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ABSTRACT

The interior conditions of planets are highly uncertain, because two types of intrinsic degenera-
cies — compositional degeneracy and structural degeneracy — prevent precise characterization.
In this thesis, I develop a planetary interior code package, CORGI, incorporating state-of-the-
art physical properties of planet-forming materials. Using CORGI, I eliminate unmixed interior
scenarios for Uranus, rule out the fossil-compressed formation hypothesis for high-density
exoplanets, and establish a link between formation history and atmospheric composition for
hypothetical Earth-like white dwarf (WD) exoplanets, reducing interior degeneracy for these
planets. However, I also identify a novel carbon-rich interior composition for sub-Neptunes,
introducing an additional degeneracy to this already ambiguous category.

It is heatedly debated that whether Uranus is a distinct-layer “ice giant” with greater
than 70 wt% ice or a “rock giant” with compositional gradients and roughly equal amounts
of ice and rock. Gravity field measurements from spacecraft, which directly probe interior
mass distribution, are expected to resolve this debate. However, I show that the degeneracy
will persist even with future Uranus Orbiter and Probe (UOP) mission, but the level of
degeneracy can be reduced. My models indicate that only highly mixed interiors — either
those with smooth density gradients or those with substantial light elements in the mantle
and heavy elements in the atmosphere — are consistent with previous Voyager 2 measurements.
Additionally, I demonstrate that the UOP can distinguish between high- and low-atmospheric
metallicity scenarios and constrain the Jg harmonic, and potentially Jg, if placed in close-in
polar orbits, informing the mission and orbit design of UOP.

For exoplanets with no solar system counterparts, interior models are essential for un-
derstanding their composition, structure, formation, and evolution. I apply CORGI to a
category of high-density planets that are consistent with greater than 50% core mass frac-
tion, substantially higher than that of the Earth (33%). By combining planetary interior
modeling with photoevaporation modeling, I investigate into one of the hypotheses — the
fossil-compressed hypothesis — for the origin of high-density planets. My models revealed that
most high-density planets are highly improbable to be fossil-compressed cores, because most
or even all of the iron-silicate core is molten during the evolution, while the fossil-compressed
hypothesis requires a solid core. Kolmogorov—Smirnov test statistics show that this result is
robust for planets with both hydrogen-dominated and steam envelopes.

Planetary interior models sometimes reveal new degeneracies rather than resolving them.
By combining interior, atmospheric chemistry, and transmission spectra models, I identify a



new possible interior composition for sub-Neptunes: carbon-rich composition. I posit that
sub-Neptunes formed between the “soot line” — a condensation line for refractory organic
carbon — and the water snow line would have high bulk C/O ratios and a substantial carbon
layer. Interior models revealed that such carbon-rich compositions are consistent with the
masses and radii of sub-Neptunes, given appropriate atmospheric metallicity. Atmospheric
chemistry and transmission spectra models found that the spectral features predicted for
carbon-rich sub-Neptunes are compatible with observations by the Hubble Space Telescope
and the James Webb Space Telescope.

Finally, I explore the connection between post-main-sequence evolutions and the atmo-
sphere and interior conditions of hypothetical Earth-like planets orbiting WDs. I showed
that first-generation WD planets that have experienced significant atmospheric loss and
second-generation WD planets that are formed in WD debris disks under a more clement
radiation environment can be distinguished by the presence of a hydrogen-dominated atmo-
sphere. Additionally, the interior conditions of second-generation WD planets can be inferred
from WD pollution observations.

Thesis supervisor: Sara Seager

Title: Class of 1941 Professor of Planetary Science
Professor of Physics

Professor of Aeronautics and Astronautics
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Chapter 1

Introduction

1.1 Planetary Interiors: A Brief History

The speculation over Earth's interior structure and composition started at the dawn of human
civilization, partially driven by the urge to understand destructive geophysical processes such
as earthquake and volcanism. According to stories told by indigenous groups living near
the Cascadia subduction zone, earthquakes are associated with the struggle between two
mythological creatures: Thunderbird and Whale. The Japanese people, living near another
subduction zone across the Paci ¢ Ocean, attributed earthquakes to the movements of a giant
subsurface cat sh in mythology [Ludwin et al., 2007]. The Earth, according to Aristotle (4th
century BCE), is spherical and consists of four elements, namely earth, water, air, and re.
In 1692, Edmond Halley, the eponym of the famous periodic comet, envisioned an interior
with multiple shells separated by atmospheric layers (Fig. 1.1, left panel). Seismological
studies in the 20th century revealed the Earth's interior structure that we are familiar with
today: iron-dominated inner and outer core, silicate-dominated lower and upper mantle, and
a crust (Fig. 1.1, right panel) [see Knapmeyer and Walterova, 2022, for a review on historical
understanding of planetary interiors].

Following the discovery of the rst planet orbiting another main sequence star, 51 Pegasi
b [Mayor and Queloz, 1995], exoplanet detection missions including Kepler [Borucki et al.,
2010] and the Transiting Exoplanet Survey Satellite (TESS) [Ricker et al., 2015] have revealed
that exoplanets are common in the Galaxy. To date, more than 5800 exoplanets have been
con rmed.? Demographic studies of exoplanets revealed that they are not merely distant
counterparts of solar system bodies. Some exoplanets such as super-Earths and sub-
Neptunes that have masses and radii between those of Earth and Neptune occupy a
parameter space not spanned by solar system planets, requiring new theories on their interior
composition, structure, and on their formation and evolution. Therefore, researchers are
naturally intrigued by a seemingly simple question: what are the interior compositions and
structures of exoplanets?

To derive the interior composition and structure of any planet, we need to know two
fundamental parameters, namely its mass and its radius.

The majority of con rmed exoplanets were discovered using the transit method, which

INASA Exoplanet Archive, data accessed on 4/1/2025.
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Figure 1.1: Evolution of the understanding of the Earth's interior structure, from the 17th
century to modern time. (Left) The Earth's interior structure according to Edmund Halley's
1692 essay, the title of which starts with An account of the cause of the change of the
variation of the magnetical needle. with an hypothesis of the structure of the internal parts of
the earth [Halley, 1692]. Based on observations on Earth's magnetic eld, Halley proposed
that the Earth's interior is composed of alternating solid shells and atmosphere layers. Figure
reproduced fromPhilosophical Transactions of the Royal Society of LondpWolume 17, Issue
195, published on October 19th, 1692 [Robartes, 1692]. (Right) Modern understanding of the
Earth's interior, where the abbreviations stand for. CMB Core Mantle Boundary; ICB
Inner Core Boundary; ULVZ Ultra-Low Velocity Zone; DTCP Dense Thermo-Chemical
Piles. Figure reproduced from Chapter 10 iffoundations of Modern Global Seismolog{2nd
edition) [Ammon et al., 2021].

allows us to constrain their radii. As shown in Fig. 1.2 (left panel), the transit method
measures the drop in stellar brightness as an exoplanet moves between the star and the
observer, blocking some of the starlight. By measuring the transit depth from the light
curve, we may derive the ratio between planet size and star size

RPZ.
=

(1.1)

Therefore, the transit method allows us to measure an exoplanet's radius, given that the
radius of its host star is known.

The masses of exoplanets are typically constrained using the radial velocity (RV) method,
albeit other methods such as transit timing variation exist. The RV method, as illustrated in
Fig. 1.2 (right panel), tracks the Doppler shift of starlight as an exoplanet host star wobbles
around the common planet-star center of mass, as a result of the planet's orbital motion.
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Figure 1.2: Schematic diagrams of (left) the transit method and (right) the radial velocity
(RV) method for detecting exoplanets. The transit method tracks the change of stellar
brightness with time. When an exoplanet on an edge-on orbit moves in front of the star, it
obstructs some of the starlight, causing a drop in brightness. Depth of the transit can be
used to infer the surface area ratio between the planet and the star, and hence the planet's
radius given that the stellar radius is known. The RV method probes the Doppler shift in
stellar radiation as the star revolves around the common center of mass of the star-planet
system. When a star is moving away from the observer, its radiation is redshifted, and when
the star is moving towards the observer, its radiation is blueshifted. The RV velocity can be
used to infer the planet's mass. Image credit: (left) NASA, (right) NEID team.

The magnitude of redshift or blueshift can be translated into the RV semi-amplitudeK ,
which is given by -

kK= 28 —_Mpsini (1.2)

P M7 T e

where P is the orbital period of the planet,i the inclination, and e the eccentricity. Note
that because an observer on Earth can only measure the radial (i.e., along the observer's line
of sight) component of the star's Doppler shift, planet mass measured from the RV method
is degenerate: we can only deriviél, sini instead of the planet mass itself. Therefore, it is
necessary to combine both the transit method and the RV method to get con dent constraints
on R, and M. By de nition, an exoplanet needs to be nearly perfectly edge-on € 90°)
to transit. From the transit light curve, we can derive the impact parameterp, which is a
measure of how far the exoplanet's transit chord is from the center of the star. Hence, orbital
inclination i of the exoplanet is constrained, allowing us to derivisl,.

Knowing both the mass and the radius of an exoplanet, we may compute its bulk density
and hence infer its interior composition and structure. Conventionally, the rough bulk
compositions of exoplanets are shown using the mass-radius (M-R) diagram (Fig. 1.3) [see
e.g., Lugue and Pallé, 2022, Seager et al., 2007, Zeng et al., 2016]. The measured masses and
radii of exoplanets are compared against theoretical M-R curves, which can be computed
for homogeneous or layered planets using the fundamental equations for planetary interiors
from Zapolsky and Salpeter [1969]: the mass of a spherical shell, hydrostatic equilibrium,
and the equation of state (see Section 2.1.1 for details). A closer look at Fig. 1.3 reveals
that exoplanets are divided into two populations, separated by a radius valley at 1.6R

15



Figure 1.3: Mass-radius (M-R) relationships for exoplanets. The error bars show exoplanets
M-R uncertainties. Data taken from the PlanetS Catalog [Otegi et al., 2020, Parc et al.,
2024]. The colored curves show the M-R relations of synthetic planets with homogeneous
(blue pure H,0O, green pure silicate, black pure iron) or two-layer (iron core and silicate
mantle) compositions. The thin gray curves show the e ects of adding an,Hatmosphere
with di erent thickness on a homogeneous water planet.

[Fulton et al., 2017]. Planets below the radius valley are generally consistent with the M-R
relationships of terrestrial planets consisted of an iron core and a silicate mantle. Planets
above the radius valley have low bulk densities and must have a substantial fraction of volatiles
(e.g., KO ice layer and/or H/He-dominated envelope). By investigating the mass-radius-
density relationship of small € 4R ) exoplanets, Lugue and Pallé [2022] concluded that
small exoplanets around M dwarfs are separated into two populations, one with Earth-like
terrestrial composition and another with a water world composition of 50% silicate and
50% water ice.

1.2 The Interior Degeneracy of (Exo)planets

Although M-R relationships provide loose constraints on the interior compositions of exoplan-
ets, precisely determining the interior conditions of a planet from mass and radius alone is
intrinsically impossible. This is because two types of degeneraciesompositional degeneracy
and structural degeneracy exist.

Compositional degeneracy arises because there are in nitely many combinations of layer
mass fractions that can produce the same overall mass and radius, if the planet is assumed
to have three or more layers. Compositional degeneracy exists regardless of the measurement
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uncertainties onM, andR,,. Even if M, and R, are in nitely precise, compositional degeneracy
still persists. Assuming that a planet is consisted of three layers an iron core, a silicate
mantle, and a water layer the mass fractions of which are represented &g, where the
subscript i indicates material and the sum off x;g equals 1. If a certain combination of
f Xiron ; Xsilicate ; Xwater @ Produces the expected!, and R, then we must be able to nd another
combination with larger X,on (i.€., making the planet denser and hence smaller with the same
mass) and largexyater (i.€., making the planet less dense and hence larger with the same
mass, to o set the e ect of increasingXi,n, ), that produces the exact same mass and radius.
In this case,Xsjicate 1S decreased accordingly to ensure that the sum ;g equals 1.

Compositional degeneracy is best illustrated by planets with intermediate masses and
radii between those of rocky planets and gas giants, which su er most severely from this
degeneracy. Fig. 1.4 shows the possible compositions of the prototypical sub-Neptune K2-18
b. K2-18 b has a mass 08:63 1:35M and a radius 0f2.610 0:087R [Benneke et al.,
2019], putting it slightly above the 100% HO curve in Fig. 1.3. The intermediate density
of K2-18 b implies that we can e ciently trade mass between its iron, silicate, O, and
H/He layers while keeping the total mass and radius constant. Indeed, Madhusudhan et al.
[2020] showed that there are a wide range of compositions allowed by the M-R of K2-18
b, represented in a ternary diagram (Fig. 1.4, left panel). The authors further chose three
end members: an iron-dominated super-Earth composition, a Neptune-like composition with
mass distributed roughly equally between the iron-silicate core and the ice layer, and a water
world composition with almost 90 wt% HO (Fig. 1.4, right panel). Even though not all
compositions allowed by M-R are plausible (e.g., forming a massive pure iron core without
substantial amount of silicates is not favored by planet formation theory), the example of
K2-18 b still illustrates that how severely can compositional degeneracy a ect our ability to
understand planetary interiors.

Structural degeneracy arises because planets do not necessarily have a fully separated,
distinct-layer structure as shown in Fig. 1.4 (right panel). Jupiter's gravity eld measured
by the Juno spacecraft, for example, indicate that this gas giant has a dilute core that is
distributed as far out as  60%o0f its radius [Howard et al., 2023, Militzer et al., 2022]. Rocky
planets may be undi erentiated, which means that their iron contents are embedded in the
mantles instead of concentrating in the core [Valencia et al., 2010]. Soubiran and Militzer
[2015] showed byab initio simulation that water and hydrogen are miscible under a wide
range of pressure-temperature (P-T) conditions, implying that mixing between the 3 layer
and the H/He-dominated envelope is possible in Neptune-like planets and sub-Neptunes.
Furthermore, as will be discussed in Chapter 4, planets are not necessarily in a pressure
equilibrium state such that P(r) equals the pressure due to self-compression at radius
everywhere in the planet. For fossil-compressed remnant cores of giant planets, it is possible
that they retain an equivalent pressure,Pe,, as if they are still compressed by massive
envelopes [Mocquet et al., 2014]. The huge variety of possible interior structures exacerbates
the compositional degeneracy, because instead of three or four distinct layers (as shown in
Fig. 1.4, right panel), essentially there are in nitely many layers if a planet has compositional
gradients.

Structural degeneracy is best illustrated by the debate between ice giant and rock
giant composition of Uranus and Neptune [see e.g., Helled and Fortney, 2020, Teanby et al.,
2020, for reviews on this topic]. Fig. 1.5 shows two possible interior structures of Uranus:
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Figure 1.4: Compositional degeneracy of sub-Neptune K2-18 b. (Left) Ternary diagram
showing the possible compositions allowed by the M-R of K2-18 b, assuming (red) the internal
temperature, Tiy, is 50 K and iron consists of 33 wt% of the iron-silicate core and (blue)
T = 25 K and the core is composed of pure iron. (Right) Schematic diagram showing
three end member compositions chosen from the left panel. The radius of each layer is to
scale, and the numbers show the mass fraction of each layer. Vastly di erent compositions
including iron-dominated super-Earth, Neptune-like interior, and water world scenario can
all explain the M-R of K2-18 b, illustrating how severely compositional degeneracy hinders
the understanding of planetary interiors. The left panel is reproduced from Madhusudhan
et al. [2020].

the distinct-layer structure and the empirical density structure, the latter of which allows
arbitrary mixing in the interior as long as the (r) pro le is monotonically decreasing from
the center to the surface and integrates to the correct overall M-R (see Section 2.1.4 and
Movshovitz and Fortney [2022]). Compositions predicted from these two structural models
are distinctively di erent. The distinct-layer structure needs an ice layer much more massive
than the core to match the M-R of Uranus [e.g., Fortney and Nettelmann, 2010, Nettelmann
et al., 2013], while the empirical density model favors an ice-to-rock ratio (I:R) 1:1. 'R

of Uranus and Neptune can have signi cant implications on their formation origin, because
bodies in the adjacent region, such as Pluto and Kuiper Belt Objects, are more rock-rich than
ice-rich as opposed to the composition predicted by the distinct-layer model (see Chapter 3
and Teanby et al. [2020] for details).
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Figure 1.5: Structural degeneracy of Uranus. (Left) Schematic diagram of Uranus's interior,
assuming it has a distinct-layer structure composed of a rocky core, an ice layer, and a
H/He-dominated envelope. In this case, to match the mass, radius, and gravity harmonics
of Uranus, the ice layer must account fo& 70% of the planet mass. The ice-to-rock ratio
(I:R) is roughly 4:1 to 35:1 [Nettelmann et al., 2013]. (Right) Schematic diagram of Uranus's
interior, assuming it has an empirical density structure. In this case, the I:R is roughly 1:1.

1.3 Reducing the Interior Degeneracy of (Exo)planets

1.3.1 Constraints in Addition to Mass and Radius

The investigation of exoplanet interiors is fundamentally limited by the scarcity of known
parameters. Because of compositional degeneracy and structural degeneracy, precisely
constraining the interior conditions of (exo)planets from M-R measurements alone is impossible.
To resolve, or at least reduce, the interior degeneracy, we must combine M-R with other
constraints. Here, | introduce three categories of additional constraints that are helpful for
reducing the interior degeneracy.

The rst category of constraints come from direct spacecraft measurements of planetary
properties including the gravity eld and magnetic eld which is helpful for solar system
planets. Gravity eld measurements directly constrain the mass distribution within a planet,
and have revealed details on the interiors of Jupiter and Saturn [e.g., Howard et al., 2023,
Militzer et al., 2019, 2022]. Magnetic eld does not directly constrain the interior composition
or structure, but the presence of a magnetic eld implies that the planet must have a
convective layer that has high electrical conductivity that is capable of generating a dynamo.
Hence, interior properties of the planet can be indirectly inferred. Several questions can be
asked about a planet's gravity and magnetic elds: What can future in situ gravity and
magnetic eld measurements tell us about the interior of Uranus? How can interior models
inform the science mission and orbit design of the Uranus Orbiter and Probe (UOP), which
was prioritized by the Planetary Science Decadal Survey [National Academies of Sciences,
Engineering, and Medicine, 2023, hereafter the Decadal Survey] and has a nominal launch
scheduled in the early 2030s? In Chapter 3, | will discuss how | reduce the interior degeneracy
of Uranus by combining interior modeling with gravity harmonics simulation.
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Figure 1.6: Schematic diagram of the interactions between planetary interiors and atmospheres.
(Left) H,O phase diagram and P-T pro les of distinct-layer Uranus models. The transition
from atmosphere (orange) to interior (red) coincides with the supercritical phase. (Right)
Possible interior-atmosphere interactions in intermediate-sized planets. A deep surface,
a shallow surface, or a mixed-composition interior will all produce di erent atmospheric
compositions, enabling us to infer interior properties based on remote spectral observations.

The second category of constraints is the formation and evolution history of a planet.
Formation and evolution dictate the compaosition and structure of a planet today, providing
realistic context for possible compositions and structures that the planet can plausibly have. It
is hypothesized that a planet should be compositionally linked to its host star as measured by
elemental ratios, because they accrete material from the same protoplanetary disk [Adibekyan
et al., 2021], although a recent analysis challenges this idea [Brinkman et al., 2024]. Planets
formed within and beyond the water snow line should have drastically di erent ice-to-rock
ratios, potentially explaining exoplanet populations on both sides of the radius valley [Burn
et al., 2024]. Post-formational evolutionary processes such as photoevaporation would carve
exoplanet mass-radius relations by stripping low mean molecular weight envelopes [Swalin
et al., 2019]. Several questions can be asked about a planet's formation and evolution:
To what extent are the bulk compositions of planets linked to their host stars? To what
extend are their bulk ice-to-rock ratios depended on formation locations relative to the snow
line? How will evolution alter the structure and composition of intermediate-sized planets,
compared to primordial protoplanetary disk building blocks? In Chapter 4, | answer some
of these questions by coupling the formation and evolution of high-density rocky planets
with their interior structures and compositions. In Chapter 6, | discuss how would the post-
main-sequence evolution of planets orbiting white dwarfs (WDs) impact their atmospheric
composition.

The third category of constraints comes from planetary atmosphere, which can be provided
by remote spectral observations. For rock-dominated bodies, atmospheric composition can
be used to infer mantle redox state [Gaillard et al., 2022] and tectonic state [Dorn et al.,
2018, Foley and Smye, 2018]. For so-called sub-Neptunes, atmospheric concentrations gf CO
H,0, CH,4, and NH;z can be used to infer the presence of a shallow surface of rock or liquid
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water [Hu et al., 2021, Yu et al., 2021]. As high-quality transmission spectra by the James
Webb Space Telescope (JWST) become available, some recent works claim that ice-to-rock
ratios and H,/He mass fractions of intermediate-sized planets can be inferred from their
atmospheres [Madhusudhan et al., 2023, Nixon et al., 2024].

Planetary atmospheres can be used to infer interior conditions because atmospheres and
interiors are linked indirectly by a chain of physical and chemical processes. Other than
the simplistic picture of sharp layer boundaries (Figure 1.6, deep & shallow surface), the
atmosphere can smoothly transition into a supercritical ocean (Figure 1.6, mixed interior)
or be in direct contact with a magma ocean [Benneke et al., 2024, Kite et al., 2020, Vazan
et al., 2018]. The following questions can be asked about interior-atmosphere interactions: In
what ways are the deep interiors of exoplanets connected with atmospheric observables? How
can we infer the deep composition and structure of an exoplanet from remote observations,
such as transmission spectra by the JWST? In Chapter 5, | aim to answer these questions by
simulating the atmospheric composition and transmission spectra of hypothetical carbon-
enriched sub-Neptunes. In Chapter 6, | couple the evolutionary history of WD exoplanets
which have implications on their interiors with their atmospheric compositions.

1.3.2 Applications to New Exoplanet Discoveries

TESS is constantly discovering new exoplanets using the transit method. Over the past few
years, | have been applying my interior models to constrain the interior compositions of some
of these new exoplanet discoveries, which are introduced below.

1.3.2.1 TOI-1075 b: A Dense and Massive Hot Super-Earth

TOI-1075 b is an ultra-short-period hot super-Earth with high density. The radius and mass
of TOI-1075 b are1:79T%21° R and 9:95"3°M , respectively [Essack et al., 2023, including
Lin]. The bulk density of TOI-1075 b is9:32"%:32 g cm 3, almost twice as dense as the Earth

( =5:51gcm 3). However, note that more massive planets are naturally denser because
of the interior is compressed more by self-gravity. Thus, the high bulk density of TOI-1075 b
does not imply that its core mass fraction (CMF) is considerably greater than that of the
Earth. Nevertheless, because TOI-1075 b is above the radius valley [Fulton et al., 2017], it is
expected to have a substantial H/He envelope, while its high density prevents this possibility,
making its interior composition intriguing.

Using my planetary interior model CORG({Composition Of Rocky, Gaseous, and Icy
planets), which will be described in detail in Chapter 2, | computed the possible interior
compositions of TOI-1075 b allowed by its measured M-R and M-R uncertainties. The
mean composition of TOI-1075 b derived from its mean M-R has a CMF of 0.35 and a
core radius fraction (CRF) of 0.52, which are consistent with an Earth-like composition
and structure. In the densest scenario, TOI-1075 b has a CMF of 0.61, consistent with a
super-Mercury composition, while in the least dense scenario the planet is consistent with
a pure MgSiQ; composition with the addition of a small amount of water. Regardless of
the M-R uncertainties, the composition of TOI-1075 b is inconsistent with substantial H/He
envelope, despite that it is above the radius valley, making its formation and evolution history
highly intriguing. Possible formation mechanisms of TOI-1075 b includes mantle-stripping
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Figure 1.7: Mass-radius diagram for smallR < 2R , M < 10M ) planets, including
TOI-1075 b (highlighted with thick error bar). (Left) Measured M-R and M-R uncertainties

of super-Earths (thin error bars) and super-Mercuries (thick error bars) compared to constant
composition M-R curves (similar to Fig. 1.3). (Right) The same group of planets compared
with constant bulk density curves. Solar system planets are shown as star symbols and
annotated. The radius gap for low-mass stars @54 0:16R is shown as the shaded region
[Cloutier and Menou, 2020]. Figure reproduced from [Essack et al., 2023, including Lin].

giant impacts, metal-rich formation, and fossil-compressed core of giant planets, which will
be discussed in more details in Chapter 4.

1.3.2.2 GJ 238 b: A Mars-size Exoplanet

GJ 238 b is the smallest exoplanet detected with TESS to date. With a radius 0f566
0:014R , GJ 238 b is only a few percent larger than Mars [Tey et al., 2024, including Lin].
Because no mass measurement is available for GJ 238 b, | uS€RGlo calculate the possible
masses assuming two-layer iron-silicate compositions with di erent CMFs. In particular,
we are interested in whether this small, short-period (1.74 days) planet orbiting an M 2.5
dwarf is capable of retaining its atmosphere, which has important implications for follow-up
observations.

To assess if GJ 238 b can retain its atmosphere, | calculate the extreme end member
masses assuming pure iron and pure silicate compositions, and compare the derived M-R
to the empirical cosmic shoreline. The term cosmic shoreline, rst coined by Zahnle and
Catling [2017], refers to an empirical / Vi line separating planets with atmospheres from
those without, wherel is the stellar insolation received at the planet's orbit and/es is the
escape velocity. Given the small size of GJ 238 b, even under the pure iron composition
assumption, which is the most favorable for atmospheric retention, the planet is still above
the cosmic shoreline and hence unlikely to hold on to an atmosphere (Figure 1.8, left panel).
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