JGR Planets

RESEARCH ARTICLE
10.1029/2024JE008550

Key Points:

e Gravitational energy associated with
core formation increases with planet
mass for super-Earths with Earth-like
composition

e Accretion and differentiation in most
super-Earth exoplanets generate
enough heat to at least partially melt
their cores, thus allowing the formation
of early magnetic fields

o The largely molten state of Earth's core
suggests that at least 7% accretional
energy contributed to the initial heating
of rocky planets

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J. Li,
jackieli@umich.edu

Citation:

White, N. L., & Li, J. (2025). Initial thermal
states of super-Earth exoplanets and
implications for early dynamos. Journal of
Geophysical Research: Planets, 130,
€2024JE008550. https://doi.org/10.1029/
2024JE008550

Received 4 JUN 2024
Accepted 2 FEB 2025

Author Contributions:

Conceptualization: Nathaniel I. White,
Jie Li

Data curation: Nathaniel I. White
Formal analysis: Nathaniel I. White
Investigation: Nathaniel I. White
Methodology: Nathaniel 1. White, Jie Li
Project administration: Jie Li
Resources: Jie Li

Software: Nathaniel I. White
Supervision: Jie Li

Validation: Nathaniel I. White, Jie Li
Visualization: Nathaniel I. White
Writing — original draft: Nathaniel

1. White, Jie Li

Writing — review & editing: Nathaniel
1. White, Jie Li

© 2025. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

Initial Thermal States of Super-Earth Exoplanets and
Implications for Early Dynamos
Nathaniel I. White' © and Jie Li'

1Department of Earth and Environmental Sciences, University of Michigan, Ann Arbor, MI, USA

Abstract The accretion of Earth and the formation of a metallic core released a large amount of primordial
heat and may have enabled its evolution into a habitable world. Metal-silicate segregation likely occurs in super-
Earth exoplanets as well, but its influence on their initial thermal states has not been fully examined. Here we
calculated the energy released during core-mantle differentiation of super-Earths for a range of planet radii and
core mass fractions. We found that the energy of differentiation increases with planet mass for rocky planets
with Earth-like composition, and it peaks at 55% core by mass in Earth-sized rocky planets. Using the latest
mineral physics constraints on the equations-of-state and melting curve of relevant phases, we modeled the
initial thermal profiles and assessed the extent of melting in initial iron cores for plausible heat retention
efficiencies. Our results suggest that following accretion and metal-silicate differentiation, the cores of most
super-Earths are expected to be at least partially molten, a necessary condition for the generation of a magnetic
field. Based on the largely molten state of Earth's core at the present day, we place a lower bound of 7% retention
of accretional energy as primordial heat in rocky planets.

Plain Language Summary A protective magnetic field is widely considered a prerequisite for
planetary habitability. Super-Earths are exoplanets with a rocky composition and up to twice the Earth's radius.
Like Earth, these planets acquire a large amount of primordial heat during their birth and differentiation. This
study aims to evaluate the potential of super-Earth exoplanets to develop early magnetic fields. We calculated
the energies of accretion and metal-silicate segregation. This was done for a range of planet radii and core mass
fractions. Furthermore, we modeled the internal pressures and initial thermal states of super-Earth planets,
considering various heat retention efficiencies. We then compared the core temperature profiles with the
melting curve of iron to determine the extent of melting in the core. Our results suggest that most super-Earth
planets could acquire enough heat to at least partially melt their cores. This would allow the generation of global
magnetic fields and therefore support habitability.

1. Introduction

To date, more than 5,000 exoplanets have been confirmed, about half of which were discovered in just the last
14 years by the Kepler Space Telescope (Abushattal et al., 2022). This increase in the number of known exo-
planets also comes with improved accuracy and precision of available measurements, mainly external properties
such as mass and radius. Super-Earths make up nearly one-third of the currently known exoplanets. They are
defined as terrestrial planets with 1 and 2 Earth radii (Rg) and 1 to 10 Earth masses (Mg), as more massive planets
are expected to acquire a significant gaseous envelope and become mini-Neptunes (Izidoro et al., 2022; Spiegel
et al., 2013; Zeng et al., 2021). With a rocky surface potential to develop magnetic fields, super-Earths represent
strong candidates for habitable worlds and are thus objects of great interest (Duffy et al., 2015; Hu et al., 2019).

The relationship between magnetic fields and planetary habitability is an area of ongoing research. A global
magnetic field shields a planet's atmosphere from cosmic rays and stellar radiation; thus, it has been widely
considered a necessary component of the habitability paradigm (Gunell et al., 2018; Kaltenegger, 2017).
Although no exoplanet magnetic fields have been detected yet, such measurements could place constraints on the
planet's internal structure and thermal state. The operation of a planetary dynamo requires rapid convection of a
conductive fluid, which in a super-Earth is presumably molten iron in the core. In the Earth, inner core solidi-
fication is posited to have supplied much of the required dynamo power. However, the inner core may have only
existed for the past 0.5 to 1.0 billion years, while the geomagnetic field is significantly longer-lived, leading to the
“new core paradox” (Olson, 2013). Other than a liquid core, sustaining a magnetic field also requires favorable
impact conditions, ohmic dissipation parameters, and convective motions (Monteux et al., 2011).
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The potential of super-Earth exoplanets for developing dynamo depends on their thermal state. A recent study by
Boujibar et al. (2020) calculated the thermal energy generated by accretion and suggested that larger super-Earths
are likely to have an initial crystallizing core to help maintain a magnetic field. They built internal structure
models and quantified various factors involved in planetary formation. As acknowledged, however, the study
ignored differentiation and therefore underestimated the core temperature of a planet that has undergone metal-
silicate segregation. As a result, the initial temperature at the Earth's core-mantle boundary (CMB) was estimated
at 3,615 K, below the current temperature at CMB and the melting points of relevant iron-alloys at the CMB
pressure (Li, 2021; Li et al., 2019). This is inconsistent with the geophysical observation that more than 90% of the
Earth's core is molten at present (Dziewonski & Anderson, 1981), and that it was likely fully molten shortly after
formation (Buffett et al., 1996). Therefore, it is necessary to consider the contribution of the energy of differ-
entiation to the initial thermal states of super-Earth exoplanets.

The process of core-mantle differentiation refers to the separation of iron-rich metal from silicate in the early
stages of planetary development (Cambioni et al., 2021). Depending on the planet size and relative size of the
core, a large amount of potential energy may be released as heat when the planet evolves from the undifferentiated
state consisting of a homogeneous mixture of iron alloy and silicate to the differentiated state with an iron core
inside a silicate mantle. Here, we calculate the energies of accretion and differentiation of super-Earth exoplanets
for a range of planetary radii, core mass fraction (CMF), and heat retention efficiencies. Then, we model the
internal structure and initial thermal states of differentiated planets to determine the physical state of their iron
cores. Our models incorporate recent results on material properties, including the latest equations of state (EoS) of
Fe and MgSiOj; at the pressure conditions of super-Earth exoplanets. Furthermore, by comparing the predicted
and known thermal states of planetary bodies within the Solar System, we place constraints on the retention
efficiencies of heat derived from accretion and differentiation.

2. Methods
2.1. Calculate Energy of Differentiation

The accretion of dispersed source material into a planet releases potential energy, part of which is converted to
heat and retained by the planet as part of its primordial heat. The potential energy of accretion may be calculated
for an undifferentiated rocky planet consisting of well-mixed iron and silicate, U,. This corresponds to the
reduction of gravitational energy with respect to dispersed ingredients. As the rocky planet undergoes differ-
entiation to form an iron core enclosed in a silicate mantle, more gravitational energy is released to reach U,
which corresponds to the reduction of gravitational energy with respect to dispersed building blocks.

For simplicity, we consider a two-component planet consisting of pure iron and pure MgSiOj silicate, with a total
mass of M and a core mass fraction CMF. To calculate the total gravitational energy released during accretion and
differentiation, we assume that iron and silicate are fully incompressible. A small fraction of these energies
converts into elastic energy stored in a compressed planet and most of them convert to heat through friction
(Birch, 1965; Flasar & Birch, 1973). The U, and U, are calculated by

M

Gm
U_fr(m)dm (1)

0

where G is the gravitational constant 6.6743-10™'! N'm' kg™, r(m) is a function of radius with respect to mass.
The energy of differentiation U,~U, corresponds to the further reduction of gravitational energy from the un-
differentiated state to the differentiated state.

2.2. Structure Modeling

To estimate the internal properties of a differentiated rocky planet consisting of an iron (Fe) core inside a MgSiO5
silicate mantle, we constructed a finite-element iterative algorithm, where a planet is divided into concentric
spherical shells, each with a uniform density, pressure, and gravitational acceleration (Figure S1 in Supporting
Information S1). Starting with the planet radius, core radius fraction (CRF), and an initial density p, at 1 bar and
300 K and assuming hydrostatic equilibrium, the algorithm calculates the gravity profile and then the pressure
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profile in the first iteration. It then updates the density profile according to relevant equations of state (EoS),
recalculates the gravity profile, and recalculates the pressure profile in the next iteration. Iterations are repeated
until the density changes fall below 10 kg m™>. At the end, the algorithm produces planet mass, core mass fraction
(CMF), and a final pressure profile as the output.

We adopted the Rose-Vinet equation of state (EoS) parameters of MgSiO; by Fei et al. (2021), which showed
excellent agreement between experimental data and theoretical predications. Parameters for the EoS of Fe were
based on Smith et al. (2018), with significantly reduced uncertainties compared with previous studies. Crude
approximations were made to account for thermal expansion and molten state of iron in the core: After applying
the EoS at 300 K, we took a 12.5% reduction in final density to account for the volume of fusion for iron (~2%),
the average thermal expansion between 300 and 5,000 K (~4%), and the presence of light elements (~6.5%)
(Komabayashi & Fei, 2010; Li & Fei, 2014; Smith et al., 2018). In the mantle, thermal expansion and the presence
of iron contributed —3% and +3% to density, respectively, effectively canceling each other out (Fei et al., 2021;
Liu et al., 2018). We therefore applied the EoS at 300 K to calculate the density without further adjustments.

2.3. Model Initial Thermal State

The energy of accretion and differentiation would be partially converted into heat through friction and heat up the
planet. Boujibar et al. (2020) estimated the temperatures of super-Earth exoplanets following accretion. We built
on their work by adding a term for temperature rise due to the energy of differentiation:

T= Ti + ATG + ATD + ATud (2)

where T is the average temperature at the core-mantle boundary (CMB) of a planet after its formation and early
differentiation, 7; is the initial temperature of radiative equilibrium at a planet's orbit, AT is the temperature rise
due to accretion, and AT}, is the temperature rise due to differentiation, and AT, is the adiabatic gradient, which
accounts for the increase in temperature with depth as a result of adiabatic compression.

The initial temperature of radiative equilibrium 7; is assumed to be 255 K, the value at Earth's orbit. The tem-
perature rise due to accretion is calculated as

AT =f5 3

Where U, is the energy of accretion, f; is the heat retention factor, that is, the fraction of energy of accretion that
contributes to heating the planet, and C is the average specific heat capacity calculated as

C = C* CMF + CM5i0(1 — CMF) 4)

where the specific heat capacity of Fe and MgSiO;, C™ and CM#50: are estimated using the Dulong-Petit law at
1,250 Jkg~"-K™" and 450 J-kg~"-K™"', respectively (Poirier, 2000), and CMF is the core mass fraction.

The temperature rise due to differentiation is calculated as
i
ATp, = g(UU —Up) (5)

where U, — Up is the energy of differentiation, f; is the heat retention factor during differentiation and C is the
average specific heat capacity.

The adiabatic temperature gradient is calculated as

dTr T
P-K ©
K=Ky,+PK @)
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Figure 1. Energy of accretion and differentiation as a function of planetary mass and core mass fraction (CMF). (a) For
planets with Earth-like CMF of 0.32 and masses between 1 and 10 Earth mass (M) (b) For planets with 1, 2, and 4 Earth
masses and CMF from O to 1. The mass-normalized reductions of gravitational energy with respect to dispersed ingredients
in the differentiated and undifferentiated planets are shown as black solid and dashed curves, respectively. The energies of
differentiation are shown as red solid curves.

where 7 is the Griineisen parameter, 7 and K are the temperature and bulk modulus at pressure P, K|, is the bulk
modulus at the base pressure, and K is the pressure derivative of the bulk modulus (Poirier, 2000).

2.4. Determine Extent of Melting in the Core

The physical state of the initial core was determined by comparing the estimated temperature profile of the core
with the melting curve of iron at relevant pressures. The melting point of compressed iron was calculated based on
the semi-empirical Simon-Glatzel law with parameters a (134.69 GPa) and b (0.93) based on experimental data
up to 290 GPa Sinmyo et al. (2019).

P— P* b
™ =T*( + 1) (8)
a

where T* is the reference temperature of 1,811 K at a reference pressure P* at 1 bar or 0.0001 GPa.

3. Results

The target precision of our model results depend on our chosen convergence criterion of 10 kg m™ in density and
they are guided by the uncertainties of current exoplanet observations. Among confirmed terrestrial super-Earth
exoplanets, only 8% and 6% have volume and mass uncertainties below 5%, respectively (Abushattal et al., 2022).

3.1. Energy of Differentiation

The total gravitational energy of the iron metal and silicate is reduced as the material accretes to form a planet, and
it is further reduced when the metal segregates from silicate to form a layer structure (Figure S2 in Supporting
Information S1). The energy of accretion corresponds to the reduction in the gravitational energy from dispersed
building blocks to the undifferentiated state. The energy of differentiation corresponds to the addition reduction in
gravitation energy from the undifferentiated state to the differentiated state. Our calculations of rocky planets with
1-10 Earth masses at a fixed Earth-like core mass fraction (CMF) of 0.32 show that the mass-normalized
reduction of gravitational energy with respect to dispersed ingredients in both the undifferentiated and differ-
entiated states, as well as the energy of differentiation, increases with the planet's total mass as a power law M*>
(Figure 1a).

For planets with variable CMFs at a fixed planet mass, we expect that the energy of differentiation approximates a
bell curve anchored at zero for both fully-silicate and fully-iron planets. Indeed, our calculations for 1, 2, and 4
Earth masses show that at a given planet mass, the energy of differentiation reaches the maximum value at 55%
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following different curvatures. This peak CMF is independent of the total
mass (Figure 1b).

3.2. Effect of Planetary Radius on Core Melting

1 From the energy of accretion and differentiation, we calculated the initial
- temperature at CMB of super-Earth planets for a range of heat retention
factors (Figure 2). For an Earth-sized planet with a CMF of 0.32, the mass-
normalized energy of accretion is 3.5-107 J-kg™", the mass-normalized en-
ergy of differentiation is 2-10° J-.kg™", and the weighted average specific heat
capacity of Fe and MgSiO; is 993 J-kg~'-K™". Converting 4% of the energy of
accretion to heat increases the internal average internal temperature by

AT; ~ 1,500 K. In comparison, a complete conversion of the energy of
differentiation leads to the maximum rise in temperature, A7, ~2,000 K.

19 18 e At a fixed CMF of 0.32, the CMB temperature of Earth-sized planet increases

with the planet radius. When the energy of differentiation is ignored, the CMB
temperature rises as power law T (K) = 2,613(Rz)** + 1,000 for f, = 0.04

Figure 2. Extent of core melting for super-Earth planets with 1 and 2 Earth and £, = 0, and T (K) = 4,781(R )2.94 + 990 for £, = 0.08 and f, = 0. When
d— - E. a— Y d— Y

radii at a fixed CMF of 0.32. The CMB temperature in the undifferentiated
state (energy of accretion only) for f, = 0.04 (thin dashed red curves) or

50% of the energy of differentiation is included, the CMB temperature rises as

/., = 0.08 (thick dashed red curves) increases with the planet radius. The power law T (K) = 3813(RE)2A69 + 1,260 for f, = 0.04 and f; = 0.50, and T
CMB temperature in the differentiated state for f, = 0.04 and f,, = 0.50 (thin (K) = 5,957(RE)2'82 + 1,295 for f, = 0.08 and f; = 0.50. Overall, the rise in
solid red curve) and £, = 0.08 and f; = 0.50 (thick solid red curve) increases CMB temperature due to heating by the energy of accretion or differentiation

with planet radius more steeply. The melting point of iron at the CMB

scales approximately linearly with planet volume.

pressure (thin black curve) or center pressure (solid black curve) also
increases with the planet radius. The dark gray, light gray, and white regions To assess the extent of melting in the core, we need to compare the core

correspond to fully solid, partially molten, and full liquid states of iron in

super-Earth cores.

temperature profile with the melting curve of iron at relevant pressures. Our
structure models show that the pressures in the cores of super-Earth planets
generally fall in the range of 100-1,000 GPa. We calculated the adiabatic
temperature gradients of convecting cores for a range of Griineisen parameters y between 0.9 and 1.7 (Smith
et al., 2018) and at representative base CMB temperatures of 3,600 and 8,000 K (Figure S3 in Supporting In-
formation S1). The temperature rises at a rate of 2—5 K/GPa along the adiabats and is relatively insensitive to y and
the CMB temperature. Because the melting point of iron rises more steeply with pressure than the adiabatic
temperature gradient, we can compare the temperature and the melting point of iron at the CMB to determine the
extent of core melting: If the CMB temperature exceeds the melting point of iron at the CMB pressure, then the
core is at least partially molten; If the CMB temperature exceeds the melting point of iron at the center, the core
must be fully molten.

The structure models yielded the pressure profiles of super-Earth planets, which allowed us to calculate the
melting points of iron at the core-mantle boundary (CMB) and the center (Figure 2). At a fixed CMF of 0.32, the
melting temperature of iron at the CMB increases with planet radius as power law fit T (K) = 641(R)>° 4 3,070
and that at the center increases more steeply with planet radius at power law T (K) = 1,521(Rp)>>7 + 5,046.
Overall, the melting point of iron at CMB pressure roughly scales with the square of the planet volume.

Comparing the initial temperatures with the melting points of iron at the CMB of super-Earth planets with a CMF
of 0.32, we found that 4% of accretional energy is insufficient to melt cores of more massive planets, whereas 8%
of accretional energy would produce at least partially molten cores in all cases (Figure 2). Additional incorpo-
ration of the energy of differentiation leads to more extensive core melting. We consider retention factors on the
order of 50%—100% for the energy of differentiation as most of the differentiation process occurs internally, rather
than near the surface. Retaining 4% of the accretional energy and half of the differentiation energy would supply
enough heat to create partially molten cores for all super-Earth planets. With 8% of the accretional energy and half
of the differentiation energy, smaller super-Earths up to about four Earth masses could even develop fully molten
cores.
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Figure 3. Extent of core melting for super-Earth planets with variable
composition at a fixed one Earth radius. The red curves represent the CMB
temperature as a function of CMF for various heat retention factors. The
black curves represent the melting points of iron at various depths inside the
core, from the CMB, 25%,50%,75% core radius below the CMB, to the
center. The gray shaded regions correspond to fully solid, partially molten
and full liquid states of iron in super-Earth cores.

3.3. Effect of Composition on Core Melting

For planets with variable CMF at a fixed radius of 1 Rg, the initial temper-
atures at CMB of super-Earth planets are calculated for a range of heat
retention factors (Figure 3). The calculated initial temperatures at the CMB
pressure display non-linear and complex dependence on the CMF. At 4%
retention of accretion energy, the weighted average specific heat capacity of
Fe and MgSiO; varies from 1,250 J.kg™"-K™' for pure MgSiO; planet
(CMF = 0) to 446 J-kg~'-K™" for pure iron planet (CMF = 1). Accordingly,
the initial CMB temperature of a nearly pure MgSiO; planet is ~5,000 K and
independent of the CMF because no differentiation is involved. As the iron
content increases, the CMB temperature first decreases then increases with
the CMF, and it may become flat or increase again depending on the retention
efficiency of the energy of differentiation. The complex dependence is due to
interplay among several factors, including a positive correlation between the
energy of accretion and the CMF, the bell-curve-shaped dependence of the
energy of differentiation on the CMF, and a negative correlation between the
average specific heat capacity and the CMF. With a higher retention of the
accretional energy of 8%, the initial core temperature at CMB is higher by
2,000-4,000 K.

The melting temperature at CMB pressure decreases with CMF, because the
CMB moves from the center of a nearly pure MgSiO; planet to the surface of
the pure iron planet. The melting temperature at the center of the planet in-
creases with CMF because the center pressure increases with the total mass of
the planet from 150 GPa in a nearly pure MgSiOj; planet to more than 1 TPa in
a pure Fe planet.

For Earth-sized planets with variable CMFs, our results show that accretional energy alone at 4% retention ef-

ficiency (f, = 0.04 and f; = 0) would supple enough heat for planets of all compositions to be molten at least in the
shallow part of the cores (Figure 3). As expected, at a given CMF, heat contribution from the energy of differ-
entiation leads to more extensive melting in the core. For instance, for planets with CMF = 0.32% and 4%

retention of accretional heat, the core is less than 10% molten at f; = 0 and more than 25% molten ar f; = 1.

Increasing the heat contribution from the energy of accretion also has a considerable influence on the extent of

core melting. As an example, for planets with CMF = 0.32 and full retention of the differentiation energy, the core
is less than half molten at f, = 0.04 and fully molten at f, = 0.08. Interpolating between these curves, we calculate
that f, > 0.07 is required for a fully molten core. At all scenarios of heat retention efficiencies, the extent of core
melting tends to increase with the CMF. Overall, our results suggest that at f, = 0.04-0.08 and f, = 0.50-1.00,
rocky planets universally have at least partially molten cores.

4. Discussion

4.1. Model Uncertainties

The algorithm was tested on a model Earth with a radius of 6,373 km and a core mass fraction (CMF) 32%. Our
structure model of a differentiated planet with one Earth mass and an Earth-like CMF of 0.32 reproduced the
Preliminary Reference Earth Model (PREM, Dziewonski & Anderson, 1981) within 1% for the density profile in
the mantle and inner core, and within 3% for the gravitational acceleration and pressure profiles (Figure S4 in

Supporting Information S1). The model produced excess density at the outer-core pressures, due to omitting light

elements in Earth's core. The excess density near the surface is due to the use of perovskite-structured MgSiO; in

the model where less dense phases are present in Earth. Our model assumed a fully molten core and added the
volume of fusion to the EoS of solid iron. Applying EoS of liquid iron (Anderson & Ahrens, 1994, Table S1 in
Supporting Information S1) yields a pressure profile that is within 1%. Considering that the cores of super-Earth

planets may be solid or partially molten, the model uncertainties are estimated at 1%. The reasonable match with

PREM despite the simplifying approximation of an MgSiO5-only mantle, Fe-only core, and no phase transitions

suggests that the models can provide first-order prediction of the initial thermal state of super-Earth exoplanets.
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We compiled the reported EoS parameters of Fe and MgSiO; (Table S1 in Supporting Information S1) and
compared the compression curves up to 1.2 TPa (Figure S5 in Supporting Information S1). The latest EoS of Fe
(Smith et al., 2018) and MgSiO; (Fei et al., 2021) appear to fall near the average positions. The more massive
planets with larger CMF were found to have core pressures greater than 10 TPa, where the Vinet EoS is known to
display incorrect asymptotic behavior and Thomas-Fermi-Dirac becomes relevant (Seager et al., 2007 and ref-
erences therein). This effect requires further study.

The effects of thermal expansion on the densities of Fe and MgSiO; have been well-documented. Fei et al. (2021)
showed that, at the 0-1,000 GPa pressure range usually experienced in super-Earth interiors, increasing the
temperature of MgSiO; from 300 to 7,800 K results in a decrease in density of only 3%. Similar results are seen in
Morard et al. (2013), where increasing the temperature of Fe from 300 to 4000 K results in a density decrease of
4.5%. The constancy of this temperature-density relationship, regardless of pressure, suggests that the simplifying
treatment of thermal effects in our models should not affect our first-order conclusions.

The Dulong-Petit law predicts a specific heat capacity of 25 J-mol™"-K™' or 446 J-kg~'-K™' for iron, which is
about 20% less than the reported value of 29.4 J-mol~"-K™' (Saxena & Eriksson, 2015). The predicted specific
heat capacity of MgSiO; 125 J-mol™K™! or 1,250 Jkg™"-K™' is 10%-40% lower than the reported value of
MgSiO; ilmenite at 77—111 J-mol™"-K™' (Ashida et al., 1988). Because the estimated initial temperatures are
generally above the Debye temperatures (Poirier, 2000), we consider the Dulong-Petit values reasonable until
better constraints become available. We calculated the temperature rise based on the weighted average specific
heat capacity of Fe and MgSiO; and assumed uniform temperature rise throughout the planet. In actual planets,
heat loss depends on depth and convective rigor. Once the core is formed in the center of a planet and insulated by
the mantle, it may be preferentially heated. These aspects need to be further studied.

The melting point of iron determined by Sinmyo et al. (2019) is up to ~1,000 K lower than that of Anzellini
et al. (2013), where the measurements reached about 200 GPa. A recent theoretical work by Cuong et at. (2022)
predicted the melting curve of iron up to 4,000 GPa. At pressures below ~400 GPa, our melting points are lower
than the theoretical values. At higher pressures, however, our extrapolated melting points become higher than
Cuong et al. (2022), by as much as 3,000 K at 1 TPa. Our model predictions must be updated when robust
constraints on the melting curve of iron at relevant pressures become available.

4.2. Constraints on Heat Retention Efficiency

The heat retention factors in our formulation encompass a range of effects including partial conversion of
gravitational energy to elastic energy stored on the planet (Birch, 1965; Flasar & Birch, 1973), heat loss through
conduction, convection and evaporation, and the heat partitioning between metal-silicate, which depends on the
physical mechanisms of core segregation and viscosity contrast between Fe and MgSiO; melt (Monteux
et al., 2009; Rubie et al., 2015). For instance, we assumed random iron distribution within each protoplanetary
body. Initial introduction of iron by impacts may lead to a heterogeneous metal distribution, which could affect
the energy produced by differentiation as well as the thermal profile of the differentiated planet. Moreover, heat
partitioning between metal and silicate likely differs between small metal drops settling out of molten silicate and
large diapirs of core melt migrating through the solid mantle (Rubie et al., 2015). We only considered the short-
term bulk heating of a rocky planet directly after accretion and differentiation, with no accounting for effects such
as radiogenic heating and convective mantle cooling, which may dominate in the long run (Boujibar et al., 2020).
Our energy calculations also disregard any effects of planetary impacts, which can have significant implications
for planetary thermodynamics, but are far too planet-specific to be incorporated into a general-purpose model.

The heat retention efficiencies directly influence the extent of core melting in Earth-sized rocky planets
(Figure 4). Boujibar et al. (2020) considered the heat contribution from the energy of accretion and adopted a
retention factor of 4%. For an Earth-like CMF of 30%, this does not provide enough heat to melt the entire core of
the nascent Earth. An additional contribution of differentiation energy would generate a partially molten core, but
even full retention of differentiation energy does not supply enough heat to produce a fully molten core in early
Earth (Figure 3). Given that the initial core was probably fully molten (Buffett et al., 1996), our results suggest
that a minimum retention efficiency of accretion energy at 7% at full retention of the energy of differentiation
(f, =0.07, £, = 1.00).
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Figure 4. Cartoon illustrations of core melting in Earth-sized planets with variable core mass fractions (CMFs) for selected
scenarios of heat retention factors. As the retention efficiency of differentiation energy increases from 0% (lower row) to
100% (upper low) at a fixed retention efficiency of accretion energy (4%), partially molten cores become common at a wide
range of CMFs. At a given set of heat retention factors, the extent of core melting increases as CMF increases from 10%
through 30% (Earth-like) to 90%. Data are found in Figure 3.

The minimum retention efficiency of accretional energy could be lower if we consider the presence of the light
elements in the core, which generally reduces the melting point of core alloys (e.g., Li, 2021). This value is also
subject to modification if other heat sources, such as radiogenic heating, are considered. Most sources of
radiogenic heat exist outside the core and have little contribution to core melting (Ruedas, 2017). However, the
contribution of radiogenic heating shows a complex dependence on the bulk composition of various radioactive
isotopes and planetary age. Moreover, the cumulative radiogenic heat has been shown to increase over time as a
percentage of a planet's internal heat budget, making up a significant percentage of the internal heat of modern-
day Earth (Jaupart et al., 2015). These factors require further research.

4.3. Implications for Early Dynamo

Our results can be applied to assess the likelihood of dynamo development in young super-Earth exoplanets
discovered by recent and future studies. At a fixed CMF, larger planets are more likely to have a molten core
(Figure 2), and therefore to satisfy one of the requirements to generate a dynamo. For Earth-sized planets, our
results suggest a subset of planets of interest for future study, those near 55% CMF, based on their theoretically
higher initial heat and increased potential for dynamo development. Previous work surveying a sample of 207
Earth-sized exoplanets and 680 super-Earth exoplanets showed a significant population of terrestrial planets near
this maximum (Howe et al., 2014).

Scaling laws have been developed for predicting magnetic field strength from the internal heat budget, and they
work well for high-flux objects such as low-mass stars (Christensen, 2010). For super-Earth exoplanets, fuller
pictures of dynamo development will require the incorporation of additional factors, including secular cooling,
radiogenic heating, compositional variation in both core and mantle, and inner core growth (e.g., Buffett, 2000;
O’Rourke & Stevenson, 2016) transitions. Nevertheless, using the available outer-core heat budget as a proxy for
heat flux, we made crude estimates on the relative intensities of magnetic fields of super-Earth exoplanets (Figure
S6 in Supporting Information S1). At a fixed Earth-like composition, the magnetic field strength is found to
increase linearly with the planet radius from 0.30 mT at 1 Rg to 0.65 mT at 2 Rg. For planets with one Earth radius,
the magnetic field strength reaches a maximum of 0.32 mT at about 60% core mass fraction. This peak is slightly
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higher than the 55% peak of energy of differentiation because the heat flux across the core-mantle boundary
depends on not only the mass-normalized energy of differentiation but also on the surface area of the core that
increases with the CMF. These field strengths are at the core-mantle boundary. The field intensity at the surface of
the planet is generally smaller due to the magnetic flux passing through a larger area and it would be influenced by
the overlying mantle (Aubert et al., 2009; Driscoll & Olson, 2011). While an estimate of the surface field would
more directly inform the detectability of the field, it is beyond the scope of this work.

4.4. Application to Known Planets

While this study considered mainly Earth-like parameters as a convenient baseline to determine various tem-
perature relationships, the underlying principles can be applied to exoplanets. With planetary radius and core
mass fraction data as inputs, we can assess the thermal state of the planet at the time of its formation and explore
the implications for the development of magnetic fields and habitability (Wagner et al., 2012). For example, 55
Cancri E is a super-Earth exoplanet with 8.70 Mg and 1.88 Ry, roughly a CMF of 11%. Recent thermodynamic
interrogation of the modern-day thermal state of its interior suggests that the radiative surface temperature of 55
Cancri energy falls between 2,000 and 3,500 K (Meier et al., 2023). We estimated that core-mantle differentiation
of this planet produced ~8.7 10 J kg™ of energy. Thus, we predict that this planet, directly after differentiation,
would have an average internal temperature of more than 12,000 K if conservative heat retention efficiencies of
f,=0.04 and f;; = 0.50 are assumed. With a CMB pressure of 1900 GPa, this would suggest that its initial core is
likely partially molten.

By considering the energy of differentiation, our model of Earth predicts a higher initial core temperature than
Boujibar et al. (2020). Geodynamo models have shown that, in the first 0.5 to 1.0 billion years of the Earth's
history, thermal buoyancy may have provided the main driving force for rapid convection of a fully molten core
(Buffett, 2000; Landeau et al., 2022; Nimmo, 2015; Olson, 2013). As the core cooled and solidification began,
thermo-chemical buoyancy force associated with the growth of the inner core supplied as much as 80% of the
dynamo power (Buffett, 2000). However, the inner core may have existed only in the recent 0.5 to 1.0 billion
years, which implies a conflict between the long-lasting geomagnetic field and the high thermal conductivity of
the core (Biggin et al., 2015; Labrosse, 2015; Olson, 2013). The proposed solutions to this “new core paradox”
include thermo-chemical convection, precession, and tides. Of these, convection, aided by exsolution of mag-
nesium oxide or silicon dioxide (e.g., Badro et al., 2016; Hirose et al., 2017; Du et al., 2017; O’Rourke & Ste-
venson, 2016), appears the most likely to be responsible for powering the dynamo before the inner core is formed.
Several key parameters, including the evolution of available heat, remain unknown (Landeau et al., 2022).

Our results can help resolve the new core paradox, particularly in relation to the hot core solution (Driscoll &
Davies, 2023). This solution, previously described as unlikely, allows for the generation of a geodynamo in the
Earth's core prior to inner core formation given an initial core temperature greater than 6,000 K. Such temper-
atures are easily achievable at 1 R given f, = 0.08, and are even accessible at f;, = 0.04 for planets larger than 1.1
Rg. These results indicate that the hot core solution may be more viable than previously thought. While the scope
of this work focuses on super-Earth planets, the method can also be applied to sub-Earth rocky planets. Mars, for
example, can be calculated to have an initial CMB temperature of near 1,800 K, assuming f, = 0.04 and f, = 0.5.

The James Webb Space Telescope has identified new exoplanets such as LHS 475-b and provided insights into
the thermal environments of known exoplanets such as TRAPPIST-1 (Lustig-Yaeger et al., 2019, 2023). As new
developments in planetary measurements arrive, predictions of the presence and strength of dynamos will become
more accurate. Determining the structure of exoplanets, including gaseous envelopes and the presence of vola-
tiles, is an important consideration, as our findings apply most directly to super-Earth planets of MgSiO; and Fe
composition. While our methods can approximate the initial thermal states of exoplanets, there is further work to
be done in bridging the gap between the initial and current states. Thermodynamic simulations, such as that
performed by Meier et al. (2023), should provide a more systematic picture of how the thermal states of exo-
planets evolve.

5. Conclusions

We calculated the energies generated during the accretion and differentiation of model super-Earth planets
consisting of iron (Fe) and silicate (MgSiO;) across a variety of parameters including mass and composition. For
planets with an Earth-like iron to silicate ratio, the energy of accretion and the energy of differentiation increase
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with planet mass as a power law, roughly M*>. For planets with one Earth radius, the energy of accretion increases
with the core mass fraction (CMF), whereas the energy of differentiation peaks at about 0.55 CMF.

With specific heat capacities calculated using the Dulong-Petit law, we predicted the initial thermal states of
super-Earth planets. Although the energy of accretion is one order of magnitude higher than the energy of
differentiation, a larger fraction of differentiation energy may be retained because the core segregation mainly
takes place inside a planet, and therefore differentiation may contribute a significant amount of heat to a nascent
planet. In a planet with one Earth radius and ~30% core mass fraction, for example, 4% of accretional energy
and 50% of differentiation energy contribute equally to the total temperature rise associated with accretion and
differentiation.

We applied Rose-Vinet equations of state to model the pressure and temperature profiles in these super-Earth
planets. Despite several simplifying assumptions, our model planet with 1 Rg and 0.32 CMF reproduced the
pressure profile of PREM within 1%, thus demonstrating the validity of the method in providing first-order in-
sights into the initial thermal states of super-Earth planets.

For planets with an Earth-like CMF of 0.32, we found that the initial temperature at the core-mantle boundary
(CMB) rises as R*, almost linearly with planet volume. In comparison, the melting point of iron at the CMB
pressure rises more steeply, as R° or roughly V2. We predict partial melting of core after differentiation in all but
the largest planets up to 2 Rg, even with 4% retention of accretion energy and not accounting for the energy of
differentiation. Planets with up to four Earth mass are expected to have fully molten cores if 8% of the accretion
energy and half of the differentiation energy contribute to heating.

Our study revealed more complex behavior in planets of Earth radius and variable compositions, due to the
combined effects of CMF on the energies of accretion and differentiations as well as the specific heat capacity.
We predict that at least partially molten cores are common in Earth-sized rocky planets for a wide range of heat
retention efficiencies, from 4% to 8% for the energy of accretion and from 50% to 100% for the energy of dif-
ferentiation. At the high ends of these ranges (8% accretion and 100% differentiation), entirely molten cores are
expected for all compositions from pure silicate to pure iron.

Complementary to existing work on energy of accretion (Boujibar et al., 2020), we showed that incorporating the
thermal effects of differentiation within rocky planets leads to much more extensive melting in their initial cores,
thus enhancing the potential for running early dynamos and increasing the intensity of young magnetic fields. The
addition of the energy of accretion also brought Boujibar et al. (2020)'s results more in line with the largely molten
core in the present-day Earth. If we ignore other heat sources such as impacts and radiogenic heating are, and the
effects of light elements on the melting point of core-alloys, then at least ~7% of the accretion energy must be
retained to produce a fully molten core in Earth after its formation.

The planetary models in this study can be manipulated in a variety of ways to inform the relationships between
planetary structure and thermal evolution. While a full characterization of the structure-temperature relationships
requires more insight into specific planetary history, formation conditions, and volatile element compositions,
understanding the general influences of planet mass and composition of various categories of provides a first
order understanding of their thermal states, with broad implications for the potential of super-Earths to support
life.
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