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Abstract

EXTREME PHYSICAL PHENOMENA ASSOCIATED WITH CLOSE-IN SOLID EXO-
PLANETS: MODELS AND CONSEQUENCES

Prabal Saxena, PhD
George Mason University, 2015

Dissertation Director: Dr. Michael Summers

Solid exoplanets orbiting at very close distances away from their host star are astrophys-
ical laboratories for unique and exotic processes that define everything from their orbit and
shape to their atmospheres and interiors. We create models to examine the unique physical
environments that these planets inhabit and explore the effects on planetary shape and on
atmosphere and resurfacing processes. In particular we examine three related topics. The
first topic involves the creation of a model of the atmospheres of synchronously orbiting
close in solid planets which examines the potential of mass advection by the atmosphere
to deform the planets shape and produce observable surface signatures. This model re-
produces and builds upon earlier low dimension atmospheric models produced for Io and
Heated Super-Earths by incorporating stellar disk insolation and latent heat considerations
and then examines bulk atmospheric mass transport processes on a variety of different close
in solid exoplanets. Spatial deposition profiles are then compared to putative sub-stellar
magma oceans in order to examine deformation to a planets’ shape and potential production

of observable surface features.

The second is the potential for tidally and rotationally distorted planets in synchronous

orbit to produce observational effects and transit signatures which can both confound system



characterization and also act as a probe to constrain system and planet properties.
In this model we examine a number of different planet-star systems and quantify their
potential biases and asphericity signatures in hypothetical transit data. The results indicate
that such signatures and biases exceed observational thresholds of a number of current and
future surveys and instruments and consequently may be an invaluable probe for exoplanet
characterization - in particular they may help to discriminate between rocky super-earths
and mini neptunes - a fundamental unresolved question regarding exoplanets.

Finally, the last project describes current work that looks at the consequences of exo-
planet asphericity on those planets’ atmospheres. The project will look to produce estimates
of atmospheric effects on these planets that are akin to gravity darkening in aspherical stars.
Such effects will be calculated in order to understand how they may influence dynamics and

also observational atmospheric retrieval.



Chapter 1: Introduction to Exoplanets

Since the first discoveries in the early 1990’s, one of the most humbling statistics in astron-
omy has been the ever increasing number of planets discovered outside our solar system.
With each additional exoplanet detection, countless theses and review paper introductions
are rendered obsolete while simultaneously an additional mystery is added to the current
census of humanity’s knowledge of the universe. This introduction of an unfamiliar planet
is often fraught with observational considerations which confound the type of characteriza-
tion that has been done for planets in our solar system. However, in spite of that, current
instruments and methods have still been able to glean an astounding wealth of information
on these newly discovered worlds and have identified at least one simple rule regarding them

- that they are full of surprises.

1.1 Exoplanet Detection

While there are many methods that have used or are being developed to detect exoplanets,
to date, the majority of detected exoplanets have been found using only a few dominant
methods. Transit photometry and radial velocity have accounted for the bulk of discoveries.
However, methods such as gravitational microlensing, direct imaging, astrometry and a
variety of different timing and brightness variations based methods have also been used
or are being developed to find exoplanets. Figure 1.1 shows a scatter plot of exoplanets
detected by the different methods as a function of their mass and distance from host star.

Exoplanets discovered by the transit method or by the radial velocity method constitute
the largest portion of planets currently detected and are also the two methods that are
most rapidly adding to the exoplanet count. Variations in the data collected by those

two methods have also been used to identify a significant number of exoplanets. As new
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Figure 1.1: The current census of detected exoplanets labeled by detected method and
plotted as a function of mass and orbital period from the NASA Exoplanet Archive. [Akeson
et al., 2013]

instruments and surveys begin to return data and improved techniques are refined, other
detection methods such as astrometry and microlensing have also started to produce a larger
yield of newly detected exoplanets. This section will briefly describe the techniques used to
detect exoplanets with a detailed focus on the Transit Photometry given the relevance of

that detection method to the studies that constitute this thesis.

1.1.1 Transit Photometry

Transit Photometry has been the most prolific exoplanet detection method to date given
that the number of confirmed exoplanet detections it is responsible for is more than double
the next most successful technique. What makes this efficacy more surprising is that transit
photometry may also be the most physically intuitive exoplanet detection technique.

Transit Photometry primarily detects exoplanets when a planet orbiting a star passes



between the star and observer’s line of sight, temporarily blocking out a portion of the light
typically observed from the star. During this process, the temporary drop in flux from the
star can be captured as time series data which is denoted as the system’s lightcurve (see
Figure 1.2). Such a phenomenon requires that from the observer’s perspective, the orbit
of the planet must be oriented in such a way that the projected area of the planet falls
upon the apparent projected area of it’s host star. As a result, for a planet R,< R on a
nearly circular orbit a distance a from it’s host star, the probability of a transit is ~ Es/a.
A consequence of this is that close-in and large planets are more easily detected while the
probability of detecting a transiting planet falls as semi-major axis gets larger and planetary
radius gets smaller. Additionally, there is a bias towards detecting planets around smaller
stars using this method while planets around larger stars are harder to confirm above noise
thresholds.

While the transit of the planet between the host star and an observer is the most
common means of detection and parameter estimation of an exoplanet system, the remaining
portions of the light curve often hold additional invaluable information regarding the system.
Figure 1.2 displays the change in light from the system due to the changing amount of light
reflected off the planet during periods when neither body is being eclipsed. This reflected
light phase curve can act as a probe of atmospheric or surface features. There also exist
a number of other system effects which can result in variations in the light curve that
may also enable additional characterization. These additional effects can be so powerful
that a number of exoplanets have actually been detected from light curves where there is
no primary transit! The different components are described in the following section and
identified using techniques similar to those used to identify the primary transit and to fit
radial velocity measurements.

The light curve data of a system with a planet transiting a star can be written in a con-
venient analytic manner when certain contrived system parameters are assumed. The utility
of such expressions is important to understand the planetary and system parameters which

may be generally gleaned from transit photometry and often times the assumptions made



star — planet shadow

Figure 1.2: Image of a transit and occultation in a planet star system from Winn [2010].
When the planet passes in front of the star, part of the star’s light is blocked out resulting

in a dip in the total flux observed. As the planet orbits around the star before and after
transit the total flux from the system changes as the amount of light reflected off the planet
varies during different phases and as other additional secondary effects also contribute to

light curve variations. When the planet passes behind the star during the occultation there

star + planet nightside

transit

is a secondary dip in the total flux as light reflected off the planet is blocked.

for such expressions to hold are accurate to a fair degree. In particular, unique solutions for
the stellar mass, stellar radius, companion radius, companion orbital separation and orbital

inclination can be obtained used a set of simplifying assumptions. The assumptions include

the following [Seager and Mallén-Ornelas, 2003]:

e The planet has a circular orbit.
o M,<M;

e The stellar mass-radius relation in known

e The light comes from a single star as opposed to two or more blended stars

4



e The planet is fully superimposed on the star, resulting in a flat eclipse bottom in the

light curve

e The period can be deduced from the light curve through the observation of two con-

secutive transits

The first three assumptions hold or are a good approximation in many cases. While ob-
servational surveys looking for potential exoplanets are careful to identify potential sources
in a field that may result in a blend, the fourth assumption is certainly a complicating factor
in the detection of exoplanets by transit. Most transiting exoplanets detected so far are
fully superimposed on their host star at some point during their transit, though exoplanets
have been identified from light curves when they only partially graze their host star or in
some cases when they do not transit their host star at all. Finally, observing consecutive
transits of an exoplanet is a typical procedure in order to derive the planet’s orbital period.
In the case where the stellar mass and radius are known from a measured spectral type and
the impact parameter is known one can actually estimate the planetary orbital period from
only one transit. The impact parameter, b, is the projected distance between the planet and
star centers - a parameter which is a product of the orbital inclination of the planet (shown
in figure 1.4). Given the determination of these system and planetary parameters from
a transiting system, one can this knowledge with data obtained from other corroborating
detection and characterization techniques such as the Radial Velocity method in order to
obtain further derived parameters such as bulk planetary density.

While this analytical treatment of transits yields a very useful description of how to ex-
tract important information about an exoplanet system, in reality the assumptions required
for this treatment to be a complete description often do not hold. In fact, in some cases cur-
rent transit detection techniques are biased towards finding exoplanet systems where certain
assumptions do not hold. One of the most simple examples of this is that for planets with
the same orbital distance from their host star, those planets on eccentric orbits are more

likely to transit than their circularly orbiting counterparts by a factor of (1—e?)~! [Barnes,
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Figure 1.3: Image of two transits with their schematic light curves taken from Seager and
Mallén-Ornelas [2003]. The two separate transits show how different geometric alignments
of the planetary system can produce different shaped light curves. The impact parameter

is given by b and is related to the orbital inclination of the planet. ¢y is the total transit
duration where the planet is fully imposed upon the star while T’ is the transit duration
between ingress (the beginning of transit) and egress (the end of transit).

2007]. This is a simple derivation based on the description of the variation of the orbital
distance of a planet from it’s host star as a function of the true anomaly f, semi-major axis

a and the eccentricity e:
a(l —e?)

r= A+ ccosf) (1.1)

[Murray, C. D. and Dermott, S. F., 2000]

Using this equation for r with a non-zero value for e in the integral for the probability
of a transit given in equation 4 of Barnes [2007] yields the additional (1 —e?)~! factor that

a planet on an eccentric orbit is likely to transit by. This departure from the assumption of
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a circular exoplanet orbit is emblematic of the fact that exoplanet systems do not typically
adhere to the idealized descriptions prescribed by different detection and characterization
techniques that most easily extract their orbital and planetary parameters [Kipping, 2008].
Indeed, departures from the idealized requirements necessary for this analytic depiction
of transits will produce different transit shapes that can confound characterization of the
system and also help constrain parameters like impact parameter and eccentricity. As a
consequence of this, the ability to find numerical fits which can accurately approximate data
to constrain these properties are a critical component of observational exoplanet science
including transit photometry.

The need for more versatile parameter extraction techniques has led to an exploration
of different statistical and numerical methods that have been used for analogous problems
in other sciences and quantitative disciplines. In the case of transit photometry, this search
has focused on the ability to obtain exoplanet transit signals from their light curve time
series data. Morphologically, this amounts to being able to detect periodic reductions in
the amount of light received from the system that occur with a predictable shape in the
time series data. Specific techniques have become especially widespread due to their utility
in fitting and interpreting such features.

One of the most powerful is a box least squares fitting algorithm which analyzes stellar
photometric time series for exoplanets [Kovacs et al., 2002]. This box fitting method is
effective at relatively low signal to noise ratios and looks for periodic changes in the flux
between two discrete levels, the lower of which signifies a potential planet detection. This
particular algorithm has been implemented in some of the most robust exoplanet searches
[Mandel and Agol, 2002] and has yielded planets and systems of extraordinary diversity
due to its versatility. Periodic or regular deviations from a mean value of these extracted
transit times, transit periods or dimming due to an exoplanet are also powerful tools that
can indicate the presence of additional planets that may be producing such effects or may
be indicative of unique system characteristics. Indeed a substantial number of exoplanets

in multi-planet systems have been discovered due to transit timing variations [Steffen et al.,



2013].

Transit fitting and parameter estimation within bayesian statistical frameworks are also
becoming an important feature of transit photometry. Such tools typically use Markov
Chain Monte Carlo techniques to fit light curves and incorporate likelihood functions from
a variety of sources [Gazak et al., 2012, Placek et al., 2014]. These fitting schemes have been
used to extract parameter estimates from the full light curve, which includes the primary

transit, phase curve and secondary transit portions.

1.1.2 Photometry: Beyond the Primary Transit

The light curve of a star that hosts a planet may contain additional information regarding
the nature of the system outside of the portions of the time series where the planet transits
the star. For planets that transit their host star (and in the latter case some non-transiting
planets) the secondary eclipse and phase curve can also provide additional information that
can enable system and planet characterization.

The secondary eclipse portion of a light curve reflects the occultation of the planet by
the star. The additional starlight reflected off the planet as well as the planet’s intrinsic
thermal emission is blocked and there is a consequent drop in the total flux from the system.
Quantifying the magnitude and timing of the drop in flux as the planet is occulted can place
bounds on orbital eccentricity [Knutson et al., 2007], planetary albedo [Cowan and Agol,
2011], atmospheric pressure-temperature profiles [Baskin et al., 2013, Deming et al., 2014]
and can even be used to generate spatial brightness maps [Majeau et al., 2012].

The phase dependent light curve portion of the light curve (phase curve) occurs between
the transit and secondary eclipse and represents the part of the planet’s orbit around the
star where neither the star or planet is obscured by the other body. This portion of the light
curve can contain invaluable information regarding the system and planet but is complicated
by the fact that there are numerous overlapping signals due to different processes which
produce the critical variations in flux. A simple expression which reflects the total observed

flux due to the different contributions to this portion of the light curve (normalized by the
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Figure 1.4: Images A and C demonstrate the contributions of different effects on the phase
curve portion of a light curve while images B and D demonstrate the summed up contribu-

tions. The top row corresponds to a Hot Jupiter in a circular orbit while the bottom images
correspond to a Hot Jupiter in an eccentric orbit (e=0.3). Images taken from Placek et al.
[2014].

stellar flux) is given by:

F*+Fell+Fdop+Fref+Fthe
Fi

Frotat = (1'2)

where F, is the stellar flux, F¢; is the flux due to ellipsoidal variations due to both
the star and planet, Fy,, is the flux due to Doppler beaming, F,.; is the flux due to light
reflected off of the planet and Fy,, is the flux due to the thermal emission from the planet.
In general, F, is expected to be relatively constant throughout the phase curve portion

of the light curve. In reality, there can sometimes be significant stellar variability such as
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starspots that may complicate interpretation of other signals throughout the light curve -
a fact that has spawned a number of different methods and tools to correct for such effects
[Ballerini et al., 2012, Dumusque et al., 2014a, Béky et al., 2014].

Ellipsoidal variations Fj; are variations in flux due to the change in the apparent shape
of the star or the planet. These changes result from tidal distortion of the star by a closely
orbiting massive planet or by the tidal distortion of a closely orbiting planet by a star. The
sky projected area of the distorted body varies as function of phase resulting in a variation
of total flux from the changing apparent surface of the star [Mislis et al., 2012]. For the
planet, the change in apparent shape results in a varying flux from both the reflected light
and thermal emission phase components that diverges from the perfectly spherical planet
case.

Doppler boosting Fg,, is a result of the reflex orbital motion of the star due to its
planet’s gravity. The varying radial velocity of the star as it moves in orbit results in stellar
Doppler shifts that cause variability in flux [Loeb and Gaudi, 2003].

A planet that transits its star will exhibit periodic variations in the stellar light reflected
off its surface. These phase related variations Fy.; are analogous to the way the Moon goes
through phases as viewed from Earth. The reflected light varies as a function of the phase
angle - the angle between the star and observer as seen from planet. In addition to the
phase, the flux contribution from this component is also dependent on planetary albedo,
making it a potential proxy for surface or atmosphere characterization.

Finally, Fy. is the flux due to thermal emission intrinsic to the planet. Most planets
are too cool for this effect to be significant relative to the other phase curve variations.
However, for planets close in to their host star, surface or atmospheric temperatures may

be high enough to allow favorable contrast ratios in certain bands.

1.1.3 Radial Velocity

The Radial Velocity method has been other technique that has found a prolific number of

exoplanets to date. The technique is based upon interpreting the orbital motion experienced
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Figure 1.5: An image depicting the physical principles underlying the radial velocity
method. As the star moves in an orbit around the planet-star system’s common center
of mass, it’s spectrum is blue shifted when it approaches the Earth and is red shifted when
it moves away. The extent of this Doppler shift bounds the radial velocity of the star and
subsequently the product of the mass of the planetary companion and the system’s orbital

inclination. Image reproduced from the European Space Organization.

by the individual members of a binary or greater system of bodies (in fact the application
to exoplanets is really an extension to the lowest companion mass limits in binary and
multiple star systems). Radial velocity refers to the spectroscopic radial velocity of a star
determined from Doppler spectroscopy of the star.

In the case of a planet orbiting a star the gravitational force of the star pulls the planet
around in an orbit around a common center of mass of the system. However, the planet also
exerts a gravitational force on the star and causes the star to move in an orbit around the

same center of mass. If the planet-star system is not inclined in such a way that it appears
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face on from Earth, there will be a radial component of the star’s orbital velocity that will
result in a periodic Doppler shift in its spectroscopy. As shown in figure 1.5, the spectrum of
a star will blue shifted when it approaches the Earth and will be red shifted when it moves
away. Using knowledge of the stellar parameters one can then produce a time series of the
radial velocity of the star - a typical example of such a time series is given in the data of the
star 51 Pegasi in figure 1.6. 51 Pegasi b was one of the first candidate exoplanets detected
by this method [Mayor and Queloz, 1995]. Since detection of planets using this method is
dependent upon gravitational perturbations from planetary companions and the distance
from the related center of mass of the system, there is a bias towards finding planets are
more massive and that have a larger orbital separation from the host star versus the transit

method.

100 - -1

-60

Figure 1.6: Time series data depicting the radial velocity of 51 Pegasi b over one pur-
ported orbital period. Data over several different orbits was overlaid and fitted with a line

representing a short period circular orbit.
[Mayor and Queloz, 1995]
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The most important unique derived planetary parameter obtained using the radial ve-
locity method versus the transit method is the mass of the planet. While the transit method
can constrain the volume of a planet, the radial velocity method can give an estimate of
the minimum mass of the planet (and can constrain the product of the mass of the planet
with its orbital inclination). In the case of a planet that can be identified and characterized
by both the transit method and radial velocity method this means that not only can the
inclination of the planet be constrained, but that using the measured mass and volume of
the planet a bulk planetary density can also be estimated. Radial velocity confirmation of
exoplanet candidates identified by the transit method is commonplace as the orientation of
the star-planet system is likely to produce a measurable radial velocity amplitude if it is
inclined in such a way as to produce a transit.

Another fundamental system parameter that the radial velocity method can constrain is
the orbital period of the planet - this is extracted from the length of the periodic variation
in stellar radial velocity time series. Finally, the direction of a planet’s orbit can also be
identified through a novel phenomenon called the Rossiter-McLaughlin Effect [Ohta et al.,
2005] when both radial velocity and transit data of a system can be obtained. Radial velocity
measurements taken during the beginning of a transit will deviate from expected value in
different ways depending on whether the planet is moving in a prograde or retrograde orbit.
If the planet is orbiting in a prograde direction it will first transit the portion of the star
that is producing spectral lines that are blue shifted because that side of the star is turning
towards the observer and then transit the portion that is red shifted as the star surface
appears to recede. The opposite is true when the planet is in a retrograde orbit around the
star.

One of the most important computational tools for radial velocity is an adapted and
generalized Lomb-Scargle periodogram, a commonly used frequency analysis tool that can
disentangle overlying signals in a time series even if the time series data is unevenly sampled
[Zechmeister and Kiirster, 2009]. Such extraction techniques can yield signals for multiple

planets orbiting a star above a specific false alarm probability threshold. Due to the often
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sparse and poorly spaced nature of radial velocity data, attempts to confirm planets in
multiple planet systems can often result in disputed claims that are often only resolved
with more data [Robertson et al., 2014]. Bayesian frameworks that use Monte Carlo Markov
Chain fitting techniques have proven to be a critical recent advance in model selection for
identification and characterization of planetary systems in radial velocity data [Tuomi and

Jones, 2012, Nelson et al., 2014].

1.1.4 Other Detection Methods

While the transit method and radial velocity method account for the majority of exoplanets
detected to date, there are a host of other detection methods which have been successful and
which promise to yield more discoveries in the future. However, given the limited relevance
of some of these detection methods to the work carried out as part of this thesis, this section
will only offer brief descriptions of some of the most prominent ones. Some of the most
exciting exoplanet detection methods which are likely to increase their share of discoveries
in the next decade are direct imaging, astrometry and gravitational microlensing. The
detection methods described in this section have been selected based upon their potential
to yield new exoplanet detections due to coming missions and surveys that will utilize them
- many of these methods have been detailed more extensively in Wright and Gaudi [2013].
For a more exhaustive description of exoplanet detection techniques there are a number of
resources [Seager and Lissauer, 2011, Scharf, 2009, Mason, 2008] which go over different
detection methods.

Direct imaging is the most intuitive of exoplanet detection methods but suffers from a
number of observational problems that have limited its usefulness in the past. Exoplanets
are very faint compared to their host stars and contrast ratios often exceed 10-107 in
visible light and are still 103-10* in the infrared. In addition to these massive contrast
ratios, the tiny separation between the host star and a planet versus the distance of the
system from Earth means spatially resolving a planet from a star is also very difficult.

However, what has made this technique more promising is the continued development of
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coronagraphy techniques which block the light from the star and allow orbiting exoplanets
to be observed. While this development has currently only been effective for large planets
with large semi-major axes and for planets around young and very massive stars, even those
bounds are being pushed and will continue to be stretched in the future.

Astrometry is another relatively intuitive exoplanet detection technique and physically
is the inclined analogue of the radial velocity method. While the radial velocity method is
most effective when the star and orbiting planet are aligned so that they are edge on when
viewed from Earth, astrometry is most effective when the entire system is rotated 90 degrees
and appears face on to an observer. Astrometry looks for periodic movement of a star in
the sky that indicates it is orbiting a common system center of mass due to the presence of
perturbing exoplanets. The spatial movement of the host star can be recorded as time series
data and then analyzed and fitted for periodicities that are indicative of planets [Wright
and Howard, 2009]. A significant issue for the technique is that ground based observatories
do not have the precision to detect stellar position changes due to exoplanets. However,
the space based observatory Gaia will be free of some of the atmospheric and systematic
constraints limiting ground based telescopes and is expected to find somewhere between
20,000 to 70,000 exoplanets using astrometry [Perryman et al., 2014].

Finally, gravitational microlensing is an exoplanet detection method based upon the
discovery that the amount of light deflected by gravity under general relativity was signifi-
cantly greater than that predicted under Newtonian gravity. This method typically requires
a configuration where an object such as an unbound planet or a planet hosting star passes
in front of another star and amplifies its light. For an unbound star as the lens object, the
amplification of the light from the star indicates that an object with a particular constrained
mass has been detected. For a lens object that is a star hosting an exoplanet the typical
lensing event will change shape and result in an atypical light curve where the brightening
of the background star is not a simple monotonic increase and decrease. An example of
the photometric signature of a lensing event where the lens is a star hosting a planet is

given in figure 1.7. Gravitational microlensing events need densely crowded fields because
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Figure 1.7: A diagram of a lensing event on the left. The moving source star is represented
by the red circles and images produced are the blue dashed ellipsoids and solid ellipsoids.

The image on the right shows the light curve from the star if there was only a lens star at
the red x (solid line) and the additional spike if there was also a planet orbiting a star at
the x (dashed line). Figure taken from Gaudi [2011]

the frequency of such events is rare - most searches are focused on the galactic bulge as a
result. While this method has been able to detect a new class of free floating exoplanets and
can probe a relatively under explored parameter space of bound exoplanets (lens planets
need to be far enough away from their host star to produce an additional lensing signal),
the extraction of planetary or even system parameters of detected exoplanets is difficult
due to system and bulk planetary degeneracies. However, the Wide Field Infrared Survey
Telescope is expected to find several thousand free floating and bound planets in the near

future [Penny and Gaudi, 2014].
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1.2 Exoplanet Statistics

A taxonomy of the exoplanets that have been currently detected reinforces the notion of
diversity amongst these new worlds. Bound exoplanets have been found from right at the
edge of their host stars [Charpinet et al., 2011] to distances so far out [Bailey et al., 2014]
that they are only just barely bound to their star and capable of remaining so despite
perturbations from other stars. The sizes of discovered exoplanets have ranged from the
size of the Earth’s moon [Barclay et al., 2013] all the way up to the tenuous line separating
planets from brown dwarfs. Peculiar planets have been observed to be puffed up more than
physical models can explain and yet on the other hand there have been planets detected
that appear to be more compressible than can be explained by current models of planetary
interiors. Orbital parameters vary incredibly and have yielded such oddities as planets on
extremely inclined orbits, planets on extremely eccentric orbits, and planets orbiting in
retrograde. Classes of planets have also started to emerge though even these are sprinkled
with outliers such as the so called ’Godzilla’ Earth rocky planet nearly twice the radius of the
Earth [Fressin et al., 2011] and a gas dwarf whose mass is only that of the Earth’s [Kipping
et al., 2014]. Modeling of different types of planets has studied water worlds, carbon planets
and a wide range of other environments. Exploring all the system configurations, different
classes of planets, their dynamics, their physics, their interiors, surfaces and atmospheres
would be an exhausting endeavor more fit for several conferences. Instead of attempting
this herculean task, this section will instead look at some basic facts about exoplanets such
as occurrence rates and general principles drawn about populations of planets while the
next section will discuss some of the means used to characterize different planets.

The following discussion of occurrence rates will leave out the most frequent type of
planet believed to inhabit our universe - free floating exoplanets not bound to any star.
Microlensing surveys suggest that these types of planets are at least as frequent as planets
bound to a star and actually may be an order of magnitude more prevalent [Sumi et al.,
2011]. While these planets clearly are interesting in their own right, current detection meth-

ods limit any characterization of these planets beyond simple detection and the constraining
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of a degenerate set of bulk parameters. The more interesting populations to evaluate for
the purpose of this project are those planets which are gravitationally bound to a host star.
The top line frequency of planets around main sequence dwarf stars is believed to be of or-
der unity [Cassan et al., 2012]. This astounding number has been produced by taking into
account selection effects of different detection methods and looking at the current census of
discovered exoplanets. Many of these planets exist in multiple planet systems - indeed most
methods that have detected an exoplanet have also found a multi-planet system. However,
confirmation and validation of multiple planet systems can be fairly difficult statistically
and as a result the occurrence rates for different multiplicities remains incomplete. While
individual planets can inhabit very lonely parts of the parameter space of system and plan-
etary characteristics, there have been several prominent types of planets which have been
discovered.

Some of the most common planets in our solar system are planets, particularly gas giant
planets, located beyond our snow line. However, the plot shown in figure 1.8 of the orbital
period radius distribution of planets found by the Kepler Space Telescope appears to show
that there is paucity of such planets. In reality this is due to selection effects. The ability
to detect planets with larger orbital separations from their host star is hurt by the biases
of the transit method to find close in planets and by the requirement for a long baseline
of data using radial velocity methods to confirm long period planets that have masses
significantly below the the brown dwarf/planet boundary. As a result, while preliminary
efforts indicate that the probability density of gas giant planets is fairly flat as one goes
out to about 2000 days, there is a still a lack of information regarding this class of planets
due to observational incompleteness. Thankfully, missions such as Gaia and WFIRST are
expected to be complementary to transit and radial velocity methods in terms of parameter
space of exoplanets they will observe and are expected to discover thousands of farther out
exoplanets.

While longer period planets are under observed, current detection methods and efforts

have resulted in a nearly complete census of planets closer in - specifically for those planets
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Figure 1.8: An image from Lissauer et al. [2014] which shows the distribution of planets
found in the first three years of Kepler data as a function of orbital period and planetary

radius. The apparent upward slope as a function of distance is believed to be a selection
effect due to the difficulty of detecting small planets farther away using the transit method.
The different shapes correspond to the multiplicity of the system - how many planets there

are orbiting one system.

with orbital period less than 1 year around FGK stars. One of the striking features to come
out of these surveys is the division of bound exoplanets into three main groups with respect
to planetary radius [Buchhave et al., 2014]. The first is terrestrial or solid exoplanets that
tend to have radii less than 1.7 R.. The next are gas dwarf planets (1.7<R.>3.9) with
rocky interiors surrounded by a gaseous envelope of hydrogen and helium. Finally, the last
set of planets are ice or gas giants with radii greater than 3.9 R..

These planets have different stellar class dependent occurrence rates for the distances

where the data is complete or nearly complete. Specifically there is about 1 gas giant planet
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with an orbit of less than several years around sun-like stars while that number jumps to
about 1 out of every 2 stars for a system of smaller rocky planets. Occurrence rates for the
highly sought after rocky planets in the habitable zone of a dwarf star are poorly constrained
- estimates for range from a couple percent to over 30 percent with respect to the number
of FGK class stars that host a solid planet or small gas dwarf in the habitable zone. One
area of agreement though is that the smallest and most prevalent stars in our galaxy, M
Dwarfs, are more likely to host a solid planet in their habitable zone [Winn and Fabrycky,
2014]. Part of this is because of the general rule that these smaller stars tend to also host
smaller planets, but these systems also tend to be more compact and likely to host more
compact systems of multiple planets. Either way, given the statistics of the number of stars
in our galaxy, the number of planets orbiting those stars and the subset of those that may

potentially be located in a habitable zone is staggering.

1.2.1 Close-In Solid Exoplanets: Occurrence and Significance

Finally, of particular interest to our work is the occurrence of planets very close in around
dwarf stars. These planets are of special significance because the increased signal to noise of
transit observations of such planets enables more thorough characterization of them versus
more distant planets. Such planets are known to be rare [Howard et al., 2012] but tend
to be preferentially detected because of their short periods and large signals in transit
observations. In fact, one would get the impression that Hot Jupiters (gas giants very close
to their host star) are surprisingly common given the distribution observed in figure 1.8.
However, this is entirely due to selection effects and actual occurrence rates of Hot Jupiters
between 0.1 and 1 percent around FGK dwarf stars. A hypothetical sample of the number
of expected planets around the closest 1000 FGK dwarf stars that does take into account
selection effects is given in figure 1.9. From here it is clear that planets very close in to
stars are rare. However, given the observational bias towards finding such planets they are
an important laboratory to explore their bulk and planetary properties - properties which

can then allow for extrapolations for their more distant cousins.

20



LELAR | ¥ LR ELLA |
Fressin et al. (2013)
LJ

16.0 ¢ ° |

planet radius [R,]
.
o
I

0.5 .

1 10 100 1000
orbital period [days]

Figure 1.9: A hypothetical sample of planets around the closest 1000 FGK dwarf stars that
takes into account selection effects. [Winn and Fabrycky, 2014]

This study is primarily concerned with very close in solid exoplanets - their additional
observational potential due to their orbital separation and their rocky nature makes them
unique probes into worlds that most resemble ours. These smaller planets produce larger
transit signals due to their proximity and as a consequence provide less ambiguous char-
acterization signals. General trends [Mulders et al., 2015] and estimates of close in solid
planets in very short orbits around FGK dwarf stars appear to indicate they are slightly
more common (~1 percent) than Hot Jupiters [Sanchis-Ojeda et al., 2014, Dressing and
Charbonneau, 2013, Howard et al., 2012]. There are fewer occurrence rates estimates for
these planets around those stars most likely to host them (M dwarfs) due to a focus on FGK
dwarf stars, however Dressing and Charbonneau [2015] find an occurrence rate between 0.30
and 0.75 percent for potential small solid planets on sub 1 day orbits as part of their larger

calculation of occurrence rates around M dwarf (see figure 1.10). Given the raw statistics of
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Figure 1.10: Planet Occurrence rates around M Dwarfs as a function of Planetary Radius
and either Orbital Period or Insolation [Dressing and Charbonneau, 2015]. The top number
is the percentage occurrence rate while the bottom is the pipeline recovery rate of simulated

injected planets. Of note are the planets with radii less than 2.25 R, and orbital periods of

less than one day.

stars that will be observed and planets expected to be detected using the transit method,
it appears there will be a number of candidates that have already been found and that
are likely to be found that will be relevant to the topics that were studied as part of this

dissertation.

1.3 Characterization of Exoplanets

Characterization of exoplanets beyond basic detection is often done by using different de-
tection and characterization techniques in tandem. As mentioned before, basic orbital and
bulk properties such as inclination, mass, radius and density can be obtained by combining
transit observations with radial velocity observations of an exoplanet. Particularly interest-
ing for the work studied here is that transit photometry of an exoplanet often can yield far
more information about an exoplanet beyond just an estimated radius and period.
Multi-band transit observations can not only ascertain the planetary nature of a transit

but can also help characterize the atmospheres, surfaces and interiors of such planets. In
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some cases, the varying reflectivity of a planet at different points in its orbit can be captured
as ellipsoidal variations in the planet’s light curve and in the secondary eclipse of the system
when the additional light from the planet is obscured when it is blocked by the host star.
These variations can then be fitted and interpreted (though not limited to) as a number
of different phenomena: 1) Different reflectivity of haze layers, clouds, or variations in
temperatures of an atmosphere 2) Varying surface albedo of an exoplanet due to different
composition or topography 3) Asphericity of a planet due to oblateness of the planet or
tidal distortion from external forces.

In addition to that, transmission and emission spectroscopy using either multi band
photometry or spectroscopy can serve as an additional probe of a planet. As a planet passes
in front of its host star it will block some of the light from the star but its atmospheric
annulus will also act as a filter for light passing through it. Depending on the composition,
structure and dynamics of the atmosphere the resulting spectrum can show absorption
bands or general trends that can help to characterize the atmosphere. Additionally, right
before the planet appears to disappear behind it’s host star during secondary eclipse some
of the light emitted from the portion of the planet’s atmosphere illuminated by the star can
appear as additional signals in the emission spectroscopy of the planet. This can also then
be used to characterize the atmosphere of the planet. A diagram showing the orientation
of the planet in these positions is given in figure 1.11. Interpretation of these spectra
has reached astounding lengths - breakthroughs have included constraining of atmospheric
constituents [Lecavelier Des Etangs et al., 2008, Mandell et al., 2013], determining whether
an atmosphere is dominated by clouds or a haze layer [Bean et al., 2010], and evidence
of winds in an exoplanet atmosphere [Miller-Ricci Kempton and Rauscher, 2012]. A final
additional probe of a planet’s atmosphere is the potential to view starlight that has been
polarized as it passes through the atmosphere - polarimetry has been used to identify likely

Rayleigh scattering in the atmosphere of an exoplanet [Berdyugina et al., 2011].
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Figure 1.11: A diagram illustrating the primary eclipse and secondary eclipse during tran-
sit observations. During the primary eclipse some of the star light passing through the
atmosphere of the planet can be absorbed. Right before secondary eclipse the illuminated
portion of the planetary atmosphere can produce an additional emission. Both these fea-
tures can act as a probe of the atmosphere through the transmission and emission spectra

respectively. Finally, the changing thermal phase curve of the planet can also act as a probe
of the circulation of the atmosphere or albedo of the surface. [Seager and Deming, 2010]

1.3.1 The Study of Exoplanet Bulk and Interior Characteristics

Due to the relatively nascent state of observational characterization of exoplanets, most
interior and and some surface characterization has mostly involved theoretical modeling
work. Basic bulk density can be explored in cases where planets can be observed using
methods that independently constrain mass and volume. However, any composition or in-
terior models suffer the difficulty of significant degeneracy since the interiors of planets may
be composed of an unknown number of layers with varying densities [Valencia et al., 2006,
Fortney et al., 2007]. While there has been some suggestion that knowledge of planetary
mass, radius and stellar elemental abundances may be able to constrain core size [Dorn
et al., 2015] and in some cases measured oblateness has been used to constrain core size for

certain gas giants [Zhu et al., 2014] (this technique has yielded success in our solar system),
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this degeneracy remains mostly unsolved and a significant issue in interior characterization.
As a consequence, development of models of planetary interiors and surfaces that are merely
plausible given relevant physics has dominated with respect to the different types of planets
that may exist - these models include but are not limited to waterworlds [Kuchner, 2003,
Léger et al., 2004], carbon planets [Madhusudhan et al., 2012] and lava worlds [Henning
et al., 2009].

A major component of the study of exoplanet interiors has also been a focus on mod-
eling of the interior layers of exoplanets using appropriate equations of state for suitable
materials [Wagner et al., 2012, Gong and Zhou, 2012]. Given the high pressure and undeter-
mined compositional nature of these interior environments, there is interest in experimental
parameterization of equations of state for solid materials expected to make up planetary
interiors at ranges of pressures and densities that would conform to those expected to exist
in planetary interiors. Much of this work is based on or ancillary to exploration of equations
of state and interior modeling for planets in our own solar system [Baraffe et al., 2014].

One other central question in the area has been the nature of convection in the interior
of exoplanets. The Earth is continuously resurfaced by a 'mobile lid’ convection regime
that results in the plate tectonics that has been responsible for continental drift and much
of the volcanism seen on the planet. In general, the convection regime for a planetary
interior is critical for cooling, resurfacing, climate mediation and potentially habitability
of a planet. As a consequence, the ability to determine which planets possess Earth-like
mobile lid convection processes versus ’stagnant lid’ regimes devoid of plate tectonics (seen
on the smaller terrestrial planets in our solar system) is a critical question with respect to
understanding present planetary conditions and well as evolutionary history. Interestingly,
while there is agreement on many of the controlling factors (planetary radius, insolation,
internal temperature upon initial formation, etc.) in determining the nature of interior
convection, there is still significant disagreement on whether plate tectonics is inevitable for

a number of different solid bodies [O’Neill and Lenardic, 2007, Valencia et al., 2007a].
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1.3.2 The Study of Exoplanet Surface and Atmospheric Properties

Exoplanet surface and atmospheric properties can often be difficult to disentangle using
current observational methods. Part of this is due to uncertainty regarding the structure
of atmospheres and their subsequent influence on atmospheric and surface information re-
trieval. As a result, exoplanet surfaces largely remain a poorly characterized domain in
observational studies. Pathways may exist for characterization of surfaces in specific cases
or using multiple observational techniques. For rocky planets tidally locked to their host
star, night side reflected light or surface emissions my yield surface information in a region
where atmospheric collapse has occurred. It may also be possible to extract surface informa-
tion using a combination of reflected light and thermal emission from a planet in conjunction
with transmission spectroscopy [Hu et al., 2012]. In this case, transmission spectroscopy
would provide observations of an atmosphere that may enable surface characterization.

As a result of the current limits on observationally constraining exoplanet surfaces, a
portion of exoplanet literature tries to explore exoplanet surfaces through the use of model-
ing that applies physical principles related to the environments those planets likely inhabit.
Some of this work explores the interaction of the the stellar environment a planet is exposed
to with the interior modeling of the planet based upon bulk and orbital properties. These
analyses can provide insights with regard to exoplanet surfaces and suggest some surprising
outcomes. Indeed such work has suggested that planets with significant tidal heating and
a high level of stellar insolation may possess significant lava oceans and resurfacing pro-
cesses [Henning et al., 2009, Léger et al., 2011] and even significant volcanism [Barnes et al.,
2010]. However, even in such cases the detectability of these extreme surface features or
their consequent atmospheric signatures is right at the edge of current observational limits
[Kaltenegger et al., 2010].

The complication of retrieving information about exoplanet surfaces is often a result
of confounding signals from a planet’s atmosphere - the upshot of this is that the obser-

vational study of exoplanet atmospheres is a burgeoning area with respect to exoplanet
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characterization. While this study of atmospheres is still limited by observational consider-
ations [Hansen et al., 2014, Hoeijmakers et al., 2015] as well as gaps in the understanding
of physical and chemical processes [Lewis et al., 2014], there are a number of observational
techniques which have been used to probe the structure, dynamics, composition and chem-
istry of exoplanet atmospheres in combination with modeling. In fact at this point, the field
of exoplanet atmospheres possesses a substantial body of literature consisting of a range of
analytical techniques, observational techniques and modeling that have yielded a number
of interesting findings. As a consequence the following description of the field will only
focus on a brief overview and some highlights - for a more exhaustive view of the field there
are several reviews available which describe the current state of field more comprehensively
[Madhusudhan et al., 2014, Burrows, 2014].

The main tools used to explore exoplanet atmospheres have been interpretation of multi-
band transit photometry and the use of spectroscopy to obtain transmission and emission
spectroscopy of targeted exoplanets. Multi-band and single band photometry studies make
use of the full phase curve and secondary eclipse portions of a light curve in addition to the
main transit, while both photometry and spectroscopy techniques combine observational
results with atmospheric modeling in order to enable interpretation. There have been
some notable findings using other observational techniques such as the identification of the
rotation rate of a directly imaged exoplanet beta Pictoris b using spectroscopy [Snellen
et al., 2014]. However, the vast majority of atmospheric characterization of exoplanets to
date has come from those few, main methods.

Successes in atmospheric characterization have primarily came in the ability to identify
a number of different but related atmospheric features in individual planets (typically for
close-in gaseous planets). These can broadly be categorized as features regarding atmo-
sphere structure and dynamics, atmospheric composition including opacity and chemistry
and finally the characterization of clouds and hazes. All of these features are obviously
related and interpretation of the individual attributes of an atmosphere along with more

holistic examinations of planetary atmospheres has been furthered by a substantial body of
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Figure 1.12: Image of inferred thermal and pressure structure of the atmosphere of WASP-
43b taken from Stevenson et al. [2014b]. Pressure-profiles are parameterized from a combi-
nation of phase resolved emission spectroscopy measurements along with climate modeling

for the planet and are plotted with 1o uncertainty regions around median values.

climate modeling for exoplanet atmospheres.

Characterization of atmospheric structure and dynamics has focused on the pressure-
temperature structure of an atmosphere and some of the dynamics that may be observable
for such atmospheres. Studies have been able to explore both the vertical and horizontal
pressure-temperature space for exoplanets from phase curve and secondary eclipse observa-
tions using multi-band photometry and using spectroscopy. An especially exciting example
of this is the mapping of Hot Jupiter WASP-43’s thermal structure using spectroscopic ther-

mal emission measurements taken as a function of phase [Stevenson et al., 2014b]. Figure

28



1.12 shows the inferred thermal structure of the atmosphere as a function of longitude. In
addition, coarser broadband measurements have also been able to provide evidence both
for [Machalek et al., 2008, Knutson et al., 2009] and against [Diamond-Lowe et al., 2014]
thermal inversions in individual exoplanets, suggest circulation/heat distribution bounds
[Cowan et al., 2007, Wong et al., 2014] and identify superrotation in an atmosphere (in-
cluding anomalously high values as in Crossfield et al. [2010]. Fascinatingly, photometry of
Brown Dwarfs has even been used to track evolving atmospheric cloud features on those
bodies [Radigan et al., 2012], suggesting that 7 day forecasts of the weather on certain
exoplanets may not be too far off.

Detection and characterization of the composition of exoplanet atmospheres has obvious
appeal. For planets that are habitable, molecular and atomic detections may be one of the
best ways of identifying life. Spectroscopic observations of Earth’s atmosphere using light
reflected off of the moon suggests that detection of biogenic Os, ozone and water vapor
may be achievable using next generation ground based telescopes [Arnold et al., 2014].
Even more generally, detection of specific molecules can lead to insight into atmospheric
structure, dynamics, radiative transfer processes that control formation of clouds and hazes
and chemistry.

The ability to constrain general composition of an atmosphere [Swain et al., 2014, Fraine
et al., 2014] is an obvious motive for such research - yet it has not necessarily been the
most important finding of such work. Detection or non-detection of certain constituents or
their enhanced opacities have placed constraints on the potential for temperature inversions
[Sing et al., 2013, Bento et al., 2014], detection of certain atomic species have enabled
estimates of atmospheric escape [Bourrier et al., 2015] and shifted absorption lines of other
molecules have even been suspected to be signals of winds in the upper atmosphere of
an exoplanet [Wyttenbach et al., 2015]. Radiative processes in atmospheres can also be
probed by detection and abundance constraints of key atmospheric constituents [Nikolov
et al., 2014]. In some cases, detection or non-detection of certain absorption features can

suggest the existence of certain scattering models [Stevenson et al., 2014a] and/or of clouds
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Figure 1.13: Near-infrared transmission spectra of GJ 1214b from Kreidberg et al. [2014].
The data points are overlaid with models for atmospheres with high mean molecular masses.

The poor agreement between the data and models suggest the likelihood of clouds in the

atmosphere of the planet.

and hazes [Deming et al., 2013]. A notable example of the latter is the non-detection of the
features of a high mean molecular atmosphere in the near-infrared transmission spectrum
of Super Earth GJ 1214b [Kreidberg et al., 2014]. This non-detection, shown in figure 1.13,
indicates the presence of clouds in GJ 1214b’s atmosphere.

Finally, in addition to the use of modeling to interpret observational signals there also
exists a large body of literature that uses pure modeling efforts to elucidate some of the
physical and chemical properties of exoplanet atmospheres. Three dimensional idealized

general circulation models have been used to explore structure and dynamics over a large
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phase space of bulk parameters [Showman et al., 2015, Kaspi and Showman, 2014] and
have been used to identify novel potentially observable features of certain atmospheres
[Miller-Ricci Kempton and Rauscher, 2012]. A large of array of simpler models also explore
different physical features and mechanisms that may exist for exoplanet atmospheres and
even examine processes related to atmospheric chemistry [Agindez et al., 2014] or interac-
tion with a biosphere [O’Malley-James et al., 2014]. Some of these models even come full
circle by simulating atmospheres and then producing potential observational signatures for

their results [Fortney et al., 2006].

1.4 The Observational Advantage and Relevance of Close-In

Solid Exoplanets

The projects that constitute this thesis focus on the processes that occur on and the ob-
servables that can be extracted from close-in solid exoplanets. Occurrence rate estimates
from section 1.2.1 indicate that these are not very common planets - at least based upon
yields from past and current exoplanet detection efforts. However, these previous and cur-
rent searches have mostly looked for exoplanets around stars less likely to possess close-in
exoplanets. More importantly, the characterization value of each close-in solid exoplanet
found is arguably much greater than that of their farther out analogues. Part of this is due
to the higher precision of the planetary signal that is extractable from their observational
data - this is a product of the fact that a transiting close-in solid planet will have a shorter
orbital period than a further out counterpart. The ability to analyze the subsequent larger
sample of transits in similar periods of time allows for more rigorous detection of system
and planetary features.

Additionally, these closer in planets will also exhibit different physical phenomena due
to the extreme stellar insolation and gravitational environment they are in. These features -

such as much higher atmospheric temperatures or even asphericity effects are preferentially
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observable to analogous features farther out. The exploration of Hot Jupiter planets is a tes-
tament to the utility of closer in planets which possess extreme physical environments. The
lessons learned from studies of these close-in giant planets have been invaluable for learning
general lessons about exoplanets and their more distant cousins. Thus the real promise of
these close-in worlds is that they provide the most realistic pathway to characterizing solid
planets such as our own.

It is important to note however that the observationally advantageous nature of these
extreme features do also lead to some lessons which are only really applicable to a limited
class of exoplanets. However, understanding what the extent is of the types of exotic process
that exist on exoplanets is an important part of learning about the diversity and evolution of
our and other solar systems. Additionally, often processes that appear be restricted to exotic
environments end up having applications to more familiar environments. The catalytic
destruction of Ozone in the Venusian atmosphere and it’s importance in understanding the
past destruction of the Ozone layer on Earth is an important reminder of that. Thus the
projects carried out as part of thesis that are described in the following sections examine
these close-in solid planets with respect to some of the exotic processes that may be occurring
on these worlds - processes that will influence our understanding of this class of planets,

solid planets in general and the diversity and evolution of all exoplanets.
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Chapter 2: Atmospheric Mass Transport on Close-In Solid
Exoplanets - Atmospheres that Move and Mold Planets

This project describes the atmospheres of close-in solid exoplanets using a low dimensional
model which is then used to explore atmospheric mass advection. The resulting atmospheric
mass transport results are compared to different critical timescales and other processes
which effect the distribution of mass on these planets. Those comparisons are used to
inform potential observational signatures on the planets and the potential for resurfacing

on these planets to alter their gravitational potential.

2.1 Introduction

The modeling of the atmospheres of solid exoplanets has become an important facet of ex-
oplanet research. These models explore the nature of such atmospheres across a wide range
of parameters and in varying degrees of complexity [Leconte et al., 2014, Showman et al.,
2013]. A substantial portion of this research has specifically been devoted to examining
the atmospheres of potentially habitable exoplanets in addition to general studies which
examine the structure and dynamics of atmospheres of solid exoplanets across a large phase
space of orbital and bulk parameters. A critical question with respect to habitability and
the persistence of an atmosphere is stability of an atmosphere against collapse [Heng and
Kopparla, 2012, Wordsworth, 2014]. This is especially important considering that many
solid planets are expected to be found around M dwarfs - and studies have found that
the habitable zone around those stars may coincide with an orbital distance where planets
may become tidally locked. As a consequence, these planets may experience long term or
permanent dayside/nightside contrasts that can affect habitability. While recent research

suggests that solid planets in the habitable zones of M dwarf stars may be able to break
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free of synchronous rotation that creates a permanent dayside and nightside [Leconte et al.,
2015], there is still uncertainty regarding the rotation of planets closer in. In fact, recent
research suggests that simply using a more realistic tidal response, a significant fraction of
solid planets that are close-in fall into higher order resonance orbits versus synchronous ro-
tation [Makarov and Efroimsky, 2013]. This is an important question because at minimum,
these planets must possess synchronous rotation for their farther out counterparts to be
likely to do so. Additionally, these very close-in solid planets are also likely to be the most
observationally accessible and characterizable of solid planets using their phase curves and
transit spectroscopy. As a result it is critical to explore the atmospheres of these extreme
worlds and determine what atmospheric processes may exist that may produce extreme
phenomena and observable features. Such modeling should inform observations of these
planets - this in turn will help in characterization of the larger group of solid exoplanets.
There is already a small body of literature which has examined the atmospheres of these
close-in and very hot solid exoplanets. One important open question regarding these planets
is the initial state of their gaseous envelope - whether they have always been volatile-poor
rocky planets or whether they are the evaporated remnants of volatile-rich gaseous planets
[Jackson et al., 2010]. The present state of the atmospheres on these planets is dependent
upon the evolution of volatiles from their initial state - an important fact when combined
with the compositional degeneracies that currently exist for such planets when looking at
bulk density [Valencia et al., 2010]. However, there are good reasons to believe most of these
very hot planets are free of volatiles such as H, He, C, N, S, F, Cl, etc. If these planets
originally formed close-in, disk temperatures were likely too high so far in from respective
snow lines to allow for significant volatile accretion. Even if these planets were formed
farther out, accreted significant volatile envelopes and migrated to their current position,
volatile loss processes suggest that most of these close-in solid planets possess volatile poor
atmospheres. Mass loss rates for such planets are extremely high [Perez-Becker and Chiang,
2013] - to the extent that a purely gaseous planet the size of Corot-7b would evaporate within

5 Gyr for a heating efficiency that only requires 15 percent of incoming stellar radiation to
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drive escape [Ehrenreich and Désert, 2011]. Planets in these stellar radiation environments
are highly unlikely to possess H/He envelopes just from thermal escape arguments [Elkins-
Tanton and Seager, 2008] and Extreme UV and X-Ray radiation driven escape is expected
to be significant for the remaining heavier volatiles [Lammer et al., 2013, Owen and Wu,
2013]. As a result, these planets are expected to possess thin volatile-poor atmospheres
dominated by heavier constituents such as alkali and metal elements and compounds along
with molecular oxygen and oxygen compounds from vaporized crustal lava [Schaefer et al.,
2012].

Simulations of just such atmospheres have included studies of composition and vapor
pressure by borrowing from models that looked at high temperature lava vaporization for
solar system bodies. An adaptation of the MAGMA model [Fegley and Cameron, 1987] that
was used to simulate lava vaporization on lo [Schaefer and Fegley, 2004] has been extended to
apply to hot close-in solid planets - specifically hot Super-Earths. The MAGMA model uses
the equilibrium between gas and vapor in a magma exposed to high temperatures in order to
calculate the outgassed atmospheres produced by such vaporization. An examination of the
atmospheres of these close-in Super Earth’s using that model indicated that those planets’
atmospheres were likely to be dominated by metals and metalloids that would result in thin
silicate atmospheres [Schaefer and Fegley, 2009]. It also suggested the compositions the
model produced may also give rise to metallic clouds, though later work has claimed that
such atmospheres are too thin to support such clouds [Léger et al., 2011]. A later study
[Miguel et al., 2011] that looked at the census of Kepler candidates at that time further
organized those hot Super-Earth atmospheres into 5 different categories that were divided
by the effect of surface temperature on composition. Those categories are given in table 2.1
- they indicate that the dominant constituents for these very hot planets are typically Na,

039, O and SiO with relative abundances that are sensitive to temperature.
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Table 2.1: Hot Super-Earth Atmosphere Classification

Hot Super-Earth Atmospheres!
Dominant
Atmosphere Type Tgnperat}t{ne Examples®
ange (K) Constituents?
Kepler-11b,
1 T < 2033 Na, Oq, O, Fe Kepler-23b,
Kepler-101c
CoRot-7b,
Na, O9, O, SiO,
2 2033 < T < 2588 Kepler-9d,
Fe, Mg
Kepler-33b
Kepler-21b,
Na, O9, O, SiO,
3 2588 < T < 2890 Kepler-65b,
Mg, Fe
Kepler-323b
Na, SiO, O, O, K03242.01,
4 2890 < T < 3168
Mg, Fe Kepler-10b
5 T > 3168 Si0, 0y, O, Na | 10320401, 55
Cnc e

! Category types taken from Miguel et al. [2011]
2 Listed in order of abundance

3 Example planets based on temperature calculated for sub stellar point with

albedo equal to zero
4 Observational estimates suggest a bulk density for this planet which may not

be compatible with the composition assumptions made for this classification

scheme

A study of CoRot-7b, the first Super-Earth to have both it’s mass and radius constrained

in order to produce density estimates, included sections on the atmosphere and surface
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environment of the heated Super-Earth [Léger et al., 2011]. That study echoed the results
from those general studies by predicting an extreme environment on the planet that included
a strong dayside-nightside temperature contrast due to synchronous rotation, a large sub
stellar lava ocean and a thin, cloudless metal-dominated atmosphere that was also restricted
to the dayside. As will become apparent in the following sections, some of the assumptions
used in and extant physical phenomena suggested by that work are generalized and included
in this project. Finally, the study of atmospheres of close-in solid planets has also been
heavily informed and explored by two other critical papers. The first study carried out
as part of this thesis extends the low dimensional atmospheric model developed and used
in those papers in order to explore the atmospheres and the nature of atmospheric mass
transport on these planets. As a result, some of their main results are described in the
following sections in order to relate the motivation behind this project before a description

of the methodology used in the research.

2.1.1 Supersonic Meteorology of Io

The most thorough model to date of the atmosphere of a hot close-in solid planet is un-
surprisingly based upon a study [Ingersoll et al., 1985] that originally focused on a solar
system object - Jupiter’s moon, Io. In that work, Ingersoll, Summers and Schlipf examined
the horizontal flow of SOs from lo’s dayside to nightside by solving conservation equa-
tions of mass, momentum and energy for temperature, pressure and horizontal velocity as
a function of solar zenith angle. The hydrodynamic vertically integrated one dimensional
model examined an atmosphere that had a horizontal pressure gradient that was due to
varying sublimation vapor pressures produced by spatially varying surface temperatures.
The model incorporated boundary layer interactions between the surface and atmosphere
and calculated the flow pattern and resurfacing processes of the atmosphere.

Several basic assumptions underpinned the model:

e The temperature of the SOy frost can be calculated from radiative balance argu-

ments. The atmosphere has minimal effect on the surface temperature as latent heat
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contributions are small compared to insolation.

e The molecules of the atmosphere behave as a continuous fluid that is hydrostatically
bound to the body. For this to be true the mean free path of the particles must be
less than the atmospheric scale height, the atmospheric scale height must be less than
the planetary radius and the kinetic energy of the flow must be less than the binding

energy of the body. All of these are met in Io’s case.

e The horizontal velocity and entropy per unit mass can be treated as constants with
respect to the vertical axis - a simplification that requires turbulent flow to be true.
This is also well held as the Reynolds number is large over most of the flow (with the
exception of a thin layer near the top of the atmosphere and in the thin boundary layer
area). Additionally, the turbulent diffusion time is short compared to the distance

the flow travels - enabling it to be considered as well mixed to first order.

e There is substellar and antistellar axis symmetry and rotation can be neglected. This

requires the rotation rate to be smaller than V/r. This is true for a first approximation.

These critical assumptions underpin the model for Io and were also used in the appli-
cation of the model to hot Super-Earths. The thesis project described in this section that
builds upon this model also uses the same assumptions and will justify their use in the
methodology section.

While the model was the essential part of this paper with respect to its application to
exoplanets - something that will be apparent from the following section - there were some
fascinating results that are also relevant to the project that was conducted for this thesis.
The two most prominent ones were the existence of supersonic flow of SOs from the dayside
to the nightside and the indication of significant atmospheric mass transport at low and

mid-latitudes.
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2.1.2 Atmospheres of Hot Super-Earths

The atmospheric model developed in Ingersoll et al. [1985] was extended to study the
atmospheres of Hot Super-Earths in Castan and Menou [2011]. This work marked one of
the first studies that looked at the structure and dynamics of the atmospheres of these very
hot and solid worlds - an important effort considering that these planets would be at the
forefront of solid planet characterization.

The study focused on the hydrodynamics of the atmospheres of CoRot-7b, Kepler-10b
and 55 Cnc e. The methodology used to solve for the atmosphere was very similar to
Ingersoll et al. [1985] with the main difference being a different numerical technique to
solve the system of equations, the addition of the magnetic effects in the form of magnetic
drag and ohmic dissipation parameterized as an additional term in the momentum and
energy flux from the ground to the atmosphere, and a surface temperature and dominant
constituent profile appropriate for hot close-in solid planets taken from literature.

The results also mirrored those obtained when modeling Io’s atmosphere - Castan and
Menou [2011] found hot, tenuous atmospheres that exhibited a transition to supersonic
flow in each planet’s atmosphere near 40 degrees and also saw the potential for significant
atmospheric mass transport given that there was significant condensation 20 degrees past
the transition to supersonic speeds. Their discussion of the potential for such atmospheric
mass transport to influence the gravitational potential of these planets served as the impetus
for the research carried out here which examines the magnitude of such resurfacing. The
initial work carried out as part of this project included replicating some of the results of
Castan and Menou [2011] - particularly the ability to reproduce pressure and velocity values

for the atmospheres of interest given in figure 2.1 and 2.2.

2.2 Methodology

The overall structure of the model for this project entailed building the atmospheric model

from Ingersoll et al. [1985] and applying it to close-in solid planets in order to measure

39



log Ps (Pa)

Figure 2.1: The atmospheric pressure as a function of angle away from the substellar point
for CoRot-7b (red), Kepler-10b (black) and 55 Cnc e (blue). The yellow and green dashed
lines are for Kepler-10b with magnetic effects included. Dots represent the location of the

sonic point where the flow transitioned from subsonic to supersonic. Image taken from
[Castan and Menou, 2011].

resurfacing processes and their subsequent consequences. This 1-D model is used to first
replicate the results from Castan and Menou [2011] and is then extended in order to measure
deposition rates past the sonic point of atmospheric flow on these planets. These deposition
rates are then compared to the extent of putative magma oceans [Léger et al., 2011] in order
to estimate the extent of resurfacing to parts of a planet where cycling mechanisms are too
slow to effectively bring back preferentially transported materials. This resurfacing is then
examined with respect to potential ramifications for planetary shape and spin as well as in
order to probe potential observational signatures.

Current limitations on observational characterization of the planets relevant to this
study as well as limited understanding of atmospheric properties in such extreme irradiation

environments support the use of a low dimensional model based on simple and dominant
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Figure 2.2: The atmospheric horizontal velocity as a function of angle away from the sub-
stellar point for CoRot-7b (red), Kepler-10b (black) and 55 Cnc e (blue). The yellow and
green dashed lines are for Kepler-10b with magnetic effects included. Dots represent the

location of the sonic point where the flow transitioned from subsonic to supersonic. Image
taken from [Castan and Menou, 2011].

physical principles for this project. There are a number of second order factors which can
be considered and may have an effect on the structure and dynamics of these atmospheres.
Many of these second order effects were examined and not included if their magnitude was
not significant enough to affect the atmosphere or if their parameter space was too poorly
constrained to apply. There were a few effects considered due to their relevance to the
resurfacing question - namely a model of stellar insolation which attempted to incorporate

the angular size of the host star and the inclusion of sub stellar magma oceans.

2.2.1 Assumptions

A number of important assumptions underpin and enable the atmospheric and resurfacing

model that is the main driver of this project. These assumptions allow for the study of the
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dynamics and structure of these atmospheres in a relatively simple mathematical form and
also help distinguish the relevance of certain secondary effects. There are five assumptions
that are essential to the current formulation of the model - they are tested and hold in each
case the model is applied to (CoRot-7b is used as an illustrative example for these tests).

The first is the necessity of conservation for critical parameters such as mass, momentum
and energy. As will be described in the next section, these are the basis of the atmosphere
model. In addition to the conservation of those variables however, there is also an additional
requirement of the conservation of particle flux during resurfacing processes. As stated in
the literature [Miguel et al., 2011, Castan and Menou, 2011], escape mechanisms for the
likely dominant atmospheric constituents on these heated planets (Na, O, O, SiO, Fe, and
Mg] are too slow to significantly alter resurfacing particle flux conservation. This additional
conservation requirement is critical for the deposition estimates past the sonic point in these
atmospheres and will be described in section 2.2.6.

The second assumption is that the surface temperature of these planets - the temperature
which controls melting and vaporization processes - can be obtained using simple radiative
balance estimates. Radiative fluxes dominate for these thin atmospheres, and latent heat
fluxes are small compared to them. We compare latent heat fluxes to these radiative fluxes
for all our different cases and find that this principle holds. For example, for CoRot-7b,
the maximum latent heat contribution that occurs at the sub stellar point is almost three
orders of magnitude smaller than the radiative contribution.

The third assumption is that atmosphere behaves as a continuous fluid and is hydro-
statically bound to the planet. There are three main tests to ensure that this condition
holds. The first is that the mean free path of the particles must be smaller than the local
pressure scale height - a necessary condition for the continuous fluid assumption. This holds
along the bulk of the flow in these planets’ atmospheres and the model is stopped when the
condition starts to breakdown (where the mean free path begins to exceed 10% of the local
scale height) . In the case of CoRot-7b, this occurs at ~93 degrees from the substellar point

in our model. The second condition is that the local scale height must be small compared
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to the radius of the planet. This is trivially true for most of the planets we test and in
the case of CoRot-7b the ratio is nearly 1/200000 at the sub stellar point where the scale
height is largest. Finally, the last condition is that the kinetic energy of the atmospheric
flow must be less than the binding energy of the planet. This is again trivially true for all
the cases tested and in the case of CoRot-7b is even more well held than the scale height
to planetary radius ratio.

The fourth assumption is that the flow can be treated as turbulent and consequently
that parameters such as the horizontal velocity and entropy per unit mass can be treated as
constant with respect to the vertical axis. The most important exception to this adiabatic
and constant horizontal velocity condition is the thin surface boundary layer - which is where
the surface and atmosphere exchange fluxes of mass, horizontal momentum and energy. We
test this by producing the average Reynolds Number for the flow region - in all of our cases,
including CoRot-7b, we find the flow to be turbulent.

Finally, the last assumption we use for our model is that the planets we examine are
tidally locked to their host star and that rotation effects are small enough to be ignored to
first order. There is some debate over the likelihood that close-in planets with non-negligible
eccentricity can fall into pseudosynchronous rotation [Makarov and Efroimsky, 2013] and it
is suggested that many close-in solid planets are actually in higher order resonance states.
However, given the different pathways to synchronous rotation [Makarov and Efroimsky,
2014] and short classical tidal locking timescales for such planets we continue to assume these
planets are in a synchronous rotation state. Additionally, some of the effects of resurfacing
are specifically being examined in order to determine potential perturbations to and the
stability of synchronous rotation. With respect to the effect of rotation on atmospheric
dynamics - that is tested by calculating the average Rossby number over the portion of the
atmosphere where the fluidity condition holds. This test has indicated that to first order,
rotation effects can be ignored for the class of planets that are being examined. For CoRot-
7b, we find the average Rossby number to be close to 1. However, while rotation effects are

consequently excluded in the development and implementation of our model, we do discuss
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some potential ramifications of the role of rotation on our results in later sections.

2.2.2 Atmospheric Model

Our atmospheric model is nearly the same that was developed for Io in Ingersoll et al.
[1985] and that was then applied to hot super-earths in Castan and Menou [2011] - it
attempts to solve for the atmospheric pressure, temperature and velocity (at the base of
the atmosphere) as a function of the angular distance 6 away from the substellar point. This

is done by solving the following conservation equations for mass, momentum and energy:

1 d .

1 d 1

—[(V? T)Psinf] = TP 2.2

rgsin 0 df (V2 +BGT)Psind] rg tanHﬁCp +T (2:2)

LV oV Psing = O (2.3)
rgsinfdf- 2 P Sl = )

Details regarding the formulation of these equations are available in Ingersoll et al.
[1985] but a general description of the above formulas is that the left side of these equations
are the vertically integrated divergence of horizontal fluxes of mass, momentum and energy
while the right side represents the mass, energy and momentum transport between the
atmosphere and ground. The radius of the planet in meters is given by r and g is the
surface gravity, which is simply ¢ = GM/r? with M being the mass of the planet and G
being the gravitational constant.

f is a thermodynamic parameter given by § = (R/(R+C)})) where C,, is the specific heat
at constant pressure and R = ky/m. The values for the mass per atom, m, as well as C, are
taken for the expected dominant constituent in the atmosphere (in most cases, including

CoRot-7b, this is Sodium). The choice for this single constituent atmospheric model is based
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Sublimation Equilibrium Vapor Pressure for Proposed Constituents

102 ||||||||||||||||||||||||||||||||IIIIIII|IIIIIIII|
L — Si02
100_—No
Mg
| —— Fel
F
1078 )
"
| 9
k5 R
a
w 107
[
]
m f=
m
£
& 10°%—
[ 2]
)
g L
3
1078 —
107"
1w e e e L e
Q 1000 2000 3000 4000 5000

TEMPERATURE (K)

Figure 2.3: Fitted vaporization pressure curves as a function of temperature for a komati-

ite magma. Pressure curves were produced using Clausius-Clayperson equations for the
individual constituents that were fitted from figure 2 of Miguel et al. [2011].

upon expected vaporization pressures for a komatiite magma given in figure 2 of Miguel

et al. [2011]. Vaporization pressures as a function of temperature were fitted in order to

produce Clausius Clapyeron relations given by Py(Ts) = AeB/Ts for each of the dominant
constituents and are plotted in figure 2.3. For equilibrium temperatures up to nearly 3500K,
the vapor pressure of the dominant constituent is nearly an order of magnitude greater than
the next most significant constituent. This justifies to first order our assumption of a single
species atmosphere and these vapor pressure curves can be used to extract the constants
used in our vapor pressure equations. Since Sodium was the dominant constituent for most
models, we explicitly state any models where there was a different atmospheric constituent.

The quantities mE, 7 and Q represent the mass, momentum and energy transport rate
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per unit area between the atmosphere and the ground over the vertically small surface
boundary layer. Specific prescriptions for the momentum and energy transport are based
on the assumption that those transport rates are linearly dependent on the surface flux
quantities being transported - which is reflected through the linear dependence of the equa-
tions on ps. Equations for the particle, momentum and energy transport rate are given

by:

E=-2—2) (2.4)

V2
Q = pswsCpTs — pswa(7 + C,T) (2.6)

Here, the particle flux E is proportional to the difference between the surface vapor
pressure P and the atmospheric pressure P. The local speed of sound is vs which is given
by vs = (kTs/m)'/2. The surface boundary layer density p, is given by p, = (mPs)/(kyTs).
Momentum and energy transport rates are mediated by transfer coefficients w, and ws.
Since momentum and heat transfer in the surface boundary occur by both advection by
a mean flow normal to the surface and by eddy driven turbulence, theses coefficients are
parameterized in terms of two different velocities representing each process. The mean flow
velocity V. is given by V. = mE/ps while the eddy velocity Vy is given by Vy = V,2/V; where
V2 is the frictional velocity. For the turbulent flow observed in our models the frictional

velocity is solved for iteratively using the equation V41 = 2.5V,log[(9.02V,p)/n] (for lam-

inar flow one would find V, = [2nV,/pH]"/?). The transfer coefficients are then written in
terms of simple functions of V., and V; that model the behavior of the transfer coefficients
in known limits of V, >> V; and V; >> V, - the exact description of these formulations are
given in Ingersoll et al. [1985]. The dynamic viscosity 7 is given by Sutherland’s formula:
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n = n0(Ts/To)**[(To + C)/(Ts + C)) (2.7)

with 79 equal to 1.8X107° kg m~ts™1, Ty = 291K and C = 120K (it is important to
note that Sutherland’s formula is only valid to about 555K, but our simulations show that
our results are not highly sensitive to variations in 7).

Finally, in terms of solving for P, V and T at a new location as one advances from
the substellar point, one must first calculate the right hand side of the main conservation
equations (2.1 - 2.3) using previous values of P, V and T at §. Upon moving to the next
value of 8, those values should be augmented by the fluxes that are calculated for the terms
in parenthesis on the left hand side. This will then yield the following system of equations

where the fluxes are represented by the f values:

VoP=fi (2.8)
(V& + BCTYPy = fo (2.9)
(V5 /2 + BC,T0)VoPo = f3 (2.10)

One can then solve for the velocity at the new value of 6 using the following equation:

_LE(E-282-B)ff)"

Yo f1(2-58)

(2.11)

with the Mach value given by M = Vy[(1 — 8)(8C,Tp)]/2. As the solution is advanced,

these system of equations and the model developed here should yield a profile of P, V, T,

E, 7 and Q as function of 6.
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2.2.3 Surface Temperature and Magma Ocean Model

The surface temperature is critical to the atmospheric and magma ocean model as it deter-
mines evaporation, sublimation, deposition and melting processes. A surface temperature
profile is determined using simple radiative balance for the dayside portion of a planet and a
constant nightside temperature informed by potential geothermal heating contributions. We
use a nightside temperature of 50K which is the value assumed for CoRoT-7b from geother-

mal heating in Léger et al. [2011]. The dayside temperature profile is obtained by taking

the lambertian profile used in Castan and Menou [2011] of Ty = [(Tsus — 50) cos'/* 8] + 50
(with a substellar temperature calculated for an albedo of 0) and extending it to the to-
tal illuminated portion of the dayside on these planets due to the angular size of the host
star. This is done by using this temperature profile for 0 < 8 < 90 and mapping that
temperature profile to 0 < 0 < 90 4 0.50, where 6, is the angular size of the star as seen
from the substellar point of the planet and is given by 6, = 2 arctan(R,/a). Intuitively, this
roughly takes into account the penumbra effect of illumination due to the angular size of the
host star by treating the star as a continuum of point sources that consequently illuminate
slightly shifted portions of the dayside. This is a first order approximation as it ignores
the overlap of illumination between those adjacent points but still provides a very similar
temperature model to those used in other relevant work [Castan and Menou, 2011, Léger
et al., 2011]. We are currently developing and will incorporate a disk integrated model of
the stellar surface in order to accurately produce the subtended solid angle as a function of
6 on the planetary surface (similar to the work done in Léger et al. [2011]).

The extent of the substellar magma ocean is the other critical boundary of our study
of resurfacing processes on these planets. Estimates of the total amount of mass advected
to parts of a planet where cycling processes too slow to return the material are dependent
on the angular extent of the magma ocean versus the spatial profile of evaporation and
deposition by the atmosphere. We use two different estimates of ocean shore extent based
on Léger et al. [2011] that correspond to different physical assumptions regarding the oceans.
The first corresponds to the likely maximum angular extent of a substellar magma ocean
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under the conditions that there is extremely efficient heat circulation in the ocean that
results in a uniform ocean temperature and an ocean temperature choice that is the fusion
temperature at zero pressure. This condition, along with a emissivity ratio of ~1 for the

ocean composition given in Léger et al. [2011] yields the following equation for ocean extent

Omaz:

Oz = axcoos( 222 () — 1) (2.12)

where a is the orbital separation distance in meters, R, is the stellar radius in meters
and Tyeeqn and Ty are the ocean and star temperature respectively. We use the same ocean
composition as assumed in Léger et al. [2011] for this calculation - resulting in an ocean
temperature of 2200K. Since this estimate will give us the maximum ocean extent based
upon an idealized treatment of ocean temperature and circulation, we also use another
method to calculate ocean extent. In this estimate, we use the point where the surface
temperature equals the liquidus temperature of the local magma. For the composition
assumed in Léger et al. [2011], the liquidus temperature is 2200K - the resulting estimate
of the extent of the magma ocean is smaller than that of the previous method. The only
case where we choose a different ocean composition is that of KOI1843.03, which has been
speculated to be an Iron planet. In that case, we use an Iron composition for an atmosphere
and an ocean temperature and liquidus temperature for Iron of 2800K. Calculations of the
total evaporation and deposition over and beyond the magma ocean are calculated for both

ocean extents in each of our models.

2.2.4 Numerical Implementation

The numerical technique we use in our model is the same shooting method described in
Ingersoll et al. [1985]. The technique is implemented to solve for the atmosphere up until
the sonic point. We rely on the same method of pressure guesses and checks with boundary

conditions that is described in Ingersoll et al. [1985]. After guessing a pressure value at our
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initial value of 6, we accumulate fluxes obtained using an RK4 scheme and then solving for
our system of equations. We continue shooting forward until boundary conditions necessi-
tate a new guess and eventually find the difference between our pressure guesses converge
to an arbitrarily small value. We then advance our model to an angular distance right
before our solution diverges. Using this technique we iteratively continue shooting until we
approach some arbitrarily small distance near the sonic point. Of note is that the imple-
mentation of our model does not begin right at the substellar point due to a singularity
where our solution is undefined based on our value of 6. Instead, we begin our solution at
a very small distance away from the substellar point - significantly smaller than our grid
spacing. We found the our solution for atmospheric variables and resurfacing estimates
are insensitive to our choice of a starting point using this arbitrarily small substellar point
displacement. This small displacement is reflected in all visualizations of our results and
produces no significant change.

The use of this shooting method to constrain a transonic solution is critical given the
singularity that exists at the sonic point. As a consequence, previous work as well as our
study attempt to solve for an atmosphere to as close to the sonic point as possible and then
extrapolate across and then past the sonic point. The solution past the sonic point is very
sensitive to this extrapolation. In the case of our model, we find that a simple extrapolation
through and past the sonic point is problematic in two ways. The first is that the term
under the square root in equation 2.11 must remain positive (to have physical significance)
as we move from the subcritical to supercritical branch for velocity. The second is that
any extrapolation through and then past the sonic point must also ensure that the mass
transferred between the surface and atmosphere (that is evaporated or sublimated and then
deposited) must be conserved globally over the entire surface area of resurfacing. This
conservation is critical especially given that there is no other mechanism for mass loss (such
as escape).

As a result, we extrapolate through and past the sonic point using a Forward Difference

Richardson Extrapolation that includes a factor which shoots to satisfy both of those two
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requirements. In our case, we specifically shoot in order to conserve resurfacing mass by
intuitively checking to make sure the total global mass lost over the extent of the fluid
atmosphere is a very small percentage of the total global resurfacing mass. This is done
by taking the resurfacing mass flux of the ring representing the surface area as a function
of § (given by 2R, sinf) where 6 is again the angular distance from the substellar point
and integrating over the extent of the resurfacing. We solve for the fluxes based upon
our extrapolated atmospheric variables and check to make sure that our solutions lead to
physically meaningful fluxes. We find that this holds true for all our cases with some rare
and minimal exceptions. In a few cases, we find a small angular portion of the atmosphere
has a very brief period centered on an inflection point around 0 for the term in the square
root in equation 2.11 where that discriminant has trivially small negative values. The
integrated total of these negative values is trivially small compared to the overall integrated
value.

This slightly different approach to the extrapolation through and past the sonic point
solves the mass conservation issue and also retains the smoothness requirement that the
transonic solution must satisfy. The inclusion of an additional factor (which in all cases is
very close to 1) when extrapolating through the supercritical branch is a relatively simple
means of satisfying those two additional boundary conditions that does not require any ad-
ditional assumptions regarding the nature of the atmosphere past the sonic point. However,
while it does preserve transonic smoothness it does also change the shape of the supersonic
solution slightly relative to a simple extrapolation. While the pressure, temperature, veloc-
ity and global resurfacing over one orbital period profiles are very close to each other in both
extrapolation cases, there is a small difference between the two cases. This is evident in
figure 2.4, which displays the difference in pressures and resurfacing between the two models
for the atmosphere of Corot-7b - one with a conservative extrapolation and another with
a non-conservative extrapolation. Compared to the overall pressure and resurfacing this is
very small (much less than one percent) - however, we retain this check as an important

boundary condition for the supercritical solution.
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Difference between conserved and non-conserved case on CoRot-7b
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Figure 2.4: Difference in atmospheric pressure between models for the atmosphere of CoRot-

7b with and without resurfaced mass conservation.

2.2.5 Planet and Parameter Selection

In order to model their potential resurfacing processes and also explore the atmospheric
properties of close-in solid exoplanets, this project modeled the atmospheres and resurfacing
for both a range of hypothetical planets across different parameter spaces and a selection
of individual already discovered planets that cover every category of the Hot Super-Earth
Atmosphere classification scheme given in Table 2.1.

In the case of the parameter space exploration, this entails modeling the atmospheres
and resurfacing of 1 and 1.5 R, planets at distances where their substellar point temperature
ranges from 2100K to 3300K in 400K increments. We choose masses for the planets based

on the relation given by equation 2 in Weiss and Marcy [2014] for putative solid planets
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without large gaseous envelopes. If the upper bound for the mass is under this value,
we choose the maximum mass allowed. The distances and planets are chosen in order to
examine general patterns that may emerge for atmospheric dynamics and resurfacing based
upon orbital separation from host star (all of the substellar point temperatures correspond
to orbital separations outside of the planet’s fluid Roche limit around a G class star) and for
different planet sizes. While we do also model individual planets, each of those planets are
different enough from each other that extricating the effect of a particular parameter change
is difficult. Additionally, the choice of these 4 temperatures ensures that these hypothetical
planet span nearly all of the categories with the exception of the 'cold’ one in Table 2.1. The
dominant constituent for each atmosphere is chosen based upon Table 2.1 and is Sodium
for each case except for the hottest planet - which has a SiO dominated atmosphere.

The individual planets we model include the three chosen by Castan and Menou, Corot
7b [Léger et al., 2009, Hatzes et al., 2011], Cnc 55 e [Winn et al., 2011] and Kepler 10b
[Dumusque et al., 2014b] (despite the likelihood it is actually in a higher order resonance
orbit), as well as Kepler 101c [Bonomo et al., 2014], Kepler 78b [Sanchis-Ojeda et al., 2013]
and KOI 1843.03 [Rappaport et al., 2013]. All of these additional planets have constrained
masses and radii that appear to preclude the likelihood of a large volatile envelope and
as a group they span most of the different hot Super-Earth atmospheres listed in table
2.1. Appropriate planetary and system parameters are taken from the references cited next
to each of the listed planets. Appropriate dominant constituents are chosen based upon
substellar temperature (in every case except for KOI 1843.03 the dominant constituent is

Sodium).
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2.3 Results and Analysis

2.3.1 Replicating the Results of Castan and Menou [2011]

We validate our atmospheric model by first using it to replicate the results of Castan and
Menou [2011] - who originally took the model created for Io and applied it to Heated Super-
Earths. We use the temperature profile described in their model, their values for fits to the
equation for vapor pressure of Sodium and stellar and planetary parameters described in
their paper. We replicate their results for atmospheric models of CoRot 7b, Kepler 10b and
55 Cnc e without magnetic drag or ohmic dissipation. We choose to replicate atmospheres
without these processes because of the large phase space for the parameterization for such

effects. This uncertainty in the effect of these magnetic processes is what prevented us for

10° Atmospheric Pressure of Close-In Exoplanets
— CoRoT 7b
104 — Kepler 10b |{
— 55Cnce

Pressure (Pa)
=
o

3 . . . .
10 0 20 40 60 80

Distance from Substellar Point (Degrees)

100

Figure 2.5: Replicated results of Castan and Menou [2011] for the atmospheric pressure
profile of CoRot-7b, Kepler-10b and 55Cnc-e. Only results for model atmospheres without

ohmic dissipation or magnetic drag are shown as we do not incorporate those processes into

future work.
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Atmospheric Horizontal Velocity of Close-In Exoplanets
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Figure 2.6: Replicated results of Castan and Menou [2011] for the atmospheric horizontal
velocity profile of CoRot-7b, Kepler-10b and 55Cnc-e. Only results for model atmospheres

without ohmic dissipation or magnetic drag are shown as we do not incorporate those

processes into future work.

incorporating them in the rest of our work given that we are attempting to limit the number
of additional effects to our model that are not very strongly constrained.

As is evident from a comparison of figure 2.5 with figure 2.1, our replicated pressure
profiles and the individual sonic points agree very well with their work. Further, our results
for the horizontal velocity profiles on these planets given in figure 2.6 also agree with their
velocity profiles (see figure 2.2). Towards the portion of the flow where the fluid limit breaks
down we see a slight divergence from their velocity values but this is likely due to sennsivity
to the combination of the very thin atmosphere that has deposited most of its mass and the
choice of different extrapolation methods. In any event, these portions of the atmosphere

carry too little mass to impact any of our future findings.
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As will be evident in the other subsections in our results, our models for these plan-
ets diverge slightly when we incorporate some of the additions we have described in the
methodology section. While these results are somewhat different from the work of Castan
and Menou [2011], they are generally still fairly similar with respect to the pressure, tem-
perature and horizontal profiles as well as the location of the sonic points that they produce

for planets that are examined in both studies

2.3.2 Phase Space Exploration

Since, already discovered close-in planets possess a diverse range of host star, orbital and
bulk parameters, the exploration of a number of hypothetical planets with single variable
changes should elucidate general tendencies for these planet’s atmospheres and resurfacing
based on our model. Varying the planetary radii (and consequently the mass and local
gravity) and varying the substellar point temperature (equivalent to varying the orbital

distance of the planet from it’s host star) appear to have the following results:

e Pressure

Atmospheric pressure varies (figure 2.7) in an intuitive way in response to a variation
in the substellar temperature of the different planets (which is equivalent to variation
in the orbital distance of the planets from their host star). As the hypothetical planets’
substellar temperature gets higher (the planets get closer to their host star), there is
more energy to drive vaporization and sublimation and atmospheric pressures go up
and generally remain higher throughout the entire extent of the atmospheres. The
one exception is the hottest planets - those above the 3168K limit where the dominant
constituent is changed from Sodium to SiO. In that case while the atmosphere begins
at a higher pressure, it eventually thins out and becomes less thick than the hottest

Sodium atmospheres as it approaches the terminator.

Variation in the size of the planet has minimal effect for the majority of the atmo-

sphere. Until areas of net condensation/deposition, the larger planets do have a very
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5 Atmospheric Pressure of Close-In Exoplanets
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Figure 2.7: Atmospheric Pressure as a function of the angular distance away from the
substellar point for a number of different hypothetical close-in solid exoplanets. The location

of individual sonic points are marked with dots and stars.

slightly more dense atmosphere. However, the atmospheres for the larger planets
condense more quickly when condensation/deposition begins and as a consequence
past that point those planets actually possess thinner atmospheres than their smaller

counterparts.

e Velocity and Mach Number

The horizontal velocity of the atmospheres of modeled hypothetical planets are given
in terms of kilometers per second in figure 2.8 and in terms of the local mach number
in figure 2.9. Again, the hotter planets exhibit higher horizontal velocities in m/sec
(the SiO atmosphere is responsible for the lower velocities for the hottest case). Un-
surprisingly, horizontal velocities in m/sec are essentially the same for the smaller
planets where the gravity constant is also lower than their larger counterparts. The

difference is proportional to the ratios of bulk density between the larger and smaller
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Atmospheric Horizontal Velocity of Close-In Exoplanets
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Figure 2.8: Atmospheric horizontal velocity in meters per second as a function of the angular
distance away from the substellar point for a number of different hypothetical close-in solid

exoplanets.

planets - a number that exceeds one due to the greater compressibility of the larger
planets. Given the definition for the local mach number, however, it is then also not
surprising to note that the sonic point on the smaller planets is located at a slightly
greater distance away from the substellar point versus their larger counterparts. The
mach number is very similar for larger and smaller planets in all four cases until the
sonic point. However, after the sonic point and closer towards the main area of con-
densation/deposition, the mach values diverge as the larger planets return more of
their mass to the surface. The most prominent example of this is the planet which
has the highest substellar temperature while still possessing a Sodium atmosphere
- the high thermal inertia of the atmosphere as mass is deposited leads to a larger

divergence in mach number between the small and large planet case.
e Atmospheric Temperature
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Figure 2.9: Atmospheric Horizontal Velocity in terms of Mach Number as a function of
the angular distance away from the substellar point for a number of different hypothetical

close-in solid exoplanets. The location of individual sonic points are marked with dots and

stars.
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4000 Atmospheric Temperature of Close-In Exoplanets
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Figure 2.10: Atmospheric Temperature as a function of the angular distance away from the

substellar point for a number of different hypothetical close-in solid exoplanets.

Atmospheric temperature exhibits a direct relationship to the distance of the planet
from it’s host star. As a consequence, all other factors being equal, those planets that
are closer in and have high substellar temperatures also exhibited the highest overall
atmospheric temperatures. Size of the planet has little discernible effect except for the
cases of the hottest Sodium atmosphere. In that case, the retention of relatively more
mass from the surface during condensation/deposition for the smaller 1.0 R, planet
leads to a higher pressure but lower atmospheric temperature in the corresponding
region. This is true for all pairs of planets to a small extent but is greatly exacerbated

for the hottest Sodium atmosphere planet.

e Resurfacing Rates and Timescales

Resurfacing rates per orbital period integrated over latitude as a function of the
angular distance away from the substellar point are given in figure 2.11. Resurfac-

ing rates range from 0 to nearly 4 x 10E10 kg/orbital period over each individual
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Figure 2.11: Resurfacing rate per orbital period integrated over latitude as a function of

the angular distance away from the substellar point for a number of different hypothetical

close-in solid exoplanets.

ring corresponding to an angle away from the substellar point. Maximum subli-
mation/vaporization occurs in a region centered around 25 degrees while maximum
deposition/condensation occurs in a region generally around 60 degrees (though this
varies slightly based upon temperature and atmospheric composition). The hottest
planets tend to have the greatest amount of resurfacing and the smaller planets also
exhibit greater resurfacing due to their smaller gravities. The slight numerical insta-
bility due to the mass conservation during extrapolation is evident in the resurfacing

rate of the hottest sodium atmosphere planet but does not effect overall results.

Finally, the time required to advect a given percentage of total planetary mass beyond
a magma ocean shoreline is calculated for an ocean shore extent that corresponds to
the liquidus temperature for the magma (figure 2.12) and for the maximum ocean

shore extent possible (figure 2.13). The total mass deposited per second past the
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Figure 2.12: The time required to advect a given percentage of total planetary mass beyond
a putative liquidus temperature based shoreline of a magma ocean. The mass deposited
beyond the ocean shore is treated as having been removed permanently from the magma

ocean as cycling processes are assumed to be very slow in that region of the planet.

ocean shore extent was over the region of deposition and then used to determine how
long it would take to remove different percentages of the total mass of the planet.
The extent of mass advection and deposition past the liquidus temperature shoreline

1S immense.

In every case, more than 1 percent of the total planetary mass is advected beyond
the shoreline in less than 1 million years. In every case, more than 15 percent of
the planet’s mass would be advected beyond the shoreline within 10 million years.
These cases are obviously dependent on the planetary and substellar reservoir for the
dominant atmospheric constituent but they certainly indicate that such resurfacing
processes can move enough mass on a planet that it’s moment of inertia and conse-

quently rotation may change. Illustrative of that point is the short timescales over
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Figure 2.13: The time required to advect a given percentage of total planetary mass beyond

a putative maximum angular extent shoreline of a magma ocean.

The mass deposited

beyond the ocean shore is treated as having been removed permanently from the magma

ocean as cycling processes are assumed to be very slow in that region of the planet.

which each of the hypothetical planets would advect an amount of mass equivalent
to a proportional Martian Tharsis Bulge on their planet. The Tharsis Bulge is a vol-
canic plateau on Mars so large and massive that it has affected the planet’s moment
of inertia and is believed to have caused changes in the planet’s rotation [Nimmo and

Tanaka, 2005] such as true polar wander.

With respect to general trends, the greater resurfacing on smaller planets leads to
shorter times required to advect a particular amount of mass. Similarly, closer-in
planets with higher substellar temperatures also advect mass more quickly. The planet
with a SiO atmosphere takes longer to advect a given amount of mass that would

otherwise be expected for it’s temperature given Sodium as the dominant atmospheric

constituent. Even in the case where the maximum ocean extent is assumed (in 4 cases
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the ocean extent exceed the fluid limit and no mass is advected beyond the shore),
the 4 coolest planet cases still exhibit massive advection to the point where it may

affect the planet’s rotation.

2.3.3 Individual Discovered Exoplanets

Table 2.2: Advection Timescale for Deposition Past Magma Ocean Shore

AdvectionTimescale
Time to Deposit Time to Deposit
Planet Name Planetary Radius | "Tharsis Bulge’ 10% of Planetary
(Re) Past Ocean Shore | Mass Past Ocean
(yrs) 2 Shore (yrs)?
Corot 7b 1.58 6600 425000
Kepler 10b 1.47 550 35000
55 Cnc e 2.00 1800 116000
Kepler 78b 1.12 250 16000
Kepler 101c 1.25 127000 8200000
KOI 1843.03! 0.6 12600 810000

I Assuming an Iron Planet
2 We assume a magma ocean shore that begins where the surface temperature is

equal to the liquidus temperature of ocean composition.

In addition to our planetary parameter phase space exploration, we also ran our model
for a number of different discovered close-in solid exoplanets. While the general features of
varying specific planetary, orbital and stellar parameters discussed in the previous section
can give a general sense of dynamics and resurfacing processes on these planets the specific

values are particularly interesting because they can be used to inform observations. A basic
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5 Atmospheric Pressure of Close-In Exoplanets
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Figure 2.14: Atmospheric Pressure as a function of the angular distance away from the sub-
stellar point for a number of discovered close-in solid exoplanets. The location of individual

sonic points are marked with dots.

summary of the main purpose of this study - to determine whether such planets experience
such severe atmospheric resurfacing as to potentially change their rotation - is given in table
2.2. In that table the examined planets are listed along with timescales that correspond
to the amount of time it would take that planet’s atmosphere to move an amount of mass
past it’s magma ocean shore that would be equivalent to a proportional 'Tharsis Bulge’ and
to 10% of the total mass of the planet. Figures that summarize the atmospheric pressure
profile (figure 2.14), the atmospheric horizontal velocity in m/s (figure 2.15) and mach
(figure 2.16), and the atmospheric temperature (figure 2.17) are given.

Additionally, figures are also produced that display the resurfacing rate per orbital
period integrated over latitude as a function of the angular distance away from the substellar
point for all planets (figure 2.18) and for planets whose resurfacing rates in such cases are

so much smaller that they benefit from rescaling (figure 2.19). Finally, timescale figures are
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Atmospheric Horizontal Velocity of Close-In Exoplanets

3500
— COROT 7b
3000l — Kepler 10b 1
— 55Cnce
— Kepler 78b
2500 Kepler 101c
KOl 1843.03
w
£ 2000
)
g
2 1500}
2
1000}
500 |- H
0 | | L | 1
0 20 40 60 80 100

Distance from Substellar Point (Degrees)

Figure 2.15: Atmospheric horizontal velocity in meters per second as a function of the
angular distance away from the substellar point for a number of different discovered close-

in solid exoplanets.

produced that show how long it would take for the individual planets to advect different
percentages of the total planetary mass for both the case of the liquidus ocean shore (figure
2.20) and for the maximum ocean shore extent (figure 2.21).

Along with visualizations of the atmospheres and resurfacing occurring on these planets,
the following is a short description of the atmospheric dynamics and resurfacing processes

on each planet:

e Corot 7b

Corot 7b has a thin atmosphere whose pressure is nearly 10® pascals at it’s substellar
point. It’s dynamics are marked by a sonic point near 44 degrees and regions of max-
imum evaporation/sublimation and condensation/deposition that roughly correspond
to 25 and 65 degrees from the substellar point. Neither the estimate for the maximum

or liquidus magma ocean shore extent result in a magma ocean that extends over 50%
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1 Atmospheric Horizontal Velocity of Close-In Exoplanets
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Figure 2.16: Atmospheric Horizontal Velocity in terms of Mach Number as a function of
the angular distance away from the substellar point for a number of different discovered

close-in solid exoplanets. The location of individual sonic points are marked with dots.

of the planet. Timescales for advection of 15% of the total planet mass past the ocean
shore extent (given a large reservoir of it’s main atmospheric constituent) are under

5 million years in both cases.

e Kepler 10b

Kepler 10b has a thin atmosphere whose pressure is a little more than 10% pascals
at it’s substellar point. It’s dynamics are marked by a sonic point near 48 degrees
and regions of maximum evaporation/sublimation and condensation/deposition that
roughly correspond to 27 and 72 degrees from the substellar point. The estimate for
the maximum magma ocean shore extent results in a magma ocean that extends over
50% of the planet. The liquidus ocean shore extent model does not result in a magma
ocean that extends over 50% of the planet. The Timescale for advection of 15% of

the total planet mass past the ocean shore extent (given a large reservoir of it’s main
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Atmospheric Temperature of Close-In Exoplanets
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Figure 2.17: Atmospheric Temperature as a function of the angular distance away from the

substellar point for a number of different discovered close-in solid exoplanets.

atmospheric constituent) is under 75,000 years in the liquidus ocean shore case while

the maximum ocean extent case has no mass that is advected beyond the ocean shore.

e 55 Cnc e

55 Cnc e has a moderately thin atmosphere whose pressure is a several factors greater
than 10* pascals at it’s substellar point. It’s dynamics are marked by a sonic point
near 51 degrees and regions of maximum evaporation/sublimation and condensa-
tion/deposition that roughly correspond to 27 and 75 degrees from the substellar
point. The estimate for the maximum magma ocean shore extent results in a magma
ocean that extends over 50% of the planet. The liquidus ocean shore extent model
does not result in a magma ocean that extends over 50% of the planet. The Timescale
for advection of 15% of the total planet mass past the ocean shore extent (given a large
reservoir of it’s main atmospheric constituent) is under 250,000 years in the liquidus

ocean shore case while the maximum ocean extent case has no mass that is advected
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3 lell Resurfacing per Orbital Period on Close-In Heated Planets
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Figure 2.18: Resurfacing rate per orbital period integrated over latitude as a function of
the angular distance away from the substellar point for a number of different discovered

close-in solid exoplanets.

beyond the ocean shore.

e Kepler 78b

Kepler 78b has a thin atmosphere whose pressure is a little greater than 10* pascals
at it’s substellar point. It’s dynamics are marked by a sonic point near 50 degrees
and regions of maximum evaporation/sublimation and condensation/deposition that
roughly correspond to 27 and 75 degrees from the substellar point. The estimate for
the maximum magma ocean shore extent results in a magma ocean that extends over
50% of the planet. The liquidus ocean shore extent model does not result in a magma
ocean that extends over 50% of the planet. The Timescale for advection of 15% of
the total planet mass past the ocean shore extent (given a large reservoir of it’s main
atmospheric constituent) is under 50,000 years in the liquidus ocean shore case while
the maximum ocean extent case has no mass that is advected beyond the ocean shore.
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8 le0 Resurfacing per Orbital Period on Close-In Heated Planets
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Figure 2.19: Resurfacing rate per orbital period integrated over latitude as a function of the
angular distance away from the substellar point for a number of different discovered close-in
solid exoplanets. These planets were included in the previous image but their resurfacing

processes are more clearly seen on this different scale.

e Kepler 101c

Kepler 101c has a very thin atmosphere whose pressure is a little more than 20 pascals
at it’s substellar point. It’s dynamics are marked by a sonic point near 40 degrees
and regions of maximum evaporation/sublimation and condensation/deposition that
roughly correspond to 20 and 58 degrees from the substellar point. Neither the es-
timate for the maximum or liquidus magma ocean shore extent result in a magma
ocean that extends over 50% of the planet. Timescales for advection of 15% of the
total planet mass past the ocean shore extent (given a large reservoir of it’s main

atmospheric constituent) are under 20 million years in both cases.

e KOI 1843.03

KOI 1843.03 is modeled as an Iron planet with an Iron atmosphere and magma ocean,
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Timescale for Resurfacing beyond Ocean Shores (2200K liquidus)
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Figure 2.20: The time required to advect a given percentage of total planetary mass beyond
a putative liquidus temperature based shoreline of a magma ocean. The mass deposited
beyond the ocean shore is treated as having been removed permanently from the magma

ocean as cycling processes are assumed to be very slow in that region of the planet.

which changes it’s atmospheric dynamics and resurfacing from what would otherwise
be expected for such a small and hot planet. It has a very thin atmosphere whose
pressure is less than 50 pascals at it’s substellar point. It’s dynamics are marked
by a sonic point near 45 degrees and regions of maximum evaporation/sublimation
and condensation/deposition that roughly correspond to 20 and 70 degrees from the
substellar point. Neither the estimate for the maximum or liquidus magma ocean shore
extent result in a magma ocean that extends over 50% of the planet. Timescales for
advection of 15% of the total planet mass past the ocean shore extent (given a large

reservoir of it’s main atmospheric constituent) are under 2 million years in both cases.
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Timescale for Resurfacing beyond Ocean Shores (max ocean extent)
I I T T T T T T

% — COROT 7b

o 101 | — Keplerwob} 0|

2 — 55Cnce

= — Kepler78b

2 — Keplerl0lc

ju]

o KOI184303

o

c

[=]

>

v

a

=}

Q

[}

(18]

i

=

[N}

]

4

wv

[}

2 .0

= 2 [l S Tk I &

o

]

8

9]

c

L

o

3 | _ TharsisBulge .~

=]

= 0 L L L L
0 10° 10' 100 10°

Time (Years)

Figure 2.21: The time required to advect a given percentage of total planetary mass beyond
a putative maximum angular extent shoreline of a magma ocean. The mass deposited
beyond the ocean shore is treated as having been removed permanently from the magma
ocean as cycling processes are assumed to be very slow in that region of the planet. Some
of the planets do not appear on the graph because magma ocean extent is so large in this

case that no mass is deposited beyond it.

2.3.4 Conclusion and Additional Effects

The results of our modeling of the atmospheric dynamics and resurfacing processes of close
in solid planets indicates that atmospheric mass advection by these planets beyond their
magma ocean shores is likely massive and quick enough to alter the moment of inertia of
these planets. This in turn can affect the planet’s rotation - this may be in the form of
additional constant torque applied to the planet’s rotation, librations or some other unique
manifestation - additional work is needed to interpret the details. In addition, the localized
deposition profiles on these planets beyond their magma ocean shore may suggest a potential

interpretation of transit photometry phase curve features which indicate a spatial variability
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in planetary albedo.

While these results are promising, it is also important to note the limits of such mod-
eling. Some of the assumptions that underpin the model should be relaxed in order to
gain a better understanding of atmospheric dynamics and resurfacing on these planets. In
particular, planetary rotation should be included as it should break symmetries that may
effect atmospheric structure and dynamics and resurfacing profiles. To this extent, such
planets would also benefit from simple 3d models exploring their atmospheres. While less
is known about parameters on these planets that are typically used to characterize such
models, even 3d toy models of their atmosphere may provide a substantial advance in un-
derstanding. Other improvement can be made in a better understanding of how stellar
activity might effect such atmospheres - whether though interactions with the solar wind or
due to other transient phenomena. A critical improvement that would enable better resur-
facing estimates and insight into potential cycling through atmospheric constituents would
be incorporating multiple atmospheric constituents into a model that also includes their
reservoirs. Finally, another interesting effect should be considered that is the subject of the
other project in this thesis - the likely aspherical shape of these planets. This asphericity
will change the apparent gravity as a function of the angle away from the substellar point
and may also be an important factor in understanding the physical environment on these

worlds.
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Chapter 3: The Observational Effects and Signatures of
Tidally Distorted Solid Exoplanets

The other main project that constitutes this thesis grew out of a second order effect that
was examined in the context of hot close-in solid planet atmospheres. Some of the planets
studied in the previous project are likely tidally and rotationally distorted to a significant
extent. This effect on atmospheric dyanamics and structure is currently relatively unex-
plored in literature and was consequently ignored for simplicity in the previous project due
to ambinguity in potential effects. However, the relatively significant tidal bulges that were
calculated for planets such as CoRot-7b in the previous project necessitated a study of what
types of observational signatures their asphericity could produce. The following project ex-
amines these close-in solid planets’ asphericity in order to ascertain potential observational
signatures that may be produced that could both confound and enable characterization of
these planets. Such signatures are then examined in the context of the census of exoplanets
that is available currently and that will be available in the near future. This project was

carried out in collaboration with Prof. Michael Summers and Alex Panka.

3.1 Introduction

The distortion of an astronomical object’s spherical shape has long been known to provide
insight to the interior structure, composition and evolution of a body. Research exploring
shape has spanned over many different types of objects including gaseous bodies [Chan-
drasekhar, 1933, Lai et al., 1993] as well as solid, solar system bodies [Dermott, 1979].
Interest in the shape of an object as a proxy for other parameters has extended to the

burgeoning field of exoplanets.
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Theoretical and modeling work has already yielded a number of predictions and con-
straints on the ability to detect rotational and tidal deformation in gas giant exoplanets.
Additionally, similar work has also explored the potential effects of such distortions on the
ability to accurately describe an exoplanet system. Early estimates of a detectable varia-
tion in transit depth within a light curve due to oblateness yielded results which even for
the most favorable scenarios were very close to observational limits [Seager and Hui, 2002,
Barnes and Fortney, 2003]. On the other hand, the reflection effect for tidally distorted
planets has been shown to be potentially significant in certain cases [Budaj, 2011]. In that
study, Budaj demonstrated the significant light curve variations that arise for Roche Model
approximated tidally distorted planets when the bond albedo of the planet is varied to sim-
ulate different levels of reflected starlight versus absorbed/re-radiated/redistributed light.
Indeed, there have been observational results which have suggested potential detection of
just such a deformation in the shape of a gas giant exoplanet. Ellipsoidal variations in
transit depth of the light curve of WASP-12b [Cowan et al., 2012] have been roughly fitted
and suggest a near 3:2 ratio between the planets longest and shortest axes.

In addition to these variations, a number of studies concluded that the gravitational
quadrupole field which would arise from tidal and rotational bulges could induce apsidal
precession that would manifest itself as predictable transit timing effects [Jorddn and Bakos,
2008, Ragozzine and Wolf, 2009, Kane et al., 2012]. In addition to apsidal precession,
exoplanet oblateness and obliquity would also induce spin precession that under certain
conditions could yield detectable signals for certain gas giants [Carter and Winn, 2010b].
Observational results have been used to constrain the oblateness of HD189733b through
non-detections of transit depth changes due to such precession and by non-detection of
potential transit timing variations [Carter and Winn, 2010a].

An important effect of potential distortions to the shape of an exoplanet is the potential
for particular orbital orientations to bias the volume measurement of a planet and subse-
quently other derived parameters. For planets in a synchronous orbit that are close in to

the host star the projected area of the ellipsoidal shape of the planet caused by rotational
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and tidal effects can result in an underestimate of the radius of the planet [Leconte et al.,
2011]. In some cases these distortions may result in biases of 10% or higher in the light
curves and radius measurements of these planets [Li et al., 2010]. Parameters which are
subsequently derived from these radius estimates such as density and size of the solid inner
cores of gas giants can then also be estimated incorrectly [Burton et al., 2014]. While such
an effect has been explored for gas giants, one of the main topics of this study is to look
at whether this bias may also exist for solid exoplanets with distorted shapes. In addition
this project also examines the assumption that the effects of an aspherical solid exoplanet
in its transit photometry are too small to be observationally significant. In particular, it
attempts to quantify the variation in the projected area of a solid planet within its light
curve.

Solid exoplanets constitute a significant portion and increasing portion of the current
census of planets outside our solar system. Characterization of a planet as a likely solid
planet is obtained using bulk properties of a planet such as density from observed constraints
on radius and mass [Valencia et al., 2007b]. While degeneracy over interior models still
remain, such a parameterization can to first order divide a planet between a gaseous or solid
planet. Estimates of occurrence rates for planets vary significantly based on the spectral
class of the host star and the orbital separation of the planet from the star [Dressing and
Charbonneau, 2013, Mulders et al., 2015]. However, bound planets have been detected at
distances from almost right at the Roche limit for their host star [Hellier et al., 2011, Gillon
et al., 2014, Rappaport et al., 2013] to much farther out from their host star than any planet
in our solar system. This substantial parameter space which we are faced with when trying
explore the potential bias and observable signatures of distorted aspherical solid planets is
resolved by the fact that previous work examining shape distortions on gas giant planets
have required certain orbital and observational constraints which also neatly align with the
bias of transit photometry to detect close-in exoplanets.

In the next section, there is an examination of observational bias effects in the measured

radius of solid exoplanets due to planetary asphericity. The theory and assumptions made
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regarding the orbits, rotation and shape distortions of these planets is addressed. Results are
then produced which quantify observational bias and subsequent bias in estimated planetary
parameters for a range of different sized exoplanets around different spectral classes. In the
following section the project addresses the possibility and magnitude of any in-transit signal
that can be detected due to these distortions to planetary shape and discusses the potential
for ellipsoidal variations. Finally, in section 4 I comment on the results of the estimates and

discuss implications and potential future of areas of study.

3.2 Measuring Observational Bias in Radius Estimates

3.2.1 Tidal and Rotational Deformation Theory and Assumptions

A rotating planet orbiting a star will be subject to both tidal and rotational forces which
distort the shape of the planet. Since the gravitational potential due to the star varies
inversely with distance, the resulting gradient across the discrete boundaries of the orbiting
planet will induce a symmetric tidal bulge in the direction of the tide-inducing body that
will deform the object into a prolate ellipsoid. The gravitational potential V felt by a point
P on the surface of a planet due to some external body treated as a point mass such as the

host star can be written as

V:—G%[l#—%cosdz%—(%f%(?;cos%/z—1)+...] (3.1)

[Murray, C. D. and Dermott, S. F., 2000]

Where G is the gravitational constant, mg is the mass of the star, a is the orbital
separation of the two objects, R, is the radius of the planet, and ) is an angle measured
from the line joining the centers of the two bodies to the point on the surface.

The potential here is the result of binomial expansion of the distance from the perturbing
body to the point on the surface, which assumes R»/a < 1. This will be a generally well held

assumption for nearly all the cases examined (for example a 2 Earth Radii planet orbiting
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at the fluid Roche Limit of a M1 V star will have a B»/a approximately equal to that of the
Earth-moon system). Even for the scenario with largest and closest orbiting planet around

the smallest host star, the value of #r/a is < 0.1. The tide raising part of the potential is

the 2" order term and can be written in terms of the Legendre polynomial of degree two

given by:

Py(costp) = %(3 cos 2y + 1) (3.2)

In order for the surface of the planet to be on an equipotential the deformed shape of
the planet can then be described by the same solid spherical harmonic of the second degree
that describes the tide raising potential. Taking into account implied symmetry about the
line joining the two bodies from the dependence on the angle ¥ one can then describe the

deformed shape of an incompressible planet as

Rep (1) = A[l + Sz Pa(cos ¢)] (3.3)

Where R is the distance of the surface from the center of the planet, A is the mean
radius and SS9 is a constant which describes the ellipticity of the planets shape. Murray,
C. D. and Dermott, S. F. [2000] also extend the treatment of the planet as a two layer
incompressible body. They take into account additional forces acting at the boundary of
the two layers including variational forces within the layers leading to loading terms as well
as the internal potentials of each layer with their own separate densities. For our study we
use a first order calculation of the deformed shape of the body as a one layer uniform body
equivalent to the scenario described by Murray and Dermott of the deformation of the core
boundary if the ocean were removed. Due to the degeneracy of potential interior structures
of exoplanets when just given bulk values such as mass and volume we find it sufficient to
characterize the shape deforming factors with as few variables as possible.

In the case of a planet modeled with a single uniform layer the equilibrium tide and
consequently the ellipticity of the planet can be characterized by just the orbital separation
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Figure 3.1: The ratio of the longest to smallest axis for triaxial ellipsoid planets of 1, 1.5
and 2 Earth Radii orbiting M5V and M1V stars. For 1.5 and 2 Earth Radii planets orbiting

an M5V star the ratio can approach 3:2 near the fluid Roche limit. Around M1V stars a
longest axis about 10% larger than the shortest axis is typical for all three planets near the

fluid Roche limit.
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of the bodies, bulk parameters of mass and mean radius and the effective rigidity of the

planet. The amplitude of the equilibrium tide induced by the host star is just

_ (5/2)¢
Asy =2 (3.4)
where
(= %(&)3& (3.5)

my  a

Where m,, is the mass of the planet and the dimensionless variable fi is the effective

rigidity, which relates the elastic strength of the planet to its gravity and which is given by:

19u
2pg.A

i = (3.6)

where p is just density of the planet, g is just the planets gravitational constant, and
w is the rigidity. We assume a value of p of ~ 100 GPa, about the mean value for the
Earth [Fowler, 2005], for the planets we test. We choose this value in order to make as
few assumptions about the compositional and structural nature of these planets given the
current inability to observationally constrain those parameters (of course choosing an Earth-
like rigidity value is an assumption in itself). Additionally, given that current hypotheses
regarding the nature of these planets range from ostensibly rigid Iron-core Hot Jupiter
remnants to planets which may significantly be less rigid due to partial or whole scale
melting any assumed rigidity value would be somewhat arbitrary. We do however also test
a slightly higher value of u ~ 300 GPa, the predicted rigidity value of the Earth’s core
[Bullen, 1969, Goldreich and Peale, 1968], in order to test the effect of different rigidity
values in terms of the change in bias of observed planetary parameters and whether direct
observations of elliptical shape would be sensitive enough to constrain mean planetary

rigidity values.
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Once we have found the constants quantifying the tidal effect on planetary shape we
can now use an additional assumptions of synchronous rotation of these planets in a near-
equatorial (with zero impact parameter), near circular orbit around their host stars and
easily add rotational deformation contributions to the planets shape. It can be shown that
the rotational potential responsible for deformation at a point within the planet can also
be written as a second degree solid harmonic [Dermott, 1979]. In fact the only difference
between the two potentials is that the rotational deformation is 1/3 the magnitude of the
tidal potential and has a different axis of symmetry (in the case we refer to here it is the z
axis). As a result we can use the same shape function of the planet as we did before and
linearly add the rotational and tidal contributions for the corresponding angles along their
separate axes of symmetry. The resulting triaxial ellipsoid then has its axes parameterized

as follows:

a=A(L+2) (3.7)
b= A(1— %) (3.8)
¢— A1 — %) (3.9)

where a is the axis pointed towards the host star, b is the axis orthogonal to it in the
planet-star system’s equatorial plane and c is the orthogonal axis of rotation of the planet.
The synchronous orbit assumption ensures a special geometric configuration where the
longest axis of the planet is always oriented towards the star - this ensures the mid transit
alignment from the perspective of the observer will yield a predictable projected area of the
planet transiting its host star given by the product of the two other orthogonal axes. The

bias in transit depth at mid transit for a planet with mean radius R, is then just given by
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(be) — (R3)
RQ

S

(3.10)

where R, is the mean radius of the star. This bias was calculated for a number of different
planet sizes and different spectral classes. In particular, bias values were calculated for 1,
1.1447, 1.5, 2, 2.154 and 2.25 R, solid planets with bulk densities taken from the relation
given in equation 1 of Weiss and Marcy [2014]. While that density relation was for putative
terrestrial planets smaller then 1.5 R., we extend it to larger planets since the question of
whether large planets close in can retain a significant gaseous envelope is still open. These
bias values were calculated for 6 different main sequence spectral classes: M6, M5, M1, K,
G, and F. Most of the images in this study will focus on results for the second smallest star
(M5 V) as confirmed planet detections have only been made for stars down to that spectral
class and because that is the limiting spectral type the Transiting Exoplanet Survey Satellite
(TESS) [Ricker et al., 2014] will be sensitive to. Main sequence stars larger than F class
stars were not tested as any bias or distortion signal would be too minimal given the large
projected area of the stars - an assumption that is well founded based upon the following
results and currently observed upper bounds on radii of solid planets [Dumusque et al.,
2014b]. Physical parameters for M dwarfs were taken from literature [Reid and Hawley,
2005] while the parameters used for the F, G and K class stars were from well-known
examples (61 Cygni (K5 V), The Sun (G2 V), Pi3 Orionis (F6 V) respectively).

Finally, orbital distances for which tidal bulges and biases were calculated were based
on an inner distance defined by the fluid Roche limit of each star-planet system and an
outer distance at which a 1.5 M, planet with the corresponding fitted bulk density would
be tidally locked within 1 billion years around different stars [Gladman et al., 1996]. An
initial spin rate of one rotation per 13.5hrs was used [Goldreich and Soter, 1966] based on
the predicted initial spin state for Venus. This is a highly speculative choice but was made
because the types of planets examined in this study are much larger than Mercury and

because the most appropriate analogue choice, the Earth, has had its rotational history
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significantly modified by interactions with the moon. In any event, initial rotation rates
were varied from 1.5 hrs to 1 day and found to have minimal effect on the outer radius
limit tested due to the one sixth power they are raised to. In addition, the induced tidal
bulges raised closer to the outer distances are minimal for the purpose of this study. The
fluid Roche limit is a conservative assumption as solid planets have been found interior to it
[Rappaport et al., 2013] while bias and bulge estimates are minimal for the outer distance.
The importance of the synchronous rotation assumption necessitates a discussion of the
likelihood of such a state. Recent work has shown that pseudosynchronous rotation for
terrestrial bodies is an unphysical state based on an improper treatment of the tidal torque
[Makarov and Efroimsky, 2013] and that most planets with a high enough eccentricity fall
into higher order resonances. Given that many close-in planets have potentially been excited
to higher eccentricities during their orbital history before their orbits were circularized this
may mean that even for close-in planets synchronous rotation may be an atypical state.
However, there are different scenarios under which such planets which may fall into
synchronous rotation - while these are used as justification for such an assumption, the
potential to detect bulge signatures may also act as a test for the spin state. In particular,
planets on very circular orbits with low eccentricity, planets that at some point were thrown
into retrograde orbit (either by migration or capture), and bodies that were relatively
cold and not very responsive to tidal torques may have fallen into synchronous rotation.
Importantly, significantly triaxial bodies may also have a triaxiality caused torque if their
average inertia axis is tilted with respect to the primary-secondary axis that can then
compensate for the nonzero secular tidal torque and result in a synchronous orbit (Efroimsky

2014, private comm.).

3.2.2 Bias Results

Estimates of the distortion to a planet’s shape around M5V and M1V stars are given in
figure 3.9. These are the cases where the shape of the planet is the most deformed and

where the deformation is most easily observable - in some cases reaching around a 3:2 ratio
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Transit Bias for 1 R, Distorted Planet Transit Bias for 1.5 and 2 R, Distorted Planet
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Figure 3.2: Transit biases for 1, 1.5 and 2.0 Earth Radii planets due to shape distortion
from tidal and rotational effects. The dotted and dash dotted lines are 20 and 100 ppm
levels. The vertical dashed yellow lines indicate the fluid Roche Limit for an M5V, M1V,
K, G and F class star going from left to right for Earth like densities. Due to the one third
power dependence on ratio of densities, the fluid Roche Limit for 1.5 and 2 Earth Radii
planets isn’t significantly different. The right panel contains transit bias values for 1.5 and

2 Earth radii
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of the largest to smallest axis. The deformations to planetary shape swamp even some
putative atmospheric heights in these cases. For example, for a 1.5 R, planet at the fluid
Roche limit around a M5V star with an effective temperature of 2800, the atmospheric
scale height of a pure sodium atmosphere [Miguel et al., 2011] at the substellar point of the
planet is about 85 times smaller than the distortion of the planetary axis in that direction.
This would suggest the gravitational potential gradient that exists for atmospheric flow
from the substellar point to the terminators of these planets would appear to be significant
and may potentially affect observational atmospheric retrieval. However, understanding of
the dynamics of atmospheres of very hot close in planets is still very basic and would need
to be explored in greater depth to derive any conclusions. The transit bias for a particular
mean radius planet due to the smaller observed mid-transit cross section of the distorted
planet is given in figure 3.2. The bias is shown for 1, 1.5, and 2 R, planets and results are
close for the other similar sized planets. Dash-dot and dotted lines are given for 100 and 20
ppm thresholds which correspond to the Kepler Telescope’s [Borucki et al., 2010] combined
differential photometric precision over a 6.5 hour integration for a 15th and 12th magnitude
star respectively.

For the smallest star tested, the M6 V star, the underestimates in transit depth can be
very significant and indeed for 1.5 R, planets and larger over an order of magnitude greater
than projected TESS’s photometric precision of 200 ppm in 1 hour on an I=10 star. Even
for a 1 R, planet the transit depth difference can approach about 0.1%. For the M5 V star
the effects are somewhat smaller but still observationally significant for even the 200 ppm
threshold for a 1 R, planet. The larger M1 V star may have biases which are not quite
observationally significant for 1 R, but which become so for 1.5 R, planets and larger (in
fact the 2 R, values reflected by the dashed green line are greater over equivalent distances
then a 1.5 R, planet around an M5 V star). This suggests that for M dwarf stars such a
bias needs to be considered when looking at close-in planets. In fact, for large solid planets
2 R. and greater it appears such an effect may even be detectable around larger K class

dwarf stars. Unsurprisingly, the effect is small around the G and F class dwarf stars. Also
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as expected, biases were smaller for planets with greater rigidity and larger for less rigid
planets. The transit depth differences can then be calculated as the corresponding radius
underestimates for the planets in each system as shown for planets around M1V and M5V
stars in figure 3.4.

Figure 3.4 reflects the fact that planets which are the most distorted and which orbit
smaller stars in this particular configuration will yield the most biased radius measurements.
Radius underestimates are small and within uncertainty limits for planets around the much
larger K and G Dwarf stars (see figure 3.3). However, in the case of the planets around
the M5 V star, underestimates all reach about 1% by 0.005 AU and steeply increase to

greater than 7% as they approach the fluid Roche limit. Around the larger M1 V star the
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Figure 3.3: Radius underestimates for different sized solid planets due to tidal and rotational
distortions. The left image is for synchronously rotating planets around K stars and right

for G stars.
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Figure 3.4: Radius underestimates for different sized solid planets due to tidal and rotational
distortions. The left image is for synchronously rotating planets around M5 V stars and

right for M1 V stars.

underestimates reach around 1% between .007 and 0.01 AU and range from about 2.5 to
5.5% at the fluid Roche limits. Underestimates are small for larger stars with values ranging
from 0.5 to 1.5% at the fluid Roche limit for the G class dwarf star.

The radius underestimates result in density overestimates for these planets. For a 1%
radius underestimate the calculated value for the density will actually be a 3% overestimate
of the real value. For cases around the M5 V star density overestimates then range from 3%
at 0.05 AU to about 20-25% greater than the actual value for a 7-10% radius underestimate
at the fluid Roche limit. The 2.5-5.5% radius underestimates around the M1 V star corre-
spond to estimated density values which are 7-15% greater than the actual value. Clearly,

for some of these planets their aspherical shape can lead to significantly overestimated bulk
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density values.

3.3 Photometric Signatures of Asphericity

3.3.1 In Transit Signatures

The synchronous rotation of these planets means that the projected area of a planet will
appear to change as it travels around in orbit. The maximum projected area will be at
quadrature in the planet’s orbit around its host star as the two projected axes will be
the longest axis and the polar axis. Conversely, at mid transit the projected area of the
planet will be at a minimum as the visible axes will be the smallest axis and the polar axis.
This change in projected area has been previously recognized as a potential signature of
planetary asphericity that is proportional during the transit portion of the light curve to s /a
[Ragozzine and Wolf, 2009, Carter and Winn, 2010b] and has been generally assumed to be
too minimal to use for system characterization. In addition, there have been concerns that
such a signal would in any event be degenerate with stellar limb darkening contributions.
However, the direct signal of an aspherical synchronous transiting planet should actually
have the opposite effect of limb darkening by obscuring progressively less light through mid
transit [Leconte et al., 2011, fig. 5] whereas stellar limb darkening effects result in a greater
apparent stellar flux being blocked as the planet approaches mid transit. For unknown limb
darkening parameters this signal may be difficult to extract but as we will discuss in the
next section there now exists the potential to disentangle such effects.

Due to large bias values we saw for certain systems in the last section and the unique
nature of a potential signal for an apsherical transiting planet we quantify the change in
transit signal due to asphericity from the beginning of full transit to mid transit in the
systems we examined. The change in the projected area of the planet in this case (from the
beginning of full to mid transit) is roughly proportional to one half the projected angle of
the full orbit subtended by the star. We calculate the total subtended angle of the transit

as
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Figure 3.5: The change in transit depth from beginning of full transit to mid transit for

different planets around an M5 V star.
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This is an approximate expression because the angles are calculated using the mean
radius of the planet when finding the start of full transit. In reality at the beginning of full
transit the planet will be rotated by the angle corresponding to the beginning of full transit
and will have a slightly different b axis value - however the change in the area of the full
planetary orbit that is subtended due to this effect is likely to be minimal (much smaller
than change in total projected area of the planet as the planet transits). From this angle
we then calculate the total change in transit depth from beginning of full transit to mid

transit due to the changing projected area of the planet caused by its asphericity. We use

Change in Transit Depth (ppm)

Figure 3.6: The change in transit depth from beginning of full transit to mid transit for

different planets around an M6 V star. Depth changes remain above Kepler 20 ppm precision
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Figure 3.7: The change in a planet’s apparent project area as it travels in synchronous orbit
around it’s host star. The majority of the change in projected area occurs in the out of
the transit portion of the light curve because the star only subtends a small portion of the

orbit. Ellipsoidal variations due to the apparent change in the shape of the planet may be
a powerful way to constrain shape. Figure from Correia [2014]

the same equation as the one used to calculate the bias except the b axis is now rotated
by the angle 90 - 6 degrees for the projected area at the beginning of full transit and is
compared to the mid transit projected area (with # = 0 at mid transit) versus an idealized
spherical case. Thus while the rotational contribution to the b axis remains the same at

the beginning of full transit in this co-planar case the tidal contribution we add to it is now
w
So (P cos(§ —1)).

The results of these calculations show that the change in transit depth during the course
of the transit is minimal for most of the stars with the exception of the M dwarfs. Figure 3.5
of the change around an M5V star shows that close-in to smaller M dwarf stars the in-transit
signature of a distorted planet may in fact be observationally detectable and significant. In
fact, most of the planets tested yield signatures which exceed the 20 ppm limit at distances
~ 2 times the fluid Roche limit. Nearer to the fluid Roche limit the change in transit depth
is much greater and even for the 1.5 Re case approaches 200 ppm. These signatures are
increased by nearly a factor of two for M6 V stars (see figure 3.6). We also test whether such
a direct signature can then also be used to constrain rigidity and find that near the fluid
Roche limit the difference between the two planets meet or exceeds the 20 ppm threshold.
The green dotted line for a 1.5 R, Iron-Ni Core remnant diverges from the 1.5 R, planet
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with a rigidity value close to the Earths as they approach the fluid Roche limit.

3.3.2 Ellipsoidal Variations

The complementary change in the projected area of these planets occurs in the out of transit
portion of the light curve (as demonstrated in figure 3.7). Since the area of the total orbit
subtended by the in transit portion is typically small, most of the change in the projected
area of the planet occurs when it is not transiting its host star. As a result one can use the
long to short axis ratio of the deformed planet (given in figure 3.9) to approximate the total
change in the emitted flux contribution from the planet in the out of transit portion of the
light curve. Given a favorable planet to star contrast ratio in the infrared such changes may
result in detectable ellipsoidal variations in the planet. Such a variation would be immune
to stellar limb darkening and may be an effective pathway to constraining the asphericity
and subsequently bulk properties of the planet. There may even be the potential to observe
ellipsoidal variations in the star in conjunction with variations in the planet in order to
constrain planetary bulk properties. Using the expression given in equation 2 of Faigler and
Mazeh [2011] a 1.5 R, planet at its fluid Roche limit around a M5V star may be expected
to produce ellipsoidal variations in the star of ~ 10 ppm assuming a stellar limb darkening

coefficient of 1 from Claret [1998] and a stellar gravity darkening coefficient of 0.6.

3.4 Discussion and Analysis

From the results in the previous sections it is clear that for certain planet-star systems
the tidal and rotational distortions to a solid planets shape can result in underestimates
of those planets radii and subsequent values based off the inferred volume. Additionally,
in the case of planets that are close in to smaller M dwarfs the distorted shapes of the
planets may actually produce an observable signature of the shape in the transit itself.
Statistical occurrence rates for such planets are still limited due to a lack of data for mid
to late M dwarfs [Dressing and Charbonneau, 2013]. However solid planets interior to their

fluid Roche limit, planets with orbital separations with similar a/Rgejqr values and planets

92



S S ke

Figure 3.8: Light curves of a 1.5 R, planet transiting a M5V star at an orbital separation
equal to the fluid Roche limit. Tidally and rotationally distorted planets with the empir-
ically fit densities are given by the solid lines. Spherical planets are given by the dashed
lines. The putative distorted Iron planet is given by the purple dash dot line. Red lines
correspond to cases with no stellar limb darkening while black lines correspond to cases
with stellar limb darkening values produced by Exofast for the relevant stellar parameters.

Error bars correspond to the 20 ppm uncertainty.
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close to the fluid Roche limit for other stellar classes have all been found. The variation
of rigidity of a planet may produce a small but detectable signal in the cases that were
tested as one gets very close to the fluid Roche limit, and again it is important to remember
planets have also been detected interior to the fluid Roche limit (the inner distance bound).
Merely the constraining of tidal bulge amplitude along with Roche limit considerations may
put meaningful limits on interior structure. The ability to directly constrain the shape of
a planet would provide clues towards tidal theory, the orbital configuration of the system
and bulk properties of the planet.

Our group’s preliminary work (see figure 3.8) on the nature of such a signature suggests
that such an effect can make the transit portion of a light curve more box-like as a planet’s
decreasing projected area towards mid transit in effect compensates for some of the limb
darkening effects - an effect that has already been noted in the case of WASP-12b [Cowan
et al., 2012]. Limb darkening effects are several factors greater than the effect of asphericity
in figure 3.8 and as a result the distinctive W shape of the transit produced by asphericity
is not visible and instead manifests itself as what may be interpreted as merely different
stellar limb darkening parameter fits. Specific studies of distorted planets in synchronous
orbit may be able to use limb darkening studies of similar host stars [Miiller et al., 2013]
to resolve the effect of the distortion, though care needs to be taken when fixing the limb
darkening parameters [Csizmadia et al., 2013]. Close-in planets may also typically be in
multi planet systems with other planets farther out [Sanchis-Ojeda et al., 2014] which may
enable comparative studies of the planets’ transits to help glean shape effects from an ultra
short period planet. Limb darkening degeneracies may also be broken by obtaining light
curves in multiple wavelengths using the Spitzer Space Telescope [Werner et al., 2004] and
in the future, the James Webb Space Telescope [Gardner et al., 2006]. Finally, additional
thermal and reflected phase variation effects of an aspherical planet [Budaj, 2011] may
also be helpful in corroborating the in-transit signature of a planet’s shape, particularly
given that these extremely hot planets may lack degeneracy inducing atmospheres. While

ellipsoidal variations in the star which are induced by the planet’s tidal effect may complicate
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this [Loeb and Gaudi, 2003] they may be able to be estimated.

The assumptions made to calculate the specific biases and signatures are not likely
to hold for many systems. However, the general physical principles will apply across a
number of different planet-star systems and should be applicable when considering the
more general question of determining the spin state of a planet. Given that the equilibrium
tide can produce potentially observable signatures for planets around some stars even when
considering rotational deformation, such a signature may produce idiosyncratic signatures
for planets in particular resonances or even more general orbital configurations. This needs
to be explored for simple cases including those that examine gas giants and then also for
more realistic cases that vary orbital parameters. Indeed, there have been dozens of Hot
Jupiters found interior to 2.5 Roche radii of their stars [Gillon et al., 2014, fig. 4]. Finally,
for solid planets it is clear that planetary systems around M dwarfs may be particularly
amenable to exploration of the orbital state and bulk characteristics of a planet due to the
compact nature of allowed systems, the tendency for such stars to host smaller planets and
the simple fact that any planetary effect will have a much larger observational signature
around these smaller stars. This should encourage investigations of M dwarfs in addition to
the current work of the MEarth survey [Nutzman and Charbonneau, 2008] and K2 mission

[Howell et al., 2014] and the planned survey of close and bright M dwarfs by TESS.

3.4.1 Relevance to Existing and Future Data

Further encouragement of investigations of exoplanet asphericity comes from estimates of
how many such planets current and future missions are expected to detect. Table 3.4.1
indicates that there will be a number of aspherical exoplanets detected that may be potential
Rosetta Stones for exoplanet characterization. These estimates were made based upon
occurrence rate estimates for close-in planets combined with the number of M dwarf stars
that will be or have been targeted by different missions - this focus on M dwarfs follows
from the findings of this project which have shown that those are the systems that are most

amenable to exoplanet asphericity characterization. There are two complicating factors that
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will affect yields - magnitude dependent precision of potential targets and the stellar activity
of stars most likely to host characterizable aspherical exoplanets. Since, M dwarfs are less
luminous than larger counterparts, their photometric statistics are often poorer. This results
in coarser precision levels for potential systems. However, the likelihood of multiple transits
due to the close in nature of the planets of interest combined with the purposeful targeting
of the brightest M dwarf candidates is likely to mitigate precision issues to some extent.
The other factor is related to the potential for magnetic activity of host stars to make
planetary and asphericity characterization more difficult. The literature suggests that mid
to late type M dwarfs may possess somewhat greater stellar activity [Browning et al., 2010]
than early type M dwarfs. This additional stellar activity may also make identification
and characterization of asphericity more difficult. However, despite those factors, just the
sheer number of potential aspherical candidates puts the odds in favor of characterization
efforts. In fact, there may already be solid planets in existing archives that have retrievable

asphericity signatures.
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Table 3.1: Expected Aspherical Exoplanet Yields

Mission | Years of Operation | # of M Dwarf Expected Yield"6 Expected Yield of!6
Stars targeted of Characterizable Characterizable Aspherical

Aspherical Rocky Planets | Gaseous and Rocky Planets

Kepler? 2009-2013 ~ 3000 ~ 10 ~ 15
K23 2014-2016 >2000 ~5 ~ 10
TESS? 2017-2020 >1000 >3 >5
PLATO?® 2024-2030 >5000 >13 >25

! Using M dwarf Occurrence Rates of 1% for likely solid planets on sub 1.25 day orbits
and 2.5% for large rocky and gaseous on sub 1.75 day planets on sub 1.75 day
orbits from [Dressing and Charbonneau, 2015]

2 M dwarfs targeted from [Batalha et al., 2010] - yields taken from NASA
Exoplanet Archive

3 Estimate of Targeted M Dwarfs from accepted proposals listed on K2 mission website
4 Information taken from [Ricker et al., 2014]
> [PLATO Study Team, 2013]

6 Probability of transit calculated using a 1.25 day (~25%) and 1.75 day (~20%) orbit
respectively around an M1V star

In figure 3.9, I have plotted Kepler Objects of Interest from the Exoplanet Archive
[Akeson et al., 2013] which are either confirmed or candidate planets of radius<1.6 R, that
have an orbital separation greater than their fluid Roche limit and less than 8 stellar radii
and which orbit stars whose temperature and radii are less than or equal to that of a K
class main sequence star. The expected long to short axis ratios for these are produced
using the same assumptions as in Saxena et al. [2015] and are plotted as a function of their
orbital distance and compared to the expected axis ratios of different sized solid planets
orbiting at comparable distances around M5V, M1V and K class stars. It is apparent that
at least some of these planets have axis ratios greater than 1.03 and may produce signals
which are detectable in their analagous cases. This is particularly interesting given the fact
that this plot actually probably undersells the case that there likely already exists data for
solid planets that have detectable and constrainable asphericity because that plot does not

include several dozen other Kepler candidates that are located interior to their putative
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Largest to Smallest Axis Ratio for Distorted Planets
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Figure 3.9: The ratio of the longest to smallest axis for triaxial ellipsoid planets of 1 and 1.5 R,
orbiting M5V, M1V and K stars. X’s are long/short axis ratio values calculated for specific close
in Kepler Objects of Interest using the methodology in Saxena et al. [2015]. The methodology
includes a bulk rigidity similar to the Earth, a density taken from Weiss and Marcy [2014], and
a circular orbit coplanar with the star’s equator. For 1.5 Earth Radii planets orbiting an M5V

star the ratio can approach 3:2 near the fluid Roche limit and around M1V stars a longest axis
about 10% larger than the shortest axis is typical for both planets near the fluid Roche limit.

This suggests that data for candidates with detectable asphericity lurks in existing archives, and

that a focus on lower mass stars will yield even more targets.

fluid Roche limit (which was the conservative assumption used in the early calculations)
[Sanchis-Ojeda et al., 2014].

Finally, the reason the top half of figure 3.9 doesn’t have as many overlaid Kepler
candidates is a function of the fact that surveys up to this point haven’t targeted the mid

type M dwarfs for which the most unambiguous asphericity signals likely exist. For the
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candidates overplotted here and candidates identified around lower mass stars in Kepler
there is a general bias towards K and early type M dwarf stars [Dressing and Charbonneau,
2013] because of Kepler’s focus on sun-like stars. Thankfully, the near future holds attempts
to fill in this data gap as K2, TESS and the MEarth surveys will all observe some of the
closest and brightest mid type M dwarfs. If the yield resembles what surveys up to this point
have found there will be an urgent need for a way to constrain and interpret asphericity of
detected close in planets and unlock the physical secrets that lurk within those distorted

planets’ signatures.
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Chapter 4: Conclusion including Current and Future Work

The work done as part of this thesis leads to two main conclusions:

e Simplified models for the atmosphere and resurfacing on close-in solid exoplanets indi-
cate that resurfacing on those planets can be significant enough to effect the rotation
of those planets. The resurfacing on these planets may also produce observable transit

signatures.

e An examination of the tidal and rotational distortion of the same planets indicates
that their predicted asphericity should already be observable and will certainly be
observable in the near future. Such asphericity may also be a critical tool in charac-
terizing bulk parameters of these planets and be an important key to understanding

their rotation and climates.

In addition to those projects, a related topic which is currently being explored is an
examination of the effect of planetary asphericity of these planets on the dynamics of their
atmospheres in ways that impact atmospheric retrieval. Given the likely long to short axis
ratios demonstrated for such planets, there exists the potential for effects analogous to
gravity darkening and brightening in their atmospheres. This in turn has the potential to
influence atmospheric retrieval providing potential atmospheric markers even on planets
around larger stars where transit features are not typically extractable. As a result, as-
phericity and it’s subsequent scientific value may be extractable using spectroscopy. This
project will focus on the aspherical length scales where such effects become relevant to the

atmosphere by impacting variables such as atmospheric temperature, pressure and velocity.
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