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Abstract

Chthonian planets—dense rocky or metallic remnants of gas giants stripped
of their gaseous envelopes—experience extreme internal pressures and energy
densities, making their structural evolution fundamentally different from clas-
sical terrestrial planets. We aim to develop a physically grounded framework
to describe energy-driven radius evolution in such bodies and to understand
how internal properties control their structural changes. Using mass con-
servation, hydrostatic equilibrium, and the virial theorem, we link changes
in internal energy to gravitational potential energy. A single-mode Maxwell
viscoelastic model is applied to derive an analytically solvable law for quasi-
static radius relaxation. Earth is used as a case study to estimate effective
interior viscosities and energy transformations during hypothetical historical
expansion. Ultra-compressed interiors resist rapid expansion, while struc-
tural adjustments or reductions in viscosity can transiently accelerate radius
growth. The model quantifies the influence of internal energy reservoirs on ra-

dius evolution and highlights the characteristic viscoelastic timescale of global
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relaxation. This framework provides a transparent and falsifiable model con-
necting microphysical planetary properties to macroscopic radius evolution,
offering predictive insights for both Earth and exoplanetary chthonian cores.
Keywords: chthonian planets, planetary radius evolution, energy

conservation, viscoelastic relaxation, internal energy

Abbreviations

EOS Equation of State

GBE Gravitational Binding Energy
GPS Global Positioning System
LOD Length of Day

WDM Warm Dense Matter

1. Introduction

Chthonian planets represent a unique class of rocky or metallic bodies,
thought to originate as the dense cores of gas giants that have lost their
primordial gaseous envelopes through intense stellar irradiation and photoe-
vaporation [1, 12, 31]. While some studies indicate that many high-density
exoplanets may not be remnants of giant-planet cores [21], these objects are
nonetheless distinguished by their high mean densities, extreme internal pres-
sures, and thermodynamic properties that differ fundamentally from those of
terrestrial planets formed classically. With ongoing observational surveys—

particularly mass/density-radius studies of exoplanets [26]—continuing to
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uncover compact, high-density worlds, investigating the long-term structural
and mechanical evolution of these bodies has become increasingly crucial.

The extreme pressures experienced during formation result in the accu-
mulation of internal energy across multiple channels. As a chthonian planet
evolves and cools, this energy may be gradually redistributed and converted
into gravitational potential energy, potentially driving slow radial expansion
(Fig. 1). Despite its relevance for interpreting observed exoplanet radii and
densities, this energy-driven expansion has not yet been formulated in a sim-
ple, physically transparent, and quantitatively predictive framework.

Early investigations of planetary relaxation employed viscoelastic models,
most notably the Maxwell rheological framework applied to the relaxation
of a homogeneous self-gravitating sphere [25]. These studies demonstrated
that, depending on volumetric strain, relaxation timescales may range from
rapid adjustment to processes extending over billions of years. In the regime
of extremely high viscosity expected for ultracompressed planetary interiors,
expansion proceeds as a slow, quasi-static process governed by long relaxation
times.

Beyond exoplanets, Earth provides a unique natural laboratory in which
radius evolution can, in principle, be constrained by geological and geodetic
observations. The hypothesis that Earth may have experienced radial ex-
pansion has a long history [3]. Early work by Hilgenberg [15] approached
the problem geometrically, reconstructing the Earth’s surface to accommo-
date changes in planetary volume, while Halm [9] introduced a dynamical
perspective in which Earth’s radius increased over time, leading to a gradual

decrease in mean density. Later descriptive frameworks, such as Whole Earth
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Decompression Dynamics [14], further explored these concepts, emphasizing
large-scale crustal rearrangements without relying on detailed physical as-
sumptions. More recently, structural and geometric analyses have explored
the novel possibility that Earth could represent a limiting case of a chtho-
nian planet that has undergone partial relaxation following the loss of an
early massive gaseous envelope [23]. While these ideas remain controversial,
they motivate the development of a physically grounded framework capa-
ble of quantitatively assessing whether energy-driven expansion is plausible
under realistic material and dynamical constraints.

In this work, we derive an effective relation governing the radius evolution
of chthonian planets from first principles, including mass conservation, hy-
drostatic equilibrium, and the virial theorem. By explicitly linking changes
in internal energy to GBE, we obtain a closed, first-order law describing
the global relaxation of planetary radius toward an equilibrium value on
a characteristic Maxwell viscoelastic timescale. The resulting formulation
is analytically tractable, requires only a small number of physically inter-
pretable parameters, and can be generalized to include effective viscoelastic
weakening during expansion. The framework is then applied to Earth as
an illustrative case, allowing order-of-magnitude estimates of internal energy
transformation and effective interior viscosity over geological timescales. We
use the generic term gas giant to denote the chthonian planet’s progenitor
prior to the loss of its massive gaseous envelope, regardless of whether its

initial composition strictly aligned with that of a gas or ice giant.
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2. Internal Energy and Pressure in Ultracompressed Planetary

Matter

2.1. Contributions to Internal Energy

The internal energy of a dense planetary core originates from its forma-
tion as the central region of a gas giant and from subsequent early evolution.
During any later expansion, a fraction of this energy is gradually converted
into gravitational potential energy, rendering the GBE less negative. Ex-
pansion occurs through mechanical work done by internal pressure against
self-gravity and its rate is moderated by the viscoelastic behavior of the
planetary interior.

In ultracompressed planetary materials, the internal energy can be de-

composed into distinct physical contributions:
e Thermal energy, associated with the kinetic motion of ions and atoms

e Coulomb energy, arising from electrostatic interactions between nu-

clei and electrons (including exchange and correlation effects)

e Electron kinetic energy, comprising the kinetic energy associated
with Fermi degeneracy at high electron density, as well as thermal

excitations of the electron gas

e Elastic energy, due to compression and deformation of the material

in solid or superionic phases

e Phase and chemical energy, associated with structural rearrange-

ments, ionization, and phase transitions (solid, liquid, superionic)
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Thus, the total internal energy is

Einternal = Ethermal + ECoulomb + Eelectron + Eelastic + Ephase . <1>

While these contributions provide a useful framework, they are often cou-
pled and can overlap under extreme conditions, as electronic and ionic mo-
tions, lattice deformations, and phase changes influence each other. It is also
important to note that magnetic energy, radiation energy, relativistic correc-
tions, and neutrino energy losses may also contribute to the internal energy,
although they are generally secondary and often negligible compared to the
primary selected contributions.

In the deep interiors of gas giants and chthonian planets, matter may
exist in the WDM regime or a supercompressed state [8]. Typical WDM
conditions involve densities up to ~ 10> g cm™ and temperatures in the
range 1-100 eV [6]. In this regime, matter is partially ionized and occupies
an intermediate state between condensed matter and fully ionized plasma.
At these densities—much lower than those of white dwarfs or neutron stars
[13]—electron degeneracy pressure is subdominant, though non-negligible.
Interatomic distances in such conditions are strongly reduced, discrete atomic
shells are largely suppressed, and the material behaves as a strongly coupled
ionic fluid embedded in a partially delocalized electron background. Un-
der these circumstances, materials may acquire metallic properties even if
insulating under ambient conditions [7].

The thermodynamic and mechanical behavior of ultracompressed plan-
etary matter is thus governed by the combined effects of thermal motion,
Coulomb interactions, electron kinetic energy acquired by electrons under

strong electronic confinement, elastic deformation, and phase transitions.
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The relative weight of each contribution depends on local density, tempera-

ture, composition, ionization state, and electronic structure.

2.2. Contributions to Internal Pressure
Analogous to the internal energy decomposition, the total internal pres-

sure can be written as

Pinternal == Pthermal + PCoulomb + Pelectron + Pelastic + Pphase . (2)

Hydrostatic pressures in the deep interiors of gas giants reach the tera-
pascal (TPa) range; for example, pressures at Jupiter’s center may approach
~ 7TPa [27]. The Coulomb and electron kinetic contributions provide the
fundamental microscopic pressure required to sustain hydrostatic equilibrium
against the planet’s self-gravity. In the ultracompressed regime, these terms
dominate the EOS, effectively defining the total pressure at every depth.

During the formation of a chthonian planet, overlying mass is lost and hy-
drostatic pressure may drop by several TPa. Nevertheless, internal material
pressures remain approximately constant until the interior begins to expand
or lose some energy, mainly by radiation to space. Planetary expansion pro-
ceeds only if the combined internal pressures exceed the reduced hydrostatic

pressure; otherwise, the core remains largely unchanged in radius.

3. Mass Conservation and Radius Evolution

Mass conservation imposes a fundamental geometric constraint linking
the planetary radius to its mean density. For a spherical planet of mass M,

radius R, and mean density p, the relation is

4
M = gwR?’ﬁ. (3)
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For a chthonian planet undergoing expansion, the total mass is conserved:

dM
0 4
=0, @
which directly implies
d , _

Consequently, any increase in the planetary radius must be accompanied
by a corresponding decrease in mean density. This constraint establishes
the geometric foundation for energy-driven radius evolution and provides a
direct link between internal energy redistribution and macroscopic structural

change.

4. Hydrostatic Structure and the Virial Relation

Assuming spherical symmetry and negligible rotation, the mass enclosed
within radius R is
R
M = / 4r® p(r) dr . (6)
0
Hydrostatic equilibrium requires

dP  Gm(r)p(r)
. emnen, @

r2
where P is the local pressure and G is the gravitational constant.

The GBE of the planet is

Ucgg = —/0 Gm_(r) dm(r) . (8)

r
Multiplying Eq. (7) by 4mr3dr and integrating over the planetary radius

yields the one-dimensional virial relation:
R
Ucge + 3 / 4rr?P(r) dr = —47R*P(R) . (9)
0

8



For an isolated planet, the surface pressure is negligible, P(R) ~ 0, giving
R
Ugpg = —3/ 4rr? P(r) dr . (10)
0

This relation can be expressed in the compact form

GM?
Ugpe = —a R (11)

where a is a dimensionless structure factor determined by the internal mass

10 distribution.

5. Effective Expansion Relation for a Chthonian Planet

Energy conservation implies that changes in the internal energy are bal-

anced by changes in GBE:

dEinternal o _dUGBE

= 12
dt dt (12)
Using the compact form Ugpg = —aGM?/R, the time derivative becomes
dEinternal GM2 dR
pternal _ _ g/~ 13
dt “Rr at (13)
155 This yields the effective expansion relation:

dR dEinternal
— = kR 14
dt e’ (14)

where
1
k=——. 1

aGM? (15)

Eq. (14) provides a direct quantitative link between internal power and
planetary radius growth. In this formulation, the structure factor a is as-

sumed constant, corresponding to homologous expansion with a self-similar

9
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internal density profile. In nature, one can expect non-homologous behavior
accompanied by mass redistribution and changes in the moment of inertia
of the planet. Consequently, the power required for expansion will likely not

remain constant but will vary, increasing and decreasing over time.

6. Effective Law of Chthonian Planet Expansion

The expansion of a chthonian planet can be described by a minimal effec-
tive law based on a single viscoelastic relaxation mode. In this framework,
the internal energy stored in compressional deformation relaxes over a char-

acteristic Maxwell timescale 7, driving changes in the planetary radius.

6.1. Maxwell Relazation

We define the excess energy relative to equilibrium as

1 1
FEexcess(R) = aGM? (}_% R ) , (16)
eq

where FEeceess T€presents the stored compressional energy driving expansion
and R is the relaxed equilibrium radius.

The internal energy evolves according to a Maxwell-type relaxation:

dE internal Eexcess (1 2)
_inferna’l _ _excesS\ 1
dt T ’ (17)

where the characteristic Maxwell time required for stored compressional en-
ergy to be converted into gravitational potential energy through viscous flow

18

Neft
— 18
’ l(eff’ ( )

with neg the effective viscosity and K.g the effective elastic modulus of the

planetary interior. The effective viscosity represents an effective macroscopic

10



viscosity controlling the rate of global volumetric relaxation of the planet, not
1o a local shear viscosity. It averages over pressure, temperature, phase state,
and microstructural damage. The effective elastic modulus characterizes the
global resistance of the self-gravitating planet to volumetric deformation and

incorporates both material compressibility and gravitational confinement.

6.2. Closed Radius Evolution Law
185 Substituting Eq. (17) into the effective expansion relation (14) gives the

single-mode Maxwell radius evolution law:

dR R [1 1 R R
=== =2 (1- . 1
dt T (R Req> 7'< Req) (19)

6.3. Analytical Solution

The solution of Eq. (19) for an initial radius Ry is

R(t) = fieq

- R ) (20>
1+ (R—O - 1) et/

which exhibits the expected behavior:
190 e Rapid expansion at early times when R < Req
e Slower growth as R approaches R,
e Asymptotic approach to Ry, naturally shutting off further expansion

6.4. Viscoelastic Weakening and Accelerated Ezpansion
In realistic planetary interiors, viscosity and elastic modulus may change
105 as pressure is relieved during expansion. This can be incorporated by allowing

the Maxwell time to depend on radius:

- neff<R)
B KeH(R) ’

7(R) (21)

11
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leading to a generalized radius evolution law:

i () &

If 7(R) decreases sufficiently with increasing R, the expansion rate can

accelerate over a finite interval, providing a natural mechanism for transient
runaway expansion without introducing additional dynamical degrees of free-

dom.

6.5. Physical Interpretation

This effective law captures the essential physics of chthonian planet ex-
pansion: the planet relaxes toward an equilibrium radius on a Maxwell-type
timescale, converting excess compressional energy into gravitational poten-
tial energy. It provides a transparent, falsifiable, and quantitatively predic-
tive framework for radius evolution without requiring arbitrary parameters
or multiple relaxation modes. In this formulation, the Maxwell timescale
T = Ner/ Kegr should be understood as an effective relaxation parameter. A
reduction of 7 may reflect not only a decrease in the intrinsic viscosity neg of
planetary materials, but equally an increase of K.g due to structural reorga-
nization or phase transitions. These effects lower the planet’s macroscopic re-
sistance to deformation even when local material viscosities remain extremely
high. The single-mode Maxwell law can be interpreted as the dominant-mode
limit of a more complex, multi-layer viscoelastic interior, justifying its use as

a physically grounded effective model for chthonian planet expansion.

12



220

225

230

235

7. Mechanical and Rheological Conditions for Expansion

The expansion of a chthonian planet is fundamentally governed by the
balance between internal mechanical forces and self-gravity. Conceptually,
expansion occurs when internal pressure is sufficient to overcome gravita-
tional confinement and perform the work required to displace overlying ma-

terial. Mathematically, the condition for expansion can be expressed as

Pinternal Z Pgravity 5 (23)

where Piyternal i the effective internal pressure defined by Eq. (2), and Pyyayity
is the cumulative gravitational pressure from overlying layers.

A practical estimate of the local gravitational pressure at radius r is

Pty (r) = / o) g dr (24)

with p(r’) the local density, g(r’) the gravitational acceleration, and R the
total planetary radius. This integral represents the overburden pressure that
must be overcome for expansion at a given depth R — 7.

Even when internal pressure locally exceeds gravitational confinement,
the rate of expansion is strongly limited by the planet’s rheology. A high-
viscosity interior resists flow, so expansion proceeds on long, viscoelastic
timescales rather than rapidly. In the present framework, this behavior is
captured by the Maxwell relaxation time 7, and the resulting expansion is
described by the single-mode radius evolution law (19). Planetary expansion
requires, given the excess internal energy Feycess, that (a) internal pressures
exceed self-gravity, and (b) the interior can deform on the appropriate vis-
coelastic timescale. Furthermore, transient changes in material properties—

such as viscoelastic changes due to decompression or phase transitions—can

13



locally accelerate expansion, as captured by a radius-dependent Maxwell time

240 T(R)

8. Principle of Chthonian Planet Expansion

The effective expansion relation (14) encapsulates a fundamental principle

governing the long-term evolution of highly compressed planetary bodies:

Chthonian planets expand through the progressive transforma-
25 tion of internal energy into gravitational potential energy, subject
to mass conservation, self-gravity, and the viscoelastic properties

of the interior.

This principle highlights the core mechanisms controlling planetary radius

evolution:

250 ¢ Energy transformation: Excess internal energy stored in the planet
is converted into gravitational potential energy, driving an increase in

radius.

e Gravitational confinement: Expansion occurs only when internal
pressures exceed the cumulative gravitational pressure from overlying

255 layers.

e Viscoelastic modulation: The interior viscosity sets the timescale
of expansion. Regions of high viscosity relax slowly, limiting radial
growth, whereas viscosity reduction can transiently accelerate expan-

sion.

14
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e Equilibrium radius: The planet evolves toward a characteristic equi-
librium radius Req, determined by the balance between internal energy,
gravitational binding, and structural properties. The approach is gov-

erned by the Maxwell-type relaxation timescale.

Overall, this principle provides a physically grounded framework linking
the microphysics of planetary interiors to macroscopic radius evolution. It
justifies the use of a single-mode Maxwell law (19) as a minimal, analytically
tractable model for chthonian planet expansion, while remaining extensible
to more complex, multi-layered interiors. By formalizing this concept, one
can predict and interpret the long-term radius evolution of highly compressed

terrestrial bodies, including potential applications to Earth-like planets.

9. Application to Earth

9.1. Two Mechanical Eras

Earth is estimated to have formed approximately 4.56 Ga [11], likely at
an orbital position differing from its current location, consistent with possi-
ble early planetary migration [4, 32]. The detailed trajectory and timing of
Earth’s migration remain an open question. Lammer et al. [19] suggest that
planetary embryos exceeding ~ 0.5 My, prior to protoplanetary disk dispersal
accrete substantial primordial Hy-rich atmospheres. In contrast, late-stage
terrestrial formation occurs after the dissipation of the gaseous disk, pro-
ducing planets with comparatively thin atmospheres. Zircon evidence for
felsic crust older than 4.0 Gyr [10] indicates that early surface pressures were
far below the TPa regime, consistent with substantial atmospheric loss in

the proto-Earth. Within this framework, we hypothesize that Earth initially

15
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formed as the core of a gas-giant-like planet and subsequently lost most of its
hydrogen-helium envelope via photoevaporation over the first ~ 107108 yr.
Following envelope removal, the proto-Earth would have been significantly
denser and more compact, with a radius of ~ 0.55 Rg, or smaller.

In the context of the Earth expansion hypothesis [3, 15], the chthonian

planet’s evolution can be conceptually divided into two mechanical eras:

e From chthonian formation to approximately 200 Myr ago, correspond-

ing to the primary phase of radius expansion

e The subsequent ~ 200 Myr interval, during which surface and litho-
spheric dynamics dominated, reflecting the subsequent stages of expan-

sion (Fig. 2)

By restoring the Earth to its size around 200 million years ago—when
oceanic crust was minimal and the surface was almost entirely continental—it
becomes possible to fit together not only Africa with South America, as pro-
posed originally by Wegener [35] for the continental drift and non-expanding
Earth scenario, but also South America with Zealandia (Fig. 3), as proposed
by Mestan [23] for the expanding Earth scenario.

Limited expansion during the initial mechanical era likely produced neg-
ligible new oceanic crust, leaving little direct geological record. During a
subsequent mechanical era, Earth may have expanded substantially, increas-
ing its volume by a factor of ~ 6 over ~ 200 Myr. This expansion reduced
the mean density to near-modern values and lowered surface gravity, as il-

lustrated schematically in Fig. 4.
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Throughout both mechanical eras, the effective viscosity of Earth’s inte-
rior materials must have been exceptionally high. As summarized in Table 1,
the estimated parameters for the chthonian Earth 200 Myr ago are extreme,
yet not unprecedented when compared with exoplanetary bodies. For exam-
ple, the density of Kepler-52 c is estimated at 3.63 x 10* kgm ™3, Kepler-52 b
at 5.06 x 10* kgm~=3 [25], and GP Com b may reach 1.88 x 10° kgm™3 [18],
possibly containing strange quark matter. Such extreme densities naturally
correspond to extreme parameters, including surface gravity and central hy-

drostatic pressure.

9.2. Earth’s Radius Fvolution Modeling

Analyses of oceanic crust formation data over the past 338 Myr [29] sug-
gest, within the framework of the hypothetical planetary expansion scenario,
that Earth has not yet attained its equilibrium radius and may still be un-
dergoing radial growth (Fig. 5). Several qualitative evolutionary pathways
are consistent with the available data: the expansion rate may accelerate,
potentially due to a reduction in effective viscosity; proceed approximately
linearly; or decelerate as equilibrium is approached. In all cases, however, the
long-term evolution is expected to asymptotically converge toward a charac-
teristic equilibrium radius.

To compare the observationally inferred radius evolution with the simpli-
fied Maxwell relaxation model, we estimated the inflection behavior of the
dataset (Fig. 6) by computing its second derivative. The substantial variabil-
ity and noise inherent in the data preclude identification of a unique inflection
point; at best, a broad region—or multiple candidate inflection intervals—

can be inferred. It should be emphasized that this analysis accounts solely
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for radius growth associated with oceanic crust formation. In reality, the
planetary radius would also increase, albeit more modestly, due to lateral
extension of continental crust.

Within the proposed model (Fig. 7), the viscoelastic relaxation time 7(t)
is assumed to change discontinuously at ¢ = —200 Myr, corresponding to a
transition between two mechanical regimes characterized by distinct effective
viscosities. Prior to this epoch, the relaxation time is constant and denoted
Thrst era, While for ¢ > —200 Myr it is replaced by a shorter relaxation time

Tsecond era- Lhis prescription is expressed as the following piecewise relation:

Thrst era» t < —200 Myr,
) =4 (25)
Tsecond eras t Z —200 Myr

The early-time relaxation parameter Tgpet era 1S assumed, while Tyecond era
is inferred by fitting the model to the inferred planetary radius at t =
—200 Myr. The reduction in relaxation time is interpreted as a consequence
of viscoelastic weakening, potentially driven by decompression, phase tran-
sitions, or structural reorganization of the deep interior. An example of a
zone exhibiting an extreme viscosity drop in the present-day Earth is the
solid-liquid phase transition layer at the inner-core boundary (ICB).

The system is allowed to relax toward equilibrium over 4.36 Gyr, evolving
from an initial test radius of 3300 km to approximately 3504 km at —200 Myr.
Thus the initial model time for Ry is set to —4.56 Gyr; nevertheless, relax-
ation may have commenced somewhat later, after the gas giant was fully
formed and began to lose mass through photoevaporation. Following the in-

ferred viscoelastic reduction, radial expansion accelerates toward equilibrium.

18
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At a test Ry value of 6686 km, the corresponding mean density decreases to
4.77 x 103 kg m~—3. This value is intermediate between the present-day mean
densities of Venus (5.24 x 10°kgm™3) and Mars (3.94 x 103kgm™3) [34].
Present-day Earth is the planet with the highest mean density in the Solar
System. Adopting a range of representative effective elastic moduli appro-
priate for high-pressure planetary interiors, we derive three corresponding
estimates of effective viscosity for both mechanical eras. These values are
summarized in Table 2.

Given the exceedingly long relaxation times inferred for the early mechan-
ical era, the interior material behaves as effectively locked, exhibiting negli-
gible stress relaxation over the 4.36 Gyr timescale. Even adopting the lowest
elastic modulus considered (0.36 TPa), the resulting effective viscosities of
order 10% Pas are extraordinarily large, far exceeding viscosities measured
in laboratory experiments, inferred for natural terrestrial materials, or esti-
mated for Earth’s upper mantle [30]. Such values approach those inferred for
extreme astrophysical environments in which degeneracy pressure strongly
influences material behavior, reinforcing the interpretation of Earth’s deep
interior as a region characterized by hypothetically exceptional effective (pa-
leo)viscosity. For comparison, viscosities as high as 10’ Pas have been re-
ported in the literature for glass at room temperature, implying a material
that is effectively solid on any observable timescale, with macroscopic flow
rendered negligible [2]. In contrast, the viscosities inferred for the second
mechanical era are substantially lower and lie much closer to the 10?° Pas
values adopted by Mocquet et al. [25], as well as to viscosities up to 10%6 Pas

obtained from ab initio numerical simulations of mantle dynamics under the
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extreme pressures and temperatures characteristic of super-Earth interiors
33].

A central question in planetary evolution (Fig. 8) is why Earth remained
largely non-expanding, or expanding only minimally, for over 4 Gyr, fol-
lowed by a phase of rapid expansion in which planetary volume increased by
approximately a factor of ~ 6. Possible mechanisms that warrant further

investigation include:

e Structural factors related to phase transitions (e.g., solid-liquid) or

evolving core—mantle interactions

e Progressive heterogeneous cooling of the metastable, ultracompressed
planetary interior, combined with the development of locally distributed

stresses

e The presence of surface ice layers possibly acting as an effective thermal
insulator over geological timescales, keeping the interior of the planet

hot

9.3. Exploring Internal Energy at the Atomic Scale

If Earth underwent relaxation in the manner proposed, it becomes nec-
essary to identify the microscopic source of the energy driving this process.
Owing to the astronomical number of constituent particles, it is neither fea-
sible nor meaningful to track individual interactions directly. Instead, a
coarse-grained approach can be adopted in which the total number of atoms
in the Earth is estimated and a representative mean energy contribution is
assigned to each atom, corresponding to the energy acquired during compres-

sion in a hypothesized gas giant evolutionary stage. While Earth materials

20



exhibit a wide range of bonding environments, the present calculation does
not assume uniform microscopic behavior.

At the extreme pressures of planetary interiors, distinctions between metal-
lic, ionic, and covalent bonding become increasingly blurred and the param-
eter Feoxcess(Ro) from (16) divided by the number of atoms provides a charac-
teristic mean energy scale, rather than a precise per-atom value. The purpose
of this estimate is therefore not to model specific bonding mechanisms, but
to demonstrate that the characteristic microscopic energy scale required to
account for global planetary relaxation is comparable to known chemical
and lattice energies. The cumulative contribution of these atomic-scale ener-
gies should approximately match the change in Earth’s GBE associated with
planetary relaxation. In this framework, even minute changes in interatomic
spacing or local volume at the microscopic level contribute collectively to
the macroscopic energy budget governing planetary expansion. The compo-
sitional basis for this estimate is summarized in Table 3, which shows that
Earth’s bulk composition is dominated by a small number of elements, prin-
cipally Fe, O, Si, and Mg.

Using the compositional data from Table 3 and the Earth’s mass from
Table 1, we can estimate the total number of atoms in the planet. Assuming
a mean atomic mass of &~ 26.26 u (standard atomic weights of elements taken

from [28]), the mass per atom is

Matom ~ 4.36 x 1072 kg. (26)

Consequently, the total number of atoms in the Earth is

21



Mg
Matom

425 The energy released during the hypothesized planetary relaxation is on

~ 1.37 x 10°. (27)

the order of 1032 J. Dividing by the total number of atoms yields a mean

energy per atom of

1032 J
1.37 x 100

Expressed in electronvolts, this corresponds to

~ 7.30 x 1071 J. (28)

7.30 x 10719 J
Ein = ~ 4.56 eV. 29
800 = 760 % 10-19 J oV ¢ (29)

This value is consistent with typical chemical bonding energies in solids,

s0 which generally range from 1-10 eV [20], depending on the element and
bond type. Cohesive and lattice energies of Earth’s materials provide a com-
parable scale. The first ionization energy, approximately 10.74 eV per atom
(Table 3), also provides a characteristic energy scale consistent with com-
puted value. From this perspective, the planetary interior cannot remain
.35 molecular because the net energy gain—driven by the excess of electron ki-
netic energy—surpasses the molecular binding threshold, forcing a transition
into a metallic state [7].
The atomic binding energy reservoir imposes a fundamental constraint on
planetary compression and expansion. Planetary matter strongly resists uni-
wmo form compression; in the case of Earth, overcoming this barrier requires total
energies on the order of 1032 J, corresponding to ~ +5 eV net gain/atom.
The net microscopic energy gain Ej,;, integrated over whole Earth (27) cor-

responds to the excess energy term Feycess(Ro) in (16), representing stored
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compressional energy driving Earth-scale relaxation. On the planetary scale,
the exchange between this excess energy and gravitational potential energy

is captured by the Maxwell viscoelastic relaxation framework (19).

10. Discussion

10.1. Interpretation and Implications

Expansion driven by internal energy is plausible: excess energy stored in
Coulomb, phase-transition, and fermionic degrees of freedom can, in princi-
ple, overcome gravitational confinement and increase planetary radius toward
equilibrium. The rate of expansion, however, is controlled by the effective
viscosity of the interior, so ultra-compressed, high-viscosity cores evolve only
slowly over geological timescales. Transient acceleration may occur when
the Maxwell timescale decreases due to decompression, phase transitions, or
structural reorganization. Earth provides a case study: if historical expansion
took place, inferred effective viscosities would have been exceptionally high,
consistent with the slow relaxation of an ultra-dense chthonian core. Obser-
vational proxies—including geodetic measurements indicating radius growth
of ~ 10-20 mm yr~! and a positive effect in ALOD of ~ 0.X ms yr—!, as well

as reconstructions of oceanic crust growth—may provide indirect evidence.

10.2. Limitations

The single-mode Maxwell approximation captures only the dominant re-
laxation behavior, whereas multi-layered interiors with heterogeneous viscosi-
ties may exhibit multi-timescale responses. Several secondary processes—
including tidal interactions, planetary rotation, centrifugal forces, differen-

tiation, and energy loss to space—are not explicitly included; while these
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factors can modulate expansion, they are expected to be secondary relative
to the primary energy-driven mechanism. Uncertainties in the pressure, vis-
cosity, and elastic moduli of Earth’s deep interior and exoplanetary cores

further limit the precision of quantitative predictions.

10.8. Future Directions

Long-term, high-precision GPS measurements [24] and paleogeophysical
reconstructions [23, 29] could detect subtle or historical changes in Earth’s
radius, providing empirical tests of predicted expansion rates. However, vari-
ability in Earth’s rotation caused by general mass redistributions complicates
the use of ALOD data for inferring planetary expansion. Multi-layer vis-
coelastic simulations that incorporate realistic EOS, phase transitions, and
viscosity variations could refine single-mode Maxwell predictions and assess
the impact of heterogeneous interiors. Observations of ultra-dense chthonian
exoplanets [16] may independently test this framework, with bulk density
measurements, radius evolution constraints, and stellar irradiation histories
providing indirect evidence for energy-driven expansion. Comparative stud-
ies within the Solar System—for example, Earth versus Venus, or Earth’s to-
pography versus Mars’ crustal dichotomy—may reveal analogous processes,

although such extensions remain speculative.

11. Conclusion

We have developed a physically grounded framework linking internal en-
ergy transformations to the long-term relaxation of chthonian planets via
mass conservation, hydrostatic equilibrium, and the virial theorem. By con-

necting changes in internal energy to gravitational potential energy, a first-
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order expansion law governed by a Maxwell viscoelastic timescale is derived.
Application to Earth suggests that, if radial expansion, originally proposed by
Hilgenberg [15], occurred, interior viscosities must have been extremely high,
consistent with ultra-compressed, high-density conditions. This framework
allows us to estimate such viscosities from radius evolution and demonstrates
that the Maxwell timescale reductions can accelerate expansion. The pro-
posed analytical framework assumes that the Earth’s hypothetical relaxation
is an ongoing present-day process and may be measurable. While simpli-
fied, the model captures essential physics of planetary radius evolution and
provides a predictive, testable framework for both Earth and exoplanetary
chthonian cores. Future work combining geodetic measurements, geological
reconstructions, and numerical simulations can test these predictions and

probe the viscoelastic behavior of ultra-dense planetary interiors.
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Figure 1: Schematic of the proposed evolution of a chthonian planet: (left) gas giant phase,

time

(center) superdense chthonian core after atmospheric loss, and (right) slowly expanding

chthonian planet driven by internal energy redistribution.

Age of Oceanic Crust

Figure 2: Various views of the Earth showing oceanic crustal ages, predominantly up to

approximately 200 Myr. Reproduced from Seton et al. [29].
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Vertical Gravity Gradient (eotvos)

Figure 3: The continental margins of Africa/South America and Zealandia/South America
from the 3D vertical gravity gradient model brought into proximity. Solid lines represent
the corresponding expansive ruptures, while dashed lines mark the continental margins;

the shape similarity is evident. Reproduced from Mestan [23].
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Figure 4: Technical sketches of Earth’s expansion (~ 200 Ma to today), based on rapid
prototyping modeling methods, viewed from multiple angles [23]. A: Opening between
Eurasia and North America, now occupied by the Pacific Ocean. B: View of North Amer-
ica. C: Divergence between Antarctica and India. D: Expansion in the Antarctic region.
E: Separation of Zealandia from South America, with significant deformation of continen-
tal crust. F: Spreading near the Mid-Atlantic Ridge between North America and Eurasia.
G: Spreading near the Mid-Atlantic Ridge between Africa and South America. Red lines

indicate major extensional rupture zones.
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Figure 5: Analysis of oceanic crust formation over the past 338 Myr, based on data

from Seton et al. [29]. Under the hypothetical Earth expansion scenario, some regions of

continental crust likely increased. Consequently, Earth’s original radius may have been

significantly smaller than 4157 km, potentially ~ 3504 km at —200 Myr, and possibly

even smaller at the time when it existed as a core of a gas giant. Green arrows indicate

potential future expansion directions toward equilibrium.
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Figure 6: Second derivative of Earth’s inferred radius evolution, neglecting lateral exten-
sion of the continental crust. While broad curvature changes are apparent, no definitive

inflection point can be robustly identified.

Table 2: Model effective elastic moduli and corresponding effective viscosities for the first

and second mechanical eras. These values are parameters used in Fig. 7.

Ko [TPa]  neg first era [Pas] 7eg second era [Pas]

0.36 4.0 x 10% 1.41 x 10?7
0.53 6.0 x 102 2.11 x 10%7
0.71 8.0 x 10%¥ 2.82 x 10%7
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Figure 7: Modeled radial evolution incorporating a time-dependent viscosity characterized
by a pronounced decrease around —200 Myr, potentially associated with structural or
phase transitions in Earth’s interior. The model is compared with Earth’s data derived
from oceanic crust data, neglecting lateral extension of the continental crust. The observed

behavior of Earth’s data suggests the possibility of additional viscosity weakening toward

the most recent epoch.

Figure 8: Artist’s impressions of Earth at three evolutionary stages: (left) gas-giant stage
at formation (= 4.56 Ga) with a photoevaporation envelope (the Sun is located to the left
of the gas giant, and the colors of the planet and its elongated envelope have been enhanced
for visibility); (center) first mechanical era of a metastable chthonian Earth, farther from

the Sun, until ~ —200 Myr, possibly covered by an icy crust; (right) present-day Earth.
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