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ABSTRACT OF THE DISSERTATION

From the galactic to atomic scale: understanding planet formation and evolution

by

Akash Gupta
Doctor of Philosophy in Planetary Science
University of California, Los Angeles, 2023
Professor Hilke E. Schlichting, Chair

The discovery of thousands of planets since 1995 has transformed how we perceive our
place in this universe. One of the most profound findings since is the unexpected dearth
of close-in planets of sizes 1.5 to 2.0 Earth radii, i.e., a radius valley. This valley divides
the population of the most abundant class of planets yet known, those between the sizes of
Earth and Neptune, into (1) super-Earths: planets smaller than 1.5 Earth radii with rocky,
Earth-like bulk compositions, and (2) sub-Neptunes: planets larger than 2 Earth radii with

hydrogen-rich atmospheres or interiors with substantial amounts of ices.

The origin of the radius valley is typically attributed to atmospheric escape due to
photoevaporation. Through this work, we have demonstrated that atmospheric mass-loss
driven by the cooling luminosity of a planet and its host star’s bolometric luminosity, i.e.,
the core-powered mass-loss mechanism, can also explain this observation, even in the
absence of any other process. In a nutshell, our work shows that the typical observed

exoplanet has an Earth-like interior composition and accreted a hydrogen atmosphere from
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the protoplanetary disk. However, over millions to billions of years, some planets lost their
atmospheres because of core-powered mass-loss and transformed into super-Earths. In

contrast, those that survived with their primordial atmospheres are today’s sub-Neptunes.

For this work, we used analytical theory and numerical simulations to model a planet’s
thermal evolution and atmospheric escape and explored the impact of this mechanism on
planet demographics. We find that the core-powered mass-loss mechanism explains not
just the bimodality in planet sizes but even the numerous trends observed in the planet
demographics across various planetary and host star properties. For instance, we find
that in the planet size-orbital period space, the radius valley slope is -0.11 across FGKM
dwarfs, which is in excellent agreement with observations. In addition, my work gives
several insights into the nature of these planets. As an example, we find that most close-in
super-Earths and sub-Neptunes formed with hydrogen envelopes. This finding has major
implications for the chemical evolution of their atmospheres. Finally, we also seek testable
predictions of the core-powered mass-loss theory. For example, we predict that the slope of
the radius valley decreases in magnitude in the planet size-stellar mass space as the stellar
mass decreases from 1 to 0.1 Solar masses. In the same vein, with my collaborators, we find
that a powerful diagnostic to distinguish between the signatures of core-powered mass-loss
and photoevaporation is to explore the radius valley in the three-dimensional phase space
of planet size-stellar mass insolation flux. Many of these tests are being employed today

by observational studies.

One of our significant findings, also corroborated by other contemporary theoretical
and observational studies, is that most observed exoplanets have hydrogen atmospheres
interacting with molten or super-critical interiors for millions to billions of years. In our
Solar system, we see this for planets such as Jupiter and Neptune. Studies show that such

interactions can have far-reaching implications for an atmosphere’s composition, structure,
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and evolution. However, we hardly understand these interactions, and studying them in a
laboratory is difficult. The last chapter presents a novel method to address this problem via

computational experiments based on density functional theory molecular dynamics.

Specifically, we examined how hydrogen and water interact under conditions similar to
those found in planets such as Uranus and Neptune. We determined their phase diagram,
which is in good agreement with laboratory experiments. Our findings indicate that planets
like Neptune and Uranus have regions where hydrogen and water are thoroughly mixed, as
well as regions of compositional gradients. We identify the pressure depths where these
compositional changes likely happen in Uranus and Neptune and find that these locations
are strongly correlated with the variations in observationally constrained density-pressure
profiles of these planets. Furthermore, our results help elucidate the physical and chemical
processes responsible for Neptune’s higher internal heat flux compared to Uranus. We
find that this difference in heat flux can be attributed to a higher degree of water-hydrogen
demixing in Neptune’s interior which would have led to the release of larger amounts of
gravitational energy. Additionally, we identified regions where the magnetic fields of these
planets are likely generated and discussed how their different magnitudes are also a possible
by-product of hydrogen-water mixing properties. Our results highlight the importance of
understanding the interaction between the fundamental building materials of planets if we
want to develop a comprehensive understanding of how planets, in our Solar system and

beyond, form and evolve.
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1.1

1.2

LIST OF FIGURES

Distribution of exoplanets with observed planet sizes across the planet size-
orbital period space. This dataset includes planets with observed sizes using
the transit method, those with orbital periods < 2000 days, and direct imaging,
those with orbital periods = 2000 days. To put this exoplanet population into
context, we also plot Earth and Neptune, denoted by their images. Most of
these planets, except four, were detected using the transit method and are thus
evidently limited to short orbit periods. This plot also reflects the abundance
of small planets, those roughly between the sizes of Earth and Neptune, even
when not corrected for the observational bias towards larger planets being

easier to find. Source: NASA Exoplanet Archive (December 1, 2022). . . . .

Planet occurrence rate as a function of planet size as reported by the California-
Kepler Survey in Fulton et al. (2017). Small exoplanets are found to have a
substantially higher occurrence when compared to any other class of planets
observed. The dearth of planets of sizes 1.5 to 2 Earth radii is referred to as
the radius valley. This valley divides this population of the most abundant
class of planets into (1) super-Earths, i.e., smaller, rocky planets with sizes ~
1 to 1.5 Earth radii, and (2) sub-Neptunes, i.e., larger, puffy planets with likely

H-dominated atmospheres or ice-rich interiors and with sizes ~ 2 to 4 Earth



2.1

2.2

Schematic of the main stages in the evolution of a planet due to the core-
powered mass-loss mechanism. Left panel: The primary components of
the planet structure: core (dark gray), and atmospheric convective (gray)
and radiative (light gray) regions. As shown, the convective region of the
atmosphere extends from the core to the radiative-convective boundary, R,.p,
which is comparable to a few core radii, R., at the end of the disk dispersal
phase (our initial condition), and the radiative region extends from the R, to
the Bondi radius, Rg. Middle panel: llustration of the thermal evolution and
atmospheric mass-loss at the Bondi radius. Right panel: The two end-member
states at the end of 3 Gyrs. of evolution: (i) super-Earths, stripped rocky cores
found below the valley, and (ii) sub-Neptunes, engulfed in H/He atmospheres

and located above the valley. . . . . . ... .. ... ... ... ...

Comparing core-powered mass-loss results with observations. Left panel:
Histogram of planet size (radii). The two histograms correspond to the results
from our evolution model for our ‘reference’ planet population (see Table 1)
shown in red and observations shown in gray (Fulton et al., 2017, see Table
3). Middle and right panels: Two-dimensional distributions of planet size and
orbital period. The middle panel displays the results from our core-powered
mass-loss evolution model, while the right panel corresponds to observations
(from Fulton & Petigura, 2018, with permission). The dashed blue line in
the middle panel corresponds to the center of the valley. Its slope is given by
dlogR,/d logP ~ —0.11. The results from our core-powered mass-loss model

are in good agreement with the observations. . . . . . .. ... ... ..
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2.3 Core powered mass-loss results for different distributions of initial envelope
fractions, f. The left column corresponds to envelope fractions distributed
according to Equation (2.11) and the right column to the logarithmic distribu-
tion used in Owen & Wu (2017). The top panel shows the results weighted
by the exoplanet period distribution given by Equation (2.9) and the bottom
panel shows, for clarity, the results for a uniform period distribution. For the f
distribution used in this work (see Equation (2.11)), the transition between the
energy-limited and the time-limited mass-loss regime occurs around 8 days
(see flat lower edge of the valley for periods of less than about 8 days in
bottom left panel of the figure). If there is no unique relationship between a
planet’s core mass and its envelope fraction (e.g. in the logarithmic distribu-
tion for f used in the right panel), then there is no flat line that sets the lower
edge of the radius valley at short orbital periods (see bottom right side of the
panel) and there is no single orbital period that marks the transition between
the energy-limited and time-limited mass loss regime (see Section 2.3.2.2 for

details). . . . . . . . e
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2.4 Dependence of the core-powered mass-loss results on core composition. This

2.5

figure displays two-dimensional distributions of planet size and orbital period
in the top row, and histograms of planet size in the bottom row. The three
columns correspond to three different core materials, namely (from left to
right), rocky ‘Earth’ like (reference case; yue = 56 amu, pe, = 5.5 gcm™), ice
(ue = 18 amu, pe = 1.3 gecm™3) and iron (ue = 56 amu, pe, = 11 gem™).
While the case with rocky cores closely resembles the observations (see Fig-
ure 2.2), for icy and iron cores the valley shifts to higher and lower planet sizes,
respectively. To aid the comparison between our results and observations, we
normalized our findings over the same planet radius range as the observations,
but display our numerical results down to planet sizes that are smaller than the

smallest observed radius bin in Fulton et al. (2017). . . . . . . ... ... ..

Maximum water-ice content for Earth-like cores. This figure shows a two-
dimensional distribution of planet size and orbital period in the top panel and
histogram of planet size in the bottom panel. The cores of the planet population
have the following composition: 56% silicate (i = 76 amu, pe. = 4 g cm™),
28% iron (u. = 56 amu, pe. = 11 gem™) and 16% ice (u. = 18 amu,
Pex = 1.3 gem™) with an effective . = 61 amu and pe, =~ 5.5 gcm™.

Earth-like composition cores can contain up to ~ 20% of water-ice and still

match the observations. . . . . . . . . . . ...
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2.6 Dependence of the core-powered mass-loss results on planet-mass distribution.

3.1

Figure shows two-dimensional distributions of planet size and orbital period
in the top row, and histograms of planet size in the bottom row. The three
columns correspond to three different planet-mass distributions modeled as
a Rayleigh distribution with an inverse-square tail, with o, values of 2.7
Mg (reference case, left panel), 2.0 Mg (middle panel) and 5.0 Mg (right
panel), see Equation (2.10) for details. As, expected, for a lower oy, the
occurrence of planets below the valley is larger than in the ‘reference’ case. In
contrast, the peak above the valley is more pronounced for the higher o, value
than in the ‘reference’ case. To aid the comparison between our results and
observations, we normalized our findings over the same planet radius range as
the observations, but display our numerical results down to planet sizes that

are smaller than the smallest observed radius bin in Fulton et al. (2017).

Distributions of stellar properties from the CKS dataset (Petigura et al., 2017;

Johnson et al., 2017; Fulton et al., 2017, see discussion in Section 3.3.2). . . .

Xiv
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3.2 Comparison of results based on the core-powered mass-loss evolution model

3.3

with observations in a one-dimensional histogram of planet size. The thick-
gray histogram corresponds to completeness-corrected observations by Fulton
et al. (2017, see Table 3) for planets larger than 1.16 Rg. The orange-dashed
histogram corresponds to the results from Gupta & Schlichting (2019) assum-
ing planetary evolution around identical ‘Sun-like’ host stars. The thin-black
histogram corresponds to results of our model assuming planetary evolution
around a distribution of host stars based on the CKS dataset (Johnson et al.,
2017; Fulton et al., 2017). The results show good agreement with the obser-

VAtIONS. .+ o v v o e e e e e

Comparison of core-powered mass-loss results with observations. The top
row shows planet size as a function of orbital period whereas the bottom
row displays planet size as a function of stellar insolation flux. The left panel
corresponds to results from Gupta & Schlichting (2019) which were calculated
for planets around identical ‘Sun-like’ host stars, the middle panel displays
results from this work for planets around host stars that are modeled after the
stellar properties of the CKS dataset (Johnson et al., 2017; Fulton et al., 2017),
and the right panel corresponds to completeness-corrected observed planet
size distribution from Fulton & Petigura (2018) based on the CKS dataset

(reproduced with permission). . . . . . . ... ... Lo
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3.4 Comparison of core-powered mass-loss results (left-panel) with observations

(right-panel) from Fulton & Petigura (2018) (reproduced with permission).
The left panel shows the dependence of the core-power mass loss results on
stellar mass, demonstrating that larger planetary cores are stripped of their
envelopes when residing around more massive host stars compared to planets
around lower mass stars. This yields a shift in the valley separating the super-
Earth and sub-Neptune populations to larger planet radii for higher mass stars.
To first order, this slope is driven by the dependence of the core-powered mass-
loss mechanism on the bolometric luminosity of the host star as this dictates
the outer boundary condition for atmospheric mass-loss. The dashed lines
in both panels indicate the shift in the valley’s location with stellar mass and
are plotted with the same slope. Note: Completeness corrections associated
with observational bias were not accounted for in the right panel (B.J. Fulton,
personal communication). Therefore, the relative occurrence of planets above

and below the valley cannot be compared with the observations. . . . . . . .
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3.5

3.6

Comparison of core-powered mass-loss results (first and second rows: the
two rows on this page) with completeness-corrected observations (third and
fourth rows: the two rows on the next page) from Fulton & Petigura (2018,
reproduced with permission). The planet size distribution is shown for three
stellar mass bins as a function of orbital period (first and third row) and stellar
insolation flux (second and fourth row). Our core-powered mass-loss results
clearly show that the radius valley moves to larger planet sizes for more massive
stars (see also Figure 3.4). In addition, we find that the super-Earth and sub-
Neptune populations move to higher stellar insolation for more massive stars,
which is due to the fact that the exoplanet period distribution is approximately

independent of stellar mass. Figure continued next page. . . . . . . . .. ..

Comparison of core-powered mass-loss results as a function of metallicity,
[Z.]/Zs] (left panel), with completeness-corrected observations from Owen &
Murray-Clay (2018) (right panel). The dashed lines in both panels indicate
the increase in the size of sub-Neptunes with metallicity with a slope of
dlogR,/d logZ, ~ 0.1. Sub-Neptunes are on average larger around metal-rich
stars, since higher atmospheric opacities result in longer thermal contraction
and cooling timescales. In contrast, the location and slope of the radius valley,
as well as the average sizes of super-Earths are, to first order, independent of

metallicity; see Section 3.5.2 fordetails. . . . . ... ... ... ... ...

Xvii
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3.7

3.8

Core-powered mass-loss results as a function of age. The left panel shows
theoretical results for a planet population around a distribution of host stars
modeled after the CKS dataset (Johnson et al., 2017; Fulton et al., 2017); the
right panel shows our predicted average planet size with age. These results
demonstrate that the average size of sub-Neptunes decreases significantly while
the average size of super-Earths increases slightly with age. In addition, we
predict that the relative occurrence of sub-Neptunes with respect to super-
Earths decreases with age over Gyr timescales. These trends are due to the
fact that typical mass-loss timescales are on the order of 0.5-1 Gyrs, which
leads to an increase of super-Earths with respect to sub-Neptunes over these
timescales. In addition the envelopes of sub-Neptunes will have had more time
to cool and contract resulting in a decrease in the average sub-Neptune size

with age; see Section 3.5.3 and Figure 3.10 for details. . . . . ... .. ...

Core-powered mass-loss results as a function of stellar mass (luminosity)
for planets around solar metallicity stars after 3 Gyrs of thermal evolution
and mass-loss. Here, only the stellar mass is varied while keeping all other
parameters the same. The left panel shows the two-dimensional distribution of
planet size as a function of stellar mass (luminosity); the right panel displays the
corresponding histograms of planet sizes for stellar masses of 0.5M, (yellow-
solid line), 1M (blue-dashed line), and 2M, (red-dotted line), respectively.
The dashed line in the left panel corresponds to the slope of the radius valley,

dlogR,/d logM, ~ 0.33, derived analytically in Equation (3.18). . . . . . ..

xviii



3.9

3.10

Core-powered mass-loss results as a function of stellar metallicity for planets
around solar mass stars after 3 Gyrs of thermal evolution and mass-loss. The
left panel shows the distribution of planet size as a function of metallicity
= [Z./Zs]; the right panel displays the corresponding histograms of planet
size for metallicities of —0.5 dex (yellow-solid line), 0.0 dex (blue-dashed
line), and 0.5 dex (red-dotted line), respectively. The gray-dashed line in the
left-panel shows the increase in the size of sub-Neptunes with metallicity, i.e.,
dlogR,/d logZ, ~ 0.1, derived analytically in Equation (3.20). In contrast to
the sub-Neptune population, the location of the valley, specifically the lower
edge of the valley defining the upper envelope of the super-Earth population,
shows no significant dependence on metallicity. Furthermore, this figure also
shows that the relative occurrence of sub-Neptunes with respect to super-Earths

increases with increasing metallicity. . . . . . . . ... .. .. oL

Core-powered mass-loss results as a function of stellar age for planets with solar
mass and solar metallicity host stars. The left panel shows the distribution of
planet sizes as a function of age; the right panel displays the corresponding
histograms of planet size for ages of 0.5 Gyrs (yellow-solid line), 3.0 Gyrs
(blue-dashed line), and 10 Gyrs (red-dotted line), respectively. The dashed
line in the left panel shows the decrease in the size of sub-Neptunes with
age, i.e., d logR,/d logr, ~ —0.1, derived analytically in Equation (3.21). In
contrast to the sub-Neptunes, the average size of super-Earths increases with
age. In addition, this figure shows that the relative abundance of super-Earths

to sub-Neptunes increases over time, as expected. . . . . . . . ... ... ..
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3.11 Comparison of core-powered mass-loss results (left and middle panel) with
observations (right-panel) from Fulton & Petigura (2018). The left and middle
panel show the resulting planet size distribution assuming no correlation be-
tween planet- and stellar-mass (left-panel) and for a linear correlation between
the planet- and stellar-mass distributions (middle-panel), respectively. o cor-
responds to the peak in the planet mass distribution (see Equation (3.15) for
details). The dashed lines indicate the slopes of the radius valley which are
given by d logR,/d logM, ~ 0.35. Comparing the left and middle panels with
the observations (right-panel) shows that assuming a linear-scaling between
the planet- and stellar-mass distributions (middle-panel) and no-scaling (left-
panel) both yield similar slopes which are both consistent with observations
(left-panel). Core-powered mass-loss models only yield a slightly steeper slope
when assuming a linear-scaling between the planet- and stellar-mass distribu-
tions compared to no-scaling because, to first order, the location of the radius
valley is independent of the underlying planet mass distribution (see Section
3.4 of Gupta & Schlichting, 2019, for details). As evident when comparing the
left and middle panels, the intensities of the peaks above and below the valley
are sensitive to the details of the planet mass distribution, but we are currently
not able to favour one model over the other on this basis as the observations
from Fulton & Petigura (2018) that we are comparing to, in the right panel,
have not been completeness-corrected. As before, the ages, metallicities and
masses of the host stars are modeled after the stellar distribution from the CKS

dataset (Johnson et al., 2017; Fulton et al., 2017). . . . . . . . ... ... .. 79
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4.1

4.2

Location of planets for which we predict that they could be undergoing consid-
erable atmospheric mass-loss today (e) in the planet size-orbital period space
(left) and the planet size-insolation flux space (right). In addition, we also
show planets which we identified to likely have interiors with a significant
ice-fraction, or a secondary atmosphere, or both (s). The planet size occur-
rence contours are from a previous core-powered mass-loss study (Gupta &
Schlichting, 2020) which reproduced the radius valley observed around FGK
stars (Fulton & Petigura, 2018). These plots show that the planets that could

be losing their atmospheres today (shown in blue) lie in the radius valley. . . .

Corner plot for pi Men ¢ generated using our hybrid planet evolution-Bayesian
inference model. This figure shows one-dimensional posterior probability
distributions of different parameters that characterize the evolution of pi Men
c and their covariances. The parameters shown are planet mass (M,,), age (7.),
initial and final atmosphere mass fractions (f;usiar and fr;,4/), planet radius
(R,), mass-loss rate (Maim), density of the planet’s core when scaled to Earth
mass (p.») and insolation flux received by the planet scaled to Earth (S,). All
parameters are reported with 2 o errors and vertical dashed lines denote the
median values. The mass-loss rate posterior distributions show that this planet
has a median mass-loss rate of ~ 2.5 x 10° g/s. Our analysis thus places pi
Men c in the list of planets that could be losing their atmospheres today at a

considerable rate. . . . . . . . . . L L
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4.3

4.4

Corner plot for GJ 9827 d generated using our hybrid planet evolution-Bayesian
inference model; similar to Figure 4.2. All parameters are reported with 2 o
errors and vertical dashed lines denote the median values. The mass-loss rate
posterior shows that the 95% confidence interval for mass-loss rate is ~[0,
4 x 10°] g/s with a median at ~ 5 x 10% g/s. Our analysis thus places GJ
9827 d among planets that make interesting targets for observing atmospheric
mass-loss. The covariance plot of mass-loss rate and planet mass shows how
sensitive the atmospheric mass-loss rate is to the uncertainties in the planet
mass measurements. Mass-loss rate estimates for GJ 9827 d vary by ~ 10

orders of magnitude for planet masses within 20" of the median. . . . . . . .

Corner plot for HD 219134 b generated using our hybrid planet evolution-
Bayesian inference model; similar to Figures 4.2 and 4.3. All parameters are
reported with 20 errors and vertical dashed lines denote the median values.
As with pi Men ¢ and GJ 9827 d, our analysis places HD 219134 b in the
category of planets that could be undergoing considerable atmospheric escape
today but, unlike these planets, HD 219134 b has a double-peaked mass-loss
posterior distribution with local maxima at ~ 0 g/s and > 107 g/s. The peak
in the mass-loss rate at > 107 g/s is consistent with GJ 9827 d having an
Earth-like core with a significant hydrogen envelope. On the other hand, the
peak at ~ O g/s signifies that there is a ~21% likelihood that the planet is not
losing any atmosphere and rather has a secondary, high-mean molecular weight
atmosphere, a low density, icy interior, or both (see p.. posteriors which show

two peaks roughly centered at 4 and 5.5 g/lem?). . . . . . ... ... ... ..
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4.5

4.6

Corner plot for HD 86226 ¢ generated using our hybrid planet evolution-
Bayesian inference model; similar to Figures 4.2 to 4.4. All parameters are
reported with 2 o errors and vertical dashed lines denote the median values.
The mass-loss rate posterior shows that the planet has a median mass-loss rate
of ~ 1.6 x 10® g/s and thus, HD 86226 c is another excellent candidate for

observing atmospheric mass-losstoday. . . . . . ... ... ... ... ...

Mass-loss rate posterior distributions for planets that, in addition to pi Men c,
GJ 9827 d, HD 219134 b and HD 86226 c, could be experiencing considerable
atmospheric escape at this moment: > 107 g/s at 50""-percentile. Mass-loss
rates are reported with 2 o errors and vertical dashed lines denote the median
values. The two-peaked nature of mass-loss rate distributions for these planets
suggests that, like HD 219134 b, there is a small likelihood that these planets
might not be undergoing atmospheric escape and instead, have an atmosphere
abundant with heavy molecular weight species, interiors with a significant
amount of ices, or both. We find that the probability of this alternate scenario
is ~ 32% for Kepler-60 d, ~ 42% for Kepler-60 b, ~ 1% for EPIC 249893012
b, ~ 14% for Kepler-107 ¢, ~ 5% for Kepler-80 e and ~ 6% for Kepler-138 d.
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4.7 Posterior distributions of p.. for planets that are likely to have lost their primor-

5.1

dial hydrogen atmospheres by today and have bulk densities p.. < 5 g/cm?.
Values are reported with 2 o errors and vertical dashed lines denote the median
values. Since these planets have bulk densities much lower than that for Earth,
it is likely that they either have secondary atmospheres abundant with heavy
molecular weight volatiles, interiors with significant ice-fractions by mass, or
both. In addition, we find that 55 Cnc e and Kepler-36 b could also be consis-
tent with having a hydrogen-dominated atmosphere today with a probability

of 26% and 10%, respectively. . . . . . ... ... ... oL

Evolution in the luminosities of stars of different masses from an age of 3
Myr to 3 Gyr. The plot shows that while there is an no significant change
in the luminosity of a Sun-like 1.0 M, star, the luminosity of a star such as
TRAPPIST-1 with a mass of 0.089 My undergoes a change in luminosity of

one-to-two orders in magnitude during the first Gyr of its lifetime. . . . . . .
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5.2 Distribution of planets in the planet size-orbital period space. The left and
right panels show planet populations around a 0.1 and 1.0 Mg, star, respectively.
While the gray plots in the top row represent the case where planets were
evolved around stars of constant luminosity (taken to be the luminosity at
3 Gyr), the bottom row shows the final planet size distributions when the
luminosity evolution of the host stars is accounted for. Comparing the top and
bottom rows shows that, unsurprisingly, the impact of the host star’s luminosity
evolution is negligible for 1.0 M, stars. On the other hand, for 0.1 Mg, stars
the host star’s luminosity evolution results in a narrower and less empty radius
valley but, at the same time, does not lead to a change in its location or
slope. These plots also show that the radius valley slope is the same around
both 0.1 and 1.0 M, stars: d logR,/d logP = -0.11, which is consistent with
observational results reported by Van Eylen et al. (2021) and Petigura et al.
(2022). . . . e
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5.3

54

Distribution of planets in the planet size-stellar mass space for stellar masses
ranging over 0.08 to 1.25 M. Plot shows how the radius valley decreases in
planet size with decreasing stellar masses and becomes relatively narrower and
less empty. We also find that the slope of the radius valley d logR ), /d logM., is
not constant and becomes shallower towards lower mass stars. As discussed in
the main text, the radius valley slope is positive because at a given orbital period,
planets around more massive stars have higher equilibrium temperatures as
more massive stars are more luminuous. Therefore, a planet around a relatively
massive star is more susceptible to complete atmospheric loss and the valley
moves up in planet size with increasing stellar mass. This slope however
changes with stellar mass because the degree of correlation between stellar
mass and stellar luminosity, encapsulated in ¢, itself changes with stellar mass.

This change in slope is even more apparent in Figure 5.4. . . . . . . ... ..

Same as Figure 5.3 but presenting an expanded view of the radius valley in
three narrower stellar mass bins that span (from left to right) 0.1 to 0.15 Mg,
0.4t0 0.6 Mg and 0.8 to 1.2 M. This plot clearly shows how the radius valley
slope decreases with decreasing stellar mass. Dashed lines are based on our
analytical estimate for the slope of the radius valley and show an excellent
match with the simulation results. These slopes d logR),/d logM, =0.13,0.20

and 0.37 for the three stellar mass bins as depicted in the figure.. . . . . . . .
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5.5

Comparison between the predictions of core-powered mass-loss and photoe-
vaporation models for the variation in the radius valley slope in planet size-
stellar mass space (L, o Mf ) as a function of £ (bottom x-axis) and stellar
mass (top x-axis). This figure demonstrates that the two mass-loss mechanisms
predict increasingly different values for the slope of the radius valley in planet
size-stellar mass space. Therefore, characterising the slope of the radius valley
as a function of stellar mass around low mass stars may provide a fruitful
avenue for distinguishing between core-powered mass loss and photoevapo-
ration models. Two observational studies, Berger et al. (2020a) and Petigura
et al. (2022), have measured the value of this slope as 0.26fg:21é and 0. 18fg:%§,
respectively. Both these estimates however can’t be directly compared with
the predictions here as (1) ¢ for the relevant (survey) stellar mass range are not
known and (2) these values correspond to the slope of the valley for the entire
range of ~ 0.5-1.5 My and not for smaller stellar mass bins. Nevertheless,
these observed slopes are in the range expected from evolution under core-
powered mass-loss ~ 0.20 — 0.35. In future studies, observers could compare
how the radius valley slope in the planet size-stellar mass space changes with
¢ which could then give us further proof if atmospheric escape dictates planet
evolution, and if so indeed, which among photoevaporation or core-powered

mass-loss, if any, is the primary driver of this process. . . . . . . .. ... ..
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6.1

6.2

The two contemporary scenarios for the internal structure of a Neptune-like
planet. On the left, we show the case where the internal structure is modeled
as having two distinct layers. These could be pure Hy and H,O layers or
equivalently, an outer, metal-poor atmospheric layer and an inner, metal-rich
interior layer (see Section 6.1 for details). In the right panel, we show the case
where the internal structure has a continuous compositional gradient instead.
As we demonstrate in this work, the truth is likely a mixture of these both

scenarios, at least for our Neptune and Uranus, and likely many exoplanets.

Methodology in a nutshell. This figure summarizes our approach to under-
standing how hydrogen and water interact using density functional theory-
based computational experiments. In panel (a), we show how our simulation
setup involves preparing equilibrated phases of pure hydrogen and water at
a certain temperature and pressure, which are then brought together and al-
lowed to interact. These resulting two-phase simulations then equilibrate over
time, and, as depicted in panel (b), depending on the Gibbs free energy of
the mixture, either stay separated as two phases, partially mix into each other
or become one uniformly mixed phase. These simulation results are then
analyzed to determine the degree of mixing between hydrogen and water,
which is then used to estimate the coexistence curves, as shown in panel (c).
This helps determine the critical pressure (temperature) at a given temperature
(pressure). These critical points are then used to determine the critical curve

for the hydrogen-water system, as depicted in panel (d). . . . . . . ... ...
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6.3

6.4

6.5

Snapshot of a two-phase simulation at t=0, conducted at 2000 K and ~ 30
GPa. This simulation instance involves 96 hydrogen and 54 water molecules
(or equivalently, 54 oxygen and 300 hydrogen atoms). Hydrogen atoms are
in blue and oxygen atoms are in red. Simulations employ periodic boundary

CONAItIONS. . .+« v v v e e e e e e

An example of simulation results from our two-phase ab initio computational
experiments performed at 1500 K and for three different pressures. Profiles
showing the distribution of atoms in two-phase simulation cells averaged over
10 ps. The three vertical panels, from left to right, show time-averaged (10 ps)
snapshots of the distribution of H (in blue) and O (in red) atoms in the top row
and Xy (in grey) in the bottom row along the long axis of the simulation cell,
i.e., the axis along which the pure hydrogen and water phase simulations are
connected. Dashed lines show the mean value of these distributions, whereas
the shaded regions represent the uncertainties. These snapshots show how
hydrogen and water are completely mixed at 3 GPa, partially mixed at 20 GPa,
and in the 100 GPa case, water is in a crystalline phase, and hydrogen and

water are immiscible. . . . . .. L L L L

Coexistence curves across temperature-pressure-composition space. FEach
panel in this figure shows the relative fraction of hydrogen Xy, in the hydrogen-
rich and -poor phases — the most stable phase compositions at the respective
pressures and temperatures. The error bars denote the 1 sigma uncertainty in
the compositions and pressures. These data points are then fit to Equation (6.7),
the solution to which is shown with a solid line. The dashed lines enclose the

1 sigma confidence interval to these fits. . . . . . . . ... ... ... ....
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6.6

6.7

Comparison of our results with past experimental and computational studies.
In this figure, we plot the critical curve obtained from our study alongside past
experimental data on the hydrogen-water system from Seward & Franck (1981)
and Bali et al. (2013). Our results are in good agreement with those reported by
Bali et al. (2013) and consistent with those from Seward & Franck (1981). In
addition, we also plot results from the past computational studies by Soubiran
& Militzer (2015) and Bergermann et al. (2021). Unlike our work, both
these computational studies are quite inconsistent with experimental data. We
attribute this to the approximations in these past computational studies, such

as the use of pair potentials. . . . . . . . .. ... L Lo

Critical curve for the hydrogen-water system. This plot shows how the critical
curve for the hydrogen-water system varies across the pressure-temperature
space. We also plot water-ice melting curve (Millot et al., 2019), water
solid-superionic boundary (French et al., 2016), and the hydrogen insulator
to semi-metal boundary and the boundary predicting metallization of fluid H
(McWilliams et al., 2016). In addition, we also plot adiabats for Neptune and
Uranus as calculated by Nettelmann et al. (2013) assuming a three-layer model
for their interior. As evident from the comparison of the Neptune adiabat with
the critical curve, Neptune is expected to have large regions of completely
miscible interior along with regions of compositional gradients. While Uranus
should also have similar regions, if it is indeed hotter than Neptune in its deep

interior, the magnitude of any such gradients will be lower. . . . . . . . . ..
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6.8 Comparison of our results (middle panel) in temperature-pressure phase space
with the observational constraints on the density-pressure profiles for Neptune
(left panel) and Uranus (right panel) calculated by Movshovitz & Fortney
(2022); reproduced here with permission from Naor Movshovitz. The middle
panel is the same as Figure 6.7. The density-pressure profiles from Movshovitz
& Fortney (2022) are estimated using a parameterized function, fit to best
satisfy the observables of the two planets, i.e., their mass, radius, rotation
period and gravity coefficients. In the left and right panels, the dark blue
band represents the density-pressure profile at 1 sigma confidence, whereas
the light blue band corresponds to a 2 sigma confidence estimate. Each panel is
divided into four highlighted ‘Parts’ corresponding to the same pressure range:
A€ [107,5%x1073] Mbar, B [5x 1073,2x 107'] Mbar, C € [2 x 107!, 2]
Mbar and D € [2,5] Mbar where 1 Mbar = 100 GPa. The transition pressure
between adjacent Parts roughly aligns with the pressure at which the slope
of the density-pressure profiles change. Comparing these transitions with the
middle plot reveals that these transitions are correlated with each crossover
between the hydrogen-water critical curve and the Neptunian and Uranian
adiabats taken from Nettelmann et al. (2013). In other words, this agreement
is evidence that mixing between hydrogen and water plays a critical role in
the interior of ice giants, and our results help elucidate the compositional

transitions present inside these planets. . . . . . . . . .. ... ... ...
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CHAPTER 1

Introduction

Until the late 20th century, we only knew of the eight planets in our Solar system. This
number had hardly changed over the last four millennia — the ancient astronomers from
Babylon itself had reportedly known of the six planets closest to the Sun. In the thousands
of years that have followed, scientists have studied these distant worlds and other planetary
bodies in great detail, but we were always confined within the realm of our Solar system.
However, things changed in the early 1990s. With the discovery of 51 Pegasi b, the first
planet ever found around a Sun-like star outside our Solar system, Mayor & Queloz (1995)
and other researchers started a revolution which has since led to the detection of over
five thousand planets; see also Wolszczan & Frail (1992). These discoveries have since

transformed how we perceive our place in this universe.

According to the latest National Academy of Sciences’ Decadal Surveys on Astronomy
and Astrophysics, and Planetary Science and Astrobiology, the search and characterization
of Earth-like exoplanets is now a leading objective. Once a topic of philosophical discourse,
the search for a habitable Earth-like planet is now a tractable, albeit challenging, scientific
goal. However, to realize this, we need to first understand how such planets form and
evolve. This Ph.D. thesis is a step in that direction — containing a series of papers that
explore how the most abundant class of planets in our galactic neighborhood, those between

the sizes of Earth and Neptune, form and evolve. In the following sections, we give an



overview of the observational and theoretical studies that motivated the work discussed in

the subsequent chapters.

1.1 Discovering exoplanets

Today, numerous techniques are being used to discover exoplanets. In the 1990s, however,
it all started with the method of radial velocity (RV). The idea behind this technique is that
if a planet is orbiting a star, their mutual gravitational interaction will make them orbit their
common center of mass. Therefore, if someone observes such a star, they should notice the
star wobble, i.e., to have a reflex motion due to a companion planet, as it zooms across the
sky towards or away from the observer. The radial velocity method involves ascertaining
the existence of a planet by estimating this reflex motion by measuring the Doppler shift in
the light coming from the star. Such measurements not only help determine the existence
of a planet but also allow constraints on the accompanying planet’s mass. This method has
led to the discovery of hundreds of planets to date — allowing, for the first time, to study
planet formation and evolution at a statistical level. In the first decade of RV surveys itself,
there were several intriguing discoveries, such as the existence of a correlation between the

occurrence of giant planets and host star metallicity (e.g., Fischer & Valenti, 2005).

The era of RV discoveries was soon eclipsed by the method of transits with the launch
of NASA’s Kepler space telescope in 2009, which has since led to the discovery of over
four thousand planets during its roughly decade long operation (e.g., Borucki et al., 2010);
see Figure 1.1. This method relies on the fact that if a planet orbits its parent star such that it
comes in between the star and the observer, there should be a periodic dimming of the light
coming from that star (e.g., Charbonneau et al., 2000). The degree of dimming depends

on the square of the ratio of the planet’s size to the host star’s size, and the periodicity of
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Figure 1.1: Distribution of exoplanets with observed planet sizes across the planet size-
orbital period space. This dataset includes planets with observed sizes using the transit
method, those with orbital periods < 2000 days, and direct imaging, those with orbital
periods = 2000 days. To put this exoplanet population into context, we also plot Earth
and Neptune, denoted by their images. Most of these planets, except four, were detected
using the transit method and are thus evidently limited to short orbit periods. This plot
also reflects the abundance of small planets, those roughly between the sizes of Earth and
Neptune, even when not corrected for the observational bias towards larger planets being

easier to find. Source: NASA Exoplanet Archive (December 1, 2022).



the dimming corresponds to the planet’s orbital period. Therefore, this method helps us
obtain the respective planet’s radius and orbital period. On the flip side, this method is thus
biased towards finding planets that are larger relative to their host star and at shorter orbital
periods. This bias can, however, be systematically corrected for (e.g., Fulton et al., 2017).
Such bias corrections then allow us to estimate the true occurrence of planets in nature.
From here onwards, any reference to the ‘planet occurrence rate’ or simply ‘occurrence’
will refer to this bias-corrected occurrence and not the raw, observed distribution of planets.
The thousands of planets that Kepler and other observatories have discovered using this

transit technique have revealed unprecedented details about planet formation and evolution.

1.2 Super-Earths, sub-Neptunes, and the radius valley

The last three decades of exoplanet discoveries have thrown one surprise after another at
the scientific community. The very first exoplanet, 51 Pegasi b, was found orbiting its
Sun-like host star at a period of ~4.2 days, which meant it had a planetary equilibrium
temperature of ~ 1300 K. Constraints on its mass suggested it to be similar to our Jupiter.
On the other hand, in our Solar system, Mercury is the closest planet to the Sun with an
orbital period of 88 days, whereas Jupiter orbits the Sun only every 12 years. So naturally,
the discovery of 51 Pegasi b not only astounded everyone, including the researchers who
reported it, but the finding was met with skepticism in the community. After all, at the
time, no planet formation theory predicted a Jupiter-like planet to exist that close to its
host star. Nevertheless, in the years that followed, this discovery of 51 Pegasi b and other
‘hot-Jupiters’ revolutionized the field of astronomy and planetary science and paved the
way to a number of theoretical and observational investigations and a deeper understanding

of how giant planets form and evolve.



The discoveries facilitated by the transit method have inspired a similar paradigm shiftin
our understanding of small planets, which had been elusive due to technological limitations
in the pre-Kepler era. At first, it started with finding small planets in regions where no
planet exists in our Solar system, with their mass measurements revealing a fascinating
degree of compositional diversity (e.g., Charbonneau et al., 2009; Batalha et al., 2011).
However, soon Kepler unraveled that planets between the sizes of Earth and Neptune are,
by far, the most abundant class of planets in our galactic neighborhood (Fressin et al., 2013;
Petigura et al., 2013), having an occurrence rate that is an order of magnitude higher than

that observed for giant planets (e.g., Petigura et al., 2017).

Further follow-up studies of the Kepler planets and their host stars, led by the California-
Kepler Survey (CKS) team in particular, then revealed something unexpected: the most
abundant class of planets, those between the sizes of Earth and Neptune (~ 4 Earth radii),
are in fact divided into two planet populations by, what is now referred to as, the radius
valley or gap (e.g., Fulton et al., 2017); see Figure 1.2. Interestingly, past studies exploring
the role of photoevaporation in atmosphere loss had already predicted the existence of this
feature and found tentative evidence for it in the Kepler Input Catalog (Owen & Wu, 2013;
Lopez & Fortney, 2013). But this was concluded with certainty only in 2017. Follow-up
RV studies measuring masses of accessible planets in these two populations revealed that
planets smaller than ~ 1.5 Earth radii have higher densities consistent with rocky, Earth-
like composition. In contrast, planets with sizes = 2 Earth radii have lower densities such
that they likely have H-dominated atmospheres or ice-rich interiors (e.g., Dressing et al.,
2015). Studies have thus suggested that the radius valley likely marks a transition from a
population of smaller, rocky planets, i.e., super-Earths, to a population of larger planets

with significant H/He envelopes or ice-rich interiors, i.e., sub-Neptunes.

Several questions then arise, given this surprising and statistically significant obser-
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Figure 1.2: Planet occurrence rate as a function of planet size as reported by the California-
Kepler Survey in Fulton et al. (2017). Small exoplanets are found to have a substantially
higher occurrence when compared to any other class of planets observed. The dearth of
planets of sizes 1.5 to 2 Earth radii is referred to as the radius valley. This valley divides
this population of the most abundant class of planets into (1) super-Earths, i.e., smaller,
rocky planets with sizes ~ 1 to 1.5 Earth radii, and (2) sub-Neptunes, i.e., larger, puffy
planets with likely H-dominated atmospheres or ice-rich interiors and with sizes ~ 2 to 4

Earth radii.



vation, for instance: What is the origin of the radius valley? Do super-Earths and sub-
Neptunes have a common origin, and if so, how did they form? Otherwise, do they form
through distinct formation and evolution pathways? Can the radius valley tell us something
about the influence of the stellar environment on planet formation? What are the physical
characteristics of these planets? Is arocky ‘super-Earth’ Earth analog? Since its discovery,
this feature of planet demographics has thus become the prime observational evidence
of planet formation and evolution processes and the majority of this thesis focuses on

answering the questions outlined above.

There are two schools of thought that attempt to explain this radius valley observation
(Bean et al., 2021). According to one, the radius valley is primordial. For instance,
according to Zeng et al. (2019) and Mousis et al. (2020), super-Earths are planets that were
born rocky, whereas sub-Neptunes are water or ice-rich planets, with ices amounting to
~ 50% of the planet’s composition by mass. On the other hand, Lee & Connors (2020)
suggest that super-Earths are those planets that are so small that they could have hardly

accreted any primordial H atmosphere, unlike sub-Neptunes.

The other school of thought claims that the radius valley is a result of atmospheric loss
driven by core-powered mass-loss and/or photoevaporation. Today, this is considered as
the leading idea behind the origin of the radius valley given its success in explaining a

multitude of radius valley observations (e.g., Bean et al., 2021).

According to the photoevaporation theory, the short wavelength/high energy radiation
from the host star can inject energy into the upper regions of the atmosphere by ionizing it,
which can then drive hydrodynamic winds and thus lead to atmospheric loss (e.g., Owen
& Wu, 2013; Lopez & Fortney, 2013; Jin et al., 2014; Owen & Wu, 2017). This theory

has been explored by numerous studies over the last decade.



On the other hand, much of this thesis is dedicated to exploring the more recently
proposed theory of core-powered mass-loss and how it could be the dominant process that
led to the formation of the radius valley (Ginzburg et al., 2018; Gupta & Schlichting, 2019,
2020, 2021; Gupta et al., 2022). This is explored in Chapters 2 through 5. According
to this theory, most observed exoplanets formed inside the ice line and, unlike Earth,
finished forming in the presence of these natal disks. Besides accreting an Earth-like
rocky, silicate interior, these planets thus also accreted primordial atmospheres of H, which
puffed up their sizes - like today’s sub-Neptunes. However, over the subsequent millions
to billions of years, certain planets lost their entire atmospheres, which transformed them
into super-Earths. This atmosphere loss was driven by the thermal energy injected in
these atmospheres due to a planet’s own cooling luminosity and the host star’s bolometric
luminosity. The planets that survived with their primordial H atmospheres are today’s sub-
Neptunes. The radius valley is thus a signature of this evolution of gas-rich sub-Neptunes
into rocky, Earth-like super-Earths. In these chapters, we use a simple analytic model to
show how this theory can not only explain the observed bimodality in planet sizes but even
the numerous trends observed in the planet demographics across the myriad planetary and
host star properties. At the same time, we share several predictions and tests for ongoing
and future observational studies, many of which are being employed today. An independent
avenue to actively probe how gas-rich planets evolve is to search for direct observational
signatures of atmospheric loss. In complement to population-level studies, we thus also
investigate for planet candidates that could be actively losing their atmospheres today at
a significant rate. This further allows us to identify planet candidates that likely harbor
high-molecular weight secondary atmospheres, or low-density interiors with substantial

amount of ices.



1.3 Interaction of H-rich atmospheres and planetary interiors

Given the work presented in this thesis and that in other contemporary studies, our current
understanding is that most planets or their progenitors should have a hydrogen atmosphere
(or protoplanetary disk) interacting with an interior of liquid or super-critical water (e.g.,
Uranus, Neptune or water-rich exoplanets) or silicates (e.g., the typical super-Earth or sub-
Neptune), for millions to billions of years. Numerous theoretical studies suggest that this
interaction can have far-reaching consequences for the structure, formation, and evolution
of a planet and, thus, on its atmosphere’s composition and planet demographics (e.g., Kite
& Barnett, 2020; Schlichting & Young, 2022; Markham & Stevenson, 2021; Misener &
Schlichting, 2022). In fact, we even have observational evidence of such interactions in
our Solar system: the Juno spacecraft recently discovered that Jupiter’s core is diluted by

its atmosphere (e.g., Wahl et al., 2017).

However, we hardly understand how such primary building blocks interact under the
conditions expected when planets form or at their interior-atmosphere interface during
subsequent evolution. In these conditions, temperatures and pressures can exceed even
5,000 K and 50 GPa. Studying such interactions in a laboratory is thus not possible at
present. Chapter 6 attempts to address this by investigating the interaction of a planet’s
hydrogen-dominated atmosphere and water-rich interior using quantum mechanics. This
is the only way possible to understand such interactions today. Quantum calculations such
as ab-initio molecular dynamics can help us predict material behavior with high accuracy.
And studying the hydrogen-water system has the advantage of allowing comparison of
our understanding of such interactions with the observational constraints on the interiors
of Uranus and Neptune from existing and future spacecraft data (e.g., Voyager 2 and the

Uranian Orbiter & Probe). As demonstrated in this chapter, H can completely dissolve in



large parts of the super-critical water-rich interior of Neptune-like planets, whereas in some
regions, we expect compositional gradients. We will discuss how our results are consistent
with experiments and, how they help us better understand the formation and evolution of

planets and exoplanets such as Neptune and Uranus.
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CHAPTER 2

Sculpting the Valley in the Radius Distribution of Small
Exoplanets as a by-product of Planet Formation: The

Core-Powered Mass-L.oss Mechanism

IRecent observations revealed a bimodal radius distribution of small, short-period exoplan-
ets with a paucity in their occurrence, a radius ‘valley’, around 1.5-2.0 Rg. In this work,
we investigate the effect of a planet’s own cooling luminosity on its thermal evolution and
atmospheric mass-loss (core-powered mass-loss) and determine its observational conse-
quences for the radius distribution of small, close-in exoplanets. Using simple analytical
descriptions and numerical simulations, we demonstrate that planetary evolution based
on the core-powered mass-loss mechanism alone (i.e., without any photoevaporation) can
produce the observed valley in the radius distribution. Our results match the valley’s
location, shape and slope in planet radius-orbital period parameter space, and the relative
magnitudes of the planet occurrence rate above and below the valley. We find that the
slope of the valley is, to first order, dictated by the atmospheric mass-loss timescale at
the Bondi radius and given by d logR,/d logP =~ 1/(3(1 — f8)) which evaluates to —0.11
for B ~ 4, where M./ Mg = (R:/Re)? (pex/pe)P!? is the mass-radius relation of the core.

!"This chapter was previously published in similar form as Gupta, A. and Schlichting, H. E. 2019, MNRAS
487, 24-33.
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This choice for B yields good agreement with observations and attests to the significance
of internal compression for massive planetary cores. We further find that the location of

/% and that the observed planet population must have predominantly

the valley scales as p:.f
rocky cores with typical water-ice fractions of less than ~ 20%. Furthermore, we show that
the relative magnitude of the planet occurrence rate above and below the valley is sensitive

to the details of the planet-mass distribution but that the location of the valley is not.

2.1 Introduction

NASA’s Kepler mission has unveiled a wealth of new planetary systems (e.g., Borucki
et al., 2010). These systems offer new insights into the process of planet formation and
evolution. One of Kepler’s key findings is that the most common planets in our galaxy,
observed to date, are between 1 and 4 Rg, i.e., larger than Earth but smaller than Neptune
(Fressin et al., 2013; Petigura et al., 2013). Further observations revealed a transition in
average densities at planet sizes ~ 1.5 Rg (Marcy et al., 2014a; Rogers, 2015), with smaller
planets having densities consistent with rocky compositions while larger planets having
lower densities indicating significant H/He envelopes. In addition, Owen & Wu (2013)
noticed a bimodal distribution of observed planet radii. Since then, refined measurements
have provided strong observational evidence for the sparseness of short-period planets
in the size range of ~ 1.5 — 2.0 Rg relative to the smaller and larger planets, yielding
a valley in the small exoplanet radius distribution (e.g., Fulton et al., 2017; Fulton &
Petigura, 2018). For example, the California-Kepler Survey reported measurements from
a large sample of 2025 planets, detecting a factor of ~ 2 deficit in the relative occurrence
of planets with sizes ~ 1.5 — 2.0 Rg (Fulton et al., 2017). Studies suggest that this

valley likely marks the transition from the smaller rocky planets: ‘super-Earths’, to planets
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with significant H/He envelopes typically containing a few percent of the planet’s total
mass: ‘sub-Neptunes’ (e.g., Lopez & Fortney, 2013; Owen & Wu, 2013; Rogers, 2015;
Ginzburg et al., 2016). Furthermore, the location of this valley is observed to decrease
to smaller planet radii, R, with increasing orbital period, P. In a recent study involving
asteroseismology-based high precision stellar parameter measurements for a sample of 117
planets, a slope d logR,/d logP = —0.09i%‘.%i was reported for the radius valley by Van

Eylen et al. (2018). A similar value for the slope of —0.1 lfg:(())g was reported by Martinez
et al. (2019).

The observed valley in the exoplanet radius distribution has been attributed to pho-
toevaporation of H/He atmospheres by high energy stellar radiation (e.g., Owen & Wu,
2013; Lopez & Fortney, 2013). Recent work showed that thermal evolution models with
photoevaporation can reproduce the observed radius distribution (e.g., Owen & Wu, 2017,

Van Eylen et al., 2018).

However, photoevaporation by high energy photons is not the only proposed mechanism
for shaping the radius valley. Ginzburg et al. (2018) demonstrated that the core-powered
mass-loss mechanism (Ginzburg et al., 2016) can produce the exoplanet radius distribution,
even without photoevaporation, solely as a by-product of the planet formation process itself.
In the core-powered mass-loss mechanism, it is the luminosity of the cooling planetary
cores that provide the energy for atmospheric loss.  The assembly of planetary cores
results in large core temperatures as gravitational binding energy is converted into heat.
Furthermore, if this assembly takes place in the presence of a gas disk, planetary cores
not only accrete H/He atmospheres, but they are also prevented from cooling significantly
since the optically thick H/He envelopes act like thermal blankets regulating the heat loss
from both the core and envelope at the radiative-convective boundary (e.g. Lee & Chiang,

2015; Ginzburg et al., 2016). As a result, the temperature of super-Earth and sub-Neptune
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cores is dictated by the maximum temperatures that still allows for the accretion of H/He
envelopes onto the core. This temperature is approximately given by 7, ~ GM .u/kgR.,
where u is the mean molecular weight of the atmosphere, kp the Boltzmann constant, G
the gravitational constant and M, and R, are the mass and radius of the planetary core,
respectively. These core temperatures evaluate to about 10,000-100,000 K for planets
with masses between Earth and Neptune and these cores and envelopes take Gyrs to cool

(Ginzburg et al., 2016).

In this paper, we extend the results from Ginzburg et al. (2018) and show that the
core-powered mass-loss mechanism can produce the valley’s location, shape and slope
in planet radius-orbital period parameter space, and the relative magnitudes of the planet
occurrence rate above and below the valley. We further use it to constrain the planet’s core
composition and the mass-radius relation of the core. This paper is structured as follows:
Section 2.2 is divided into several parts. In the first, we describe our planetary model, its
structure and relevant equations. We then outline the core-powered mass-loss mechanism
and define the parameters of the exoplanet population used in our numerical evolution
calculations. We discuss our results in Section 2.3, which includes a comparison with
observations and investigations into how our results depend on the physical parameters of

the planet population. Our conclusions are summarized in Section 2.4.

2.2 Planet Structure and Evolution

In this section, we describe our model for the structure of the core and envelope of close-in
super-Earths and sub-Neptunes and their evolution due to core-powered mass-loss after the
dispersal of the gas disk. For a detailed review of this mechanism, the reader is referred to

Ginzburg et al. (2016) and Ginzburg et al. (2018).
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Figure 2.1: Schematic of the main stages in the evolution of a planet due to the core-powered
mass-loss mechanism. Left panel: The primary components of the planet structure: core
(dark gray), and atmospheric convective (gray) and radiative (light gray) regions. As
shown, the convective region of the atmosphere extends from the core to the radiative-
convective boundary, R,.,, which is comparable to a few core radii, R., at the end of the
disk dispersal phase (our initial condition), and the radiative region extends from the R, to
the Bondi radius, Rp. Middle panel: 1llustration of the thermal evolution and atmospheric
mass-loss at the Bondi radius. Right panel: The two end-member states at the end of 3

Gyrs. of evolution: (i) super-Earths, stripped rocky cores found below the valley, and (ii)
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sub-Neptunes, engulfed in H/He atmospheres and located above the valley.
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2.2.1 Planet Structure

We assume a planet of radius R, and mass M), with a dense core surrounded by a gaseous
atmosphere, with most its mass in the core such that M. ~ M,. We note here that by core
we mean the non-gaseous part of the planet and such that this includes both the iron core and
silicate mantle of an Earth analog. We assume, accounting for gravitational compression,
that the mass-radius relationship for the core is given by M./Mg = (R./Rg)*(per/pe)*>
, where p.. is the density of the core scaled to an Earth mass, R, is the radius of the core
and & refers to the corresponding Earth values (Valencia et al., 2006; Fortney et al., 2007).

3

For pure water/ice, silicate and iron cores, we assume pe to be 1.3 gcm™, 4 g cm™ and

11 g cm™3, respectively (Fortney et al., 2007).

We assume that all cores are initially surrounded by H/He envelopes of mass M,
and define the atmosphere to core mass fraction as f = M,/ M.. As has been shown in
previous works (e.g., Piso & Youdin, 2014; Lee & Chiang, 2015; Inamdar & Schlichting,
2015), the structure of the atmosphere is, to first order, well described by an inner convective
region that contains most of the atmospheric mass and an outer radiative, nearly-isothermal,
region of negligible mass. The transition between these two regions occurs at the radiative-
convective boundary which we denote as R,.,. We treat the R, as the planet’s effective
radius, i.e., R, =~ R,;. This is a good approximation as the density profile changes sharply

at the R,.,. We model the atmosphere as an ideal gas.

The dispersal of the protoplanetary disk causes a loss of pressure support on the outer
edge of the envelope, causing atmospheric mass-loss powered by the luminosity of the
cooling inner regions of the atmosphere (Owen & Wu, 2016; Ginzburg et al., 2016). As a
result, the envelopes of close-in planets rapidly shrink (roughly on the timescale on which

the disk disperses) to thicknesses AR ~ R., where AR = R,., — R, is the thickness of the
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envelope measured from the core’s surface. Since we are interested in the evolution of the
planets after disk dispersal, we assume AR =~ R, as initial condition for the thickness of

the planetary envelopes (see also Owen & Wu, 2017).

The atmospheric mass can be obtained by integrating the density profile over the

convective region, which yields

Y
Muim =

’ 1 -1
RBAR) [(y=1)

R?

47R%prep AR ( , (2.1)

where vy is the adiabatic index of the atmosphere, p,.p is the density of the atmosphere at
R;cp and R} is the modified Bondi radius (Ginzburg et al., 2016), such that
_y—-1GM.p

’

B= Y kBTrcb

2.2)

where u is the molecular mass of the atmosphere, kp is Boltzmann constant, G is the
gravitational constant and 7., ~ T, is the temperature at the R, and T, the equilibrium
temperature for a given distance from the host star. Throughout this study, we assume

Sun-like host stars.

The temperature at the base of the envelope is
vy—11GM.pu
y ks R?
which is valid for R./R}, < AR/R. < 1 (Ginzburg et al., 2018). We ignore the ultra-

T, ~

AR, 2.3)

thin regime, AR/R. < R./Rj ~ 0.1, for which 7, ~ T, as this regime cannot yet be
detected in the exoplanet radius distribution. We also ignore any additional heat generated
by radioactive decay in the core. Including this would delay the transition to the ultra-thin
regime further, and it may lead to additional atmospheric mass-loss for planets whose loss

is not limited by the cooling time or age of the system.

We model the core, to first order, as incompressible, molten and fully convective such

that its temperature is close to isothermal and given by the temperature at the bottom of
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the convective region, 7,. We assume that the core-envelope interface is well coupled such

that the core temperature always matches that of the base of the adiabatic atmosphere.

As aresult, the thermal and gravitational energy available for cooling is

Y
Ecool = gAR —Matm + = _Mc s (24)
2y -1 Y Ye—1 e

where y,. and p. are the adiabatic index and molecular mass of the core, respectively, and
g = GM_/R? is the surface gravity of the planet. The first and second term on the right-hand

side correspond to the atmosphere’s energy and core’s thermal energy, respectively.

2.2.2 Evolution Model

We start our evolution models right after the disk dispersal phase. To distinguish our results
from any atmospheric mass-loss due to photoevaporation, we only consider the planet’s

evolution due to its own cooling luminosity and its subsequent mass-loss.

As shown above, the core temperatures are, as a result from formation, of the order of
10* — 10° K. Since the core-envelope interface is well coupled, the cooling of both the core
and envelope is dictated by radiative diffusion through the radiative-convective boundary.
This implies that the planet cools at a rate

4 ’
_dEcool _ 647T O-TerRB

L =
dz 3 KPrcb

(2.5)

where o is the Stefan-Boltzmann constant and « is the opacity at the R,.;,. Equations (2.4)
and (2.5) can be combined to yield a cooling timescale of the envelope, 7.,,;, given by
teool = |Ecool/(AEcoo1/dt)| = Ecoor/ L. Following Freedman et al. (2008), we model the

opacity at the R,.; as /0.1 cm? g1 = (p,e /1072 g cm™3)06,

The energy required to lose the entire atmosphere is Ej,gs ~ g My R.. Comparing this

with the energy available for cooling given in Equation (2.4) yields that E.,,; < Ej,ss for
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My /M. > u/pue ~ 5% (heavy atmospheres) and E.po; 2 Ejoss for My, /M. < u/pe ~
5% (light atmospheres). Note, we ignored the y and vy, factors here for simplicity. This
implies that, depending on the atmosphere to core mass-ratio after disk dispersal, planets
can continue to evolve in two different ways. Planets with heavy atmospheres (M, / M. >
u/u.) don’t have enough energy to continually lose mass and their envelopes will cool
and contract over time. In contrast, planets with light envelopes (M, /M. < u/u.) can,
from an energy point of view, continue to lose mass over time. Furthermore, since for
light envelopes E.,o; = Ejpss and since mass-loss proceeds at almost constant AR while
decreasing the envelope density, atmospheric loss is a run-away process in the sense that
energetically it gets easier with time (i.e., once the first half has been lost, it is even easier
to loose the next half), ensuring that there is enough energy to lose the entire envelope

(Ginzburg et al., 2016, 2018).

However, despite sufficient energy, planets with light atmospheres are not necessarily
stripped of their envelopes because, analogous to a Parker type wind, atmospheric mass-
loss proceeds at a finite rate dictated by the escape rate of molecules at the Bondi radius
(Ginzburg et al., 2016; Owen & Wu, 2016). Since the hydrodynamic flow needs to pass
through the sonic point and since the mass flux is conserved, it is convenient to determine
the mass-loss rate at the sonic point, Ry = GMp/2c?, where ¢; = (kBTeq/,u)l/2 is the
isothermal speed of sound. This yields a mass-loss rate of M =4np sR?c s, where pj is the
density at the sonic point, which can be related to the density at the radiative convective
boundary by ps = prcpeXp(—2Rs/R;cp) in the limit that R; >> R,.;. The mass-loss rate

at the Bondi radius can therefore be written as

oM, ) . (2.6)

MB = 47ercs,orcl7 exp (— 3
csRyep

From Equation (2.6) we define the atmospheric mass-loss timescale as t,5s = | My /(AM 1, /dt)|.
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This finite mass-loss rate is critical to the existence of planets in the valley and for explain-
ing planets that have atmospheres of a few percent. The exponential dependence ensures
that planets can hold on to their atmospheres because they did not have enough time for
loss at larger orbital periods and/or that the cooling timescale can become shorter than
the mass-loss timescale as a planet contracts during its evolution terminating any further

mass-loss.

We follow the evolution of a given planet by simultaneously calculating its cooling and
its atmospheric-loss due to core-powered mass-loss. The energy of the planet decreases as

a function of time as dictated by its internal luminosity, such that
Ecool(t + dt) = Ecool(t) - L(t)dl, (27)

where L is given by Equation (2.5). Similarly, the evolution of the atmospheric mass can

be written as

Mo (t +dt) = My (1) — min {M[,,, (1), ME,, (1) }dt, (2.8)

where the mass-loss rate at the Bondi radius is given by Equation (2.6) and ME =~ ~
L(t)/gR. is the energy-limited mass-loss rate. The energy-limited mass-loss rate should
be regarded as an absolute upper limit as it assumes that all of the cooling luminosity goes
into driving the mass loss. In reality, the efficiency of this cannot be a 100% since roughly
half of the luminosity is radiated away, which is required, together with the irradiation from
the star, to sustain the radiative-convective profile. The minimum of the energy-limited
rate and the mass-loss rate at the Bondi radius determines the rate at which atmospheric

loss proceeds as it can be limited by the energy available for cooling or the escape rate of

gas molecules from the Bondi radius.
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Parameter Value/Range (initial)

Orbital period (P) [1, 100] days
Core radius (R,) [0.7, 4] Rg
Core molecular mass (i) 56 amu
Core adiabatic index (y.) 4/3
Core characteristic density (p¢+«) Po~55¢g cm™3
Atmosphere molecular mass (u) 2 amu
Atmosphere adiabatic index (y) 7/5
Host star ~ Sun
Integration time-step 1072 x min{tcoor, toss }
Total evolution time 3 Gyrs.
Number of planets 1 million

Table 2.1: Planet population and evolution parameters for our ‘reference’ case.
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2.2.3 Modeling the Exoplanet Population

Similar to previous works (Owen & Wu, 2017; Ginzburg et al., 2018), we adopt the

following period and mass distribution when modeling the exoplanet population:

2
dN P-, P < 8 days
dlogP (2.9)
o8 constant, P > 8 days, and
dN | Meexp (-MZ[(203)) . Me <5 Mo
x (2.10)
dMC MC_Z’ MC > 5 M@.

The planet mass distribution is described by a Rayleigh distribution with for planets
less massive than SMg and as an inverse square tail for the planets more massive than
SMg. We use oy = 2.7Mg throughout this paper, unless stated otherwise. We note
here that Ginzburg et al. (2018) investigated both dN/dM,_. = [constant] and dN /dM, =
[Rayleigh distribution] for planets less massive than 5Mg and found no significant differ-
ence in the resulting 1-D radius distributions. For simplicity, we only investigate the latter
in this work which is similar to the planet mass distribution used in published photoevap-

oration studies (e.g., Owen & Wu, 2017).

For the initial atmosphere to core mass-fraction ( f) of the planets, we use
f=~0.05(M./Mg)"?, (2.11)
which is motivated by a previous work on gas accretion and loss during disk dispersal

(Ginzburg et al., 2016).

The results presented in Section 2.3 are based on the evolution of a population of a
million planets over a period of 3 Gyrs. The defining parameters for our ‘reference’ planet

population and the numerical calculations for its evolution are summarized in Table 2.1.
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The planets in this ‘reference’ population have rocky Earth-like cores, H, atmospheres and
Sun-like host stars. Beyond this reference case, we explore a range of core compositions
and planet-mass distributions. The choice of parameters for our reference case only differs
from Ginzburg et al. (2018) in the explicit use of Equation (2.4) for calculating AR instead

of assuming the ratio of the core’s and atmosphere’s heat capacity to be (17f)!.

2.3 Results

In this section, we present the results of our evolution model described in Section 2.2.
First we discuss the results for the ‘reference’ population as defined in Table 2.1 and
then investigate the dependence of our findings on core compositions and planet-mass

distributions.

2.3.1 Comparing the Core-powered Mass-loss Results with Observations

Ginzburg et al. (2018) already demonstrated that the core-powered mass-loss mechanism
itself produces a bimodal exoplanet radius distribution and that it yields results con-
sistent with the observed valley in the radius distribution of close-in super-Earths and
sub-Neptunes. Here we extend this comparison from a single histogram of planet radii to
a two-dimensional orbital period-planet radius parameter space and use our results to infer

properties of the observed exoplanet population.

Figure 2.2 displays our core-powered mass-loss results and compares it with the ob-
servations from Fulton et al. (2017) and Fulton & Petigura (2018). The left panel shows
the histogram of relative occurrence of planet radii from our model (red) and observations

(grey) (Fulton et al., 2017). To facilitate the comparison between our results and obser-
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Figure 2.2: Comparing core-powered mass-loss results with observations. Left panel:
Histogram of planet size (radii). The two histograms correspond to the results from
our evolution model for our ‘reference’ planet population (see Table 1) shown in red
and observations shown in gray (Fulton et al., 2017, see Table 3). Middle and right
panels: Two-dimensional distributions of planet size and orbital period. The middle panel
displays the results from our core-powered mass-loss evolution model, while the right panel
corresponds to observations (from Fulton & Petigura, 2018, with permission). The dashed
blue line in the middle panel corresponds to the center of the valley. Its slope is given by
dlogR,/d logP ~ —0.11. The results from our core-powered mass-loss model are in good

agreement with the observations.
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vations, we display and normalize our results over the same planet radius range as for the
observations shown in Figure 2.2. As shown in previous work (Ginzburg et al., 2018),
we find good agreement between the radius distribution produced by the core-powered
mass-loss mechanism and the observed exoplanet population. The left panel of Figure 2.2
shows that the valley is located between ~ 1.5-2.0 Rg with a width of ~ 0.5 Rg. The lower
peak of the ‘super-Earths’, i.e., planets stripped of their envelopes, is at 1.2-1.4 Rg and the
higher peak of the ‘sub-Neptunes’, i.e., planets that kept most of their atmospheres, is at

2.0-2.7 Rg.

The middle panel of Figure 2.2 presents our results in the two-dimensional parameter
space of planet size and orbital period. The right panel shows the observational results from
Fulton & Petigura (2018) for the same two-dimensional parameter space. We generally find
good agreement with observations. Specifically, our results display a valley of approxi-
mately constant width that moves to smaller planet radii with increasing orbital period. This
is a manifestation of the decreasing susceptibility of planets to lose their atmospheres with
increasing orbital period. This results in a negative slope for the valley, which is plotted as
a dashed line in the middle panel. We find a slope d logR,,/d logP =~ —0.11 both analyti-
cally and numerically, which is in excellent agreement with observations reported by Van
Eylen et al. (2018) and Martinez et al. (2019) who find d logR,,/d logP = —0.09*%-%2 and

-0.04

dlogR,/d logP = -0.1 lt%:‘())%, respectively. We discuss the physical processes determining

the slope and analytically derive the slope of the valley in Section 2.3.2.

The degree of similarity between observations and the core-powered mass-loss results
presented here demonstrates that the core-powered mass-loss mechanism can by itself
reproduce the observed valley in the exoplanet radius distribution and this is not unique
to photoevaporation (Owen & Wu, 2017). Specifically, Figure 2.2 shows that the core-

powered mass-loss mechanism can reproduce the valley in radius-period space, its position,
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shape and slope, and the location and magnitude of the peaks of the exoplanet population

on either side of the valley.

2.3.2 Slope of the Valley

As discussed in Section 2.2.2, for a planet to lose its envelope it not only has to have enough
energy to unbind the atmosphere but it also needs to have enough time for the mass-loss to

OoCcCur.

2.3.2.1 Mass-loss limited by time, ?.,,; = t;,55, P = 8 days

We find that it is the time-limit and not the energy-limit that dictates which planets lose and
retain their atmospheres for orbital periods of about 8 days and larger. It is, to first order,
the mass-loss timescale, due to its exponential dependence on period and planet size, that
creates the valley and determines its slope in the planet radius and orbital period space.
Specifically, we find that the criterion #.,,; = ;555 Separates the planets that will end up

above and below the valley.

Planets accrete their envelopes with R,., ~ Rp (e.g. Lee & Chiang, 2015; Ginzburg
et al., 2016) and then shed their outer layers and shrink in radius during and after the disk
dispersal phase (e.g. Owen & Wu, 2016; Ginzburg et al., 2016). This ensures that, from a
planet formation point of view, initially all planets start out with #;,55s < f¢007, 1.€. initially
the envelope mass-loss timescale is short because R,., ~ Rp and hence the exponent in
the mass-loss timescale is small. However, as planets initially lose mass, they also shrink,
increasing the mass-loss timescale, and in some cases the cooling timescale catches up
with the mass loss timescale such that t.,,; = t;,5s. The criterion t.,,; = tj,55 S€parates

the planets that will end up above and below the valley because once planets can cool
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faster than they can lose mass (i.€., f¢p0; < t10ss), they shrink in size and any subsequent
mass-loss is hence cut-off rapidly due to the exponential dependence on planet size of the
mass-loss timescale (see Section 2.2). Furthermore, due to the exponential dependence of
the mass-loss timescale, it is, to first order, the exponent that determines the slope of the
valley in the radius-period parameter space. Setting the mass-loss timescale equal to the

cooling timescale, we have from Equation (2.6) that GM,/ c%chb ~ constant and hence

R4Pl/3
CR pi{S ~ R;’)Pmpﬂ3 = constant, (2.12)
p

where we substituted for the speed of sound and the mass-radius relation of the core and
used the fact that R,., = R, = 2R.. As long as a planet’s core density has no semi-major
axis dependence, Equation (2.12) yields R, o P72 which corresponds to a slope in the

logarithmic parameter space of planet radius and orbital period of

dlogR, 1
=——=~-0.11. 2.13
d logP 9 ( )
This is in excellent agreement with the observed slope reported by Van Eylen et al. (2018),
dlogR,/d logP = —O.O9J:%.gi, based on high precision asteroseismic measurements of

stellar parameters and results obtained by Martinez et al. (2019) who report a slope of
dlogR,/d logP = -0.1 li%.gg. The middle panel of Figure 2.2 shows a dashed line denoting
the center of the observed valley. The slope of this line, as measured from our numerical
simulations, is in full agreement with our analytical estimate above. Equation (2.12)
shows that the valley’s slope in the radius-period space does, to first order, not depend
on f, properties of the host star or the core density as these only change the constant in
Equation (2.12) but not the power-law relation between R, and P. These quantities, do
however, change the location of the valley, which is set by the constant in Equation (2.12)

and which we will come back to when examining the dependence of our results on the core

composition in Section 2.3.3.
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Figure 2.3: Core powered mass-loss results for different distributions of initial envelope

fractions, f (continued next page).
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Figure 2.3: Core powered mass-loss results for different distributions of initial envelope
fractions, f. The left column corresponds to envelope fractions distributed according to
Equation (2.11) and the right column to the logarithmic distribution used in Owen & Wu
(2017). The top panel shows the results weighted by the exoplanet period distribution given
by Equation (2.9) and the bottom panel shows, for clarity, the results for a uniform period
distribution. For the f distribution used in this work (see Equation (2.11)), the transition
between the energy-limited and the time-limited mass-loss regime occurs around 8 days
(see flat lower edge of the valley for periods of less than about 8 days in bottom left panel of
the figure). If there is no unique relationship between a planet’s core mass and its envelope
fraction (e.g. in the logarithmic distribution for f used in the right panel), then there is no
flat line that sets the lower edge of the radius valley at short orbital periods (see bottom right
side of the panel) and there is no single orbital period that marks the transition between the

energy-limited and time-limited mass loss regime (see Section 2.3.2.2 for details).
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It may at first seem surprising that the slope that is obtained by setting ?.,,; = ;055 1S NOt
significantly modified over time as the planets continue to thermally evolve and contract.
However, we find both analytically and numerically that the contraction rate, for planets
that satisfy t.,0; = t1055, Only weakly depends on R, and f for the parameters investigated
here. Furthermore, even if a logarithmic distribution of f is assumed, the slope of the
valley is, to first order, still well described by setting t.,o; = ;055 as is illustrated by the
results shown in Figure 2.3. The logarithmic f distribution does change the shape of the
valley somewhat, especially the upper edge which is due to the fact that, for a logarithmic

f distribution, the evolution rates start to differ significantly for a given planet mass.

The one quantity that does change the slope of the valley is the mass-radius relationship
of the core. Specifically, we find from Equations (2.6) and (2.12) that

dlogR, 1

~ here M, « R, 2.14
dlogP  3(1—-p) e Me e @.14)

Precise observational measurements of the valley’s slope are therefore able to determine
the exoplanet mass-radius relation of the core. We find that published measurements of the
slope (Van Eylen et al., 2018) are in agreement with M./ Mg o« (R./Rg)* but inconsistent
with M. /Mg « (R./Re)?, highlighting the significance of internal compression of massive

cores.

2.3.2.2 Mass-loss limited by energy, E.,,; = Ejos55, P < 8days

As shown in Section 2.2.2, whether a planet has enough energy to lose its envelope is solely
dictated by the envelope to core mass-fraction, f. If f has, to first order, no dependence on
the distance from the host star, as we assume in Equation (2.11), then the maximum envelope
fraction for which significant atmospheric loss can occur corresponds to a single planet

mass independent of period provided that there is a unique relationship between f and the
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core mass (as, for example, given in Equation (2.11) and predicted by planet formation
models of atmospheric accretion of super-Earths and sub-Neptunes (Lee & Chiang, 2015;
Ginzburg et al., 2016)). Evaluating E;,s; = E.,,; and accounting for all the y dependencies
yields My, /M, ~ 14% for y = 7/5. This implies that planets with f < 14% have enough
energy available from cooling that they can unbind their H/He envelopes. This envelope
fraction can be converted into a core mass and radius using Equation (2.11) which yields
M, ~ 8Mg and R, ~ 1.7Rg, respectively. We therefore expect a single flat line for the
lower edge of the valley corresponding to R, =~ 1.7Rg for planets whose atmospheric loss
is energy and not time-limited, which corresponds to planets with orbital periods of less

than about 8 days (see the left panel in Figure 2.3).

We note here, that if there is no unique relationship between a planet’s core mass
and its envelope fraction, like, for example, in the logarithmic distribution for f used in
Owen & Wu (2017), then the critical atmosphere to core mass ratio, for which significant
atmospheric loss will occur in the energy-limited regime, cannot be converted to a single
core mass and radius. Hence, in this case, there is no flat line that sets the lower edge of the
radius valley and there is no single orbital period at which the transition from energy-limited

to time-limited atmospheric loss occurs (see the right panel in Figure 2.3).

For the parameters used in this work, the transition between the energy-limited and time-
limited mass-loss occurs around 8 days, but the exact transition in period space depends on
the relationship between f and the core mass (see Figure 2.3 and Equation (2.11)). This
implies that if the lower edge of the radius valley is observed to be a flat line for planets
inside orbital periods of several days than this can be used to constrain the initial envelope

fractions from planet formation and hence the atmospheric accretion process itself.
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Figure 2.4: Dependence of the core-powered mass-loss results on core composition. This
figure displays two-dimensional distributions of planet size and orbital period in the top
row, and histograms of planet size in the bottom row. The three columns correspond to
three different core materials, namely (from left to right), rocky ‘Earth’ like (reference
case; U, = 56 amu, p. =55 ¢ cm‘3), ice (u. = 18 amu, p.. =13 g cm‘3) and iron
(e = 56 amu, pe. = 11 gecm™). While the case with rocky cores closely resembles the
observations (see Figure 2.2), for icy and iron cores the valley shifts to higher and lower
planet sizes, respectively. To aid the comparison between our results and observations, we
normalized our findings over the same planet radius range as the observations, but display
our numerical results down to planet sizes that are smaller than the smallest observed radius

bin in Fulton et al. (2017).
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2.3.3 Constraints on the Core Composition

We investigate the dependence of our results on composition of the exoplanet cores. We

account for changes in core material by modifying the core density (p..) and its molecular

mass (uc).

2.3.3.1 Single Composition Cores

As we can see from Equation (2.12), the slope of the valley should be insensitive to changes

/ ? or more generally as p;f / 9, where

in core density, p.., butits location should scale as p;f
B is the exponent in the mass-radius relation of the core. We therefore expect the slope
to remain the same but the location of the valley to move to larger planet radii for lower
density cores and to smaller planet radii for high density cores. This is exactly what we
find numerically in our results shown in Figure 2.4 for cores made of ice and iron. From
the scaling with core composition above, we predict that the bottom of the valley should
move up by a factor of 1.9 from about 1.6R,, to about 3.0R,, for icy core and move down
by a factor of 0.7 for iron cores from about 1.6R), to about 1.1R; compared to our rocky
‘reference’ case, which is indeed what is shown in Figure 2.4. Another implication of

the exponential dependence on core density is that the characteristics of the final radius

distribution are, to first order, not affected by the changes in u..

Finally, our numerical results in Figure 2.4 confirm that, while there are significant
changes in the location of the valley for the different core compositions, the slope of the

valley remains essentially unchanged, as expected.
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Figure 2.5: Maximum water-ice content for Earth-like cores. This figure shows a two-
dimensional distribution of planet size and orbital period in the top panel and histogram
of planet size in the bottom panel. The cores of the planet population have the following
composition: 56% silicate (u, = 76 amu, p.. = 4 g cm™3), 28% iron (e = 56 amu,
Pexr=11¢g cm™>) and 16% ice (e =18 amu, p.x =13 g cm™>) with an effective Ue =61

3

amu and p.. =~ 5.5 gcm . Earth-like composition cores can contain up to ~ 20% of

water-ice and still match the observations.
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2.3.3.2 Maximum Water/Ice Content of Super-Earths and Sub-Neptune Cores

The strong dependence of the valley’s location on the density of planetary cores implies
that we can, not only constrain the bulk composition of the cores of super-Earths and
sub-Neptunes, but that we can also place limits on their maximum water/ice content.
We demonstrate this in an example in which we assume a core composition that initially
consists of 1/3 iron (pe. = 11 g em™) and 2/3 silicate (p.. = 4 g cm™) by mass,
and then add the maximum amount of water-ice (p. = 1.3 g cm™) that can reproduce
the observations. Figure 2.5 shows that 16% of water-ice can be added to Earth-like
composition cores without causing a noticeable discrepancy between our core-powered
mass-loss results and the observations. This implies that, first, the location of the valley
constrains the bulk density of the super-Earth and sub-Neptune population and, second,
this in turn can be used to place limits on their possible compositions. Overall we find,
similar to photoevaporation studies (e.g., Owen & Wu, 2017; Jin & Mordasini, 2018), that

cores must be predominantly rocky with water-ice fractions of less than ~ 20%.

In addition, we can conclude from the location of the valley and the peaks for the
different core compositions in Figure 2.4 that the fraction of pure water/ice worlds and pure

iron cores must be relatively small.

These inferences imply that most of the close-in super-Earths and sub-Neptunes formed

in a water/ice poor environment.

2.3.4 Dependence on Planet-mass Distribution

We also investigate the sensitivity of our results to the underlying distribution of planet
masses (M, ~ M.). Specifically, we keep the Rayleigh distribution and the inverse-square

tail, but change the value of o;; see Equation (2.10). Figure 2.6 displays our ‘reference’
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Figure 2.6: Dependence of the core-powered mass-loss results on planet-mass distribution.
Figure shows two-dimensional distributions of planet size and orbital period in the top row,
and histograms of planet size in the bottom row. The three columns correspond to three
different planet-mass distributions modeled as a Rayleigh distribution with an inverse-
square tail, with s values of 2.7 Mg (reference case, left panel), 2.0 Mg (middle panel)
and 5.0 Mg (right panel), see Equation (2.10) for details. As, expected, for a lower o, the
occurrence of planets below the valley is larger than in the ‘reference’ case. In contrast, the
peak above the valley is more pronounced for the higher o, value than in the ‘reference’
case. To aid the comparison between our results and observations, we normalized our
findings over the same planet radius range as the observations, but display our numerical
results down to planet sizes that are smaller than the smallest observed radius bin in Fulton

et al. (2017).

36



case (left panel) and results for oy = 2.0Mg and oy = 5.0Mg in the middle and right
panel, respectively. Figure 2.6 shows that for a lower o, i.e., for an underlying distribution
peaking at a lower planet mass, the peak below the valley is more significant than in the
‘reference’ case. In contrast, for higher values of o, the peak above the valley is more
pronounced. However, any changes in the mass distribution do not fundamentally change
the location of the valley itself. This implies that the location of the valley does not depend
on the detailed assumptions of the planet-mass distribution (as long as it is chosen to cover
the observed parameter space in planet radii/masses), but is determined by the planet’s
core composition instead (see Figure 2.4 and discussion in Section 2.3.3). In contrast, the
relative magnitude of the peaks above and below the valley is sensitive to the details of
the underlying planet-mass distribution and it can hence be used to constrain the planet
population from observations. Similar to previous studies, we find a Rayleigh distribution
with an inverse-square tail, with o), ~ 3.0Mg, yields a good fit to the observations; see

Figure 2.2 and Figure 2.6.

2.4 Discussion & Conclusions

Close-in exoplanets display an intriguing gap in their radius distribution around 1.5-2.0
Earth radii (Owen & Wu, 2013; Fulton et al., 2017; Fulton & Petigura, 2018; Van Eylen
et al., 2018).

In this work, we numerically followed the thermal evolution and atmospheric loss of
small, short-period planets modeled on the observed exoplanet population. To distinguish
our results from any atmospheric loss due to photoevaporation, we only considered the
planet’s evolution due to its own cooling luminosity and its subsequent mass-loss, i.e., we

focus on the planet’s evolution due to the core-powered mass-loss mechanism (Ginzburg
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et al., 2016, 2018).

We demonstrated that planetary evolution based on the core-powered mass-loss mech-
anism alone (i.e., without any photoevaporation) is capable of reproducing the observed
valley in the radius distribution of small, close-in planets. In particular, we are able to
match the valley’s position, shape, slope and the relative magnitude of the peaks above
and below the valley. Our results are in good agreement with observations both when
examining the histogram of planet sizes and the two-dimensional planet size-orbital period
parameter space. Our findings imply that even super-Earths that appear as barren rocky
cores today likely formed with primordial hydrogen and helium envelopes and that they

are therefore not true terrestrial planet analogs from the point of view of their formation.

We analytically derive the slope of the valley by equating the atmospheric mass-loss
timescale to the cooling timescale and find a slope for the valley d logR,,/d logP ~ —0.11.
This is identical to the slope that we find from our numerical evolution models and is
in good agreement with the value reported by Van Eylen et al. (2018), —0.09f%'_%i and
Martinez et al. (2019), —0.1170-03.

We find, both numerically and analytically, that the slope of the valley is, to first order,
independent of the core density and planet-mass distribution, but that it does depend on the
mass-radius relation of the core. Precise observational measurements of the valley’s slope
should therefore probe the exoplanet mass-radius relation of the core. We find that published
measurements of the slope are in agreement with M,/Mg o (R./Rg)* but inconsistent

with M./ Mg o« (R./Rg)?>, highlighting the significance of internal compression of massive

cores.

In addition to understanding the formation of the valley itself, we investigated the

dependence of our results on core composition and planet-mass distribution, and compared
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our findings with observations from recent exoplanet studies (Fulton et al., 2017; Fulton &

Petigura, 2018; Van Eylen et al., 2018).

By varying the density and mean molecular mass of the cores, we demonstrated an-
alytically and numerically that the location of the valley depends primarily on the core’s
density and that it shifts to larger (smaller) planetary radii for lower (higher) density cores.
This implies that the location of the valley constrains, to first order, the bulk density of the
cores of the super-Earth and sub-Neptune population. We find that cores must be predom-
inantly rocky with typical water-ice fractions of less than ~ 20% to match observations.
In addition, we conclude from the location of the valley and the peaks for the different
core compositions that the fraction of water worlds and iron cores must be relatively small.
These inferences imply that most of the close-in super-Earths and sub-Neptunes accreted

predominantly inside the ice line.

We also investigated the sensitivity of our results to the underlying distribution of
planet masses and discovered that the location of the valley does not depend on the detailed
assumptions of the planet-mass distribution (as long as it is chosen to cover the observed
parameter space in planet radii/masses). In contrast, the relative magnitude of the peaks
above and below the valley is sensitive to the details of the planet-mass distribution and it
can hence be used to constrain the planet population from observations. Similar to previous
studies, we find that the planet-mass distribution modeled as a Rayleigh distribution with
an inverse-square tail, with oy ~ 3.0Mg, can closely reproduce observations (e.g. Fulton

et al., 2017; Fulton & Petigura, 2018; Van Eylen et al., 2018).

Throughout this work, we use y = 7/5 which corresponds to molecular gas. However,
temperatures deep inside the envelope, especially early on, can be hot enough for hydrogen

to exist as monatomic gas for which y = 5/3 and the dissociation of hydrogen in the
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atmosphere even allows for the possibility of values of v < 4/3. Although we chose to
model our atmospheres with v = 7/5 the results presented in this work are general and
do not depend on the exact value of y used. The main way in which the exact choice of
v matters is that it determines how the mass and energy is distributed in the atmosphere.
However, because we are investigating planets after the spontaneous mass-loss/boil-off
phase, the radius of the atmosphere, given by R,p, varies only between one and and a few
R. which implies that the actual variations between the monatomic and diatomic case for
the mass distribution in the atmosphere are rather small. In addition, since the exponent
given in Equation 2.12 that determines the slope of the valley does not depend on vy, the
slope of the radius valley is the same regardless of the value of y used. Possibly, the most
interesting difference between the monatomic and diatomic case relevant for this work is
the envelope-to-core-mass ratio for which Ej,s =~ E.0 (see Sections 2.2.1 and 2.2.2 for
details). However, even in this case the difference is small. Evaluating Ej,ss = Ecoor
accounting for all the y dependencies yields My, /M, ~ 14% and My, /M, ~ 15%, for
v =7/5and y = 5/3, respectively. These envelope fractions can be converted into core
radii using Equation 2.1 which yields R, ~ 1.7Rg for both cases. Finally, the evolution
timescales are longer by a factor of several for vy = 5/3. However, this longer evolution
timescale would have the most significant effect on Gyr timescales by which time most
planets will have cooled sufficiently such that the v = 7/5 case investigated here likely

provides a better description of their envelopes than the y = 5/3.

In this study, we demonstrate that a planet’s own cooling luminosity is capable of
reproducing the observed valley in the radius distribution of close-in planets. Although
atmospheric loss by the core-powered mass-loss mechanism seems an inevitable by-product
of atmospheric accretion and the planet formation process itself, our results should not be

taken to imply that atmospheric loss by photoevaporation does not happen or that it has
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to be unimportant. In fact, it seems likely that both processes contributed to sculpting the
observed exoplanet population. Our work demonstrates that the core-powered mass-loss
mechanism (Ginzburg et al., 2016, 2018) yields similar results to the photoevaporation
mechanism (Owen & Wu, 2017) in terms of the existence, location and slope of the radius
valley, core composition, and the core mass distribution. This implies that, regardless of
which of the two mechanism dominates (if any), the conclusions concerning, for example,
the core composition and the implications that most super-Earths and sub-Neptunes are

water-ice poor, are independent of the mass-loss mechanism.

In future work, we plan to combine photoevaporation with the core-powered mass-loss
mechanism, and to extend the current investigation to a range of stellar types with the
hope to be able to disentangle the specific signatures that these two mechanisms leave
in the observed exoplanet population. This work will also address whether the core-
powered mass-loss mechanism supports claims from photo-evaporation models that the
planet-mass distribution varies with stellar mass (Wu, 2019) and it will examine the radius

valley’s dependence on metallicity (Owen & Murray-Clay, 2018).
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CHAPTER 3

Signatures of the Core-Powered Mass-Loss Mechanism in
the Exoplanet Population: Dependence on Stellar

Properties and Observational Predictions

IRecent studies have shown that atmospheric mass-loss powered by the cooling luminosity
of a planet’s core can explain the observed radius valley separating super-Earths and sub-
Neptunes, even without photoevaporation. In this work, we investigate the dependence
of this core-powered mass-loss mechanism on stellar mass (M..), metallicity (Z,) and age
(1+). Without making any changes to the underlying planet population, we find that the
core-powered mass-loss model yields a shift in the radius valley to larger planet sizes
around more massive stars with a slope given by d logR, /d logM, ~ 0.35, in agreement
with observations. To first order, this slope is driven by the dependence of core-powered
mass-loss on the bolometric luminosity of the host star and is given by d logR,,/d logM,, ~
(Ba —2)/36 ~ 0.33, where (L./Lg) = (M./Mg)“ is the stellar mass-luminosity relation
and @ ~ 4.6 for the CKS dataset. We therefore find, in contrast to photoevaporation
models, no evidence for a linear correlation between planet and stellar mass, but can’t

rule it out either. In addition, we show that the location of the radius valley is, to first

I'This chapter was previously published in similar form as Gupta, A. and Schlichting, H. E. 2020, MNRAS
493, 792-806.
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order, independent of stellar age and metallicity. Since core-powered mass-loss proceeds
over Gyr timescales, the abundance of super-Earths relative to sub-Neptunes increases
with age but decreases with stellar metallicity. Finally, due to the dependence of the
envelope’s cooling timescale on metallicity, we find that the radii of sub-Neptunes increase
with metallicity and decrease with age with slopes given by d logR,/d logZ, ~ 0.1 and
dlogR,/d logr, ~ —0.1, respectively. We conclude with a series of observational tests

that can differentiate between core-powered mass-loss and photoevaporation models.

3.1 Introduction

In the last decade, NASA’s Kepler mission has revolutionized the field of exoplanets
by discovering more than 4000 planetary candidates (e.g., Borucki et al., 2010). These
discoveries offer new insights into the formation and evolution of planets. One of Kepler’s
key findings is that the most common planets, observed to date, are one to four Earth radii
(Rg) in size (e.g., Fressin et al., 2013; Petigura et al., 2013). In addition, transit-timing
variations (e.g., Carter et al., 2012; Hadden & Lithwick, 2017) and follow-up radial velocity
(e.g., Marcy et al., 2014b; Weiss & Marcy, 2014) measurements have revealed that planets
smaller than about 1.6 Rg have higher densities suggesting rocky ‘Earth-like’ compositions
while larger planets have lower densities consistent with significant H/He envelopes (e.g.,
Marcy et al., 2014a; Rogers, 2015). Intriguingly, analyses of early photometry data from
the Kepler Input Catalog (e.g., Brown et al., 2011), the recent spectroscopic follow-up of
planet-hosting stars by the California-Kepler Survey (CKS; Petigura et al., 2017; Johnson
et al., 2017), and the latest studies incorporating Gaia astrometry and asteroseismology-
based data have all revealed a ‘radius valley’ in the distribution of these small, close-in

(orbital period < 100 days) exoplanets (e.g., Owen & Wu, 2013; Lopez & Fortney, 2013;
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Fulton et al., 2017; Fulton & Petigura, 2018; Van Eylen et al., 2018; Berger et al., 2018;
Martinez et al., 2019).

This radius valley marks the transition from a population of small, rocky ‘super-Earths’
to a population of large ‘sub-Neptunes’ with significant H/He envelopes (e.g., Owen & Wu,
2013; Lopez & Fortney, 2013; Rogers, 2015; Ginzburg et al., 2016). Furthermore, studies
involving Gaia astrometry (Martinez et al., 2019) and asteroseismology-based (Van Eylen
et al., 2018) high-precision measurements of stellar parameters have measured the slope
of the radius valley and obtained values of d logR,/d logP = —0.11fg'.%§ and —0.09f%'.%g,
respectively.

The bimodality in the radius distribution has been attributed to photoevaporation of
H/He envelopes by high-energy radiation (e.g., XUV) from the host stars (e.g., Owen &
Wu, 2013; Lopez & Fortney, 2013; Jin et al., 2014; Chen & Rogers, 2016; Owen & Wu,
2017; Jin & Mordasini, 2018). Under this mechanism, close-in planets can receive, over a
lifetime, a total time-integrated high-energy flux comparable to their atmosphere’s binding
energy and are thus able to lose their atmospheres (e.g., Owen & Wu, 2017). Studies have
demonstrated that planetary evolution with photoevaporation can reproduce the radius
valley. In addition, these studies infer ‘Earth-like’ bulk composition of the planetary cores
implying a low overall water-fraction (e.g., Owen & Wu, 2017; Jin & Mordasini, 2018;
Wu, 2019).

Recently, Ginzburg et al. (2018) and Gupta & Schlichting (2019) showed that the core-
powered mass-loss mechanism is also able to reproduce the observed radius valley, even in
the absence of photoevaporation. In this mechanism, a planet’s internal luminosity drives
the loss of its atmosphere (Ginzburg et al., 2016, 2018; Gupta & Schlichting, 2019). The

source of this luminosity is a planet’s primordial energy from formation, which can be
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of the order of, or even larger than, its atmosphere’s gravitational binding energy. Gupta
& Schlichting (2019) showed that evolution of planets under the core-powered mass-loss
mechanism around ‘Sun-like’ host stars , i.e. stars with solar mass and metallicity and
an age of 3 Gyrs, successfully reproduces the location, shape and slope of the radius
valley as a function of orbital period. They also demonstrated that the exact location
of the radius valley depends on the bulk composition of the planetary cores whereas the
relative abundance of super-Earths and sub-Neptunes depends on the underlying planet
mass distribution. Similar to photoevaporation studies, Gupta & Schlichting (2019) found
that the observations are consistent with ‘Earth-like’ cores with a maximum water-fraction

of ~20%.

New observations provide us with the opportunity to characterize the super-Earth and
sub-Neptune populations as a function of their host star properties (e.g., Fulton & Petigura,
2018; Petigura et al., 2018; Dong et al., 2018). This opens new avenues to investigate and
contrast possible signatures the core-powered mass-loss mechanism and photoevaporation

imprint on the exoplanet population (e.g., Owen & Murray-Clay, 2018; Wu, 2019).

Fulton & Petigura (2018) and Wu (2019) have found that the radius valley increases
in planet size with stellar mass. Moreover, Fulton & Petigura (2018) found that the planet

size distribution also shifts to higher insolation flux with increasing stellar mass.

In addition, Petigura et al. (2018) have reported that the relative occurrence of sub-
Neptunes increases with increasing stellar metallicity while the relative occurrence of
super-Earths remains largely unchanged; see also Dong et al. (2018). Furthermore, Dong
et al. (2018) and Owen & Murray-Clay (2018) have reported that sub-Neptunes are larger
around higher metallicity FGK stars; see also Petigura et al. (2018). Hirano et al. (2018)

reported a similar trend in the distribution of planet sizes around M-dwarfs.
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Furthermore, studies based on the Zodiacal Exoplanets in Time (ZEIT) survey have
reported a trend in planet size with stellar age (e.g., Mann et al., 2016; Rizzuto et al., 2018).
Most Kepler planets are older than a Gyr and have significant uncertainties in their age
estimates. This makes it difficult to investigate any trends in planet size with stellar age.
However, observations from the K2 mission have allowed the discovery of planets in young
clusters like Praesepe and Hyades, both of which are about 650 million years old (e.g.,
Mann et al., 2016; Rizzuto et al., 2018). The number of planets observed in such clusters
is still below ten and thus not statistically significant, nevertheless, these younger planets
are bigger, on average, than their older Kepler counterparts; see Figure 12 in Rizzuto et al.

(2018).

In this study, we extend previous work on the core-powered mass-loss mechanism
(Ginzburg et al., 2018; Gupta & Schlichting, 2019), and investigate how stellar mass,
metallicity and age impact the resulting planet size distribution. We model our host star
population on the stars in the CKS survey and investigate, collectively and in isolation, the
impact of stellar mass, metallicity and age on the resulting exoplanet size distribution. We
show that core-powered mass-loss can explain many of the observational trends with stellar
properties discussed above. In addition, we quantify how different stellar properties shape
the observed planet size distribution. In contrast to photoevaporation models, we find no
evidence for a linear correlation between planet and stellar mass but can’t rule it out either.
We show that in the core-powered mass-loss model the observed dependence of the radius

valley on stellar mass is, to first order, driven by the stellar mass-luminosity relation.

This paper is structured as follows: In Section 3.2, we describe the core-powered
mass-loss mechanism and discuss our model for planetary structure and composition. We
then explain, in Section 3.3, how we model the exoplanet and stellar populations. The

numerical and analytical core-powered mass-loss results are divided into two sections. In
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Section 3.4, we present a comparison of our results with the current exoplanet observations.
Complementing this, in Section 3.5, we show how the core-powered mass-loss mechanism
depends on individual stellar parameters, make predictions for trends with stellar mass,
metallicity and age and investigate if there is any correlation between planet and stellar
mass. Finally, we summarize our results in Section 3.6 and present observational tests for

distinguishing between the signatures of core-powered mass-loss and photoevaporation.

3.2 Planet Structure and Evolution under the Core-Powered Mass-

Loss Mechanism

To study the imprint of the core-powered mass-loss mechanism on the exoplanet population,
we solely focus on core-powered mass neglecting mass-loss due to photoevaporation and
other mechanisms. For a detailed review of this mechanism, we refer the reader to Ginzburg

etal. (2016) and for its dependence on planetary properties, to Gupta & Schlichting (2019).

As a planetary core grows by accreting solids, gravitational binding energy is converted
into heat. This thermal energy can be efficiently radiated away if the core forms in isolation.
However, if this accretion occurs in the presence of a gas disk, then the core will start
accreting a H/He envelope from the surrounding nebula once its Bondi radius is larger than
its physical radius. The presence of an optically thick envelope acts as a ‘thermal blanket’
since, from this point onward, the core’s heat loss is limited by the thermal diffusion across
the radiative-convective boundary of the envelope (e.g., Rafikov, 2006; Lee & Chiang,
2015; Ginzburg et al., 2016), significantly reducing the cooling rate of the underlying
core. As a result, the core temperature is essentially set by the maximum temperature

that permits the accretion of a H/He envelope and is roughly given by 7, ~ GM_ u/kpR,,
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where u is the mean molecular mass of the atmosphere, kp is the Boltzmann constant, G
is the gravitational constant and M. and R, are the mass and radius of the planetary core,
respectively. This implies typical core temperatures of 10* - 10° K for core masses ranging
from the mass of Earth to Neptune. It is this primordial energy from planet formation that
drives atmospheric loss in the core-powered mass-loss mechanism which proceeds over

Gyr timescales.

As the protoplanetary disk disperses, it causes a loss of pressure support on the outside
of the planet’s atmosphere. As a consequence, the planet experiences ‘spontaneous’
atmospheric mass-loss driven by the luminosity of the inner regions of its atmosphere
(Ginzburg et al., 2016; Owen & Wu, 2016). Due to this atmospheric mass-loss, the
atmosphere rapidly shrinks to a few times the planet’s core radius over the disk dispersal
timescale. This sets the initial condition for planetary evolution under the core-powered

mass-loss and photoevaporation (Owen & Wu, 2017) mechanisms.

At this stage, we assume that a typical planet with radius R, and mass M), has a dense
core of radius R, and mass M., and a surrounding gaseous atmosphere of mass M.
We define the core as the non-gaseous part of the planet which dominates the planet’s
mass such that M. ~ M,. We account for gravitational compression by assuming that
the mass-radius relation of the core is given by M./Mg = (R./Re)*(pex/pe)*’?, where
P« 18 the density of the core scaled to an Earth mass and @ refers to the corresponding
Earth values (Valencia et al., 2006; Fortney et al., 2007). Motivated by direct observational
measurements of super-Earth masses and radii (see Figure 10 from Bower et al., 2019) and
core-powered mass-loss results from Gupta & Schlichting (2019), we assume throughout
this paper a density of p.. = 5.0 g cm™> for the cores, when scaled to an Earth mass; see
also Dorn et al. (2019); Dressing et al. (2015). This density estimate is 10% lower than that

used by Gupta & Schlichting (2019) but is in better agreement with the radius distribution

48



observations from Fulton et al. (2017) when considering a distribution of planet host stars
modelled after the CKS dataset (Johnson et al., 2017; Fulton et al., 2017, see Section 3.3.2
for more details). In addition, we assume that the core is molten and fully convective, and

that the core-envelope interface is well-coupled.

Following previous work on gas accretion and loss during disk dispersal (Ginzburg

et al., 2016), we model all planets with an initial atmosphere to core mass-fraction (f)
given by

f~0.05(M./Mg)"/?. (3.1

We assume that all planets have initial H> envelopes and that they can be described as a
diatomic ideal gas with y = 7/5 and u = 2 amu. Although the initial atmosphere to core
mass-fraction is only a few percent, the presence of the atmosphere significantly increases
the size of the planet. Following past works (e.g., Piso & Youdin, 2014; Lee & Chiang,
2015; Inamdar & Schlichting, 2015), we assume that the atmosphere is structured such that
it has an inner convective and outer isothermal region. The convective region is modeled
to be adiabatic and contains most of the atmospheric mass while the radiative region is
close to isothermal. The atmosphere transitions from the convective to radiative region at
the radiative-convective boundary, R,.,. We assume that the planet size is given by the
radiative-convective boundary, i.e., R, ~ R, since the atmospheric density decreases
exponentially outside the R,.;. In other words, we assume that the atmospheric thickness

is AR ~ R,.p — R., where AR initially is a few R..
The aforementioned model yields an atmospheric mass of

Y
Myim =

R’ AR 1/(y-1)
B ) . (3.2)

R2

c

47ngprchR (

Here v is the ratio of heat capacities for the atmosphere, p,. is the density of the atmosphere
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at the R,., and R;B is the modified Bondi radius, such that

Rz Y- 1GMcp
B Y kBTrcb’

(3.3)

where 7,.p is the temperature at the R,.,. T,¢p 1S approximately the planetary equilibrium
temperature, T.q, for a given distance from the host star which can written as

1 L, 1/4
Teq= |7 4
“ (167r0' az) ’ ©H

where o is the Stefan-Boltzmann constant, a is the planet’s semi-major axis and L, is
the luminosity of the host star. To facilitate direct comparison with observations, we
present some of our results as a function of stellar insolation flux, S, which is related to the

equilibrium temperature by S/Se = (Teq/ Teq,@)“.

The total energy available for cooling (E;,;) is the sum of the thermal energy in the

atmosphere and core and the atmosphere’s gravitational energy, i.e.

ly—-1 pu
77L‘_1ﬂc

Y
EcoolngR ~—Magm + Mc P (35)

2y — 1
where u. and vy, are the molecular mass and adiabatic index of the core, and g = GM../R2.
Since the core-envelope interface is well coupled, the cooling of both the core and atmo-
sphere is dictated by the radiative diffusion through the radiative-convective boundary, and
thus the luminosity of the planet is

dE o0 _ o4n O-Tr“ch}?

L =
dr 3 KPreb

(3.6)

where « is the opacity at the radiative-convective boundary. We assume that this opacity

scales as
K Z, ( Prcb )ﬁ

- 10-3 g cm™3

- __ = 3.7
0.1cm?g !  Zg -7)
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where Z, is the stellar metallicity, Z, the metallicity of the Sun, 8 is assumed to be
0.6 throughout this paper (e.g., Lee & Chiang, 2015; Freedman et al., 2008) and any
temperature dependence is neglected. We are assuming in Equation 3.7 that the envelope
opacity scales linearly with the metallicity of the envelope and that the envelope metallicity
can be approximated by the metallicity of the host star such that [Fe/H] ~ [Z./Zy]. The
assumption that the envelope metallicity scales linearly with the metallicity of the host star
is a reasonable first guess, given the absence of direct observational measurements, since
more metal-rich stars are expected to have more metal-rich disks which should, in turn,
lead to more metal-rich planetary envelopes. Recent observational measurements provide
tentative evidence for a correlation between the metallicity of envelope and that of the host

star for gas giant exoplanets (e.g., Wallack et al., 2019).
Combining Equations (3.5) and (3.6) yields a planetary cooling timescale given by

t — Ecool — Ecool
cool |dEcool/dt| L

(3.8)

There are two regimes of atmospheric mass-loss: energy-limited mass-loss and Bondi-

limited mass-loss. The energy-limited mass-loss rate is

ME ~ L(1)

atm — ch,

(3.9)

i.e., it is the absolute upper limit on the atmospheric mass-loss rate achievable assuming
all the cooling luminosity goes into driving the mass-loss. On the other hand, the Bondi-

limited mass-loss rate, M5

wm» Signifies a physical limit on the atmospheric mass-loss rate

dictated by the thermal velocity of the gas molecules at the Bondi radius (e.g., Ginzburg
et al., 2016; Owen & Wu, 2016). Because the hydrodynamic outflow of the atmosphere
has to pass through the sonic point and since the mass flux is conserved, it is convenient to

determine the mass-loss rate at the sonic point, Ry = GM,,/ 2¢2, where ¢, = (k BTeq/ w2
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is the isothermal speed of sound. In this case, the mass-loss rate is M = 4mp sR?c s, Where
ps 1s the density at the sonic point. In the limit that Ry >> R,p, p; 1s related to the density
at the radiative-convective boundary by ps = p,cpeXp(—=2R;/R;cp). The mass-loss rate at

the Bondi radius is therefore given by

oMy ) (3.10)

MB = 4rR2cip.ep exp (— 5
Cs Rycp

The actual atmospheric mass-loss rate is the minimum of the energy-limited and Bondi-

limited mass-loss rates, i.e., My = min{Mf,m, Mftm}. Combining Equations (3.2), (3.9)

and (3.10) yields an atmospheric mass-loss timescale that can be written as

Ma[m {Matm Matm}
tHoss = ——————— = mMax{ — , — . 3.11)
O | d Mg /dt| ME ° MB

Planets which eventually become super-Earths have enough energy to lose their atmo-
spheres entirely and have mass-loss timescales shorter than cooling timescales. On the
other hand, sub-Neptunes either do not have enough energy for complete atmospheric loss
or have mass-loss timescales that are longer than their cooling timescales or the age of the

system.

In our numerical simulations, we simultaneously calculate cooling and atmospheric

mass-loss of a planet by evolving the planet’s energy and atmospheric mass as

Ecoor(t +dt) = Ecp0i(t) — L(t) dt and (3.12)

M (t +dt) = My (t) - Matm(t) dr, (3.13)

respectively; using Equations (3.2), (3.5), (3.9) and (3.10). We choose an integration time

step dt = 10_2 X min{tcool, tloss}'
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Figure 3.1: Distributions of stellar properties from the CKS dataset (Petigura et al., 2017;

Johnson et al., 2017; Fulton et al., 2017, see discussion in Section 3.3.2).

3.3 Modeling the exoplanet population and its host stars

In this section, we discuss how we model the planetary and stellar populations in our
numerical simulations.
3.3.1 Exoplanet Population

Following Owen & Wu (2017) and Gupta & Schlichting (2019), we adopt the following

orbital period and planet mass distribution to model the exoplanet population:

2
dN P, P < 8 days
TloaP o (3.14)
08 constant, P > 8 days, and
AN | Mcexp (-M2/(20)), M. <5 Mg
o (3.15)
dM. M2, M. >5 Mg.

Here, oy is the planet mass where the planet mass distribution peaks. As in Gupta &
Schlichting (2019), we assume o0y = 3 Mg unless otherwise stated. Throughout this work,
we assume that the period distribution is independent of stellar mass, which is, to first

order, consistent with observations (Fulton & Petigura, 2018).
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3.3.2 Host Star Population

We model the stellar population after the full CKS dataset (Petigura et al., 2017) and use
the isochrone-fitted stellar parameters from Johnson et al. (2017). The full CKS dataset
consists of 2025 Kepler planets. We exactly follow Fulton et al. (2017) to implement a
series of cuts to restrict this dataset to a well-characterized sub-sample of 900 planets and
652 host stars. These cuts involve removing false-positive planetary candidates, limiting
the sample to planets with impact parameter b < 0.7 and orbital periods P < 100 days, and
excluding faint stars with Kepler-magnitudes K, > 14.2, giant stars (using the empirical
criteria mentioned in Fulton et al., 2017) and stars with effective temperatures T.gq < 4700
K and T.g > 6500 K. Hereafter, we simply refer to this refined subset of host stars as the

CKS dataset or CKS stellar distribution.

We characterize a host star by the following properties: mass (M..), radius (R..), effective
temperature (T), metallicity (Z,) and age (7.). Figure 3.1 shows histograms of these
stellar properties from the CKS dataset. We use these parameters as stellar inputs when
numerically modelling a planet’s thermal evolution and mass-loss while further assuming
that the age of the planets is well approximated by the age of their host stars. In total, we
evolve a population of 10,000 planets with varying periods and masses (see Equations (3.14)
and (3.15)) around each of the 652 CKS stars. The stellar parameters are kept fixed in
time, as the stars in our sample are not expected to evolve significantly over the typical
core-powered mass-loss timescales, which range from 0.5 to a few Gyrs. We present the
results from our core-powered mass-loss model for a host star population modeled after

the CKS dataset and compare them with observations in Section 3.4.

In addition, in order to understand the impact of the individual stellar parameters

on the observable exoplanet population, we also investigate how the core-powered mass-
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loss depends on each of the stellar parameters (mass, metallicity and age) separately in
Section 3.5. For the stellar parameters that we do not vary, we assume M, = 1 Mg,
[Z./Zs] = 0.0 dex and 7. = 3 Gyrs. As in Section 3.4, we evolve a population of 10,000
planets with period and mass distributions given by Equations (3.14) and (3.15) around

each of the host stars in the population.

3.4 Results: Comparison with observations

In this section, we compare our core-powered mass-loss results with observations of the
planet size distribution and its dependence on orbital period, insolation flux and stellar

mass, metallicity and age.

Ginzburg et al. (2018) and Gupta & Schlichting (2019) demonstrated that, for a popu-
lation of planets around identical ‘Sun-like’ stars, the core-powered mass-loss mechanism
successfully reproduces the radius valley observed in the distribution of small, close-in
exoplanets. Here, we extend these previous works to account for the actual, observed
properties of the host star population. All the results presented in this section are based on
a host star population modeled after the stellar properties of the CKS dataset; see Section
3.3.2 for details. This facilitates direct comparison between our results and observations
based on the CKS dataset (e.g., Fulton et al., 2017; Fulton & Petigura, 2018; Owen &
Murray-Clay, 2018; Wu, 2019).

In Figures 3.2, 3.3, 3.5 and 3.6, we compare our results with completeness-corrected
observations (right-hand panels) from Fulton et al. (2017), Fulton & Petigura (2018) and
Owen & Murray-Clay (2018). These studies make completeness-corrections to recover the
underlying planet size distribution from the distribution of detected planets. To achieve

this, they account for transit and detection probabilities when calculating the underlying
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Figure 3.2: Comparison of results based on the core-powered mass-loss evolution model
with observations in a one-dimensional histogram of planet size. The thick-gray histogram
corresponds to completeness-corrected observations by Fulton et al. (2017, see Table 3) for
planets larger than 1.16 Rg. The orange-dashed histogram corresponds to the results from
Gupta & Schlichting (2019) assuming planetary evolution around identical ‘Sun-like’ host
stars. The thin-black histogram corresponds to results of our model assuming planetary
evolution around a distribution of host stars based on the CKS dataset (Johnson et al., 2017,

Fulton et al., 2017). The results show good agreement with the observations.

planet occurrence rates. While the transit probability simply depends on the ratio of
host star radius and the planet’s semi-major axis, the detection probability depends on
the signal-to-noise ratio, planet-to-star size ratio and orbital period and is estimated by
injecting synthetic transits into the Kepler data to check if they can be recovered or not
(Christiansen et al., 2015); for details, see Fulton et al. (2017). In contrast, the observations
from Fulton & Petigura (2018) shown in the right-hand panel of Figures 3.4 and 3.11 have
not been completeness-corrected such that the relative intensities of the peaks above and

below the radius valley are not representative of the underlying planet population.
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Figure 3.2 shows a comparison between our core-powered mass-loss results for a host
star population modeled on the CKS dataset and with results obtained for ‘Sun-like’ host
stars from Gupta & Schlichting (2019) and completeness-corrected observations reported
by the CKS team (e.g. Fulton et al., 2017). The histogram shows no significant difference
between results obtained for ‘Sun-like’ host stars (dashed orange-line) and stars modeled
directly after the CKS dataset (thin black-line). Both models show good agreement with

the observations (thick grey-line).

3.4.1 Changes in planet size distribution with orbital period and insolation flux

Figure 3.3 shows a comparison, in planet size-orbital period and insolation flux space, of
our core-powered mass loss results for CKS host stars (middle-panel), with results based
on identical ‘Sun-like’ host stars (left-panel; Gupta & Schlichting, 2019) and observations
(right-panel; Fulton & Petigura, 2018). The core-powered mass-loss results are in good
agreement with observations successfully reproducing the location, shape and slope of the
valley, as well as the location and magnitude of the peaks of the exoplanet populations above
and below the valley. In addition, comparison of the middle- and left-panel shows that the
core-powered mass-loss results for the two stellar populations are similar but, accounting
for the true properties of the underlying stellar population (middle-panel) reproduces even
finer features of the observations (right-panel). For example, our new results can reproduce
the ‘triangular’ shape of the radius valley seen in the observations (right-panel) better than
our previous study that was based on identical ‘Sun-like’ host stars (Gupta & Schlichting,
2019). This is due to the range of stellar parameters used in this work, which leads
to a shallower upper edge of the valley compared to results for planets around identical

‘Sun-like’ stars.

57



Model: Identical ‘Sun-like’ stars Model: CKS stellar distribution Observations

%103 x107° . - 0.040
8
. 35 ° 3.5 =3 . 0.035
o S — =] 1 Q
é i~ g6 @ < typical 0030 &
g M < g & £ o 2
Es S g Zoy T 24 funcert. 0025 £
51 © g g I 3
s 3 S 4 # o 0.020 §
4 N
g ! g £ € 7} 0015 2
2 =1 pel = o =
= =15 = S 15 ‘ 215 00103
g 2 [ < A 8 T
= ‘ 5 A o 0.005
0 1.0 0 1.0 1o L - ? 0.000
1 3 10 30 100 1 3 10 30 100 1 3 10 30 100
Orbital period (days) Orbital period (days) Orbital period [days]
%107 %107 0.030
35 |
3.5 3.5 =
g 8 _ 8 6 . 5 0.025 g
< —
E ol Sy E 24 € 24 o0 &
2 o o 4 ) = 2
3 5 s 3 = 0015 §
o R o @ 9 YISO
g ' e g o 2
k= 15 E 2 F15 B 15 |- 0'010%
=, =
S |= - || -— | oons &
0 1.0 0 1.0 a0 Lotd ™ ; 0000
3000 1000 300 100 30 10 3000 1000 300 100 30 10 3000 1000 300 100 30 10
Insolation flux relative to Earth Insolation flux relative to Earth Stellar light intensity relative to Earth

Figure 3.3: Comparison of core-powered mass-loss results with observations. The top row
shows planet size as a function of orbital period whereas the bottom row displays planet
size as a function of stellar insolation flux. The left panel corresponds to results from
Gupta & Schlichting (2019) which were calculated for planets around identical ‘Sun-like’
host stars, the middle panel displays results from this work for planets around host stars that
are modeled after the stellar properties of the CKS dataset (Johnson et al., 2017; Fulton
et al., 2017), and the right panel corresponds to completeness-corrected observed planet
size distribution from Fulton & Petigura (2018) based on the CKS dataset (reproduced

with permission).
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Figure 3.4: Comparison of core-powered mass-loss results (left-panel) with observations
(right-panel) from Fulton & Petigura (2018) (reproduced with permission). The left panel
shows the dependence of the core-power mass loss results on stellar mass, demonstrating
that larger planetary cores are stripped of their envelopes when residing around more
massive host stars compared to planets around lower mass stars. This yields a shift in the
valley separating the super-Earth and sub-Neptune populations to larger planet radii for
higher mass stars. To first order, this slope is driven by the dependence of the core-powered
mass-loss mechanism on the bolometric luminosity of the host star as this dictates the outer
boundary condition for atmospheric mass-loss. The dashed lines in both panels indicate
the shift in the valley’s location with stellar mass and are plotted with the same slope. Note:
Completeness corrections associated with observational bias were not accounted for in the
right panel (B.J. Fulton, personal communication). Therefore, the relative occurrence of

planets above and below the valley cannot be compared with the observations.
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3.4.2 Changes in planet size distribution with stellar mass

Figure 3.4 shows the resulting distribution of planet size as a function of stellar mass from
our core-powered mass-loss model (left-panel) and observations from Fulton & Petigura
(2018, right-panel). We find that core-powered mass-loss causes the location of the
radius valley and the super-Earth and sub-Neptune populations to increase in planet size
with increasing stellar mass. This is consistent with observational results from Fulton &
Petigura (2018) and Wu (2019). In addition, we find that the slope of the valley in this
parameter space is d logR,,/d logM.,. ~ 0.35, which is also in excellent agreement with the
values obtained from observations (Fulton & Petigura, 2018; Wu, 2019). For example,
the dashed line in the right panel of Figure 3.4 from observations by Fulton & Petigura
(2018) corresponds to a slope of d logR,,/d logM, ~ 0.35 and Wu (2019) reports a slope
of dlogR,/dlogM, =~ 0.24 — 0.35 and finds that it extends to M-dwarfs of masses as
low as 0.2M. We demonstrate in Section 3.5 that this slope is, to first order, due to the
dependence of the core-powered mass-loss mechanism on the bolometric luminosity of the

host star as this dictates the outer boundary condition for atmospheric mass-loss.

Dependence on stellar mass as a function of orbital period and insolation flux

Figure 3.5 displays the planet size distribution as a function of period (first row) and
insolation (second row) for three stellar mass bins. The observations from Fulton &
Petigura (2018) are shown for comparison in rows three and four. Our core-powered mass-
loss results (displayed in the first and second row) clearly show that the radius valley moves
to larger planet sizes for more massive stars as already shown in Figure 3.4. In addition, we
find that the super-Earth and sub-Neptune populations move to higher stellar insolation for

more massive stars. This is due to the fact that the exoplanet period distribution is, motivated
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Figure 3.5: Comparison of core-powered mass-loss results (first and second rows: the two
rows on this page) with completeness-corrected observations (third and fourth rows: the
two rows on the next page) from Fulton & Petigura (2018, reproduced with permission).
The planet size distribution is shown for three stellar mass bins as a function of orbital
period (first and third row) and stellar insolation flux (second and fourth row). Our core-
powered mass-loss results clearly show that the radius valley moves to larger planet sizes
for more massive stars (see also Figure 3.4). In addition, we find that the super-Earth and
sub-Neptune populations move to higher stellar insolation for more massive stars, which is
due to the fact that the exoplanet period distribution is approximately independent of stellar

mass. Figure continued next page.
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Figure 3.5: Continued from previous page.
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by observations (see Fulton & Petigura, 2018), assumed to be independent of stellar mass.
As a result, planets with the same orbital period move to higher insolation fluxes around
higher mass, i.e. more luminous, stars. For a constant period distribution, insolation flux
scales with stellar mass as S o« MY -2/ 3, where « is the power-law index of the stellar mass-
luminosity relation (see Section 3.5.1 for details). Overall, we find very good agreement
between the core-powered mass-loss results and observations. Based on the observational
results shown in rows three and four of Figure 3.5, Fulton & Petigura (2018) reported that
the planet size distribution shifts to higher stellar insolation flux around more massive stars
and interpret this as a signature of photoevaporation. We question this interpretation based
on the core-powered mass-loss results shown in rows one and two of the same figure. As
discussed, the shift of the planet size distribution to higher stellar insolation flux around
more massive stars is a direct result of the fact that the period distribution is approximately
independent of stellar mass. In addition, one needs to be cautious with such claims until
the effect of all stellar properties on the results are considered collectively since stellar age
and metallicity conspire together such that sub-Neptunes are larger for younger and higher

metallicity stars, both of which are correlated with stellar mass in the CKS dataset (see

Section 3.5 for details).

In addition, a shift in the exoplanet distribution to higher insolation as a function of
stellar type has also been observed around M-dwarfs. Hirano et al. (2018) reported that
around early, less XUV active M-dwarfs, planets are located at higher insolation flux
in comparison to mid-to-late, more XUV active M-dwarfs; see their Figures 18 and 19.
Hirano et al. (2018) interpret this as a signature of photoevaporation. However, if this is
indeed a signature of photoevaporation transforming sub-Neptunes into super-Earths, then
Hirano et al. (2018) should also have found rocky super-Earths at higher insolation around

the more active M-dwarfs, as they are the remnants of the stripped sub-Neptunes. However,
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Figure 3.6: Comparison of core-powered mass-loss results as a function of metallicity,
[Z./Zs] (left panel), with completeness-corrected observations from Owen & Murray-
Clay (2018) (right panel). The dashed lines in both panels indicate the increase in the size
of sub-Neptunes with metallicity with a slope of d logR,/d logZ. ~ 0.1. Sub-Neptunes
are on average larger around metal-rich stars, since higher atmospheric opacities result in
longer thermal contraction and cooling timescales. In contrast, the location and slope of
the radius valley, as well as the average sizes of super-Earths are, to first order, independent

of metallicity; see Section 3.5.2 for details.

no such population is detected. Therefore, this observed shift in insolation is unlikely a
signature of an atmospheric mass-loss mechanism. Instead, Figures 18 and 19 from Hirano
et al. (2018) might be evidence of protoplanetary disk truncation around M-dwarfs which

could be caused by disk-photoevaporation, or some other process.

3.4.3 Changes in planet size distribution with stellar metallicity

The left panel of Figure 3.6 shows core-powered mass-loss results as a function of stellar

metallicity. We find that the size of sub-Neptunes increases with increasing stellar metal-
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licity whereas neither the radius valley nor population of super-Earths show any visually
discernible dependence on stellar metallicity. Specifically, we find that the average size
of sub-Neptunes increases with stellar metallicity (represented by the inclination of the
contours of the sub-Neptune population) such that d logR,/d logZ, ~ 0.1. These finding
are consistent with observations by Petigura et al. (2018), Dong et al. (2018) and Owen
& Murray-Clay (2018). The right panel of Figure 3.6 shows observations from Owen &
Murray-Clay (2018) based on the CKS dataset (Johnson et al., 2017; Fulton et al., 2017).
The dashed line, roughly drawn to indicate the observational trend of planet size with
stellar metallicity for the sub-Neptune population, has a slope of d logR,/d logZ, ~ 0.1.
We note here that observations show hardly any change in the location of the valley as
a function of stellar metallicity. This suggests that, to first order, changes in metallicity
predominately impact the sizes of sub-Neptunes but not the super-Earth population. As we
show in the next section (see Section 3.5.2), these observations are consistent with results
from our core-powered mass-loss model, which predicts no metallicity dependence of the
radius valley and the super-Earth population. The observed planet size-metallicity trend
displayed in the sub-Neptune population is also consistent with the results in Section 3.5.2.
However, as the trend in the sub-Neptune population is predominately due to that fact that
the thermal contraction timescales are prolonged for higher envelop opacities/metallicities,
the observed planet size-metallicity trend is not a unique signature of the core-powered

mass-loss mechanism.

3.4.4 Changes in planet size distribution with stellar age

Figure 3.7 shows core-powered mass-loss results vary as a function of age for a population

of planets with host stars modeled after the CKS dataset (Johnson et al., 2017; Fulton et al.,
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Figure 3.7: Core-powered mass-loss results as a function of age. The left panel shows
theoretical results for a planet population around a distribution of host stars modeled after
the CKS dataset (Johnson et al., 2017; Fulton et al., 2017); the right panel shows our
predicted average planet size with age. These results demonstrate that the average size
of sub-Neptunes decreases significantly while the average size of super-Earths increases
slightly with age. In addition, we predict that the relative occurrence of sub-Neptunes with
respect to super-Earths decreases with age over Gyr timescales. These trends are due to
the fact that typical mass-loss timescales are on the order of 0.5-1 Gyrs, which leads to an
increase of super-Earths with respect to sub-Neptunes over these timescales. In addition
the envelopes of sub-Neptunes will have had more time to cool and contract resulting in a
decrease in the average sub-Neptune size with age; see Section 3.5.3 and Figure 3.10 for

details.
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2017). We predict that sub-Neptunes are visibly smaller around older stars since their
envelopes had more time for thermal contraction in older systems, whereas super-Earths
have similar but slightly larger sizes as a function of age. We note here, no observations
are shown in Figure 3.7. Given the small range in stellar ages and their relatively larger
uncertainties, no direct statistical comparison between core-powered mass-loss results and

observations is currently possible (but see discussion in Section 3.5.3 for details).

In this section, we discussed our core-powered mass-loss results for a population of
planets with host stars modeled after the CKS dataset and showed that the core-powered
mass-loss mechanism can reproduce and explain a multitude of observational trends (e.g.,
Fulton & Petigura, 2018; Owen & Murray-Clay, 2018; Petigura et al., 2018; Dong et al.,
2018; Wu, 2019). In the next section, we explain the key physical properties of the
core-powered mass-loss mechanism that lead to the results presented here and make ob-
servational predictions for the core-powered mass-loss mechanism as a function of stellar

properties.

3.5 Results: Analytical scalings and dependence on stellar properties

In this section, we explore and explain, analytically and numerically, the dependence of the
core-powered mass-loss mechanism on stellar mass, metallicity and age by only varying

one of these stellar parameters at a time.

We assume, with the exception of Section 3.5.4, the same planet mass and orbital period
distribution for all host stars such that any changes in the resulting planet size distribution
can be unambiguously attributed to changes in the host star properties. Unlike in Section

3.4, where we modeled the host stars after the CKS dataset, here we assume a uniform
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Figure 3.8: Core-powered mass-loss results as a function of stellar mass (luminosity) for
planets around solar metallicity stars after 3 Gyrs of thermal evolution and mass-loss.
Here, only the stellar mass is varied while keeping all other parameters the same. The left
panel shows the two-dimensional distribution of planet size as a function of stellar mass
(luminosity); the right panel displays the corresponding histograms of planet sizes for
stellar masses of 0.5M¢, (yellow-solid line), 1M (blue-dashed line), and 2M, (red-dotted
line), respectively. The dashed line in the left panel corresponds to the slope of the radius

valley, d logR,, /d logM, =~ 0.33, derived analytically in Equation (3.18).

distribution for the single stellar parameter that we are varying. For the parameters that are

held constant, we assume solar values for metallicity and mass, and an age of 3 Gyrs.

3.5.1 Dependence on stellar mass

Stellar mass plays a role when modelling atmospheric loss driven by the core-powered
mass-loss mechanism in two ways: (i) it relates the orbital period distribution of the planet
population to the semi-major axis and (ii) it dictates the equilibrium temperature Teq for

each planet given its distance from the host star. The equilibrium temperature depends
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on the bolometric luminosity L, and the semi-major axis a such that Teq o Li/ Yam112,

The bolometric luminosity, in turn, can be expressed as L, oc T:HR; 2 where Te 1s the
effective temperature of the star and R, the stellar radius. The CKS dataset provides both,
stellar radii and effective temperatures. However, the bolometric luminosity is also strongly

correlated with the stellar mass M.. such that

The dependence of the core-powered mass-loss mechanism on stellar mass is, to first
order, driven by the stellar mass-luminosity relation, since more massive stars have higher

luminosity which leads to higher T4 and hence more mass loss from the planet.

While we directly use stellar radius and effective temperature to derive a star’s lumi-
nosity for the numerical simulation results discussed in Section 3.4, in this section we use
the stellar mass-luminosity relation to isolate the effect of stellar mass on the resulting
radius valley and planet size distribution. Given the stellar mass-luminosity relation, for a
fixed period distribution we get Teq o< Mia/ H=(1/ 6), which sets the temperature at a planet’s
Bondi radius. Gupta & Schlichting (2019) showed that the slope and location of the valley
in the planet distribution is set by the condition #;,55 = #.,,;. Furthermore, they showed that
this condition is very well approximated by GM,, / c2R,» = constant, due to the exponential
dependence of tﬁ) .5 (see Section 3.2). Substituting for the speed of sound, the mass-radius

relation of the core, and using the fact that R,., = R, ~ 2R, yields
3p—1
RPTeq ~ constant. 3.17)

Substituting for 7.4 using the stellar mass-luminosity relation we find

dlogR, 3a-2

= =0.33 =4.6. 1
dTogM, 36 0.33 for « 6 (3.18)
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Here we evaluated the last equality for @ = 4.6, which is the best-fit value we measured
from the CKS dataset. This analytical estimate of the slope is in good agreement with the
observations based on the CKS dataset which find d logR,,/d logM, ~ 0.35 (e.g., Fulton
& Petigura, 2018; Wu, 2019), with the results of our numerical simulations discussed in
Section 3.4 and with the numerical results based on the mass-luminosity relation, which
is only used in Section 3.5.1, as shown in Figure 3.8. In addition, we predict that, if
planetary evolution is dominated by core-powered mass-loss, the radius valley will have a
slope d logR,,/d logM, = (3a — 2)/36 and hence will be steeper for planets around host
star populations with larger @ and vice-versa (e.g., Eker et al., 2018). This trend would be
weakened if photoevaporation or other mass-loss processes also play a significant role in

shaping the exoplanet radius distribution.

We note here, while the value of « that we measure directly from the CKS dataset is
somewhat larger than what is predicted by simple theoretical models, it is in agreement
with observational measurements of the mass-luminosity relation for stars in the solar
neighbourhood (Eker et al., 2018). For example, Eker et al. (2018) find values of @ ranging
from 4.3 to 5.7 for the relevant stellar masses in the CKS dataset. Furthermore, the CKS
dataset is a magnitude-limited rather than a volume-limited sample thereby including more

high luminosity/mass stars.

Figure 3.8 displays the planet size distribution as a function of stellar mass (luminosity)
assuming that all host stars are 3 Gyrs old and have solar metallicity. The left panel of
Figure 3.8 shows the location of the valley and that the size of super-Earths and sub-
Neptunes increases with increasing stellar mass (or luminosity) as derived analytically
in Equation (3.18) and as shown by the black-dashed line in the figure. In other words,
planets around more massive stars are, on average, bigger in size. In addition, the relative

abundance of sub-Neptunes decreases and that of super-Earths increases with increasing
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stellar mass. This is because planets around more massive or luminous stars are more
susceptible to losing their atmospheres as they have higher equilibrium temperatures which
result in shorter mass-loss timescales and thus a higher fraction of sub-Neptunes become
super-Earths around more massive stars. These two results are also evident from the right
panel of Figure 3.8 which shows the radius distribution for host star masses corresponding
to 0.5M, 1.0My and 2.0M, respectively. These results explain observations reported by
Fulton & Petigura (2018) and Wu (2019) who find that the radius valley increases in planet

size with increasing stellar mass.

Assuming that the orbital period distribution is independent of stellar mass, this ob-
servation seems surprising under a basic framework of photoevaporation since the XUV
flux roughly remains constant as a function of stellar mass and hence should yield an
approximately flat radius valley as a function of host star mass; see also Wu (2019). This
is because the ratio of XUV to bolometric flux decreases with stellar mass (e.g., Jackson
et al., 2012; Tu et al., 2015) while the bolometric flux increases. These two trends roughly
cancel each other (Owen & Murray-Clay, 2018). Therefore, in order to explain radius
valley’s dependence on stellar mass with photoevaporation models, Wu (2019) invoked a
linear correlation between the planet mass distribution and host star mass and thereby is

able to match the observations.

As shown above and in Section 3.4, the core-powered mass-loss mechanism yields a
shift in the radius valley to larger planet sizes around more massive stars with a slope
given by d logR,,/d logM, ~ 0.33, in agreement with observations. We therefore find, in
contrast to photoevaporation models, no evidence for a linear correlation between planet
and stellar mass. We nonetheless investigate the imprint that a linear correlation between
planet and stellar mass would have on the observed planet size distribution in the context

of the core-powered mass-loss mechanism in Section 3.5.4.
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Figure 3.9: Core-powered mass-loss results as a function of stellar metallicity for planets
around solar mass stars after 3 Gyrs of thermal evolution and mass-loss. The left panel
shows the distribution of planet size as a function of metallicity = [Z./Zo]; the right
panel displays the corresponding histograms of planet size for metallicities of —0.5 dex
(yellow-solid line), 0.0 dex (blue-dashed line), and 0.5 dex (red-dotted line), respectively.
The gray-dashed line in the left-panel shows the increase in the size of sub-Neptunes with
metallicity, i.e., d logR,/d logZ, ~ 0.1, derived analytically in Equation (3.20). In contrast
to the sub-Neptune population, the location of the valley, specifically the lower edge of
the valley defining the upper envelope of the super-Earth population, shows no significant
dependence on metallicity. Furthermore, this figure also shows that the relative occurrence

of sub-Neptunes with respect to super-Earths increases with increasing metallicity.
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3.5.2 Dependence on stellar metallicity

The rate at which planets cool and contract depends on the opacity of the envelope,
k, as this sets the rate of radiative diffusion through the radiative-convective boundary
(see Equations (3.6) and (3.8)). If the opacity at the radiative-convective boundary is
proportional to the stellar metallicity, Z,, as we assume in Section 3.2, then the planetary
cooling timescale is directly proportional to the stellar metallicity such that t.,,; o< Z..
In other words, a planet around a metal-poor star, i.e., a planet with lower atmospheric
opacity, loses its energy on a shorter timescale than around a higher metallicity star. As
a result, sub-Neptunes will be larger around higher metallicity stars than metal poor stars
when comparing systems of the same age. We can derive an analytical estimate for the size
of sub-Neptunes as a function of metallicity by assuming that atmospheric mass-loss can
be neglected such that M, = constant and thus cooling and contraction due to mass-loss
can be ignored. In this case, Equations (3.1), (3.2) and (3.5) to (3.7) can be combined to
yield

By+l

t< Z,AR 7T, (3.19)

where 1 is the age of the system and where we used Equation (3.1) and the assumption
that M,,,, = constant to eliminate the dependence on the density at the R,.,. Hence, from

Equation (3.19) we have that at a given time AR Ziy_l)/ B7*+1) such that

dlogR AR -1 5
gp———(7 ) (3.20)

dlogZ. R, \By+1) 46’
where we substitute y = 7/5, B = 0.6 (see Equation 3.7) and AR/R, =~ 1/2 in the last
step. We note here that approximating AR/R,, as ~ 1/2, which is essentially our initial
condition, results in the maximum slope possible and since AR/R,, decreases over time as

the envelope cools and contracts. The value calculated in Equation (3.20) is therefore an
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overestimate of the slope for a planet population with an age of 3 Gyrs.

The left panel of Figure 3.9 shows the planet size distribution as a function of metallicity,
where we assume that the planet’s opacity scales linearly with stellar metallicity (see
Equation (3.7)). The size trend with metallicity and slope of the sub-Neptune population
from our numerically evolved planet population agrees well with the simple analytical
estimate derived in Equation (3.20) above. In addition, this analytical scaling matches the
observations (Owen & Murray-Clay, 2018) and our numerical results discussed in Section
3.4 where d logR,,/d logZ. ~ 0.1; see also Figure 3.6. Our results are also consistent with
observations reported by Dong et al. (2018), Owen & Murray-Clay (2018) and Petigura
et al. (2018) who all find that sub-Neptunes are larger around more metal-rich stars. Our
results similarly apply to M-dwarfs and can explain observations that find that planets, on
average, are larger around higher metallicity M-dwarfs (Hirano et al., 2018). These results
are also evident from the right panel of Figure 3.9 which shows the planet size distribution

for host star metallicities of —0.5, 0.0 and 0.5 dex, respectively.

In contrast to the sub-Neptune population, core-powered mass-loss predicts a negligible
dependence of the location of the radius valley and sizes of super-Earths as a function of
metallicity. This is because, as shown in Gupta & Schlichting (2019) and summarized
in Section 3.5.1, the slope of the radius valley is, to first order, given by GM p/ c?chb =
constant. Therefore, as long as the spontaneous mass-loss phase (boil-off phase) results in
initial planet sizes R,., = R, = 2R, independent of envelope metallicity, we find that the
slope of the valley, especially the lower edge that marks the upper envelope of the super-
Earth population, does not depend on metallicity. This explains the almost flat contours of
the super-Earth population shown in Figure 3.9 and the flat valley shown in Figure 3.6 and
is the reason why, to first order, only the sizes of sub-Neptunes depend on stellar metallicity

but not the location of the valley or the sizes of super-Earths.

74



In reality, there is a weak dependence of the radius valley and super-Earth sizes on
metallicity because the atmospheric mass-loss timescales increase with stellar metallicity
such that at a given time, planets with higher atmospheric opacities will have lost less of their
envelopes than those with lower envelope opacities. This leads, for a given age, to smaller
cores (super-Earths) around metal-rich stars compared to metal poor ones. This in addition
implies that, at a given time, the relative abundance of super-Earths to sub-Neptunes should
be higher around lower metallicity stars, as can be seen in Figure 3.9. These results offer
an explanation as to why the relative occurrence of sub-Neptunes increases with increasing

metallicity as found observationally by Petigura et al. (2018) and Dong et al. (2018).

3.5.3 Dependence on stellar age

Atmospheric mass-loss driven by the cooling of the underlying core depends on the age
of the system as mass-loss and thermal evolution extend, in contrast to photoevaporation,
over Gyr timescales (see Section 3.2 for details). This implies that sub-Neptunes around
older stars will be smaller than those around younger stars since the former will have had
more time to cool and contract. Moreover, planets that eventually become super-Earths
have had more time to complete their mass loss in older systems. Thus, older stars will
have a higher abundance of super-Earths relative to sub-Neptunes compared to younger
stars. Specifically, we expect a drastic change in the planet size distribution between stars
that are younger and older than the typical core-powered mass-loss timescale, which is of
the order of a Gyr. Due to these long mass-loss timescales, we predict the transformation

of sub-Neptunes into super-Earths to continue over Gyr timescales.

Assuming a constant metallicity, we have from Equation (3.19) that the radii of the
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Figure 3.10: Core-powered mass-loss results as a function of stellar age for planets with
solar mass and solar metallicity host stars. The left panel shows the distribution of planet
sizes as a function of age; the right panel displays the corresponding histograms of planet
size for ages of 0.5 Gyrs (yellow-solid line), 3.0 Gyrs (blue-dashed line), and 10 Gyrs
(red-dotted line), respectively. The dashed line in the left panel shows the decrease in
the size of sub-Neptunes with age, i.e., d logR,/d logr, =~ —0.1, derived analytically in
Equation (3.21). In contrast to the sub-Neptunes, the average size of super-Earths increases
with age. In addition, this figure shows that the relative abundance of super-Earths to sub-

Neptunes increases over time, as expected.
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sub-Neptune population vary with age as

dlogR,,__AR v—-1 N 5 (3.21)
By +1 ’

dlogr, R_p 46’
where we again substitute y = 7/5, § = 0.6 and AR/R,, ~ 1/2 in the last step. Just like for
the metallicity dependence, the value calculated in Equation (3.21) is an overestimate of
the slope for a planet population with an age of 3 Gyrs (see discussion following Equation
(3.20) for details). Nonetheless, this analytical estimate agrees with our numerical results

shown in Figure 3.10.

The left panel of Figure 3.10 shows the changes in planet size as a function of age for
solar mass and solar metallicity host stars. As expected, sub-Neptunes decrease in size
with increasing stellar age as their envelopes cool and contract. Moreover, we find an
increase in the average size of super-Earths with age as larger (more massive) cores are
being stripped of their envelopes over time. This, in addition, leads to an increase in the
number of super-Earths relative to sub-Neptunes with time. These results are displayed in
the right panel of Figure 3.10 which shows the planet size distribution for host stars with
ages of 0.5, 3.0 and 10.0 Gyrs. The core-powered mass-loss mechanism therefore predicts
that sub-Neptunes decrease in size, while the average size of super-Earths increases with
stellar age and that the relative abundance of super-Earths with respect to sub-Neptunes

increases with time, especially over periods from 500 Myrs to 3 Gyrs.

The relatively large uncertainties in most stellar ages currently do not allow for a
detailed comparison between predictions from the core-powered mass-loss mechanism
and observations. However, according to Mann et al. (2016) and other ZEIT studies,
younger planets (in stellar clusters ~ 10-650 Myrs old) are on average bigger than the older
Kepler planets (2 1 Gyr old); see Figure 12 in Rizzuto et al. (2018). According to these

studies, close-in planets likely lose significant portions of their atmospheres even after the
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Figure 3.11: Comparison of core-powered mass-loss results (left and middle panel) with

observations (right-panel) from Fulton & Petigura (2018, continued next page).

first few hundred million years. If correct, these observations directly confirm predictions
from core-powered mass-loss with its Gyr-long mass-loss timescales (see also Ginzburg
et al., 2016) and would be challenging to explain with photoevaporation which mostly

occurs over the first 100 Myrs.

3.5.4 Investigating proposed correlations between the planet- and stellar-mass dis-

tributions

As mentioned above, to reconcile the observed correlation between the location of the
radius valley with stellar mass considering only atmospheric-loss due to photoevaporation,
Wu (2019) had to invoke a linear correlation between the planet- and stellar-mass distribu-
tions. Specifically, she inferred that the peak of the planet mass distribution, i.e., oy (see

Equation (3.15)), scales linearly with the mass of the host star.

In Sections 3.4 and 3.5.1, we demonstrate that no such correlation is required when
accounting for planetary evolution and atmospheric loss driven by the core-powered mass-
loss mechanism. In other words, we find that in order to explain the observations we don’t

need to impose a linear correlation between the planet- and stellar-mass distribution as
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Figure 3.11: Comparison of core-powered mass-loss results (left and middle panel) with
observations (right-panel) from Fulton & Petigura (2018). The left and middle panel
show the resulting planet size distribution assuming no correlation between planet- and
stellar-mass (left-panel) and for a linear correlation between the planet- and stellar-mass
distributions (middle-panel), respectively. o corresponds to the peak in the planet mass
distribution (see Equation (3.15) for details). The dashed lines indicate the slopes of the
radius valley which are given by d logR,,/d logM,. =~ 0.35. Comparing the left and middle
panels with the observations (right-panel) shows that assuming a linear-scaling between
the planet- and stellar-mass distributions (middle-panel) and no-scaling (left-panel) both
yield similar slopes which are both consistent with observations (left-panel). Core-powered
mass-loss models only yield a slightly steeper slope when assuming a linear-scaling between
the planet- and stellar-mass distributions compared to no-scaling because, to first order, the
location of the radius valley is independent of the underlying planet mass distribution (see
Section 3.4 of Gupta & Schlichting, 2019, for details). As evident when comparing the
left and middle panels, the intensities of the peaks above and below the valley are sensitive
to the details of the planet mass distribution, but we are currently not able to favour one
model over the other on this basis as the observations from Fulton & Petigura (2018) that
we are comparing to, in the right panel, have not been completeness-corrected. As before,
the ages, metallicities and masses of the host stars are modeled after the stellar distribution

from the CKS dataset (Johnson et al., 2017; Fulton et al., 2017).
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inferred by Wu (2019) for their photoevaporation model. Nevertheless, in this section we
investigate how our core-powered mass-loss results would change if we impose a linear
relation between the planet- and stellar-mass distribution. Specifically, we assume that

oym/3Mg = M./ Mg (see Equation (3.15) for details).

Figure 3.11 demonstrates that the slope of the valley is similar when assuming no
correlation between the planet- and stellar-mass distributions (left-panel) or a linear cor-
relation between the planet- and stellar-mass distributions (middle-panel). Furthermore,
both models yield a good fit to observations from Fulton & Petigura (2018) (right-panel)
and both match a slope of d logR,/d logM, ~ 0.35 given by the dashed line in all three
panels. Core-powered mass-loss models only yield a slightly steeper slope when assuming
a linear-scaling between the planet- and stellar-mass distributions compared to no-scaling
because, to first order, the location of the radius valley is independent of the underlying
planet mass distribution (see Section 3.4 of Gupta & Schlichting (2019) for details). As
evident when comparing the left and middle panels, the intensities of the peaks above and
below the valley are sensitive to the details of the planet mass distribution. However, we are
currently not able to favour one model over the other on this basis because the observations
from Fulton & Petigura (2018) that we are comparing to in the right panel have not been
completeness corrected for the relative intensities of the two peaks above and below the

valley.

In summary, since the slope of the radius valley is, to first order, not sensitive to
the planet-mass distribution for the core-powered mass-loss mechanism, we do not find
evidence for a linear correlation between the stellar- and planet-mass distributions, but we

cannot rule it out either.
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3.6 Discussion and Conclusions

In this paper we extended previous work on the core-powered mass-loss mechanism
(Ginzburg et al., 2018; Gupta & Schlichting, 2019), and investigated how stellar mass,

metallicity and age impact the resulting planet size distribution.

We first investigated the evolution of planets around a population of host stars modeled
after the CKS dataset (Johnson et al., 2017; Fulton et al., 2017). This allows for a direct
comparison between our core-powered mass-loss results and observations based on the
CKS data set. We find that, to first order, the resulting planet size distribution as a function
of period and/or stellar insolation is very similar to that obtained by Gupta & Schlichting
(2019), who only considered ‘Sun-like’ host stars. However, modeling the actual host star
properties yields, as expected, an even higher degree of agreement between core-powered
mass-loss results and the observations (Fulton & Petigura, 2018). In addition, we find that
our core-powered mass-loss results are in excellent agreement with the observed planet
size distribution as a function of both stellar mass (e.g., Fulton & Petigura, 2018; Wu,
2019) and metallicity (e.g., Owen & Murray-Clay, 2018; Petigura et al., 2018; Dong et al.,
2018; Hirano et al., 2018). Furthermore, our results also explain the shift in the planet size
distribution to higher insolation flux as a function of stellar mass, as observed by Fulton &

Petigura (2018).

In addition, we investigated how our core-powered mass-loss results depend on stellar
mass, metallicity and age separately. This enabled us not only to understand the key
physical processes responsible for the agreement of our results with observations, but also
enables us to make predictions for the planet size distribution and its dependence on a wide

rage of stellar parameters.

We find that the planet size distribution varies with stellar mass because core-powered
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mass-loss depends on the bolometric luminosity which, in turn, is strongly correlated with
stellar mass. Thus, more massive stars host planets with higher equilibrium temperature,
making even more massive planets susceptible to complete atmospheric loss. We derived an
analytical estimate for the slope of the valley in planet size and stellar mass parameter space
and show that d logR,/d logM, =~ (3a — 2)/36, where « is the power-low index relating
stellar mass and luminosity, such that L./Ly = (M./Mg)®. We find that @ ~ 4.6 for the
host stars in the CKS dataset and use this to calculate that d logR,/d logM, =~ 0.33. This
analytical estimate is in good agreement with our numerical results and the observations

(Fulton & Petigura, 2018; Wu, 2019).

In contrast to stellar mass, we find that, to first order, that the core-powered mass-
loss mechanism predicts a negligible dependence of the location of the radius valley as
a function of metallicity and age. This is because, as shown in Gupta & Schlichting
(2019) and summarized in Section 3.5.1, the slope of the radius valley is, to first order,
given by GM,,/ c2R,.;, = constant, which has no explicit dependence on metallicity or
age. Therefore, as long as the spontaneous mass-loss phase (boil-off phase) results in
initial planet sizes R,., = R, ~ 2R, independent of envelope metallicity or age, we have
that the slope of the valley, especially the lower edge that marks the upper contour of the
super-Earth population, does not depend on metallicity or age. In reality, there is a weak
dependence on age and metallicity resulting in slightly larger cores that are stripped as
a function of time (see Figure 3.10) and slightly smaller cores that are stripped of their
atmospheres as a function of metallicity (see Figure 3.9). This dependence is due to the
metallicity’s effect on the mass-loss timescale. However, since this metallicity dependence
does not appear in the exponent of the mass-loss timescales, the metallicity and hence age

dependence is only a second-order effect and hence weak.

Unlike the location and slope of the radius valley, the size distribution of the sub-
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Neptune population does display a visible dependence on both metallicity and age. This is
because the rate at which the envelope cools and contracts is related to its opacity. The size
of sub-Neptunes therefore depends on both the opacity of the envelope and the age of the
system. Assuming that the envelope opacity is proportional to the stellar metallicity, the
cooling timescale is directly proportional to the stellar metallicity. Asaresult, sub-Neptunes
will be larger around higher metallicity and/or younger stars than metal poor and/or older
stars. We derived an analytical estimate for the size of sub-Neptunes as a function of
metallicity and age and showed that d logR,/d logZ, ~ 0.1 and d logR, /d logr, ~ 0.1,
respectively. Both of these analytical estimates are in agreement with our numerical results.
In addition, the former is in good agreement with the observations of sub-Neptunes around
metal-rich FGK stars (Owen & Murray-Clay, 2018; Dong et al., 2018; Petigura et al., 2018)
and M-dwarfs (Hirano et al., 2018); no direct comparison with observations can yet be

made for the latter.

Although we just discussed here the dependence of the core-powered mass-loss mech-
anism on stellar mass, metallicity and age in isolation, some of these trends can be more
pronounced in the observations because, for example, in the CKS dataset more massive

stars are on average younger and more metal-rich.

3.6.1 Observational test: Distinguishing between core-powered mass-loss and pho-

toevaporation signatures

Although both photoevaporation and core-powered mass-loss can explain the observed
radius valley in the exoplanet size distribution and both mechanisms are likely to operate
in conjunction in many systems, their different timescales and different dependencies on

stellar properties provide a set of observational predictions that allow for the determination
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of their relative importance. Specifically, we make the following observational predictions:

3.6.1.1 Correlations between planet- and stellar-mass

According to our core-powered mass-loss results, we find no evidence for a linear correla-
tion between the host star and planet mass distributions. However, we cannot rule out such
a linear correlation either, because the location of the radius valley in the core-powered
mass-loss scenario does not strongly depend on planet mass (see Section 3.4 from Gupta

& Schlichting, 2019, for details).

3.6.1.2 Slope of the radius valley as a function of stellar mass (or luminosity)

Since the positive correlation between the location of the radius valley with stellar mass
is mainly due to the stellar mass-luminosity relation, the core-powered mass-loss model
can be tested by examining the slope of the radius valley for different stellar masses. For
example, as shown above, the slope of the radius valley as a function of stellar mass is
given by d logR,,/d logM, = (3a — 2)/36, where L./Lo = (M./My)®. The slope will
therefore be steeper for planets around host stars with larger @ and vice-versa. Best of
all, one can examine planets around two host star populations with different @ (a can be
directly determined from the host stars in the sample) and check for the predicted change

in slope of the radius valley as a function of stellar mass (or luminosity).

3.6.1.3 Relative abundance of super-Earths and sub-Neptunes as a function of age

Since atmospheric mass-loss driven by the core-powered mass-loss mechanism proceeds

over Gyr timescales, we predict that the relative abundance of super-Earths with respect to
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sub-Neptunes increases with age. Specifically, we expect the abundance of super-Earths
to continue to increases significantly after 500 Myrs, since typical atmospheric mass-loss
timescales are of the order of a Gyr. In contrast, since photoevaporation is driven by the
X-ray and EUV radiation from the host star, which declines drastically after the first 100
Myrs, the relative abundance of super-Earths should remain constant after the first 100
Myrs. Photoevaporation models therefore predict no significant increase in the super-Earth

population after the first 100-200 Myrs.

3.6.1.4 Planets in the gap

Since planets continue to lose mass over Gyr timescales, the core-powered mass-loss
mechanism predicts that some planets will be still be losing mass today. Observationally
these planets can be caught as they cross the radius valley, i.e. they maybe found inside the

gap. In addition, atmospheric mass-loss may be directly detectable observationally.

3.6.2 Outlook

In this work we have shown how planetary evolution under the core-powered mass-loss
mechanism can explain many of the observed features of the distribution of small, short-
period exoplanets and their dependence on stellar properties. Although we have just
summarized a list of observational test that should be able to distinguish between signatures
imprinted on the exoplanet population by photoevaporation and core-powered mass-loss,
we would like to emphasize that it appears almost inevitable that both processes take place to
some extent. We therefore suspect that they both play a role in shaping the observed super-
Earth and sub-Neptune populations. To that end, we plan to combine photoevaporation

and core-powered mass-loss models in future work. Combining both of these mass-loss
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mechanisms may turn out to be crucial for correctly inferring physical properties (e.g., core

densities) of the exoplanet population from the observations.
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CHAPTER 4

Caught in the Act: Core-powered Mass-loss Predictions

for Observing Atmospheric Escape

Past studies have demonstrated that atmospheric escape by the core-powered mass-loss
mechanism can explain a multitude of observations associated with the radius valley
that separates the super-Earth and sub-Neptune planet populations. Complementing such
studies, in this work, we present a shortlist of planets that could be losing their atmospheres
today if their evolution is indeed primarily dictated by core-powered mass-loss. We use
Bayesian inference analysis on our planet evolution and mass-loss model to estimate the
posteriors of the parameters that encapsulate the current state of a given planet, given their
published masses, radii and host star properties. Our models predict that the following
planets could be losing their atmospheres today at a rate > 107 g/s at 50% confidence
level: pi Men c, Kepler-60 d, Kepler-60 b, HD 86226 c, EPIC 249893012 b, Kepler-107 c,
HD 219134 b, Kepler-80 e, Kepler-138 d and GJ 9827 d. As a by-product of our Bayesian
inference analysis, we were also able to identify planets that most-likely harbor either
secondary atmospheres abundant with high mean-molecular weight species, low-density
interiors abundant with ices, or both. The planets belonging to this second category are

WASP-47 e, Kepler-78 b, Kepler-10 b, CoRoT-7 b, HD 80653 b, 55 Cnc e and Kepler-36

IThis chapter was previously published in similar form as Gupta, A. and Schlichting, H. E. 2021, MNRAS,
504, 4634-4648.
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b. While the aforementioned lists are by no means exhaustive, we believe that candidates
presented here can serve as useful input for target selection for future surveys and for testing

the importance of core-powered mass-loss in individual planetary systems.

4.1 Introduction

Observational studies in the last decade have given us the opportunity to gain unprecedented
insight into the origin of small exoplanets. Results from NASA’s Kepler mission have
revealed that around FGK stars, close-in planets between the sizes of Earth and Neptune
are not just common (e.g. Fressin et al., 2013; Petigura et al., 2013), but that there are very
few planets of intermediate sizes between 1.5 to 2.0 Earth radii (Rg; e.g. Owen & Wu,

2013; Fulton et al., 2017).

This lack of intermediate sized planets or the bimodality in the size distribution of
small planets, referred to as the ‘radius valley’ or ‘radius gap’, has since been corroborated
by several studies (e.g. Van Eylen et al., 2018; Fulton & Petigura, 2018; Berger et al.,
2018; Martinez et al., 2019; Berger et al., 2020a). Furthermore, the radius valley has now
even been observed in the K2 data (e.g. Zink et al., 2020) and for low mass stars (e.g.
Cloutier & Menou, 2020; Van Eylen et al., 2021). Follow-up surveys seeking masses of
these small planets have further revealed that there is an overlapping bimodality in their
compositions as well (e.g. Marcy et al., 2014a; Rogers, 2015). Planets smaller than ~
1.6 Rg have higher densities that are consistent with rocky, Earth-like compositions (e.g.
Dressing et al., 2015; Dorn et al., 2019; Bower et al., 2019) whereas planets larger than ~2
Rg have lower densities which suggests that these planets are Neptune-like and engulfed in
H/He envelopes (e.g. Jontof-Hutter et al., 2016). It has thus been suggested that the radius

valley is a transition regime from smaller, rocky planets, i.e. ‘super-Earths’ to the larger
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planets with significant H/He envelopes, i.e. ‘sub-Neptunes’ (e.g. Rogers, 2015).

A multitude of mechanisms have been proposed to explain the radius valley (e.g.
Owen & Wu, 2013; Ginzburg et al., 2018; Zeng et al., 2019; Lee & Connors, 2020) but
only a few can explain the numerous observations pertinent to it (e.g. Fulton & Petigura,
2018; Van Eylen et al., 2018; Owen & Murray-Clay, 2018; Loyd et al., 2020; Berger et al.,
2020a). Currently, the leading theory is that atmospheric mass-loss due to mechanisms such
as photoevaporation and/or core-powered mass-loss leads to the observed bimodality in
planet sizes and compositions (e.g. Owen & Wu, 2013; Lopez & Fortney, 2013; Ginzburg
et al., 2018, Gupta & Schlichting 2019). Assuming that planets are typically born in
protoplanetary gas disks and thus accrete H/He envelopes, photoevaporation and core-
powered mass-loss studies argue that planets that subsequently lose their entire atmospheres
are today’s super-Earths whereas sub-Neptunes are those that survived with significant

atmospheres.

Interestingly, studies have detected active atmospheric mass-loss from planets by look-
ing for absorption signatures of different atomic and molecular species in their spectra.
One of such signatures is the Lyman-alpha (Lya) line which probes the presence of neutral
hydrogen. This spectral line (doublet) corresponds to a wavelength of 121.6 nm and is due
to excitation of an electron from the n=1 orbital to n=2 orbital (a Lyman series transition),
where n is the principal quantum state of an atom. Vidal-Madjar et al. (2003) were the
first to use this line to report the presence of an extended atmosphere around a planet -
HD 209458 b - based on the fact that the transit depth they observed in Lya was several
times deeper than what was observed for an optical transit. Since excess absorption in Ly«
has even been observed around smaller exoplanets such as GJ 436 b (Kulow et al., 2014;
Ehrenreich et al., 2015; Lavie et al., 2017), GJ 3470 b (Bourrier et al., 2018), K2-18 b (dos
Santos et al., 2020), Kepler-444 e and f (Bourrier et al., 2018) and GJ 9827 b (Carleo et al.,
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2021). On the other hand, non-detections in Lya have been reported for small exoplanets
such as 55 Cnc e (Ehrenreich et al., 2012), HD 97658 b (Bourrier et al., 2017), GJ 1132
b (Waalkes et al., 2019) and pi Men ¢ (Garcia Muiioz et al., 2020). Similarly, studies
have also looked for the H-alpha (Ha) line as a signature of extended atmospheres (e.g.
Jensen et al., 2012). This 656.3 nm spectral line corresponds to the first Balmer series
transition in hydrogen. So far, the Ha line has only been detected around giant planets
such as HD 209458 b, HD 189733 b and WASP-33 b (e.g. Jensen et al., 2012; Yan &
Henning, 2018). Among small exoplanets, a non-detection has been reported for GJ 9827
b (Carleo et al., 2021). Another excellent probe for atmospheric escape is the He 1083
nm triplet absorption feature (Seager & Sasselov, 2000; Oklopci¢ & Hirata, 2018). It has
gained significant traction in the exoplanet community because it can overcome the primary
shortcomings of the hydrogen lines such as absorption in the ISM and contamination from
geocoronal emission. This spectral line is a consequence of a transition from the metastable
23S state - one of the spin states for helium electrons - to the 2°P state by absorption at
1083 nm wavelength. Beginning with detection of atmospheric escape from WASP-107 b
(Spake et al., 2018), it has already been used to detect mass-loss from various other planets
including the warm Neptune GJ 3470 b (Ninan et al., 2020). To this date, however, the
He 1083 nm line has not been detected around a planet less massive than GJ 4370 b. The
small exoplanets for which non-detections have been reported include GJ 436 b (Nortmann
et al., 2018), K2-100 b (Gaidos et al., 2020), GJ 1214 b (Kasper et al., 2020), HD 97658
b (Kasper et al., 2020), GJ 9827 d (Kasper et al., 2020; Carleo et al., 2021), GJ 9827 b
(Carleo et al., 2021) and 55 Cnc e (Zhang et al., 2020).

As mentioned previously, if a planet’s transit depths near the aforementioned wave-
lengths are much larger than what is observed in an optical transit, indicates that the planet

has an extended atmosphere surrounding it. In other words, this implies that there are
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a significant number of neutral hydrogen or metastable helium atoms at distances much
greater than the photospheric radius of the planet. This is only plausible if the planet is
losing its atmosphere. The depth of a transit primarily depends on the atmospheric profile
or more specifically, the radial number density profile of the species being observed (e.g.,
neutral hydrogen for the Lya line and metastable helium for the 1083 nm line), assuming
reasonable knowledge of the cross-section of the absorbing species and the amount of
stellar emission near the respective wavelengths. Inversely, if we know the transit depth of
a planet, using an atmosphere profile model, we can estimate the number density profile of
the species in question and thus, the mass-loss rate for the planet. A non-detection of excess
absorption, however, doesn’t necessarily imply that a planet is not undergoing atmospheric
escape. Rather, it implies that the number density of the species being observed is below
the detection limits and therefore, simply puts a constraint on the maximum mass-loss rate

the planet could be undergoing.

Furthermore, while it is certainly the absorption of high energy stellar radiation by nu-
merous hydrogen and helium atoms in the extended atmosphere that leads to the observed
larger transit depths in Lya, He and the Helium 1083 nm line - it is not clear if this atmo-
spheric escape from small exoplanets is driven by photoevaporation or by core-powered
mass-loss. In other words, even if a planet’s evolution is dominated by core-powered
mass-loss, it is certainly also subject to high energy radiation from its host star and the

pertinent photochemistry.

To help elucidate which process may dominate the atmospheric mass-loss from small
exoplanets and to help inform further observational surveys, we identify a set of ten planets
that could be undergoing considerable atmospheric mass-loss today, if their evolution was
dominated by core-powered mass-loss. To arrive at this list of candidates, we utilize

the open-source code dynesty (Speagle, 2020) to construct a Bayesian inference model
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around our core-powered mass-loss planet evolution code, previously used in Gupta &
Schlichting (2019, 2020). This way, we are able to estimate planets’ physical properties,
such as bulk core compositions, atmospheric masses and mass-loss rates, that best explain
their observed radii and masses, given their age and the bolometric flux they receives from

their host stars.

This paper is structured as follows: In Section 4.2, we discuss our methodology for
this work. We first give a review of how planets evolve under the core-powered mass-loss
model, followed by a description of our Bayesian inference model and finally, we discuss
the selection criteria for our sample of planets. Subsequently, we discuss our results in
Section 4.3 that includes our list of planets which we recommend for follow-up observations
and also discuss our results in the context of past observational and theoretical studies. We

finally conclude this work in Section 4.4.

4.2 Methodology

In this section, we discuss our approach for estimating which of the observed planets could
be undergoing significant mass-loss today under the core-powered mass-loss mechanism.
To this end, we first discuss the core-powered mass-loss model in Section 4.2.1 and then
our Bayesian inference model in Section 4.2.2. Finally, we lay out our sample selection

criteria in Section 4.2.3.

4.2.1 Planet Evolution Model: Core-Powered Mass-Loss Mechanism

In the early phases of planet formation, as a core forms and grows by accreting solids, the

gravitational binding energy of the accreting material gets converted into thermal energy.
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This energy can be efficiently radiated away if the core forms after the protoplanetary gas
disk has dispersed. However, if the accretion occurs in the presence of the gas disk, the core
will accrete a H/He envelope from the surrounding nebula once its Bondi radius becomes
larger than its physical radius. Once this envelope becomes optically thick, it will act as a
‘thermal blanket’ for the planet because the loss of heat from the core will then be limited
by the thermal diffusion across the radiative-convective boundary of the envelope (e.g. Lee
& Chiang, 2015; Ginzburg et al., 2016) - significantly increasing the cooling timescales of
the underlying core. In other words, if a planet forms in the presence of a protoplanetary
gas disk, it retains a significant fraction of its primordial energy from formation. In fact,
the core temperature is likely set by the maximum temperature that permits the accretion
of a H/He envelope which is roughly given by 7. ~ GM.u/kpR., where u is the mean
molecular mass of the atmosphere, kp is the Boltzmann constant, G is the gravitational
constant and M, and R, are the mass and radius of the planetary core, respectively. This
implies typical core temperatures of 10 - 10° K for core masses ranging from the mass of

Earth to Neptune.

Eventually, after the dispersal of the protoplanetary gas disk and the end of the sponta-
neous mass-loss phase/boil-off phase (Ginzburg et al., 2016; Owen & Wu, 2016), it is this
primordial energy from planet formation together with the bolometric luminosity from the
host star that can drive a Parker-type hydrodynamic outflow of the atmosphere (e.g. Parker,
1958) for small, close-in planets (Ginzburg et al., 2016, 2018; Gupta & Schlichting, 2019,

2020). We refer to this atmospheric mass-loss mechanism as core-powered mass-loss.

To model the evolution of a planet undergoing core-powered mass-loss, we assume that
a typical planet with mass M), and radius R, consists of a molten and isothermal ‘core’
(mass M., radius R,) that is surrounded by a H; atmosphere (mass M;,,, thickness AR).

We assume that these planets have most of their mass in their cores such that M,, ~ M. and
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that their cores and envelopes are thermally well coupled at the core-envelope interface.
As in previous works, we adopt a two-layer model for the surrounding atmosphere with
an inner convective and an outer radiative region (e.g. Piso & Youdin, 2014; Inamdar &
Schlichting, 2015; Lee & Chiang, 2015). We model the convective region as adiabatic and
the radiative region as isothermal, and refer to their interface as the radiative-convective
boundary (R,.p). Since the radiative region is close to isothermal, the atmospheric density
decreases exponentially with radial distance and most of the atmospheric mass is thus
contained in the convective region. Therefore, we assume that the observed radius of a

planet, or its photospheric radius, R, ~ R;p,.

Since we are only modelling the atmospheric loss after the spontaneous mass-loss/boil-
off phase (Owen & Wu, 2016; Ginzburg et al., 2016), we assume, following previous

studies, R,., ~ 2R, as initial condition.

We account for gravitational compression of the planetary cores by assuming that their

mass-radius relation is given by
Mc/Meo = (Re/Ro)* (per/pe)*? (4.1)

where p.. is the density of a planet’s core when scaled to Earth mass (e.g. Valencia et al.,

2006; Seager et al., 2007; Fortney et al., 2007).

To track the evolution of such a planet undergoing core-powered mass-loss, we simulta-
neously evolve the total energy a planet has available for cooling (E,,;) and its atmospheric

mass (Mg, ) as a function of time by numerically solving the following equations:

Ecool(t + dt) = Ecool(t) - chb(t) dr and 4.2)

My (t +dt) = Mysm (1) - Matm (¢) dr. 4.3)

Here L, is the luminosity of the planet at the radiative-convective boundary and M,;,,, is
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the rate at which the planet is losing atmospheric mass. The former can be expressed as

4 pr
b = 2o % (4.4)
where «, T,.p and p,.p are the opacity, temperature and density at the radiative-convective
boundary, o is the Stefan-Boltzmann constant and R/, = VT_IGMC u/(kgT,cp), where y and
u are the adiabatic index and molecular weight of the atmosphere and k g is the Boltzmann

constant. The mass-loss rate (M) that a planet experiences is assumed to be the smaller

of the

1. the energy-limited rate (ME

m)» 1.., the mass-loss rate given by assuming all the

cooling luminosity goes into driving atmospheric mass-loss,

. Lin (1)
ML, ~ ==, 4.5)
arm gRC
where g = GM,/R? is the acceleration due to gravity evaluated at the core-

atmosphere boundary, and

2. the Bondi-limited rate (M f;m), i.e., the mass-loss rate that is dictated by the thermal

velocity of the gas molecules at the Bondi radius,

(4.6)

. GM

Cgchb
where Ry = GM,/2c? is the radius where the atmospheric outflow reaches sonic

velocity and ¢, = (kpTeq/ )72 is the isothermal speed of sound.

Due to this evolution, planets ultimately either lose all their atmospheres and become
essentially naked cores and constitute the population of smaller planets below the radius
valley, i.e. super-Earths, or retain some of their primordial H/He atmosphere and remain

part the population of larger planets above the radius valley, i.e. sub-Neptunes (see, for
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example, Figure 3 from Gupta & Schlichting (2020) and for further details Ginzburg et al.
(2018) and Gupta & Schlichting (2019)).

4.2.2 Bayesian Inference Model

We use Bayesian inference analysis to estimate if a planet, given its mass, radius and its
host star’s properties, could be undergoing significant mass-loss today. Under the Bayesian
framework, Bayes’ theorem is used to estimate the posterior distribution P(®|D, M) of a
set of parameters @ for a model M, given some data D and our prior knowledge of @, i.e.

P(D|®, M) x P(®|M)
P(D|M) ’

P(®D, M) = 4.7

where P(D|®, M) quantifies the likelihood of observing the data D given the model M
and the parameters @, i.e. it’s the likelihood distribution. P(®|M) is known as the prior
distribution and signifies our prior knowledge of the parameters @ that we input in the

model M. P(D|M), which can be expressed as
P(D|M) = / P(D|®, M) x P(®|M) dD, (4.8)
V@

embodies our confidence in the model M given the observations.

In the context of this work,

1. M is our planet evolution model based on the core-powered mass-loss mechanism

as discussed in Section 4.2.1,

2. D={...,D;,...} corresponds to the observed properties of a planet and its host star,
namely, the observed radius (R,), mass (M) and insolation flux (S,) of a given

planet and the estimated age of its host star (7,), and
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3. ® ={...,d,;,...} includes all the input parameters for our model M such as a planet’s
primordial atmosphere mass fraction ( finitia1), bulk density of the core scaled to an

Earth mass (pc+), M), R,, Sp and 7.

For any observed property D;, we assume that its uncertainties and thus its likelihood
are Gaussian in nature, centered at y; (= the nominal or measured value) with a standard
deviation o; (= (upper error limit + lower error limit)/2). The total likelihood, given @, is
then the product of the individual likelihoods corresponding to each D;. For all parameters
€ @, except for p.., we assume uniform priors. For p.., we assume a Gaussian distribution

3. This is motivated by recent mass

centered at u,. =5 g/cm® with a 0p., = 1 g/lcm
and radius measurements of rocky planets (e.g. Dressing et al., 2015; Bower et al., 2019;
Dorn et al., 2019), geochemical studies of white-dwarf pollution (e.g. Doyle et al., 2019)
and previous planet population studies involving evolution under core-powered mass-loss
(Gupta & Schlichting, 2020). In addition, this assumption is also consistent with the results

of photoevaporation studies (e.g. Rogers & Owen, 2020). Nevertheless, we experiment

with other values for {u,,_., o, } too and discuss this later in Section 4.3.1.

To compute the resulting P(®|D, M), we use the open-source code dynesty (Spea-
gle, 2020) which uses a Dynamic Nested Sampling algorithm to estimate posteriors and
evidences (Skilling, 2004, 2006; Higson et al., 2019; Feroz et al., 2009). Therefore, given
the planet and host star observations D and our evolution model M, dynesty allows us
use the Bayes’ theorem to estimate the distribution of the most likely values that planet
parameters, ® = { finitial, Oc» ---}» can have and their co-variances (see for e.g. Figure 4.2).
Knowledge of planet parameters such as the primordial atmospheric mass-fraction ( finitia1)
and bulk composition (p..) allows us to then determine the planet’s current atmospheric

mass-fraction (ffiq;) and thus its current atmospheric mass-loss rate (Matm)-
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4.2.3 Sample Selection

On August 12, 2020, we collected all the planets from the NASA Exoplanet Archive
that have masses below 20Mg at 20~ confidence level and an age estimate for their host
stars. We then further restricted the sample to planets for which mass measurements have

uncertainties lower than 30%.

Furthermore, we removed planets with host star masses below 0.5 My, because to
accurately model the evolution of planets around such low-mass host stars one needs to
take into account their Gyr-long pre-main-sequence evolution and the related bolometric
luminosity changes (e.g. Ramirez & Kaltenegger, 2014), which is beyond the scope of this

paper. After all these cuts, we were left with a sample of 78 planets.

Most of the Kepler planets from this sample are also present in a recently published
Gaia-Kepler Stellar Catalogue by Berger et al. (2020b,a) that has homogeneously-derived
stellar and planetary properties. For the common Kepler planets, we thus updated all the

stellar and planetary properties, except planet mass, from Berger et al. (2020b,a).

4.3 Results

Below we identify planetary candidates for which we predict that their atmospheric loss
could be observable today if their evolution has been dominated by core-powered mass-
loss. In addition, we provide a list of planetary candidates that likely either have secondary

atmospheres or interiors with significant ice-fraction by mass, or both.

In our numerical simulations, we assume that a planet has become a super-Earth when

final = Magm/M, < 10719 or AR/R, < 1073.2 For these planets, we set frina = O,

“Note that the typical uncertainties in planet radii measurements are much larger at ~ 5% (Fulton &
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AR/R. = 0 and M,,,, = 107! g/s. Giving super-Earths a tiny, but none-zero, mass-loss
rate allows us to include it in the mass-loss rate posterior plots which have logarithmic
scaling. We confirmed that our results do not depend on the exact choice of our chosen

cut-offs.

4.3.1 Core-powered Mass-loss Predictions for Atmospheric escape observations

We run our hybrid planet evolution-Bayesian inference model, for each of the 78 planets
in our sample. Our planet evolution model neglects an atmosphere’s self-gravity which is
an appropriate assumption only for atmosphere mass-fractions < 0.2 (e.g. Piso & Youdin,
2014; Ginzburg et al., 2016). We therefore exclude from our list all 34 planets for which
our evolution model predicts median initial atmosphere mass fractions > 0.2. Since we
are trying to determine which planets might be undergoing significant mass-loss today,
we also exclude all planets for which we predict current median mass-loss rates of < 107
g/s. Finally, we decided not to include Kepler-99 b because, even though it satisfies the
above two criteria, it is very sensitive to the prior we choose for p... We are thus left
with a list of ten planets consisting of: pi Men c, Kepler-60 d, Kepler-60 b, HD 86226 c,
EPIC 249893012 b, Kepler-107 ¢, HD 219134 b, Kepler-80 e, Kepler-138 d, and GJ 9827
d. We show these planets as blue circles in planet size-orbital period space and planet
size-insolation flux space in Figure 4.1. In addition, we present the relevant planet and
host star parameters in Table 4.1 and our estimated mass-loss rates in Table 4.2. We now

discuss our results for each listed planet in detail.

pi Men c: As evident from Table 4.2, pi Men c is one of the top planetary candidates

Petigura, 2018)
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Figure 4.1: Location of planets for which we predict that they could be undergoing
considerable atmospheric mass-loss today (e) in the planet size-orbital period space (left)
and the planet size-insolation flux space (right). In addition, we also show planets which we
identified to likely have interiors with a significant ice-fraction, or a secondary atmosphere,
or both (=). The planet size occurrence contours are from a previous core-powered mass-
loss study (Gupta & Schlichting, 2020) which reproduced the radius valley observed around
FGK stars (Fulton & Petigura, 2018). These plots show that the planets that could be losing

their atmospheres today (shown in blue) lie in the radius valley.
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that could be undergoing mass-loss today. Figure 4.2 is a corner plot for pi Men ¢ generated
using our hybrid planet evolution-Bayesian inference model described in Section 4.2. It
shows posterior distributions of the different parameters that characterize the evolution of
this planet given our model. Specifically, the sub-plots in Figure 4.2 show the covariance
and one-dimensional posterior distributions of planet mass (M), age (7), initial and final
atmosphere mass fractions (f;,;siq1 and f;,4;), planet radius (R,), mass-loss rate (Maim),
density of the planet’s core when scaled to Earth mass (p..) and insolation flux with respect

to Earth (S,).

Situated only 18 parsecs away, pi Men c has a bright GO V host star with an apparent
magnitude (V) = 5.65 mag which makes it especially suitable for follow up observations
(Gandolfi et al., 2018). This planet has thus already been a subject of several studies and
proposals. Garcia Mufioz et al. (2020) recently reported non-detection of Ly« absorption
for this planet. These authors also used a photoevaporation model to compute mass-loss
rates for pi Men ¢ and found estimates of (4 x 10° — 10') g/s (see also, Shaikhislamov
et al., 2020). This is a higher mass-loss rate than estimated for GJ 436b which does show
Lya absorption (e.g. Kulow et al., 2014). Garcia Muioz et al. (2020) thus argued that the
atmosphere is likely not hydrogen-dominated and should rather have substantial amounts
of heavier molecules like CO;, and H>,O. An atmosphere that is not hydrogen-dominated,

however, is unlikely to be consistent with pi Men c’s low density.

As shown in Figure 4.2, our core-powered mass-loss model predicts mass-loss rates of
9 %107 g/s to 8 x10” at 95% confidence level. Since our mass-loss rates span a lower range
than the predictions from photo-evaporation models, they may offer an explanation for the
non-detection of Lya absorption. In addition, our results imply that current observations
do not necessarily preclude the possibility of pi Men ¢ having a hydrogen-dominated

atmosphere.
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Figure 4.2: Corner plot for pi Men ¢ generated using our hybrid planet evolution-Bayesian

inference model (continued next page).

104



Figure 4.2: Corner plot for pi Men c generated using our hybrid planet evolution-Bayesian
inference model. This figure shows one-dimensional posterior probability distributions
of different parameters that characterize the evolution of pi Men ¢ and their covariances.
The parameters shown are planet mass (M,,), age (7.), initial and final atmosphere mass
fractions (fiisia1 and fyrinq), planet radius (R,), mass-loss rate (M), density of the
planet’s core when scaled to Earth mass (p..) and insolation flux received by the planet
scaled to Earth (S,). All parameters are reported with 2 o errors and vertical dashed lines
denote the median values. The mass-loss rate posterior distributions show that this planet
has a median mass-loss rate of ~ 2.5 x 10° g/s. Our analysis thus places pi Men c in the

list of planets that could be losing their atmospheres today at a considerable rate.

Similar to Figure 4.2, Figures 4.3 to 4.5 show the corner plots GJ 9827 d, HD 219134
b and HD 86226 c. In addition, Figure 4.6 shows the mass-loss rate posteriors for all the
other planets mentioned in Table 4.2. Among the listed planets, apart from pi Men c,
atmospheric observations have only been published for GJ 9827 d. There are, however,

multiple theoretical studies that have investigated the existence and nature of atmospheres

on GJ 9827 d and HD 219134 b.

GJ 9827 d: Part of a three planet system situated 30 parsecs away and orbiting a K6
V star with V = 10.4 mag, GJ 9827 d is another suitable target for atmospheric mass-loss
observations (Niraula et al., 2017; Rodriguez et al., 2018). Recent studies by Kasper
et al. (2020) and Carleo et al. (2021) have reported non-detection of helium in the upper
atmospheres of GJ 9827 d. Carleo et al. (2021) also reported a non-detection in Ha. Using

a MESA-based planet evolution model that includes mass-loss via photoevaporation (e.g.
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Malsky & Rogers, 2020), Kasper et al. (2020) found that this non-detection is inconsistent
with predicted mass-loss rate estimates of the order of ~ 10° g/s from photoevaporation.
Similarly, Carleo et al. (2021) predicted even higher mass-loss rates from photoevaporation

of about 5.1 x 1010 g/s.

In contrast, assuming planet evolution and atmospheric loss is dominated by core-
powered mass-loss, we predict that the mass-loss rate could be much lower. Specifically,
we find a median mass-loss rate of 5 x 10° g/s with a 95% confidence interval of ranging
from close to zero to ~ 4 x 10° g/s (for details, see Table 4.2 or Figure 4.3). The non-
detection of the He 1083 nm triplet feature or Ha absorption is therefore consistent with

predictions from our core-powered mass-loss model.

It is important to note that, as shown in Figures 4.2 to 4.5, atmospheric mass-loss
rates are especially sensitive to the uncertainties in planet mass measurements. This is
particularly apparent in the covariance plot showing the correlation between mass-loss rate
and planet mass for GJ 9827 d. In this specific example, mass-loss rates vary by ~ 10
orders-of-magnitude for planet masses within 20~ of the median (see Figure 4.3). This
extreme sensitivity of the mass-loss rate on planet mass is a consequence of the fact that,
given the mass, radius, age and insolation flux received by GJ 9827 d and others, the mass-
loss rates are in the Bondi-limited regime (see Section 4.2.1). In this regime, the mass-loss

rate has an exponential dependence on planet mass (see Equation (4.6)) and scales as

GM

C%Rp

Matm o exp

14

x exp (—gMcS,;”“R-l) , (4.9)

where ( is a constant. The last expression shows that the mass-loss rate, for a given inso-
lation flux and planet size, decreases exponentially with increasing planet mass and thus
explains the trends in the relevant covariance plots in Figures 4.2 to 4.5. Therefore, one of

the best ways to improve mass-loss estimates for any of the prime candidate planets, is to
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Figure 4.3: Corner plot for GJ 9827 d generated using our hybrid planet evolution-Bayesian

inference model; similar to Figure 4.2 (continued next page).
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Figure 4.3: Corner plot for GJ 9827 d generated using our hybrid planet evolution-Bayesian
inference model; similar to Figure 4.2. All parameters are reported with 2 o errors and
vertical dashed lines denote the median values. The mass-loss rate posterior shows that the
95% confidence interval for mass-loss rate is ~[0, 4 x 10°] g/s with a median at ~ 5 X 106
g/s. Our analysis thus places GJ 9827 d among planets that make interesting targets for
observing atmospheric mass-loss. The covariance plot of mass-loss rate and planet mass
shows how sensitive the atmospheric mass-loss rate is to the uncertainties in the planet mass
measurements. Mass-loss rate estimates for GJ 9827 d vary by ~ 10 orders of magnitude

for planet masses within 20 of the median.

get better constraints on their masses.

HD 219134 b: This planet is part of a six planet system orbiting a bright (V = 5.57
mag) K3 V star that is six parsecs away (Vogt et al., 2015; Motalebi et al., 2015). With host
star characteristics suitable for observations (e.g. Gillon et al., 2017) and a high likelihood
for undergoing mass-loss, according to our analysis, this planet is another excellent target
for atmospheric mass-loss observations with a predicted mass-loss rate of > 103 g/s at

50"-percentile.

Interestingly, our analysis finds that mass-loss rate posteriors for HD 219134 b, and
a number of other planets, are double-peaked, i.e. they peak at ~ 0 g/s and > 107 g/s.
While for pi Men ¢ we estimate a mass-loss rate that is > 108 g/s at 95% confidence
level, the same can’t be said for most of the other candidates; see Figures 4.4 and 4.6.
Even though all the candidates are robust to our choice of p.., as we later discuss, the

double-peaked distribution signifies that, although much less probable, there is another
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Figure 4.4: Corner plot for HD 219134 b generated using our hybrid planet evolution-

Bayesian inference model; similar to Figures 4.2 and 4.3 (continued next page).
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Figure 4.4: Corner plot for HD 219134 b generated using our hybrid planet evolution-
Bayesian inference model; similar to Figures 4.2 and 4.3. All parameters are reported
with 20~ errors and vertical dashed lines denote the median values. As with pi Men ¢
and GJ 9827 d, our analysis places HD 219134 b in the category of planets that could be
undergoing considerable atmospheric escape today but, unlike these planets, HD 219134
b has a double-peaked mass-loss posterior distribution with local maxima at ~ 0 g/s and
> 107 g/s. The peak in the mass-loss rate at > 107 g/s is consistent with GJ 9827 d having
an Earth-like core with a significant hydrogen envelope. On the other hand, the peak at ~
0 g/s signifies that there is a ~21% likelihood that the planet is not losing any atmosphere
and rather has a secondary, high-mean molecular weight atmosphere, a low density, icy
interior, or both (see p.. posteriors which show two peaks roughly centered at 4 and 5.5

g/cm?).
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physically motivated solution for the composition of some of the listed planets, with
bulk core densities significantly lower than Earth and/or a higher mean-molecular weight
envelope (see Figures 4.4 and 4.6). That this second solution corresponds to low core
densities in our model can be seen in the p.. posteriors in Figure 4.4, which show peaks
around 4 and 5.5 g/cm?. Planets that exhibit this behavior, like HD 219134 b, are typically

near the lower edge of the radius valley.

Our results therefore indicate that HD 219134 b’s current state is consistent with both -
having a hydrogen atmosphere and with having a low density interior (e.g. significant ice-
fraction by mass or a secondary atmosphere, or both). Despite these two distinct solutions,
we find that it is much more likely that HD 219134 b has a hydrogen envelope and that it
therefore should be undergoing atmospheric mass-loss today with predicted rates of > 103

g/s at 50""-percentile

Past theoretical studies that examine mass-loss due to photoevaporation have concluded
that HD 219134 b is most likely not hydrogen-dominated because it should have lost its
atmosphere by this day and therefore, should rather have a secondary atmosphere, an icy
interior or a magma ocean (Dorn & Heng, 2018; Kubyshkina et al., 2018; Ligi et al., 2019).
While no published study has yet attempted observing atmospheric mass-loss from HD
219134 b, it appears to be an especially interesting target because photoevaporation and
core-powered mass-loss studies make opposite predictions for this planet. Specifically,
detecting atmospheric loss from HD 219134 b would provide direct evidence for core-

powered mass-loss driving this out-flow.

HD 86226 c: A recent discovery around a nearby, bright G1V star with V = 7.93 mag,

HD 86226 c is another excellent target for observing atmospheric escape (Teske et al.,

111



2020). As shown in Figure 4.5, our core-powered mass-loss model predicts mass-loss rates

between 6 x10* g/s to 6 x10° g/s (95% confidence interval).

Kepler-60 d, Kepler-60 b, EPIC 249893012 b, Kepler-107 ¢, Kepler-80 e, and
Kepler-138 d: At the time of writing, to the best of our knowledge, there are no published
studies that perform theoretical or observational analysis to determine atmospheric mass-
loss from these planets. As shown in Figure 4.6 and Table 4.2, our results predict that
these planets are likely undergoing considerable atmospheric mass-loss. Host stars of these
planets are unfortunately dimmer: EPIC 249893012 with V = 11.4 mag (Hidalgo et al.,
2020), Kepler-107 ¢ (Rowe et al., 2014), Kepler-138 with V = 12.9 mag (Rowe et al.,
2014), Kepler-60 with V = 14.5 mag (Steffen et al., 2013; Hadden & Lithwick, 2014) and
Kepler-80 with V = 15.0 mag (Muirhead et al., 2012). Nonetheless, for completeness, we
give the mass-loss rates of this set of planets in Table 4.2 and Figure 4.6 with the hope that

their characterization may come within reach one day with future facilities.

4.3.1.1 Sensitivity of mass-loss results to the choice of the exact p.. prior

To estimate the posterior distributions of planet and stellar properties that characterize a
planet’s evolution and mass-loss, we assumed that the prior for p. is a Gaussian distribution
with a mean u,,, =5 g/cm?® and a standard deviation Op., = 1 g/cm®. This assumption
i1s motivated by previous observational and theoretical studies (e.g. Bower et al., 2019;
Doyle et al., 2019; Gupta & Schlichting, 2020; Rogers & Owen, 2020). Furthermore, our
Bayesian inference model lets us account for the modelling degeneracy between the density
of a planet’s core and (non-)existence of a hydrogen atmosphere (e.g. Rogers & Seager,

2010; Zeng et al., 2019; Mousis et al., 2020). Nevertheless, to check if our best planetary
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Figure 4.5: Corner plot for HD 86226 c¢ generated using our hybrid planet evolution-
Bayesian inference model; similar to Figures 4.2 to 4.4. All parameters are reported with 2
o errors and vertical dashed lines denote the median values. The mass-loss rate posterior
shows that the planet has a median mass-loss rate of ~ 1.6 x 10® g/s and thus, HD 86226 ¢

is another excellent candidate for observing atmospheric mass-loss today.
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Figure 4.6: Mass-loss rate posterior distributions for planets that, in addition to pi Men c,
GJ9827d,HD 219134 b and HD 86226 ¢, could be experiencing considerable atmospheric
escape at this moment: > 107 g/s at 50""-percentile. Mass-loss rates are reported with
2 o errors and vertical dashed lines denote the median values. The two-peaked nature
of mass-loss rate distributions for these planets suggests that, like HD 219134 b, there
is a small likelihood that these planets might not be undergoing atmospheric escape and
instead, have an atmosphere abundant with heavy molecular weight species, interiors with
a significant amount of ices, or both. We find that the probability of this alternate scenario
is ~ 32% for Kepler-60 d, ~ 42% for Kepler-60 b, ~ 1% for EPIC 249893012 b, ~ 14%
for Kepler-107 ¢, ~ 5% for Kepler-80 e and ~ 6% for Kepler-138 d.
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candidates for mass-loss are sensitive to the exact choice of prior for p.., we repeated our
analysis assuming that this prior is a Gaussian distribution with u, =4, 5 and 5.5 g/em’
and with standard deviations o, equal to 1 and 2 g/cm’. We find that except for Kepler-60
b, all the listed planets yield mass-loss rates similar to those reported in Table 4.2. For
Kepler-60 b, when u,, , =4 g/cm?, the posterior for p.. indicates that the planet is more
likely to have a significant ice-fraction by mass and/or a secondary atmosphere abundant
with high molecular weight gases. Planets that are highly likely to fall into this category

are discussed in the next section.

4.3.1.2 Consequence of mass-fractionation on estimating mass-loss rates

In this work, while we do not explicitly account for any mass-fractionation during atmo-
spheric escape, we did repeat our analysis to gauge its impact on the evolution of our top
planet candidates. Photoevaporation studies have shown that mass-fractionation can be
significant for planets that have been losing their atmospheres for several Gyr (e.g. Hu
et al., 2015; Malsky & Rogers, 2020). Using the mass-fractionation prescription described
in Biersteker & Schlichting (2021), we find that, for our top planet candidates, the mean
molecular weight of the atmospheres only increases by ~ 0.1 to 1% at 97.5"-percentile
by the end of their evolution. The reason for this small increase comes from the fact that
these planets have not yet lost enough atmospheric mass at sufficiently low rates to lead to
significantly fractionated residual envelopes. These results thus suggest that for the planets
in question, mass-fractionation has likely not played a crucial role in their evolution to
date. Furthermore, while we do find that these planets should be experiencing consider-
able mass-fractionation today - leading to an escape flux of heavier species that is lower by

~ 10% in comparison to the case with no mass-fractionation - it is reasonable to neglect
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this because a 10% decrease in escape flux, even with a bulk mass-loss rate of 10° g/s, 1s

well within measurement uncertainties.

Furthermore, in our simulations, we did not account for any opacity changes with
composition. As a planet gets more enriched in metals due to mass fractionation, its
atmospheric opacity should increase. This will make it harder for the planet to cool and
it will thus stay inflated for a longer time. As apparent from Equation (4.6), a larger
radiative-convective boundary will result in a higher mass-loss rate which, in turn, will
lead to lower mass-fractionation (e.g. Zahnle et al., 1990). This suggests that any increase
in atmospheric opacity due to mass-fractionation should simply slow down the rate of
fractionation itself. Therefore, our estimate of a ~ 0.1 to 1% (97.5’ h—percentile) increase in
the mean molecular weight of the atmosphere could in reality be even lower and accounting
for mass-fractionation in the atmosphere could, in fact, lead to even higher mass-loss rates
at later times. We thus conclude that it is reasonable to neglect mass-fractionation for the

purpose of this work.

4.3.2 Planet candidates that are best modeled with secondary atmospheres, low

density interiors, or both

Among the 78 planets we analyze, we find that several could not have retained their
primordial hydrogen atmospheres to this day. Among these super-Earths, we find that a
few of them have observed bulk densities that are much lower than that of the Earth. These
relatively low-density super-Earths include 55 Cnc e, WASP-47 e, Kepler-78 b, Kepler-10
b, CoRoT-7 b, HD 80653 b, and Kepler-36 b (see Table ??). There is, however, a very low
but non-zero likelihood that two of these planets, 55 Cnc e and Kepler-36 b, have indeed

hydrogen atmospheres and are losing it rapidly today. All of them, except Kepler-36 b,
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have ultra-short orbital periods and experience high insolation flux (see Figure 4.1).

Figure 4.7 shows the posterior distributions for p.. for the planets in Table ??. Since
our analysis shows that there is a very low likelihood that any of these planets are left
with their primordial hydrogen atmospheres today, these plots simply tell us what the
bulk compositions of the respective planets could be. It is then surprising that a subset
of super-Earths, which are the focus of this sub-section, have low bulk densities of p..

< 5 glem?

. A possible explanation for this is that the planets listed in Table ?? harbor
a secondary atmosphere dominated by high molecular weight species, an interior with

significant ice-fraction by mass (= 10-20%), or both.

A source for a high mean molecular weight atmosphere could be outgassing from a
planet’s interior/magma oceans (e.g. Elkins-Tanton & Seager, 2008; Bower et al., 2019;
Chachan & Stevenson, 2018; Kite & Barnett, 2020) or delivery of volatiles by impactors
such as comets (e.g. Raymond et al., 2004; Schlichting et al., 2015; Kral et al., 2020).
Once a planet has such a high molecular weight secondary atmosphere, it is typically not

possible to lose it through hydrodynamic escape.

On the other hand, a significant amount of ice in a planet’s core could also explain a
lower p.., even if the planet has lost all its primordial atmosphere (e.g. Rogers & Seager,
2010; Dorn et al., 2017b; Zeng et al., 2019; Mousis et al., 2020). Such planets would likely
have formed and migrated from outside the ice-line. As shown in Figure 4.1, most of these
planets are on ultra-short orbital periods and experience ~ 1000 times more insolation
than Earth. It is thus likely that these planets also have steam atmospheres (e.g. Mousis
et al., 2020; Marounina & Rogers, 2020). Furthermore, studies have also hypothesized
that low bulk densities could be an artifact of planets having exotic interior compositions,

for instance, certain super-Earths might not have a core and could instead be enriched in
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Pex [g/cc] = 4.143372 Pex [g/cc] = 4.72+33E pcx lofcc] = 4774438 pcx lg/cc] = 4.84%132

Pcx [g/cc]
HD 80653 b 55Cnce Kepler-36 b
pex [g/cc] = 4.93%1:29 pex [g/cc] = 4.01%2:68 pex lg/cc] = 4.49%172

RO I

pcx [g/cc]

Figure 4.7: Posterior distributions of p.. for planets that are likely to have lost their
primordial hydrogen atmospheres by today and have bulk densities p.. < 5 g/lcm?. Values
are reported with 2 o errors and vertical dashed lines denote the median values. Since
these planets have bulk densities much lower than that for Earth, it is likely that they either
have secondary atmospheres abundant with heavy molecular weight volatiles, interiors
with significant ice-fractions by mass, or both. In addition, we find that 55 Cnc e and

Kepler-36 b could also be consistent with having a hydrogen-dominated atmosphere today

with a probability of 26% and 10%, respectively.
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Ca and Al minerals (Dorn et al., 2017a). Specifically targeting these planets in future
surveys could help us to better understand the wide-variety of possible super-Earths and to

constrain the role of migration in sculpting the planetary architectures we observe today.

Among the listed planets, 55 Cnc e, WASP-47 e, Kepler-78 b, Kepler-10 b, CoRot-7 b
and Kepler 36-b have been a focus of several theoretical studies. However, to the best of
our knowledge, attempts have only been published to detect and characterize an envelope

around 55 Cnc e. Below, we discuss these past studies in the context of this work.

55 Cnc e: Among the planets that likely lost their primordial atmospheres, and even
otherwise, 55 Cnc e is perhaps the most studied small exoplanet to date. It was first detected
almost two decades ago by McArthur et al. (2004) and because it orbits a bright Sun-like
star with V = 5.95 mag, it has not just been subject of theoretical work but also of numerous

observations.

While multiple studies have reported a detection of an atmosphere of 55 Cnc e (e.g.
Ridden-Harper et al., 2016; Tsiaras et al., 2016; Demory et al., 2016b), their interpretation
of the atmosphere’s composition differ significantly (e.g. Ehrenreich et al., 2012; Tsiaras
et al., 2016; Esteves et al., 2017; Zhang et al., 2020; Tabernero et al., 2020). For instance,
Ehrenreich et al. (2012) and Zhang et al. (2020) have reported non-detections of hydrogen
Lya and helium 1083 nm triplet absorptions, respectively. These studies thus conclude
that it is likely that the planet’s atmosphere is not hydrogen-dominated today. This however
doesn’t preclude that the atmosphere might have a mass-loss rate lower than what can
be detected, which is estimated by the authors to be ~ 3 x 10% — 10° g/s. Alternatively,
the atmosphere might have high latitude clouds. Using infrared phase curves collected
by Spitzer, Demory et al. (2016b) found a large day-night temperature contrast and an

off-set of the hottest spot towards east of the sub-stellar point. Based on analysis of such
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observations, Demory et al. (2016b) and Angelo & Hu (2017) have argued that 55 Cnc e
should have a substantial atmosphere of heavy molecular weight species. Angelo & Hu
(2017) further argued that these Spitzer phase curve observations can’t be explained if
the planet had a magma ocean or a tenuous mineral atmosphere because heat cannot be
transferred fast enough (e.g. Kite et al., 2016). In addition, Tsiaras et al. (2016), Esteves
et al. (2017) and Jindal et al. (2020) have ruled out the presence of a water dominated
atmosphere - based on their analysis of high resolution spectral data collected for the
planet. There is also the inexplicable variability in thermal emission from 55 Cnc e which
is hard to explain with a simple secondary atmosphere model (Demory et al., 2016a). On
the other hand, Tsiaras et al. (2016) reported strong absorption features at 1.42 and 1.54
pm. HCN is identified as the cause of these absorption features and their study finds that

these features are strongly suggestive of a hydrogen rich atmosphere.

Our results, unfortunately, do not help in resolving the debate over a hydrogen dom-
inated v.s. secondary atmosphere of 55 Cnc e. Specifically, we find a 74% probability
that p.* < 4.8 g/cc (i.e., solutions that require a low-density interior and/or secondary
atmosphere) and a 26% probability that 55 Cnc e still has a hydrogen atmosphere (see
bimodality in the p.. posterior distribution in Figure 4.7). If the latter is true, 55 Cnc
e should be losing its atmosphere at a considerable rate. While the 50'"-percentile or
median mass-loss rate for 55 Cnc e is ~ 0 g/s, the 84"-percentile and 97.5""-percentile
mass-loss rates are 5 X 108 g/s and 1 x 10° g/s, respectively. Interestingly, these estimates
are comparable to the threshold mass-loss rates for detection of an escaping atmosphere

from 55 Cnc e (Ehrenreich et al., 2012; Zhang et al., 2020).

WASP-47 e, Kepler-78 b, Kepler-10 b, CoRot-7 b, and Kepler-36 b: These planets

have been the focus of several theoretical studies that conjecture - in agreement with our
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analysis - that they should either have secondary atmospheres (and magma oceans) or/and
low density interiors (e.g. Schaefer & Fegley, 2009; Ito et al., 2015; Dorn et al., 2017a; Dai
et al., 2019; Chao et al., 2020). Unfortunately, their host stars are much dimmer than 55
Cnc with V ~ 11 to 12 mag (Léger et al., 2009; Queloz et al., 2009; Howard et al., 2013;
Becker et al., 2015; Batalha et al., 2011).

There is more to Kepler-36 b, however, as it is also compatible with having a hydrogen
atmosphere today. Although this is very unlikely according to our analysis, Kepler-36
b could have a mass-loss rate of 3.5 x 108 g/s at 97.5" percentile. Kepler-36 b is also
peculiar in receiving an order-of magnitude lower insolation flux than all the other planets

that likely do not have a primordial hydrogen atmosphere today.

HD 80653 b: Recently discovered by Frustagli et al. (2020), HD 80653 b is a small
planet around a relatively bright G2 star with V = 9.5 mag. Frustagli et al. speculate
that the planet is likely to have lost its hydrogen atmosphere because it is highly irradiated
- more than 6000 times than Earth. Our results show that this is indeed the case if the
planet’s evolution was dominated by core-powered mass-loss. In addition, it has a low bulk
density for its size and mass. These factors make it yet another interesting target for further

investigations.

4.4 Conclusion

In this paper, we investigate which planets could be undergoing considerable atmospheric
mass-loss today if their evolution was dominated by core-powered mass-loss. Of the 78
planets in our sample, we find ten planets with median mass-loss rates of > 107 g/s: pi

Men c, Kepler-60 d, Kepler-60 b, HD 86226 ¢, EPIC 249893012 b, Kepler-107 ¢, HD
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219134 b, Kepler-80 e, Kepler-138 d and GJ 9827 d.

The covariance plots for these targets, unsurprisingly, show correlations between difter-
ent planetary parameters. Notably, we find that the estimated mass-loss rates are especially
sensitive to the uncertainties in a planet’s mass measurements. This is especially apparent
for planets such as HD 86226c¢ and GJ 9827 d for which our mass-loss estimates vary over
~ 5-10 orders of magnitude for planet masses within 20~ of the median. Furthermore, our
results show a two-peaked posterior mass-loss distribution for several planets - peaking
at ~ 0 g/s and at > 107 g/s. This indicates that a number of planets from this category,
such as HD 219134 b and EPIC 249893012 b, have a low - but non-zero - probability of
not losing any atmosphere at all and could rather have a secondary atmosphere and/or low
density interiors. While the likelihood of this is typically lower than 10%), Kepler-60 d and
Kepler-60 b are only 2 and 1.5 times more likely to have hydrogen-dominated atmospheres,

respectively.

Among these planets, HD 219134 b is a especially interesting target because while
our analysis suggests that it is likely to have a hydrogen dominated atmosphere, photo-
evaporation studies predict the opposite (Dorn & Heng, 2018; Kubyshkina et al., 2018).
Detecting atmospheric mass-loss from HD 219134 b could therefore directly confirm that

core-powered mass-loss is driving its evolution.

Finally, even though all the planets in this category are likely undergoing fairly rapid
atmospheric escape, their 95'"-percentile mass-loss rates are still lower than ~ 9 x 10° g/s.
These lower mass-loss rates might therefore explain the non-detection of Lya absorption
or the He 1083 nm triplet feature for planets such as pi Men ¢ (Garcia Muioz et al., 2020)
and GJ 9827 b (Kasper et al., 2020; Carleo et al., 2021).

In addition, we also identify seven planets for which our core-powered mass-loss model
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predicts no residual hydrogen envelopes today, and whose mass and radius measurements
thus suggest that they likely have have secondary atmospheres and/or low density interiors.
The planets in this list are 55 Cnc e, WASP-47 e, Kepler-78 b, Kepler-10 b, CoRoT-7 b, HD
80653 b, and Kepler-36 b. Among these, our results are somewhat ambiguous for 55 Cnc
e and Kepler-36 b because they are also compatible, at a lower probability, with having
hydrogen-dominated atmospheres. For instance, 55 Cnc e is only about three times more
likely to have a secondary atmosphere and/or low density interior than having a hydrogen

dominated envelope according to our analysis.

4.4.1 Future Work

Studies on core-powered mass-loss and photoevaporation have shown that both mechanisms
can, independently, explain a multitude of observations associated with the observed radius
valley (e.g. Owen & Wu, 2017; Ginzburg et al., 2018; Wu, 2019; Gupta & Schlichting,
2019, 2020; Rogers & Owen, 2020). We assume in this paper that core-powered mass-
loss dominates planet evolution. It is however likely that both mechanisms take place
simultaneously to a certain degree. Moreover, it is possible that the two processes dictate
the atmospheric mass-loss to varying degrees in different parts of the parameter space of
the relevant planet and stellar properties. In future studies, we therefore plan to tackle this
by combining the two mechanisms to develop a more comprehensive understanding of how

planet atmospheres evolve.

4.4.2 Outlook

In this work, we have identified ten planets that could be undergoing atmospheric mass-

loss today, as well as, a list of seven planets that likely have secondary atmospheres, ice
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rich/iron poor interiors, or both. We hope that the results from this work will aid in the
target selection process for future observations. As alluded to earlier, remarkable efforts
are continually being made in this direction (e.g. Ehrenreich et al., 2012; Demory et al.,
2016b; Ridden-Harper et al., 2016; Benneke et al., 2019; Vissapragada et al., 2020; Kasper
et al., 2020; Zhang et al., 2020). The larger sensitivity and spectral range offered by the
James Webb Space Telescope (e.g. Greene et al., 2016; Allart et al., 2018), scheduled for
a launch later this year, and the next-generation ground-based telescopes (e.g. Hood et al.,
2020; Vissapragada et al., 2020) should provide us with new data and new insights in the

near future.
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CHAPTER 5

Properties of the radius valley around low mass stars:

Predictions from the core-powered mass-loss mechanism

Tn recent years, analyzing the bimodality in the size distribution of small planets, i.e.,
the ‘radius valley’, has given us unprecedented insight into the planet formation process.
Here we explore the properties of the radius valley for low mass stars, assuming that the
core-powered mass-loss is the dominant process shaping the small exoplanet population.
We show that the slope of radius valley in the planet size-orbital period space, to first-order,
does not vary with stellar mass and has a negative slope of d logR ), /d logP ~ —0.11 even for
stars as small as 0.1 M, as observed in latest studies. Furthermore, we find that the slope
of the radius valley in the planet size-stellar mass space is d logR,/d logM.. ~ (3£ -2)/36
where { is given by the stellar mass-luminosity relation L, oc M¢. Because lis 2 2
and increases with stellar mass, we predict that the radius valley has a positive slope in
the planet size-stellar mass space across FGKM dwarfs. This slope, however, decreases
(increases) in magnitude towards lower (higher) mass stars, due to the variation of  with
stellar mass. While around 1.0 M, stars the slope is d logR,, /d logM, ~ 0.37, it is as low
as ~ 0.13 around 0.1 Mg, stars. In addition, we find that the radius valley is narrower and

less empty around lower mass stars. Finally, we show that predictions for the radius valley

I"This chapter was previously published in similar form as Gupta, A., Nicholson, L. and Schlichting, H.
E. 2022, MNRAS, 516, 4585-4593.

125



for core-powered mass-loss and photoevaporation become increasingly distinct for lower

mass stars.

5.1 Introduction

The field of planetary sciences has witnessed a revolution over the last two decades during
which over 5000 planets have been discovered. These discoveries have given us unprece-
dented insight into the formation and evolution of planets. Today we know that planets are
quite common in our galactic neighborhood, especially small planets such as those smaller
than the size of Neptune (~ 4Rg). Roughly every other star hosts one such planet inside an
orbital period of a 100 days (e.g., Borucki et al., 2010; Batalha et al., 2011). Furthermore,
among the population of small planets, it has been noted that, surprisingly, there are very
few planets of intermediate sizes ~ 1.5 to 2.0 Earth radii (e.g., Owen & Wu, 2013; Fulton
et al., 2017; Fulton & Petigura, 2018; Van Eylen et al., 2018). In addition, planets smaller
than 1.5 Earth radii (‘super-Earths’) have been observed to have high densities based on
which, models of planetary structure infer that they should have Earth-like composition
(e.g., Marcy et al., 2014b; Rogers, 2015; Dressing et al., 2015). Whereas, planets larger
than ~ 1.6 Earth radii (‘sub-Neptunes’) have been observed to have much lower bulk den-
sities which are consistent with large (few % by mass) H/He atmospheres or significant
fractions of ices (e.g. Lopez & Fortney, 2014; Jontof-Hutter et al., 2016). This bimodality
in the size and composition distribution of small exoplanets has come to be known as the

radius valley.

There are two schools of thought on the origin of the radius valley (e.g. Bean et al.,
2021). According to one set of theories, namely, photoevaporation and core-powered

mass-loss, most of the planets we observe today formed in the presence of a protoplanetary
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disk and thus accreted primordial H/He envelopes (Owen & Wu, 2013; Lopez & Fortney,
2013; Jin et al., 2014; Owen & Wu, 2017; Ginzburg et al., 2018; Gupta & Schlichting,
2019, 2020, 2021). Some of these planets however lost their atmospheres entirely over time
and became super-Earths. In contrast, planets that were able to retain their atmospheres are
today’s sub-Neptunes. In the case of photoevaporation, atmospheric mass-loss is driven
by the high-energy radiation (e.g., XUV) from the host stars, whereas in core-powered
mass-loss model, energy from the planet’s formation process together with the host star’s

bolometric luminosity drives the atmospheric escape.

Alternatively, studies have also suggested that the radius valley could be primordial
(e.g., Zeng et al., 2019; Mousis et al., 2020; Lee & Connors, 2020). For instance, Lee &
Connors (2020) suggest that super-Earths are planets that never accreted any significant
atmosphere, whereas Zeng et al. (2019) suggest that sub-Neptunes are predominantly icy
planets with ~ 50% ice-fraction by mass thereby explaining their larger radii. The latter
theory, however, cannot yet explain radius valley features such as trends with orbital period

and/or stellar mass.

In this work, we solely focus on the implications of the core-powered mass-loss theory
which can explain a multitude of observations pertinent to the radius valley such as the
location of the radius valley in planet size, the relative occurrences of super-Earths and
sub-Neptunes, the timescales on which super-Earths form, and the slopes in the planet
size-orbital period space and planet size-stellar mass space (e.g. Fulton & Petigura, 2018;
Van Eylen et al., 2018; Martinez et al., 2019; Berger et al., 2020a). In addition, the pertinent
studies also inferred that the primordial core-mass distribution likely peaks around 4 Mg
and that the majority of planets have cores with rocky, Earth-like composition Ginzburg

et al. (2018); Gupta & Schlichting (2019).

127



Previously, core-powered mass-loss studies explored the role of this mechanism in the
evolution of planets around FGK dwarfs only. The motivation for these studies were the
unprecedented observations from the Kepler space observatory. A lot of the recent work in
the exoplanet community has however been put into observing planets around M-dwarfs and
thus also on studying the planet demographics around such stars (e.g., Wu, 2019; Cloutier
& Menou, 2020; Van Eylen et al., 2021; Petigura et al., 2022). There are a multitude of
reasons for this. To list a few, not only are M-dwarfs the most abundant stars in the Universe,
accounting for an estimated three-quarters of the stars in our Milky Way galaxy, but they
are estimated to have the highest small-planet occurrence rate among FGKM dwarfs for a
given range of orbital periods (e.g. Hsu et al., 2020). Furthermore, it is easier to observe
small planets around these smaller stars, and many of them could in fact be in the habitable
zones as these stars are much cooler (e.g. Scalo et al., 2007). The TRAPPIST-1 system is
an ideal example of a planetary system around an ultra-low mass star (0.089 M) that hosts
several planets in the habitable zone (Gillon et al., 2016, 2017). Furthermore, as alluded
to in Rogers et al. (2021), looking at a wider range of stellar masses will facilitate our
efforts towards distinguishing between the expected signatures of photoevaporation and
core-powered mass-loss imprinted on the exoplanet population. Given these reasons, in
this paper, we investigate the evolution of sub-Neptunes and super-Earths around low-mass

stars with masses as low as 0.08 M.

Recent observational studies on planet demographics around such low mass stars show
that the radius valley extends at least to early-M dwarfs (e.g., Cloutier & Menou, 2020;
Van Eylen et al., 2021; Petigura et al., 2022). To characterize the radius valley, studies
have tried to estimate its location in planet size and slope in different parameter spaces
such as planet size-orbital period and planet size-stellar mass. Van Eylen et al. (2021) and

Petigura et al. (2022) recently analyzed the distribution of planets around M and K dwarfs
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with masses ~ 0.15-0.6 M and 0.5-0.7 M, respectively. They found that the radius valley
in the planet size-orbital period space has a negative slope of —O.lli%%i and —0.12i8:%i,
respectively. These values are consistent with those reported previously for FGK dwarfs ~
0.8-1.2 M, (e.g. Fulton & Petigura, 2018; Van Eylen et al., 2018; Martinez et al., 2019).
Theories based on atmospheric escape show that they can explain this slope. For instance,
using simple analytical arguments and numerical simulations, Gupta & Schlichting (2019)
showed that if atmospheric loss is dominated by core-powered mass-loss, the radius valley
slope for planets around FGK stars in the planet size-orbital period space should be —0.11.
Contrary to the observational studies mentioned above, Cloutier & Menou (2020) measured
a positive slope of 0.058+0.022 for the radius valley in the same parameter space for M

dwarfs ranging 0.08-0.6 M. The authors attributed this to an increasing role of gas-poor

accretion around lower mass stars (Lee & Chiang, 2016; Lopez & Rice, 2018).

In this study, we simulate planets around these lower stellar masses and show that
if planet evolution is indeed dictated by core-powered mass-loss, the slope of the radius
valley in the planet size-orbital period space should remain negative and close to -0.11 as

predicted previously for Sun-like stars in Gupta & Schlichting (2019).

Furthermore, while it has been already known that the radius valley around dwarfs
has a positive slope in the planet size-stellar mass space (Fulton & Petigura, 2018), recent
observational studies on planets around early M to FGK dwarfs have tried to quantify this

slope. Petigura et al. (2022) looked at 0.5-1.4 M, stars and estimated a slope of O.lSﬁ%’%%

+0.21

whereas Berger et al. (2020a) found a slope of 0.2671¢

for a similar stellar mass range but
a distinct dataset. These studies have then compared these measurements with theoretical
predictions from photoevaporation and core-powered mass-loss models and have noted how
with the current precision, both theories are consistent within 1-2 o~. There are however

caveats with making such comparisons. For instance, the predicted radius valley slope in
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the planet size-stellar mass space of 0.33 reported in Gupta & Schlichting (2020) was for a
specific subset of the California-Kepler Survey (CKS) dataset then available that consisted
of FGK dwarfs only. This is important because this slope depends on how strongly or
weakly the stellar mass and luminosity are correlated due to the dependence of mass-loss
rate on planetary equilibrium temperature and thus stellar luminosity, and this correlation
itself depends on stellar mass (e.g., Salaris & Cassisi, 2005; Eker et al., 2018; Berger et al.,
2020a). For a unique dataset of stars, the estimated slope will thus be unique. In this work,
we show how this correlation between the stellar mass and luminosity changes with stellar
mass, and ultimately, present predictions for how the radius valley changes towards lower

stellar masses.

This paper is structured as follows: In Section 5.2, we review how we model the structure
of a planet and its evolution over time under the core-powered mass-loss mechanism.
Following this, we describe the changes in our planet evolution model in comparison to
previous studies and how we model the exoplanet population. We then discuss our results
in Section 5.3 and show how the radius valley around M dwarfs differs from that around

FGK dwarfs. Finally, we present our conclusions in Section 5.4.

5.2 Methods

In this section, we provide a brief overview of how a planet evolves after the dispersal of
the protoplanetary gas disk, and the accompanying atmospheric mass-loss via the ‘boil-
off” or ‘spontaneous mass-loss’ process (e.g. Owen & Wu, 2016; Ginzburg et al., 2016).
While multiple theories have been put forth in this regard, we assume that any subsequent
evolution is solely driven by the thermal evolution and atmospheric escape driven by the

core-powered mass-loss mechanism as previously explored in Ginzburg et al. (2018); Gupta
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& Schlichting (2019, 2020).

During the formation of a planet, as solids accrete to form a planetary core, the
gravitational energy resulting from this process gets converted into thermal energy. If
this happens after the protoplanetary gas disk has dispersed, this energy can get radiated
away on extremely short timescales. However, if this occurs during the presence of a gas
disk, the planet will, once it has cooled to temperatures sufficiently low such that gas can
become gravitationally bound, also accrete an H/He envelope. Once this planetary envelope
becomes optically thick, any energy exchange between the surroundings and the planet will
be regulated by the radiative diffusion across the radiative-convective boundary leading to
much longer cooling timescales than if the planet had an optically thin or no atmosphere
(e.g. Rafikov, 2006; Lee & Chiang, 2015; Ginzburg et al., 2016). Effectively, such an
atmosphere will act as a thermal blanket for the planet allowing a significant fraction of
the formation energy to be trapped within. As the protoplanetary gas disk then disperses,
the decrease in the pressure support outside a planet’s atmosphere will lead to atmospheric
escape. This mass-loss phase is known as the boil-off or the spontaneous mass-loss process
and sets the initial conditions for both core-powered mass-loss and photoevaporation. The
idea behind core-powered mass-loss is that the remnant primordial formation energy can
eventually unbind the planet’s atmosphere via a Parker-type hydrodynamic wind in the
outer regions of the atmosphere where the temperature is set by the host star’s bolometric
luminosity (e.g. Parker, 1958). Planets that eventually lose their entire atmospheres are
today’s super-Earths whereas those that are able to retain some of their primordial H/He
atmospheres are the sub-Neptunes we see today. This results in a bimodal planet size

distribution and thus, a radius valley.
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5.2.1 Planet Structure and Evolution

For our planet evolution model, we use the same framework as described in Ginzburg
et al. (2018) and Gupta & Schlichting (2019) unless specified otherwise. We assume
that post-disk dispersal and boil-off/spontaneous mass-loss, a typical planet with mass M),
and radius R, has a core with an Earth-like composition that is surrounded by an H;
atmosphere of mass M,;,,. The core here refers to the non-gaseous part of the planet that
has a mass M, and radius R, and the core is assumed to account for most of the mass of
the planet such that M. ~ M,,. For the atmosphere, we model it to have an inner convective
and an outer radiative region (e.g. Piso & Youdin, 2014; Lee & Chiang, 2015). It is thus
assumed that the inner region has an adiabatic profile whereas the radiative region is nearly
isothermal with a temperature equal to the planetary equilibrium temperature 7,,. The
radius at which such an atmosphere transitions from the convective to the radiative region is
the radiative-convective boundary R,.,. The atmosphere’s density decreases exponentially
with radius in the radiative region, and thus most of the mass of the atmosphere, M;,,
resides within the convective region. Consequently, the photospheric radius of the planet
R, is approximately equal to R,., which, in turn, is assumed to be roughly twice the core

radius after the disk dispersal, based on previous work (Ginzburg et al., 2016).

Given this structural model for a planet, we can now discuss how its atmospheric mass
fraction f = My, /M, and cooling energy E.,,;, i.e. the energy that a planet can lose,
evolve over time. We assume that given some initial f, a planet loses this atmosphere in
either an energy-limited regime or a Bondi-limited regime. The energy limited regime
corresponds to the absolute upper limit on atmospheric escape where all the luminosity

from a cooling planet goes into driving mass loss. This mass-loss rate M%_ can be written

arm
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as

ME ~ Lycp

atm = E’ 5.1)
where L, is the luminosity of the planet at the radiative-convective boundary and g is the
acceleration due to gravity at R,.,. In reality, the efficiency with which a planet’s cooling
luminosity can drive mass should be <100%, but note that the contribution from the host
star’s bolometric luminosity, that we don’t model in detail here, also plays a supporting role
in driving this mass-loss, as it contributes to maintaining the radiative-convective profile
of the planet. Ideally, detailed radiative-hydrodynamic calculations are needed to solve for
atmospheric escape with incoming and outgoing radiation due to the host star and planet.
This is unfortunately beyond the scope of this work. Nevertheless, as discussed previously
in Gupta & Schlichting (2019) and in this manuscript, the shape of the radius valley, i.e., its
slope and depth, is primarily dictated by the balance of the planetary cooling and mass-loss
timescales. Thus, we do not expect the assumption of a maximum mass-loss efficiency to
have a significant implication for the slope of the radius valley and note that there is also

likely a significant degeneracy between the mass-loss efficiency and a planet’s assumed

initial atmosphere mass-fraction, which remains highly uncertain.

Alternatively, the Bondi-limited mass-loss rate M5 is the maximum mass-loss rate

atm
physically possible given the finite thermal velocities of the gas molecules at the Bondi
radius which, in turn, is dictated by the bolometric luminosity of the host star and the

planet’s semi-major axis. In this regime, the mass-loss rate M5 . can be written as

atm?

1B
Matm

5.2
C%chb ( )

2 2 GM,
=4nRcsps = 4nR Csprcb €XP | — ,

where Ry = GM,/2¢? is the sonic radius, i.e., the radius at which the escaping atmosphere
reaches sonic velocities, ¢, = (kpTeq /1) 172 is the isothermal speed of sound with Boltzmann

constant kp and mean molecular weight i, and pg and p,.; are the atmospheric densities
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at Ry and R,.,. The exponential dependence of the mass-loss rate on M), R,., and T,
stems from the isothermal nature of the outer regions of the atmosphere which requires an
exponential decline in the atmosphere’s density with radius. Ultimately, the mass-loss rate
a planet experiences at a particular time in its evolution is the smaller of the Bondi- and
energy-limited mass-loss rates, i.e., My, = min{ME_, MB }. We can thus express the

mass-loss timescale, 7,45, Of a planet as

f — Matm _ 1 (5 3)
o |dMatm/dt| min {Mf;m/Malm, Mﬁm/Matm} . '
On the other hand, the cooling timescale for a planet can be written as
Ecool Ecool (54)

teool = = .

o |dEcool/dt| Lycp
Together, Equations 5.3 and 5.4 determine how a planet evolves in our model. We thus
numerically solve these equations over time to ultimately track how a planet’s size and

atmosphere mass-fraction evolve.

5.2.2 Accounting for evolution of a host star’s luminosity

Previously in Ginzburg et al. (2018) and Gupta & Schlichting (2019, 2020), we did not
account for the evolution in the luminosity of the host stars, but this change can be significant
for low mass stars. This is apparent in Figure 5.1 where we show the luminosity evolution
tracks for a range of stellar masses. This figure begins at 3 Myr of age, assuming that
to be the approximate time of disk dispersal (e.g. Mamajek, 2009). We see that for a
Sun-like 1 Mg, star, the luminosity undergoes a negligible change after the dispersal of its
protoplanetary disk. We do note that the luminosity of such a star increases continually
over the time period shown in Figure 5.1, but as we will see later in Section 5.3, this has no

significant impact on the core-powered atmospheric mass-loss results. On the other end of
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Figure 5.1: Evolution in the luminosities of stars of different masses from an age of 3 Myr
to 3 Gyr. The plot shows that while there is an no significant change in the luminosity of
a Sun-like 1.0 Mg, star, the luminosity of a star such as TRAPPIST-1 with a mass of 0.089

M undergoes a change in luminosity of one-to-two orders in magnitude during the first

Gyr of its lifetime.
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the spectrum, for a TRAPPIST-1 like ultra-low mass star, the luminosity changes by one to
two orders-of-magnitude during the first Gyr of evolution. The stellar luminosity L. plays
a key role in a planet’s evolution as it sets its equilibrium temperature

1
1 L.\*
Ty = [—— 2 :

“d (1671’0'612) ' >)

where o is the Stefan-Boltzmann constant and a is the planet’s semi-major axis. As
mentioned in the preceding paragraph, the mass-loss rate of a planet has an exponential
dependence on T,,. As a consequence, the mass-loss rate or mass-loss timescale, 77, is

sensitive to changes in T,,.

Therefore, to track planet evolution around low-mass stars, we explicitly include the
evolution of the stellar luminosity with time in our core-powered mass-loss model as
follows: For stars more massive than 0.1 Mg, we use the MIST stellar evolutionary tracks
(version 1.2; Dotter, 2016; Choi et al., 2016) that are computed with the Modules for
Experiments in Stellar Astrophysics (MESA) code (Paxton et al., 2011, 2013, 2015, 2018,
2019). For stars less massive than 0.1 Mg, we directly use the MESA code (version:
mesa-r21.12.1) to compute stellar evolution tracks as data for such ultra-low mass stars are
not available as part of the MIST database. In addition, we assume all the stars have a

metallicity of Z = 0.014.

5.2.3 Modeling planet population

In this subsection, we describe how we model the distribution of atmosphere mass fractions

f, core masses M, and orbital periods P.

Following previous studies (e.g., Ginzburg et al., 2018; Gupta & Schlichting, 2019),
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Figure 5.2: Distribution of planets in the planet size-orbital period space. The left and
right panels show planet populations around a 0.1 and 1.0 Mg, star, respectively (continued

next page).
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Figure 5.2: Distribution of planets in the planet size-orbital period space. The left and
right panels show planet populations around a 0.1 and 1.0 Mg, star, respectively. While
the gray plots in the top row represent the case where planets were evolved around stars of
constant luminosity (taken to be the luminosity at 3 Gyr), the bottom row shows the final
planet size distributions when the luminosity evolution of the host stars is accounted for.
Comparing the top and bottom rows shows that, unsurprisingly, the impact of the host star’s
luminosity evolution is negligible for 1.0 M, stars. On the other hand, for 0.1 M, stars the
host star’s luminosity evolution results in a narrower and less empty radius valley but, at
the same time, does not lead to a change in its location or slope. These plots also show that
the radius valley slope is the same around both 0.1 and 1.0 M, stars: d logR,/d logP =
-0.11, which is consistent with observational results reported by Van Eylen et al. (2021)
and Petigura et al. (2022).
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we assume that planets have an initial atmospheric mass-fraction of

Maim

f= ~0.05(M,./Mg)"/?. (5.6)

c

This is motivated by past studies of gas accretion and the atmosphere loss that follows the
disk dispersal, i.e. the boil-off or spontaneous mass-loss process (e.g. Owen & Wu, 2016;
Ginzburg et al., 2016). We do note however that such a one-to-one relation between f
and M. is not expected in nature due to the stochasticity inherent in the process of planet
formation even if the correlation is physically motivated. To check if this approximation
has an impact on the radius valley, we tested our evolution models with a wider distribution
of atmospheric mass-fractions. Specifically, we implemented a log-normal distribution
with a mean given by Equation (5.6) and a standard deviation of 0.25, which encompasses
about a factor of 2 variations in f. We find that the results with the log-normal distribution
are essentially indistinguishable from the ones presented in this paper. Furthermore, in
Gupta & Schlichting (2019) we demonstrated that even for a log-uniform distribution of
initial-envelope mass-factions, as assumed in Owen & Wu (2017), the radius valley is still
a robust outcome although the exact shape, especially of the sub-Neptune population, is

slightly different.

The period distribution has been observed to be fairly constant across a significant
range of stellar masses, 0.5 Mg to 1.4 Mg (see Petigura et al., 2022). In this work, we
assume that the same observed period distribution

dN P2, P < 8 days

oc 5.7)
d logP constant, P > 8 days, and

applies to the entire range of stellar masses explored here.

Finally, we assume that the planetary masses are distributed uniformly in log-space.

This allows us to share predictions in this paper that are agnostic to the yet unknown ‘true’
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planet mass distribution and how it depends on stellar properties such as stellar mass; see

Teske et al. (2020).

5.3 Results & Discussion

In this section, we explore the changes in the planet demographics around lower mass stars.
This includes investigating the location and slope of the radius valley in planet size-orbital
period and planet size-stellar mass space. Finally, we discuss how focusing on lower stellar
masses can make it easier to distinguish between the signatures of core-powered mass-loss

and other mechanisms that have been put forth to explain the radius valley.

5.3.1 Radius valley as a function of orbital period around low mass stars

As discussed in Section 5.2.2, in past core-powered mass-loss studies the evolution of the
host star’s luminosity was not included, but this change can be significant for low mass
stars; see Figure 5.1. In Figure 5.2, we show the impact of this luminosity evolution for
a Sun-like 1.0 M star and an ultra-cool M dwarf with a mass of 0.1 M. This figure
shows the planet size distribution in the planet size-orbital period (R, — P) space after 3
Gyr of evolution given our initial conditions. For plots in the bottom row, we accounted
for evolution in the stellar luminosities whereas for the top row we did not and evolved the
planets at a fixed luminosity - the star’s luminosity at the age of 3 Gyr. Comparing the
top and bottom rows for the 1.0 Mg case shows that the two cases are practically identical
- reinforcing that it is reasonable to ignore the luminosity evolution for FGK stars in this
context, as assumed in previous core-powered mass-loss studies (e.g. Gupta & Schlichting,

2020). Comparing the top and bottom rows for the 0.1 Mg case shows however that for
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Figure 5.3: Distribution of planets in the planet size-stellar mass space for stellar masses
ranging over 0.08 to 1.25 My. Plot shows how the radius valley decreases in planet
size with decreasing stellar masses and becomes relatively narrower and less empty. We
also find that the slope of the radius valley d logR,,/d logM. is not constant and becomes
shallower towards lower mass stars. As discussed in the main text, the radius valley
slope is positive because at a given orbital period, planets around more massive stars have
higher equilibrium temperatures as more massive stars are more luminuous. Therefore, a
planet around a relatively massive star is more susceptible to complete atmospheric loss
and the valley moves up in planet size with increasing stellar mass. This slope however
changes with stellar mass because the degree of correlation between stellar mass and stellar
luminosity, encapsulated in ¢, itself changes with stellar mass. This change in slope is even

more apparent in Figure 5.4.
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such low mass stars the radius valley is narrower and less empty when the luminosity
evolution is included. Nevertheless, the planet distributions are not drastically different,
and we can thus exploit this to make analytical estimates for the slopes of radius valley in

different parameter spaces down to very low stellar masses.

It is evident from Figure 5.2 that core-powered mass-loss predicts a negative slope
for the radius valley in the R, — P parameter space even around ultra-low mass stars. As
previously derived in Gupta & Schlichting (2019, 2020), the slope of the radius valley can be
estimated by realizing that sub-Neptunes are planets that reached a point in their evolution
where they cool and shrink faster than they lose mass while they still have substantial
envelopes. Whereas super-Earths were able to lose most or all of their envelopes before
cooling could catch up with the mass-loss. Therefore, the slope of the radius valley can be
estimated by equating the mass loss and cooling timescales, which yields

GM

2
cercb

~ constant. (5.8)

as shown in Gupta & Schlichting (2019, 2020). Substituting for the speed of sound, the
mass-radius relation for the core M, « R‘C‘pi{3 where p.. is the density of the core scaled

to an Earth mass, and using the fact that R,., = R, ~ 2R, simplifies Equation (5.8) to

R; Te_qlpii3 ~ constant. (5.9)

By definition, planetary equilibrium temperature depends on stellar luminosity and semi-
major axis such that qu o L,/a*>. Using the law of gravitation, we know that a
planet’s orbital period P?> o« a>/M,. Putting these two relations together gives that
T,y o« P7Y 3LY4 M1 In addition, it is also known that the stellar mass and lumi-
nosity are positively correlated, i.e. L, o M¢, where { (e.g. Salaris & Cassisi, 2005;

Eker et al., 2018; Berger et al., 2020a). We thus find that equilibrium temperature, orbital
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period and stellar mass are correlated such that Te‘q1 o P1B3M; (€/+/6) Substituting this

in Equation (5.9) gives us

?,{3 ~ constant. (5.10)

—(¢/4)+(1/6
R;PI/SM* (Z/H+(1/ )p

Assuming that planets across orbital periods of 1-100 days have, on average, similar core
composition, the slope in the R, — P space around a star of a particular mass is simply
dlogR,/dlogP = —1/9 =~ -0.11, i.e. independent of the mass of the host star. In other
words, the susceptibility to atmospheric loss strongly depends on the planetary equilibrium
temperature 7,,. Around any star, T, decreases with increasing orbital period such that
Tey o P~13. A planet at longer orbital periods is thus less susceptible to significant
atmospheric loss and the location of the radius valley moves to smaller planet sizes with

increasing orbital period, i.e. it has a negative slope in the R, — P space.

This result is consistent with the observations of slope across FGKM dwarfs. Recently,
Van Eylen et al. (2021) and Petigura et al. (2022) reported negative slopes for the radius
valley around low-mass stars: d logR,,/d logP =-0.11*0-0° for stars in the range ~ 0.15-0.6

Mo and -0.12*99% for stars in the range 0.5-0.8 Mo, respectively. Previously, studies
such as Van Eylen et al. (2018) and Martinez et al. (2019) have reported negative slopes
of dlogR,/d logP = —0.09f8:%3 and —0.11i%.833, respectively, for the radius valley around

FGK dwarfs.

5.3.2 Radius valley as a function of stellar mass around low mass stars

Figure 5.2 also demonstrates how the location of the radius valley changes with stellar
mass. When comparing the bottom panels for the two stellar masses, we can see that the
radius valley around the less massive star moves to smaller planet sizes. This shift in the

location of the radius valley is even more apparent in Figure 5.3 where we show the planet
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size distribution as a function of planet size and stellar mass. This plot shows not just that
the radius valley shifts to lower planet sizes with decreasing stellar mass, i.e., the slope of
the radius valley is positive in the planet size-stellar mass space, but predicts that towards
lower mass stars the slope of the radius valley becomes shallower. In Figure 5.4, we focus
on three stellar mass bins that have an equivalent span in logarithmic space: 0.1 - 0.15 Mg,

0.4-0.6 Mg, and 0.8 - 1.2 Mg, (from left to right).

The positive slope of the radius valley in the R, — M, space can be understood by same
physics that we used to explain the radius valley slope in the R, — P space. As shown
earlier, there is a positive correlation between stellar mass and planetary equilibrium
temperature/insolation flux for a given orbital period T, o M:g/ H=(1/6) (e.g. Salaris &
Cassisi, 2005; Eker et al., 2018; Berger et al., 2020a). Therefore, at a particular orbital
period, a planet around a low mass star is at a lower T, as it receives less bolometric
insolation flux (S, o Telq/4) in comparison to a planet at the same orbital period around
a high mass star. In other words, a planet at a particular orbital period around a more
massive star is more susceptible to a complete atmospheric loss. This explains why the
radius valley moves to larger planet sizes around more massive stars, resulting in a positive

slope in the R, — M, space.

We can obtain an analytical estimate for d logR,/d logM. using Equation (5.10) by
assuming that the orbital period distribution is independent of stellar mass (e.g. Fulton &
Petigura, 2018; Petigura et al., 2022) and that the short-period planets typically have similar
core compositions, such that p, is independent of P and M., (e.g. Gupta & Schlichting,
2019; Doyle et al., 2019; Bower et al., 2019; Rogers et al., 2021), which yields

dlogR, 37-2
dlogM, 36

(5.11)

{ has been observed to be = 2 for stars more massive than 0.179 M, (e.g. Salaris & Cassisi,
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Figure 5.4: Same as Figure 5.3 but presenting an expanded view of the radius valley in
three narrower stellar mass bins that span (from left to right) 0.1 to 0.15 Mg, 0.4 to 0.6
Mg and 0.8 to 1.2 M. This plot clearly shows how the radius valley slope decreases with
decreasing stellar mass. Dashed lines are based on our analytical estimate for the slope of
the radius valley and show an excellent match with the simulation results. These slopes
dlogR,/d logM, = 0.13, 0.20 and 0.37 for the three stellar mass bins as depicted in the

figure.

2005; Eker et al., 2018). Equation (5.11) thus shows that for typical values of £, the radius
value has a positive slope. Furthermore, this equation encapsulates how the slope of the
radius valley in the R, — M, space depends on the correlation between stellar mass and

luminosity (L,/Le = (M./M)%.). For a larger (smaller) £, the slope is larger (smaller).

It is commonly assumed that for zero-age main-sequence stars { ~ 3.5, as can be
shown using order-of-magnitude arguments. However, this is not accurate for actual
stars - especially those in the mass range of 0.1 to 1.5 M. Even though this is a good
approximation as it is within a factor of 2-3 of observed values, a change in { from 2 to
6 is equivalent to changing the radius valley slope estimate in the R, — M, space from

dlogR,/dlogM,. = 0.11 to 0.44. This is a significant change. In fact, { does vary in
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Stellar mass bins (Mg) ¢ (L, Mf) d logR,,/d logM.,

0.1-0.15 2.2 0.13
04-0.6 3.1 0.20
0.8-1.2 5.1 0.37

Table 5.1: Summary of how the slope of the radius valley in planet size-stellar mass
space, d logR,/d logM., (last column) and the stellar mass-luminosity relation, ¢, (middle

column) change with stellar mass, for three stellar mass bins (first column).

the aforementioned range as has been noted in past studies (e.g. Salaris & Cassisi, 2005;
Berger et al., 2020a). For instance, in Eker et al. (2018), the authors investigated the stellar
mass-luminosity relation for a sample of 509 main-sequence stars within the mass range
0.179 < M./My < 31. For stars with masses in the range 0.179 < M./My < 0.45, 0.45
< M./Mgy < 0.72, and 0.72 < M./My < 1.05, they found that { ~ 2.0, 4.6 and 5.7,

respectively.

To track the luminosity evolution of stars included in Figure 5.4, we used MIST tracks.
We find that  values for 3 Gyr old stars in the mass ranges shown in Figure 5.4, 1.e.,0.1-0.15
Mg, 0.4-0.6 Mg and 0.8-1.2 Mg are ~ 2.2, 3.1 and 5.1, respectively. Unsurprisingly, these
values encompass the same range as found in Eker et al. (2018). This is expected as the
MIST datasets are derived from the stellar evolution code MESA, which is, in turn, tuned
to match the properties of the observed stars (e.g. Paxton et al., 2011, 2013). Nevertheless,
the fact that £ increases with stellar mass in the mass range 0.1-1.2 Mg implies that the
slope of the radius valley in the planet size-stellar mass space increases in magnitude with
increasing stellar mass. Consequently, given Equation (5.11), we find that the slope of the

radius valley d logR,/d logM.,. = 0.13, 0.20 and 0.37 for 3 Gyr old stars with masses 0.1-
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0.15 My, 0.4-0.6 Mg and 0.8-1.2 My, respectively. We summarize this result in Table 5.1.
These slopes have been plotted in Figure 5.4 using dashed lines and provide an excellent

match to the simulations.

5.3.3 Comparing the predictions of core-powered mass-loss with photoevaporation,

and observations

The results presented above raise the question if these new predictions for the core-powered
mass-loss mechanism are significantly different from those expected from photoevapora-
tion. Figure 5.5 aims to address this question. In this figure, we examine how the radius
valley slope in the planet size-stellar mass space, d logR,/d logM.,, changes with { (i.e.
stellar mass) for the two mass-loss models. To estimate the slope of d logR),/d logM. for
the core-powered mass-loss theory, we used Equation (5.11); for estimating the same slope
for photoevaporation, we used derivations from Rogers et al. (2021) where it was shown
that d logR,/d logM.,. ~ 0.12({ = (2/3)) — 0.17. For a full derivation of the latter result,
the reader is referred to the discussion accompanying Equations 6 and 24 in Rogers et al.
(2021). We find that for photoevaporation too the slope of the radius valley is likely to
decrease in magnitude towards lower stellar masses because of the dependence of { on
stellar mass. However, this figure also shows that while the difference in the slopes is quite
small for solar-mass stars, it increases substantially towards lower stellar masses. This
result further motivates efforts toward characterizing the radius valley around M dwarfs.

Two observational studies, Berger et al. (2020a) and Petigura et al. (2022), have provided

6+O.21

“o16 and

constraints on the radius valley slope in the planet size-stellar mass space: 0.2
0.18*0%8 respectively. In theory, one could compare the predictions presented in Figure 5.5

with these values. However, ¢ for these studies were not estimated and it is not known how
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these slopes change with stellar mass. Although this implies that a direct comparison of the
slopes estimated by Berger et al. (2020a) and Petigura et al. (2022) and our predictions is not
very informative, the magnitude of the observed slopes are in the range expected for planets
evolving under core-powered mass-loss ~ 0.20 —0.35. It should be noted that for correctly
comparing a slope obtained from observational studies to the predictions of core-powered
mass-loss or photoevaporation, one cannot simply choose a value for { using the MIST
tracks. The purpose of using MIST tracks in this study is to simply demonstrate how the
radius valley slope changes with stellar mass by using an open-source tool widely used in
the community. The MIST tracks, on their part, are informed by theory and observations,
however, the samples of stars used to constrain MESA is likely going to be different from
the survey used for analyzing the planet demographics. For instance, to estimate { in
this study we used an underlying host star distribution that is log-uniform in mass, has
a fixed metallicity (Z = 0.014) and age (3 Gyr), and identical planet multiplicity. These
parameters may not be representative for a typical survey and thus the exact planet-host star
distribution will impact the value of {. Furthermore, the value of £ should be different for
volume-limited and magnitude-limited surveys. In the latter case, observations are biased
towards stars that are more luminous for a certain mass. Therefore, £ for a magnitude-
limited survey is likely to be higher than the ¢ for a volume-limited survey. In a nutshell,
to compare the predictions of different theories with observations, future observational

studies should estimate £ using their actual stellar sample.

5.4 Conclusions

In this work, we explore how the core-powered mass-loss mechanism shapes the radius

valley for planets orbiting low mass stars such as M-dwarfs. For this purpose, we extended
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Figure 5.5: Comparison between the predictions of core-powered mass-loss and photoe-
vaporation models for the variation in the radius valley slope in planet size-stellar mass
space (L, oc Mf ) as a function of £ (bottom x-axis) and stellar mass (top x-axis; continued

next page).
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Figure 5.5: Comparison between the predictions of core-powered mass-loss and photoe-
vaporation models for the variation in the radius valley slope in planet size-stellar mass
space (L, o Mf ) as a function of £ (bottom x-axis) and stellar mass (top x-axis). This figure
demonstrates that the two mass-loss mechanisms predict increasingly different values for
the slope of the radius valley in planet size-stellar mass space. Therefore, characterising
the slope of the radius valley as a function of stellar mass around low mass stars may
provide a fruitful avenue for distinguishing between core-powered mass loss and photo-
evaporation models. Two observational studies, Berger et al. (2020a) and Petigura et al.
(2022), have measured the value of this slope as 0.26*0-3 and 0.18*00%. respectively. Both
these estimates however can’t be directly compared with the predictions here as (1) { for
the relevant (survey) stellar mass range are not known and (2) these values correspond to
the slope of the valley for the entire range of ~ 0.5-1.5 M and not for smaller stellar mass
bins. Nevertheless, these observed slopes are in the range expected from evolution under
core-powered mass-loss ~ 0.20 — 0.35. In future studies, observers could compare how
the radius valley slope in the planet size-stellar mass space changes with ¢ which could
then give us further proof if atmospheric escape dictates planet evolution, and if so indeed,

which among photoevaporation or core-powered mass-loss, if any, is the primary driver of

this process.
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our previous work where we had investigated the influence of this mechanism on planets
hosted by FGK dwarfs (Ginzburg et al., 2018; Gupta & Schlichting, 2019, 2020, 2021)
by accounting for the luminosity evolution of lower mass stars, which can be especially
significant for stars such as TRAPPIST-1. We simulated populations of millions of planets
with an orbital period distribution based on observations (e.g. Petigura et al., 2022) but a
planet mass distribution that is log-uniform. Choosing a log-uniform planet mass distribu-
tion allowed us to be agnostic to the yet unknown ‘true’ planet mass distribution given the

uncertainties in how it scales with stellar mass.

We find that accounting for the evolution in the luminosity of FGK dwarfs instead
of assuming a constant luminosity results in a negligible change in the size distribution
of planets. This demonstrates that our assumption of a constant luminosity to model
core-powered mass-loss for planets residing around FGK dwarfs in previous studies (e.g.
Ginzburg et al., 2018; Gupta & Schlichting, 2020) was well justified. For stars of much
lower masses, e.g. for a 0.1 Mg, star, we find however that the radius valley is narrower and
less empty when we correctly account for stellar luminosity evolution. Nevertheless, the
changes in the planet distribution are not significant when compared with the case where
the luminosity is assumed to be constant in time. For instance, both models still predict the
radius valley to be centered at roughly the same location in planet size and find the same

slopes for the radius valley in planet-size orbital-period space.

In the planet size-orbital period space, we predict that the radius valley should have
a negative slope of d logR,/d logP ~ —0.11 even around stars as small as 0.1 M, just
as previously observed for FGK dwarfs (e.g., Van Eylen et al., 2018; Martinez et al.,
2019) and more recently, even for M-dwarfs (e.g., Van Eylen et al., 2021; Petigura et al.,
2022). The valley is however moves to smaller planet size around a lower mass star and

in addition, is narrower and less empty. Furthermore, our results show that the slope of
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the radius valley in the planet size-stellar mass parameter space does not stay constant
with stellar mass but decreases in magnitude towards lower mass stars. Previously, we
predicted a slope of d logR,/d logM, ~ 0.34 around Sun-like stars, i.e. stars close to 1.0
M; see Gupta & Schlichting (2020). Because of the core-powered mass-loss’ dependence
of stellar luminosity, we demonstrate analytically and numerically that, if core-powered
mass-loss is indeed dictating planet evolution, the radius valley slope should decrease to
dlogR,/d logM, ~ 0.20 around early M-dwarfs, i.e. stars close to 0.5 Mg, and to ~0.13
around late M-dwarfs, i.e. those with masses close to 0.1 M. As shown in this work, the
slope of the radius valley in the planet size-stellar mass space is d logR,, /d logM, = (3 -
2)/36, where L./Lo = (M,./My)¢. For a larger (smaller) value of £, the slope in planet
size-stellar mass space is also larger (smaller). Based on MESA-derived stellar evolution
tracks, we find that { increases with stellar mass in the range ~ 0.08-1.5 Mg. We thus find
that the slope of the radius valley also increases (decreases) with increasing (decreasing)
stellar mass and that the magnitude of the increase (decrease) can be directly calculated
from from the mass-luminosity relation (L./Lo = (M./Mg)*.). Finally, we demonstrated
that core-powered mass-loss and photoevaporation predict increasingly different slopes for
the radius valley in the planet size-stellar mass space as one moves towards lower mass stars.
Taken together, these findings provide us with new avenues to distinguish the signatures of

core-powered mass-loss and photoevaporation observationally.

In this work, we have explored how the radius valley evolves around low mass stars if
atmospheric evolution of planets is solely dictated by the core-powered mass-loss mech-
anism. Our results and predictions motivate the need for new observational studies and
surveys that search for planet populations around low mass stars. Studies such as Cloutier
& Menou (2020), Van Eylen et al. (2021) and Petigura et al. (2022) show some of the

recent progress that has been made in this direction. Extending such studies and surveys
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further to even lower stellar masses and larger datasets with the help of TESS (e.g. Ricker
et al., 2015), CHEOPS (e.g. Benz et al., 2021), PLATO (e.g. Rauer et al., 2014) and other
ground and space-based instruments, could accelerate efforts towards understanding which
mechanism, if any, is the true cause shaping the radius valley and dictating the evolution

of small exoplanets.
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CHAPTER 6

The story of hydrogen and water: understanding the
interaction between planet atmospheres and interiors

using density functional theory

Studies show that the typical planet forms with a hydrogen atmosphere, resulting in condi-
tions where hydrogen and the planet’s molten or super-critical interior interact for millions
to billions of years. How the atmosphere and interior interact is thus critical to under-
standing their formation, evolution, and interior structure. Our understanding of such
interactions is, however, lacking. To address this, here we use a novel approach to con-
duct computational experiments based on the density functional theory to investigate how
hydrogen and water — two of the most important planetary constituents — interact in
the temperature and pressure range of 750-6000 K and 0.25-2000 GPa, respectively. Our
results show that at a given temperature < 6000 K, hydrogen and water are completely mis-
cible at lower pressures but their phases separate with increasing pressure. At temperatures
of 2 5000 K, we find these constituents to be completely miscible, and hydrogen can in
fact suppress the ability of water to crystallize into its superionic phase at higher pressures
in general. We find that our results are consistent with laboratory experiments performed
at lower temperatures and pressures. We demonstrate that planets such as Neptune and

Uranus are likely to have significant regions in their interiors where hydrogen and water
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are completely mixed and, at the same time, regions with compositional gradients. We
identify where these regions lie in pressure depths and show that they are correlated with
the changes in the observationally constrained density-pressure profiles for these planets.
In addition, our results reveal that if Uranus is hotter than Neptune deep in the interior, the
paradox of Neptune’s higher internal heat flux compared to Uranus can be explained as a
consequence of the gravitational energy released due to the greater degree of demixing of
hydrogen and water in Neptune’s interior. Furthermore, we identify regions where the ice
giant magnetic fields are likely generated and discuss how the reason behind the difference
in their magnitudes could also be explained by virtue of the mixing properties of hydrogen
and water. Our work thus highlights how critical it is to understand the interaction between
the planet atmospheres and interiors, especially as we move into the era of the James Webb

Space Telescope, the proposed Uranian orbiter, and other next-generation observatories.

6.1 Introduction

The last three decades have transformed how we perceive our place in this universe. During
this period, not only have we witnessed a plethora of robotic spacecrafts exploring distant
worlds within our Solar system, but a revolution in observational astronomy has led to the
discovery of thousands of planets in our neighborhood of the Milky Way galaxy. Yet, the

ice giants of our Solar system, Uranus and Neptune, remain a mystery.

Today, we know that roughly every other star has a planet orbiting it. Furthermore, one
of the most important discoveries from NASA’s Kepler mission was that the most abundant
class of planets, yet discovered, are those between the sizes of Earth and Neptune (e.g.,
Fressin et al., 2013; Petigura et al., 2013). Follow-up studies have since revealed that there

are, in fact, two separate populations of planets here — the small, rocky super-Earths and
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large, gas- and/or ice-rich sub-Neptunes — separated by a radius gap (e.g., Fulton et al.,
2017; Rogers, 2015). Theoretical studies have demonstrated that most of these planets were
part of the same primordial population which accreted hydrogen-dominated atmospheres.
However, some of these planets eventually lost their atmospheres (e.g., Lopez & Fortney,
2013; Owen & Wu, 2013; Jin et al., 2014; Ginzburg et al., 2018; Gupta & Schlichting,
2019). These studies have also shown that these planets likely have Earth-like silicate-rich
interiors, especially given their close proximity to their host stars — most of them exist
within Mercury’s orbit. However, it is possible that some might have water-rich interiors,
like our Neptune or Uranus (e.g., Piaulet et al., 2023). What fraction of these small
exoplanets are water-rich? This is difficult to say (e.g., Luque & Pallé, 2022; Rogers et al.,
2023).

Nevertheless, water-rich worlds are likely abundant in our galaxy given that water is
expected to have been as abundant as rock at distances beyond the ice line when planets
were forming in our Solar system (e.g., Lodders, 2003). Furthermore, we do find an
increasing prevalence of water and ice-rich planets and satellites in our Solar system at
larger distances from the Sun, e.g., Europa and Enceladus. While, given technological
limitations, there has been limited detection of truly Neptune- or Uranus-like planets, i.e.,
at similar planetary equilibrium temperatures, this is about to change. Ongoing and future
observational surveys, especially those based on astrometry (e.g., Gaia; Casertano et al.,
2008) and microlensing (e.g., Nancy Grace Roman Space Telescope; Penny et al., 2019),
are primed to detect tens of thousands of planets within the next year to decade — ushering
anew era in the field of planetary astronomy. A significant fraction of these planets will be
in the category of those with sizes or masses similar to Neptune and Uranus and orbiting at
distances of ~ 1-100 AU (e.g., Gaudi, 2022). The detection of thousands of sub-Neptune

and Neptune class planets will enable population-level studies of a magnitude never seen
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before.

Of even more significant consequence will be the findings of instruments such as
the James Webb Space Telescope and the next-generation high-resolution spectrographs,
which will enable atmospheric characterization of super-Earths and sub-Neptunes to un-
precedented degrees (e.g., JWST Transiting Exoplanet Community Early Release Science
Team et al., 2023; Kasper et al., 2023). Findings from such instruments are expected to
unravel new statistical trends in planet populations, such as, in atmospheric compositions.
However, the fact is that we severely lack an understanding of the physical and chemical

processes that dictate why atmospheres are the way they are.

It is thus evident that developing a comprehensive understanding of our Solar system’s
ice giants is more crucial than ever if we want to comprehend the formation, evolution, and
prevalence of water-rich planets and their satellites, not just in our Solar system but across
our galaxy. The ice giants of our Solar system, and planets such as Venus, provide one of
the best testing grounds for our planet formation and evolution theories. Recognizing this,
the latest Decadal Survey by the National Academy of Sciences for Planetary Science and

Astrobiology has now recommended a mission to Uranus as its highest priority.

Even with our limited data on Uranus and Neptune, the Voyager 2 flyby and ongoing
observations from space and ground-based observatories have revealed several fascinating
aspects of these planets, which are seemingly more similar to being fraternal rather than
identical twins. Uranus and Neptune not only have similar size, mass, and planetary
equilibrium temperature but have also been reported to have a unique magnetic field
topology dominated by quadrupolar and higher order terms (Connerney et al., 1987, 1991).
Their magnetic fields are unlike those of Mercury, Earth, Jupiter, Saturn and Ganymede; all

of which have dipole-dominated magnetic fields. This then suggests that the physical mode
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of magnetic field generation in these two ice giants is likely similar. Stanley & Bloxham
(2004, 2006) have demonstrated how their unique magnetic field morphology could be
explained if it was being generated inside the planet in a thin, electrically conducting,
convecting shell of thickness ~ 20% of the planet size and at a depth of ~ 0.6 times the
planet radius. Though it should also be noted that the Uranian magnetic field is roughly
1.7 times stronger than that of Neptune (Kivelson & Bagenal, 2014). Nevertheless, the fact
that these two planets resemble each other in so many aspects, suggests that they likely

have a similar internal structure.

However, things get puzzling when one accounts for the observed internal heat flux
from these planets, which are different by an order of magnitude, with Uranus having the
lower luminosity. Explaining this difference between these ice giants that are otherwise
so similar has been a long-standing challenge. For instance, certain theoretical studies
have proposed that this could be because of the trapping of heat in the interior of Uranus,
resulting in its lower heat flux (e.g., Hubbard et al., 1995). A number of intriguing theories
have been put forward over the years; however, there is no consensus on the mechanism yet
and usually, theories fail to explain both planets under the same framework (e.g., Vazan
& Helled, 2020; Stixrude et al., 2021; Scheibe et al., 2021). In fact, studies also claim
that Uranus is likely in equilibrium with the Sun and Neptune is the unusual planet. For
example, work by Bailey & Stevenson (2021) showed that Neptune is likely releasing more

energy than Uranus due to the demixing of hydrogen and water in its interior.

Past models have typically explored two scenarios for the interiors of planets such as
Uranus and Neptune. In the first scenario, studies have typically assumed a stratified interior
that is divided into several layers. An example is shown in the left panel of Figure 6.1. The
layers are annotated to have pure hydrogen, as the atmosphere, and water, as the fluid or

solid mantle or interior. But these two layers could similarly be assumed as a metal-poor
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atmospheric layer and a metal-rich interior layer. For instance, Nettelmann et al. (2013)
modeled the interior of Uranus and Neptune in an analogous manner. They assumed that
the respective outer and inner envelopes are composed of hydrogen, helium and water with
the outer envelope being dominated by hydrogen and helium, i.e., metal-poor, and the inner
envelope being water-dominated, i.e., metal-rich. On the other hand, according to the other
scenario, such planets might have a continuous compositional gradient from a hydrogen-
rich region near the top of the planet to a water-rich region at increasing depths (e.g.,
Helled et al., 2011). Through observations of the Juno spacecraft, such compositional
gradients have already been inferred near the core-envelope boundary for Jupiter (e.g.,
Wahl et al., 2017). However, as we demonstrate in this study, the reality is somewhere in
between these two scenarios for planets such as Uranus and Neptune. Past studies such
as Helled et al. (2011) have tried to model the internal structure of Uranus and Neptune
with a parameterized profile that can account for a compositional gradient. But the internal
structure inferred in this manner is not physical, as it is not grounded in how planet building
materials, such as, hydrogen and water, interact. This has been a recent realization in the
context of ice giants and sub-Neptunes, and more physically motivated models are now
being actively developed to understand planets with interiors that are water or silicate rich

(e.g., Markham & Stevenson, 2021; Misener & Schlichting, 2022).

While Bailey & Stevenson (2021) attempt to address this issue, their effort was limited
by our lack of understanding of how hydrogen and water — the two major constituents
of Neptune and Uranus and likely many exoplanets — interact with each other at relevant
temperatures and pressures. Specifically, Bailey & Stevenson (2021) used the existing
experimental data on when and how hydrogen and water mix with each other, but this is
only available up to ~ 2 GPa and ~ 1000 K (Bali et al., 2013; Seward & Franck, 1981). The

authors of this study thus extrapolated these findings to pressures of hundreds of GPa, i.e.,
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H,-dominant layer

Regions of Regions of
distinct VvS. compositional
compositions gradients

H,O layer or a high-Z

L H,0-dominant layer
interior layer

Figure 6.1: The two contemporary scenarios for the internal structure of a Neptune-like
planet. On the left, we show the case where the internal structure is modeled as having two
distinct layers. These could be pure H, and H,O layers or equivalently, an outer, metal-poor
atmospheric layer and an inner, metal-rich interior layer (see Section 6.1 for details). In the
right panel, we show the case where the internal structure has a continuous compositional
gradient instead. As we demonstrate in this work, the truth is likely a mixture of these both

scenarios, at least for our Neptune and Uranus, and likely many exoplanets.
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orders of magnitude away from the regime of the experiment. While there is a non-zero
possibility that this simple extrapolation reflects reality, it could also be far from the truth.
This highlights that while such models help gain insight into the mechanics of planets,
they are critically limited by our lack of fundamental understanding of how planet building

materials interact.

Unraveling this interaction between hydrogen and water is thus the subject of this study.
Ultimately, we show how an improved understanding of the mixing in the interior of planets
such as Uranus and Neptune could self-consistently explain their seemingly paradoxical ob-
served attributes. The rest of this chapter is outlined as follows: In Section 6.2, we describe
the concept of coexistence and critical curves, which forms the basis for understanding
how any two components, such as hydrogen and water, mix into each other. Following
this, we lay out the setup of our ab-initio computational experiments in Section 6.3. We
then present our results Section 6.4 and discuss them in the context of the ice giants and

exoplanets. Finally, we conclude this chapter in Section 6.5.

6.2 The concept of coexistence and critical curves

Let us consider a mixture of two arbitrary components, A and B. At any given temperature
and pressure, their mixture will either be completely miscible in all proportions, i.e., exist
as one phase, or partially miscible (and by extension, negligibly miscible or immiscible),
1.e., exist as two separate phases. What exactly happens at a T/P condition depends on the
Gibbs free energy of mixing A and B because any natural system evolves to minimize its
total Gibbs free energy. The Gibbs free energy of mixing A and B, AG,,;, can be defined
as

A(;mix = AI_Imix - TASmix (61)
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where AH,,;, and AS,,;, are the enthalpy and entropy of a solution, respectively. For an
ideal solution, AH,,;; = 0, and the components always dissolve into each other as mixing
two different components always increases entropy leading to a negative AG,,;,. For a
non-ideal solution, however, this depends on the magnitude of enthalpy of mixing. If
the energy cost of mixing A and B is positive and high enough to overcome the negative

entropy contribution, they will only mix to a certain degree.

In the latter scenario, given a temperature and pressure, there can be two coexisting
equilibrium compositions of A and B which are the most stable, i.e., where the Gibbs free
energy of the solution is negative and minimum (Putnis, 1992). The loci of these composi-
tions are called coexistence curves and are depicted in pressure-composition (temperature-
composition) phase space for a given temperature (pressure). In panel (c) of Figure 6.2, we
show a typical example of such a curve. Above a critical pressure, P., A and B are entirely
miscible outside this curve. Whereas below the critical pressure, A and B are miscible in

all proportions.

The critical curve for the A-B system is the locus of these critical pressures and
temperatures, as shown in panel (d) of Figure 6.2. This curve divides the temperature-
pressure phase space into regions where A and B are miscible in all proportions and where
they are only partially miscible. Hereafter, any reference to a ‘critical temperature’ or
‘critical pressure’ or, more generally, a ‘critical point” will refer to a point on this critical

curve.

Comparing a model temperature-pressure profile of a water-rich planet with a hydrogen
atmosphere, such as Uranus or Kepler-138d (a potential water-rich exoplanet; Piaulet et al.,
2023), with the critical curve of the hydrogen-water system can help us predict how the

planet’s interior is structured. Further delving into the relevant coexistence curve can then
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Figure 6.2: Methodology in a nutshell. This figure summarizes our approach to understand-
ing how hydrogen and water interact using density functional theory-based computational
experiments. In panel (a), we show how our simulation setup involves preparing equili-
brated phases of pure hydrogen and water at a certain temperature and pressure, which are
then brought together and allowed to interact. These resulting two-phase simulations then
equilibrate over time, and, as depicted in panel (b), depending on the Gibbs free energy of
the mixture, either stay separated as two phases, partially mix into each other or become one
uniformly mixed phase. These simulation results are then analyzed to determine the de-
gree of mixing between hydrogen and water, which is then used to estimate the coexistence
curves, as shown in panel (c). This helps determine the critical pressure (temperature) at a
given temperature (pressure). These critical points are then used to determine the critical

curve for the hydrogen-water system, as depicted in panel (d).
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tell us how exactly the interior composition varies with depth or pressure and temperature.
This work aims to map the coexistence and critical curve for the hydrogen-water system in
the temperature-pressure phase space relevant to water-rich planets and exoplanets such as

Uranus and Kepler-138d.

As alluded to earlier, experimental studies exist on the interaction of hydrogen and
water, but these are limited — in number and in the phase space they explore. Later, we

discuss how this past experimental data compare with our results.

6.3 Methodology: setup of our computational experiments

To study the hydrogen-water system, we employ the method of Born-Oppenheimer ab-
initio molecular dynamics based on the Density Functional Theory (e.g., Kohn & Sham,
1965). To achieve this, we use the projector-augmented wave method (PAW; Kresse &
Joubert, 1999) as implemented in the Vienna Ab-initio Simulation Package (VASP; Kresse
& Hafner, 1993; Kresse & Furthmiiller, 1996; Kresse & Furthmiiller, 1996). H and O have
valence configurations of (I1s!) and (2s> 2p*), respectively. For the exchange-correlation
potential, we use the PBEsol approximation (Perdew et al., 2008). Previous studies have
demonstrated that PBEsol yields good agreement with results from condensed matter
experiments (Scipioni et al., 2017; Holmstrom et al., 2018, e.g.). We sample the Brillouin

zone at the Gamma point and use a plane-wave cutoff of 500 eV.

With this setup, we perform canonical ensemble (NVT) simulations, i.e., simulations
with a constant number of atoms (), volume (V), and temperature (7") using the Nosé-
Hoover thermostat (Hoover, 1985). As demonstrated in panel (a) of Figure 6.2, first of all,
we equilibrate pure phases of water and hydrogen in a cubic simulation cell at a chosen

temperature (7)) and pressure (P). We initialize our simulations of pure water with an
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Figure 6.3: Snapshot of a two-phase simulation at t=0, conducted at 2000 K and ~ 30 GPa.
This simulation instance involves 96 hydrogen and 54 water molecules (or equivalently, 54
oxygen and 300 hydrogen atoms). Hydrogen atoms are in blue and oxygen atoms are in

red. Simulations employ periodic boundary conditions.

Ice X structure and the number of water molecules Ng,o are kept fixed across all of
our simulations at 54. The volume of the cell, V, is estimated given this set of {T, P,
Nu,0}, which is, in turn, used to estimate Ny,. These pure phase simulations are then
run with a time-step of 0.5 or 1 fs until temporal pressure deviations are within 1%. For
simulations at pressures < 0.5 GPa, we run simulations until these deviations are within
5%. Depending on the {7,P} conditions, this takes ~ 5-50 ps. The exact time-step for a
particular composition (pure hydrogen or water, or a mixture) and {7, P} is chosen such

that the energy drift is within ~ 2 meV/atom/ps.

We then bring together the equilibrated pure-phase simulations, as shown in panel (a)
of Figure 6.2 and Figure 6.3, to perform two-phase water-hydrogen simulations across the
relevant phase space of pressure and temperature. N ranges from anywhere between ~300

to 450 atoms, and we run these simulations until a compositional steady-state is reached
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— typically lasting for ~ 25 to 200 ps. These calculations were primarily performed on

the UCLA Hoffman 2 Cluster and took roughly 3 million CPU hours.

As evident, our novel approach is conceptually simple and explores the process of
mixing as expected to occur in nature. In addition, unlike other studies, our method involves
no approximations or assumptions beyond those inherent to a numerical implementation
of density functional theory, our choice of the associated exchange-correlation function,
and the finite size of our simulated system. However, it comes at the cost of being

computationally intensive.

6.4 Results and Discussion

We study the behavior of the hydrogen-water mixtures across temperatures of 750, 1000,
1500, 2000, 3000, 4000, and 6000 K and pressures spanning 0.25 to 2000 GPa to map
out the coexistence and critical curves. In this section, we first elucidate how we analyze
the raw results from our simulations to synthesize the coexistence curve. Following this,
we discuss the characteristics of the resulting critical curve and what it implies for the
formation, evolution, and interior structure of planets and exoplanets such as Uranus and

Neptune.

6.4.1 Analyzing the equilibrated two-phase simulations

As our two-phase simulations evolve, the hydrogen-water system naturally matures into
an equilibrium state where hydrogen and water are completely or partially miscible, as
depicted in panel (b) of Figure 6.2. This behavior is further illustrated in Figure 6.4 where

we share an example of our simulation results at 7 = 1500 K. In the top panels of this
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Figure 6.4: An example of simulation results from our two-phase ab initio computational
experiments performed at 1500 K and for three different pressures. Profiles showing the
distribution of atoms in two-phase simulation cells averaged over 10 ps. The three vertical
panels, from left to right, show time-averaged (10 ps) snapshots of the distribution of
H (in blue) and O (in red) atoms in the top row and Xy (in grey) in the bottom row
along the long axis of the simulation cell, i.e., the axis along which the pure hydrogen
and water phase simulations are connected. Dashed lines show the mean value of these
distributions, whereas the shaded regions represent the uncertainties. These snapshots
show how hydrogen and water are completely mixed at 3 GPa, partially mixed at 20 GPa,
and in the 100 GPa case, water is in a crystalline phase, and hydrogen and water are

immiscible.

figure, we show the number densities of O (in red; Np(z)) and H (in blue; Ng(z)) as a
function of z — the axis along which the equilibrated pure phases are merged, i.e., the
long axis of our simulation cell; see Figure 6.3 for reference. The bottom panels of the
figure further show how the number or (local) mole fraction of H, X (z), changes, where
Xu(z) = Ny(z2)/(Ng(z) + No(z)). The dashed lines show the mean values, whereas the
shaded regions surrounding them depict the 1 o uncertainties in these estimates over a
timescale corresponding to 10,000 simulation steps. This uncertainty is estimated using the
blocking method laid out by Flyvbjerg & Petersen (1989) and accounts for the correlation in
the data. From left to right, this figure shows how hydrogen and water become immiscible
as one goes toward higher pressures. Atlow pressures of 3 GPa, we find water and hydrogen
are completely miscible. Spatial variation in the relative composition of H and O atoms is
comparable to the temporal uncertainties. At 20 GPa, in comparison, the two components

are partially miscible. Here, the spatial variation in the relative composition of H and O
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atoms is more significant than the temporal uncertainties. At even higher pressures of 100
GPa, conditions are such that water is in its crystalline state, Ice X, and we hardly see any
miscibility. Since water is crystalline, the temporal uncertainties in relative compositions
are negligible. No or negligible miscibility when one of the two components is crystalline
is not surprising. However, as we discuss later, we find that hydrogen can suppress water’s

ability to crystallize. This fascinating behavior is more pronounced at higher pressures.

Given such data from our computational experiments, we estimate the coexistence
curve for the hydrogen and water system. To remind the reader, a coexistence curve of
the water-hydrogen mixture at a given temperature represents a locus of their most stable
compositions across pressure space. Under the relevant nomenclature, the composition of
hydrogen and water is defined as

Ny,

Xy, = ——2—
NH2 +NH20

2

and XHzO =1- XHz’ (62)

1.e., as their respective mole or number fractions. To estimate Xy, and map out the

coexistence curve, we first determine Xy and use two approaches.

Firstly, we use the theoretically motivated hyperbolic tangent fit (e.g., Cahn & Hilliard,
1958) to the Xy mole fraction profiles as shown in the bottom panel of Figure 6.4. The

functional form for this profile can be expressed as

XH(Z) = XH,off + (XH,cm - XH,off) X (Fp - I_‘m), where (63)
I, = tanh ((Z = Zem) - [2 ~ Zem| + Zu) ) and (6.4)
I, = tanh ((Z — Zem) — [(ZS — Zem] + Zw)) . (6.5)

In these equations, ‘off” and ‘cm’ subscripts correspond to the Xy values for regions that

are poor and rich in H, respectively. z., and z,, refer to the location and width of the
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H-rich phases where the maximum value of z, i.e., the length of the simulation cell, has
been normalized to 1. ¢ is the width of the interface between the rich and poor phases and
relates to aspects of the interaction between the two phases (e.g., Cahn & Hilliard, 1958).
Finally, we use the notation [.] to express that the value inside the brackets is rounded to the
nearest integer. This term then helps account for the periodic boundary conditions of our
simulation cell (Insixiengmay & Stixrude, in prep.). We use Bayesian inference analysis
to fit this equation to the Xy profiles. Specifically, we use the Dynamic Nested Sampling
method (Skilling, 2004, 2006; Higson et al., 2019) as implemented in the open-source code
dynesty (Speagle, 2020; Koposov et al., 2023).

Secondly, we use a simple statistical approach to determine Xy . For this, we determine
Xuoff and Xy cm by determining the temporal and spatial averages of the highest and
lowest points in the profiles. At any time instant, we take an average of Xz (z) across ten
percent of the box length centered at the extrema of the profiles and repeat this across
three time-blocks of 10,000 time-steps. We repeat the same procedure with the associated
errors. Then Xy, is simply 1 — (2/Xy). We show the corresponding values across the

temperature-pressure space in Figure 6.5.

To then determine the critical pressure at a given temperature, we exploit the fact
that the chemical potentials, upy, (12}, for the two equilibrium compositions of hydrogen,
XH,,(1,2), at a given pressure and temperature, are the same, i.e., ug, 1 = ug, 2 (€.g., Putnis,
1992). We assume that the excess Gibbs free energy of mixing, Gy x, can be expressed
as

Gmix,ex = WGXHQXHZO (66)

where Wy is the Gibbs free energy interaction parameter. As evident from Figure 6.5,

the coexisting equilibrium phases are asymmetric about X = 0.5. We thus introduce
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Figure 6.5: Coexistence curves across temperature-pressure-composition space.
panel in this figure shows the relative fraction of hydrogen Xy, in the hydrogen-rich
and -poor phases — the most stable phase compositions at the respective pressures and
temperatures. The error bars denote the 1 sigma uncertainty in the compositions and

pressures. These data points are then fit to Equation (6.7), the solution to which is shown

X,

with a solid line. The dashed lines enclose the 1 sigma confidence interval to these fits.
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an asymmetry parameter A to capture this such that Xp, | = A(1 — Xp,2). Given that
u = 0G/0X and up,1 = um,2 on the coexistence curve, at a given temperature and

pressure, we solve the resulting equations to get the following relation

1 (log(Xg,) —log(A(1 - X
po L (loeXm) log (A1 = X)) 1 6.7)
Wy 2XH2 +/1XH2 - 1X

Wy and Wy are interaction parameters such that Wg = Wy — TWs + PWy = Wy + PWy
and Wo = A® Xy, Xy,0 with @ € {H,S,V}. Subscripts H, S, and V stand for enthalpy,
entropy, and volume, respectively. We then fit this expression to the Xy, data using the
Levenberg-Marquardt algorithm with the Least Absolute Residuals (LAR) criterion. We
choose the LAR criterion given that our data can be quite noisy, and this criterion is
relatively robust against outliers. We find that the results from either approach are within

1 sigma.

As shown in Figure 6.5, our results can thus help us determine how the equilibrium
composition of hydrogen and water changes with temperature and pressure. Though strictly
speaking, the second approach is only suitable for determining critical points rather than
the equilibrium compositions as it underestimates the magnitude of mixing. Thus, using
the first approach is more appropriate in this context. In theory, these values of equilibrium
compositions or the corresponding coexistence curves can be used to construct more
accurate interior models for water and ice-rich planets. However, such an exercise is
outside the scope of this work, but we plan to explore this in a future study with relevant

equations of state.

As mentioned earlier, the hydrogen-water coexistence curves are asymmetric and
skewed towards a hydrogen-rich composition. This skewness implies that hydrogen is
more soluble in water than vice-versa, likely due to the difference in the sizes of the re-

spective molecules: hydrogen is much smaller than a water molecule, and this difference
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gets more pronounced at higher pressures. Furthermore, adding hydrogen to water should
lead to more hydrogen bonds, likely making a hydrogen-rich mixture energetically more
favorable. The skewness towards a higher Xz, becomes more pronounced at higher pres-
sures and temperatures. This behavior is apparent from the steepness of the coexistence
curves, which increases with temperature. We do not show any coexistence curve for 6000
K because, at this temperature, we do not find any substantial evidence for immiscibility

at any pressure up to 2000 GPa.

Finally, we find that the critical pressure P. increases in magnitude with increasing
temperature. Note that the y-axis is in logarithmic space across the plots in Figure 6.5.
The difference in P, across temperatures is thus more substantial than it might appear.
This trend is more apparent in Figures 6.6 and 6.7 where we present how the critical curve

varies in the temperature-pressure phase space.

6.4.2 Good agreement with experimental data

In Figure 6.6, we present the critical curve for the hydrogen-water system across the
temperature-pressure space. The temperature range we explore extends from 750 K to
6000 K, whereas pressure ranges from 0.25 GPa (2.5 kbar) to 2000 GPa (20 Mbar). Each
filled circle represents one of our numerous two-phase simulations. Their colors denote the
final composition of the hydrogen-water mixture at the respective temperature and pres-
sure: the darkest shade of blue represents complete mixing, whereas the intermediate and
lightest shades represent partial or negligible to no mixing, respectively. The gray dotted
line represents the critical curve for the hydrogen-water system constructed using spline in-
terpolation against the critical conditions calculated across the temperature-pressure space.

This line thus divides the temperature-pressure phase space into regimes where hydrogen
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Figure 6.6: Comparison of our results with past experimental and computational studies.

In this figure, we plot the critical curve obtained from our study alongside past experimental

data on the hydrogen-water system from Seward & Franck (1981) and Bali et al. (2013).

Our results are in good agreement with those reported by Bali et al. (2013) and consistent

with those from Seward & Franck (1981). In addition, we also plot results from the past

computational studies by Soubiran & Militzer (2015) and Bergermann et al. (2021). Unlike

our work, both these computational studies are quite inconsistent with experimental data.

We attribute this to the approximations in these past computational studies, such as the use

of pair potentials.
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and water mix in all proportions (shaded dark gray) and where they are only partially

miscible/immiscible (shaded light gray).

We then also summarize the available data on the hydrogen-water system from ex-
perimental studies by Seward & Franck (1981) and Bali et al. (2013), and computational
studies by Soubiran & Militzer (2015) and Bergermann et al. (2021). We leave a detailed
discussion on the characteristics of the critical curve to Section 6.4.3 and instead limit
ourselves to comparing our results with these past studies here. Seward & Franck (1981)
estimated the location of the critical points for the water-hydrogen system at temperatures
and pressures close to ~ 650 K and ~ 0.1 GPa. Magenta diamonds denote these critical
points. Bali et al. (2013) performed experiments at temperatures and pressures of ~ 1250
K and ~ 2 GPa. The conditions in which they found hydrogen and water to be completely
miscible are marked with orange squares, whereas where they found them to be immiscible
are marked with yellow squares. The green-shaded region corresponds to the study by
Soubiran & Militzer (2015), and they find hydrogen and water to be completely miscible
across this entire parameter space. Lastly, the sky-blue stars represent the critical points

determined by Bergermann et al. (2021).

As evident from Figure 6.6, the results of computational studies performed by Soubiran
& Militzer (2015) and Bergermann et al. (2021) had significant disagreement with exper-
imental data. For instance, Bali et al. (2013) found that the water-hydrogen system has a
critical point at roughly 2 GPa at 1250 K. However, Soubiran & Militzer (2015) do not
find evidence of this even up to pressures of ~20 GPa. Soubiran & Militzer (2015) used
a complex interplay of force and energy calculations that are partially based on (1) pair
potentials and (2) density function theory, to ultimately estimate the Gibbs free energy of
the hydrogen-water system using the method of thermodynamic integration. Soubiran &

Militzer (2015) do not explore conditions close to those investigated by Seward & Franck
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(1981). Results reported by Bergermann et al. (2021) are inconsistent with the experimental
results of both Bali et al. (2013) and Seward & Franck (1981). Bergermann et al. (2021) use
calculations purely based on pair potentials. As the authors of this study themselves note,
while this approach is very computationally efficient in comparison to density functional
theory-based simulations, the use of pair potentials can lead to inaccurate results since
interactions based on pair potentials do not capture several physical aspects pertinent to
atomic and molecular interactions such as changes in electronic structure with temperature
and pressure or dissociation. Both studies, Soubiran & Militzer (2015) and Bergermann

et al. (2021), likely yield inaccurate results given their reliance on pair potentials.

Nevertheless, Soubiran & Militzer (2015) attribute the discrepancy with the experi-
mental results of Bali et al. (2013) to the presence of silicates in the latter’s experimental
samples. While we agree with their reasoning on qualitative grounds, i.e., contamination
of samples with silicates should alter the mixing behavior when compared to that of a
non-contaminated sample, it is surprising that they do not see any mixing at all, even at
pressures higher by an order-of-magnitude. Thus, this discrepancy likely stems from the
use of pair potentials in the calculations by Soubiran & Militzer (2015). Bali et al. (2013)
themselves noted that the presence of silicates could lead to a shift in their critical curves
away from what would be expected for a pure water-hydrogen system. However, they
pointed out that the presence of silicates was minimal and believed that such impurities
should only result in a slight shift in the temperature-pressure space. Indeed, this is exactly

what we find.

As evident from Figure 6.6, our results are in good agreement with the experimental data
of Bali et al. (2013) and also consistent with the findings of Seward & Franck (1981). We
thus find minimal to no discrepancies between the material behavior found in experimental

data and that predicted by the density functional theory.
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Though, we note that the slope of the critical curve predicted by Bali et al. (2013) at
pressures of ~ 2 GPa is steeper than we find. However, this discrepancy can be entirely
attributable to a single data point, indicated by an arrow in Figure 6.6. If we remove
this single data point, even the slopes are in good agreement. It is thus possible that the

referenced sample was compromised in some way.

6.4.3 Characteristics of the critical curve for the hydrogen-water system

In Figure 6.7, we present the critical curve for the hydrogen-water system in the context of
the physical properties of pure water and hydrogen, and Uranus and Neptune. Specifically,
we plot the different phase boundaries for hydrogen and water: the H>O melting curve
(blue dashed line; Millot et al., 2019), H>O solid insulator to superionic boundary (orange
dashed line; French et al., 2016) and H insulator to semi-metal, to metal boundary (brown

and grey dotted lines, respectively; McWilliams et al., 2016, and references therein).

Not only are we finding that with increasing pressure and temperature, hydrogen and
water become less miscible but also that they are nearly immiscible the closer one gets to
the H,O melting curve, i.e., the more crystalline water gets, especially at temperatures of
~ 750 to 1500 K. This, however, begins to change towards higher temperatures ~ 2000 -
4000 K. Close to these temperatures, we observe that the presence of hydrogen suppresses
the freezing of H,O given the significant amount of mixing we find to the right of the H,O
melting curve. We predict this is likely due to the change in the structure of the H,O ice. At
conditions within the H,O solid insulator-superionic boundary, H,O is in the Ice X phase.
Above this curve and thus at temperatures of 2 2000 K, H,O is in a superionic phase — Ice
XVIII (e.g., Millot et al., 2019). Superionic ice consists of an oxygen lattice surrounded

by mobile hydrogen ions with a stoichiometric ratio of 1:2. As discussed previously, if
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Figure 6.7: Critical curve for the hydrogen-water system. This plot shows how the critical

curve for the hydrogen-water system varies across the pressure-temperature space. We

also plot water-ice melting curve (Millot et al., 2019), water solid-superionic boundary

(French et al., 2016), and the hydrogen insulator to semi-metal boundary and the boundary

predicting metallization of fluid H (McWilliams et al., 2016). In addition, we also plot

adiabats for Neptune and Uranus as calculated by Nettelmann et al. (2013) assuming a

three-layer model for their interior. As evident from the comparison of the Neptune adiabat

with the critical curve, Neptune is expected to have large regions of completely miscible

interior along with regions of compositional gradients. While Uranus should also have

similar regions, if it is indeed hotter than Neptune in its deep interior, the magnitude of any

such gradients will be lower.
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two components mix or not, depends on the Gibbs free energy of mixing, which, in turn,
depends on the entropy and enthalpy of mixing. Around temperatures of 750-1500 K, pure
water-ice begins to crystallize at higher pressures, so evidently, the energy cost to break it
and mix it with hydrogen molecules must be high. Therefore, mixing between hydrogen
and water molecules will become unfavorable as pressure increases. In other words, the
enthalpy of mixing gets larger at higher pressures, becoming so large closer to the ice line
that mixing is thermodynamically infeasible. At even higher temperatures of 2000-4000
K, since hydrogen ions in Ice XVIII are already mobile, it appears that the enthalpy of
mixing is not as significant. On the other hand, the negative contribution of the entropy of

mixing term is more substantial as it is oc T.

Things change further at temperatures of ~ 4000 to 6000 K. At these temperatures, we
find that the slope of the critical curve decreases rapidly, becoming almost zero at ~ 5000
K. And we do not find any clear evidence of hydrogen-water immiscibility at 6000 K, all
the way up to pressures of 2000 GPa. Note that the X-axis is in logarithmic scale. Beyond
100 GPa, the critical curve temperature hardly changes even as pressure increases to 2000
GPa. This change in behavior closely follows the predicted metallization of hydrogen as
depicted by the gray dotted line in Figure 6.7 and appears to suggest that the critical curve
could turn over. However, we do not find any clear evidence of this, at least up to pressures
of 2000 GPa. For instance, even at 2000 GPa, water is crystalline at temperatures of 3000
to 4000 K.

6.4.4 Insights into the formation, evolution, and internal structure of planets

To put our results in the context of the formation, evolution, and interior of water-rich

planets and exoplanets, we also include the adiabats for Neptune (purple) and Uranus (red)
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in Figure 6.7. These adiabats approximately follow those estimated in Nettelmann et al.
(2013). In their work, Nettelmann et al. (2013) assumed that Uranus and Neptune have
an interior best described by three distinct layers: a rocky interior surrounded by an inner,
metal-rich and an outer, metal-poor envelope composed of hydrogen, helium and water.
The inner, metal-rich envelope is water-dominated whereas the outer, metal-poor envelope
is dominated by hydrogen and helium. To then constrain these adiabats (and the relative
amounts of hydrogen, helium and water in the inner and outer envelopes), they used our
knowledge of the planet’s mass, radius, surface pressure, rotation rates, and J,/J4 gravity
data. Back in 2013, this work by Nettelmann and collaborators was state-of-the-art, using
all the latest evidence on the physical properties of these two planets and that on their
assumed constituents. However, as we discuss below, comparing these adiabats to our

results shows that their model of the ice-giant internal structure requires improvements.

In addition, in Figure 6.8, we show a comparison of our results (middle panel) with
density-pressure profiles for Neptune (left panel) and Uranus (right panel) based on ob-
servational constraints. In the middle panel here, we reproduce the plot from Figure 6.7
and present plots from Figure 12 of Movshovitz & Fortney (2022) in the other panels. To
determine these density-pressure profiles, Movshovitz & Fortney (2022) used a parame-
terized function to satisfy the constraints from the following properties of the respective
planets: mass, radius, rotation period, and J;, J4 gravity coeflicients. Each panel is divided
into four Parts, namely, A € [10‘5,5 X 10‘3] Mbar, B € [5 X 1073,2 x 10‘1] Mbar, C
€ [2 x 107',2] Mbar and D € [2,5] Mbar where 1 Mbar = 100 GPa. The pressures
where one Part switches to another approximately align with the pressure depth where the
slope of the density-pressure curves/bands change in the left and right panels. At the same
time, this also correlates with pressure depths where the critical curve and the Neptune and

Uranus adiabats crossover each time. This correlation is thus tentative evidence showing
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Figure 6.8: Comparison of our results (middle panel) in temperature-pressure phase space
with the observational constraints on the density-pressure profiles for Neptune (left panel)
and Uranus (right panel) calculated by Movshovitz & Fortney (2022); reproduced here
with permission from Naor Movshovitz. The middle panel is the same as Figure 6.7.
The density-pressure profiles from Movshovitz & Fortney (2022) are estimated using a
parameterized function, fit to best satisfy the observables of the two planets, i.e., their
mass, radius, rotation period and gravity coefficients. In the left and right panels, the
dark blue band represents the density-pressure profile at 1 sigma confidence, whereas the
light blue band corresponds to a 2 sigma confidence estimate. Each panel is divided into
four highlighted ‘Parts’ corresponding to the same pressure range: A € [107,5 x 1073]
Mbar, B € [5 x 1073,2 x 107'] Mbar, C € [2 x 107!,2] Mbar and D € [2,5] Mbar
where 1 Mbar = 100 GPa. The transition pressure between adjacent Parts roughly aligns
with the pressure at which the slope of the density-pressure profiles change. Comparing
these transitions with the middle plot reveals that these transitions are correlated with
each crossover between the hydrogen-water critical curve and the Neptunian and Uranian
adiabats taken from Nettelmann et al. (2013). In other words, this agreement is evidence
that mixing between hydrogen and water plays a critical role in the interior of ice giants,

and our results help elucidate the compositional transitions present inside these planets.
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that these crossovers between the critical curve and the adiabats reflect the compositional
and structural changes present in the interior of Neptune and Uranus. Below, we have a

more detailed look into this.

6.4.4.1 Internal structure: multiple homogeneous regions and compositional gradi-

ents

For the purpose of the following discussion, let us only focus on Neptune’s adiabat until
stated otherwise. As evident from Figure 6.7, this adiabat is above the critical curve
at pressures between ~ 0.5 to 20 GPa. These pressure depths correspond to the Part
B from Figure 6.8. The fact that the adiabat is above the critical curve implies that
Neptune’s hydrogen-rich atmosphere and water-rich interior at these pressure depths should
be thoroughly mixed, i.e., there should be one phase of a water-hydrogen mixture. At
pressure depths progressively below ~ 0.5 GPa, i.e., in Part A, Neptune should have a
hydrogen-dominated atmosphere with progressively less water fraction. As suggested by
the experimental results of Seward & Franck (1981), the hydrogen-water critical curve
is relatively shallow at the corresponding low temperatures and pressures. Therefore,
while it is possible for convective mixing to increase the amount of water at even lower
pressure depths, thermodynamically, the allowed water fraction in a hydrogen-dominated

atmosphere decreases steeply with pressures below ~ 0.5 GPa.

At pressure depths 2> 20 GPa and < 200 GPa, i.e., in Part C, we find that the Neptune
adiabat again enters a phase space where water and hydrogen start to separate or become
only partially miscible. In other words, as one goes deeper inside Neptune, we predict
Neptune’s interior should be increasingly rich in water and poor in hydrogen. This change

should lead to a progressively denser interior that is more similar to pure water than
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hydrogen.

Finally, beyond pressures of ~200 GPa, the adiabat enters a regime where hydrogen
and water are completely miscible. On top of this, in this temperature-pressure regime,
not only is pure water in the superionic crystalline phase, but pure hydrogen is predicted
to become metallic. It thus seems that Neptune’s interior is likely highly conductive at this
depth, and this region corresponding to Part D, between roughly 200 to 500 GPa, is the
thin conductive, convective shell where Neptune’s quadrupole-dominated magnetic field is
likely generated (e.g., Stanley & Bloxham, 2004, 2006). Although, as noted earlier, studies
in the past predicted that at these pressure depths, the interior is likely in a superionic
crystalline phase of water Millot et al. (e.g., 2019), we find that the presence of hydrogen
can suppress water’s ability to crystallize. This behavior would then result in a fluid phase
of mixed hydrogen and water. More work is, however, required to better characterize this
unexpected fluid phase that might be present in Neptune’s interior. The rationale for the
higher limit on the pressure of Part D is that there is likely another compositional transition
at roughly such depths in Neptune and Uranus. Such a transition is indicated by the
change in the slope of the density-pressure profile at the pressure of ~ 500 GPa — a likely
transition to a rocky core. However, this inference is speculative at the moment. We plan
to explore the electrical conductivity of the hydrogen-water mixture at these conditions

more thoroughly in future work.

A comparison of Uranus’ adiabat with the critical curve shows that Uranus, too, has
similar internal structural and compositional transitions as present in Neptune. However, if
Uranus is indeed hotter in its deep interior, as suggested by these adiabats from Nettelmann
et al. (2013) and shown in Figures 6.7 and 6.8, any compositional gradient inside Uranus
will be less pronounced when compared with Neptune because hydrogen and water would

be more mixed given hotter temperatures. Movshovitz & Fortney (2022) found precisely
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this — a relatively muted density-pressure profile for Uranus inferred from observational
constraints. This further illustrates the relevance of our results and the importance of

understanding the interaction between hydrogen and water inside Neptune and Uranus.

6.4.4.2 Solution to the ice-giant luminosity paradox: thermal evolution and demixing

Now imagine a much younger Neptune, which must have been hotter than it is today.
The adiabat of this younger Neptune would have lied at higher temperatures than the one
plotted in Figure 6.7, which, in turn, implies that Neptune must have long had an interior
(2 0.1 GPa) where hydrogen and water were completely mixed, as a single phase of fluid,
everywhere. Over time, as the planet has cooled, hydrogen and water must have started to
demix. This demixing process must have then led to the release of gravitational energy,
which likely continues. Separation of hydrogen and water is likely happening in Uranus’
deep interior too. However, if Uranus is indeed hotter than Neptune on the inside, its
adiabat would be closer to the critical curve than Neptune’s adiabat as seen in Figure 6.7.
If so, hydrogen-water demixing has happened to a much lower degree in Uranus or is just
beginning, implying that much less gravitational energy has been released inside Uranus
than in Neptune. This excess energy from demixing in Neptune is thus the likely reason

behind Neptune’s excess luminosity compared to Uranus.

As discussed earlier, this has been suggested before. We build upon the idea posited
by Bailey & Stevenson (2021), who attempted to demonstrate this for Neptune but were
limited by a lack of understanding of how water and hydrogen interact in relevant conditions.
Even earlier, Stevenson & Salpeter (1977a,b) used the same concept to explain the excess
luminosity of Saturn, given the immiscibility of hydrogen and helium (‘helium rain’).

Our work presents the first evidence, with the accuracy of density functional theory, that
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Neptune is experiencing something similar — allowing us to elucidate the physical and
chemical processes behind the observed difference in the ice giant luminosities, within the
same framework. This does not mean that the processes laid out by previous studies are
unimportant or do not occur in nature. However, it seems likely that the dominant cause
behind the ice giant luminosity paradox is the release of gravitational energy due to the

demixing of hydrogen and water.

6.4.4.3 Magnetic field: the source and differences in strength

Ice-giant have distinct magnetic fields that are highly non-dipolar, whereas all other plan-
etary bodies, from Earth to Jupiter to Ganymede, have dipole-dominated magnetic fields.
To explain this puzzling behavior, studies have suggested that the source of the ice-giant
magnetic fields source should be a thin, highly conductive, convecting shell of fluid deep
inside these planets Stanley & Bloxham (e.g., 2004, 2006). As discussed earlier, it is thus
likely that the region approximately encapsulated by the Part D shown in Figure 6.8 is the

source for magnetic field generation in both planets.

Furthermore, something that is not often discussed is the difference in the surface
magnetic field strengths of ice giants, despite having similar mass, size, and magnetic field
morphologies: Uranus and Neptune have surface magnetic field strengths of 0.23 and 0.13
Gauss, respectively (Lang, 1992), i.e., Uranus has a magnetic field stronger by ~ 1.7 times.
The mixing properties of hydrogen and water also hint at the answer to this observation. If
Uranus is hotter than Neptune, as suggested in Nettelmann et al. (2013) and other studies,
then the region with characteristics attributed to Part D should be larger for Uranus than
Neptune. In other words, Uranus likely has a relatively thicker shell of highly conductive,

convecting fluid than Neptune. The electrical conductivity of this shell is also likely higher
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for Uranus, given higher temperatures. If indeed true, this naturally explains why Uranus

should have a higher magnetic field strength than Neptune.

Finally, we note that comparing the adiabats from Nettelmann et al. (2013) with our
hydrogen-water phase diagrams is, technically, not self-consistent. While one can estimate
how the density inside Neptune or Uranus varies with depth or pressure using observational
data (e.g., Movshovitz & Fortney, 2022), an equation of state is needed to estimate how
temperature varies with depth or pressure. To know the equation of state at any depth,
one needs to know the composition there. Given that the interior model by Nettelmann
et al. (2013) requires adjustments given how hydrogen and water interact, comparing their
adiabats with our hydrogen-water phase curves is not a self-consistent exercise. In addition,
we also neglect the effect of gravity, which could make a heavier constituent differentiate
or fractionate to larger depths. Nevertheless, as evident from the discussion in this section,
such a comparison clearly sheds light on the physical and chemical processes that are
critical to understanding the interior structure of planets such as Uranus and Neptune,
helps us make tentative predictions on their evolution and current internal states, and

shows a pathway for future theoretical and observational investigations.

6.5 Conclusion

In this study, we performed Density Functional Theory based ab-initio molecular dynamics
simulations to investigate the interaction between hydrogen and water. Specifically, we
explore the behavior of hydrogen-water mixtures at temperatures and pressures ranging
between 750 to 6000 K and 0.25 to 2000 GPa, a range relevant to the interiors of planets
and exoplanets such as Uranus and Neptune. In this temperature-pressure regime, we

map out the coexistence and critical curves for the hydrogen-water system and discuss the
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implications of the mixing and separation of these two components in the formation and

evolution of such planets.

We use the coexistence curves to estimate the critical conditions beyond which hydrogen
and water become miscible in all proportions. We use this knowledge to map out the critical
curve for the hydrogen-water system: the locus of temperatures and pressures dividing the
phase space into regions where hydrogen and water are miscible in all proportions and
only partially miscible/immiscible. We find that the critical curve lies approximately at 2
GPa at 1000 K, going to 100 GPa at 4000 K, and then becomes approximately constant
in temperature, at least up to 2000 GPa. The resulting curve is in good agreement with
the experimental results of Bali et al. (2013) at temperatures of ~ 1200 K and consistent
with the critical curve determined by Seward & Franck (1981) at temperatures of ~ 650 K.
Interestingly, a comparison of this critical curve with the melting curve of pure water shows
that presence of hydrogen can suppress the crystallization of water, especially in the regime
where the corresponding phase of pure water-ice is the superionic Ice X VIII. This behavior
is likely due to the higher entropy of a superionic ice phase making it more susceptible
to mixing with hydrogen over Ice X. On the other hand, we find that the flattening out of
the critical at temperatures of 2 100 GPa closely follows the boundary predicted for the

metallization of pure hydrogen.

Finally, we discuss the insights the critical curve provides into the formation, evolution,
and interior structure of the ice giants. To this end, we present a comparison of the critical
curve with (1) the adiabats of the ice giants predicted by Nettelmann et al. (2013), and
(2) the density-pressure profiles for the ice giants based on their respective observational
constraints such as mass, radius, rotation period and gravity measurements, as determined
by Movshovitz & Fortney (2022). This comparison yields several fascinating insights. For

instance, there should inevitably be compositional gradients inside Neptune and Uranus.
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In fact, we expect multiple regions where hydrogen and water are completely mixed and
regions with compositional gradients. This assertion, while tentative, is corroborated by
the fact that the pressure depths where the slope of the density-pressure profiles change
for Uranus and Neptune and where the critical curve for hydrogen-water system and their
respective adiabats crossover each time are strongly correlated. In addition, given the
ability of hydrogen to suppress the crystallization of water ice, we expect the deep interior,
~ 200 - 500 GPa, of these planets to have a large ocean of a fluid hydrogen and water
mixture. It is likely that this shell is highly electrically conducting and thus is the sought-
after thin conductive, convecting shell where the highly non-dipolar magnetic field of these

ice giants are generated (e.g., Stanley & Bloxham, 2004).

We expect Neptune and Uranus to have a similar interior structure by virtue of sim-
ilarities in their similar physical properties. However, if Uranus’ deep interior is hotter
than Neptune’s, as predicted by Nettelmann et al. (2013) and other studies, water and
hydrogen would be less demixed in Uranus’ interior. Therefore, any compositional or
structural changes inside Uranus are bound to be less pronounced, i.e., Uranus should
have a smoother density-pressure profile than Neptune. This, too, is consistent with the
observational constraints. What then naturally follows from this argument is that Neptune
and Uranus should have had even more homogeneous interiors of water-hydrogen mixtures
in the past. Only lately, on astronomical timescales, water and hydrogen must have started
to demix in their interior. A consequence of this demixing is the release of gravitational
potential energy. Since Neptune’s interior is more demixed than Uranus, the gravitational
energy released should be more significant for Neptune than Uranus. This excess energy is
then the likely source of Neptune’s higher internal heat flux than that observed for Uranus,
as first suggested in Bailey & Stevenson (2021) (see also Stevenson & Salpeter, 1977a,b).

Thus, understanding the mixing behavior of hydrogen and water helps elucidate the phys-
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ical and chemical processes behind the observed difference in the luminosities of the ice
giants within a self-consistent framework. Finally, we also present arguments to explain
why Uranus’ magnetic field strength is much larger than that observed for Neptune despite

having similar physical attributes, including magnetic field morphologies.

Some of our inferences require more detailed calculations and follow-up observations.
Nevertheless, our work shows the undeniable importance of understanding how planetary
constituents interact. This is especially true as we move into an era of James Webb
Space Telescope, which has started to provide unprecedented observational constraints
on the composition of exoplanetary atmospheres. Furthermore, this work underscores
the importance of understanding Uranus and Neptune which can provide us with the
best benchmarks to better comprehend the physical and chemical processes that dictate
formation and evolution of planets and their envelopes. But again, without further efforts
toward developing a fundamental understanding of how the dominant planet-building

materials interact (e.g., hydrogen, helium, silicates, methane, iron), this will not be possible.
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CHAPTER 7

Summary

Motivated by a revolution in observational astronomy over the last quarter century, which
has led to the discovery of thousands of exoplanets, we present a series of projects in this
thesis where we explored the origin, evolution, and structure of planets in our local Galactic

neighborhood. We summarize our main takeaways and results below:

1. The core-powered mass-loss mechanism can explain the ‘radius valley’ observed
in the distribution of small exoplanets, independent of photoevaporation (Gupta
& Schlichting, 2019)
In this work, we investigated the origin of the radius valley observed in the distribution
of small exoplanets. We explored the idea that if a typical planet completes its
formation in the presence of its protoplanetary gas disk, it would also accrete a
hydrogen-dominated atmosphere. Once this atmosphere becomes optically thick
during the formation process, any energy loss from the planet would be regulated
by radiative diffusion across the radiative-convective boundary of its atmosphere.
This would slow down the rate at which the planet loses its primordial energy of

formation.

Later in the planet’s evolution, once the protoplanetary gas disk has dissipated and
after the spontaneous mass-loss process instigated by the disk dispersal, all of this

primordial energy of formation and the host star’s bolometric luminosity can drive a
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hydrodynamic wind leading to atmosphere loss. Eventually, certain planets can lose
their atmospheres entirely, becoming rocky super-Earths. Planets that survive with

their primordial atmospheres are today’s sub-Neptunes.

We use a simple analytic model to demonstrate how this idea can explain the observed
planet population around Sun-like stars. We demonstrate that whether a planet
becomes a super-Earth or a sub-Neptune primarily depends on the balance between its
cooling and mass-loss timescales. We infer that such planets have a mass distribution
that peaks around 4 Earth masses and find that they are likely to have a bulk interior

composition similar to Earth’s.

. Core-powered mass-loss theory can self-consistently explain, and predict, ob-
servations across the phase space of planet size and host star properties (Gupta
& Schlichting, 2020)

In this study, we extended our previous work to explore the impact of host star prop-
erties on planet demographics under the core-powered mass-loss mechanism. We
showed that this theory self-consistently explains how the radius valley changes with
stellar mass and stellar metallicity for Sun-like stars, and in addition, we presented

predictions for changes with stellar age.

We found that planets are more susceptible to losing their atmospheres around more
massive stars. This is because more massive stars are also more luminous, and the
increased luminosity can drive a stronger hydrodynamic wind that can strip away the
planet’s atmosphere. Furthermore, we demonstrated that metal-rich stars are more
likely to host larger sub-Neptunes. The reason behind this trend with metallicity is
that metal-rich stars are more likely to host planets with metal-rich atmospheres, and

such planets, in turn, are expected to have higher atmospheric opacities leading to
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slower cooling rates. Finally, we showed that planets would lose their primordial
atmospheres on timescales of roughly 0.5 to a few billion years under core-powered

mass-loss. This prediction has since been confirmed by observational studies.

. Several planet candidates can be identified that are likely losing their atmo-
spheres today, including those that might host secondary atmospheres or ice-
rich interiors (Gupta & Schlichting, 2021)

In complement to planet demographic studies, we developed a hybrid planet evolution-
Bayesian inference model to analyze the evolution of individual small exoplanets for
which we have observational constraints on their mass, size and host star proper-
ties such as mass, luminosity and age. Our objective was to shortlist candidates
that could be losing their atmospheres today if their evolution is indeed dictated by
core-powered mass-loss. We found that the following planets are likely losing their
atmospheres at a rate > 107 g/s at 50 percent confidence level: pi Men c, Kepler-
60 d, Kepler-60 b, HD 86226 c, EPIC 249893012 b, Kepler-107 ¢, HD 219134 b,
Kepler-80 e, Kepler-138 d, and GJ 9827 d.

In addition, we identified several additional planet candidates that likely harbor
secondary atmospheres with high mean molecular weight or low-density interiors
rich in ices, or both. We found that the following are likely to be such planets:
WASP-47 e, Kepler-78 b, Kepler-10 b, CoRoI-7 b, HD 80653 b, 55 Cnc e, and
Kepler-36 b.

. Planet surveys for M-dwarf planets are excellent test-beds for distinguishing
between the leading radius valley theories such as core-powered mass-loss and
photoevaporation (Gupta et al., 2022)

M-dwarfs are by far the most common type of stars in our universe, and they are also
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the most suitable for discovering super-Earths and sub-Neptunes, given their small
size. In this work, we investigated planet demographics around low-mass stars, i.e.,
M-dwarfs, while accounting for their evolving bolometric luminosity, which can
change by up to two orders of magnitude over a timescale of hundreds of millions

years.

We found that if planet evolution is indeed dictated by core-powered mass-loss,
the slope or shape of the radius valley is, to the first order, the same across stellar
masses in the planet size-orbital period space, as reported in recent observational
studies. At the same time, we expect the slope of the radius valley to decrease with
stellar mass. Furthermore, we showed how this slope depends on the stellar mass-
luminosity relationship and, on the same note, how different observational surveys
might find different slopes for the radius valley depending on the particulars of their

stellar sample.

Finally, we found that surveys for planets around M-dwarfs can be especially fruitful
in distinguishing between the predictions of the two leading theories on the origin of
the radius valley, namely, core-powered mass-loss and photoevaporation. Both these
theories successfully explains planet demographics around Sun-like stars. However,

we found that their predictions diverge for planets around low-mass stars.

. Understanding the interaction between hydrogen and water sheds light on the
interiors of planets such as Uranus and Neptune

We investigated how hydrogen and water interact across the temperature and pres-
sure phase space relevant to the interiors of water-rich planets and exoplanets such
as Uranus and Neptune. To achieve this, we performed computational experiments

using molecular dynamics simulations based on the density functional theory, as
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implemented in the Vienna Ab Initio Simulation Package (VASP). In these calcula-
tions, which took around 3 million CPU hours, we allowed pure equilibrated phases
of hydrogen and water to interact with each other. We then evaluated their mix-
ing behavior to determine the coexistence and critical curve of the hydrogen-water

system.

Our results are in good agreement with past experimental studies. We found that
Neptune used to have large regions of its interior where hydrogen and water were
completely mixed. At present, it still has such regions, but also regions with com-
positional gradients where hydrogen and water have started to demix. We expect
Uranus to have a similar evolutionary history and qualitatively similar internal lay-
ers, but with a less demixed interior. The gravitational energy released due to the
greater degree of demixing in Neptune can explain why it has a higher internal heat
flux than Uranus. Our results thus shed light on the physical process behind the
distinct present-day luminosities of Uranus and Neptune, within a self-consistent
framework. At the same time, we found that both planets are likely to have regions in
the deep interior where water and hydrogen are completely mixed, in fluid phase and
conductive, leading to conditions required for generating magnetic fields of similar
morphologies. Our findings are corroborated by the fact that the pressure depths
where observationally constrained density-pressure profiles change slopes, which
reflects a compositional or structural change, is correlated with the pressure depths
where the hydrogen-water critical curve and the ice-giant adiabats cross each other,

i.e., where our results predict compositional and structural changes to happen.
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