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Abstract: This work seeks to summarize some special aspects of a type of exoplanets known as super-Earths (SE), and
the direct influence of these aspects in their habitability. Physical processes like the internal thermal evolution and the
generation of a protective Planetary Magnetic Field (PMF) are directly related with habitability. Other aspects such as
rotation and the formation of a solid core are fundamental when analyzing the possibilities that a SE would have to be
habitable. This work analyzes the fundamental theoretical aspects on which the models of thermal evolution and the
scaling laws of the planetary dynamos are based. These theoretical aspects allow to develop models of the magnetic
evolution of the planets and the role played by the PMF in the protection of the atmosphere and the habitability of the
planet.
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1 Earth-like planets and super
Earths

The discovery of planets orbiting other stars in our galaxy
has revealed a great diversity of possible worlds. These in-
clude giant gas planets like Jupiter orbiting so closly to
their star that their atmospheres are eroded, icy Neptune-
like planets, and most interesting kind of planets for us,
terrestrial and oceanic Earth-like planets. These planets
are good candidates for habitability.

Since 1995 more than 3800 exoplanets! have been dis-
covered by different teams using different observational
methods, and more than 4700 are waiting to be con-
firmed?. In 2005 a team led by Eugenio Rivera found the
first SE (Rivera et al. 2005). The planet designated as Gl
876 b has 7.5 Mg, and was the first Earth-like planet found
around a main sequence star. Since then a few hundred
exoplanets in the range of masses from 1-10 Mg have been
discovered. One of the most exciting discovery was that the
Earth-mass planet orbiting the stars in our closest neigh-
bor stellar system: Alpha Centauri B (Dumusque et al.
2012; Anglada-Escudé et al. 2016).
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Traditionally we refer to planets composed basically
of rocks, iron, and water (ice) as terrestrial or Earth-like
planets. In our Solar System, Mercury, Venus, and Mars
have been considered Earth-like planets. The discovery of
hundreds of planets with similar masses or superior to that
of the Earth, but less massive than Neptune, brought with
it the need to classify them within a new type of small
planets. The term super-Earth (SE) refers to planets with
masses in the range between 1 Mg, to around 10 Mg . This
definition and the first description of these new types of
planets were originally presented in the works of Valencia
et al. (2006) and Fortney et al. (2007).

The work of Valencia et al. (2006) presents a first as-
sessment of the interior structure of this type of terres-
trial planet, assuming that they have a composition simi-
lar to that of Earth. This initial work scales the properties of
the interior of planets up to 10 Mg, including the profiles
of density and the temperature inside the planet. On the
other hand, Fortney’s models of planets include a wider
range of planetary masses, from terrestrial planets to gas
giants, in addition to a range of compositions that includes
planets made of iron, rock, and water (Earth-like), pass-
ing through planets covered by gigantic oceans that cover
half of its mass (Ocean planets or water worlds), to planets
dominated by huge layers of hydrogen and helium (Jovian
giants) (Fortney et al. 2007).
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Since those first studies, other works have described
characteristics of the SEs, such as their interiors (Valen-
cia et al. 2007h,c; Sasselov et al. 2008), their atmospheres,
their tectonic activity (Valencia et al. 2007a) and their rota-
tional and orbital evolution (Cuartas-Restrepo et al. 2016).

These are special properties of SEs that make them
a particular class of extrasolar planets. Their sizes and
masses suggest that they may have dynamic interiors and
be able to develop and maintain atmospheres and Plane-
tary Magnetic Field (PMF), both necessary conditions for
habitability (Haghighipour 2011). On the other hand, their
close-in orbits and their composition represent a challenge
to planetary formation theories.

The better-known model of planetary formation is
based on the minimum-mass solar nebula (the protoplan-
etary disk that forms the solar system). According to this
model, there was enough solid material in the original pro-
toplanetary disk to form planets larger than the Earth. The
upper mass reached by a planet in the inner side of a pro-
toplanetary disk depends on the available amount of solid
material (Ida and Lin 2004).

If a planet grows above the mass of the Earth, it begins
to accrete gas from the disk. This gas accumulation pro-
cess culminates in a runaway accretion that will form a gas
giant. The value of the critical mass, for which such run-
away growth could occur, would thus determine whether
SEs are likely to exist at all. Some models predict that plan-
ets above 10 Mg grows so rapidly that can reach more than
100 Mg in a few million years (Ida and Lin 2004). The mod-
els predict a large number of SEs formed in the inner parts
of the disk too. From current planetary formation models,
it is possible to infer the existence of a lot number of plan-
ets with masses in the range 1 - 10 Mg. The diversity of
known planetary systems containing SEs suggest two dif-
ferent ways of formation: core accretion and planetary mi-
gration. The first is a process of in-place formation, the sec-
ond is a formation process while the orbital dynamics of
the disk were evolving, impliying that SEs were formed at
large distances and were then scattered to their close-in lo-
cations by migration processes (Haghighipour 2011). Mod-
els combining core accretion and type-I migration produce
objects in the range 3-4 Mg in close-in orbits (McNeil and
Nelson 2010).

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. The most probable formation
is instead of low mass planets ranging from Earth-like
to Neptune-like masses. The dynamic of the formation
around M-dwarfs is a slow process compared with more
massive protoplanetary disks. Another factor involved is
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the rapid dispersal of the gas in the disk, which is another
disadvantage for the giant’s formation. According to this,
the planets formed around M-dwarfs must be mainly low
mass planets, SEs or smaller (Haghighipour 2011). Never-
theless, several giant planets have been discovered around
M-dwarfs, so there remains an interesting open problem
with current models.

1.1 The Mass-radius relationship

Different types of planets are defined by their internal com-
position. With measured masses and radii, and models for
the interior of the planet, the composition could be in-
ferred. But naturally, there are many possible solutions,
the only things that might be inferred are bounds on the
bulk composition of the planet (Valencia 2011). From ra-
dial velocity and transit observations, astronomers can in-
fer the mass and the radius of the planet. Using these val-
ues, the average density can be computed, and the result
shows indirectly which kind of planet are you observing.
High density planets like Earth or Mercury push us to clas-
sify them as rocky, but only deeper analyses on the likeli-
hood of other materials present in their compositions can
give us the certain about the terrestrial nature of these
planets. The true challenge for numerical modeling of the
planetary interiors is to differentiate the Earth-like plan-
ets, made mainly by iron, rock, and ice, from planets with
huge volatile envelopes, as is believed to be the case for GJ
1214 b (Charbonneau et al. 2009).

The giant gaseous planets are structured by a very
small core enveloped with a huge H/He layer that repre-
sents the main composition. Super-Earths and Neptune-
like planets are composed mainly by rocky and icy ma-
terials and have thin atmospheres that play a negligible
role in their bulk composition. The internal structure mod-
els must account for the different rock and ice properties.
Combining internal structure models, H/He and H,0 en-
velopes it is possible to infer the main composition of SEs
(Valencia et al. 2006; Seager et al. 2007; Fortney et al. 2007;
Adams et al. 2008; Valencia 2011). The models of the inter-
nal components for SEs 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.
2007). The possibilities include planets made of pure ice
and ice/rock mixtures, which could be described as “water
worlds” or “Ocean planets” (Fortney et al. 2007), they cal-
culate radii and masses for different types of planets, from
gas giants to hydrogen-rich and water-rich planets using
the Equation of State (EOS) for different compositions, and
thus find a mass-radio relationship. Other detailed models
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of the mass-radius relation for solid planets can be found
in Seager et al. (2007). Normally the models of solid plan-
ets seek comparisons with well-known planets as Venus or
the Earth. These comparisons require that models of the
composition give the radio and the masses of the planets.

The iron component of a planet corresponds to the
Core-Iron Mass Fraction (CMF). In the same way, the rock-
silicate component corresponds to the Mantle-Rock Mass
Fraction (MMF) and the water-ice component corresponds
to the Ice Mass Fraction (IMF) (Fortney et al. 2007). The dif-
ferences in compositions of rocky planets depend mainly
on the amount of iron located mostly in the core, with some
in the mantle. The extremes for rocky planet compositions
go from a pure iron planet to a planet with any iron (Moon-
like planet (Valencia 2011)). Earth-like planets have CMF
~32% of iron while Mercury-like planets are iron-rich with
more than CMF ~80% of their mass represented by its core.

To facilitate comparisons between small solid plan-
ets and the Earth, Zeng et al. (2016) developed a model
of planets based on the Preliminary Reference Earth Model
(PREM), developed by Dziewonski and Anderson (1981).
Zeng et al. (2016) have proposed that terrestrial-type plan-
ets are composed in two layers and found an expression
to calculate the mass-radius relation of these planets, de-
pending on their CMF. This proposal is adjusted to the
Earth’s radius within 2%, and is valid for a mass range
1 -8 Mg and CMF up to 0.4:

(%) =(1.07-0.21* CMF)(%)lﬁj.

This semi-empirical mass—radius formula is in agreement
with the mass—radius relation of SEs presented in Valencia
et al. (2006), which is a scaling law of R oc M0-267-0-272,

To find this relationship, Zeng et al. (2016) extrapo-
lated the EOS of the core and mantle of the Earth to more
massive planets and then they adjusted the mass-radius
ratio in such a way that the relationships lie within 0.01 for
radius and 0.02 for CMF. Assuming that in general, solid
exoplanets comply with a distribution of the CMF, the CMF
of a planet can be expressed as:

1
CMF = =2 [1.07 -

1)

(R/Rg) }
(M/Mg)0 731"

There are many uncertainties in the result of the CMF
distribution for rocky exoplanets, mainly due to errors in
the measure of both the radius and the mass of the planets.
Nevertheless, by applying a least squares adjustment, it is
possible to infer the core and mantle fractions of extrasolar
planets with different compositions to a good approxima-
tion (see tables 1 and 2 in Zeng et al. (2016)).

Figure 1 shows the mass-radius relationship for rocky
planets. The figure was built using equation 1 and the
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results for radios and masses for ice-iron-rocky planets,
showed in table 1in Fortney et al. (2007). This figure shows
the curves for different types of composition and differ-
ent CMF, from planets composed entirely of iron, through
planets like Earth, to planets composed entirely of water.
By way of comparison, the figure also shows the obser-
vational data of radii and masses published for planets
below 10 Mg, published in the exoplanet catalog (http:
//exoplanet.eu/catalog/). Each black dot corresponds to
one SE in the catalog. As can be seen from the dispersion of
points, there is a diversity of possible compositions among
the SEs. The figure includes some of the SEs considered
with the greatest potential to be habitable, according to the
consensus of the planetary scientists and astrobiologists,
identified with their names in vertical position.

1.2 Habitability

The traditional concept of habitability was proposed by
Huang (1960). Our modern concept of habitability is based
mostly on the possibility of a planet to sustain liquid wa-
ter on its surface (Kasting et al. 1993). This condition de-
pends on the balance between the energy received, the
energy released and any greenhouse effect of the atmo-
sphere, which together determine the temperature on the
surface of the planet.

There are other factors involved in the question of
planetary habitability. The modern notion of habitability
implies many other geophysical, geochemical, astrophys-
ical and biotic criteria that must be met before a planet
can support life. Some of these criteria are related to the
internal structure and dynamics of the planet that deter-
mines properties like the recycling of volatile from the
atmosphere, the tectonic activity and the formation and
maintenance of a protective PMF.

The mass, possible composition, and structure of SEs
imply that they could have the capability of developing
and retaining atmospheres and to have a dynamic interior
that can produce a PMF. The PMF acts as a shield that pro-
tects the atmosphere from the erosive effects of the stellar
wind and cosmic rays (CR).

Stellar parameters, such as mass, luminosity and mag-
netic activity, and orbital dynamic properties such as the
location of the Habitable Zone (HZ) determine a lot of prop-
erties shared between the star and planet. Structures such
as the magnetosphere are created by the interaction be-
tween the stellar wind and the PMF. The sustaining of an
atmosphere depends on the radiation and particle flux
evolution of the star, and the presence of an active PMF
that conforms a protective magnetosphere (Lammer et al.
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Figure 1. Mass-radius relationship. Earth-like planets have ~68% silicate mantle and ~32% iron core. The percentage of iron in the den-
sity profiles corresponds to the CMF. The percentage of water corresponds to the IMF. Extrasolar planets with known mass and radius and
within the mass range of SEs are shown (green dots). There are also shown some of the most promising SEs in terms of posibilities of habit-

ability currently

2010). All these conditions are related to the thermal evo-
lution of the planet.

The flux of X-rays, Ultraviolet radiation (XUV) and
stellar winds have a strong impact in the environments
of close-orbit exoplanets, including terrestrial-type exo-
planets in the HZ of low mass stars (Khodachenko et al.
2009). Normally, close planets are tidally locked, and their
PMFs are weak to protect fully against winds and coronal
mass ejections, in such a way that when they collide with
the planetary magnetosphere, they compress it to heights
where ionization and erosion can reduce the atmosphere.

1.3 Dynamics of the orbit and spin

Planets close to their host stars are subject to a strong
tidal interaction. This leads to a gravitational locking on
short timescales. The tidal forces change the orbits, lim-
iting the time for the emergence and evolution of life on
a planet. Based on the only example we know, the Earth,
we can suppose that the time necessary for the chemistry
of life to be able to experiment and reach complex organic
molecules thatlead to an evolutionary process is hundreds
of millions of years. The time of evolution of the period
of rotation of planets subjected to the tides of its star be-
fore they reach a low resonance or complete locking, is in

almost all cases much smaller than hundreds of millions
of years (Heller et al. 2011b; Correia et al. 2012; Rodriguez
et al. 2012; Cuartas-Restrepo et al. 2016).

Planets inside the HZ of M-dwarfs are probably tidally
locked. The planetary climate is dramatically affected,
with a day-side hemisphere heated, where the surface ma-
terial could reach the melt temperature forming a liquid
rocky ocean, and a frozen night side hemisphere where the
atmosphere could be condensed and/or collapsed.

Many numerical models of the evolution of the or-
bit of planets close to the host star has been developed.
These models indicate that, regardless of the rotation of
the planet, normally the tidal torque causes the planet to
end in an orbital resonance (Makarov and Efroimsky 2012;
Cuartas-Restrepo et al. 2016), not necessarily pseudo syn-
chronic (Rodriguez et al. 2012).

A planet must remain habitable long enough for life to
develop, in the case of the Earth this takes around 700 Myr.
A planet in the HZ must also have a low orbital eccentric-
ity, so that tidal interactions do not make it inhospitable.
Planets with eccentricities larger than 0.5 suffer tides that
reduce habitable lifetimes (Barnes et al. 2008), due to the
changes in the semimajor axis and the eccentricity of the
orbit. Planets with great eccentricities within the HZ will
also suffer periods of very high radiation. The planet may
not even stay within the HZ during its entire orbital period.
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The majority of terrestrial planets inside the HZ of low-
mass stars will be on nearly circular orbits (Barnes et al.
2008), and must be tidally locked in less than 1 Gyr. Nev-
ertheless, recent works show that the 1:1 resonance for a
planetary orbit is not so common (Makarov and Efroim-
sky 2012; Makarov et al. 2012; Cuartas-Restrepo et al. 2016),
and is more probable to achieve 2:1 resonances. Depending
on the eccentricity and the rheological properties of the
planet, which includes the response of the mantle to tidal
forces, the spin of the planet evolves to a low resonance
but it is not necessarily locked. The spin of the planet is
causally related to the appearance and maintenance of a
PMF. The work of Zuluaga and Cuartas (2012) (hereinafter
ZU12) shows how rotation determines the regime of the
PMF and the structure of the magnetosphere.

Additionally, gravitational tides change the obliquity
of the planet rotation axis. This process of tilt erosion, and
likely occurs before life emerges in a planet. Tilt erosion
can occur in just thousands to millions of years for planets
orbiting in the HZ of low mass stars (Heller et al. 2011a).
Obliquity determines atmospheric conditions, the amount
of tidal heating and the rotation period, all these proper-
ties related directly with the habitability.

1.4 Planetary atmospheres

Terrestrial planets can obtain their atmospheres from
three different processes: 1) the capture of gas from the
original nebula, 2) the emission of gases from inside the
planet during the process of accretion and 3) emission of
gases by tectonic processes. These processes can produce
massive atmospheres rich in hydrogen, and carbon com-
pounds. This process can produce planets that contain up
to 20% of their total mass in the form of water (Elkins-
Tanton and Seager 2008).

Planetary atmospheres contain the main volatile ma-
terial needed to develop and sustain life in a planet, es-
pecially H, 0. The atmosphere cycles are governed by the
interaction between the interior and the surface of the
planet. The content of greenhouse gases in the atmo-
sphere controls the surface temperature and can deter-
mine the presence of liquid water on it. Any clouds in the
atmosphere influence the equilibrium temperature of the
planet, by the variation of the average albedo of the atmo-
sphere. For example CO, clouds absorb infrared (IR) radi-
ation warming the planet surface, on the other hand, low
H,0 clouds like cumulus and stratus reflect visible light
waves cooling the planet surface, and high H,O clouds
absorb IR coming out from the planet and warm up the
surface. The presence of an atmosphere and its composi-
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tion determine the physical limits for the habitability of a
planet (Selsis et al. 2007). The atmosphere controls the flux
of heat out of the planet, making the planet habitable or
not.

The magnetosphere of terrestrial planets inside the HZ
of low-mass stars might be compressed during epochs of
increased stellar magnetic activity. In such cases, the inter-
action with the stellar wind can lead to heating of the up-
per atmospheres. This results in large atmospheric and wa-
ter loss rates so that planetary habitability can be strongly
affected (Khodachenko et al. 2007; Lammer et al. 2007).

The atmospheres of Earth-like planets are affected
by thermal and nonthermal escape processes. The atmo-
spheres can be eroded by the intense radiation, the stellar
wind, and coronal mass ejections. Around M-dwarfs, this
process is expected to be stronger, making planets around
them less capable to sustain an atmosphere and to be hab-
itable (Segura et al. 2010; Zendejas et al. 2010; Tian 2015;
Luger and Barnes 2015; Owen and Mohanty 2016; Koppa-
rapu et al. 2017). The thermal process by which the plan-
etary atmosphere is lost happens when the planet tem-
perature increases, then the atmosphere expands and its
high layers are directly exposed to the erosive action of
the stellar wind. In high layers, the UV photodissociates
molecules of H,0, and the hydrogen is lost into space.
Planets like Venus and Mars lost their water through pro-
cesses like these (Kulikov et al. 2006; Krasnopolsky 2015).

Some of the main atmospheric loss processes are
(Lammer et al. 2010):

— Exposure to X-ray and EUV radiation: Terrestrial
planets that form rich in water, placed within the
HZ could be capable of evolving life as on Earth, as
long as its water survives early bombardment events
and the strong irradiation of X-ray and EUV from its
young stars. The ionization of the outer atmosphere
is mainly due to radiation at wavelengths < 1000 A.
In these cases, the loss of atmospheric gases can
be treated as a hydrodynamic problem. When the
EUV radiation reaches the upper regions of the at-
mosphere, atoms like O and N are heated by radia-
tion, and then they can reach escape velocities and
expand into space (Tian et al. 2008). It has been
shown that stellar winds can remove the N reserves
in terrestrial planets when their outer atmospheric
layers are exposed to intense X-ray and EUV radia-
tion (Lammer et al. 2009).

— Ion pickup: Atoms and neutral molecules above the
ionosphere can be ionized either by the exchange of
charges with the stellar wind or by EUV radiation.
The ions generated from this exchange are acceler-
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ated by the interplanetary electric field and are fi-
nally dragged by the stellar wind around the mag-
netosphere. A fraction of the ions produced, come
back through the lines of the PMF and collide with
other particles, which allows them to reach escape
velocity.

— Atmospheric sputtering: When charged particles
with very high energy interacting with the atmo-
sphere, they can produce the direct ejection of ma-
terial. This process has been identified, for exam-
ple, as one of the sources of loss of atmosphere on
Mars, especially in the early stages of evolution of
the planet, justly after the Martian magnetic field
collapsed about 3.7 Gyr ago. This process of direct
erosion is more effective on planets smaller than
Earth. On planets more massive, particles acceler-
ated by sputtering can reach heights where the ion-
ization and pickup processes take place, and in this
way, they are also eroded from the atmosphere.

2 The interior of massive terrestrial
planets

Many models of the internal structure of SEs have been
developed over the last ten years (Valencia et al. 2006,
2007b,c; Fortney et al. 2007; Seager et al. 2007; Selsis et al.
2007; Sotin et al. 2007; Adams et al. 2008; Baraffe et al.
2008; Grasset et al. 2009). These models are giving us
an understanding of global properties such as the mass-
radius relationship and its dependence on composition,
as well as different geophysical phenomena such as man-
tle convection and plate tectonics (Olson 2007; Papuc and
Davies 2008; Valencia et al. 2007a; Valencia and O’Connell
2009; Korenaga 2010). Models used to infer the internal
structure of SEs suppose that the composition of these are
the same as the Earth and their interior properties like den-
sity, temperature, gravity and pressure scale with the plan-
etary mass (Valencia et al. 2006; Sotin et al. 2007; Fortney
et al. 2007; Sasselov et al. 2008; Fortney et al. 2009).
Three primary characteristics of the planetary interior
are related to habitability: composition, tectonic activity
and PMF. The knowledge about the interior of planets is
limited to Earth and Moon, where direct measurements
have been done by seismographs. We do not have such di-
rect access to the interior of other planets of the solar sys-
tem and of course, exoplanets. There are data available for
the gravitational field of planets such as Mars, Mercury,
and Venus, but these are not enough to know their inter-
nal structure. It requires numerical models and assump-
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tions about the composition in accordance with the mea-
surements made by space probes.

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 the
planet into a collection of different layers with different
composition and physical properties (Valencia et al. 2006;
Sotin et al. 2007; Fortney et al. 2007; Sasselov et al. 2008;
Fortney et al. 2009). For the Earth, the materials of the
mantle and core are quite well determined. The mantle is
mainly formed by two types of silicates: olivine at the up-
per mantle and perovskite in the lower mantle. The core
is formed mainly by iron plus some light elements like
sulfur, oxygen, and hydrogen. The main bulk composition
of SEs can be reasonably assumed to be the combination
of three ingredients: iron, silicates and water (Valencia
et al. 2007b). This mix of materials implies different aver-
age densities and a maximum planetary radius for a given
planetary mass. The water-rich planets must have larger
radii than the water-poor ones. The minimum radius of a
SE is a function of its mass. The mass and radius knowl-
edge is not enough to determine the actual composition
of a SE. The combination of components may result in the
same mass and radius (Haghighipour 2011).

Assuming that these planets are made like the Earth,
the internal structure could be inferred by scaling the
structure and internal properties of the Earth itself and de-
pending on the planetary mass. These models assumes a
spherically symmetric planet that is chemically and min-
eralogically homogeneous. The equations describing den-
sity p, gravity g, mass m, and pressure P inside the planet
are (Valencia et al. 2006):

% _ _P(;))ig;gr) 3)
98 _ 4nGp(r) - 290

M o)

& (g0

where ¢(r) = Ks(r)/p(r) is the seismic parameter that can
be calculated from the equation of state, K is 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 in the interior of the planet. Some authors
chose a third-order EOS, the Birch-Murnaghan equation
(Valencia et al. 2006), others authors chose a different EOS
like the Vinet equation. The model that fit the interior of
the Earth is the PREM, and in the Earth-like planets case,
it is valid for comparison purposes, that is, for a 1.0 Mg
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planet, the interior model must reproduce the PREM to be
acceptable.

Scaling the Earth’s properties to larger planets gives
an insight into the possible internal structure of a SE.
These planets, due to their large compressional effects and
high internal temperatures exhibit a mass to radius rela-
tionship that deviates from the cubic power relationship
for constant density scaling (see section 1.1). Table 1 shows
how some of the main properties could be calculated for
SEs using a general form that scales the same property for
the Earth:

Prop = Prop@ (1]‘\447;)181” (4)
where Pyopg is the property measured for the Earth, M) is
the mass of the planet in Earth masses and f3,, is the expo-
nent which scale the property.

Table 1. Scaled properties exponent for massive terrestrial planets
and its values for the Earth

Property By Propa

Planetary Radius (Rp) 0.270 6.37 x 10° m
Mean Density (p) 0.192 5500 kg m~3
Core Radius (Rc) 0.244 3.48 x 105 m

2.1 Tectonic Activity

Planets are formed hot. After the accretion process the sur-
face and interior of the planet are melted, and a slow cool-
ing starts forming a solid surface first and removing heat
from the interior. Other internal heat sources like radioac-
tive decay, the slow gravitational contraction, and rota-
tional friction must evolve in such a way that the planet
interior is dynamic. The cooling of the interior is governed
by convection. The mantle convection controls the cooling
of the core and produces convection currents that travel
from the core’s upper limit to the solid crust. The convec-
tion operates in two different ways: moving the plates, this
is called it the mobile-lid regime, as in the Earth’s tecton-
ism, or forming a rigid layer at the surface known as the
stagnant-lid regime, as in Mars or Venus.

The tectonic activity of a planet determines thermal
state at the surface, which is fundamental to habitability
(Valencia et al. 2007a; Valencia and O’Connell 2009; Ko-
renaga 2010; Foley et al. 2012; Tikoo and Elkins-Tanton
2017). It has been argued that habitable planet needs plate
tectonics to remain active over hillions of years. The cy-
cling of volatile material from the atmosphere to the man-
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tle is governed by plate tectonics, regulating the composi-
tion of the atmosphere, including greenhouse gases, CO,
and H, 0, and hence, helps to control the surface tempera-
ture and planetary habitability (Kasting et al. 1993; Franck
et al. 2000). Plate tectonics creates land surfaces that favor
the appearance of life, and enhancing biodiversity through
evolution on isolated continents (Lammer et al. 2010). A
planet needs enough mass to drive mantle convection, and
have a damp mantle to lubricate the plates’ motion. Water
affects the dynamics of the mantle and the planetary tec-
tonic power. It makes the lithosphere deformable for sub-
duction to occur and facilitates volcanic activity (Valencia
and O’Connell 2009).

Plate tectonics evolves with the planet’s thermal evo-
lution (see section 4). 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 as the interior of the planet undergoes in a long-term
cooling. When the flux of heat from the interior falls be-
low a threshold, plate tectonics will cease to operate on a
planet. Planets close to their stars suffer tidal heating that
could sustain the tectonism during more time. The tecton-
ism in SEs still being an open problem and remains under
debate.

Essentially all interior models for terrestrial planets
start from the knowledge that we have of the planets of
the solar system, so that in principle are biased. Normally,
models of the interior present solutions to three canonical
equations for solid planets: 1) mass conservation, 2) hy-
drostatic equilibrium and 3) the equation of state (Fortney
et al. 2007; Seager et al. 2007; Sotin et al. 2007; Valencia
et al. 2007b,c; Rogers and Seager 2010). Models assume,
for example, spherical symmetry, and concentric layers.
Most models assume that heavier materials will be located
in the central core, and that the layers that surround the
core are free of metallic materials (Fortney et al. 2007),
or they possess the solar metallicity (Guillot et al. 2006).
These simplifications are based on the fact that no matter
where the heaviest materials are located, this does not af-
fect, in general, the evolution of the planet (Baraffe et al.
2008).

The EOS is often assumed to be independent of tem-
perature, when the latter is relatively low (Seager et al.
2007; Fortney et al. 2007). This assumption does not lead
to great errors for Earth-like planets but is not correct when
considering more massive planets (Baraffe et al. 2008). In
many cases, the thermal evolution and the process of core
cooling were ignored.

Baraffe et al. (2008) examines these assumptions.
Their results suggest that models should improve the im-
plementations of the EOS for material at very high pres-
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sures and temperatures, including heat transport pro-
cesses. Observational constraints on gravitational char-
acteristics, like oblateness estimates using transit data,
could shed light on periods of rotation, and could help to
restrict models of internal structure.

Although most models adopt terrestrial composition,
that s, iron, silicates and water (Valencia et al. 2007b; Sea-
ger et al. 2007; Fortney et al. 2007; Zeng et al. 2016), some
models venture to propose planets rich in other materials
such as carbon (Madhusudhan et al. 2012; Wagner et al.
2012), or with large differences in their water proportions,
planets that have been called waterworlds (Marcus et al.
2010; Benneke and Seager 2013; Zeng and Sasselov 2013;
Levi et al. 2014). In these cases, the limitations in the mod-
els have to do with two main processes: 1) the heat conduc-
tion from inside the planet, especially in planets with in-
ternal layers composed of materials at high pressures such
as post-perovskite. Usually the actual thermal conductiv-
ity capacity of the materials in the SEs are greater than the
models assume (Wagner et al. 2012). 2) There is doubt with
respect to composition, given that observationally is pos-
sible to see a different type of planet having the same mass
or the same radius. Sometimes what looks like a SE turns
out to be a gaseous dwarf called mini-Neptune (Benneke
and Seager 2013).

Most of the assumptions that refer to the thermal evo-
lution, to heat conduction processes and to EOS have been
improved in more recent models, such as those of Gai-
dos et al. (2010) (hereinafter GA10), Tachinami et al. (2011)
(hereinafter TA11) and Zuluaga et al. (2013) (hereinafter
ZU13), which are described with greater depth in section
4,

3 Planetary magnetic fields

In our solar system, magnetic fields have been measured
from the Sun, through the planets and even in some of
the moons. Interestingly these fields are different in all
cases, even between similar objects in form or composi-
tion, such as the planets. Our understanding how a PMF
emerges and evolves in SEs comes from the Earth’s ther-
mal evolution models (TEM) (Stevenson 2003; Labrosse
2003, 2007a,b; Nimmo 2009; Aubert et al. 2009; Breuer
etal. 2010) and scaling laws for dynamos driven by convec-
tion and rotation, which are based upon numerical sim-
ulations (Christensen and Aubert 2006; Olson and Chris-
tensen 2006; Aubert et al. 2009; Christensen et al. 2009;
Christensen 2010). The intensity of the PMF directly influ-
ences the evolution and the maintenance of planetary at-
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mospheres and determines the conditions for the possible
evolution of life (von Bloh et al. 2007; Griefmeier et al.
2005, 2009, 2010; van Thienen et al. 2007; Lammer et al.
2010). The PMF protects planets against the particles of the
stellar wind and CR. Having a weak or no PMF, has serious
implications for planetary habitability.

The PMF is generated in the interior of the planet
through a dynamo (Stevenson 1983, 2003, 2010). This is
precisely the case of the geomagnetic field. The properties
of the PMF depend on the structure, composition and ther-
mal history of the planet. These dynamos are sustained by
thermal and compositional convection within an electri-
cally conductive fluid (Olson and Christensen 2006). The
sources of energy that maintain the PMF may vary, and the
thermal history is directly related to the power available to
keep the PMF alive.

The terrestrial planets are made mainly of iron and
silicates that have condensed at very high temperatures.
These materials remain liquid for a long period of the
planet’s history while it cools down. The conductive liquid
required to generate the PMF is the molten iron in the core.
The heat flow from inside the core produces the convec-
tion, which coupled with rotation, sustains the dynamao.
The SEs can develop and sustain a dynamo, but the ques-
tion is whether the dynamo can produce a strong PMF and
if it is maintained during enough time to protect the planet
until life appears and evolves.

3.1 PMF generation

The PMF requires an electrically conductive fluid in mo-
tion. On Earth-like planets, the conductive fluid is the layer
of liquid iron within the core. The cooling process on low-
mass planets produces the solidification of the innermost
layers of the core and the growth of this provides a huge
source of energy from the release of latent heat, in addition
to the release of light elements that help convection. This
energy turns on and maintains the dynamo. The buoyancy
of light elements is derived of a difference in composition
between the solid core and the liquid core. Elements such
as sulfur and oxygen tend to be expelled from the solidified
nucleus towards the liquid nucleus (Breuer et al. 2010).
Planetary dynamos operate in an environment of high
electrical conductivity (Busse and Simitev 2009). The flow
inside the core is turbulent and on a small scale, the PMF
is chaotic. The large-scale structure can be regular as in
the case of the Earth, but other dynamos like the one of
the Sun presents activity and quiet periods. Dynamos con-
vert mechanical energy into magnetic one, a process based
on electromagnetic induction: the creation of electromag-
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netic forces associated with currents and finally a mag-
netic field (Stevenson 2010). Mathematically this process
is expressed by combining the laws of induction of Ohm,
Ampere, and Faraday:

oB

ﬁ=/1v213+vx(vx13), (5)

where B is the magnetic field, v represents the fluid mo-
tion relative to the rotating frame, and A is the magnetic
diffusivity. A good approximated solution of this equation
is developed by Roberts and Glatzmaier (2000) in section
3 of their work.

If the conducting fluid does not move, then the field
decays in a time scale T ~ L?/m?A, where L is a length
scale of the field that is related to the width of the layer
that forms the liquid core (Stevenson 2010). Usually, the
time of decay of the dynamo is of the order of thousands
of years, this implies that the PMF must be generated con-
tinuously. A successful dynamo is one that remains active
against ohmic dissipation, and requiring sources of energy
to maintain fluid motion (Roberts and Glatzmaier 2000).

Two types of fluid dynamos could be modeled: kyne-
matic and magnetohydrodynamic (MHD) (Roberts and
Glatzmaier 2000). In the kinematic case, given the motion
of the fluid v, you must find B. On the other hand, in the
MHD case you try to find both v and B from a known power
source. Analytically and numerically, the solutions sug-
gest that the dynamo will only exist under certain condi-
tions in the movement of the fluid. A fundamental charac-
teristic is that the magnetic Reynolds number Rm = vL/A
has a critical value between 10 - 100 (Stevenson 2010), but
this is a vague criterion, since it depends on the velocity
field and how it is determined. The problem of determin-
ing the parameters on real planets is even greater, we do
not know their critical values. Assuming a spherical geom-
etry of the liquid layer and if Coriolis forces and convection
are taken into account, the critical value is of the order of
Rm_,;; ~ 50 (Christensen and Aubert 2006).

The movement of the fluid produces a magnetic field
which arises as a result of the Coriolis force and its effect
on the flow (Stevenson 2010). The amount that relates the
motion and the force of Coriolis is the Rossby number:

\'

Ro =501

(6)

where Q is the frequency of rotation of the planet. A small
value of the Rossby number implies a system which is
strongly affected by Coriolis forces. On the other hand, a
large value of the Rossby number corresponds to a system
where the inertial and centrifugal forces are dominant.
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3.2 The Geodynamo

The first suggestion about that a dynamo produces the
Earth’s PMF was made by Joseph Larmour in 1919. In
his model the solid electrically-conducting disk that ro-
tates on the axis of a device is replaced by the rotational
movement of a electrically-conductive fluid. This idea was
strengthened as other explanations for the origin of the
field were discarded. One of the arguments in favor of a
dynamo as the origin of the PMF of the Earth is the fact
that there are no differences between the normal and rever-
sal of field polarity states of the Earth’s field. This behav-
ior is especially hard to explain with models for the terres-
trial magnetism, other than a self-excited dynamo (Roberts
2009).

Dynamo theory describes how a system in a rotation,
with a conductive fluid and that has convection, can main-
tain a PMF during astronomical timescales. The paleomag-
netic registers indicate that the Earth’s PMF has been ac-
tive at least for the last three and a half billion years (Tar-
duno et al. 2010), in contrast with a decay time of only a
few tens of thousands of years. On the other hand, the po-
larity of the Earth’s field has changed many times with pe-
riods of a few hundred thousands of years. There must be
an internal mechanism to ensure permanent re-generation
of the field within the planet.

The behavior of the Earth’s magnetic field is directly
related to the core’s energy sources (see section 3.3). While
the information about the terrestrial dynamo is limited, it
is known that it behaves mainly like a dipole and that it
presents reversals. We also know that the amplitudes of
the field do not seem to have changed much through time.
Surface measurements of the field are not a good source
of information about what is happening in the core of the
planet. The surface magnetic field is usually dominated by
magnetic anomalies produced by the crustal minerals. In
addition, the toroidal structure of the field at the core can-
not be observed in the surface. As a result, the field we
measure on the surface differs in frequency and amplitude
of the field in the core. Particularly, the ohmic dissipation,
dominated by very low amplitude fields, is not observable
on the surface (Nimmo 2009).

On the surface of the Earth the magnetic field B is
mainly dipolar, mathematically this is expressed as:

B=-VV, ()

V-B=0, (8)
where V is the magnetic potential of the field:

VAaM-Vrl ro oo, 9
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where the intensity of the Earth’s dipole is a function of
time, M(t) and nowadays have a value of |[M| = 7.835 x
10%2 A m?.

Currently, the magnetic axis is inclined 169°, if we con-
sider that the positive magnetic pole points towards the ge-
ographic south pole of the Earth. The fact that the Earth’s
PMF decreases with distance supports the original idea by
William Gilbert that the origin lies inside the planet.

The dipolar component of the field is just the first term
of the expansion of the magnetic potential V(r, 6, ¢, t),
that includes quadrupoles, octupoles, and orders each
time smaller successively. The potential is usually ex-
pressed as an expansion in spherical harmonics that in-
cludes the functions of Legendre PJ*(6), with 6 represent-
ing the colatitude coordinate (§ = O corresponds to the
North pole and 8 = 7 to the South pole), and ¢ the lon-
gitude coordinate:

oo 1 N
V=Rs> Y (RT@)I POl cosmp  (10)

1=1 m=0
+ h{'(t) sin mp).

Here g]"(t) and hj"(t) are known as Gauss coefficients
and they define the field configuration. The term (R%‘B)’+1
represents the proportionality of the internal harmonics of
the field. Gauss demonstrated that the external harmon-
ics of the field are so weak that they can be neglected. The
term for I = 1 correspond to the dipolar component of the
field, I = 2 to the quadrupole, | = 3 to the octupole etc. The
terms decrease with distance as r, so those of a higher or-
der are more important near the surface of the planet.

These equations represent a PMF produced by cur-
rents of conductive material within the planet. Actually,
the PMF deviates a bit from this ideal configuration. For ex-
ample, currents in, and near the magnetosphere, induce
other currents and electric fields that distort the lines of
the PMF and modify its geometry, especially as it moves
away from the planet.

On the other hand, inside the planet, the convection
in the liquid core is due to temperature and buoyancy of
light elements. As the Earth cools, the iron solidifies in the
inner core releasing latent heat and lighter elements such
as sulfur and oxygen. The combined action of convection
and the rotation of the planet causes the fluid to move in
a spiral path parallel to the axis of rotation. This contin-
uous movement shakes the PMF, constantly writhes and
replaces field against dissipation.

Why does the Earth’s PMF have the intensity and struc-
ture that it shows us? Why is the magnetic dipole relatively
aligned with the axis of rotation? Why does the dipole
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occasionally changes its polarity? Many authors have ad-
dressed the problem of modeling the geodynamo.

In a pioneerign work, Glatzmaier and Roberts (1995)
developed numerical models that simulate the convection
and the generation of the PMF, as well as reversals of po-
larity. The simulated PMF has an intensity and a dipole
structure that is very similar to the real field. The numerical
solution shows how planetary rotation plays a fundamen-
tal role in convection processes and is responsible for the
structure and evolution of the PMF. Other models of geo-
dynamo have been developed during the last years, all of
them point more or less to the same conclusions.

Jones (2000) presented 3D simulations. In his model,
the convection is, again, the main energy source for the
PMF, both, thermal and compositional. The model repro-
duces the morphology and the intensity of the field in the
core (CMB) reasonably, as well as the periods of the field re-
versals, that have been detected in the paleomagnetic ob-
servations. The model found problems with the values of
the diffusivities, and the dynamic regime of the field still
could not know. The model had to assume the nature of the
flow near boundaries, which had serious implications for
the dynamics of the PMF. Likewise, large-scale convection
was not well understood, so the predictions of the model
were deemed unreliable.

Later models such as Driscoll and Olson (2009) sim-
ulate the secular evolution of the core of the Earth trying
to understand the behavior at large time scales of the geo-
dynamo, but also including the frequency in the processes
of polarity reversals. This work analyzes fundamental pa-
rameters such as convection, rotation and the growth rate
of the inner core, in order to determine the dipole inten-
sity and its duration over time for different regimes of con-
vection and rotation. Their simulations find that the rate
of the growth of the inner core determines, in many occa-
sions, the frequency of the reversals and the intensity of
the dipole.

The work of Christensen et al. (2010) establishes some
conditions in the values of fundamental parameters such
as the Ekman number, related to viscosity, and the mag-
netic number of Reynolds, in order to make the models
closest to the observations. The main challenge to models
is that the parameters values such as the Ekman number
in the simulations are far from the real values for the Earth.
Christensen et al. (2010) sets quantitative criteria based on
the morphology of the magnetic field in the core.

An excellent review of the scope of geodynamo mod-
els is that of Christensen (2011a). By that time the mod-
els had already reached a state of sophistication such that
they are considered by some as a fundamental tool to un-
derstand the morphology and the evolution of the terres-
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trial PMF. Even through, many of the values of the parame-
ters in the models are far from the real values for the Earth.
However, some scaling laws suggest that the results of the
models are not very far from the real behavior of the geo-
dynamo, especially in the CMB. The results support the
idea of columns of convection that concentrate the main
magnetic flux, more or less parallel to the rotation axis.
The values of the intensity of the field that result from the
models are also, within the values measured for the geody-
namo. Suprisingly, models reproduce the reversals of po-
larity, given that the origin of said reversals remains un-
known.

3.3 Dynamo energy sources

By identifying the internal energy sources of a planetary
dynamo we can to address two fundamental aspects of the
problem of PMF: 1) How a planetary dynamo is viable and,
2) how a dynamo can survive for periods of time of Gyr.
The fact that a PMF can sustain itself during billions of
years, restricts the parameters of thermal evolution and
the energy sources of the core of the planet (Nimmo 2009).
The core contains a reserve of thermal energy that must
be transported through the mantle of the planet, which in
turn controls the transfer rate of the heat. This means that
the thermal evolution of the mantle directly affects the core
heat reserves (Nimmo 2009).

In the case of the Earth, the structure of the core has
been inferred from seismic information. In general, den-
sity and core temperature are functions of depth, increas-
ing along with the pressure. The density profile shows a
discontinuity, which has allowed defining a boundary be-
tween an internal solid core and an external liquid layer.
The discontinuity of density is due to the fact that, obvi-
ously, solid iron is denser, and the liquid layer also has a
large number of light elements. This difference in compo-
sition constitutes one of the main factors affecting convec-
tion of the core.

The temperature in the core has an adiabatic profile
(Nimmo 2009). Right on the boundary between the lig-
uid and the solid cores (Inner Core Boundary - ICB), the
temperature reaches the solidification point at that pres-
sure, from there it must establish an adiabatic profile for
the liquid layer. The solidification temperature of the iron
at that pressures is difficult to establish experimentally.
Models developed by Vocadlo et al. (2003) yield T;cgp =
5650 + 600 K for pressures ~330 GPa.

The heat fluxes from the interior of the Earth can be
measured superficially, but the heat sources can only be
inferred by using numerical models. A good description of
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the fluxes, energies, and entropies of the core of the Earth
can be found in volume 8 of the Treatise on Geophysics es-
pecially in the chapter by F. Nimmo, Energetics of the Core
(see table 1 in the chapter) (Nimmo 2009). According to
Nimmo (2009), there are six sources of thermal energy in
the solid and liquid cores, to each one of those corresponds
to a source of entropy. The heats sources can be defined as:

- Secular cooling heat, Qg: It is simply the heat re-
leased as the planet’s core cools, which includes the
effect of the core contraction. This source of heat de-
pending on the cooling rate of the core:

Qg =- /pcp%dV. (11)

— Latent heat, Q;: It is the heat released as the iron
in the core changes state and solidifies, forming the
internal solid core. The energy released depends on
the solidification rate of the iron that depends on
the latent heat Ly. The rate at which the inner core
grows depends on the change in the temperature
and the difference between the adiabatic tempera-
ture profile and the temperature of melting T:

_ 4nR;LyTic 1 dTe
(dTm B dT)g T dt -’

Q= (12)

dpP dpP

— Radioactive decay, Q: The decay of radioactive el-
ements, as well as the gravitational tidal dissipation
in the CMB, are processes that also release heat. It is
assumed that the vigorous convection of liquid core
homogenizes the distribution of elements through-
out the entire volume of the liquid layer. h is the vol-
umetric heating rate:

Qp - / phdV. 13)

- The heat of reaction, Qy: This source of energy
represents the change in the internal energy of the
system due to chemical reactions. This energy de-
pends on entropy and the concentration of light el-
ements in the core. The energy released in chemical
reactions between iron and light elements is also in-
cluded in this heat source. Ry is the heat of reaction
and D./Dy is the parameterized rate of expulsion of
the light elements:

' D
Qn = / PRy 5-dV. (14)
t
- Compositional heat, Qg: This term refers to the re-
lease of light elements from the solid inner core. This
release of elements change the density and hence
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the gravitational potential i, of the core. The contri-
bution of this heat source is proportional to the rate
of expulsion of light elements D./D; and the com-
positional expansion coefficient a:
D
Qg = pl/)acD—dV. (15)
t

— Pressure heating, Qp: If the pressure in the core
increases, then the melting temperature of the iron
increases too, and the solid internal core growth,
which produces an extra latent heat release that can

be of the order of 10% - 20% (Gubbins et al. 2003).
QP=/aTP @e gy, (16)
In this way, the total inventory of heat released by the

core, which is transported through the CMB, can be ex-
pressed as:

QCMB=Qs+QL+QR+QH+Qg+Qp=fq-ds (17)

The heat produced by the ohmic dissipation is not in-
cluded in this balance of energies. However, dissipation
is an irreversible process, so it is a source of entropy. For
each heat source, there is a corresponding entropy sink.
The inventory of entropies in the core establishes criteria
for the operation or the decay of the dynamo. In particular,
sources of entropy can be identified due to diffusion Ej, by
ohmic dissipation E4, and by molecular conduction Eg.

In general, what can be calculated is the production
rate of entropy, large heat fluxes mean large production
rates of entropy. Each entropy sink could be expressed as:

. 1 1\dTe
Es = /pcp(TC ) i av, (18)
Eo - lmR LH(TIC—TC) 1 dT, (19)

t (@_ )T Te dt’

dp —dp)1c§
1
Eg =/ph(T——— (20)
EH=—/pRTH Deyy, (21)
_ Q%
Eg = T.’ 22)
_ QP _ dTC

Ep— ch /(XPT dt av. (23)
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In this way, the sum of sinks of entropy must be equal
to the production of entropy associated with each heat
source

E5+ER+EH+Eg+Ep=Ek+E¢+Ea (24)

In this expression, the entropy associated with the latent
heat has been added to the secular cooling.

In the case of the Earth, it is evident that the balance
of entropies in the core is enough to hold the dynamo. The
cooling process of the planetary core raises the question
about the ratio between energy sources and entropy sinks.
The equation (24) shows us the total entropy available to
keep the dynamo in action. In general, the terms related
to molecular conduction E, and to the pressure Ep, are
very small, so they need not be considered. Then, the avail-
able entropy production rate can be expressed as (Gubbins
et al. 2003; Nimmo 2009):

AE=E5+ER+EL+EH+Eg—Ek (25)

=ER +ET% _Ek'

Entropies Eg, E;, Ey, Eg, depend on the cooling rate of
the core dT/dt. Eg depends on the presence of radioactive
elements in the core and E; depends on the adiabatic pro-
file just at the CMB. E7 groups together all the terms that
depend on the core cooling rate. A high cooling rate or a
high radioactive decay increases the entropy available for
the dynamo, but a high adiabatic contribution reduces the
available entropy.

Now, given that the heats of pressure Qp and reaction
Qp are very small compared with other heat sources, these
can be ignored, and the equation for the energy balance
can be written again as:

dT.
dt’

Qcymp=Qs+Qp+Qr+ Qg =Qr +Qr (26)
Again Qp groups together terms dependent on the cooling
rate. By combining the equations (25) and (26), we can find
an expression that shows us the flux of heat through the
CMB thatis required to maintain a dynamo with an entropy
production rate E p:

Qcmp = QR<1 - &*)

TR (E +Ek)

@7)
where T = Qg/Eg. This is the equation of energy for a
planetary dynamo. In section 4 we will see how the differ-
ent models of thermal evolution make use of this equation.
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Figure 2. Modified local Rossby number Rol* as a function of the
combination pE~2/3Pr2/5pm=2/5 (implicitly ). This figure reproduce
the results showed in figure 8 in Aubert et al. (2009), but here in-
cluding numerical dynamos results from (Christensen 2011b)

3.4 Magnetic scaling laws

Properties such as dipole moment, surface intensity and
the intensity of the dipole component of the PMF of SEs,
can be scaled from the properties of the geodynamo.

Magnetic scaling laws explain the PMF in terms of
properties of the planet such as the core radius, conduc-
tivity and density of the core, rotation and convective en-
ergy flow (Christensen 2010). Scaled dynamos should be
similar and differ only in some specific parameters. This
means that the structure and evolution of Earth-like plan-
ets must be similar. The models of the thermal evolution of
SEs suppose this input. Scaling laws based on our knowl-
edge of the geodynamo provide a useful tool to estimate
the PMF of extrasolar Earth-like planets.

Numerical experiments suggest that the main proper-
ties of convective dynamos can be expressed in terms of
a power law of a modified Rayleigh number (Christensen
and Aubert 2006; Olson and Christensen 2006; Aubert
etal. 2009; Christensen et al. 2009). The properties that are
scaled include the convective heat Qconv, the radius of the
core R, the thickness of the liquid core D = R.-R;. and the
rotational frequency Q. Scaling laws are expressed using
the formulation of Aubert et al. (2009), where the proper-
ties of the dynamo are scaled in terms of the dimensionless
convective power density p,

QCOHV
= ——=——. 28
P= G0 (28)
Here, p, is the mean density and V the total volume
of the convection region. Two dimensionless parameters

are have used to characterize the properties of the dy-
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namo (Christensen and Aubert 2006; Christensen 2010):
the Lorentz number Lo and the local Rosshy number Ro;.
The Lorentz number is defined as (Aubert et al. 2009):

Brms
V ﬁc"lo‘QD

Byms = (1/V) [ B*dV, is the rms amplitude of the field in-
side the convective layer with volume V and y, is the mag-
netic permeability.

Because the inertia implies a scale length, while the
Coriolis force does not, Christensen and Aubert (2006)
have defined a modified Rossby number, the local Rosby
number Ro;, that depends on the length scale of the flow
rather than the thickness of the fluid shell and that is po-
tentially a better measure for the balance between inertia
and Coriolis force,

Lo = (29)

Rol - Urms

oL (30)

Urms represents the velocity of the convection and L ~ D/1
is the length scale. Assuming that the radial and horizon-
tal scales are more or less similar, Christensen and Aubert
(2006) estimate a characteristic value of the spectra of the
kinetic energy in function of the spherical harmonic de-
gree. The mean value of this harmonic, [, it is obtained
from the time-average kinetic energy spectrum. By defini-
tion, Ro; will be large when the convection is intense, the
length scale is small or the dynamo has a slow rotation.
On the other hand, when the dynamo has a fast rotation,
a large scale length or low convection, then Ro; will have
small values.

The scale relationships for Lo and Ro; have been
found from numerical experiments, covering a wide range
of physical properties and boundary conditions (Chris-
tensen and Aubert 2006; Christensen et al. 2009; Aubert
et al. 2009):

Lo = crof b, (1)
Ro; = _Ro, _ CRol pl/zE"lB(Pr/Pm)l/S. (32)

1+x)

fonm is the fraction of convective energy that is lost by
cause of the ohmic dissipation, y = R;./R. is the ratio
between the radius of the inner core and the outer core,
E = v/(QD?) is the Ekman number that describes the ra-
tio of viscosity to Coriolis forces, v is the viscous diffusiv-
ity and Pr/Pm = A/x is the ratio between the numbers of
Prandlt, which describes the ratio between thermal (1) and
magnetic (k) diffusivities. Ro; is a modified Rossby num-
ber (Christensen and Aubert 2006), which depends on the
size of the liquid layer. The relationship between Ro; and
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the convective energy p is shown in figure 2. The values
of constants ¢y, and cg,; are obtained by adjusting the re-
sults of numerical experiments for different boundary con-
ditions (Christensen 2010). Usually, the value of c;, for the
multipolar dynamos is smaller than for the dipole case.
The scaling law for Lo provides a simple way to scale
the Brms field with p, no matter what regime the field is in.
Using equations (29) and (31) we find an expression for the
magnetic field strength (Aubert et al. 2009):
Brms = CBfl/z (ﬁC}lo)l/zQDpl/3 .

ohm

33)

The exact value of the exponent of p is close to 1/3. Al-
though in general, the intensity of the field does not de-
pend on the rotation, the dipole component depends on
it by means of Rol” for all regimes: dipolar, reversing and
multipolar.

3.5 Dynamo Regimes

According to the energy spectrum of the field just in the
Core-Mantle Boundary (CMB), dynamos can be classified
into two groups: 1) Dipolar dynamos, in which the dipole
component is larger than the others and 2) Multipolar dy-
namos that possess a flat multipolar spectrum or a weak
dipole component. The dipolarity of the field f4;,,, is mea-
sured by calculating the ratio of the intensity of the dipole
in the CMB By;y, and the rms field strength Beyg, up to
harmonic twelve,

(34)

Dipolar dynamos have a dipole fraction fg;, > 0.35
(Aubert et al. 2009; Christensen 2010). If f4;, < 0.35, then
the dynamo is classified as multipolar. Another quantity
that can give us a measure of the dipolarity of the field is
the ratio by;, between the rms field strength Brms inside
the volume of the liquid layer, and the value of the dipole
component just in the CMB,

Brms

=, (35)
Bdip

bdip =

High values of by;, usually involve multipolar fields, al-
though in the numerical experiments have been found
dipolar fields with high values of bg4;,. On the contrary,
small values of b 4;, are only found in purely dipolar fields.

In the case of the Earth f4;,q, ~ 0.63, Bgjpq = 0.263
mT and B¢ypg = 0.42 mT (Olson 2007), which places our
dynamo among the dipolar ones. The value of by;, for the
Earth is not known, but the value of B;ms can be estimated
using, again, scaling laws. With the number of Elsasser,
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(2011b) repectively. Colored regions corresponds to the different
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which relates the Lorentz forces with the Coriolis forces,
a value of Bymsqy ~ 4 mT can be obtained (Roberts and
Glatzmaier 2000; Olson 2007). From there bg;,q, ~ 15.
Other models estimations made by Aubert et al. (2009)
and Christensen (2010) have found Byms ~ 1.5 mT and

Magnetic fields can be either, stable over time or, as in
case of Earth, have reversals of polarity (Amit et al. 2010).
In many cases the dipolar fields never present reversals
and in other times fields that have reversals are multipo-
lar. Sometimes the regimes overlap, showing fields that
are dipole-reversible (Kutzner and Christensen 2002; Ol-
son 2007).

Dipolarity and reversions define the field regime.
Christensen and Aubert (2006) have discovered that the lo-
cal Rosshy number is a good indicator of the field regime
(see figure 3). This has been checked by later works (Olson
and Christensen 2006; Aubert et al. 2009; Driscoll and Ol-
son 2009). Again, in the case of the Earth yg ~ 0.35 and
Ro;keB ~ 0.07. This places our geodynamo near the bound-
ary between the dipole-reversible fields and multipolar.

The regimes are separated by borders that overlap and
are limited by approximate values of Ro;. Dipolar fields
without reversals have Roj < 0.04. The transition between
dipolar and multipolar fields is in the range 0.04 < Ro; <
0.1 and depends on convective processes. In this region,
you can find all kinds of dynamos. Finally, the fields with
Ro; > 0.1 are clearly multipolar (see figure 3).
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4 The thermal evolution

TEM for Earth-like planets have been developed for
decades (Nimmo 2009). Specific TEM for SEs began to de-
velop with the works by Papuc and Davies (2008); Gaidos
et al. (2010); Tachinami et al. (2011); Driscoll and Olson
(2011), and Stamenkovi¢ et al. (2011). These TEMs predict
that SEs can develop long-term PMF.

The thermal history of a planet determines the flux of
heat from the interior, which provides the energy needed
to generate and sustain the PMF. A large heat flux produces
vigorous convection and a protective PMF. The intensity
of the field is directly related to the heat that leaves the
core and is transported through the mantle. For planets
in which a solid inner core is formed, the growth of core
and the cooling rate determine the heat flux. At the same
time, the heat flux from the core depends on the capacity
of the mantle to transport it out through conduction and
convection processes (Breuer et al. 2010). The sources and
amount of energy available to generate the field change
with time as the planet cools. The intensity of the field de-
pends essentially on the available convective energy Qconv
(Olson and Christensen 2006). The size of the convection
region plays a key role in this.

Other TEMs for Earth and terrestrial planets, and for
SEs, have been developed by Stevenson (2003); Labrosse
(2003, 2007a); Papuc and Davies (2008); Nimmo (2009)
and Breuer et al. (2010).

4.1 Core Thermal Evolution - CTE

GA10 used a TEM that we have called Core Thermal Evo-
lution (CTE). In this TEM, a planet is composed by a ho-
mogeneous, fully convecting Mg/Fe-silicate mantle that
surrounds a liquid/solid Fe core. They solved a third-order
Birch—Murnagham EOS for each component:

3

P= Ko - )1+ 24-K)1-x)],  G6)

where, x = (p/po)/3, po is density, Ko is the bulk modulus
and Kj, is its pressure-derivative at P = 1 bar respectively.

The adiabatic temperature profile in the CTE is:
T(r) = Teel®er/d]] (37)

where d is a thermal length scale evaluated at the center

of the planet:
d= /-2
2naopoG

cp and a are the heat capacity and thermal expansivity of
Fe in the surface, respectively. In CTE the density profile in

(38)
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the core is given by:

p(r) = peel eI, (39)
where L is a density scale length:
9Ky Pcen
=, /=———|1 1). 40
\/ZHGPOPcen ( " Po ' ) (40)

The values for the Earth of these two scales are d ~
6400 km and L ~ 7400 km respectively. These scales are
weakly dependent on planet size, so the values are the
same for SEs. On the other hand, if a inner core is grow-
ing, the temperature at the inner core boundary is the in-
tercept between the adiabat and the iron melting point T,
then, the solidus profile is:

o el 21300y,

7(r) = 1€ (41)

Here y = L?/d? is the Griineisen parameter.

Their dynamo predictions are sensitive to the prop-
erties of the core more than those of the mantle. In their
model the Qcony is obtained by solving the thermal equi-
librium equations for both, the core and the mantle, and
then the ohmic dissipation of the field is calculated from
the balance between the sources of entropy (radioactive
decay, secular cooling, sensible heat, latent heat and other
sources of buoyancy), and the heat sinks (heat conduc-
tion, ohmic dissipation and other sources of dissipation)
(Lister 2003; Labrosse 2003, 2007a; Nimmo 2009; Gaidos
et al. 2010).

GA10 solves the equilibrium equations for entropy
within the core. In CTE the condition for the maintenance
of convective motions in the liquid core, needed for the dy-
namo activity and sustenance, can be expressed as a bal-
ance between sources and sinks of entropy in the core (see
equation (25) for comparison):

@®+E =Ep+Es+Eg+E]. (42)

Since the amount of radioactive elements in the core
barely reaches a few tens of parts per million, GA10 disre-
gards the radioactive source of entropy, and the final en-
tropy balance is:

(D=E5+Eg+EL—Ek. (43)

They calculate @, and dividing by the core mass Mc,
they obtain ¢p = @/M, that is the entropy available per
unit mass and time. From magnetic scaling laws, PMF in-
tensity at the CMB is calculated in terms of the mean den-
sity of the core p, the outer R. and inner R;. boundaries
of the convecting zone (liquid core), and p = ¢ T/ [Q3(R. -
R;.)?] (see equation (28)), ¢ T is the available convective
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Figure 4. Evolution of the Geodynamo. Top to bottom: 1) Inner core
to outer core ratio. 2) Mantle potential temperature 64 (solid) and
temperature contrast across the CMB Acys (dashed). 3) Total sur-
face heat fluxes: Qu (solid), Qr (dashed), Qs (dot-dashed), Qcms
(dotted) and @T, is the convective power Qcony, available for the
dynamo action (dash-triple-dotted). 4) Average surface magnetic
field, the black dots are 606 measurements taken from the IAGA
paleointensity database (Biggin et al. 2009) and three recent mea-
surements in 3.45 Ga rocks form Herrero-Bervera and Valet (2009);
Tarduno et al. (2010). (Figure from GA10, with permission of the
author).
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Figure 5. Evolution of the average surface PMF of Earth-like planets
with plate tectonics and 7 = 288 K. Dynamos are assumed dipolar.
Top: planets with core masses between 0.5 and 1.5 that of Earth.
Bottom: planets with an Earth-size core but initial radiogenic ele-
ment abundances that are 0.5 or 1.5 the terrestrial case (heavy solid
line). (Figure from GA10, with permission of the author)

power per unit of mass and T is an effective dissipation
temperature:

Bc = a1/uopQ(Re - Ric)p”*. (44)

a, and b, are dimensionless parameters. (Aubert et al.
2009) find that a; = 1.65 and by = 1/3. This eliminates
the dependence of the PMF on the rotation rate Q:

Be ~ ai\/popl@3(Re - Ri)?]. (45)

On the other hand, the balance of heat sources in
GA10, that corresponds to the heat that flows through the
CMB, is expressed as:

Qcmp = Qs + Qp + Qg. (46)

Recall that the terms of the right depend on the core
cooling rate dT./dt. All this heat must be transported
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through the mantle to the surface of the planet. Basically,
this transport is given by conduction, although we know
that there is convection in the subsolid material, which
implies that the convection also helps to the extraction of
heat.

CTE describes the thermal evolution of planets with
masses between 1and 4.8 Mg, and assumes that the plan-
ets are rapid rotators. On the other hand, the model pre-
dicts the evolution of the PMF intensity based on the scal-
ing laws (Christensen and Aubert 2006; Aubert et al. 2009;
Christensen 2010). CTE combines the thermal properties
of the core, the formation and the growth of a solid inner
core, the properties of the mantle, the possible presence of
tectonic plates and the temperature on the planet surface,
to determine the emergence and sustaining a PMF.

An important result found by CTE is that only the plan-
ets with masses < 2.0 Mg develop a protective PMF. Plan-
ets with larger masses were not cooled enough to form a
solid inner core, that is fundamental for the support of the
convective energy and therefore the PMF. SEs with masses
M = 2.0Mg develop magnetic fields that decay and turn
off.

4,2 Mantle Thermal Evolution - MTE

The TEM of TA11 aims to calculate the lifetime of the PMF
in SEs. We have called this model the Mantle Thermal Evo-
lution (MTE). The authors emphasize the fact that there
are no observational data of internal thermal structures for
SEs. Their model finds that the lifetime of the PMF depends
on the planet mass and on the initial conditions and rheo-
logical properties. These conditions greatly affect the ther-
mal evolution of the planet.

In order to reduce the uncertainties in the parameters,
TA11 consider planets with a surface temperature Ts =
300 K and a mass ratio between the mantle and the core
of 7/3, just like Earth. They consider also planets within
the HZ in circular orbits, which prevents drastic changes
in the Ts. Other rheological parameters are calibrated us-
ing known values for Earth.

For heat transport through the mantle, they use the
Mixing Length Theory (MLT) modified for solid planets.
This theory was developed by Ludwig Prandtl at the begin-
ning of the twentieth century. This theory is adapted to the
conditions of the convection in the mantle including the
rheological properties. TA11 found that the PMF lifetime is
shorter for SEs than for low mass planets. The mechanism
that suppresses the dynamo in SEs is independent of that
in GA10, suggesting that SEs may be magnetically inactive.
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For the thermal evolution of the core, TA11 assume that
each point inside the inner core maintains the temperature
of solidification due to the low conductivity inside. The lig-
uid core possesses, just like in GA10, an adiabatic profile
of temperature, and a vigorous convection. The growth of
the inner core and the temperature in the CMB depends on
the energy sources within the solid and liquid cores. These
sources of energy are given as functions of the flux of heat
through the CMB.

According to their model, the initial distribution of
temperature directly affects the lifetime of the PMF. For
this reason, they calculate the profiles of temperature,
both, for core and mantle. MTE calculates the hydrostatic
stratification using equations (3) (see section 2) for pres-
sure and mass of the planet, and a Vinet EOS dependent
on pressure and independent of the evolution of tempera-
ture:

P - 3K, Ly‘zy el*-yl, (47)

where ¢ = 3/2(Kj - 1) and y = po/p. The adiabatic tem-
perature gradient in the outer core is given by:

9T _psyr

or Ks

where K; is the bulk modulus of the liquid core. With the
temperature profile, it is possible to calculate the radius
of the inner core of the planet, according to the tempera-
ture of melting that depends on pressure and composition.
Given a value for R;., MTE calculate the total energy budget
of the core as the sum of gravitational, latent and thermal
heats, all of them depending on r:

(48)

Ric R¢

Qs =- / 4P pic(Ngic(dr - / 4nr’pe(rge(ndr, (49)
0 R;ic
Q= LMic’ (50)
Rc
Qu, = / 477 p(Nep(NT(dr, (5)

0
where £ is the latent heat per unit of mass of the iron, £ =
1.2 x 10°] kg1, It is clear that the model of heat flux in
MTE is a simple one-dimensional flux in r.

TA11 put special attention on the role that the mantle
plays in the process of core heat extraction. We have al-
ready said that MTE uses a MLT modified for solid planets,
in order to calculate the energy transported by convection
through the mantle and the energy in the CMB. The heat is
transported through the mantle according to the transport
equation:

ey = an ()

- (52)
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Figure 6. Evolution of the surface PMF of planets with masses of 1-10 Mg, and the ~ 4.8 Mg planet CoRoT-7b. Absence of a line indicates
that the dynamo is inoperative. Dynamos are assumed dipolar. Heavy solid lines: Earth-like planets with plate tectonics and Ts = 288 K.
Light solid lines: a hot Earth with plate tectonics and Ts = 1500 K. Light dashed lines: Venus-like planets with stagnant lid, 10 times the
Earth’s mantle viscosity, and T; = 1500 K. Heavy dashed lines: a balmy Venus with T; = 288 K. For the case of CoRoT-7b, Ts = 1810 K,
assuming efficient redistribution of heat (Léger et al. 2009). The thick part of the CoRoT-7 curve spans the range of the system’s estimated
age (1.1to 2.3 Gyr). The bottom right-hand panel is the evolution of dynamos as a function of mass > 4 Mg and the two values of the surface
temperature.(Figure from GA10, with permission of the author)
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S CIRCONTES

k¢ and k, are thermal diffusion coefficients, for conductiv-
ity and convection respectively, (0T/9dr)s is the adiabatic
temperature gradient, and the terms inside the brackets
are conductive and convective fluxes respectively. Like-
wise, the model takes into account the production of heat
in the mantle by means of the radioactive decay of ele-
ments like K, Th, and U, and assume that the SEs have an
abundance equal to the Earth’s.

An important aspect of the MTE is the mantle’s viscos-
ity since it determines the efficiency in the heat transport
through the mantle. This is one of the least known param-
eters of the rheological properties of the planetary inte-
rior. TA11 adopt an Arrhenius-type formulation in which
the viscosity depends on pressure and temperature:

[ 1 (E*"'PV*)}é(l—n)/n

1
n(Py T)_f Bl/nexp nRT

5 (53)

where R, &, n, B, and E” are the universal gas constant, the
strain rate, the creep index, the Barger coefficient and the
activation energy respectively. One of the main parameters
in MTE is the activation volume of the mantle V", that de-
termines the dependence of the viscosity on pressure. In
the mantle, this can be increased by orders of magnitude
as the planetary mass increases. The gravitational heat is
released by thermal contraction. MTE assumed this as an
increase in the specific heat of the core. A temperature con-
trast between the CMB and the first convective layer of the
mantle is chosen AT¢yp = 1000 K. This reproduces the
Earth’s present condition.
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Finally, MTE define the lifetime of the PMF as a param-
eter that depends on a critical heat flux necessary for the
dynamo action:

oT
chit _ kc< CMB)s _ kcpgy

G
or Ky Lcus

(54)

The lifetime of the PMF is the period during which the flux
of heat from the core is higher than Q,i¢. Qconv is estimated
by solving the transport equations for the core and the
mantle. The difference between the total heat coming out
through the CMB and the amount of energy transported by
conduction is calculated. After solving the thermal trans-
port equations, MTE calculates the heat flux through the
CMB, Q¢up, the heat conducted through the CMB adiabat,
Qcond> and the radius of the solid inner core R;. as a func-
tion of time. In order to predict the intensity of the PMF
and its duration, the convective heat is:

Qconv = (Qcums — Qcona) X 47TR3 (55)

The MTE is applied to planets with masses between 0.1 and
10 Mg which have a mass ratio between the core and the
mantle similar to that of the Earth and are rapid rotators
with dipolar PMF. There are a couple of important results
from MTE:

1. The thermal evolution of the planet is strongly
linked to the viscosity of the mantle, which in turn
depends on pressure and temperature.

2. The intensity and duration of the PMF in this model
depends on the initial temperature profile character-
ized by A TCMB'

The temperature difference between the CMB and the
lower mantle is determined from the beginning of the his-
tory of the planet by the processes of accretion and differ-
entiation. If from the beginning there are very high values
of AT¢pyp, this will favor the emergence of an intense and
long-lived PMF. For example, if AT¢yp varies from 1000 K
to 2000 K, this difference increases the duration of the dy-
namo up to an order of magnitude for massive planets with
M>2M B

Both models, CTE and MTE give us the first descrip-
tion of the PMF generated by a dynamo for Earth-like ex-
trasolar planets. The results of CTE and MTE point more or
less in the same direction: SEs with masses < 2.0Mg seem
to have the best possibilities of developing long-term and
sustainable PMFs. This is one of the most important pre-
dictions arising from both models. MTE finds an important
effect in the thermal evolution related to the dependence
of the viscosity on the pressure as well as temperature, that
limits the mantle’s ability to extract the heat from the core.
This is especially important for massive planets.
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Both models use planets with unspecified but low ro-
tation periods, in the dipole regime. Both predict that the
density of magnetic energy and therefore the intensity of
the field do not depend heavily on rotation. We will see that
the rotation of the planet can be important when it comes
to determining the field regime (see section 5), especially
in the case of SEs that may be tidally locked.

In table 2 can be seen different configurations for CTE
and MTE. There, SEs within HZ were analyzed that have
surface temperatures of 288 K in CTE and 300 K in MTE
respectively, and that possess intense long-lived PMF. In
the case of CTE, the possibility of having tectonic plates
is included. The models must fit the values of the Earth
for planets with masses of 1 Mg, and must be consistent
with terrestrial thermal evolution. The time of appearance
of the Earth’s inner core must be accurately calculated.

4.3 Reference Thermal Evolution - RTE

ZU13 developed the Reference Thermal Evolution Model
(RTE), by combining the heat transport of the core and the
mantle. In this way is possible to have a more complete
idea of a planet’s magnetic evolution. As commonly ac-
cepted, ZU13 assumes that the main source of the PMF is
the action of a convective dynamo within the liquid core
(Stevenson 1983, 2003).

RTE implements different characteristics compared
with earlier works. The most important is a novel treat-
ment of mantle rheology. In this model new parameters
are used to describe viscosity. In addition, the density and
temperature profiles in the mantle are treated as for the
core, avoiding the isothermal approximation. RTE assigns
initial values to the temperature of the lower mantle and
core, which are among the most uncertain parameters in
the TEM, but uses a unified method to assign initial tem-
peratures to planets with different masses. Other models
assigned these temperatures arbitrarily (Papuc and Davies
2008), or as free parameters [TA11].

An acceptable TEM must correctly predict six funda-
mental properties of the PMF: 1) The total convective en-
ergy Qconv, 2) the convective heat flux gconv = Qconv/4mRZ,
both, 1) and 2) are necessary for the operation and amplifi-
cation of the PMF, 3) the radius of the solid inner core R;.,
4) the thickness of the convective layer D ~ R¢ — R;¢, 5) the
time in which the inner core appears t;.; and 6) the total
lifetime of the dynamo ¢y,

In order to know these quantities, RTE solve the en-
ergy and entropy balance equations that describe the heat
flux in both, core and mantle. A detailed description of the
physics on which the RTE is based can be found in the
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following works: Schubert et al. (1979); Stevenson (1983);
Nimmo and Stevenson (2000); Labrosse et al. (2001);
Labrosse (2003); Gubbins et al. (2003, 2004); Aubert et al.
(2009); Gaidos et al. (2010), and Stamenkovic et al. (2011).

RTE assumes the internal structure of the planet pro-
posed by Valencia et al. (2006), as composed of two well-
differentiated layers, chemically and mineralogically ho-
mogeneous: A mantle of rock made mainly by olivine and
perovskite and a core of Fe+Alloy. The mechanical con-
ditions inside the planet, i.e. Pressure P, density p and
gravitational field g, are calculated by solving Adams-
Williamson’s continuity equations, in addition to the equa-
tions of hydrostatic equilibrium (3).

RTE assumes boundary conditions for all masses:
p(r = Rp) = 4000 kg m™> and P(r = Rp) = O Pa. The
model makes use of an integrator RK4 and calculates con-
sistently both, the core radius R, and the radius of the
planet Ry. RTE uses the Vinet equation of state since this
predicts better the dependence of compressibility for the
typical pressures of the interiors of the SEs, i.e. 100-1000
GPa for M = 1 - 10Mg, (Valencia et al. 2006; Tachinami
et al. 2011). The model ignores thermal corrections for adi-
abatic compressibility i.e. Ks(p, T) = Ks(p, 300 K)+AKs(T)
(Valencia et al. 2006), as well as first-order temperature ef-
fects on the mechanical structure of the interior. However,
it does take into account effects produced by the phase
change within the core and mantle.

From the initial mantle temperature profile, RTE cal-
culates where the transition from olivine to perovskite oc-
curs using a linear function of pressure and temperature:
T = 400P - 4287 (Valencia et al. 2007b). This border be-
tween layers is assumed constant throughout the entire
evolution of the planet.

The thermal profile is used at each step of the integra-
tion to calculate the instantaneous radius of the solid core.
In the phase transition, it is assumed that the density of
iron changes as Ap = (ps —p;)/p;, ps (solid) and p; (liquid),
are computed using the Vinet equation. Ap is assumed to
be equal at all points within the solid core. Table 3 summa-
rizes the values of the physical parameters used by RTE.

4.3.1 Core Thermal Evolution in RTE

In order to calculate the thermal evolution of the core,
the energy and entropy balance equations must be solved
(Labrosse et al. 2001; Nimmo 2009):

Qcms = Qs + fic(Qg + Qp). (56)

(D:Es +fiC(Eg+EL)_Ek' (57)



204 —— P. Cuartas-Restrepo, Planetary Magnetic Fields and Habitability in Super Earths

DE GRUYTER

Table 2. Summary of results for the evolution of PMF for CTE (GA10) and MTE (TA11). For every mass and each pair of independent planetary
properties (tectonics and surface temperature, Ts in CTE, activation volume, V* and temperature contrast at CMB, AT¢y;s in MTE), there is
the value of three properties of the dynamo and the predicted PMF: t; (Gyr) is the time for the starting of the inner core nucleation, Bs(t,)
(uT) are surface magnetic field at a reference time taken as the present age of the Earth, 4.54 Gyr and t4y, (Gyr) is the lifetime of the dy-
namo. In the CTE stagnant lid (SL), as opposed to plate tectonics (PT) configurations, are not able to produce a dynamo for masses larger
than 1.5 Mg and are not included in the Table

CTE model (tic,Bs, t4yn)

MMg) Tectonics Ts
288K
Mg PT 2.8,90,>10 1.7,140,>10
SL 6.5,0,>10 5.9,0,>10
1.5Mg PT 4.4,20,>10 2.7,130,>10
SL - 6.5,0,>10
2Mg PT 6.8, 20,>10 4.2,90,>10
2.5Mg PT >10, 20,7 >10, 30, 6.4
3.0Mg PT >10, 20, 6.5 >10, 30, 10
4.0Mg PT >10, 20, 5.2
MTE model(tic,Bs, t4yn)
. ATcms

MM ) v 1000K 2000K 5000K 10000K
1.0Mg 3 m3 mol! 4,80, >20 6.5,110,>20 7.5,130, >20 7.5,130, >20

10 m3 mol™! 2.7, 80, 10 2.8, 80, 10 2.8, 80, 10 2.8, 80, 10
2.0Mg 3 m3 mol! 0, 90, >20 7,120, >20 8, 140, >20 8, 140, >20

10 m3 mol! 0,0,0.5 14, 100, >20 14, 100, >20 14, 100, >20
5.0Mg 3 m? mol™! 0,0,1 7.5, 130, >20 11, 160, >20 11, 160, >20

10 m3 mol™? 0,0,>20 >20, 0, >20 >20, 150, >20 >20, 150, >20

In RTE the contributions due to radioactive decay and Cc Ly (59¢)

pressure are negligible inside the core (Nimmo 2009). The
components of gravitational redistribution and latent heat
only exist in the case of a solid core are formed. If this
happens, RTE uses a factor f;. = 1 that becomes effective
whenever the core starts its process of solidification, other
way fic = 0.

Energy and entropy balances are functions of the tem-
perature profile: oT(r, t)/dt. The heat related to the re-
lease of light elements depends on the growth of the in-
ner core (Gubbins et al. 2004). The radial and temporal
dependence of temperature must be decoupled: T(r, t) =
fe(r)Tc(t), where T¢(t) is the time-dependent temperature
at R.. When these dependencies decouple, equation (56)
becomes a first order differential equation:
dT.

dt -’
M¢ is the mass of the core, Cs, Cg and C; are the bulk
heat capacities expressed as volumetric integrals, which
include the radial dependence of temperature fc(r):

Qcmp = Mc[Cs + fic(Cq + Cp)] (58)

Cs = -MLC / peydV (59a)

1
Cg = E/plpacCcCRdV (59b)

CL == @Tmyar- dT/dP)pgT.’

Both, core and mantle have adiabatic profiles of the tem-
perature (see equation (48)):

dI(r) _ p(Ng(nT(r)

dr Ks(r) yi), (60)

If an exponential adjustment is used for the density of the
core (Labrosse et al. 2001), then the adiabatic temperature
profile is approximately:

T(r, t) = Tc(t) exp (R%@—f) , (61)

where D = /3cp/2mapcenG is the adiabatic height, a
is the thermal expansivity that is assumed constant, and

Pcen is the density at the center of the planet. It can be seen
that Tc(t) = T(r = Re, t).

If this parameterization is used, the secular bulk heat
capacity Cs = Qs/(M. dT./dt) is:

i R% - )’2 2
Cs =-4m | p(r)cpexp 2 redr. (62)
0

Similar expressions can be found for Cg and C; from heats
Qg and Q; (Gubbins et al. 2004) and using the caloric ca-
pacities (59a...c).
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Table 3. Interior structure and thermal evolution model parameters

Parameter Definition Value Reference
Bulk

CMF Core mass fraction 0.325 -

Ts Surface temperature 290 K -

Ps Surface pressure 0 bar -

Inner core

- Material Fe (Valencia et al.
2006)

po, Ko, K(’), Yo, G, 6o Equation of state parameters 8300 kg m~3, 160.2 GPa, 5.82, 1.36, 0.91, 998 K (Valencia et al.
2006)

ke Thermal conductivity 40 Wm K (Nimmo 2009)

AS Entropy of fusion 118 j kg 1K™ GA10

Outer core

Po, Ko, K4, Yo, G, B0

o
Cp
ke
Kc
AS
€ad

&c

Material
Equation of state parameters

Thermal expansivity

Specific heat

Thermal conductivity
Thermal diffusivity

Entropy of fusion

Adiabatic factor for T.(t = 0)
Weight of T, in core viscosity

FE(o,g) FES(O,Z)
7171 kg m™3, 150.2 GPa, 5.675, 1.36, 0.91, 998 K

1.4 x1076 K™
850j kg 1K1
40 Wm™1K!
6.5x10°°m2s!
118 j kg1 K1
0.71
0.4

(Valencia et al.
2006)
(Valencia et al.
2006)
TA11
GA10
(Nimmo 2009)
(Ricard 2009)
GA10

Lower mantle

- Material perovskita+fmw (Valencia et al.
2006)

Po, Ko, K§, vo, g, 80 Equation of state parameters 4152 kg m~3, 223.6 GPa, 4.274, 1.48, 1.4, 1070 K (Valencia et al.
2006)

d,m,A, b, Do, myo  Viscosity parameters 1x1073 m, 2, 13.3, 12.33, 2.7x107° m2 571, 0.10039 kg mol™! (Stamenkovié

etal.2011)

a Thermal expansivity 2.4 x1076K? TA11

Cp Specific heat 1250 j kg K1 GA10

km Thermal conductivity 6 WmK1? GA10

Km Thermal diffusivity 7.5 x 1077 m2s7! (Ricard 2009)

AS Entropy of fusion 130j kg 1K™ GA10

Upper mantle
- Material olivine (valencia et al.

Po, Ko, K§, vo, g, 8o
B,n,E*, €
v

Cp
km
Km

XR

Equation of state parameters

Viscosity parameters
Activation volume

Thermal expansivity
Specific heat
Thermal conductivity
Thermal diffusivity
Potential temperature

Radiactive heat correction

3347 kg m=, 126.8 GPa, 4.274, 0.99, 2.1, 809 K

3.5x 1075 Pa~"s71, 3, 430x10% jmol~!,1x 1071 571
2.5 x107¢ m3 mol™!

3.6 x1076 K1
1250 j kgt K
6Wm1K!
7.5%x107 m2s!
1700 K

1.253

2006)
(Valencia et al.
2006)
TA11
(Stamenkovié
etal. 2011)
TA11
GA10
GA10
(Ricard 2009)
(Stamenkovic
etal. 2011)
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Table 4. Symbols and quantities.
Symbol Meaning Notes
Acronyms
CMB Core Mantle Boundary
PMF Planetary Magnetic Field Surface magnetic field
CoMF Core Magnetic Field
CTE Core Thermal Evolution Model GA10
MTE Mantle Thermal Evolution Model TA11
RTE Reference Thermal Evolution Model ZU13
HZ habitable zone (Kasting et al. 1993)
Planetary Properties
Rp Planetary radius, R, = 6371(M/Mg)0-26° km, (Valencia et al.
2006)
R. Radius of the core, R = 3480(M/Mg)0-243 km, (Valencia et al.
2006)
P, Average core density, p, = 1.1 x 104(M/Mg)%-2"! kg m~3, (Valencia et al.
2006)
0,7 Rotation rate, period of rotation, T = 2/ Q rad s, days
Rics X Radius of the solid inner core, x = Ric/Rc km
D Vertical height of the liquid core, D = R, - R;¢ km
% Volume of the dynamo region, V = 4/3m(R2 - R3) km3
Dynamo Properties
Qconv Total convective power Ws1
p Total convective power density Adimensional
Lo Lorentz number, Lo ~< Epqag »1/2 Adim., (Christensen and
Aubert 2006)
Ro Rossby number, Ro ~< Ey;, >/2 Adim., (Christensen and
Aubert 2006)
Ro, Local Rossby number, Ro; ~< I, >< Eyjn >1/2 Adim., (Christensen and
Aubert 2006)
fonm Fraction of ohmic dissipation Adim., (Christensen and
Aubert 2006)
Magnetic Field Properties
Brms rms amplitude of the magnetic field inside the convecting shell uT
Ed;p Dipolar component intensity of the core magnetic field uT
B aip Dipolar component of the PMF, B; 4ip = Bgip(Rc/Rp)* uT
faip Dipolar fraction of the core magnetic field, faip = Baip/Bcms Adim., (Christensen and
Aubert 2006)
baip Ratio between the rms strength of the field
and the dipolar component at the CMB, by, = Brms /Edip Adim., (Christensen
etal. 2009)
tic Starting time for the inner core nucleation Gyr
taip Dipolar lifetime Gyr
tsw Dipolarity switch time Gyr
tayn Dynamo lifetime Gyr

The total heat released by the core that flux through
the CMB is obtained using the boundary layer theory
(Stevenson 1983). Q3 is given by (Ricard 2009):

Qcump = 4R ki AT cppNuc, (63)

where k;,,, is the thermal conductivity of the lower man-
tle, ATcyp = T¢ — Ty is the temperature difference just
in the CMB, T}, is the temperature of the lower mantle
and Nuc ~ (Rac/Ra«)'/3 is the Nusselt number for the
core (Schubert et al. 2001). RTE assumes a critical Rayleigh

number Ra« = 1000. The Rayleigh local number Ra. in the
CMB is calculated assuming that the heat comes from be-
low (Ricard 2009),

_ P8 aATeysRy - Re)
KcNc ’

Rac (64)

where g is the gravitational field, k. is the thermal diffu-
sivity and 7 is the dynamic viscosity, all averaged within
the liquid core.
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In order to calculate the average viscosity in the liquid
layer, RTE uses the pressure in the CMB and weighted aver-
age temperature (average value between the temperature
of the core and the temperature of the lower mantle):

Tnc = {CTC +(1- fc)Tlm: (65)

where é; ~ 0.4 is a parameter that reproduces the values
for the Earth.

Now, for the formation and growth of the inner core,
the temperature profile must be compared with the solidi-
fication temperature of the iron at each step. Lindemann’s
law is used to calculate the temperature of the solidus for
Fe+Alloy (Labrosse et al. 2001):

ologTt
ologp

=2[y-6(p)l, (66)
where 6(p) ~ 1/3 and 1 is the temperature of solidifica-
tion. To integrate this equation, RTE used the density pro-
file and take values of density, pg = 8300kg/m3 for pure
iron, and temperature 7o = 1808 K. Temperature at the
center T(r = 0, t), and the solidus 7(r = 0), are compared
step by step. When T(0, t;.) = 7(0), t;, solidification ini-
tiates, and the inner core appears. Then sources of latent
heat and light elements release are turned on (see equa-
tions (56) and (57)) and the integration is continued.

The radius of the inner core at any time t > t;, is cal-
culated by solving the following equation (Nimmo 2009;
Gaidos et al. 2010),

D? 1 dT.

dRic 1.dT.
dt  2Ri(A-1)T. dt’ ()

where A gives the relative slopes of the solidus and adiabat
measured in R;. (see equation (7) in Nimmo (2009)). When
the material cools below a certain temperature, the outer
layers of the core begin to stratify. This effect can be intro-
duced in the calculation by correcting the radius and tem-
perature of the core at each step. When stratification be-
gins, the actual radius of the core is reduced and the tem-
perature on its surface increases (GA10). Stratification of
the core reduces the thickness of the convective layer and
intensifies the PMF.

Recall that the calculation of the properties of the PMF
requires to know the available convective heat Qconv,

Qconv = DT¢. (68)

When Qconv becomes negative, convection can not trans-
port sufficient energy through the liquid core and the dy-
namo turns off. At this point, the integration is completed
and we obtain the lifetime of the dynamo t4,,,.
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4.3.2 Mantle Thermal Evolution in RTE

The balance of energy within the mantle can be expressed
as:

Qm = XrRQprm + Qsm + Qcup- (69)

Qm is the total heat transferred through the mantle outside
the planet, Qg,, is the heat released by the radioactive de-
cay inside the mantle and Qg,, is the secular heat due to
cooling of the interior layers in the mantle. The radioactive
heat is calculated using the expressions and parameters
proposed by (Kite et al. 2009). Due to the inhomogeneity
of the distribution of radioactive elements in the mantle,
RTE introduce a factor yg = 1.253 that fits the values for
the Earth and the same value is assumed for SEs.

Secular heat is calculated using equation (11). As in
the case of the core, the radial fin(r) and temporal Tr/(t)
dependence of the temperature are separated to facilitate
the integration of the energy equation. It is assumed that
the radial temperature profile does not change during the
thermal evolution of the planet. Inside the mantle T(r, t) =
Tm(t)fm(r). Here, Tm(t) = T(r = Rp, t) is the temperature of
the upper mantle, just below the surface of the planet (see
figure 9). RTE assumes an adiabatic temperature gradient
across the convective mantle and an exponential adjust-
ment for density. The scale of height of mantle temperature
Dum, related to the density height scale Ly as D2, = L2,/y
(Labrosse 2003), is obtained by fitting the density profile:

Ry - 1?
D2, ’

RTE takes values of the density at the borders of the mantle
and estimates analytically the value of L, and Dy,. The en-
ergy balance is completed when you get Qn, on the surface
of the planet as a function of T.

The presence or absence of tectonic plates can play
an important role in the efficiency of heat flow through
the mantle. For mobile plates, RTE assumes that the upper
mantle layer is completely convective and uses the bound-
ary layer theory to calculate Qn, for the case where Mobile
Lids (ML) are present,

(70)

fm(r) = exp <

v AR kmATmNum

ST Ry-Re 7

here ATy, = T — Ts is the temperature difference across of
the surface frontier of the planet (SB) and T is the surface
temperature which is assumed to be Ts = 290 K.

Neither, the internal structure and the thermal evolu-
tion, are sensitive to the value of surface temperature, in
fact, the properties are basically the same for a tempera-
ture range between 250-370 K.
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Figure 9. Schematic representation of the planetary interior. The temperature profile depicted below the slice does not use real data. Dis-
tances and sizes are not to scale. (Figure from ZU13, with permission of the editor)

In the case of mobile plates the Nusselt number for
the mantle Nuy,, defined as the average heat flux at the
top of the lid normalized to the conductive heat flux across
the layer, is also related to the Rayleigh number. RTE cal-
culates Rayleigh’s local number assuming that the mantle
material is heated from inside [GA10],

agp’H(Rp - Rc)®

, 72
kamrlm (72)

Ram =
where H = (Qg + Qcyp)/Mm is the heat density within the
mantle, kp, is the thermal conductivity, xm is the diffusiv-
ity and nm is the viscosity of the upper mantle. When no
moving plates are present (Stagnant Lids, SL), the SB be-
comes a rigid boundary for heat flux (Nimmo and Steven-
son 2000) and the heat can be approximated as:

QSt = 4nr2km (PS4 " s (73)
P2 \ kmnm ’
r= 7_‘12;"’17’”). (74)

Since Qn is estimated independently, the energy balance
for the mantle can be described as an ordinary differential
equation that depends on Tr,

darT
Qm = XrQr + Qcump + Cmditm’ (75)

where Cp, is the heat capacity of the upper mantle, ob-
tained from an expression equal to the equation (62).

4.3.3 Initial Conditions in RTE

By solving equations (58), (67) and (75), this implies defin-
ing some initial conditions. The temperature of the upper
mantle, T (t = 0) (Stamenkovic et al. 2011) is found by in-
tegrating the adiabatic equation up to an average pressure
inside the mantle (Pn,),

()
Tu(t = 0) = Bexp / P (76)
S
0

6 = 1700 K is the potential temperature, assumed equal
for all planetary masses. The initial value of the core’s tem-
perature Tc(t = 0), is one of the most uncertain parameters
in TEM since it depends on the history of the formation of
the planet. Some assume that the initial temperature is the
same order of the melting temperature of silicates in the
lower mantle. More complex models (Papuc and Davies
2008) suppose a dependence of mass for Tc(t = 0).

The difference of temperature through the CMB can be
assumed of the same order of the difference between lower
and upper mantles, AT, 4, since the heat released by the
core through a temperature gradient AT ¢y is then carried
by the mantle with a gradient AT,4,. For the case of the
Earth,

Tc(t =0) = Ty + €4apAT qap> @7

where €,4, = 0.7 is a free parameter. In these conditions
Tc(t = 0) is close to the melting temperature of the per-
ovskite at the pressure of the CMB.
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4.3.4 Rheological Model

The greatest source of uncertainty in TEMs is the value of
the rheological properties of silicates and iron at high pres-
sures and temperatures (Stamenkovi¢ et al. 2011; Tachi-
nami et al. 2011). RTE uses two models to calculate viscos-
ity over a wide range of pressures and temperatures. For
the lower mantle, RTE used the model of Nabarro-Herring
(Yamazaki and Karato 2001),

Red™ 10 b, T)exp (7” Tm;“(P )). (78)
1

rlNH(P, T) = m

Here Rg = 8.31 Jmol ! K! is the gas constant, d is the
size of the grains and m is the exponent of growth, A and
b are free parameters, Dy is a diffusion coefficient, m,,,; is
the molar density and T,,,;;(P) is the melting temperature
of the perovskite (Stamenkovi¢ et al. 2011). The Nabarro-
Herring expression allows to calculate nc = nyg(Tye),
where T is the temperature of the layer.

The upper mantle has a different mineralogy, and
pressures and temperatures are smaller, so an Arrhenius-
type model for non-Newtonian fluids is used to estimate
the viscosity (Ranalli 2001; Tachinami et al. 2011):

L (BB oo (79

1
na(P, T) = E[Bl/n nRgT

where € is the strain rate, n is the creep index, B is the
Barger coefficient, E” is the activation energy and V' =
2.5 x 107° m® mol~! is the activation volume of the upper
mantle [TA11]. From this, the viscosity of the upper mantle
is nm = Na((Pm), Tup).

Table 3 summarizes the parameters used by RTE that
fit the properties of the Earth. The parameters used for the
stagnant lid case are those suggested by GA10, which re-
produce the properties of Venus. Figure 10 shows the RTE
results applied to planets with masses 0.5 - 4.0 M.

Normally the TEMs contain uncertainties in many crit-
ical parameters. ZU13 did a sensitivity analysis of the
model, by changing the values of five of the most impor-
tant parameters:

— The core mass fraction, CMF: This parameter is
determined by the Fe/Si ratio of the planet that it
is fixed at planetary formation. Its value could be
altered by exogenous processes like planetary im-
pacts, as the one that formed our moon. RTE uses the
Earth’s value CMF = 0.325 and assumes that SEs are
dominated by a silicate-rich mantle. As a compari-
son, Mars has a CMF = 0.23 and the value for Mercury
is CMF = 0.65, Mercury could have lost a significant
fraction of its mantle probably by a large impact. The
CMF determines the size of the core and the thermal
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properties of the convective shell where the PMF is
generated. RTE take two extreme values: CMF = 0.23
(a Mars-like core) and CMF = 0.43 (an iron-rich core).
Planets with larger cores have low-pressure olivine
mantles and the rheological model becomes unreli-
able.

— The initial temperature contrast at the CMB:
ATcpyp is one of the most uncertain properties in
TEMs. The initial core temperatures would be de-
termined by random processes during the assembly
and differentiation of the planet. To fit the thermal
history of the Earth, RTE set €4 = 0.7 and ap-
plied the same value to SEs. They varied this param-
eter between 0.6 and 0.8. Their analysis provides the
magnitude and sign of the effect that this parameter
has in the dynamo properties.

— High-pressure viscosity rate coefficient, b: Rhe-
ological properties of silicates inside the mantle are
one of the most uncertain aspects of TEMs. They crit-
ically determine the amount of heat that could be
transported out of the planet. RTE found that the vis-
cosity of the lower mantle (perovskite) is the most
important source of uncertainties in the TEM. Equa-
tion (79) strongly depends on temperature and pres-
sure and the parameter controlling this dependence
is the “rate coefficient” b. RTE used b = 12.3301
to reproduce the thermal properties of the Earth. To
study the impact of b in TEM, RTE varied it in the
interval 10 — 14.

- Iron thermal conductivity, k.: This parameter con-
trols the amount of heat coming out from the core.
RTE used kc=40 Wm™K™! that fits the thermal evo-
lution history and present magnetic field of the
Earth. Although recent first-principles analysis sug-
gest that values as large as 150-250 Wm™'K™! could
be common at Earth’s core conditions (Pozzo et al.
2012), RTE varied k. between 35 and 70 Wm ™ 'K ™.

- Griineisen parameter for iron, yo.: This is one
of the most critical parameters of the EOS, espe-
cially under core conditions. It affects the mechan-
ical structure, temperature profile and phase of iron
in the metallic core. RTE used the reference value
Yoc=1.36 that fits the values of the Earth. Griineisen
parameter values have been found in the range of
1.36-2.338. RTE valueis at the lower end of this range,
so RTE recalculated the model for a larger value of
2.06.

Other uncertain parameters such as the critical
Rayleigh number, have also been studied (Gaidos, E. 2011).
The TEM is insensitive to such uncertainties.
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Figure 10. Thermal evolution for Earth-like composition (CMF = 0.325) using the RTE. Upper panel: convective power flux Qcony. Middle
panel: radius of the inner core R;.. Lower panel: time of inner core formation (blue squares) and dynamo lifetime (red circles). In RTE the
metallic core is liquid at £ = 0 for all planetary masses. Planets with a mass M, < 2.0Mg, develop a solid inner core before the shut down of

the dynamo. The core of more massive SEs remains liquid at least until the dynamo shut down. (Figure is taken from ZU13, with permission
of the editor)
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Planetary composition, CMF, and 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 mo-
ments. 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 ~ R2. Planets with
a 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.

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 SEs.
A low viscosity lower mantle will favor the extraction of
heat from the metallic core increasing the convective en-
ergy available for dynamo action. On the other hand a vis-
cous lower mantle will delay the formation of a solid inner
core and extend the lifetime of the dynamo.

The effect of the Griineisen parameter under core con-
ditions is negligible, at least on what respect to the PMF
strength and lifetime. Only the time of inner-core forma-
tion is strongly affected by changes in this parameter. In
planets smaller than Earth, inner-core solidification can
be delayed up to three times. On the other hand, with a
larger Griineisen parameter, SEs could get a solid inner-
core very early in their thermal histories.

A larger initial temperature contrast across the CMB
implies a larger initial temperature at the core. Although a
hotter core also produces a larger amount of available con-
vective energy, the time required for iron to reach the solid-
ification temperature is also larger. The dynamo of planets
with M, < 2Mg, and hot cores (large €,qp) is weaker than
that of more massive planets during the critical first cou-
ple of gigayears. Planets with a colder core develop 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 > 2Mg, the condition for an
inner core formation is never reached 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 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 mag-
netic moments and a reduced magnetic protection.

Thermal conductivities affects the results of the TEM
less. Besides the case of massive planets where differences
in the order of 10-30% in the magnetic properties are found
when k. varies, the magnetic properties calculated with
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RTE seem very robust against variations in these two prop-
erties. However, it should be mentioned that this result ap-
plies only when a standard value of k. is assumed.

TEMs, scaling laws of dynamos, stellar winds and
magnetospheric evolution are all necessary ingredients
to analyze the magnetic protection of SEs. There are two
quantities that characterize the global magnetic properties
of SEs: 1) the average of the surface dipolar component of
the PMF, Bavg and 2) the total time T, spent by the dy-
namo in the dipolar dominated regime. Intense PMFs with
strong dipolar components (Stadelmann et al. 2010), are
better to protect planets against stellar winds or CRs. Large
values of Bayg, irrespective of the dynamo regime, are con-
sistent with planetary habitability. The long-term preser-
vation of water and other volatiles in SEs atmospheres and
the development of life would require long-lived protective
PMFs, i.e. large values of Tg;,. Intense and protective PMF
in the early phases of planetary and stellar evolution will
be also suited for the preservation of an atmosphere.

The RTE model is based on three main hypothesis: 1)
the thermal evolution models by GA10 and TA11 provide
global robust features of the thermal evolution of SEs, 2)
the scaling laws fitted with the numerical dynamo exper-
iments can be extrapolated to real planetary dynamos, 3)
the local Rossby Number could be used as a proxy for dy-
namo regime.

It is important to solve a complete model including
a rigorous treatment of convection in the mantle, as was
done in MTE, but also taking into account a detailed model
of the structure and entropy balance in the core as done
by CTE. The RTE model tries to look for this more complete
model. 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,
~ 2 Mg beyond which conditions to develop strong and
long-lived PMF decline; 2) the formation of a solid inner
core is favored in the case of ~ O(1)Mg, planets.

Hypothesis (2) is still studied in models of planetary
dynamos (Christensen 2010). Although the application of
numerical scaling laws to planetary dynamos have had
some success (Olson and Christensen 2006), higher resolu-
tion in numerical experiments aimed at exploring a wider
region of the parameter space is required to confirm or re-
ject this hypothesis. Further advances in the understand-
ing of how non-dipolar dynamos behave will also be re-
quired to support the procedure devised in RTE to estimate
the PMF intensity.

Hypothesis (3) is based on numerical results (see fig-
ure 3). From numerical parametric studies (Sreenivasan
and Jones 2006) it is known that dipolarity decreases with
the increase of the ratio of inertial to Coriolis forces. Chris-
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tensen and Aubert (2006) identified a critical value for
Roj that has been confirmed by more studies performed
by Aubert et al. (2009); Driscoll and Olson (2009) and
Christensen (2010). Less clear are the properties of the dy-
namos between the dipolar and multipolar regimes, like
the Earth’s dynamo that lies in this regime. Driscoll and
Olson (2009) discussed the relationship between the rever-
sal history of the Earth’s dynamo and the unknown prop-
erties of the transitional region between dipolar and mul-
tipolar regimes. An interesting question remains: why is
the Earth’s dynamo so close to this boundary? The scaling
law for Ro; could shed light into this. It is noted that the
particular thermal history of our planet does not affect to
alarge extent the order of magnitude of Ro;. One or two or-
ders of magnitude variation in p are not enough to change
the order of magnitude of Ro;. This quantity is more sen-
sitive to the rotation and the core radius of the planet. The
rotation of the Earth has been of the same order since the
formation of the planet (Denis et al. 2011). The core radius
is mainly determined by the (Fe/SiO) ratio, a quantity that
is not well known, even for the Earth.

RTE assumed that planetary properties very similar
to Earth. GA10 studied the modifications to this model as
the case of planets with a different relative core size. GA10
found that an increase in core size (a larger (Fe/SiO) ratio)
essentially has two effects: 1) an earlier nucleation of the
solid inner core and 2) an increase of the surface PMF in-
tensity. The latter effect is mostly due to the smaller atten-
uation of core field and not to a noticeable modification
of the convective power density. A different core size for
RTE results in two important conclusions: 1) the predicted
maximum dipolar component of the PMF 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 the convective power p, the Ro; will not
change so much.

The RTE model predicts the thermal histories of plan-
ets with masses in the range of 0.5 to 6.0 Mg. Then ap-
plying dynamo scaling laws, the model predicted the mag-
netic properties of SEs inside the HZ and its evolution de-
pending on time, planetary mass, and rotation.

5 The role of rotation

Summarizing up to this point, it can be said that by using
TEM and scaling laws, it is possible to restrict the proper-
ties of the PMFs of SEs. The works of GA10 and TA11 fo-
cussed on planets with low rotation periods and dipolar
dynamos. The work of ZU13 also includes the effect of ro-
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tation in order to determine the regime of the PMF and its
properties for planets which have both, dipolar and multi-
polar core magnetic fields (CoMF).

5.1 Rotation and the CoMF regime

To predict the evolution of the CoMF, and the intensity of
the PMF, be required at least an expression for the local
Rossby Number as a function of time, mass, and rotation.
Replacing the available energy density p and using E =
v/(QD?), we found that:

Roj = crorx [QE 27D V)] (80)

% {v‘lBQl/BDZB} < (A/K)l/s.

Qconv and y = R;./R. are obtained from TEM. With the
value of , it is possible to calculate D = R¢(1 - y) and
V = (4m/3)R3(1 - x?). The radius of the core and the
average density for SEs are scaled as Rc o« Mp2*® and
P, o< Mp-?" (Valencia et al. 2006). Rotation is expressed
in terms of period Q = 271/P. We have:

Ro(t,M,P)=C [ﬁ;”GR;“/ 6} (81)

<[ -7 - Py <,

Here the quantities that depend directly on the mass (left
bracket) are separated from those that depend directly on
time and indirectly on the mass (right bracket). The depen-
dence on rotation is included in the term P”/¢. C depends
on the viscosity of the core. The thermal and magnetic dif-
fusivities are considered constant and independent of the
planetary mass. C takes a value such that a planet with
1 Mg, at atime t = 4.54 Gyr, with rotation P = 1 day, has
avalue of Roj(t = 4.54 Gyr,M = 1 Mg, P = 1day) = 0.07
[ZU12].

Planets with large periods (slow rotators) have large
Roj values and their PMF tends to be multipolar. Dynamos
created from a fully liquid core (y = 0), have low Ro;
and tend to be dominated by the dipole, even for differ-
ent periods of rotation. In this case, the absence of com-
positional and latent heat make the convection, and thus
the PMF, much weaker. For constant convective energy, the
most massive planets will have smaller values of Ro; and
its PMF will tend to be dipolar.

5.2 Scaling the PMF intensity

To calculate the intensity of the CoMF, Qcony and D =
Rc(1 - x) are provided by TEM. Having b;, and Brms, the
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intensity of the dipolar component at the CMB can be cal-
culated as,

- 1 —
Bip = b Cof g/ PcHoQDP'
_ 1 F 1y [g1/6R=2/3
= D Cp fohmyox pc c
dip
< Q-0 -

Here D and V were substituled by terms of R. and y. For
rapid rotators bg;, ~ 1 and By, ~ Brms. This is the ap-
proximation used by GA10 and TA11 to calculate the PMF
intensity. This approach is not always valid. The values
of by, for numerical dynamos (Christensen and Aubert
2006; Aubert et al. 2009; Christensen 2010), vary over a
wide range for both regimes [ZU12]. It is possible to deter-
mine a minimum value of fj”ig‘ as a function of the dipolar
fraction of the field,

(82)

bl = Chaipfaip» (83)

where cpgip ~ 2.5 and a ~ 11/10 are adjustment pa-
rameters. This restriction allows us to calculate a maxi-
mum value for the dipolar field in the CMB directly from
the equation (82), by replacing b, as bg"l-;”,

C
L(_) f;iylo V fonmMo

Chdip
< [pHoR7] x [ -0 (1 -]

CLo is a constant coefficient related with the Lorentz num-
ber and has values that depends on the regime of the dy-
namo. In the multipolar case, f4;, < 0.35 and ¢z, ~ 1.0,
in the dipolar case, fg;, > 0.35 and ¢z, ~ 0.6, 1, depends
implicitly on f4;, and in the minimum value of bfi"ig' [zU12].

Here we see how fy;,, and b;;, do not adopt unique val-
ues for a dynamo in a given regime. Moreover, their values
are restricted above and below respectively. This allows us
to restrict the value of the dipole component of the CoMF.

After estimating the value of Ro, for a dynamo with a
given period of rotation, it is possible to calculate the maxi-
mum value of fy;,, that the dynamos could reach that value
of Rof (see figure 3). With this value, it is possible to cal-
culate the maximum value of the dipole component of the
CoMF, at a certain time t, calculated as follows:

= —max
Baip S Baip =

1. Using the thermal evolution model find Qcony(t) and
X@).

2. Compute Ro; using eq. (81).

3. Using Ro; compute the maximum value of faip as
given by an envelope to numerical dynamo results
in the fg;, - Roj space (see dashed line in figure 3).

4. Using f4;,, compute the maximum dipolar com-
ponent of the CoMF, E;ni;x using eq. (84). Values
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adopted for c;, are ~ 1 for dipolar dynamos (fg;, >
0.35) and = 0.6 for multipolar dynamos (fg;, <
0.35) (Aubert et al. 2009; Christensen 2010).

With the maximum intensity of the dipole component of
the CoMF and assuming a non-conductive mantle, it is
possible to estimate the value of the PMF at the surface of
the planet. If the CoMF is dipolar, then the surface field
scales as (R¢/Rp)>. If, on the other hand, the CoMF is
multipolar, the PMF properties on the surface can not be
known so easily.

Suppose we have a dipole field in the CoMF, our inter-
est is to analyze the properties of a protective PMF, which
depends fundamentally on its dipole component (Stadel-
mann et al. 2010). Under this condition, the maximum
dipole component of the PMF E:T%, can be calculated as:

—max —=max ( R 3
B, dip = Baip <R7;> . (84)

5.3 Evolution of the rotation period

The long-term evolution of the period of rotation of a
planet depends on aspects such as the dynamic condi-
tions, the impacts suffered during the formation process,
the internal processes of the planet that redistribute the
material and the gravitational interactions with its star
and other planets in the system, in addition to the possible
action of moons, if present (van Hoolts 2009).

To understand the long-term variations of the rotation
period two scenarios must be taken into account: 1) The
case in which the period is constant P,, that would be
the case of planets tidally locked or those that retain their
prime periods; 2) A steady increase in the period of rota-
tion, which would be the case of planets affected gravita-
tionally by its star, a moon or other planets. RTE assumed
a simple linear variation of the period [ZU12],

P(t) = Py + Po(t - to). (85)

P, is the the rotation period at t, and P, its the rate of vari-
ation respectively. For an Earth-like planet it is assumed
to = 4.54 Gyr, P, = 24 hand P, ~ 1.5 h Gyr*. These val-
ues are compatible with a primordial rotation of P(t = 0) =
P;,i = 17 h (Varga et al. 1998; Denis et al. 2011).

The Ro; evolution is calculated using the equation
(81), Qconv(t) and x(t) are obtained from CTE and MTE (see
table 2). Figure 12 shows the results for different planetary
masses assuming P, = 1 d, for both cases, constant and
variable period, respectively. CTE and MTE obtain differ-
ent results. This is mainly due to the value and evolution
of p for both models (see figure 11).
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Figure 11. Evolution of the convective power density p in CTE (solid lines) and MTE (dashed lines) for two different planetary masses 1.0
and 2.0 Mg p is one order of magnitude larger in MTE and falls faster than in the CTE model due to differences in the estimations of the
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Figure 12. Evolution of the local Rossby number computed from selected results for CTE and MTE. Solid curves correspond to constant pe-
riod of rotation, dashed lines correspond to a variable period. Earth-like values were assumed, i.e. P,=1d. For variable period of rotation
(dashed lines) dP,/dt =1.5 h Gyr~. Shaded regions corresponds to dynamo regimes

For CTE, p comes directly from the dissipation of en-
tropy within the core. In MTE p is limited by the amount of
heat extracted from the core through the CMB. Because of
this, p is one order of magnitude greater in MTE, and also
grows more quickly with the planetary mass. The energy
flux through the CMB decays more rapidly in MTE than the
energy dissipated by entropy in the core for CTE. This ef-
fect produces a long-term reduction in p, especially for low
mass SEs.

There is an evident change in the evolution of Ro; that
happens when p jumps abruptly just after the solidifica-
tion of the inner core begins at t;.. In CTE, p shows a big
increase due to the renovated convection, resulting from
the release of light elements and latent heat, in addition
to the reduction of the thickness of the convective layer. In
the case of MTE, the increase of p is mainly due to the re-
duction in the thickness of the convective layer. The heat
flux through the CMB that determines Q¢onv, is not as sen-
sitive to the new sources of entropy.
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Figure 13. Lifetime of the dipolar dominated CoMF in CTE obtained from the analysis of the Ro; 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 rota-

tion periods of low mass planets (M < 2 Mg) in three categories

5.3.1 Rotation in the CTE

Figure 12 shows how Ro; varies over time, in a similar man-
ner to p. With variable rotation periods, an interesting ef-
fect is shown, as p and D decreases, Ro; increases rapidly.
It can be seen that the minimum value of Ro, corresponds
at the moment when the nucleation begins in t;.. On the
other hand, the beginning of the formation of a solid core
establishes the transition from the dipolar to the multipo-
lar field regime.

For massive SEs, in which an internal core is not
formed, Ro; continues decreasing until the dynamo turns
off. This makes the planet unable to establish a dipolar
CoMF, especially if the period of rotation continues in-
creasing.

Planets possessing a constant rotation period P <
Pyt = Po(0.1/R0} :.)%/7, could develop a dipolar COMF
at some epoch [ZU12]. There is a critical value for the ro-
tation period P,,,; from which the CoMF becomes multi-
polar. For planets with M < 2.0 Mg, the critical value
of the rotation period is Pp,,; ~ 4 - 9 days. For SEs with
M 2 2 Mg, the critical period is Pp,,; ~ 30 — 50 days. This
result sets an upper limit on the period to be considered as
a rapid rotator.

In the case of a planet with 1.0 Mg, the CoMF is dipo-
lar only during the first 2-3 Gyr, while the formation of the
solid core has not begun and the convection is kept low, i.e.

low R o;. Just after the solidification of the core has begun,
the intensification of convection does the CoOMF becomes
multipolar. The time while the dipolar component governs
the CoMF is called the dipolar lifetime, t ;.

Massive SEs with M > 2 Mg behave differently. While
its period of rotation is P < P,,; the CoMF remains in
the multipolar regime. After some time called dipolarity
switch time, tsw, the period P > P,,,; and the field becomes
dipolar. For this case, the lifetime of the dipole, t4;,, will
be the difference between the total duration of the dynamo
and tsw.

Figure 13 shows the value of ¢4, for planets with dif-
ferent masses as functions of the initial rotation period.
For rapid rotators (P, ~ 1.0 day), t4;, equals the total
lifetime of the dynamo. The critical period of rotation for
which this condition is met increases with the mass of the
planet, especially on planets with M < 2 Mg, as a result
of the appearance of the inner core (see figure 12). Planets
with M > 2 Mg have a critical period for dipolarity more
or less equal for periods the order P ~ 2 - 2.5 days, be-
cause for these planets Ro; evolves approximately in the
same way (see figure 12).

When rotation periods are variable, the critical period
P decreases for small planets and increases on massive
planets. Low mass SEs can maintain their CoOMF within the
dipole regime even above the P, until the solidification of
the core has not begun, i.e. t < t;.. During this period, the
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Figure 14. Maximum dipolar component of the PMF at the surface estimated using CTE. Upper panel: Bs 4;, for a constant rotation pe-
riod=1.0 day and differet planetary masses. Lower panel: B; 4;, for a constant planetary mass = 1.0 Mg, and different rotation periods. The
value of the Roj has also been plotted to illustrate the effect that a transition between dynamo regimes have in the evolution of the PMF.
The black dashed lines in the lower Ro; panels are the limits between the regimes (dipolar non reversing, dipolar reversing and multipolar).
The value of Bs 4j, for the present Earth’s and paleomagnetic measurements made at Kaap Valley (KPV), Barberton Greenstone Belt (BGB),
and Nondweni Greenstone Belt (NGB), dacite localities has also been included (Tarduno et al. 2010).

dipolarity of the COMF can be guaranteed for different pe-
riods of rotation. This effect explains why the time of the
dipole is very close to the time of nucleation, tg, ~ t;.
This result allows us to establish a limit to the periods of
rotation required for a long live dipole, ie. tg;, 2 3 Gyr.

No matter the mass of the planet, SEs with P < 2 - 3 days
comply with this condition.

The works of GA10 and TA11 chose low mass planets
such as those with greater potential to develop intense and
long life PMF. This is mainly due to to the early appearance
of a solid core and to the rheological properties of the man-
tle, favorable for development of the PMF.

ZU12 find the same result, especially for planets with
periods of rotation =~ 1.5 days. However, when periods are
greater the results are exchanged and massive planets de-
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velop dipolar CoMFs of greater duration. This is due to the
appearance of the solid core in small planets, which trig-
gers p, which does not happen to the massive ones. The
thermal evolution of massive planets, i.e. M > 2 Mg, does
not present this increase in p, so that the rotation can be
increased much more before the CoMF turns multipolar.
From the evolution of Ro; and knowing the CoMF regime,
it is possible to calculate the intensity of the dipole com-
ponent of the PMF, By 4i),.

Figure 14 shows how the dipole component of the PMF
on the surface evolves for SEs of up to 4.0 Mg, assuming
a constant period of rotation P = 1.0 day in all cases. We
see how the Roj value plays an important role in the in-
tensity of the PMF at the surface. For all masses the sur-
face dipole component behaves in the same way as Ro;.
It is obvious how Es,d,-p decreases during the first few Gyr.
This decline ends for low-mass SEs at the time when solid-
ification begins. Although the emergence of the inner core
implies a change in the CoMF regime, for the surface PMF
this means an increase in its dipole component, which is
advantageous for the magnetic protection of the planet.
Conversely, we see as in the SEs with masses M > 2 Mg,
which do not develop a solid core, the surface dipole con-
tinues decaying until it goes out.

The bottom panel shows the results for an SE with
M = 1.0 Mg in which the period of rotation varies be-
tween 13 days. When the period is P > 1.5 days, the dipole
component reaches its maximum intensity, just a couple of
hundred million years after the start of the solidification of
the core. From this maximum value, the dipole decays as
a consequence of the increase in the convection, that can
not be balanced by the weak Coriolis forces, due to the low
rotation. In 3 Gyr the CoMF is completely multipolar. This
regime transition is relatively fast, when compared to the
time scale of the thermal evolution.

If most of the habitable SEs are tidally locked, hav-
ing large periods of rotation, future efforts must consider
the direct and indirect effects that rotation has in their
PMF properties. The assumption of rapidly rotating plan-
ets (P < 2.0 days), is invalid for tidally locked SEs in-
side the HZ of M-dwarfs. On the other hand assuming that
tidally locked planets lack completely of an intense PMF
is also an oversimplification. As has been shown, there is
a range of periods of rotation where planets could sustain
moderate PMFs.

Figure 14 includes the current value of the terrestrial
dipole, as well as intensity values for 3.2 and 3.4 Gyr ago
(Tarduno et al. 2010). It should be noted that the variation
of Ro; could not explain the polarity reversal frequency
observed in the Earth’s field.
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5.3.2 Rotation in the MTE

The behavior of Ro; for MTE is shown in figure 12. Unlike
the CTE model, in MTE all the fields are multipolar from the
outset. This is due to the large amount of heat which flows
through the CMB, F¢yp while the planet is young. Recall
that this heat is used to calculate the convective power of
the core.

In MTE model, the dynamos change from multipolar
regime to dipolar in a switch time tsy. The increase of p
caused by nucleation and the variation in rotation reduce
the time during which the dynamo is dipolar. It is required
that the CoOMF be come dipolar as soon as possible, i.e. in
a small tsy, in order to provide a protective PMF. This pro-
tection is more important at the beginning of evolution of
the planet, when the star is more active (Lichtenegger et al.
2010). It would be hoped that dipolarity would last for a
long time, i.e. large t4;),.

However, in figure 12 can be seen how in the MTE
model a low-mass planet, M = 1.0 Mg, takes more than 9
Gyr to reach the dipole regime and remains in the reversals
regime during most of its evolution. More massive planets,
i.e. M > 2 Mg, fail to achieve dipolarity throughout their
lives.

In MTE the effects of having a variable period are more
remarkable. The development of a dipolar field of long life
is fulfilled in just few cases. In fact, only planets with pe-
riods P < 1.0 day develop an intense and durable dipolar
CoMF.

5.4 Rotator classifications

Rotation can be classified in three different types of SE dy-
namos, according to their period of rotation (see figure 13):

— Rapid rotators
These planets have magnetic fields dominated by
dipole component that last billions of years. They
have values of Ro; bellow the critical value, and op-
erate in the dipolar regime during the majority of the
dynamo’s lifetime. ZU12 propose a dypolar time for
these planets tg;, 2 0.5t4,,. The Earth is in this
group.

— Slow rotators
There are SEs with dipole dynamos that do not last
more than 50% of the dynamo’s time, ie. tg; <
0.5t4y,. This type of dynamo spends the majority of
their life time in the region of reversible fields, and
can even spend some time above the critical value,
which places them in the multipolar regime.
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- Very slow rotators
This category corresponds to SEs that do not develop
a predominantly dipolar field throughout its exis-
tence. These dynamos have big values of Ro;, .

The periods of rotation that characterize these cate-
gories of rotators vary according to the mass of the planets
and depend on TEM that is used to model the properties of
the PMF.

In the case of CTE, fast rotators have periods P < 1.5
days, independently of the mass of the planet. Slow ro-
tators with masses M < 2 Mg are in a range of periods
4 < P < 10 days. More massive SEs that are very slow ro-
tators are in the range 10 < P < 20 days. All planets with
periods greater than P 2> 20 days are considered also very
slow rotators.

For the MTE model, the maximum rate of rotation in
the category of rapid rotator is ~ 1.0 day. The SEs with
periods P > 1.0 - 1.5 days already fall into the category of
very slow rotators.

Many of the discovered SEs are very close to their stars,
so that they may be tidally locked. This would allow, in
principle, determination of its rotation periods. The SEs
with masses M < 2 Mg and periods of less than 50 days
may be very common around low-mass stars (Howard et al.
2010). But for other SEs, rotation periods lie beyond cur-
rent observational capabilities (Ford et al. 2001; Pallé et al.
2008).

Recently, synthetic spectra have been developed for
tidally locked planets. Such spectral signatures be mea-
sured with future space telescopes like The Origins Space
Telescope (OST). These models include the possibility of
measuring the rotation of the planet (R.K. Kopparapu
2017).

The main limitation of such models is the assumption
that the SEs have a composition similar to the terrestrial
one, and that they have tectonic and a habitable tempera-
ture. These assumptions ignore the great variety of possi-
ble compositions.

Planets with different compositions such as GJ 1214
b, covered by huge atmospheres and deep oceans (Nettel-
mann et al. 2011), will develop PMFs through the extrac-
tion of heat, but under very different parameters. Even so,
the CTE, MTE and RTE models show us that planetary rota-
tion plays a fundamental role in the generation and main-
tenance of protective PMFs in diverse regimes.

SEs that are very close to their stars, as in the case
of Corot 7 b, have such high surface temperatures that
they do not allow the application of thes TEMs discussed.
The high surface temperatures reduce the viscosity in the
mantle, which favors the flux of heat from the core and
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increases the convection. GA10 has found that low mass
SEs with higher temperatures at the surface could develop
intense fields. In the case of massive SEs, a greater sur-
face temperature produces fields of longer duration. In all
cases, the value of Ro; is also larger, lowering critical val-
ues of rotation to achieve the multipolar regimes. It seems
that hot SEs would not be well protected. SEs could be
rapid rotators (P < 1.5 - 4 days), slow rotators (4 < P <
10 - 20 days) and otherwise, very slow rotators. Planets
in the HZ of low mass stars M« < 0.6 M could be tidally
locked in less than 1 Gyr. These SEs will fall between slow
and very slow rotator groups. In contrast, unlocked SEs
could be any of the types according to their primordial pe-
riod of rotation.

Physically speaking, the Rossby number represents
the balance between rotational forces and the inertia of
the fluid. It should be noted that the modified Rossby num-
ber depends on the characteristic length scale of the flow
rather than on the shell thickness, and is potentially a bet-
ter measure for the balance between inertia and Coriolis
force (Christensen and Aubert 2006). The numerical mod-
els show that the dynamos are preferably dipolar when the
effect of rotation is important. The dynamos dominated by
inertial forces tend to be multipolar. These models can be
applied toreal planets, if it can be assumed that the scaling
laws are still valid in reality. It has already been said that
the numerical models of the geodynamo use values of the
parameters that are far from the real ones, mainly because
it is not possible to run simulations with the appropriate
viscosity and thermal diffusivity values (Christensen and
Aubert 2006). This problem is important if diffusive pro-
cesses are important. Even so, when applying the scaling
laws to true planets, like Jupiter or the Earth, the results
are consistent with the measure PMF and values estimates
of the intensity of the fields in the interior.

6 Magnetic protection of SE

The properties needed for a planet to be habitable have
been discussed extensively over the last 25 years (Kasting
et al. 1993; Lammer et al. 2009; Kasting 2010). Two basic
conditions must be guaranteed: 1) the presence of liquid
water on the surface and 2) the existence of an atmosphere
(Kasting et al. 1993). Compliance with these two conditions
depends on many factors such as the space environment
and other physical conditions (Ward and Brownlee 2000;
Lammer et al. 2010). One of the physical factors involved
in habitability is the existence of a stable and durable PMF
(GrieBmeier et al. 2010). A strong PMF protects the atmo-
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sphere, especially its content of volatile molecules such as
water, against the erosive action of a stellar wind (Lammer
et al. 2003, 2007; Khodachenko et al. 2007; Chaufray et al.
2007).

Most terrestrial planets in our galaxy orbit around low-
mass stars, especially type M red dwarfs (Boss 2006; Mayor
and Udry 2008; Scalo et al. 2007; Rauer et al. 2011; Bon-
fils et al. 2011). The planets located in the HZ of these stars
(M« < 0.6Mg), are likely to be tidally locked (Joshi et al.
1997; Heller et al. 2011a; Cuartas-Restrepo et al. 2016), a
condition that is not very favorable for their potential hab-
itability (Kite et al. 2011).

Previous work has extensively studied the protec-
tion that a PMF can provide to an exoplanet (GrieSmeier
et al. 2005; Khodachenko et al. 2007; Lammer et al. 2007;
GrieBmeier et al. 2009, 2010), including the influence of
the thermal evolution on the properties and evolution
of the PMF. Usually classic scaling laws are used to de-
scribe their magnetic fields (Christensen 2010; Zuluaga
and Cuartas 2012). The work of ZU13 goes beyond previ-
ous works because it includes aspects such as the depen-
dence of magnetic properties on the thermal evolution of
the planet, as well as the planetary mass and composition,
and includes the role of rotation in the determination of
the intensity and the multipolar regime of the PMF [ZU12].

6.1 Star-Planet interaction

The interaction between the PMF and the stellar wind
forms a complex magnetic system known as the magneto-
sphere. The properties of this system depend fundamen-
tally on two physical variables (Siscoe and Christopher
1975): 1) The magnetic dipole moment of the field, M, and
2) the dynamic pressure exerted by the stellar wind, Psy.

The dipole moment is the first order term in the multi-
polar expansion of the magnetic field:

V2ueM
4mr3

ByP(r) = (86)
where Bgip (r) is the dipolar component of the PMF at a dis-
tance r and pg = 47 x 1077 H/m is the vacuum permeabil-
ity.

The dynamical pressure of the stellar wind is given by:

Psy = mnvﬁﬁr +2nkgT, (87)

where m is the mass of the proton and n its number den-
Sity, Veg = (Véw +v2)!/2 is the effective velocity of the stellar
wind measured in the reference frame of the planet with
orbital velocity vp, T is the local temperature of the wind
and kg = 1.38 x 10723 J/K is the Boltzmann constant.
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Three properties are of particular interest: 1) The max-
imum magnetopause field intensity Bmp, which is a proxy
of the flux of high energy particles entering into the mag-
netosphere, 2) The standoff distance, Rg, a measure of the
size of the dayside magnetosphere and 3) The area of the
polar cap Ap. that measures the total area of the planetary
atmosphere exposed to open field lines through which at-
mosphere particles can escape. These quantities provides
information about the level of exposure to the erosive ef-
fects of stellar wind and CR.

The maximum value of the magnetopause field inten-
sity Bmp is estimated from the balance between the mag-
netic pressure Py = B%w /(2p0) and the dynamical stellar
wind pressure Psy,

Bmp = (2p0) > P2 (88)

In simplified models Bmp is assumed proportional to the

PMF intensity Bg’p at r = Rg (Mead 1964; Voigt 1995),
_ _p . (foko VIMRS

fo is a form factor that depends on the shape and elec-

trical currents flowing on the magnetopause (Voigt 1995).

GrieBmeier et al. (2010) used fo = 1.16. The dipolar com-

ponent of the intrinsic field dominates at magnetopause

distances even in a weakly dipolar PMF. From equations
(88) and (89):

5 1/6
R - (Hofo) MY3p;Y6,

82 (90)

R can also be expressed in terms of the dipole moment of
the Earth Mg = 7.768 x 1022 A m? and the average dy-
namic pressure of the solar wind at 1.0 au Psy = 2.24 x
1077 (Stacey 1992; GrieRmeier et al. 2005):

B s ()7 ()™

Rg Mg Pswo
This estimate assumes a negligible value of the plasma
pressure on and within the magentopause. This approxi-
mation is valid if: 1) PMF is very intense, 2) the dynamical
pressure of the stellar wind is small, or 3) the planetary at-
mosphere is not expanded by the XUV radiation. This is an
underestimation of the actual size of the magnetosphere.

The polar cap is the region in the magnetosphere

where PMF lines can open into the space. (Siscoe and Chen
1975) have shown that the area of the polar cap Apc scales
with the dipole moment and dynamical pressure as:

-1/3 1/6
= 4.63% (%@) <Pi5‘g) (92)
Wi

(91)
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The polar cap area is given as a fraction of the total area of
the atmosphere lme,. The atmosphere has a scale-height
much smaller than planetary radius Rp.

Given Bgip (Rp), we can obtain the dipole moment M
and the density n, the velocity v, and temperature T of
the stellar wind. All these quantities depend on time and
also on different planetary and stellar properties.

6.2 Revisiting the scaling laws

Numerical experiments have defined scaling laws that can
be used to determine properties of the PMF (Christensen
2010). For a large number of conditions, the properties of
the PMF can be expressed in terms of the convective energy
and the size of the convective layer. The volumetric aver-
age magnetic field strength B;ms, within the layer does not
depend in general of the rotation (see equation (33)),

Brms ~ Caoms 13/ 2P S (DIV)2 Qi3 (93)

Cgrms is a fitting constant, in the case of dipolar dynamos
CiP = 0.24, and for multipolar dynamos CJ% . = 0.18.
Pe» D = R« — Ricand V = 47(R3 - R})/3 are the aver-
age density, height and volume of the convective shell. The
dipolar field intensity at the planetary surface, and hence
the dipole moment of the PMF, can be estimated from the
power spectrum of the CoMF. Although it is not possible
to predict the relative contribution of each mode to the to-
tal CoMF strength, the local Rossby number Ro; could be
used to distinguish dipolar dominated from multipolar dy-
namos as we see in section 5.1:

1/6R 2/3D 1/3V71/ZQ%/$1 P7/6

Ro; = Cgo P, (94)

In this case Cp, = 0.67 is another fitting constant and P is
the period of rotation of the planet. Remember that dipolar
fields arise systematically when dynamos have Ro; < 0.1.
Multipolar fields arise in dynamos with Ro; > 0.1. From
equation (94) we see that fast rotating planets have dipolar
dominated CoMF while slow rotators produce multipolar
fields and hence fields with a much lower dipole moment.
The independence of Byms on rotation rate on the one
hand, and the role that rotation has in the determination
of the regime on the other, implies that even very slow ro-
tators could have a comparable magnetic energy as rapid
rotators with similar size and thermal histories. In this case
the magnetic energy will be redistributed among other
multipolar modes rendering the CoMF more complex.
With Byms and Roj it is possible to calculate the max-
imum dipolar component of the COMF by using the maxi-
mum dipolarity fraction fg;, (the ratio of the dipolar com-
ponent to the total strength of the CoMF) that for dipolar
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dynamos is fgl’g" 1.0 and for multipolar is fg’l’g" ~ 0.35
[ZU12]. To connect this ratio to Byms, is used the volumetric
dipolarity fraction by;,, from numerical experiments (see

equation (35)):
b:inzzl = delpfgllgx 11/10 (95)

Cpaip ~ 2.5 is a fitting constant. Combining equations (93)
and (95) it is possible to find an upper bound to the dipolar
component of the CoOMF:

1 fmax11/10
BIP < o Brms = "M Byps (96)
bdzp Chdip
The surface dipolar field strength is estimated as,
3
dip(p y _ pdip [ Rp
ByP(Ry) = BIP ( 22 ©7)
c

Finally, the total dipole moment is calculated using equa-
tion (86) at r = Rp. The surface PMF intensity determined
using equation (97) overestimates the PMF dipolar compo-
nent. The actual field could be much more complex and
the dipolar component could actually be lower. As a con-
sequence, this model can only predict the maximum level
of protection that a planet could have from its PMF.

The results for planets in the range 0.5-4.0 Mg are
summarized in figures 15 and 16. Figure 15 shows the lo-
cal Rossby number, the maximum dipolar field intensity
and the dipole moment as a function of time for planets
with different mass and two different periods of rotation
(P = 1dayand P = 2 days), and the effect that rotation has
in the evolution of dynamo geometry and in the maximum
dipolar field intensity at the planetary surface.

Figure 16 summarizes the evolution of the dipole mo-
ment for planets with long-lived dynamos. For periods P <
1 day and P > 5 - 7 days the dipole moment is nearly in-
dependent of rotation. Slow rotators have a non-negligible
dipole moment which is systematically larger in more mas-
sive planets.

It is interesting to compare the predicted values of the
maximum dipole moment calculated by ZU13 with the val-
ues roughly estimated in previous work (Griefimeier et al.
2005; Khodachenko et al. 2007; Lopez-Morales et al. 2011).
For example, Khodachenko et al. (2007) estimate dipole
moments for tidally locked planets in the range 0.022-0.15
Mg, ZU13 predict maximum dipole moments almost one
order of magnitude larger (0.15-0.60 Mg) with the largest
differences at (M > 4Mg). These differences arise from the
fact that none of the scaling laws used by (Khodachenko
et al. 2007) depend on the convective power. In our re-
sults, the dependency on power explains the differences
between massive planets and lighter planets especially at
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Figure 15. PMF properties predicted using the RTE and equations (93), (94) and (96) for planets masses 0.5-4.0 Mg;. The local Rossby num-
ber (lower panel) and the maximum dipole moment (upper panel). The figure includes the present values of the geodynamo (&) and three
measurements of paleomagnetic intensities (error bars) at 3.2 and 3.4 Gyr ago (Tarduno et al. 2010). The figure compares 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 sig-
nificant at early times in the case of massive planets (M, > 2 Mg) and at late times for lower mass planets. (Figure from ZU13, with permis-

sion of the editor)
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Figure 16. Mass-Period (M-P) diagrams of the dipole moment for
long-lived planetary dynamos computed using RTE. Three regimes
are identified [ZU12]: rapid rotating planets (P ~ 1day) whose
dipole moment are large and almost independent of rotation rate;
slowly rotating planets (1 < P < 5 days), 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
(M, < 2 Mg) the shape of the dipole-moment contours is deter-
mined by the time of inner-core formation: ~1 Gyr for 0.5 Mg, ~2 Gyr
for 1.0 Mg, and > 4.6 Gyr for M, > 1.5 Mg. (Figure from ZU13, with
permission of the editor)

early times. On the other hand Lépez-Morales et al. (2011)
estimate dipole moments as high as 10-80 Mg even for
tidally locked planets. These values are one to two order
of magnitude higher than the most optimistic estimates of
ZU13. The main difference with Lopez-Morales et al. (2011)
lies in the way that magnetic dipolar moments of tidally
locked SEs are estimated in the range 0.1-1.0 Mg The val-
ues in Lopez-Morales et al. (2011) are compatible with our
results. In their work, they use the same power-based scal-
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ing laws that RTE applied, but assume a rather simple in-
terior model and a static thermal model where the convec-
tive power is set that maximizes the efficiency with which
the convective energy is converted into the PMF.

6.3 Magnetic protection

The PMF properties constrained using RTE and scaling
laws are not enough to evaluate the magnetic protection
of a potentially habitable planet. It is also necessary to es-
timate the magnetosphere and stellar properties as a func-
tion of time. Combining the PMF properties and the star-
planet interaction, ZU13 proposed an upper constraint
on magnetic protection. This model can predict certainly
which planets may be unprotected, but can not say for sure
the level of actual protection.

6.3.1 The HZ and tidally locking limits

Here the properties of the stars are taken from evolution-
ary models of GKM stars developed by Baraffe et al. (1998),
for solar metallicity stars with an age of t = 3 Gyr. Since lu-
minosity increases with time in main sequence stars, this
assumption guarantee the largest distance of the HZ and
hence the lowest effects of the stellar irradiation and wind.

The HZ limits are defined by Kasting et al. (1993) and
Selsis et al. (2007). The inner and outer limits, a;, and aoy;,
are given in terms of the stellar effective temperature and
luminosity by:

Aip = (ainQ = ipAT - BinA Tz) VL/Lg
Aout = (aoth - aoutAT — ﬁoutATz) V L/L@,

(98)

where a;, and aoute are the inner and outer limits of the
HZ for the Sun, and AT = T» - T, a and B are fitting con-
stants. For “recent Venus” and “early Mars”, the values of
the parameters are: d;,, = 0.72, &y, = 2.7619x107°, By =
3.8095 x 10~ and aoute = 1.77, Qour = 1.3786 x 1074,
Bout = 1.4286 x 107° (Selsis et al. 2007).

We know that orbital and rotational properties of
close-in planets are affected by gravitational interaction
with the star. Tidal torques dampen primordial rotation
and axis tilt, driving the planet up to a final resonant equi-
librium where the period of rotation P becomes close or
even equal to the orbital period. The final resonance is
determined by dynamical factors, the most important be-
ing the orbital planetary eccentricity (Leconte et al. 2010;
Ferraz-Mello et al. 2008; Heller et al. 2011a). In the solar
system, Mercury is trapped in a 3:2 resonance. In the case
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of GJ 581 d, dynamical models predict a resonant 2:1 equi-
librium state (Heller et al. 2011a), for GJ 667 C c the pre-
dicted resonance is 1:1 (Cuartas-Restrepo et al. 2016).

The distance a;;; at which a planet becomes tidally
locked before a given time ¢ can be roughly estimated by
(Peale 1977):

6
(M+«/Mo)?Ppyim ! 1/6
ig(t) = 0.5 AU | L) Tprim | fe - (gg)

Q

where the primordial period of rotation Pp,;n, should be ex-
pressed in hours, ¢ in Gyr and Q is the quality factor. ZU13
assumed a primordial period of rotation Pp,;,, = 17 hours
(Varga et al. 1998; Denis et al. 2011) and Q = 100 (Henning
et al. 2009; Heller et al. 2011a).

6.3.2 Stellar winds

Stellar winds represent the highest risks for an unpro-
tected planet. Its dynamical pressure can sweep the ex-
posed atmosphere, especially at early phase of stellar evo-
lution (Lammer et al. 2003). Additionally, the flux of CRis a
risk to life directly exposed (Griefimeier et al. 2005). In or-
der to estimate the level of magnetic protection, ZU13 pre-
dict the stellar wind properties for different stellar masses
as a function of planetary distance and time.

There are two basic models used to describe the
dynamics of the stellar wind: 1) the hydrodynamical
model by Parker (1958) that describes the wind as a non-
magnetized, isothermal and axially symmetric flux of par-
ticles and 2) the magneto-hydrodynamic model developed
originally by Weber and Davis (1967) that takes into ac-
count the effects of stellar rotation and treats the wind as
a magnetized plasma.

Parker’s model describes the properties of the stellar
winds of stars with periods of rotation of the same order of
the Sun, i.e. P ~ 30 days (Preusse et al. 2005). For rapid ro-
tating stars, as young and active dM stars, the isothermal
model underestimates the stellar wind properties almost
by a factor of 2 (Preusse et al. 2005). With Parker’s model
and equations (88)-(92), the systematic errors in the val-
ues of the magnetosphere properties will be between 10-
40% compared with more detailed models. Magnetopause
fields have the largest uncertainties and could be underes-
timated by ~40%, while standoff distances and polar cap
areas will be respectively under and overestimated by just
~10%.

According to Parker’s model the stellar wind average
velocity v at distance d from the host star is:

uz—logu:4logp+%—3, (100)
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where u = v/vc and p = d/d. are the velocity and
distance normalized with respect to v, = /kgT/m and
dc = GM«m/(4kgT) which corresponds to the local sound
velocity and the critical distance where the stellar wind
becomes subsonic respectively. T is the temperature of
the plasma, which in the isothermal approximation is as-
sumed constant at all distances and equal to the tempera-
ture of the stellar corona.

The particles density n(d) is calculated using the
equation of continuity:

M-

n(d) = 4ad?v(d)m’

(101)
M- is the rate of stellar mass-loss, which is a free parameter
in the model. It is necessary to estimate the evolution of the
coronal temperature T and the mass-loss rate M.

From observational values of the stellar mass-loss
(Wood et al. 2002), and models for the evolution of the
stellar wind velocity (Newkirk 1980; GriefSmeier et al.
2004) developed an expression for the evolution of the
long-term averaged density and velocity of the stellar
wind for main sequence stars at 1.0 au (see equations 1
and 2 in Griefimeier et al. (2010)). Using these formulae
(GrieBmeier et al. 2007) devised a way to estimate T(t) and
M.(t) and predict the stellar wind properties as a function
of dand t.

For stellar ages t < 0.7 Gyr, equations 1 and 2 in
(GrieBmeier et al. 2010) are not reliable. These equations
are based on the empirical relationship between the X-ray
flux and the mass-loss rate M« (Wood et al. 2002), which
has been obtained only for ages t > 0.7 Gyr. Wood et al.
(2005) have shown that an extrapolation to earlier times
overestimates the mass-loss by factors of tens. At times
t < 0.7 Gyr and over a given magnetic activity threshold
the stellar wind of main-sequence stars seems to be inhib-
ited (Wood et al. 2005). The limit at t ~ 0.7 Gyr could mark
the time where the early stellar wind reaches a maximum.
This fact suggests that at early times the effect of the stellar
wind on the planetary magnetosphere is much lower than
often assumed.

6.3.3 Magnetosphers of SEs

ZU13 have calculated magnetospheric properties of SEs in
the mass-range 0.5-6.0 Mg, inside the HZ of main sequence
G-K-M stars. Their analysis include some well known SEs
located inside the HZ: Gl 581 d, GJ 667C ¢ and HD 40307
g. Additionally they include the cases for the Earth and a
fictitious Venus as reference.
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Planets inside the HZ of late K and dM stars (M <
0.7M) are tidally locked at times t < 0.7 Gyr. Planets
around G and early K stars (M > 0.7M) still have their
primordial periods of rotation in the range 1 — 100 days as
predicted by models of planetary formation (Miguel and
Brunini 2010). Even at early times, tidally locked planets
can develop non-negligible magnetospheres with radius
up to Rg > 1.5 Rp. For the same planets, Khodachenko
et al. (2007) found that magnetospheric radius are below
2 Ry, even for tempered conditions, independent of the
mass of the planet and age of the system. Conversely, ZU13
predict standoff distances for tidally locked planets in the
range of 2-6 R, depending on planetary mass and stellar
age.

Though tidally locked planets seem to have larger
magnetospheres than previously expected, they still have
large polar caps. As a consequence, even protected atmo-
spheres could have more than 15% of their areas exposed
to open field lines where thermal and non-thermal pro-
cesses remove atmospheric mass. ZU13 predict that these
planets would have multipolar PMFs which contribute to
an increase of the atmospheric area open to interplanetary
space (Siscoe and Crooker 1976). Exposure of magnetized
planets to external effects is a function of the standoff dis-
tance and polar cap area.

Magnetic protection increases with time as the star
evolves and the dynamic pressure of the stellar wind de-
creases more rapidly than the PMF dipole moment. As a
consequence the standoff distance grows in time and the
polar cap shrinks. With the reduction in time of the stel-
lar wind pressure the magnetopause field is also reduced,
a fact that can also affect the incoming flux of CR at late
times.

ZU13found that planets with Mp ~ 1.0 Mg begin their
core nucleation around 2.5 Gyr. The emergence of the in-
ner core enhances and strengthens the PMF. On the other
hand, planets with M, ~ 1.8 Mg and greater still have a
completely liquid core and therefore produce a weak PMF.

Unlocked planets are better protected than tidally
locked planets. They develop extended magnetospheres
Rs 2 4.0 Rp and lower polar cap areas Apc < 10%.
In both cases and at early times t ~ 1.0 Gyr a smaller
planetary mass implies a lower level of magnetic protec-
tion. This contradicts the general idea that low-mass plan-
ets (Mp < 2.0 Mg) are better suited to develop intense
and protective PMFs [GA10, TA11, ZU12]. Magnetic protec-
tion as defined by ZU13 depends on the dipole moment in-
stead of surface PMF strength. Since dipole moment scales
as M ~ Bd,-pr,, more massive planets will have greater
dipole moments, although their dynamos survive for less
time.
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We can compare the predicted values of the maxi-
mum dipole moment calculated by ZU13 with the values
estimated in other attempts. For example, Khodachenko
et al. (2007) estimate dipole moments for tidally locked
planets in the range 0.022-0.15 Mg. These values have
been systematically used in the literature to study plane-
tary magnetic protection (Lammer et al. 2010). ZU13 pre-
dicts maximum dipole moments one order of magnitude
greater (0.15-0.60 Mg) with the largest differences found
for massive planets (M = 4.0 Mg). These differences arise
from the fact that none of the scaling-laws used by (Kho-
dachenko et al. 2007) depend on the convective power.
Lopez-Morales et al. (2011) estimate magnetic dipolar mo-
ments for tidally locked SEs in the range 0.1-1.0 Mg. They
use the same power-based scaling laws as ZU13, but as-
sume a simple interior model and a static thermal model
where the convective power is set maximize the efficiency
with which the convective energy is converted into the
PMF.

The evolution of magnetospheres for SEs is presented
in figure 17. Although almost all these cases are tidally
locked, ZU13 computed the magnetic properties for a pri-
mordial period of rotation P = 1 day. The case of a fic-
titious “hydrated” Venus is interesting. The dynamo of
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 magnetic protection played a central role
in the extinction of the early PMF in Venus. The evolution
of the PMFs in GI 581 d, GJ 667C c and HD 40307 g could
have a similar fate, even though, their masses are much
larger and their atmospheres are bound to the planet by a
stronger gravity.

For planet HD 40307 g, ZU13 predicts the shut down of
the dynamo at t4,, ~ 4 Gyr. So that, currently the planet
does not probably have a PMF. However, being around a K
star (M« ~ 0.7), the stellar wind and XUV radiation have
probably decreased enough to present no real threat to its
atmosphere.

Gl 581 d and GJ 667C c are located around dM stars
where the stellar wind pressure and XUV radiation are in-
tense enough to erode their atmospheres. ZU13 predicts
that G1581d already lost its dynamo and has been exposed
for almost 2.5 Gyr to the effects of the stellar wind and CR.

Given the estimated age of the GJ 667C system (t =
2 Gyr (Anglada-Escudé et al. 2013)), the planet probably
still retains its magnetic field. According to ZU13, its mag-
netosphere properties are close to that of the “hydrated”
Venus, at 2 Gyr. The planet is located in the inner part of
the HZ, so it is more exposed to XUV radiation. This has
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Figure 17. Evolution of magnetospheres. Shaded regions are limited
by the properties calculated at a minimum period of rotation of

P = 1.0 day (upper and lower bounds in standoff radius and polar
cap area curves respectively) and the maximum period of rotation

P = P, 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 do not depend on the rotation period of the
planet. (Figure from ZU13, with permission of the editor)

surely led to the loss of its atmosphere, including its wa-
ter.

6.3.4 Atmospheric mass-loss estimation

There are thermal and non-thermal atmospheric mass loss
models that, combined with the evolution model of the
magnetosphere, allow us to estimate the rate of loss of at-
mospheric mass for planets with and without a PMF. It is
possible to make estimations based on ZU13 results and
atmospheric mass-loss rate computed in previous work
(Tian et al. 2008; Tian 2009; Lammer et al. 2012). The
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model of atmospheric mass loss used by ZU13 is fun-
damentally the same model of Tian et al. (2008); Tian
(2009). 1t is a hydrodynamic model of the upper layers of
the atmosphere (ionosphere/thermosphere), which solves
the equations of continuity and momentum, in order to
obtain velocities of the particles as well as the densi-
ties of the layers. The temperatures are prescribed. It is
a model initially developed to analyze the response of
heavy molecules such as N, and O, to XUV radiation and
has been validated by comparison with the Earth’s iono-
sphere/thermosphere (Tian 2009). The model has uncer-
tainties mainly because it assumes a CO, rate per unit of
mass for the SEs as equal as that for the Earth. On the other
hand, the model neglects nonthermal escape mechanisms
in the atmosphere escape calculations. The SE thermo-
spheres expand up to five planetary radii. This would not
be a problem for planets with extensive magnetospheres,
but on small planets, especially those tidally locked, the
termosphere would be outside the magnetosphere, and
the loss by thermal mechanisms would be considerable.

The thermal mass-loss is induced by XUV radiation
and have been estimated for Earth-like N, rich atmo-
spheres (Watson et al. 1981; Kulikov et al. 2006; Tian
etal.2008) and dry Venus-like CO, rich atmospheres (Tian
2009; Lammer et al. 2012). A critical property, essential
to evaluate the non-thermal mass-loss is the radius of the
exobase Rexo, defined as the distance where the mean-free
path of the electrically neutral particles could be compa-
rable to the size of the planet. When the exobase size is
comparable or larger than the magnetosphere, Rg, then
the planet is effectively unmagnetized. In these condi-
tions, the molecules in the exosphere will be picked-up
by the stellar wind and lost to the space. On the other
hand, if the exobase is well inside the magnetosphere, the
molecules escaping by thermal process could stay trapped
by the magnetic field forming a plasma-sphere. Planets
under this condition will be magnetically protected and
the mass-loss rate is much lower.

From the XUV luminosities of main-sequence stars
(Garcés et al. 2011), ZU13 estimated the XUV flux at the top
of the atmospheres of GL 581 d, GJ] 667C c and HD 40307 g
during the first Gyr of planetary evolution. The XUV flux is
measured in an Earth-like unit, 1 PEV = 0.64 erg cm™2 57!
is the XUV Present Earth Value (Judge et al. 2003; Guinan
et al. 2009).

HD 40307 g receives Fxyy = 10 — 35 PEV. Gl 581 d was
exposed to a flux of Fxyy = 150 — 250 PEV while GJ 667C
c receives Fxyy = 450 — 800 PEV. Tian (2009) computed
the exosphere properties of massive SEs, Mp > 6 Mg, sub-
jected to different XUV fluxes. ZU13 estimate the exosphere
radius and mass-loss rate for these SEs.
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The atmospheric mass-loss rate is estimated as M ~
amnvg (Zendejas et al. 2010), where a is the entrainment
efficiency and m, n and v, are the mass, the density and
the effective velocity of the stellar wind at the planet dis-
tance (see eq. (87)).

- HD 40307 g
HD 40307 g has a mass Mp = 7 Mg. If it possesses
a CO, rich atmosphere, Tian (2009) predict that the
exosphere of the planet and its mass-loss rate was
low enough to avoid a significant early erosion of its
atmosphere. This is true at least during the first 2 Gyr
during which the RTE model predicts the planet was
protected by a PMF (see figure 17). After the plane-
tary dynamo has shut down, the atmosphere of HD
40307 g has been exposed to the direct action of the
stellar wind. If the star age is 4.5 Gyr (Tuomi et al.
2013), then the atmosphere has been eroding dur-
ing the last 3-4 Gyrs. Using an entrainment efficiency
a ~ 0.3, ZU13 calulated that for HD 40307 g has
lost less than 1% of its volatile content (Tian 2009)
during the unmagnetized phase. Although ZU13 pro-
vides an upper limits to magnetic protection and
the planet could have a lighter Nitrogen-rich atmo-
sphere which is more susceptible to XUV induced
mass-losses (Watson et al. 1981; Kulikov et al. 2006;
Tian et al. 2008), this preliminary estimate suggests
that HD 40307 g probably still preserves a dense at-
mosphere able to sustain surface liquid water and
hence to be actually habitable.

- Gl581d
This SE has a mass My =~ 6 Mg. Assuming the esti-
mates from ZU13 for the XUV flux, the exosphere ra-
dius predicted by Tian (2009) is Rexo = 1.8 - 2.3 Rp
foratime t ~ 1 Gyr. The ZU13 model predicts a mag-
netosphere radius of Rg > 2.7 Rp. It can be con-
cluded that Gl 581 d could have been protected by
its PMF during the early phases of planetary evolu-
tion and probably it has preserved the volatiles in its
atmosphere.

- GJ667Cc
For GJ 667C c with a mass M, =~ 4.5 Mg, the min-
imum exosphere radius predicted at t ~ 1 Gyr is
Rexo = 3.0 — 4.5 Rp and the standoff distance is
Rs < 3 Rp. As the exosphere radius is larger than the
standoff distance, and ZU13’s model is actually opti-
mistic, probably the planet was unprotected during
its first Gyr. For the XUV fluxes estimated at the top
of the atmosphere during the first Gyr, the thermal
mass-loss rate of Carbon atoms from a CO, rich at-
mosphere will be greater than 2 x 10'° atoms cm™2
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s~! (Tian 2009). This is the value proposed for a
6 Mg SE, so for the actual mass of the planet the
mass-loss rate will be larger. Moreover, if the ex-
osphere were exposed directly to the stellar wind,
non-thermal processes can contribute to the mass-
loss. At the minimum mass-loss rate, GJ 667C c could
have lost more than ~ 10*® atoms of Carbon in just
~ 100 Myr and in the first gigayear the amount of
carbon thermally lost to space could rise to ~ 10%7
atoms. The total inventory of CO; in the atmosphere,
crust and mantle of Venus is 2 — 3 x 10*® molecules
(Tian 2009), if we scale-up linearly with planetary
mass, a 4.5 Mg planet will have a total budget of
~ 10%” €0, molecules. In summary GJ 667C c could
have lost its total inventory of Carbon in the first Gyr.
Even assuming that large amounts of CO, are still
trapped in the mantle and crust of the planet, its
atmosphere should be being rapidly eroded by the
stellar wind. ZU13 speculate that GJ 667C c is a sort
of “Venus-like” planet. Regardless, the fact that the
planet is well inside the HZ suggest that it has lost
its capacity to support life.

ZU13 used a model of interaction with the stellar wind
adapted from previous works (GrieBmeier et al. 2004), to
compute the properties of the magnetosphere and the level
of magnetic protection that SEs could actually have. A non-
trivial dependence of the magnetic properties on plane-
tary age, planetary mass and period of rotation has been
found in general for SEs inside the HZ. Thermal evolution
is responsible for the relationship among all these prop-
erties. Contrary to what was found in the works of GA10
and TA11, tidally locked planets could develop relatively
intense PMF and extended magnetospheres. However they
also have extended polar caps and probably multipolar
PMFs where lines open to the space, probably increasing
the non-thermal loss of atmosphere.

In the case of SEs Gl 581 d, HD 40307 g and GJ 667C
¢, assuming a composition and thermal evolution param-
eters similar to the Earth, ZU13 predicted that dynamos 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.
With the available information not much can be said about
the magnetic protection of HD 40307 g. ZU13 predicts a
large magnetosphere able to protect Gl 581 d against the
erosive action of the stellar wind during the first few Gyr of
planetary evolution. Further theoretical and observational
analyses should be performed to establish the actual mag-
netic protection of this planet. The ZU13 upper-limit to the
standoff-distance and the most optimistic estimate of the
exobase radius and mass-loss rate from the atmosphere of
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GJ 667C c, suggest that this planet has already lost a large
fraction of its atmosphere. All the evidence makes GJ 667C
c a sort of “Venus analogue”. Despite the fact that it is in-
side the HZ, the planet is presently uninhabitable.

7 Discussion and perspectives

PMFs are an astrophysical phenomenon widely known in
our solar system, PMFs of all planets, and even some of
their moons (Bland et al. 2008) have been measured. The
measurements has allowed us to infer the possible char-
acteristics of the interior of planets and satellites, possible
compositions and structures. The PMF play a fundamen-
tal role in the habitability of a planet. In the case of Earth,
the PMF protects our atmosphere from the erosive effects
of the solar wind and CR. The Earth’s PMF is, for obvious
reasons, the best studied and the best known. However,
the modeling of its properties, its structure and its behav-
ior over time still fails to explain some phenomena such
as its non-periodic polarity changes (Valet et al. 2005). An
additional problem is the inability to know the value of
fundamental rheological parameters, limiting our under-
standing of the real thermal behavior of the inner layers
of a planet, such as viscosity, specific heats or other fac-
tors in the EOS. However, taking into account what can be
measured from our planet, models of the geodynamo are
largely able to adjust to Earth data, despite the lack of in-
formation on some of the parameters.

On the other hand, despite having a large amount
of data and measurements for the Earth, which allow us
to infer the internal structure of the planet, there is still
not enough information about the behavior and physico-
chemical nature of materials such as silicates or iron at
very high pressures and temperatures. This is a funda-
mental problem, especially for planets more massive than
Earth, in which the conditions of the interior are much
more complex. The characterization of materials at very
high pressures and temperatures is one of the main objec-
tives of current research (Jeanloz 2017). The laboratory ex-
periments seek to understand the properties of these ma-
terials inside the planets in order to improve theoretical
models. These models include quantum behavior of mate-
rials, specifically in the case of rocky planets, the exper-
iments seek to analyze whether the rock (SiO,) behaves
like metal under the conditions of the interior of a SE, and
if this contributes to the generation and properties of the
PMF (Jeanloz 2017).

To scale the behavior of the geodynamo to terrestrial
planets with higher masses, as it is the case of the SEs,
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one must make some suppositions in terms of the possible
composition and structure. The models described in this
work suppose, in all the cases, that SEs are composed and
structured like the Earth, with percentages of iron and sil-
icates equal to the Earth, and arranged in the same way
in their interior. This imposes a limitation to the models,
since, in principle, they can not tell us anything about the
thermal evolution or PMF of SEs with other compositions
or different internal structure, such as for planets rich in
water or with large atmospheres rich in volatiles such as
H or He. It has begun to develop models of the interior
of terrestrial planets that include compositions and struc-
tures different from those of the Earth. The work of Zuluaga
and Bustamante (2018) models the magnetic protection of
Proxima b, covering a wide range of possible compositions
and masses for the planet using the RTE model. Their re-
sults have established a range of masses for Proxima b be-
tween 1.3 - 2.3 Mg and a radius between 1.2 - 1.5 Rg, in
addition to a magnetic dipole moment between 0.11 - 0.74
of the Earth. Their model can be extended to other planets.

In the case of extrasolar planets, the current impossi-
bility of making direct measurements of their PMFs does
not allow us to make precise predictions about their struc-
ture or about the source of energy that produces the PMF
itself. There is still no observational evidence of the pres-
ence of atmospheres around terrestrial planets. However,
the models of the planetary interior, as well as the models
of their possible atmospheres, give us indications of their
possible habitability, but again the presence of a protec-
tive PMF is required. One possibility of observing the pres-
ence of PMFs in extrasolar planets and measuring their
intensity comes from radio astronomy. Radio signals pro-
duced by electron-cyclotron masers could be measured in
the PMFs of extrasolar planets, especially in giants near
their stars (Lazio et al. 2018). These electron-cyclotron
emissions, which result from the interaction between the
magnetosphere and the solar wind, have already been de-
tected for Earth and all the giant planets of the solar sys-
tem (Lazio et al. 2018). The detection of a PMF would pro-
vide information that would expand our knowledge about
planetary interiors and their dynamos. The possible ob-
servation of magnetic fields should be complemented with
the observation in the infrared of the presence of planetary
atmospheres and their compositions (Batalha et al. 2018),
which will greatly expand the information that could be
included in the theoretical models.

Planetary habitability is another of the topics cur-
rently open. The modeling of planetary atmospheres and
their interaction with their star, in a wide variety of possi-
ble worlds, makes this field one of the most prolific in sci-
entific publications of high impact. Currently there is spe-
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cial interest in terrestrial planets around red dwarf stars,
which would be the most abundant in the galaxy and in
the universe. It is widely accepted that the high-energy
particles of solar wind and cosmic rays, as well as the XUV
radiation, generate a hostile environment around main
sequence stars, F-G-K and especially around young red
dwarfs (M-dwarfs). There are two harmful effects for life
that come from the impact of high-energy particles and
XUV radiation:

1. The direct destruction of organic molecules on the
surface of the planet, and

2. the erosion of the atmosphere, especially the loss of
water from the planet. PMFs prevent both processes.

It is expected to have a large sample of exoplanets
with measured PMFs and detected atmospheres with their
composition in the coming few decades. This will allow us
to consolidate the theoretical models and validate the as-
sumptions or reformulate the proposed theories about the
composition, structure and thermal and magnetic evolu-
tion of the planets.
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