) Treatise on Geophysics, Elsevier, vol. 7, chap. Physics of Mantle Convection.
Rivera, E. J., Lissauer, J. J., Butler, R. P., Marcy, G. W., Vogt, S. S., Fischer, D. A., Brown, T. M.,
Laughlin, G. & Henry, G. W. (2005) A ˜7.5 M⊕ Planet Orbiting the Nearby Star, GJ 876. ApJ
634:625–640.
Roberts, P. H. & Glatzmaier, G. A. (2000) Geodynamo theory and simulations. Reviews of Modern
Physics 72:1081–1123.
134

Rosing, M. T., Bird, D. K., Sleep, N. H. & Bjerrum, C. J. (2010) No climate paradox under the faint
early Sun. Nature 464:744–747.
Sagan, C. & Mullen, G. (1972) Earth and Mars: Evolution of Atmospheres and Surface Temperatures.
Science 177:52–56.
Salazar, J. F. & Poveda, G. (2009) Role of a simplified hydrological cycle and clouds in regulating the
climate-biota system of Daisyworld. Tellus B 61:483–497.
Scalo, J., Kaltenegger, L., Segura, A. G., Fridlund, M., Ribas, I., Kulikov, Y. N., Grenfell, J. L., Rauer,
H., Odert, P., Leitzinger, M., Selsis, F., Khodachenko, M. L., Eiroa, C., Kasting, J. & Lammer, H.
(2007) M Stars as Targets for Terrestrial Exoplanet Searches And Biosignature Detection. Astrobiology 7:85–166.
Scharf, C. A. (2009) Extrasolar Planets and Astrobiology. University Science Books.
Schneider, J., Dedieu, C., Le Sidaner, P., Savalle, R. & Zolotukhin, I. (2011) Defining and cataloging
exoplanets: the exoplanet.eu database. A&A 532:A79.
Schubert, G., Cassen, P. & Young, R. E. (1979) Subsolidus convective cooling histories of terrestrial
planets. Icarus 38:192–211.
Schubert, G., Turcotte, D. L. & Olson, P. (2001) Mantle Convection in the Earth and Planets.
Schwenn, R. (1990) Large-Scale Structure of the Interplanetary Medium, p. 99.
Seager, S. (2011) Exoplanets.
Seager, S., Kuchner, M., Hier-Majumder, C. A. & Militzer, B. (2007) Mass-Radius Relationships for
Solid Exoplanets. ApJ 669:1279–1297.
Segura, A., Walkowicz, L. M., Meadows, V., Kasting, J. & Hawley, S. (2010) The Effect of a Strong
Stellar Flare on the Atmospheric Chemistry of an Earth-like Planet Orbiting an M Dwarf. Astrobiology 10:751–771.
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(2007) Water, Life, and Planetary Geodynamical Evolution. Space Sci. Rev. 129:167–203.
Varga, P., Denis, C. & Varga, T. (1998) Tidal friction and its consequences in palaeogeodesy, in the
gravity field variations and in tectonics. Journal of Geodesy 25:61–84.
Vidotto, A. A., Jardine, M. & Helling, C. (2010) Early UV Ingress in WASP-12b: Measuring Planetary
Magnetic Fields. ApJL 722:L168–L172.
Vidotto, A. A., Jardine, M. & Helling, C. (2011) Prospects for detection of exoplanet magnetic fields
through bow-shock observations during transits. MNRAS 411:L46–L50.
Voigt, G. (1995) Handbook of atmospheric electrodynamics, CRC Press, vol. 2, chap. Magnetospheric Configuration, pp. 333–388.
von Bloh, W., Bounama, C., Cuntz, M. & Franck, S. (2007) The habitability of super-Earths in Gliese
581. A&A 476:1365–1371.
137

Walker, J. C. G., Hays, P. B. & Kasting, J. F. (1981) A negative feedback mechanism for the long-term
stabilization of the earth’s surface temperature. J. Geophys. Res. 86:9776–9782.
Ward, P. & Brownlee, D. (2000) Rare earth : why complex life is uncommon in the universe.
Watson, A. & Lovelock, J. (1983) Biological homeostasis of the global environment: The parable of
Daisyworld. Tellus 35B:284–289.
Watson, A. J., Donahue, T. M. & Walker, J. C. G. (1981) The dynamics of a rapidly escaping atmosphere - Applications to the evolution of earth and Venus. Icarus 48:150–166.
Weber, E. J. & Davis, Jr., L. (1967) The Angular Momentum of the Solar Wind. ApJ 148:217–227.
Wicht, J. & Tilgner, A. (2010) Theory and Modeling of Planetary Dynamos. Space Sci. Rev. 152:501–
542.
Wolszczan, A. & Frail, D. A. (1992) A planetary system around the millisecond pulsar PSR1257 + 12.
Nature 355:145–147.
Wood, A., Ackland, G., Dyke, J., Williams, H. & Lenton, T. (2008) Daisyworld: A review. Reviews of
Geophysics 46(1):1–23.
Wood, B. E., Müller, H.-R., Zank, G. P. & Linsky, J. L. (2002) Measured Mass-Loss Rates of Solar-like
Stars as a Function of Age and Activity. ApJ 574:412–425.
Wood, B. E., Müller, H.-R., Zank, G. P., Linsky, J. L. & Redfield, S. (2005) New Mass-Loss Measurements from Astrospheric Lyα Absorption. ApJL 628:L143–L146.
Yamazaki, D. & Karato, S. (2001) Some mineral physics constraints on the rheology and geothermal
structure of Earth’s lower mantle. American Mineralogist 86:385–391.
Zendejas, J., Segura, A. & Raga, A. C. (2010) Atmospheric mass loss by stellar wind from planets
around main sequence M stars. Icarus 210:539–544.
Zuluaga, J. I. & Cuartas, P. A. (2012) The role of rotation in the evolution of dynamo-generated
magnetic fields in Super Earths. Icarus 217:88–102.
Zuluaga, J. I., Bustamante, S., Cuartas, P. A. & Hoyos, J. H. (2013) The Influence of Thermal Evolution in the Magnetic Protection of Terrestrial Planets. ApJ 770:23.

138

