Structure and thermal evolution of exoplanetary cores

Irene Bonati!, Marine Lasbleis?, and Lena Noack®

!Tokyo Institute of Technology
2Laboratoire de planetologie et geodynamique, LPG, CNRS
3Freie Universitat Berlin

November 26, 2022

Abstract

Most of the large terrestrial bodies in the solar system display evidence of past and/or current magnetic activity, which is
thought to be driven by thermo-chemical convection in an electrically conducting fluid layer. The discovery of a large number
of extrasolar planets motivates the search of magnetic fields beyond the solar system. While current observations are limited
to their radius and minimum mass, studying the evolution of exoplanetary magnetic fields and their interaction with the
atmosphere can open new avenues for constraining interior properties from future atmospheric observations.

Here, we investigate the evolution of massive planets ($0.8-28"$M_{\rm Earth}$) with different bulk and mantle iron contents.
Starting from their temperature profiles at the end of accretion, we determine the structure of the core and model its subsequent
thermal and magnetic evolution over $53 Gyr. We find that the planetary iron content strongly affects core structure and
evolution, as well as the lifetime of a magnetic field. Iron-rich planets feature large solid inner cores which can grow up to
the liquid outer core radius, shutting down any pre-existing magnetic activity. As a consequence, the longest magnetic field
lifetimes ($\sim 4.158 Gyr) are obtained for planets with intermediate iron inventories ($50-608wt.\%). The presence of a
small fraction of light impurities keeps the core liquid for longer and extends the magnetic field lifetime to more than $5$~ Gyr.
Even though the generated magnetic fields are too weak to be detected by ground facilities, indirect observations can help

shedding light on exoplanetary magnetic activity.



10

11

12

Structure and thermal evolution of exoplanetary cores

Irene Bonati', Marine Lasbleis'?, and Lena Noack?

IEarth-Life Science Institute, Tokyo Institute of Technology, Tokyo 152-8550, Japan
2Laboratoire de Planétologie et Géodynamique, LPG, UMR 6112, CNRS, Université de Nantes,

Université d’Angers, France
3Department for Earth Sciences, Freie Universitét Berlin, Malteserstr. 74-100, D-12249 Berlin, Germany

Key Points:

» We investigate the evolution of the cores of rocky planets with masses between 0.8
and 2 Earth masses and variable bulk and mantle iron contents.

e The content and distribution of iron in a planetary body influences core evolution
and magnetic field lifetimes significantly.

 Despite producing stronger magnetic fields, the cores of iron-rich planets tend to
become mostly or completely solid, which shortens the dynamo lifetime.
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Abstract

Most of the large terrestrial bodies in the solar system display evidence of past and/or
current magnetic activity, which is thought to be driven by thermo-chemical convection
in an electrically conducting fluid layer. The discovery of a large number of extrasolar
planets motivates the search of magnetic fields beyond the solar system. While current
observations are limited to their radius and minimum mass, studying the evolution of
exoplanetary magnetic fields and their interaction with the atmosphere can open new
avenues for constraining interior properties from future atmospheric observations. Here,
we investigate the evolution of massive planets (0.8—2 Mga,tn) with different bulk and
mantle iron contents. Starting from their temperature profiles at the end of accretion,
we determine the structure of the core and model its subsequent thermal and magnetic
evolution over 5 Gyr. We find that the planetary iron content strongly affects core struc-
ture and evolution, as well as the lifetime of a magnetic field. Iron-rich planets feature
large solid inner cores which can grow up to the liquid outer core radius, shutting down
any pre-existing magnetic activity. As a consequence, the longest magnetic field lifetimes
(~4.15 Gyr) are obtained for planets with intermediate iron inventories (50—60 wt.%).
The presence of a small fraction of light impurities keeps the core liquid for longer and
extends the magnetic field lifetime to more than 5 Gyr. Even though the generated mag-
netic fields are too weak to be detected by ground facilities, indirect observations can
help shedding light on exoplanetary magnetic activity.

Plain Language Summary

Earth’s magnetic field is powered by vigorous convection in its liquid metallic outer
core. The presence of a magnetic field is thought to help the stability of habitable sur-
face conditions by shielding the planetary upper atmosphere from harmful solar radia-
tion. Most rocky planets in our solar system display past or present signatures of mag-
netic activity, and a similar trend might exist in exoplanetary systems. So far, our knowl-
edge on exoplanets relies on their radii and masses, while interior properties remain largely
unconstrained. Studying the evolution of exoplanetary magnetic fields and their inter-
action with the surrounding environment will help constraining interior properties from
future atmospheric observations. Here, we investigate the structure and the thermal and
magnetic evolution of the cores of rocky planets with different masses (0.8-2 Earth masses)
and variable bulk and mantle iron contents. We find that the iron content and its inter-
nal distribution between a planet’s core and mantle strongly affects the evolution of the
core and the lifetime of a magnetic field. Despite producing stronger magnetic fields, iron-
rich planets tend to grow fully solid cores, thus hindering any further magnetic activ-
ity. The presence of a small fraction of light core impurities can help prolong magnetic
field lifetimes.

1 Introduction

Most of the large rocky bodies in the solar system present evidence of past and/or
present magnetic activity (Stevenson et al., 1983; Breuer et al., 2010; Schubert & Soder-
lund, 2011), with the potential exception of Venus, for which no current magnetic field
has been detected and no record of past activity is available (Konopliv & Yoder, 1996;
Nimmo, 2002; Zhang et al., 2016; Dumoulin et al., 2017). Magnetic fields are generated
through the dynamo effect in a large volume of an electrically conducting liquid in the
planet’s interior. Earth’s magnetic field has been operating for about 3.45 Gyr (Tarduno
et al., 2010) and is thought to be mainly sustained by the crystallisation of its central
solid inner core, powering thermo-chemical convection in the liquid outer core by the re-
lease of light-element enriched material and latent heat (Braginsky, 1963). The geody-
namo is thus the result of the secular cooling of Earth’s interior (Labrosse, 2003; Buf-
fett, 2003). In principle, the existence of a magnetic field is considered as evidence for
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a planet’s internal dynamics, as well as for the existence of an electrically conducting layer
at depth. While being topic of active debate (T. E. Moore & Horwitz, 2007; Strange-

way et al., 2010; Brain et al., 2013), planetary magnetism may also play an important

role for the development of habitable surface conditions and their long-term stability of
planetary bodies, as it shields the upper atmosphere from mass loss induced by stellar
winds and extreme space weather events (Dehant et al., 2007; Lammer et al., 2018; Del Ge-
nio et al., 2020).

The importance of magnetism for planetary evolution and/or habitability strongly
motivates the search and the study of magnetic fields beyond the solar system. To date,
more than 4000 planetary candidates have been detected (Schneider et al., 2011; Ake-
son et al., 2013), with many of the bodies lying in the super-Earth regime, comprising
planets with masses larger than Earth but smaller than Neptune. Despite the large num-
ber of discovered exoplanets, knowledge regarding their internal structure is lacking (Spiegel
et al., 2014; Baraffe et al., 2014), as current observations are limited to providing the plan-
etary radius and/or its (minimum) bulk mass. While inferences on a planet’s interior can
be drawn to some degree, the internal structures and dynamic patterns matching these
two constraints are manifold (Rogers & Seager, 2010; Howe et al., 2014). This degen-
eracy constitutes a major barrier for obtaining unique solutions for planets’ interior struc-
tures.

The ability of a planet to sustain habitable surface conditions is, however, strongly
linked to its interior structure and dynamics (Noack et al., 2014). The detection and mea-
surement of exoplanetary magnetic fields would help shedding light on the internal struc-
ture and dynamics of extra-solar bodies, on the frequency of planetary magnetic fields
in the Universe, as well as on the importance of magnetic activity for the emergence of
planetary habitability. However, no direct observation of magnetic fields beyond our so-
lar system exists to this date. Such observations remain challenging due to the limited
sensitivity of current instrumentation, which is too low to detect the weak magnetic fields
exerted by small rocky planets (Driscoll & Olson, 2011). Upcoming missions aimed at
the investigation of exoplanetary atmospheres (e.g., JWST, ARIEL, WFIRST) will en-
able additional characterization of exoplanetary bodies (Gardner et al., 2006; Spergel et
al., 2015). Until then, theoretical modelling can provide a means for understanding and
constraining interactions and feedback mechanisms between a planet’s interior and its
atmosphere. Magnetic fields are well suited for this purpose, as they span a planet in
its entirety, being generated in the deepest portion of the interior and manifesting in the
upper layers of the atmosphere.

Past modelling efforts investigating exoplanetary interiors have led to the devel-
opment of simple scaling laws for deriving the internal structure (core and planetary radii)

and dynamic properties (likelihood of plate-tectonics-like behaviour) of super-Earths (Valencia

et al., 2006; Seager et al., 2007). These relations often assume a core-mantle boundary
(CMB) heat flux proportional to the planetary mass, as well as an Earth-like composi-
tion. Scaling laws providing estimates for the magnetic field intensity at the CMB based
on the available energy for dynamo generation have been devised as well (Olson & Chris-
tensen, 2006; Aubert et al., 2009), and have been extensively used by both the geophys-
ical and the planetary science communities (Driscoll & Olson, 2011; Lépez-Morales et

al., 2011; McIntyre et al., 2019). Driscoll and Olson (2011) have considered optimal con-
ditions for dynamo generation in 1—10 Mg, planets. Such optimal dynamos are driven
by vigorous convection in the core due to fast cooling across the CMB and vigorous con-
vection in the mantle. Very recently, Boujibar et al. (2020) have determined internal struc-
tures at the end of accretion for super-Earths with core mass fractions corresponding to
Earth, Mars and Mercury.

The interior structures (e.g., core mass fraction, convective radius in the liquid outer
core) of the planets in the studies mentioned above are based on bodies in our solar sys-
tem (Earth, Mercury, and Mars). However, depending on their mass and composition,
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planetary bodies can cover a large variety of possible structures and sizes. This diver-
sity is a result of different disk composition (Bond et al., 2010; Moriarty et al., 2014),
accretion processes, and the differentiation history. In addition, the distribution of iron
between core and mantle, which is strongly tied to accretion and differentiation processes
(Elkins-Tanton & Seager, 2008; Wohlers & Wood, 2017), has also strong implications for
the final planetary structure, as well as for melting temperatures, viscosity, thermody-
namic and transport properties such as electric conductivity, and the resulting dynam-
ics of the mantle and/or core. As a result, different structures and compositions can have
important influences on the generated magnetic fields (Driscoll & Olson, 2011), and it

is thus important to conduct a parameter exploration.

Here, we investigate the core evolution of bodies with variable masses and iron con-
tents (bulk and mantle), assuming Earth-like mineral assemblages. Starting from their
internal structure after the solidification of molten silicates at the CMB (Stixrude, 2014;
Noack & Lasbleis, 2020), we determine the initial core structure and model its subse-
quent thermal and magnetic evolution by computing inner core growth, buoyancy fluxes,
and the strength and lifetime of the generated magnetic field. The manuscript is struc-
tured as follows: In Section 2 we briefly introduce the interior structure and the man-
tle evolution model (Section 2.1), as well as thermal evolution model for the core (Sec-
tion 2.2). We then present the core evolution histories obtained by varying the plane-
tary mass, the bulk and mantle iron contents, and the the amount of light alloying com-
ponents in the core in Section 3.2. We further show the calculated magnetic field strengths
and lifetimes in Section 3.3. In Section 4 we discuss our results and parameter uncer-
tainties. A summary can be found in Section 5 together with some concluding remarks.

2 Methods

2.1 Interior structure and mantle evolution model

We obtain internal structures from the code CHIC (Code for Habitability, Interior
and Crust; Noack et al. (2017)) for planets with different masses and variable iron con-
tents, leading to different core mass fractions. The explored planetary mass range lies
between 0.8 and 2 Mgaytn (With Mgaren = 5.972-10%4 kg being Earth’s mass). We em-
ploy bulk weight fractions of iron Xy, between 0.15 and 0.8 (15—80 wt.% Fe: as a ref-
erence, Earth has an iron content of about 32 wt.%), and mantle iron numbers # Fey
varying between 0 and 0.2 (as a reference, Earth has a mantle iron number #Fey of 0.1).
The mantle iron number is defined as the ratio between iron-bearing (FeO, FeSiO5 and
Feg, SiO4) and magnesium-rich minerals (MgO, MgSiO3 and Mgs SiO4). The range ex-
plored in this study (#Fem = 0—0.2) corresponds to mantle iron mass fractions Xge m =
0—0.1457 (see also Noack and Lasbleis (2020)). The interior structure model solves the
hydrostatic, Poisson, and mass equations from the planetary centre up to its surface in
order to obtain interior pressure, gravity, and mass profiles. The planetary surface pres-
sure is set to 1 bar. Using the planetary mass and the iron contents Xg, and #Fey as
inputs, the model determines the planetary structure (core and planetary radius), and
the thermodynamic parameter profiles self-consistently.

The model assumes an Earth-like mantle mineralogy (Mg, Fe, Si, and O) and phase
transitions, with a mantle consisting of (Mgi—_4Fey, Fexre,)O and SiOz. Even though
some exoplanets might be rich in other elements (e.g., aluminium, calcium, carbon) and
display completely different chemistries (Kuchner & Seager, 2005; Dorn et al., 2019), it
is likely for planetary building blocks located inside the snow line to have mineralogies
similar to planets in the inner solar system, with slight variations in the Mg, Fe, and Si
contents depending on the host star’s metallicity (Bitsch & Battistini, 2020). A third-
order Birch-Murnaghan (Stixrude et al., 2009) and a Holzapfel (Bouchet et al., 2013) equa-
tions of state are used for the mantle and the core (pure iron), respectively. Interior struc-
tures of planets with masses beyond 2 Mg,,t1 are not explored, as the employed equa-



168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

tions of state are devised for Earth’s pressure range, and an extrapolation to higher pres-
sures would lead to errors due to missing data from experiments and ab initio simula-
tions. We therefore set the upper planetary mass limit to 2 Mga.ty, for which we have
robust equations of state for both mantle and core that we can employ (Hakim et al.,
2018). For more details about the interior structure model, the reader is redirected to
the papers by Noack et al. (2017), and to Noack and Lasbleis (2020) for parameteriza-
tions of interior properties of massive rocky planets.

2.1.1 Thermal profiles of the core

Recent studies have stressed the importance of both the initial structure and the
thermal profile of a planet, as they set the stage for its subsequent evolution and tectonic
behaviour (Stein et al., 2004; Breuer et al., 2010; Stamenkovié et al., 2012; Stamenkovié
& Breuer, 2014; ONeill et al., 2016; Dorn et al., 2018). Estimating the energy budget
of bodies during and in the aftermath of accretion is challenging, even for planets in the
solar system due to the many unconstrained thermodynamic and transport parameters.
Here, we use initial temperature profiles corresponding to the 'hot’ scenarios in Noack
and Lasbleis (2020). These are high temperature end-members of the profiles in Stixrude
(2014), determined for planets with an Earth-like composition and variable mass. These
profiles describe planets at the late stage of planet formation, right after the full crys-
tallisation of the silicates at the CMB. This solidified material is a portion of a (global)
magma ocean, which is likely to be present in the aftermath of accretion (Abe, 1997; Canup,
2004; Nakajima & Stevenson, 2015). Typically, solidification of such a magma ocean pro-
ceeds from the bottom of the mantle towards the surface (Andrault et al., 2011; Mon-
teux et al., 2016), but middle-out crystallisation processes potentially leading to the preser-
vation of a basal magma ocean for billions of years have been proposed as well (Labrosse
et al., 2007; Stixrude et al., 2009; Nomura et al., 2011).

2.1.2 Melting curves and inner core size

We use formulations for melting curves for iron and rock components in super-Earths
interiors, which were proposed in Stixrude (2014) based on existing experimental results,
ab initio data, and scaling laws. The melting temperature of the mantle for pressures
P > 17 GPa is defined as

p 0.48 1

Tim mantle = 5400 <mo-109> 1—In(1— #Fey — Xn) (1)
with pressure P in Pascal and temperature 7' in Kelvin. X); is the difference between
liquidus and solidus temperatures. As stated previously, the mantle iron number # Fey
defines the ratio between iron and magnesium-bearing minerals present in the mantle,
which are assumed to be similar to Earth. An increase of #Fey; exerts an effect sim-
ilar to the light elements in the core and leads to a reduction of the mantle melting tem-
perature Ty mantle (Dorn et al., 2018). Similarly, the mantle melting temperature decreases
with variations in the mantle composition, which is reflected with the parameter Xy;.
Earth’s current mantle melting temperature is best matched with # Fey=0.1 and Xy=0.11
(Stixrude, 2014), and which we refer to as warm profile (mimicking the solidus melting
temperature of the mantle). The case with Xy =0 is referred to as hot profile (mimick-
ing the liquidus melting temperature of the mantle).

The melting temperature for pure iron in Stixrude (2014) is based on Morard et
al. (2011), and is defined as

P 0.515 1
Timcore = 6500 (340 : 1o9> 1-In(1—2)’ @)

where P is the pressure (in Pa) and x is the mole fraction of light components in the core.
The x dependence in Equation (2) reflects the reduction of the core melting tempera-
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Figure 1. Initial temperature profiles for planets with masses of 1 and 2 Mgaytn, bulk iron
contents X of 30 wt.% and 60 wt.%, and mantle iron numbers #Fey of 0 and 0.1. The purple
and red solid curves display mantle liquidus curves for different mantle iron numbers (#Fem of
0 and 0.1) and core liquidus curves for different core compositions (a pure iron core and a core
containing iron and 5% of light elements), respectively. All profiles are consistent with the "hot’
scenario (Noack & Lasbleis, 2020), following which the temperature at the CMB is anchored to

the mantle liquidus at that pressure.

ture due to the presence of light elements. Earth’s outer core is thought to contain about
5—10% of light elements, which were imparted during accretion and core formation (Wood
et al., 2006; Rubie et al., 2011; Badro et al., 2015). The presence of light elements in Earth’s
core compensates for the temperature jump at the inner core boundary (ICB), which does
not correspond to a pure phase change (Hirose et al., 2013; Badro et al., 2015). Although
the identity of these components remains elusive, seismology and mineral physics stud-

ies have proposed oxygen, silicon, sulfur, carbon, and hydrogen as potential candidates
(Hirose et al., 2013). Light elements could be present in the cores of massive exoplan-

ets with masses up to 2 Mgarth as well, although likely candidates and their partition-

ing properties at such high pressures are so far unknown, and need further investigation.
For this study, we vary the core light element content between 0 and 10%, and assume
that light components are preferentially partitioned into the liquid outer core during evo-
lution.

The employed melting temperatures for the mantle and the core are shown together
with the thermal profiles (see Section 2.1.1) in Figure 1, for planets of 1 and 2 Mgaytn
with variable bulk iron contents Xpe (30 wt.% and 60 wt.%) and mantle iron numbers
#Feyp (0 and 0.1). The mantle and core melting temperatures are reduced with the ad-
dition of iron and light impurities, respectively. The thermal profiles are high temper-
ature end-member scenarios of the ones in Stixrude (2014) and imply a hot core, where
the uppermost core temperature is anchored to the mantle liquidus that varies accord-
ing to the mantle iron content. The temperature jump at the CMB is calculated for ev-
ery planet depending on its internal structure and thermodynamic parameters (see Noack
and Lasbleis (2020) for further details).

2.1.3 Polynomial fitting of interior profiles

Noack and Lasbleis (2020) provided a suite of parameterizations for average ther-
modynamic parameters in both the mantle and the core. In order to model the evolu-
tion of the metallic core, we need its pressure-dependent density profile. Following the
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work of Labrosse (2015) of fitting the Preliminary Reference Earth Model (PREM) for
the Earth, we fit the initial interior profiles obtained using the model described in Sec-
tion 2.1. The core density is fitted using a polynomial function with three parameters:
the density at the planetary centre pg, the typical length scale for density variations L,,
and a second-order variation A, as

7,,2 ,,04
o) = (1= 5 - A7) 3)
p P
with
3K, 5K, — 13
L,= |20 . Mo~ 29 4
P 271‘Gp37 14 10 ) ( )

where K = Ky + K{(P — Fp) is the bulk modulus, which is considered pressure-
dependent and is anchored at the planetary centre (labelled by the subscript 0), and G
is the gravitational constant (G = 6.67430-1071* m3 kg™! s72). Py and K|, are the pres-
sure and the pressure derivative of the bulk modulus at the planetary centre, respectively.

Integrating the gravity using Gauss’ theorem and assuming the system is in hydro-
static equilibrium, the gravity and pressure profiles g(r) and P(r) are

4 3r2 34,
g(r) = gGPOT (1 - 3[72) - 7L§> ) (5)
r2 4t
P(r) = Py — Ky (L - 5L4) | (6)
p p
K is calculated as )
Ky = gﬂ'sz%G. (7)

We assume that the core density does not evolve with time, although light elements
are expelled into the liquid phase as a solid inner core grows. As a result, we neglect both
the thermal and chemical dependence of the density compared to the one related to pres-
sure variations. The temperature profile T'(r) is assumed to be isentropic, that is, with

~ being the Griineisen parameter,
(QT) (8)
=) =4
op /g

Anchoring this temperature profile to the radius o with density p(rg), and assum-
ing a constant «y (obtained by averaging the Griineisen parameter over the volume of the
fully liquid outer core), the temperature profile is given by

The radius r is chosen as either the planetary centre (i.e., 1o = 0) when there
is (still) no inner core, or the inner core radius ric once the inner core starts forming (see
Section 2.2 for more details).

2.1.4 Mantle thermal evolution model

Starting from the temperature profiles as depicted in Figure 1, based on Noack and
Lasbleis (2020), we simulate the long-term thermal evolution of the mantle over 5 Gyr.
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Based on the heat loss from mantle to surface by both convection and conductive heat
flow, we can estimate how strong the core cools over time, and finally, how the heat flux
at the CMB varies over time. Estimating the evolution of the heat flow at a planet’s CMB
is challenging. For the Earth, estimates of the present CMB heat flow range between ~
5—17 TW (Lay et al., 2008), and its lateral variation and evolution remain unclear. As

a result, past work has assumed either a constant CMB heat flow over the entirety of

a planet’s evolution (Labrosse, 2003), or a CMB heat flow following an exponentially de-
caying curve (Labrosse, 2015). However, time-dependent reversal frequency excludes both,
meaning that an oscillatory CMB heat flux is needed.

Here, we employ the mantle convection code CHIC (Noack et al., 2017) to obtain
the CMB heat flow for planets of different mass and iron contents (bulk and mantle).
The model solves the conservation equations for mass, momentum, and energy in a 2-
D quarter sphere using the spherical annulus geometry (Hernlund & Tackley, 2008), which
is able to reproduce thermal evolution scenarios similarly to a 3-D sphere while using
much less computational power. We model compressional convection under the truncated
anelastic liquid approximation (TALA), where thermodynamic reference profiles for pa-
rameters such as density, thermal expansion coefficient and heat capacity are calculated
as described in Noack and Lasbleis (2020). During the evolution, radiogenic elements heat
up the mantle, which decay over time and are assumed to start with Earth-like concen-
trations (McDonough & Sun, 1995).

The mantle is also heated from below due to core cooling. The heat flux of the core
mantle boundary is here determined only from the mantle side, assuming that the thick
thermal boundary forming at the bottom of the mantle dominates how much heat is taken
up into the mantle, and therefore controls the heat loss from the core. In the mantle evo-
lution simulations, the core is otherwise not considered, i.e. no energy contribution from
freezing of the core (latent heat or gravitational energy release) is considered. The ob-
tained CMB heat flow is then used to a posteriori compute the energy inputs resulting
from secular cooling, latent heat, and gravitational heat release (Equation (10)) at dif-
ferent stages of evolution, but is not taken into account for the mantle evolution simu-
lations. We do consider, however, melt formation in the upper mantle, which has a di-
rect impact on the thermal evolution of the mantle due to latent heat consumption upon
melting. We assume that melt is then delivered instantaneously to the surface, leading
to a net loss of thermal energy over time. Another factor that impacts the thermal evo-
lution of the mantle is the viscosity of the silicate rocks, which we assume here to be dry
but otherwise Earth-like (Noack et al., 2017), using the viscosity laws from Karato and
Wu (1993) for the upper mantle and Tackley et al. (2013) for the lower mantle. For the
latter, it should be noted that the viscosity in Tackley et al. (2013) was taken to be two
orders of magnitude higher than realistic to allow for faster convection simulation, which
we did not include here to better mimic the lower mantle rheology for Earth-like mate-
rials. In this study we were not particularly interested in local convective features but
rather the general, long-term thermal evolution of the mantle. We therefore used a coarse
radial resolution of 50 km, with in average similar lateral resolution (but varying with
radius due to the spherical shape of the mantle) to save computational costs. In Dorn
et al. (2018) we could already show that the mantle resolution (there going down to a
radial resolution of 10 km) does not have a strong effect on the thermal evolution of the
mantle.

The modelled planets are in a stagnant lid tectonic configuration, featuring a unique
rigid plate that does not break up and sink into the mantle in a subduction-like man-
ner. While cooling of the mantle due to melting is taken into account, we do not model
that due to eruption of magma to the surface, the colder lithosphere would sink further
down into the mantle, hence additionally cooling the mantle (as suggested in the so-called
heat-pipe model (W. B. Moore & Webb, 2013). Furthermore, if plate tectonics would
be considered, subduction of the cooler lithosphere into the mantle would lead to an ad-
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ditional cooling of the mantle, triggering higher heat fluxes at the CMB than modelled
here. However, it is yet unclear how likely plate tectonics is on rocky planets, as Earth
is the only rocky body we know of so far that experiences plate tectonics (though spec-
ulations exist for our sister planet Venus). Furthermore, Stamenkovi¢ et al. (2012) could
show that at least for super-Earths, the heat flux at the CMB is not affected by the sur-
face mobilisation regime, since a strong cooling of the upper mantle leads to a decou-
pling of the upper and lower pat of the mantle, leading to similar long-term heat flux
patterns at the CMB. For this reason we limit our study here to stagnant-lid planets.

2.2 Core evolution model
2.2.1 FEnergy balance

Starting from the initial profiles described in Section 2.1, we model the subsequent
thermal and magnetic evolution of the core for planets of different mass and iron con-
tents (bulk and mantle). To do this, we design a 1-D parameterized model tracking in-
ner core growth and calculating the core energy budget, the buoyancy fluxes, and the
magnetic dipole moment. This is performed using an energy balance approach, which
has been extensively used in past studies investigating the geodynamo (Gubbins, 1977;
Lister & Buffett, 1995; Braginsky & Roberts, 1995; Nimmo, 2007; Labrosse, 2003). The
main concept behind energy balance models is that the heat flow at the CMB, Qcwms,
is equal to the sum of the secular cooling of the outer core Q¢, the latent heat from freez-
ing of the inner core Q)r,, the gravitational heat due to the light element release at the
ICB Qg, and heat generated from radioactive decay Qr (see Figure 2) as

QcmB = Qc + QL + Qc + Qr (10)

We assume that the heat produced by radioactive decay Qg is negligible, as is of-
ten done for Earth. The model is run for 5 Gyr of a planet’s evolution, which is a rea-
sonable time interval given current distributions of stellar ages (Frank et al., 2014; Sa-
fonova et al., 2016).

2.2.2 Before crystallisation of an inner core

In the absence of an (initial) inner core, and neglecting the heat produced by ra-
dioactive decay, the energy balance before inner core crystallisation can be simply ex-
pressed as Qomp = Q¢, where the secular cooling Q¢ is defined as

oT,
Qc = —/ pCp ot dVv. (11)
Vo

Here, V is the volume of the core, Cp is the specific heat capacity of the core, T,
is the adiabatic temperature, and ¢ is time. The adiabatic temperature profile is defined
as in Equation (9), and is anchored at the planetary centre rq = 0 with density pg, as

T2 T4 Y
Ta(r, t) = To(t) 1-— ﬁ — APF s (12)
4 14

where Ty is the temperature at the centre. Q¢ then becomes

dTy ["o° r? A\t 9
Qc = —47GC—/ (1 - — — A, redr. (13)
at J 2 s
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The integral can either be approximated numerically, or by applying the develop-
ment described in Eq. A2 in Labrosse (2015). We introduce the notation

fe(r,d) = 3/ (1—1r%— Apr4)1+67"2dr, (14)
0
so that the secular cooling term can be written as

4 T
Qc = —§7TCPPOLifC (Toc ) aTo

) at

Q¢ can be rewritten as Q¢ = PC%, where P¢ is a constant which depends on
the global parameters of the core and does not vary with time. The temperature at the
centre can finally be written as

To(t) = To(t = 0) + Pic /O Qo (7)dr. (16)

Here, Qcmp is the CMB heat flux obtained from the model of Noack et al. (2017).
The onset of inner core crystallisation is assumed to happen when the temperature at
the planetary centre reaches the liquidus temperature of the outer core alloy, neglect-
ing the possible existence of a supercooling effect (Huguet et al., 2018).

2.2.3 After crystallisation of an inner core

In addition to the secular cooling term, the energy balance after the onset of in-
ner core solidification needs to account for latent and gravitational heat release (Equa-
tion (10)). These terms can be written as

aT,
Qo= [ poerav. (17)
2 dTIC
QL = 47TTIC,0 (TIC) Tm,core (TIC) ASWv (18)
0X
Q¢ = —/ pp —dV. (19)
Voo ot

Here, Voc is the volume of the outer core, Th, core(r1c) and p(ric) are the melting tem-
perature and the density at the ICB, AS is the entropy of freezing (set to 127 Jkg1K!;
Hirose et al. (2013)), p’ is the difference between the adiabatic and the chemical poten-
tials at the ICB (see Labrosse (2015) for a more detailed derivation), and %—)f is the tem-
poral change of light element mass fraction in the outer core. We calculate the melting
temperature of the outer core alloy at the inner core radius r1¢(t) according to Equa-
tion (2), in order to obtain the temperature change at the ICB. The temperature at the
CMB is assumed to lie on the adiabatic profile, which is consistent with vigorous con-
vection.

Similar to what was previously shown for a planet with no inner core (Section 2.2.2),
we can write each of the terms in Equations (17), (18), and (19) as @x = Px déltc, where
X indicates a given heat contribution (secular cooling, latent heat or gravitational heat).
We write these terms similarly as in Labrosse (2015), and redirect the reader to the Ap-
pendix of that study for further details.

2.3 Change of outer core composition

If the core contains light elements, its composition will evolve as the inner core so-
lidifies, as a result of the gradual release of such impurities. Seismic velocity anomalies

—10-
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in Earth’s core hint to the presence of 5—10% light components (Hirose et al., 2013;

Badro et al., 2015), candidates of which are oxygen, silicon, sulfur, carbon, and hydro-
gen (Poirier, 1994). While their abundance and identity is unknown, it is not implau-
sible for such impurities to be present in the cores of massive exoplanets.

Here we use light element bulk contents ranging between 0—10%. Depending on
whether there is an inner core or not, the inventory of light elements in the outer core
will differ, and is larger for bodies featuring larger solid inner cores. With Moc(t) be-
ing the mass of the outer core and X being the bulk fraction of light elements in the
outer core in the absence of an inner core, we can obtain the fraction of light elements
in the outer core as a function of time X (¢) by assuming that no light components en-
ter the solid as XoMe
X(t) = 77— (20)
Moc(t)
and the mass of the outer core is subsequently calculated as

Moct) =4 [ plo)a?ds = Snpol [fc (gc) = fo (”g“) )] S
ric(t) 4 P

Therefore, if an inner core starts forming, the fraction of light elements in the outer core
as a function of time will increase accordingly. As the outer core becomes gradually en-
riched in light elements, its composition shifts towards eutectic point in the phase di-
agram. In case of a binary core composition, the melting point depression by light el-
ements corresponding to the attainment of the eutectic point can be as low as 200 K (Fe-
Si at 65 GPa and Fe-O at 50 GPa; Kuwayama and Hirose (2004); Seagle et al. (2008))

or 1500 K (Fe-S at 65 GPa; Morard et al. (2008)). Similar to what proposed in Morard
et al. (2011), we limit the melting point depression by light impurities to a maximum

AT et core = 1500 K. This means that as soon as the melting point depression exerted
by the presence of light components becomes higher than this threshold, the light ele-
ment abundance in the outer core is anchored to a pressure-dependent ”eutectic” value,
for which the temperature reduction is exactly AT et core = 1500 K. During the sub-
sequent evolution stages the light element content in the outer core still increases, albeit
less strongly, due to the varying ICB pressure. An additional effect that rises upon reach-
ing the eutectic is that the compositions of the inner and outer core are equal, and the
density jump at the ICB goes to zero. This effect is taken into account, as it can shut

off magnetic activity if thermal buoyancy is not strong enough.

Toc

2.4 Buoyancy fluxes

Displacements of liquid in planetary cores result from both variations in their ther-
mal and chemical structure. Thermally-driven dynamos are generated by a strong, su-
peradiabatic, flux of heat at the CMB. Such a mechanism is thought to act predominantly
in the early evolution stages of a planet, when the core is very hot and releases a large
amount of heat into the mantle (Del Genio et al., 2020). On the other hand, chemically-
driven dynamos may start taking place later in time, once/if a solid inner core starts crys-
tallising. In this scenario, density difference between the liquid and solid metal at the
ICB, resulting from the expulsion of light elements in the outer core, can supply substan-
tial energy to drive dynamo activity (Braginsky, 1963). Alternatively, snow mechanisms
such as the rise of alloy-rich material (Braginsky, 1963) or the settling of solid iron through
a stably stratified layer (Hauck et al., 2006; Riickriemen et al., 2018) located in the im-
mediate proximity of the ICB could provide another source of buoyancy for core convec-
tion.

Here, we consider both contributions from thermal and chemical anomalies. As a
result, the buoyancy flux is expressed as the sum of the thermal and the chemical buoy-
ancy fluxes Fr and Fx. Following Driscoll and Olson (2011) we calculate these as
ag

Fr = pTPQC,conv

(22)

—11-
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Fy = JICBLPICB <7"Ic> I'c (23)

p ToC dt ’
where « is the thermal expansion coefficient, r;C' is the inner core radius, and gc conv =
gCoMB—{c,ad is the convective heat flux at the CMB, defined as the difference between
CMB and adiabatic heat flux. gicp is the gravity at the ICB and dric/dt is the inner
core growth rate. Apicp is the density jump at the ICB and is calculated using the re-
lation ApICB = (ApICB,Earth/XEarth)Xplanet7 with ApICB,Earth = 600 kg'm_s the den-
sity jump at Earth’s ICB and Xga.4, = 11% is an estimate of Earth’s light element con-
tent according to the melting temperature used in this study for which the main core
component (iron) constitutes 89% of the core. Earth’s density jump at the ICB has been
determined with two types of seismic data, namely short-period body waves (Apicp ~
520—1100 kg.m™3; Koper and Pyle (2004); Tkaléi¢ et al. (2009)) and long-period nor-
mal modes (Aprcp ~ 820+180 kg.m™; Masters and Gubbins (2003)). There is strong
uncertainty in the estimates, due to differences in the resolution and accuracy of the tech-
niques, sampling techniques, and data processing. Before an inner core starts forming
(and/or in the absence of light components), only temperature changes contribute to buoy-
ancy.

The adiabatic heat flux is defined as

e.nd = kTemproc/ D2y, (24)

where k. is the thermal conductivity of the core and Tcyp is the temperature at the CMB,
which lies on the adiabat. The thermal conductivity determines how fast heat is con-
ducted through the core into the mantle. Estimates for the thermal conductivity of Earth’s
core span values between ~ 20 (Konopkova et al., 2016) and ~ 160 W.m™*.K! (Gomi

et al., 2013), with dramatic implication for the lifetime of the magnetic field (Labrosse,
2015). As it is very difficult for high-pressure experiments to attain the pressure range
governing the cores of such bodies, thermal conductivities of massive exoplanets are cur-
rently not known. However, it is expected that the thermal conductivity of a planet in-

creases with increasing pressure. We therefore use a high thermal conductivity k. = 150 W.m 1. K"!

lying in the upper range of Earth’s values, in order to obtain conservative estimates for

the magnetic field lifetime. We acknowledge, however, that thermal conductivities of super-
Earths could reach even higher values, which may affect our results. In the Discussion
(Section 4.4) we will present how our results vary when employing different thermal con-
ductivities. D,q is an adiabatic length scale (Labrosse et al., 2001) and amounts to D,q ~

6000 km for Earth (Labrosse, 2003). We calculate D,q for a given planet as D,q = /3Cp /21 poG.

2.5 Magnetic field

We calculate the magnetic moment m of a given rocky planet by using the scal-
ing law proposed by Olson and Christensen (2006) as

m =~ 4rrd o (p/uo)l/2 ((Pr + Fx)(roc — ric))*/?, (25)

where 3 is a saturation constant for fast rotating dynamos (8 = 0.2), po = 47-10~7 Hm™!
is the magnetic permeability. Here, roc — r1c represents the thickness of the convec-
tive shell (i.e., the thickness of the liquid outer core). This quantity is obtained from the
core evolution model, and becomes smaller as a solid inner core grows. The buoyancy
fluxes Frr and Fx arising from thermal and chemical anomalies, respectively, are calcu-
lated from the core evolution model as well, as described in Section 2.4.

Equation (25) assumes that the magnetic field is dipolar, although we do not ex-
clude that different magnetic field morphologies might be present or arise during evo-
lution, especially for bodies featuring large inner cores and thin convective liquid metal
shells. Furthermore, this expression is devised for magnetic fields that are powered by
convection in a liquid outer core, although it has recently been suggested that super-Earths
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can have magnetic fields that are generated inside their mantles instead (Soubiran & Mil-
itzer, 2018), where iron-bearing minerals can gain metallic properties. In the present study,
we will not consider such a process.

For a self-sustaining dynamo action to be viable, the magnetic Reynolds number
R, = v(roc—r1c)/Nm, where v is the typical flow velocity and 7, is the magnetic dif-
fusivity, needs to be higher than a critical value Ry, it = 40, as suggested by numer-
ical dynamo simulations (Christensen & Aubert, 2006; Roberts, 2015). The typical ve-
locity of the convective flow v in the outer core is calculated using the scaling relation
by Olson and Christensen (2006)

v~ 1.3((roc — rIC)/Q)1/5(FT + FX)2/5, (26)

where ) is the rotation rate, which is assumed for simplicity to be the one of Earth (Q =
7.29 - 1075 rad.st). All cases addressed in this study feature super-critical conditions

for dynamo action at the beginning of the evolution and a high magnetic Reynolds num-
ber. A magnetic field shuts off if the inner core grows up to the outer core radius (see
Section 4.1), if the convective velocity v is too low, or if the CMB heat flow is lower the
heat conducted along the adiabat in the absence of inner core growth (chemical dynamos
are viable otherwise). We define the lifetime of the magnetic field as the time interval

in a planet’s history during which the magnetic moment is non-zero. We do not consider
sporadic field reactivations in the aftermath of the magnetic field shutting off in our life-
time calculations.

3 Results
3.1 Initial core structures

Hereafter we present results for core structures at the end of accretion, after the
crystallisation of the silicates at the CMB. These are calculated using the model CHIC,
described in Section 2.1.

Figure 2 shows internal structures (solid inner core, liquid outer core, silicate man-
tle) for planets of different mass and iron contents in the aftermath of accretion. It can
clearly be seen that planets with higher bulk and mantle iron inventories feature larger
cores and solid inner cores, which can even result in mostly or fully solid cores. Such large
inner cores are a result of the increased internal pressures and densities of iron-rich plan-
ets, which raise the core melting temperature Ty, core (Equation (2)). Note that even though
inner (and outer) core sizes increase for larger bulk iron inventories, planetary radii are
smaller because of the higher core mass fraction, as shown in Figure 2. The size of the
solid inner core corresponds to the radius at which the temperature matches the core melt-
ing temperature in Equation (2), calculated for a given pressure range and light element
content z. Figure 3 shows the inner core radius fraction (ric/roc) at the end of accre-
tion for the whole range of explored parameters. Plots are shown for cores made of pure
iron (left column), and for cores containing iron and 5% of light elements (right column).
The upper and lower row comprise cases with mantle iron numbers #Fep of 0 and 0.1,
respectively.

We find that planets with cores made of pure iron and low mantle iron numbers
(e.g., upper left panel in Figure 3) do not feature solid inner cores if the bulk iron con-
tent is smaller than Xg, ~ 35 wt.%, regardless of the planetary mass. Above this thresh-
old, early inner cores are present and can reach up to > 80% of the core radius. The
addition of 5% of light elements (Figure 3; right column) depresses the core melting tem-
perature and pushes the presence of a solid inner core to higher bulk iron contents. A
different distribution of iron between core and mantle influences the inner core size as
well. As expected, planets with more iron in the mantle (i.e., a higher mantle iron num-
ber) have smaller core sizes, but solid inner cores tend to occupy a larger volume (see
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Figure 2. (Left) Schematic representation of a planetary interior showing the solid inner core,

+ #Fem
Latent heat
Gravitational heat
' E

the liquid outer core, and a portion of the viscous lower mantle. As the inner core solidifies, it
releases heat into the outer core in the form of latent and gravitational heat. In turn, the outer
core releases heat into the mantle due to secular cooling. All these energy contributions drive
convection in the outer core and power dynamo activity. (Right) Internal structures calculated
for planets with different masses My (1 and 2 Mgarn) and iron contents in their early evolution
stage, right after the crystallisation of molten silicates at the CMB. From top to bottom, the
mantle iron number #Fey is 0, 0.1, and 0.2. The bulk iron inventory Xre increases in clockwise
direction (15, 35, 55, and 75 wt.% Fe in the upper left, upper right, lower right, and lower left

quarters, respectively).

Figures 2 and 3). This is a result of the reduction of the mantle liquidus, which in turn
leads to lower temperatures at the CMB and at the planetary centre (see Figure 1). An
additional effect of higher mantle iron contents is the drastic increase of the mantle vis-
cosity, which in turn reduces the efficiency of convection. As a result, heat is transported
less efficiently from the core to the mantle, and a lower CMB heat flow is expected. Im-
portantly, we note that the inner core fractions and radii (latter not shown) do not seem
to be strongly dependent on the planetary mass. Instead, the iron inventory, the distri-
bution of iron between core and mantle, and the light element content are the main con-
trolling parameters.

3.2 Core evolution

Starting from planetary interior structures in the aftermath of accretion (see Sec-
tions 2.1 and 3.1), we investigate the evolution of the core using a parameterized ther-
mal and magnetic evolution model (Section 2.2). Hereafter, we present some core evo-
lution results for planets with masses of 1 and 2 Mg+, and bulk iron contents of 30 and
60 wt.% (see Figure 4). The core is made of iron and 5% light elements, and the man-
tle iron number # Fey; is set to zero. General trends summarising the outcomes of more
simulations are shown in Section 3.3.
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Figure 3. Radial fraction of the inner core (ric/roc) at the end of accretion as a function

of planetary mass, bulk iron content, mantle iron number (upper row: #Fenm = 0, lower row:
#Fem = 0.1), and core composition (left column: pure iron, right column: iron and 5% light
elements).

Inner core growth Figure 4A and B show the growth of the inner core during 5 Gyr,
along with the temperature evolution at the CMB, for planets of 1 and 2 Mg, with
different iron contents (30 wt.% and 60 wt.%) and #Feyn = 0, for a core containing
iron and 5% of light elements. In contrast to iron-rich bodies, planets with a reduced bulk
iron content (30 wt.% in Figure 4) display smaller core mass fractions (see also Figures 2
and 3) and tend to feature fully liquid cores in the aftermath of accretion. As soon as
the temperature at the planetary centre reaches the melting temperature, an inner core
starts growing as ric(t) o v/t (Labrosse, 2003, 2015). In this scenario, the inner core
growth curve is steeper in the early crystallisation stages due to the faster cooling of the
planet, and flattens out later on. Planets with a higher bulk iron content, on the other
hand, already start partially solid cores (e.g., ~ 50% of the core is solid for planets with
60 wt.% Fe in Figure 4). Despite the large difference in mass, 1 Mg,,tn planets tend to
feature larger inner cores at the end of evolution compared to 2 Mgt bodies. This is
a result of the melting temperature slope flattening out at higher pressures, as shown
in Figure 1. For all cases shown in Figure 4A, the solid inner core does not reach the outer
core radius at the end of evolution, but we will show later in Section 3.3 that a large num-
ber of the analysed bodies end up with fully solid cores after 5 Gyr.

The temperature at the CMB lies on the adiabatic profile. Before an inner core starts
crystallising, the profile is anchored to the central temperature, which is then shifted to
the temperature at the ICB (assumed to be equal to the crystallisation temperature at

—15—



100

(A)

Inner core radius fraction (%)

0 T T T T
0 1 2 3 4 5
Time (Gyr)

CMB heat flow (W)

Time (Gyr)

le—12

—— 1 Mgartn
—— 2 Meartn
— Xre=30 wt%
Xre=60 Wt%

(B)

7000 1
6000 1

5000 1

CMB temperature (K)
B
o
o
o

3000 4

Time (Gyr)

leld

=
>

(E)

=
N

Secular cooling (W)
o o =
o (o<} o

o
~

0.2 4,

0.0 - - —

-
w

©)

-
N

-
[

Fraction of light elements in the OC (%)
©o

leld

Time (Gyr)

e B B &
o o N »
L L N L

o

Latent + Gravitational heat (W)

(F)

Time (Gyr)

le—12

Thermal buoyancy flux (m?s~3)

Chemical buoyancy flux (m2s~3)

Time (Gyr)

Figure 4.

T T

T
0 1 2 3 4 5

Time (Gyr)

le23

Time (Gyr)

Magnetic moment (Am?)

T
1 2 3 4 5

T T

Time (Gyr)

Evolution of the core during 5 Gyr for planets of 1 and 2 Mgarytn with a bulk iron

content of 30 and 60 wt.% and a mantle iron number # Feyn of 0. The core is made of pure iron

and 5% of light elements. The different panels show: (A) Inner core radius fraction. (B) CMB

temperature. The stars mark the inner core crystallisation onset. (C) Light element fraction in
the liquid outer core (OC). (D) CMB heat flow for a stagnant-lid mantle. (E) Energy released
from secular cooling. (F) Energy released from latent heat and gravitational heat. (G) Ther-

mal buoyancy flux. (H) Chemical buoyancy flux. (I)Magnetic moment. As a reference, Earth’s

present-day magnetic moment is 7.8 - 1022 Am?.
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that pressure) once an inner core starts forming (marked by a star in Figure 4A and B).
As a result, the CMB temperature is higher for planets that start with no solid inner cores.

Light elements in the outer core As the solid inner core crystallises, the volume
of the liquid outer core shrinks and becomes gradually enriched with light impurities,
as shown in Figure 4C. We assume that these impurities are preferentially partitioned
into the liquid phase. In the scenarios explored in Figure 4, the core has a bulk amount
of light elements of 5%. However, depending on the size of the solid inner core (if any),
the initial light element content in the outer core will differ. Following the examples shown
in Figure 4, a 1 Mgartn planet containing 60 wt.% of iron will start with an inner core
radius fraction of ~ 55% (Figure 4A) and ~ 6.3% of light elements in the outer core
(Figure 4C). Instead, a body of same mass but containing 30 wt.% of iron will feature
5% of impurities in its fully liquid core. Due to the smaller inner core mass fraction of
iron-poor bodies, the light element content in the liquid outer core will only increase by
about ~ 0.5% during evolution. On the other hand, bodies containing 60 wt.% of iron
can grow large inner cores reaching up to ~ 80% of the core radius, featuring thin lig-
uid cores containing more than 10% of light components. The light element content in
the liquid portion of the core has strong implications on the chemical composition of the
latter with respect to the eutectic, as well as on the presence of different core formation
mechanisms, as will be pointed out on the Discussion (Section 4.2).

Energy budget Figure 4D shows the evolution with time of the contributions to
the energy budget for CMB heat flow histories for stagnant lid planets, calculated us-
ing the code CHIC (see Section 2.1.4 and Noack et al. (2017)). In the absence of an in-
ner core, the CMB heat flow needs to be higher than the adiabatic one for thermal dy-
namo action to be viable. Once an inner core starts forming, a chemical dynamo can still
take place even if the CMB heat flow lies below the adiabatic one. In the absence of heat
supplied by radioactive decay, before an inner core starts forming, the only energy con-
tribution to the CMB heat flow is provided by the secular cooling term as shown in Fig-
ure 4E (see also Section 2.2). Once an inner core starts crystallising, latent heat and grav-
itational energy (Figure 4F) start contributing as well, albeit being around one order of
magnitude smaller than secular cooling.

More massive planets display higher CMB heat flows, resulting in higher secular
cooling, latent, and gravitational heat terms. Despite having similar shapes, the CMB
heat flow curves are all characterised by sharp oscillations during the first ~ 1 Gyr of
evolution. Such oscillations are the result of the initially very hot interior, triggering large-
scale convective overturns not unsimilar to those seen in magma ocean crystallisation
studies (Ballmer et al., 2017; Maurice et al., 2017). At later evolution stages CMB heat
flows then partially converge to becoming smoother, although oscillations are still pos-
sible due to small-scale convection.

Buoyancy flures The evolution of the buoyancy fluxes is shown in panels G and
H in Figure 4, for fluxes arising as a result of thermal and chemical anomalies. As a planet
cools, thermally-generated buoyancy decays. The spikes in the thermal buoyancy flux
curve reproduce the ones observed in the CMB heat flow evolution plot, as thermal buoy-
ancy is proportional to the amount of heat extracted from the mantle.

Chemical buoyancy is driven by the release of light elements into the outer core af-
ter the onset of crystallisation of a solid inner core. The extent of chemical buoyancy is
largely determined by the density jump at the ICB Apicp, which in turn depends on the
amount of light elements present in the liquid outer core. As the outer core gradually
becomes enriched in light components due to inner core crystallisation, the density jump
at the ICB increases accordingly. Nevertheless, chemical buoyancy decays in time as a
result of the smaller inner core growth rate (dric/dt, see Equation (23)) and drops to
zero once the eutectic composition is reached.
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Figure 5. Magnetic field lifetimes for planets with different masses and bulk iron contents.
Each panel comprises bodies with a different mantle iron number (#Fexm = 0 — 0.2). The core is

made of pure iron.

Magnetic field The dipolar magnetic moment is calculated using the scaling law
by Olson and Christensen (2006) (Equation (25)). Its evolution is shown in Figure 41
for planets with different masses and iron contents. As outlined in Section 2.5, magnetic
activity can take place if the magnetic Reynolds number is higher than a critical value
of 40 and if the core is not entirely solid. The magnetic field also shuts off if the CMB
heat flow is smaller than the heat conducted along the isentrope in the absence of in-
ner core growth, as the existence of chemical dynamos is possible once an inner core starts
forming. We find that the field is strongest, and magnetic activity lasts longer (with life-
times reaching up to or more than ~ 5 Gyr) for massive and iron-rich planets. This is
a result of their larger core sizes, as well as of the stronger CMB heat flow and result-
ing buoyancy fluxes. On the other hand, planets that are more iron-poor (i.e., 30 wt.%
as shown in Figure 4) tend to have shorter-lived magnetic fields, with lifetimes of up to
~ 3.8 Gyr. After the magnetic field shuts off, there may be some sporadic field reac-
tivation episodes (see Figure 41 for a planet of 1 Mgartn and 30 wt.% of iron), resulting
from the oscillatory behaviour of the CMB heat flow and the thermal and chemical buoy-
ancy fluxes. While these episodes might be common in a planet’s history, we do not take
them into account when calculating the magnetic field lifetimes.

3.3 Magnetic field lifetimes and strengths

Hereafter, we present results exploring the full range of parameters introduced in
this study. We focus on the evolution of the magnetic field, which is represented by its
lifetime and maximum strength at the planetary surface. Results are shown as regime
diagrams, with linear interpolations between the explored simulation cases.

Figure 5 shows the magnetic field lifetimes obtained for planets with different masses
and iron contents (bulk and mantle) for cores made of pure iron. Magnetic field lifetimes
are longest (~ 4.15 Gyr) for planets with higher mass, due to their elevated heat flows
at the CMB. However, more than the planetary mass, the planetary iron content and
distribution impact the lifetime of the magnetic field significantly. In this regard, we find
that for each planetary mass the magnetic field lifetimes tend to increase up to interme-
diate bulk iron contents (~ 55 wt.% Fe), beyond which they start decaying. As inner
cores of iron-rich planets occupy a larger fraction (> 50%) of the core radius already
at the beginning of evolution (i.e., in the aftermath of accretion), they require less time
to reach the CMB and shut down any pre-existing magnetic activity. Similarly, an in-
crease in the mantle iron inventory strongly shortens the time span during which mag-
netic activity takes place, with longest lifetime estimates being ~ 2.7 Gyr and ~ 1.5 Gyr
for planets with mantle iron numbers # Fey of 0.1 and 0.2, respectively. This is again
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Figure 6. Magnetic field lifetimes for planets with different masses and bulk iron contents.
The core is made of iron and 5 % (left panel) or 10 % (right panel) of light elements. The mantle
iron number is #Fenm = 0. The white regions denote parameter combinations for which the mag-

netic field is still active at the end of the simulations (and thus equals to 5 Gyr; see colorbar).

a result of the large inner core sizes arising from the depression of the mantle melting
temperature, as depicted in Figure 1. Rocky planets that are both very rich in iron and/or
have large mantle iron fractions are thus likely to have completely solid inner cores (see
Figure S1 in the Supplementary Information), and no magnetic activity after 5 Gyr.

This scenario changes if the core is not made uniquely of iron, but contains a frac-
tion of light elements. The lower melting temperatures cause inner cores to be smaller
in size and delay the onset of inner core crystallisation. As a result, the longest magnetic
field lifetimes (> 5 Gyr) are shifted towards higher iron inventories (Figure 6). Never-
theless, for bodies with large amounts of light elements (e.g., 10%) inner core crystalli-
sation could be delayed to an extent at which thermal buoyancy alone is not able to sus-
tain any magnetic activity anymore, leading to the extinction of the field.

Figure 7 shows the temporal maximum dipole field intensity at the planetary sur-
face, obtained for planets with different masses and iron contents (bulk and mantle) for
a core made of pure iron. The field intensity at the planetary surface Bgy,¢ scales from
the intensity at the CMB Bcmp as Bsurt = Bemp(roc/ rplanet)?’ (where rplanet is the
planetary radius), and thus strongly decreases for large planets with small core mass frac-
tions. In addition, this quantity is proportional to the heat flow at the CMB, which gov-
erns the magnitude of thermal buoyancy fluxes, and is therefore expected to be highest
during the early stages of a planet’s evolution, similar to what is shown in Figure 41 for
the dipole moment. The surface intensity is also important to assess the potential de-
tectability of the generated magnetic fields (Section 4.5). We obtain the highest surface
field intensities (~ 280 pT, about nine times stronger than the one at present-day Earth’s
surface) for massive planets with high bulk iron contents and low fractions of mantle iron.
Therefore, despite displaying shorter-lived magnetic fields, as shown in Figure 5, plan-
ets that are very iron-rich (> 70 wt.% Fe) are expected to sustain a stronger magnetic
field signatures during their early evolution. The addition of light components to the core
increases chemical buoyancy fluxes, which in turn leads to an increase of the magnetic
dipole moment and intensity at the surface up to ~ 700 uT (see Figure 8).

Figure 9 summarises our results by showing the calculated planetary radii (Noack
& Lasbleis, 2020), as well as the magnetic field lifetimes for planets with different masses
and mantle iron numbers # Fey; for a core made of pure iron. Together with the plan-
etary mass, the planetary radius is one of the observables for exoplanets, and is used here
as a proxy for the bulk iron content, with larger radii indicating a lower iron inventory.
Our results indicate that both a planet’s iron content and the distribution of iron be-
tween the mantle and the core (and the planetary mass to a lesser extent) have strong
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implications for the lifetime of the magnetic field. This also confirms that mass and ra-
dius alone are not enough for constraining planetary internal structures, dynamics, and
magnetic field features. Understanding the interaction of internally-generated magnetic
fields with the atmosphere will open new avenues for constraining interior properties start-
ing from atmospheric observations.

4 Discussion
4.1 Implications of large inner cores

During the course of evolution, a large portion of the analysed cores becomes com-
pletely or mostly solid. In the former case, the inner core has grown up to the size of the
liquid outer core, while in the latter case the core consists of a large solid inner core and
a thin convective shell. Besides having dramatic consequences for the existence of a mag-
netic field, this scenario can also have strong implications for dynamo morphology and
for the pattern of convection in the remaining liquid. Figure 10 shows the time required
for the solid inner core to reach 70% of the outer core radius, for planets of 1 and 2 Mgarin
with different bulk and mantle iron contents (the core is made of pure iron). Since bod-
ies with high mantle iron numbers tend to start their evolution with larger inner cores,
the time elapsed until the outer core radius is reached is substantially reduced. As an
example, 1 Mgan planet having a bulk iron content of 15 wt.% and a mantle iron num-
ber #Fey = 0 needs much more than 5 Gyr for its core to become 70% solid, whereas
it takes only ~ 2.7 Gyr for the same planet with a mantle iron number of 0.2. This is
even more extreme for 2 Mg,.tn planets, for which the time is reduced to less than 1 Gyr
for a high mantle iron number. The time required to reach a solid core fraction of 70%
can be increased by a larger light element content.

Several studies have investigated dynamo morphology at different inner core frac-
tions. Heimpel et al. (2005) examined the power spectra for dynamos at different shell
geometries. They showed for inner core fractions lying between ric/roc = 0.15—0.65,
the dipole energy increases up to ric/roc = 0.45. Above this threshold, the dipole en-
ergy slowly decays and the octupole and quadrupole contributions gradually increase.
The importance of non-dipolar components has also been found by Takahashi and Mat-
sushima (2006), who investigated convection in a thin shell with the inner core occupy-
ing 70% of the core radius. Based on similar findings, Stanley et al. (2007) suggested that
a high octupole contribution might hint to the presence of a large inner core, whereas
dipolar configurations might be a signature of small (Earth-like) solid inner cores. A change
in the magnetic field morphology can have effects on the potential detectability of the
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field, with higher order configurations remaining more enclosed in the planetary interior
and not manifesting at the surface.

Large inner cores can also influence the dynamics in the remaining thin liquid shell.
With the Rayleigh number Ra being related to the shell thickness Dghen as Ra Dg’heu,
the presence of a thin liquid outer core volume will likely lead to a smaller Rayleigh num-
ber, and hence to less vigorous convection. The resulting convective pattern, taking place
in a region with a wide aspect ratio of horizontal and vertical scales of convection might
be described by a different set of equations than the ones used here. A thin liquid layer
can also affect flows powering the magnetic field. For cases with a small or absent in-
ner core, magnetic activity is powered by large-scale columnar flows acting over the whole
volume of the liquid outer core. In presence of a thin shell, these columnar flows might
shift to smaller scales, which in turn might alter the strength and the long-term stabil-
ity of the magnetic field.

While the dynamo configuration and outer core dynamics might be influenced by
a large inner core to a certain extent, it is still unclear at which inner core radius this
starts to happen, and thus needs further investigation. Nevertheless, we note that once
inner cores become very large in our models, the equations employed here might not be
adequate to describe the dynamics at that stage.

4.2 Composition of the outer core

As the inner core grows, the density and the composition of the outer core change
due to the addition of light elements expelled from the solid inner core (here we assume
that light components strongly partition into the liquid phase). The identity and abun-
dance of light impurities in exoplanetary cores are unconstrained, mainly due to their
high pressure conditions, which are challenging for mineral physics experiments and ab
initio studies to reproduce. In our simulations we consider cores with bulk light element
abundances of up to 10 wt.%. However, in the presence of large solid inner cores, light
element fractions in the outer core can be substantially higher. Figure 11 shows light el-
ement abundances in the outer core after 5 Gyr of evolution for 5% and 10% bulk light
element abundances, for planets of different mass and iron content. Planets with a smaller
light element inventory (i.e., 5%; left panel of Figure 11) tend to grow larger (and ear-
lier) solid inner cores than planets with more light elements in their cores. As a result,
the outer core becomes more enriched in light components compared to bodies with a

—292—



776

77

779

780

781

782

784

785

786

787

788

789

790

792

793

795

796

797

798

799

800

801

802

803

804

805

806

807

Bulk LE content:5.0%

80

Fe content (wt.%)
w
)
Light elements in the OC (%)

0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Planetary mass (Mp/Mgartn) Planetary mass (Mp/Mearth)
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for all cases.

larger bulk amounts of light elements (e.g., 10%; right panel of Figure 11), with fractions
reaching up to X ~ 90%.

At such high light element contents, the outer core composition might lie at or be-
yond the eutectic point, on the iron-poor side of the phase diagram. This could imply
the occurrence of different processes responsible for core crystallisation. For example,
if the eutectic point is reached, two different phases start freezing, namely hpc-Fe and
a light alloy FeX, where X is a light element (Braginsky, 1963). Such a mechanism will
modify the energy balance in a way that is beyond the scope of the present study. In an
attempt to simulate the attainment of the eutectic point, we topped the melting tem-
perature depression to a maximum value of AT et core = 1500 K, as proposed by Morard
et al. (2011), beyond which outer core composition is kept to a pressure-dependent ”eu-
tectic” value and Apicp = 0. However, while our approach somewhat simulates the core
reaching a eutectic, it is important to note that eutectic compositions for different al-
loys at conditions similar to the ones of super-Earths need further investigation.

4.3 Influence of the CMB heat flow history and of the initial thermal
profiles

The CMB heat flow histories employed in this work are calculated using the code
CHIC (Noack et al., 2017) for planets in a stagnant lid tectonic configuration. We ac-
knowledge that the use of CMB heat flow histories for stagnant lid planets does not re-
produce the thermal and magnetic history of Earth’s core. Nevertheless, our core evo-
lution model is based on the one by Labrosse (2015) and using a similar CMB heat flow
history to the one employed there would lead to an evolution similar to Earth. The pres-
ence of a single stagnant ductile lithospheric plate acts as a cap and reduces the amount
of heat that is released at the planetary surface. As a result, the heat flow at the CMB
will be lower than for bodies featuring mobile lid-like mechanisms, which are expected
to cool down at a faster rate. A similar effect might be exerted by the presence of an over-
lying thick atmospheres or a gaseous envelope (Lopez & Fortney, 2014; Weiss & Marcy,
2014), both of which can maintain the planetary interior hot. The role exerted by plan-
etary atmospheres on the evolution of planetary cores and magnetic fields needs to be
addressed by future work.

A further underestimation of the CMB heat flow is related to the fact that the in-
put of latent and gravitational heat released from the growth of an inner core are not
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taken into account in the mantle evolution model employed to obtain the CMB heat flow
histories (see also Section 2.1.4). The coupling between mantle and core evolution is thus
needed. However, for this study we employ a hot initial thermal profile, which is an up-
per limit of the profile in Stixrude (2014). In this scenario, the CMB temperature is an-
chored to the mantle liquidus, which leads to an initially hot core. This may, in turn,
promote higher CMB heat flows compared to the ones obtained in previous work (Valencia
et al., 2006; Tackley et al., 2013).

In order to compare our results with other thermal profiles, we ran the evolution
models for bodies with a warm initial temperature profile, which corresponds to the case
described in Stixrude (2014) and to the warm case in Noack and Lasbleis (2020). In this
scenario, the temperature at the CMB is anchored to the mantle solidus. Hot and warm
initial thermal profiles can represent different stages in a planet’s evolution, as well as
a different thickness of the overlying atmosphere, if any (Hamano et al., 2013). In this
regard, a hot initial profile would be indicative of a planet surrounded by a thick insu-
lating atmosphere, which would delay mantle freezing and lead to a long-lived magma
ocean. On the other hand, a warm initial profile would represent a planet short-lived magma
ocean and a thinner atmosphere.

Starting out from a warm internal profile implies lower heat flows at the CMB, as
well as cores that are partially or entirely solid. We find that regardless of the iron con-
tent (bulk and mantle) all cores end up being completely solid after 5 Gyr of evolution.
As a result, the magnetic field lifetime is drastically reduced and reaches values slightly
higher than 3 Gyr for a mantle iron number #Fey = 0 and low bulk iron contents (<
20 wt.%). The presence of light impurities can help maintaining the field for longer, al-
though lifetimes are still shorter than what obtained for the hot temperature scenario.

4.4 Influence of the thermal conductivity

The lifetime of a magnetic field is also highly dependent on the core thermal con-
ductivity, which determines how fast heat is conducted to the mantle. A number of re-
cent findings reporting higher thermal conductivities than previously thought (Pozzo et
al., 2012; Gomi et al., 2013) have dramatically challenged the current understanding of
processes taking place in the cores of Earth and other planets. Other processes enabling
a longer-lived dynamo action have since then been invoked (ORourke & Stevenson, 2016;
Hirose et al., 2017).

Thermal conductivities of super-Earths’ cores are unknown and will likely be chal-
lenging to determine in the near future. As mentioned in the Methods section, we em-
ploy a thermal conductivity of 150 W.m™'. K-, which lies in the upper range of estimates
for Earth. For comparison, we ran core evolution simulations using thermal conductiv-
ities of 60 and 250 W.m 1. K'. For cores made of pure iron, we obtain upper estimates
of the magnetic field lifetime amounting to 5 Gyr for planets with a thermal conductiv-
itiy of 60, and almost 2 Gyr lower (3.2 Gyr) for bodies having thermal conductivities of
250. Such upper estimates are obtained for mantle iron numbers of 0. The addition of
light elements yields magnetic field lifetimes longer than 5 Gyr for 60 and of up to 4.43 Gyr
for 250 W.m 1. K-!. The thermal conductivity remains a strongly controlling parameter
and varying its value can thus significantly impact our results. Constraining this param-
eter for planets in our solar system like Mars, the Moon, and Mercury will help under-
standing how strong the thermal conductivity changes with pressure.

4.5 Detectability

Magnetic fields of planets in the solar system were first detected by measuring their
radio electron cyclotron emission, which generates from the interaction between the stel-
lar wind and the magnetised planet. These observations are carried out from the ground
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using radio telescopes such as the Low-Frequency Array (LOFAR) (Kassim et al., 2004).
As a result, only signals with frequencies greater than 10 MHz (i.e., the ionospheric cut-
off) are able to penetrate Earth’s atmosphere and be detected. This constitutes a bias
on the type of magnetic fields that can be observed, which are mainly on the order of
the ones produced by giant planets like Jupiter and Saturn.

In order to be detectable, the magnetic field of a (exo)planet must fulfil two con-
ditions: It must produce cyclotron emission signals with frequencies higher than the iono-
spheric cutoff of 10 MHz (and thus have a magnetic field surface intensity of By = 384 uT),
and have a flux density higher than the sensitivity of the instrument the observation is
carried out with. The sensitivity describes the minimum signal that a telescope is able
to detect within a given time frame. In their study, Driscoll and Olson (2011) have dis-
cussed the potential observability of exoplanetary magnetic fields through radio emis-
sions, and we redirect the reader to that paper for more information on the relevant equa-
tions. While we explore a wider range of parameters (core mass fractions, iron distribu-
tions, and light element content), and despite some differences in the modelling approach
(e.g., the use of different melting temperatures, CMB heat flow histories, and the con-
sideration of chemical buoyancy), we find that the magnetic surface intensities obtained
here (see Figure 7) match quite well with the ones discussed in Driscoll and Olson (2011)
for planets of up to 2 Mgath (see Figure 7). Planets with pure iron cores do not pro-
duce strong enough fields to emit at frequencies higher than the ionospheric cutoff, bod-
ies with cores containing light impurities can reach surface field intensities of up to ~
650 pT. Such planets can attain electron cyclotron frequencies f. of up to ~ 18 MHz,
above the ionospheric cutoff.

Planets can be detected if their flux density is higher than the one required by the
LOFAR telescope. The flux density is related to a planet’s distance from the solar sys-
tem, its cutoff frequency, and its radio emission. The latter quantity depends on a planet’s
magnetic moment and its semi-major axis. Planets located in systems further away from
the Sun will need to have smaller orbital distances in order to be detected. We find that
planets located 1 pc away from the Sun are detectable only if they lie within ~ 1073 AU
from their host star. This orbital distance is reduced to ~ 2 - 1075 AU for bodies lo-
cated 100 pc away from the solar system. At such small semi-major axes, rocky plan-
ets may not be in stable orbital configurations and are expected to spiral and collapse
into the host star. It needs to be noted, however, that the radio emission of a planet also
changes according to the stellar activity, which influences the intensity, density, and ve-
locity of stellar winds. Sporadic energetic events such as coronal mass ejections can in-
crease the flux density of the signal by 1—2 orders of magnitude (Farrell et al., 1999),
and planets located further away from the host star might become temporarily detectable.
We conclude that even if exoplanetary cores contain light elements raising the magnetic
field intensities, current specifications of radio telescopes such as LOFAR may be not sen-
sitive enough to detect the emission generated by their magnetic fields. Nevertheless, the
development of indirect observation techniques, such as UV and radio wave transits (Fossati
et al., 2010; Withers & Vogt, 2017), can provide useful insights on planetary composi-
tion, interior structure and magnetic activity.

5 Summary and Conclusions

The presence of a magnetic field during a planet’s history is thought to influence
its evolution, as well as the development and long-term stability of habitable surface con-
ditions. Magnetic fields of rocky bodies are generated in an electrically conductive lig-
uid layer in their deep interior (the metallic molten outer core for Earth). The discov-
ery of a large amount of exoplanets and the search for extraterrestrial life motivate the
investigation of the evolution and diversity of exo-magnetic fields. This constitutes a chal-
lenging task, as interior properties of exoplanets are difficult to estimate from current
data.
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This work presents structures and evolution trends of the cores of a diverse set of
planets with different masses (0.8—2 Mgaytn), iron contents (indicated by the bulk iron
fraction), as well as variable partitioning of iron between the mantle and core (indicated
by the mantle iron number). We employ an interior structure model (Noack & Lasbleis,
2020) to obtain core structures at the late stages of planet formation and the evolution
of the heat flow at the CMB. Starting from these, we model the subsequent thermal and
magnetic evolutions of the cores, and calculate how long magnetic activity can be sus-
tained. Our main findings are:

« While the planetary mass is not the most controlling parameter, the iron inven-
tory strongly affects a planet’s core thermal and magnetic evolution.

e The presence of a solid inner core is common among newly-formed planets with
high bulk and/or high mantle iron contents displaying large solid inner cores, as
a result of the higher core mass fraction and the lower mantle melting tempera-
ture. Cores containing small fractions of light elements start with smaller inner
cores due to the depression of the core melting temperature exerted by the pres-
ence of light impurities.

e During 5 Gyr of evolution, a large portion of the analysed cores become mostly
or fully solid. Solid inner cores occupying more than ~ 70% of the v olume of the
core might be compatible with a lower dipole energy and different convection pat-
terns, compared to cases with a smaller inner solid sphere. This can affect the gen-
eration and surface manifestation (detectability) of a magnetic field.

+ The generated magnetic fields can remain active for up to ~ 4.2 Gyr, where longer
lifetimes are obtained for planets with intermediate/high iron fractions (60—75 wt.%)
and low mantle iron numbers. Lifetimes can be extended to 5 Gyr or longer in pres-
ence of a small fraction of core impurities. Planets that are more iron-rich tend
to grow inner cores that quickly reach the CMB, shutting off any pre-existing mag-
netic activity, thus leading to shorter magnetic field lifetimes.

« The expulsion of light components to the liquid outer core as the solid inner core
grows enriches the former with impurities, whose fraction can reach up to ~ 90%
after 5 Gyr of evolution. Large light element contents may be compatible with the
attainment of the eutectic (or cotectic). This may lead to different core crystalli-
sation mechanisms, powering the magnetic field in a different way, not explored
in this study.

¢ The calculated magnetic field surface intensities can reach up to ~ 700 uT, i.e.
~ 23 times the one of present-day Earth. Even though their signal lies above the
ionospheric cutoff frequency of 10 MHz, their emitted flux is too weak to be de-
tected by current ground-based radio telescopes. The use of different, indirect, ob-
servation strategies (spectroscopic transit observations, observations of planetary
dust tails) could provide further insights and constraints on exoplanetary mag-
netism.

Investigating the diversity of exoplanetary magnetic fields will improve our under-
standing of the evolution of planets in our solar system and beyond. Ultimately, it is im-
portant to constrain the influence and feedback of internally generated magnetic fields
on the planetary atmospheric evolution and habitability by fully coupling interior pro-
cesses to ones at the outer edge of the atmosphere and the stellar environment. This will
enable to constrain interior properties from future observed atmospheric parameters. This
study provides a first step in this direction, by presenting some of the trends obtained
from the evolution of exoplanetary cores.
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Inner core radius fractions after 5 Gyr of evolution
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Radial fraction of the inner core (ric/roc) after 5 Gyr of evolution as a function of plan-
etary mass, bulk iron content, mantle iron number (upper row: #Fey = 0, lower row:
#Fey = 0.1), and core composition (left column: pure iron, right column: iron and 5%
light elements).
Figure S2.

L, (left) and A, (right) for a range of planetary masses and iron contents. Values for

Earth are L, = 7683 km and A, = 0.484 (Labrosse, 2015).
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Figure S3.
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