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Abstract

Planetary cores are of interest because they provide insight into the internal dynamics and
composition of planets. By using mass-radius relationship compositional analysis, this work
originally set out to look for evidence of exoplanet exposed iron cores; it stumbled, however,
upon potential superdense core candidates (or “Chthonian™ cores). We identify 19 potential
superdense core candidates, and compare them to the Fossilized Core Theory and the Giant
Impact Theory of formation. Additionally, while there are 19 superdense core candidates, they
represent only 11 solar systems. We find that both theories plausibly describe the formation of
these superdense candidates, and note that all candidates have very typical stars similar to our
own sun. Until the mass measurements of the candidates are better constrained, further
conclusions cannot be drawn, however, this new type of planet could help inform planetary
formation, evolution, and interior dynamic models.

Thesis Supervisor: Benjamin Weiss Title: Professor
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1. INTRODUCTION

The discovery and confirmation of thousands of exoplanets in the past few decades has provided
the opportunity to examine the edge cases and extremes of planetary evolution, putting our own solar
system in a context of increasing complexity.

While the search continues for a solar system analogue, what’s still intriguing is when types of
planets are found that are not present in our own solar system — large planets that bridge the gap between
planet and star (Bouchy ef al., 2011), small planets the size of the Earth’s moon (Sinukoff ez al., 2013),
low-density planets thought to have tails like comets (Croll ef al., 2017), the sheer number of Hot Jupiters
existing so close to their host stars (Currie, 2009). Planets have been discovered that appear to be actively
losing their atmospheres (Catlin and Zahnle, 2009), or that may have survived being engulfed by their
host stars (Charpinet, et al., 2011). Entire families of planets that are outside of our expectations in some
way (such as Lissauer et al., 2013) — all of these variations provide context for the typicality of our own
solar system. As new planets are discovered, our understanding of the mechanisms governing planetary
dynamics are iterated and improved upon, and the methods used to understand uncxpected exoplancts
have proliferated.

In addition to allowing new views of planetary extremes, a growing pool of exoplanets also
means we are able to study planets in all states of their evolution — planets still in their protoplanetary
disks, or planets substantially older than our own solar system (Anglada-Escude, ef al., 2014) — which
help to understand how our solar system came to be and what we can expect it to turn into eventually.

As more exotic exoplanets are discovered, an understanding of their interior composition and
dynamics becomes more and more valuable. The cores of planets are of particular interest because they
arc indicative of the planetary formation process and evidence of past solar system conditions. Even
within our own solar system, planetary missions recently have been preoccupied with cores: the Psyche
mission, which in 2020 will visit an M-type asteroid known as 16-Psyche, thought to be the exposed
remnant of a differentiated protoplanetary core (Elkins-Tanton et ai., 2014); the InSight mission, which is
currently studying the core of Mars looking for geologic activity and recently detected evidence of a
Marsquake (Brown and Johnson, 2019); and Juno, a Jupiter probe which is expected to provide valuable
information on the characteristics of Jupiter’s core in the upcoming years (Cheng ef al., 2008).

Exposed cores are particularly interesting because they allow near direct observation of the
interior of a planet. While our own solar system is thought to contain examples of exposed planctary cores
such as 16-Psyche and Mercury (Elkins-Tanton et al., 2014), examples of cores in other solar systems

would allow for a more general understanding of the role solar system conditions play in planetary
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evolution. Broadly speaking, there are thought to be two ways in which planets can lose their outer mass,
leaving their cores exposed.

The first mechanism is through powerful impacts in the early solar system (Kendall and Melosh,
2016). These impacts are thought to have been quite common, and under some planetary formation
mechanisms are thought to have been necessary for planet formation. In extreme cases, the energy of the
impact could have stripped one or both bodies of their outer layers, leaving only the dense, differentiated
metallic cores (Kendall and Melosh, 2016; Righter and O’Brein, 2010). This process is best understood
for terrestrial planets, though could potentially occur with gas giants.

The second mechanism is through extreme thermal environments. Terrestrial planets are thought
to be able lose their mantles (Bonomo et al., 2019) through photoevaporation and vaporization, while gas
giants are thought to undergo hydrodynamic escape of their envelopes (Catling and Zahnle, 2009;
Ehrenreich et al., 2015; Herbrard et ol., 2003; Moquet ef al., 2014).

This work originally set out to identify iron-rich cores of terrestrial planets; it stumbled, however,
upon potential superdense core candidates. Superdense planets have not been studied in depth in the past
and are not predicted by most planetary formation or evolution mechanisms (Moquet ef al., 2014).

In this work, we examine 19 superdense planetary core candidates, and compare them to two
potential formation mechanisms: the Fossilized Core Theory (Moquet et al., 2014), and the Giant Impact
Theory (Bonomo et al., 2019). We find that while there are 19 superdense core candidates, they represent
only 11 individual solar systems. Solar system clustering of exotic exoplanets could imply a stellar
dependent evolution mechanism, so the stellar properties of the identified systems are examined for
patterns.

While the data are too unconstrained to make definitive conclusions, we find that both
mechanisms are plausible explanations for the observed states. We also find that all of the superdense
core candidates orbit main-sequence, relatively cool or G-type stars.

Cores of this type are occasionally called “Chthonian”, as “Chthonian” means concerning,
belonging to, or inhabiting the underworld. It implies the ability to view what is typically hidden. To
further understand the potential for Chthonian cores to exist, the masses of all of the candidates examined
here must be further constrained. Additionally, more sophisticated relaxation models and giant impact

stripping models must be further developed.
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2. METHODS
2.1 Mass-Radius Relationship and Equation of State

Originally, the goal of this work was to look for evidence of exposed exoplanet cores in general,
following a composition-focused approach. Similar to other studies looking to understand the internal
structure and compositions of exoplanets and other celestial bodies, this study used mass-radius (M-R)
relationships as a classification tool (Leger ef al., 2004; Valencia et al., 2006; Valencia et al., 2007,
Zapolsky and Salpeter, 1969).

The composition of a planet can be estimated by comparing its measured radii to that of a
hypothetical sphere of a proposed composition of the same mass (Seager ef al., 2007; Swift et a/., 2012;
Zeng et al., 2016, Zeng et al., 2017) . However, this form of estimating bulk composition is highly
degenerate; by mass-radius data alone, there is no way, for example, to reliably differentiate a planct
made entirely out of water from one made of iron with a thick hydrogen atmosphere (Seager ef al., 2007).
In these cases, assumptions about planetary formation mechanisms, elemental abundance, or planetary
family need to be made to propose a given composition (Grasset et al., 2009).

However, making assumptions based on typical compositions or classifications may have the
consequence of overlooking atypical possibilities, such as when the bodies have unusual thermal or
compressive states. Because edge cases and extremes are so useful for understanding the full scope of
planetary formation mechanisms, it is worthwhile to thoroughly examine any potential outliers, as was
dong in this study.

This work aimed to identify examples of the dense, exposed cores of differentiated terrestrial
bodies, which are thought to be made mostly of iron (Ehrenreich ef al., 2015; Elkins-Tanton ef al., 2014;
Kendall and Melosh, 2016; Mocquet ef a/., 2014). Candidates were therefore compared to a M-R
relationship indicative of a homogencous sphere of iron.

In many cases, M-R relationships are found from specific equations of state (EOS) derived from
empirical data (Seager et al., 2007). However, Seager ef al., (2007) found that the EOSs for many solid
materials share a similar form, and proposed a generic modified polytropic EOS applicable to a variety of
materials, accounting for the low compressibility of solids and liquids at low pressures. From the generic
EOS, a generic M-R relationship was found. Applying Seager’s generic M-R relationship to iron, the

exact M-R relationship used in this study was:

log\o(R) =k, + 4 log (M) — k,MY (1)
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where

R, = R
- M
M; = M,

where the constants R, M, k. k,, and k; vary depending on the material. For iron, these

values are shown in Table 1.

Table 1: Constants for generic mass radius relationship as applied to iron
Constant: R, M, k, k, ky

Value: 225R,,, 5.8M -0.20945 0.0804 0.394

This approach is not without issues. The M-R relationship given above is only valid for plancts of

up to about 20M_, .. and while it approximates zero-temperature and 300K temperature EOSs well, it is

Ean
unknown how it performs with hotter temperatures. However, because the planets examined in this work
have relatively large uncertainties, it is not expected that the small errors in the iron M-R relationship due

to higher temperatures etc. would have a significant effect on the analysis.
2.2 Initial Data

The Extrasolar Planets Encyclopaedia (exoplanet.eu) provided the initial data for this study. At
the time of this writing, exoplanet.eu had data for 3715 confirmed exoplanets. Published values for mass
and/or radius were missing for 2547, and so those candidates were discarded as composition analysis
requires an understanding of both mass and radius (Mocquet et al., 2014). Finally, though the iron M-R
relationship presented above is only accurate to approximately 20M__,. planets up to 100M_, , were
considered for context, leaving 236 analyzable candidates. Figure 1 presents the preliminary mass-radius

data along with the iron M-R relationship.



Radiug (REarth)

@

I
f
|
R A

i
ek
L

Bates-Tarasewicz 5

Mass and Radius Relationship of Exoplanets

4 Fuly consirained non-anomaias density planets
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Fig 1: Preliminary identification of superdense core candidates

Shown is the mass and radius (scaled by the Earth’s mass and radius) of 236 viable planets less than 100M__,,.
highlighting the division between planets with radii larger than an iron sphere of the same mass (blue) and those with
radii potentially smaller than that of an iron sphere of the same mass (red). This division corresponds to planets that are
less dense than iron and those that are potentially more dense than iron, respectively. Data retrieved from exoplanet.eun.

This work initially set out to attempt to identify planets with a composition very close to that of
iron; however, more intriguing were those planets that lie significantly below the iron M-R line. Iron is
the densest cosmically abundant element (Ehrenreich ef al., 2015; Elkins-Tanton ef al., 2014; Kendall and
Melosh, 2016; Mocquet et al., 2014), and there are no widely accepted planetary formation theories that
would allow for significant amounts of materials denser than iron to be present. Barring incorrectly
reported values or errors in data analysis by initial publishers, the superdense candidates imply an unusual
history.

Focusing on the superdense candidates, all points with uncertainty regions above the iron M-R

relationship were additionally discarded, leaving 24 preliminary superdense core candidates (Figure 2).
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Fig 2. Focused identification of superdense core candidates

Mass and radius (scaled by the Earth’s mass and radius) for high-interest potentially superdense candidates less than
100M,, . Only points that were statistically likely (based on published uncertainty) to lic beneath the pure iron case
(shown in black) were included The names of the planets are adjacent to their respective points. Data retrieved from
exoplanet eu.

This work is not the only work that has identified unexpectedly dense exoplanets. In 2006,
Fortney ef al. identified a metal rich transiting exoplanet. In 2017, Luque ef a/. detected and characterized
an ultra-dense sub-Neptune planet. Also in 2017, Guenther ef a/. studied a system with one metal-rich
planet amongst other lower-density planets. In 2018, Santerne ef al. found an Earth-sized exoplanet with a
Mercury-like dense composition. Just this year (2019), Price and Rogers investigated an iron-rich planets
orbiting close to their host stars. However, none but Moquet ef a/. (2014) have examined planets with

bulk density significantly higher than that of iron.
2.3 Proposed Mechanism 1: Fossilized Core Theory

Mocquet ef al. (2014) is an important work with which to compare this study to, as they also

investigated superdense planets of this nature, identifying ten potentially superdense candidates and
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focusing analysis on three examples (Kepler-52 b, Kepler-32 ¢ and Kepler-57 b: see Figure 3). While all
of Moquet’s other candidates are considered in this analysis, it is notable that these three are excluded
because while Mocquet ef al. also used exoplanet.cu as a data source, the entries for the mass and radius

data for these high-interest candidates were updated after Mocquet ef al. was published.

RIR,.

0.1 1 10 100
MM,

Fig 3. Mass and radius for Mocquet et al.’s 10 superdense exoplanet core candidates

The four curves are, with increasing density from the top of the figure to the bottom, pure H,O. "Ocean Planets™ (30%
H,0. 50% Silicates), "Earth-Like Plancts’ (dashed and bold). and pure iron. The white circles represent plancts with
independent M-R estimates. while the grey circles represent planets for which the mass is still badly constrained and
model-dependent. In the latter case, the point is represented by the densest case proposed in the literature. Figure
reprinted from Mocquet ef al. (2014).

Mocquet ef al. was submitted in 2013, and published in April of 2014. The entries for Kepler-52
b, Kepler-52 ¢, and Kepler-57 b were last updated in May of 2014, October of 2018, and June of 2017
respectively. In Mocquet's study, exoplanet.eu cited analytic mass limits derived from transit timing
variation (TTV) data. However, since the publishing of Mocquet ef al. (2014), the exoplanet.eu masses
were updated to reflect the mass limits determined from orbital stability considerations, which are notably
larger than those determined analytically. As a result, the published mass limits for the three candidates
vary by on the order of 1000M,, between this study (Steffen ef al. 2013) and Mocquet’s. Because this
study did not consider planets with an exoplanet.cu published mass of more than 100M_, . the three
high-interest candidates examined in Mocquet ef al. (2014) were not considered here.

Mocquet et al. (2014) proposed a mechanism for the formation and evolution of superdense

planets known as the “Fossilized Core Theory,” evaluating their ten superdense candidates against the
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mechanism. Of the candidates found in this study, 16 have had new data reported or updated after the
publication of Mocquet ef al. (2014) As a result, with the exception of KOI-55 and the Kepler-42 planets,
all of the candidates marked in grey in Figure 3 have since been updated with experimentally determined
mass estimates, as discussed later in Section 3.

The Fossilized Core Theory proposed by Mocquet ef al. (2014) theorizes that the observed
superdense planets are actually the stripped cores of gas or ice giants. Generally, this process is thought to
happen when a gas or ice giant migrates close enough to its host star to undergo hydrodynamic escape,
stripping the planet of its gas or ice envelope and leaving behind the compressed chthonian “fossilized”
core. This process requires four stages: compression, migration, thermal escape, and decompression

(Moquet et al. 2014).

Compression:

The Fossilized Core Theory suggests that the observed superdense plancts formed as gas or ice
giants. Giant planets are thought to have notably high central pressures (Saumon and Guillot, 2004),
plausibly enough to compress their rock and iron cores to near the observed densities of the anomalous
superdense planets. Though the core densities of the gas and ice giants in our own solar system are poorly
understood, some models predict Jupiter’s core to be ~25g/cm ° (Wolf and Wood, 2007), which is
heavier than iron by nearly a factor of four. It is plausible for the cores of gas or ice giants to have cores

with similar densities to the superdense candidates.

Migration

In order for the superdense cores to be exposed, it is thought that the gas or ice giant must be in a
thermal environment such that the envelope escapes, i.e., it must be close enough to its host star to
undergo hydrodynamic escape.

Planetary migration has been studied studied in depth (Beague and Nesvory, 2012; Masset and
Papaloizou, 2003; Nelson ef al., 2014; Wu and Lithwick, 2011) since the discovery of so-called ‘Hot
Jupiters’, or giant planets that are far closer to their host stars than expected by widespread planetary
formation mechanisms. In-situ formation of Hot Jupiters is incompatible with nearly every existing
planetary formation model, so many plausible migration methods have been proposed to explain their
observed positions (Beague and Nesvory, 2012; Masset and Papaloizou, 2003; Nelson et al., 2014; Wu
and Lithwick, 2011).

Thermal Escape
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Many models exist to describe the atmospheric loss of Hot Jupiters (Catling and Zahnle, 2009,
Hebrard et al. 2003; Tian et al. 2005). The thermal escape method of the eroding planetary envelope
proposed by the Fossilized Core Theory may be dominated by one of three processes depending on the
spatial, thermal, and compositional variations in the star, orbit, and planetary atmosphere. The three
processes are either energy-limited escape, diffusion-limited escape or escape through blow-off (Mocquet
et al., 2014; Tian er al., 2008) . Valencia et al. (2010) applied the extreme case of energy limited escape
(where the atmospheric loss is proportional to the corrected ratio between the flux of the stellar ultraviolet
radiation and the gravitational potential of the planet; see Yelle ef al. 2008) to CoRot-7 b and found an
atmospheric loss rate of 108 kg s-1. This is supported by the 102 - 109 kg s-1 range hypothesized by
Lecavelier des Etangs (2007). Valencia ef al. (2010) proposed that a hydrogen-helium atmosphere would
escape in 1Myr, while a water atmosphere would escape in closer to 1Gyr. The relatively short timescales
of atmospheric loss are particularly important to keep in mind when considering the decompression rates

of the unloaded core.

Decompression

Once the gas envelope has eroded, the Fossilized Core Theory suggests that the cores are left to
slowly decompress back to traditional expected densities, and suggests they would be nearly
indistinguishable from terrestrial planets (Mocquet ef a/., 2014). In order to detect them, observations
would need to be taken during the decompression stage. If decompression does not take significantly
longer to achieve than the hydrothermal escape of the gas or ice envelopes, it is unlikely that the observed
planets formed by this mechanism.

Mocquet ef al. (2014) calculated the time-varying evolution of the volumetric strain experienced
by the planetary core during and after atmospheric escape, assuming stellar abundances of e¢lements. The
solid core rheological response was described through a viscoelastic Maxwell rheology they defined by
three parameters: incompressibility derived from EOS, the viscosity, and the Poisson ratio.

Their results imply that for extremely high pressures, the unloading stress on the core can
drastically affect the temporal evolution of the strain, in some situations even leading to a loss of cohesion
of the planet if the atmospheric loss rate is significantly high (Mocquet ef al. 2014).

Their results suggest that for large planetary cores, the relaxation timescales may be several
billions of years after atmospheric loss, making it plausible that the naked cores could be observed from
Earth today, though their results do not take into account the rheological stratification of the planet, which
could lead to further brittle deformations in the uppermost high-viscosity layers of the planet. If brittle

deformations occur, the relaxation rates will not slowly, smoothly decompress as discussed here, but
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instead crack and splinter. It is not well understood how broken, cracked planets could be detected or
what they would look like if observed (Mocquet et al., 2014).
The Fossilized Core Theory was examined in Section 4.1 below as a potential formation

mechanism for the additional planets identified in this study.
2.4 Proposed Mechanism 2: Giant Impact Theory

A similarly important work to examine in relation to this study is Bonomo ef al. (2019), where
they were able to explain the unexpectedly high density of Kepler-107 ¢ via giant impacts. The
Kepler-107 ¢ system is intriguing, as the two inner planets have nearly the same radii (1.5-1.6R,),
however Kepler-107 ¢ is nearly twice as dense (12g/cm ) as Kepler-107 b (5.3g/em °).

Kepler-107c appeared in the preliminary M-R plot examined in this study; however, it was
discarded as the region bounded by its error in mass and radius did not lay entirely or nearly entirely
under the M-R iron relationship. The planets considered by Bonomo ef al. (2019) (including Kepler-107 b
and Kepler-107 ¢) do however have better constrained masses than those examined in this study (Section
3) with bulk densities measured to at least 33% precision.

Bonomo et al. (2019) proposed that the disparity in densities between the two innermost
Kepler-107 planets could be due to a giant mantle-stripping impact that removed enough of the silicate
mantle of Kepler-107c to increase its mean density. Under most planetary formation mechanisms, it is
expected that if a disparity in density is to occur, the innermost planet would be the densest due to
photophoresis and disk aerodynamic fractionation causing a silicate-poor inner disk region (Bonomo et
al., 2019). Similarly, under most mantle stripping mechanisms from thermal or radiation sources, it is
likewise expected that the innermost planet be denser if a disparity is to exist, as innermost planets are
subject to the most energetic thermal or radiative environments (Bonomo ef al., 2019). The fact that
Kepler-107 ¢ was found to have a higher density than its innermore companion despite these expectations
is intriguing.

Figure 4 shows the M-R relationship for the considered planets against a variety of compositional
theoretical M-R relationships including the maximally collisionally stripped case. It also uses color to

demonstrate the hottest planets are not the densest in this case.
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Fig 4. Mass and radius for Bonomo et al.’s planets under 3R,

The figure includes only plancts with bulk densities measured to better than 33% precision through transit timing
variation (triangles) or radial velocity (circles). The shown emor bars represent 1o confidence intervals. The planet
marker colors represent planet equilibrinm temperature assuming an Earth-like albedo. Notice Kepler-107b is more
imadiated, yet less dense than Kepler-107c. The solid lines represent theoretical M-R relationships for various
compositions, while the grey dashed line represents the theoretical M-R relationship for the max collision stripping case.
Figure reprinted from Bonomo ef al. (2019).

Generally, the giant impact theory is one of the better ways to explain outer planets with
significantly higher densities than those closer in, and fits the case of Kepler-107 ¢ consistently (Bonomo
et al. 2019). Kepler-107 c falls nicely on the expected curve for max collisional stripping in Figure 4
above, which already suggests it may be in accordance with the giant impact theory. Further, for
low-eccentricity systems like Kepler-107, the possibility of a denser planet forming close to the star and
then migrating outwards beyond its companions (the other proposed formation mechanism) is unlikely, as
the orbit-crossing event would likely need to happen before the dispersal of the protoplanetary disk to
achieve dampened eccentricities (Bonomo ef al. 2019). With the relatively large mass of Kepler-107 ¢, it
is also unlikely that the planet would be able to migrate before the protoplanetary disk to dissipate,
making it most likely to have been formed from the giant impact method than other theories investigated
(Bonomo ef al. 2019).

Marcus ef al. (2010) developed the model for the max collisional stripping M-R relationship used

in Figure 4 to assess the Kepler-107 system, and is shown on its own in Figure 5. The goal of their model
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was to find the smallest possible remnant after impact. They assumed differentiated rocky super Earths
composed of only iron and silicates would yield the minimum pre-impact radius for a given mass, and so
would also yield the minimum post-impact radius for a given mass. They posit that the only way to
significantly increase the mean density is to remove the silicate mantle while maintaining the iron core,

and suggest that giant impacts are the most efficient way to do so (Marcus et al., 2010).
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Fig 5. Marcus et al.’s max collisional stripping relationship

The dotted lines represent the hypothetical MR relationships for pure water ice and pure iron. The solid line is the
determined M-R relationship for the maximum mantle stripping due to impacts, corresponding to an 80km/s impact with
equal projectile target masses. The dashed portion of the Max Stripping MR relationship corresponds to cases for target
masses greater than 15M,. The *x’ symbols are the masses and radii of Earth, Uranus. and Neptune. Figure reprinted
from Marcus ef al. (2010).

To determine their max collisional stripping M-R relationship, Marcus et al. (2010) first start off
with a three assumptions. First is that all super-Earth sized bodies are differentiated, which is not
restrictive as all large planets and satellites in our own solar system are thought to be differentiated. The
second is the assumption of solar system abundances. They state that the most effective collisions for
increasing the overall bulk density are most likely equal mass, head on encounters where both bodies are
made primarily of iron and silicates without significant fractions of volatiles or gasses (Marcus et al.
2010). Applying solar system abundances, they find a max iron core fraction Si/Fe of ~0.6, and use itas a
proxy for mantle-to-core mass fraction (Marcus e al. 2010). Lastly, the M-R relationship for max

collisional stripping assumes all of the mass is stripped in a single, late giant impact (though A. Chau et
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al. (2018) examines multiple impact cases), and that none of the lost mass is re-accreted afterwards
(Marcus et al., 2010).

Super Earths are thought to form in the mass range 1-15M,, after which runaway gas accretion is
thought to occur and they become gas giants. As such, this max collisional stripping M-R relationship is
only understood for rocky super Earths (Marcus ef al., 2010).

Inamdar and Schlichting (2016) showed that giant impacts between similarly sized planets with
large envelopes can reasonably reduce the envelope-to-core-mass ratio by factors of two, which leads to a
mean density increase by factors of two to three, though they did not publish a M-R relationship as
Marcus ef al. (2010) did.

The giant impact method was examined in Section 4.2 as a potential formation mechanism for the

planets in this study.
2.5 Stellar Properties

These 24 proposed candidates represent only fourteen unique solar systems, meaning that several
candidates share the same host star. The tendency for there to be multiple Chthonian cores in the same
solar system could imply that the long-term planetary evolution of these bodies is in some way dependent
on stellar type.

The spectral type, mass, and radius of the host stars were also examined in an attempt to look for

other underlying patterns in Section 4.3.
3. RESULTS

The mass measurements from exoplanet.eu used to create the preliminary M-R relationship of
superdense core candidates in Figures 1 and 2 were suspiciously constrained. As a gencral rule, mass
measurements are noisier than radius measurements, and the fact that many candidates had masses with
no published error at all prompted a reevaluation before moving forward with the analysis.

After examining the most recent mass and radius publications for each superdense candidate, we
found that exoplanet.eu was fairly inconsistent with publishing the mass values that the original authors
were most confident in. Like the case with Moquet ef al. (2014) in Section 2.3, if a paper published
multiple mass estimates from multiple methods, the database occasionally did not report the “best” value.
Likewise, the database was unreliable at differentiating when a measurement was an upper bound to the
mass and when the mass had no published uncertainty. The latter fact was responsible for the
unconstrained mass measurements in Figures 1 and 2. The updated masses and true published error for

each of the superdense candidates is found in Table 2 below.
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In the verification of the exoplanet.eu data, we also found that some of the candidates had had
more recent publications refining the mass or radius data that exoplanet.eu did not reflect. Five of the
planets (Kepler-114 b, Kepler-114 ¢, Kepler-128 b, Kepler-128 ¢, and Kepler-70 b) that had previously
been identified as superdense had more constrained mass data published from TTV analysis or had data
misreported in the exoplanet.eu database, and are no longer included in this study, leaving 19 total
superdense candidates.

While there are 19 chthonian core candidates, only 11 solar systems are represented. Because
more than one superdense planet per solar system may imply a stellar component to their formation or
evolution, the stellar parameters were also retrieved. The data used for the remainder of this work are

located in Table 2 below.



Table 2: Planetary and stellar parameters nsed in this study
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Planet Name Planet Planet Radius |Period (days) |Stellar Stellar T (K) Semimajo |Stellar |References
Mass (M,,) | (R,,) Mass (M) |Radius (Rg) r Axis Class
(AU)'
Kepler-20 ¢ <0.0097 007722000 6.0985' 99500 09127007 | 0.9447) a2 546607570 [0.0633 G5V C  |Fressineral (2012)
Frasca et al. (2016)
Kepler-2 /° < 0,045 0.089570 005 1957872005 109912700 | 0.94470 002 5466.0579  [0.138 GSVC  |Fressinetal (2012)
Frasca et al. (2016)
Kepler-37 4™ <0.0315 0.0285 5018 133675559 0803 000 | 0.77 0 0n 54170730 [o.102 Ko Marcy et al. (2014)
Kepler-37 ¢t <0.0378 0.06697000%% 121302550507 | 0.803 %00 | 077005 5417.077%0  |0.14 KO Marcy et al. (2014)
Kepler-42 b <0.009 007700 ) £ i) 0.1300 017400 3068.0°1710 [0.0113 M4V C  |Muirhead ef al. (2012a)
Muirhead ef al. (2012b)
Kepler42 ¢! <0.006 0.065 0018 045350807 0157008 01709 306807710 [0.00585 M4V C  [Muirhead ef al. (2012a)
Muirhead et al. (2012b)
Kepler42 o <0.003 00517901 1856 100 013700 017008 3068.0' 1740 [o.015 M4V C  |Muirhead ef al. (2012a)
Muirhead ef al. (2012b)
Kepler62 b <0.028 0172000 571495005 [ 0,690 0.63'0 03 4925.70% 0.0553 G5D  |Boruckiet al 2013)
Frasca et al. (2016)
Kepler-62 ¢* <00126 004815027 12443100001 069700 0.631002 49257700 0.0928 G5D  |Bomckietal (2013)
Frasca et al. (2016)
Kepler-62 ¢* <0.113 0.1447000%° 123 38700008 0.69°) 02 0.63'00 4925°700 0.426 G5D  |Bomckietal (2013)
Frasca et al. (2016)
Kepler-62 f* <0.11 0:126'3002 267.291°000: 0.6970%2 063700 4925708 0718 GSD  |Boruckiet al (2013)
Frasca et al. (2016)
Kepler-68 c*f <0,0227 008277000 9605 40 10792107 124200 57937740 0.0907 G2 Marcy et al. (2014)
Kepler-102 b° | <0.0135 0.04270002 5.287 0.81°) 0 0.74%0 02 49037 0.0554 K3VC  |Marcy et al. (2014)
Frasca et al. (2016)
Kepler-102 ¢* < 0.00944 0.052.050 70714 0.8170% 157 5o 490377, 0.0672 K3VC  |Marcy et al. (2014)
Frasca et al. (2016)
Kepler-106 &t [<0.0255 0.085°0012 23.980 1:0% 104517 SR58% 1 0.163 G2 Marcy ef al. (2014)
Kepler-131 ¢¢ [<0.0629 00750000 25,516 1.020% L03oe 5685'T) 0.171 G2VC  |Marcy et al. (2014)
Frasca et al. (2016)
Kepler-406 ¢* <0.0189 00767003 4623 1.07°3 08 10758 553810 0.0555 GSIV C  |Marcy ef al. (2014)
Frasca ef al. (2016)
Kepler-408 5% |<00157 0.07370%03 2.565 1.08°0 07 12350 610477 0.0376 F8VC  |Marcy eral. (2014)
Molenda-Zakowicz et al.
(2013)
Kepler<409 5° | <0.0692 0.106°0 00 68.958 092700 089700 546077 0.32 KOV C  |Marcy et al. (2014)
Molenda-Zakowicz et al.
(2013)

! Calculated from period assuming circular orbit.
* Planetary masses were only able to be given a 2c upper bound from RV analysis.

+ Stellar class published in the exoplanetkyoto (hitp://www exoplanetkvoto.org) database without a source,

however, classification is consistent with published stellar mass and effective temperature data.
1 planet masses are reported as 1o upper limits based on theoretical composition considerations.
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The remaining superdense core candidates after mass data validation are shown below in Figure

6. Note that all of the validated masses are actually upper bounds on mass.
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Fig 6. Updated superdense core candidates after data validation

Mass and radius (scaled by the Earth’s mass and radius) for high-interest potentially superdense. mass validated
candidates less than 100M_, .. The names of the planets are adjacent to their respective points. Note that all of the
published mass values are upper bounds.

While the updated error on the mass measurements of the candidates shown above would have
resulted in many of these them being discarded during the preliminary data gathering phase, there are now
five planets (Kepler-37 b, Kepler-42 d, Kepler-62 ¢, Kepler-102 b, and Kepler-102 c) that appear, even
with the updated uncertainties for mass, to lie nearly entirely under the iron M-R relationship, making
them very likely to be anomalously dense. Even though most of the other planets identified here have
uncertainty that spans the classically dense regime, for the sake of testing hypotheses, it was considered
more interesting to continue to move forward without discarding them. While very few concrete
conclusions can be drawn from such unconstrained data, it is still worthwhile to examine the extreme

cases and understand what it may mean if they were to exist in their maximum possible density states.
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4.0 ANALYSIS AND DISCUSSION
4.1 Comparison with Fossilized Core Theory

In this section, the validity of the identified 19 chthonian core candidates was checked against the
assumptions of the Fossilized Core Theory. The first requirement of the theory is that the proposed cores
are consistent with the core accretion model or existing estimates for the core properties of solar system
gas or ice giants. The core accretion model was used as an approximation of the expected sizes of gas
giant cores. While planets inconsistent with the core accretion model have been detected (Matsui ef al.,
2007), only a rough estimate for corec mass was necessary for this brief analysis. Additionally, compared
to other formation mechanisms, the core accretion model has more explicit expectations for planet core
masses that were convenient to use here.

The estimates for the planetary embryo properties necessary for runaway gas accretion under the
core accretion model have conflicting conclusions (Mordasini et al., 2008; Rice and Armitage, 2003).
Some suggest that a core of 10-20M,, , is required for gas giant formation (Mordasini ef a/ 2008), but in
simulations, others are able to show that sufficiently large (100M_, ) planets are able to form under
relatively short timescales (~1Myr) with a small core of only 0.6M_, ., (Rice and Armitage, 2003). Due to
the conflicting results, for the scope of this study, analyzing the existing estimates for the measured core
properties of gas and ice giants was more useful than debating the intricacics of the core accretion
method, as we know that the gas giants in our solar system can and do exist with core masses as measured
(albeit poorly constrained).

Uranus is thought to have an approximate core mass of 0.55M_, , (Podolak ef al., 1995), Saturn is
estimated to have a core mass of 9 - 22M_, . (Saumon and Guillot, 2004; Rice and Armitage, 2003), and
Jupiter is thought to have a core mass of between 12 and 45M_, (though in coming years the estimate is
predicted to become more precise with new Juno data; see Guillot er al., 1997, Rice and Armitage, 2003;
and Saumon and Guillot, 2004). This study will be considering the upper ranges of Saturn’s and Jupiter’s
predicted core masses, as we are interested in the extremes of possibility. Additionally, planets larger than
Jupiter have been found (Luhman et al., 2016), and it is not unrealistic to speculate that they might have
even greater core masses than the most extreme of estimates of Jupiter’s core. Figure 7 shows again the
24 superdense fossilized Chthonian core candidates as well as the estimates for the solar system’s giant

planet’s cores.
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Fig. 7 A comparison of measured solar system core masses to the masses of proposed superdense fossilized cores

The black line is the mass-radius case for a homogeneous sphere of pure iron. The red points are exoplanets that have

measured data implying a density greater than that of an iron sphere of the same size. The vertical dashed lines are the

estimated core masses of (from right to left) Uranus, Saturn, and Jupiter. Note how all proposed candidates lie between

Uranus’s and Jupiter’s proposed core masses.

All of the upper bound masses of the Chthonian core candidates lie within the range of known gas
giant cores, supporting the theory that these planets may have previously been gas giants themselves.

The second requirement is that the semimajor axis of the core candidates is consistent with that of
Hot Jupiters. In order for the required rapid hydrodynamic escape processes to occur, there needs to be
significant thermal contribution from the star. The expected semimajor axis range for Hot Jupiters is less
than ~0.1 - 0.2AU (though Hot Jupiters detected through the radial velocity method tend to bef biased
towards semimajor axis around and greater than 0.5AU; see Currie, 2009). The Fossilized Core Theory
relies on extreme conditions to explain the observed conditions, so the calculated semimajor axis data

were compared to the most restrictive end of this scale at less than 0.2AU (Figure 8).
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conservative upper limit for the semimajor axes of Hot Jupiters. The color of the bars corresponds to separate planetary
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Fig. 8 Semimajor axis of superdense core candidates

All but three of the Chthonian core candidate semimajor axes lie within the conservative upper
bound of Hot Jupiter semimajor axes, and only one is outside of the less restrictive upper bound. Even
these seemingly non-conforming cases may still be able to be explained using the Fossilized Core Theory.
It is possible that they experienced several periods of migration, migrating close to their stars, losing their
envelopes, and then migrating away. Alternatively, they may have experienced a hybrid loss mechanism,

where their envelopes were stripped by both thermal conditions and other means, such as giant impacts.
4.2 Comparison with Giant Impact Theory

Comparison with the giant impact theory is more challenging than comparison with the fossilized
core theory. The giant impact theory requires fewer specific, measurable parameters that need to be true
in order for the theory to be plausible, and the assumptions made to develop explanatory models may not
hold for extreme thermal and pressure cases, exotic solar system chemistry, or non-terrestrial planets.

Bonomo ef al. (2019) relied partially on the M-R relationship of maximally collisionally stripped
cores to propose Kepler-107 ¢ as a collisional remnant, however none of planets identified here at their
mass upper bounds do the same convincingly. Most of them have masses unconstrained enough that it is

certainly within the realm of possibility that the planet could exist at the max collisional stripping M-R
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relationship; however, this work is concerned with examining the feasibility of the density extreme. If this
work looked to the entire possibility space of the mass uncertainty, the planets would be most easily
explained as classically dense and perhaps rocky or volatile rich, and no more need for investigation.

But, once again, it is more interesting to move forward assuming maximum experimentally
determined density regardless. The Marcus et al. (2010) max stripping relationship does not account for
the extreme densities found here, but Marcus et al. also did not consider any compressional or extreme
pressure cases when determining the prior composition of the colliding planets. The super Earth
assumption also does not allow the cores to become compressed in the same way they would if they were
gas giants (Mocquet ef al., 2014).

Inamdar and Schlichting (2016) did not explicitly investigate superdense cases, but found that in
general late giant impacts of enveloped planets could increase the mean density by factors of 2 to 3.
Additionally, Inamdar et al suggested that the density variation observed in the Kepler-11, Kepler-20,
Kepler-36, Kepler-48, and Kepler-68 systems may be the result of such late-stage giant impacts (Inamdar
and Schlichting, 2016). Two of these systems suggested to have experienced giant impacts were also
identified here (Kepler-20, and Kepler-68). In general, if giant collisions could be responsible for
stripping most or all of the gas envelope, a superdense compressed core could be quickly exposed while
still in its compressed state, just as in the Fossilized Core Theory.

The one specific parameter that can be examined to help identify giant impact stripped chthonian
candidates is through the same mechanism used by Bonomo et al. (2016). Kepler-107 ¢ could be
explained by the giant impact theory because it is not the innermost planet, yet it is the most dense. A
similar filter was passed over the superdense planets identified in this study to see if any exist as the
densest in their respective systems.

Kepler-20 e, Kepler-20 f, Kepler-68 ¢, Kepler-131 ¢, Kepler-406 ¢, Kepler-106 d are all
superdense planets in a system with otherwise classically dense planets, and are not the closest planets to
their stars. While this does not exclude the other planets identified here from being remnants of giant
impacts, it does make these easier to analyze through this specific formation lense. It is also encouraging
that both Kepler-68 and Kepler-20 appear after this filter is applied, as again these systems were identified
as potentially having experienced an active colliding history by Inamdar and Schlichting (2016).

4.3 Stellar Investigation

An investigation of the spectral classes in Table 2 shows that all of the stars are main-sequence
stars, and the host stars represent only four out of seven possible spectral classes. The stellar class column

is slightly misleading, as most of the Chthonian core candidate planets share a solar system with another
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candidate, so much of the stellar data is repeated. In order to get a better intuition for the distribution of

spectral types, a histogram of spectral type (Figure 9) was plotted.

Fig. 9: Spectral classes of superdense exoplanet core candidate host stars

The solar system distribution of spectral classes for the 11 systems that contain anomalous density planets. It can be

seen from this figure that over half of the host stars are G-type stars. and those that are not are relatively common. cool

stars,

Mass, radius, and effective temperature exhibited similar clustering to the spectral classes, seen
below in Table 3. The table shows the colorscaled mass, radius, and effective temperature for the
superdense core candidate host stars. The colorscale highlights that, apart Kepler-42, the host stars are all

very similar in mass, radius and effective temperature. Kepler-42 is an M-dwarf star, which are

characteristically low-mass. small, and cool.
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Table 3: Colorscaled host star mass, radius, and effective temperature

Star Mass (Mg) Radius (Rg)  Teff (K)

Kepler-20 5466
Kepler-37 5417
Kepler-42 . 3068
Kepler-62 ; _4.92_5
Kepler-68 : 5793:
Kepler-102 ; 4?03
Kepler-106 5858
Kepler-131 5685
Kepler-406 ?538
Kepler-408 6104
Kepler-409 5460

5.0 CONCLUSION

While the 19 superdense core candidates identified here have masses too poorly constrained to
make definitive conclusions about their formation or evolution mechanism, some general statements can
still be made about the overall patterns observed.

There are at least 19 planets that, if they exist at the upper limit of their possible mass, would be
more dense than a sphere of iron of the same radius. We find five candidates (Kepler-37 b, Kepler-42 d.
Kepler-62 ¢, Kepler-102 b, and Kepler-102 ¢) that after mass validation still appear to sit mostly below
the iron M-R relationship, making them very likely to be anomalously dense. We investigated two
potential formation and evolution mechanisms, the Fossilized Core Theory, and the Giant Impact Theory.

From the Fossilized Core Theory mechanism investigation, we find that all 19 of the plants at

their mass upper bounds fall between the expected core mass of Uranus and the expected core mass of
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Jupiter, making them plausibly past gas giant cores. We also find that their semimajor axes are all small
(<~0.75AU), which could potentially expose them to the thermal environments necessary to strip away
their gas or ice envelopes.

From the Giant Impact Theory mechanism investigation, we find that while terrestrial planet
impact scenarios cannot explain how the candidates became superdense, it is possible that gas giants
undergo violent enough collisions to strip them at least partially of their gas or ice envelope. The existing
models tend to focus on terrestrial planets, but previous work analyzing collisions between planets with
significant envelopes can have their masses reduced in similar ways. Even without a dedicated gas giant
model, similar logical steps to those used in the analysis of terrestrial planets can be applied here. As
such, we identify six candidates that are not the innermost planet of their solar system, but are still
anomalously dense (Kepler-20 e, Kepler-20 f, Kepler-68 ¢, Kepler-131 ¢, Kepler-406 ¢, Kepler-106 d).

The Fossilized Core Theory requires extreme thermal environments for the gas envelope to be
lost, which implies a close proximity to the star. If there are planets that exist even closer within the same
star system, it raises the question as to why the innermore planets are not also anomalously dense. Are the
inner planets terrestrial planets that had no compression mechanism? Is a hybrid collisional and thermal
escape scenario more likely? Without more sophisticated models and more constrained data, we cannot
draw further conclusions.

We also found that while there were 19 superdense core candidates, they only represented 11
unique solar systems. This could be due to noisy data when determining planetary parameters, or it could
imply a stellar component to their evolution or formation.

The investigation of the stellar properties showed that all of the host stars of the anomalously
dense candidates had very typical stars. All were found to be main sequence stars, and half were found to
be G-type. Additionally, the mass, radii, and cffective temperatures of most of the stars closely matched
our own sun. This could mean that exotic stars can exist around typical stars.

Some of these findings, however, could be the result of the Kepler mission observational
schedule. Kepler used the transit method to detect exoplanets, so it was biased towards detecting planets
with very short semimajor axes (Batalha ef al,, 2010). It may not be significant that the semimajor axes of
those identified here all have short periods. Similarly, Kepler’s observation plan included ~60%
main-sequence G-type stars. In this work, we have found that ~54% of the superdense candidates are
around main-sequence G-type stars, which could just be a consequence of the demographic of stars
Kepler was observing.

The most valuable next step to draw more specific conclusions would be to constrain the masses

of the candidates to higher confidence levels. This would allow candidates to be accepted or denied as
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superdense. Barring that, developing more sophisticated models for the relaxation rates of the compressed
cores, or models of gas and ice giant envelope stripping collision events would help to understand the

potential nature of the Chthonian superdense exoplanet core candidates identified here.
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