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Abstract

Over the past 20 years, approximately 1700 planets outside of the solar system have
been found. Known as exoplanets, they represent a great opportunity to answer some
of the deepest questions about the origin and evolution of our solar system. In this
thesis I focus on transiting exoplanets, planets that eclipse their host star from our
point of view, reducing momentarily the stellar flux detected by our telescopes.

In the first part of this thesis, I develop a new method to measure obliquities, the
angle between the spin axis of the star and orbital plane of each of the planets. In
our solar system, the obliquity of all planets is within a few degrees of zero, a natural
consequence of the standard theory of planet formation, in which a rotating envelope
of gas collapses into a disk-shaped protoplanetary disk from which the planets form.
But this is not the case for all exoplanets. Close-in gas giants are frequently found
in orbits that are tilted respect to the spin axis, a sign that some process is altering
the orbits of these planets.The new technique I develop in this thesis uses the passage
of a transiting planet over starspots to obtain information about the obliquity of its
host star. In particular, I show how to use this technique for close-in gas giants with
low and high obliquities, and I extend it to longer orbital periods and multi-planet
systems, where obliquity measurements are scarce and therefore more interesting.

In the second part of this thesis I describe a survey to detect the shortest-period
planets discovered with the Kepler space telescope. In this survey I take a differ-
ent approach to discover ultra-short period transiting exoplanets. A simple Fourier
transform is obtained for every Kepler star, and planets are detected by interpreting
the amplitudes and frequencies of the different peaks of the Fourier spectrum. This
technique has allowed us to detect Kepler-78b, currently the smallest planet with a
mass and radius measurement, with an extreme orbital period of 8.5 hours. The last
chapter of this thesis is devoted to the survey, from which a list of 106 planet can-
didates with orbital periods shorter than one day emerged. The properties of these
planet candidates are ultimately used to understand the characteristics of ultra-short
period planets in general.
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Chapter 1

Introduction

Almost every child becomes familiar with the concept of alien life at an early stage.
There are hundreds of movies, videogames and books devoted to the idea of other
civilizations, living organisms with different appearances, generally with a more ad-
vanced intelligence. It has become increasingly complicated for fiction writers and
conspiracy theorists to depict intelligent alien life living somewhere within our solar
system. It is now common knowledge that most of the planets in the solar system have
been well studied, and it is hard to believe that an advanced solar system civilization
would have stayed out of our reach for so long.

People’s fantasies are of course shifting towards exoplanets (planets outside our
Solar System). Since our own Solar System has at least 8 planets, it always seemed
natural to believe that our galaxy would be filled with millions of planets. But it
was not shown until relatively recent times that in fact these planets exist ([132] in
1995 and later [38] in 2000). The field has evolved so quickly, that it is currently
known that at least 50% of the stars in the sky have a planet [68], and that there
could be billions of Earth-like planets with the right temperatures to support life in
our galaxy [153]. These discoveries have increased our desire to answer some of the
most fundamental questions: are we alone? how did we get here? how did our solar
system form? and our planet?

In this thesis I describe my efforts to contribute to finding an answer to some

of these questions. In particular, I will describe how measuring certain geometric
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properties of exoplanetary systems can get us closer to constraining the mechanisms
involved in the formation of these systems. I will also develop a new and simple
method to discover ultra-hot exoplanets, and even if they are too hot to sustain the
type of intelligent civilization we are looking for, they are helping us to put our own

planet into context.

1.1 How exoplanets are discovered

The most successful exoplanet discovery techniques rely on detecting the effects that
the presence of a planct has on its host star. Planets are generally much smaller
and cooler than their host stars. This means that when observing planctary systems,
most of the light received on Earth comes from the star and not from the planets. For
a few decades now, astronomers, and specifically planet hunters, have learned how to
deal with this inconvenience to successfully detect different types of exoplanets.

The radial velocity technique. When two massive bodies are gravitationally
bound, the solution to the equations of motion tells us that both objects orbit around
their common center of mass with the same orbital period. This principle can be used
to detect exoplanets, by sensing the orbit of the star and inferring the presence of one
or several planets. Fortunately, stars emit a continuum of light (black body radiation)
which is partially absorbed by cooler surface gases at very particular frequencies. This
continuum of light with these absorption lines is referred to as the stellar spectrum.
From this spectrum we can learn many things about the star we are observing, such as
its temperature, surface gravity and composition. But we can also use stellar spectra
to measure the radial velocity of the star, since the absorption line wavelengths are
shifted when the star moves due to the Doppler effect. A shift in wavelength can be
translated into a radial velocity v with the simple formula AM/A = v/c, where ¢ is
the speed of light. Many instruments reach precisions of AA/A < 1078 allowing the
detection of the motion of the star with a precision of a few m/s.

We can quantify what is the expected radial velocity of a star in the presence

of a planet with mass m,, with an orbital period P, inclination i and eccentricity
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e, orbiting a star with a mass M,. The radial velocity of such a star will have a

periodicity P and a semi-amplitude K [122] equal to:

i 284 mysini (M, +m, R P ‘1/3m/s @
V1 —e?2 My, Mg lyr ' '

The shape of the signal will be sinusoidal if the eccentricity, e, is zero, but otherwise
it will show a characteristic shape that will generally allow us to constrain both K
and the eccentricity at the same time. This formula shows that a Jupiter mass planet
with an orbital period of 1 year orbiting a Sun-like star can be easily detected if we
have precisions of a few m/s. But such precisions were not available from the very
beginning, and would certainly not be sufficient to detect an Earth-mass planet with
an orbital period of 1 year. The upper panel of Figure 1-1 clearly shows that there
has been a steady push by the community to be able to characterize low-mass planets
with the RV technique. Only Jupiter mass planets were discovered during the first
decade (M, = 317.8 Mg), and most of them have short orbital periods (the so-called
Hot-Jupiters), which increases the RV semi-amplitude. Year after year, the minimum
mass of all planets detected with the RV method has been decreasing exponentially,
and we currently have already detected Earth-mass planets [56], although with orbital
periods of the order of days rather than years. Uncertainties of the order of tens of
cm/s will be required to reach that milestone, since the radial velocity semi-amplitude

induced in the Sun by the presence of the Earth is only 9 cm/s.

The RV technique is a very powerful one that has yielded over 440 planet detec-
tions to date [233], and it is likely to continue doing so in the next number of years
years. One of the virtues of this method is that in principle, all planets should induce
an RV signal, unless they are completely face-on with respect to our line of sight. This
has been used to quantify how many planets orbit other main sequence stars with a
wide range of planet masses and orbital periods [93]. The RV technique has reached a
point where given enough observations, and a low level of stellar jitter (which hinders
our ability to detect small planets), we can currently detect planets in almost every

nearby Sun-like star. However, the main problem with this technique is that in most
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Figure 1-1: A selection of planets discovered to date.

Upper panel: The Radial Velocity method has discovered 440 planets to date [233]. It
provides us with the mass of the planet multiplied by the sine of the orbital inclination.
Improvements on the different instruments and techniques have led to a steady decline of
the minimum mass measured over time. We have reached a point where measuring the
mass of Earth-mass planets is not only possible, but will become common in the next few

years.

Lower panel: When the planet transits the star, its radius can be measured, and also the
orbital inclination. This leads to a measurement of the mass, which in turn can be used to
obtain the planet density, a helpful quantity to constrain the composition of an exoplanet.
There are 213 planets for which we know the mass and radius with enough precision [233],
and we can now start to study the composition of planets smaller than 2Rg. Planets
discovered with the Kepler telescope (a total 53) have been highlighted in red to show that

most of the small planet science is now driven by space telescopes.
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cases it only provides a lower bound on the planet mass, and no information about

the planet radius.

The transit technique. The relative flatness of our Solar System, where most of
the planetary orbits are found near the same plane, provides us with the opportunity
to observe the inner planets, Mercury and Venus, passing in front of our own Sun.
It was expected that something similar will happen with some exoplanets; assuming
that planetary systems are randomly oriented in our galaxy, a fraction of them should
be oriented such that some planets pass in front of their host stars. One only needs
to monitor the photometric flux of those stars that have transiting planets and wait

until one of them transits, blocking a small fraction of the received starlight.

Even if the transit technique sounds technically easier than the RV technique, im-
portant shortcomings discouraged most planetary scientists from trying to detect the
first planets with a transit survey. If we use the solar system as an example (and this
was the only example 25 years ago), an Earth-like planet would transit the Sun only
once per year for about 6 hours, and it would require a relative photometric precision
of 100 parts per million to detect the transit (precision that is rarely achievable from
the ground even with the largest telescopes). And this assumes that we know which
star has a transiting planet. In reality, only 1 out of 200 stars with an Earth-like
planet would be oriented in such a way that we could see the transits of the planet.
Without a priori knowledge of the fraction of stars with any type of planets, it looked

like the transit technique would have a very limited applicability.

Things changed dramatically with the discovery of the first planets, most of them
Hot-Jupiters, with orbital periods of only a few days. Suddenly, there was a group of
stars that clearly had a planet, for which the probability of transit was of the order of
10% and for which the transits could be detectable with ground based telescopes (the
transit depth is approximately the ratio of projected areas between the planet and the
star, 1% for Jupiter-size planets orbiting Sun-like stars). It was in 2000 when transits
where detected for first time for HD 209458b ([38], [82]). The orbital inclination was
hence known precisely (close to 90° for transiting planets) allowing a determination of

the planet mass using the RV semi-amplitude, and also the planet radius was known

21



from an analysis of the transit light curve. Knowledge of the mass and radius of a
planet leads to interesting constraints on its composition, since for example gaseous

planets have low densities while rocky planets have densities similar to that of Earth.

The detection of the transits of HD 209458b led to something even more important,
the era of transit surveys. With strong indications that close-in Hot-Jupiter could
be common (we currently know there is approximately one in every hundred stars),
a survey capable of doing 0.5-1% precision photometry on hundreds or thousands of
stars could detect many transiting planets, planets for which we would not only know
the radius, but we could also use the RV technique a posteriori to measure their masses
and densities. The lower panel of Figure 1-1 shows 213 planets for which we currently
know the masses and radii, allowing for interesting studies of their composition and
diversity (see for example [223]). Until 2009, most of these exoplanets had been found
by ground based transit surveys like WASP [157] or HATNet [7], and most of them

were Hot-Jupiters.

Things changed dramatically with the launch of two space based missions. First
CoRoT sfarting in 2008 [11] and then Kepler in 2010 [23], inaugurated the era of
space-based transit surveys. From space, a telescope can monitor the same star for as
long as required, something impossible from most telescope sites on the ground due
to the Earth’s rotation. Additionally, it is possible to achieve greater photometric
precision in the absence of an atmosphere in between the source and the telescope
(see Figure 1-2). These two factors have finally allowed the detection of more than
3000 planets, with much longer orbital periods, and much smaller sizes. To emphasize
this point, Kepler planets with measured masses and radii are shown on the lower
panel of Figure 1-1 as red dots, showing how Kepler has allowed us to characterize a
large sample of small planets. But this is not the only new window opened by space
transit surveys, and most of this thesis can serve as examples of the new types of

analyses that one can do with such a rich dataset.

Other techniques. There are other techniques that can be used to detect exo-
planets. In fact, the first exoplanets were discovered thanks to the effect that they
have on the timings of the neutron star pulsar that they orbit [232]. This type of
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Figure 1-2: The Kepler telescope.
Upper left panel: Representation of the Kepler telescope. (Credit: NASA /Kepler mission)
Upper right panel: Image of the Kepler field, situated in the northern hemisphere between
Lyra and Cygnus. (Credit: Carter Roberts)
Lower panel: A reproduction of the light curves of the first five planets discovered by
Kepler, showing the great precision obtained with only a few weeks of observations. (Credit:
NASA /Kepler mission)
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planet has never received as much attention as the other planets discussed in this
section since they probably do not have much in common with solar system planets

due to their extreme environments.

Another technique is astrometry. For nearby stars, it should be possible to detect
the true orbit of the host star on the sky, rather than obtaining the radial velocity
through indirect methods, by simply detecting the angular displacement relative to
background stars. There have been several claims of planets detected with astrometry
alone, but none that has been confirmed to date. This is bound to change with the
European astrometric mission GAIA, which will obtain the position of up to a billion
stars with great accuracy several times per year. Early estimates show that GAIA

could detect hundreds of long period massive exoplanets [199].

One of the most promising techniques is direct imaging, because it is relatively easy
to study the atmosphere of a directly imaged planet, by taking images at different
wavelengths. A normal image of a planetary system will generally reveal only the
presence of the host star, but it is now possible to remove a large fraction of the
starlight and detect the presence of high luminosity planets. So far, only very young
self-luminous planets have been detected, with the 4 planet system HR8799 as one of

the most famous examples [128].

Finally, it is also possible to detect planets via gravitational microlensing. When a
foreground star passes in front of another star at a really close sky-projected distance,
it can act as a lens, magnifying the amount of light coming from the lensed background
star. If the lensing star has a planet, there is a chance that the planet will also act
as a lens, modifying the magnification pattern. This technique has been used to
detect several planets to date, such as OGLE 2003-BLG-235/MOA 2003-BLG-53, a
2.6 Jupiter mass planet [19], and has the potential to help us understand the frequency

of long period, low mass, planets orbiting main sequence stars.
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1.2 The formation of exoplanetary systems

It is now clear that exoplanets are very common, which means that the process of
forming exoplanets must be quite efficient. For the longest time, astronomers only
had information about our own solar system to constrain the different theories of
planetary systems formation. The Sun’s planets all orbit in the same direction, which
is nearly aligned with the spin of the Sun, and have roughly coplanar orbits. These
clues suggest that the solar system formed from a disk-shaped structure, and it was
hypothesized that such a structure was the result of the collapse of a rotating envelope
of gas surrounding the young Sun. Indeed, the collapse of a rotating sphere of gas

must flatten out into a disk in order to conserve angular momentum.

The material of the protoplanetary disk quickly grows from tiny dust particles
into kilometer size protoplanetesimals. These protoplanetesimals start to collide with
each other, giving birth to planetary cores that can grow up to masses of 5-10 Mg.
When that happens, the planet can start accreting gas, and a gas giant is formed.
If that critical mass is not reached, or there is not enough gas left on the disk, the
planetary core stops accreting mass and remains as a rocky planet. All these planets
will have near-circular orbits that will follow the direction of rotation of the original
disk, which is the same as the direction of the spin of the star. In principle, the orbits
of the planets could remain near the plane of the protoplanetary disk, provided there
are no strong planet-planet interactions, which also explains the coplanarity of the

solar system planets.

In our solar system, rocky planets are found closer to the Sun than gas giants.
The conventional theory for planet formation also has an explanation for this. It is
much easier to form gas giants farther away from the stars because temperatures are
lower, allowing certain hydrogen compounds such as water or ammonia to condense
and form solid ice grains. Sometimes a fiducial line is defined, called the ”snow line”,
as the distance from the Sun at which the temperature is approximately 150K, a
temperature that allows the condensation of the mentioned compounds. In the solar

system, all gas giants are beyond the snow line (situated at approximately 5 AU),
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whereas the rocky planets lie within that line.

Once the solar system was explained with this simple but self-consistent theory of
planet formation, many astronomers believed that most planetary systems would be
similar to our own. Arguably, this theoretical bias might have delayed the detection of
the first exoplanets, since as we argued before, our current technologies have barely
started to reach the required precision to detect planets like the ones in the solar
system.

The presence of protoplanetary disks similar to the ones predicted in this theory,
found in many young stars in the solar neighbor, confirms the collapsing envelope
scenario. But this theory cannot explain the existence of Hot-Jupiters. These planets
are all found very close to their host stars, well within the snow line. The next section
is devoted to explain any evidence for how these planets evolved into their current

orbits.

1.3 Obliquities of Hot-Jupiter hosts

The puzzling discovery of Hot-Jupiters was turned into a great opportunity to learn
about different process that can alter the structure of a planetary system. In principle,
a primordial planet system will have planets with circular orbits oriented in the same
direction as the spin of the star. The detection of moderate to high eccentricities for
some planets (see for example [32]) was considered a good argument for additional
interactions with other bodies or with the protoplanetary disk, interactions that were
shaping the orbits of the Hot-Jupiters. However, the strongest argument was the
discovery of the first planets for which the orbit of the planet is tilted with respect
to the stellar equator ([81], [228]).

The obliquity, or spin-orbit angle, of an exoplanetary system is the angle between
the spin axis of the star and orbital axis of the planet. A commonly used technique
to measure the obliquity of exoplanet systems is the Rossiter-Mclaughlin (RM) effect
[231], which is the spectroscopic equivalent of a planet transit. Since the planet blocks

a certain part of the rotating stellar surface, an additional Doppler shift is observed
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which depends on the sky-projected obliquity of the system. Thanks to this effect,
the obliquity of many Hot-Jupiters systems has been found to be rather large ([226],
(214], [6]).

There are two possible ways to explain why the Hot-Jupiters have been found to
be misaligned. One is that the spin axis of the star can get tilted with respect to
the original position of the protoplanetary disk, either through magnetic interactions
[107], chaotic accretion [17] or torques from neighbor stars. In this scenario the
Hot-Jupiters migrate inwards on the disk to get to their close-in orbits, and the
high obliquities observed are a consequence of the star-disk misalignment. The other
possible explanation is that dynamical interactions, such as planet-planet scattering
[170] or the interaction with a massive third body via Kozai cycles [58], can tilt the
orbits of the planets. The third body is required to have a certain inclination with
respect to the plane of the star-planet system. This is what causes the Kozai cycles, in
which both the orbital eccentricity of the planet and the obliquity of the host star can
reach very large values. Large eccentricities lead to small periastron distances, which
increase the interaction between the planet and its host star. Tidal interactions then
circularize and shrink the orbit, explaining the close-in orbits of the Hot-Jupiters. In
this case, the high obliquities observed are a consequence of the history of dynamical

interactions in the system.

The first part of this thesis is devoted to developing a new method to measure
the obliquities of exoplanetary systems using photometry alone, with the hope of
contributing to our understanding of how Hot-Jupiters reached their current positions
and how other types of systems could have formed. The second part of the thesis
is dedicated to the study of another family of planets that has likely migrated from
their original orbits as well, rocky planets with orbital periods shorter than 1 day.

The study of planets that have migrated is the central topic of the complete thesis.
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1.4 Thesis overview

Chapters 2 through 6 are devoted to the description and application of a new method
of measuring the obliquity of exoplanetary systems. The technique uses the passage
of a planet over starspots to obtain information about the obliquity of its host star.
The essence of the technique is the following: if a system has a low obliquity, an
occulted spot should be occulted in consecutive transits, since the trajectory of the

spot will be parallel to the trajectory of the planet.

In Chapter 2, the foundations of this new technique are explained for the first
time, and applied to the ground based transit light curves of WASP-4b obtained with
the Magellan telescope. Chapter 3 deals with a different type of system, HAT-P-11, in
which the planet’s orbit is highly tilted with respect to the stellar equator. This gives
rise to a particular geometry in which the planet transits from one stellar pole to the
other. The exquisite Kepler photometry clearly shows that the spots are concentrated

in two active latitudes, a configuration similar to what is observed in the Sun.

Chapter 4 describes the measurement of the obliquity of the first multi-transiting
planetary system, the three planet system Kepler-30. The low obliquity of the system
is similar to that of the solar system, and it might imply that coplanar multi-planet
systems might be less frequently misaligned than Hot-Jupiters. Chapter 5 explains
the case of Kepler-63b, a gas giant with an orbital period of 9.4 days orbiting a
young solar analog. The high obliquity of the host star is demonstrated both via the
RM effect and using the starspot-crossing technique. Finally, Chapter 6 describes an
effort to catalog all possible targets for this new technique in the Kepler database.
The obliquity of 5 new single transiting systems is shown to be low with a few simple

arguments, showing the potential of the technique applied to a large sample.

The thesis takes a turn on Chapters 7 and 8 to discuss close-in rocky planets.
Different authors have worked on the idea that Hot-Jupiters might loose their atmo-
spheres due to the high levels of irradiation received from the stars. If that is the case,
the cores of these Hot-Jupiters could be discovered transiting Kepler stars. These two

chapters describe a survey to detect small objects transiting Kepler stars with orbital
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periods shorter than 1 day. Chapter 7 describes in detail the most exciting planet
discovered in the survey, Kepler-78b, an Earth-size planet with an orbital period of
8.5 hours. Chapter 8 describes the full survey and draws important conclusions about
these new family of planets, mostly arguing against the idea that these planets are
former cores of gas giants. The conclusions of the thesis can be read in Chapter 9.
The material of Chapters 2-5 and 7-8 have been already published ([179], [177],
[174], [176], [180] and [175]). The material in Chapter 6 has not been published or

submitted to a journal yet.
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Chapter 2

First obliquity measurement using

the starspot-crossing effect

Published as: “Starspots and Spin-orbit Alignment in the WASP-4 Ezoplanetary
System” Sanchis-Ojeda, R., Winn, J.N., Holman, M.J., Carter, J.A., Osip, D.J.,
Fuentes, C.I. 2011, ApJ, 733, 127.

We present photometry of four transits of the exoplanet WASP-4b, each with a
precision of approximately 500 ppm and a time sampling of 40-60 s. We have used the
data to refine the estimates of the system parameters and ephemerides. During two
of the transits we observed a short-lived, low-amplitude anomaly that we interpret as
the occultation of a starspot by the planet. We also find evidence for a pair of similar
anomalies in previously published photometry. The recurrence of these anomalies
suggests that the stellar rotation axis is nearly aligned with the orbital axis, or else
the star spot would not have remained on the transit chord. By analyzing the timings
of the anomalies we find the sky-projected stellar obliquity to be A = 1*}2 degrees.
This result is consistent with (and more constraining than) a recent observation of
the Rossiter-McLaughlin effect. It suggests that the planet migration mechanism
preserved the initially low obliquity, or else that tidal evolution has realigned the

system. Future applications of this method using data from the CoRoT and Kepler

satellite will allow spin-orbit alignment to be probed for many other exoplanets.
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2.1 Introduction

Spots on the host stars of transiting planets have generally been regarded as a nui-
sance. They interfere with the determination of the planet’s properties, by causing
variations in the transit depth, producing chromatic effects that can be mistaken for
atmospheric absorption, and causing anomalies in individual light curves when spots

are occulted by the planet (see, e.g., [165], [102], [36]).

Silva-Valio pointed out [190] that starspots may be helpful in one respect: obser-
vations of spot-occultation anomalies in two closely-spaced transits can be used to
estimate the stellar rotation period. In effect, the planet is used to reveal the longi-
tude of the spot during each transit. For the particular case of Corot-2, this method
has been used [192] to estimate the rotation period and study the distribution, shape
and intensity of the spots. The rotation period of TrES-1 has also been estimated

using starspot anomalies [53).

In this paper we show how the recurrence (or not) of starspot anomalies can
also be used to test whether the stellar rotation axis is aligned with the planet’s
orbital axis. Specifically, starspot anomalies are an alternative means of measuring or
bounding A, the angle between the sky projections of the angular momentum vectors
corresponding to stellar rotation and orbital motion. Previous spot-modeling efforts
([192], [53]) were restricted to values of A that were permitted by prior observations
of the RM effect, but as we will show, it is possible to obtain tighter constraints on

A using only spot anomalies.

As many authors have pointed out, measurements of stellar obliquities are impor-
tant clues about the processes of planet formation, migration, and subsequent tidal
evolution (see, e.g., [162], [146], [231], [226], [61], [214], [137]).The other main method
for measuring A is the Rossiter-McLaughlin (RM) effect, an anomalous Doppler shift
that is observed during transits due to the partial eclipse of the rotating star (see,
e.g., [162], [146], [71]).

The particular system studied here is WASP-4b, a giant planet that transits a
G7V star with a period of 1.34 days [224]. Refined parameters for this system were
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prescnted by [227], [74], and [198]. Observations of the RM effect by [214] revealed
the orbit to be prograde but gave only weak constraints on the projected obliquity:
A= 4o

This paper is organized as follows. In Section 2.2 we report on observations of
four different transits of WASP-4b. In Section 2.3 we identify the anomalies that
are interpreted as spot-crossing events, and use the remaining data to compute new
system parameters. In Section 2.4 we model the light curves by taking the star spot
to be a circular disk with a lower intensity than the surrounding photosphere. In
Section 2.5 we determine A using a simpler geometrical model, which does not make

strong assumptions about the size or shape of the spots. Finally, in Section 2.6 we

discuss the results and possible future applications of this method.

2.2 Observations and Data Reduction

We observed the transits of UT 2009 August 02, 06 and 10, and also 2009 Septem-
ber 26, with the Baade 6.5m telescope. This is one of the two Magellan telescopes
at Las Campanas Observatory in Chile. We used the Raymond and Beverly Sackler
Magellan Instant Camera (MaglC) and its SITe 2048 x 2048 pixel CCD detector, with
a scale of 07069 pixel™!. At the start of each night, we verified that the time stamps
recorded by MaglC were in agreement with GPS-based times to within one second.
To reduce the readout time of the CCD from 23 s to 10 s, we used the same technique
as was used by [227]: we read out a subarray of 2048 x 256 pixels aligned in such
a manner as to encompass WASP-4 and a nearby bright comparison star of similar
color. The telescope was strongly defocused to spread the light over many pixels, al-
low for longer exposures without saturation, and reduce the impact of natural seeing
variations. On each night we obtained repeated z-band exposures of WASP-4 and the
comparison star for about 5 hr bracketing the predicted transit time. Autoguiding
kept the image registration constant to within 10 pixels over the course of the night.

On the first, second, and fourth nights the skies were nearly cloud-free; the third

night was partly cloudy for a short duration, and the data from that time range were
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Table 2.1. Observations of WASP-4

Date Epoch Number of Cadence Airmass RMS Estimated

[uT) data points [s] [ppPm}  noise [ppm)]
2009 Aug 02 260 369 56 148 = 1.02 & 1.11 442 316
2009 Aug 06 263 406 56 148 —» 1.02 —» 1.21 452 315
2009 Aug 10 266 365 55 1.34 — 1.02 — 1.30 487 318
2009 Sep 26 301 355 41 1.41 — 1.02 — 1.03 588 373

excised. In all cases the observations bracketed the meridian crossing of WASP-4
and the maximum airmass was 1.5. We used custom IDL procedures for overscan
correction, trimming, flat-field division and photometry. The flat field for each night
was calculated from the median of 80-100 z-band exposures of a dome flat screen.
We performed aperture photometry of WASP-4 and the comparison star, along with
sky regions surrounding each star. Then we divided the flux of WASP-4 by the
flux of the comparison star. Trends in the out-of-transit (OOT) data were observed
and attributed to color-dependent differential extinction, for which a correction was
applied in the form

AMeor = Amgs + Amg + k2 (2.1)

where z is the airmass, Amgys is the observed magnitude difference between the target
and comparison star, Am.e, is the corrected magnitude difference, Amy is a constant
used to normalize the OOT flux to one and k is a parameter that quantifies the
strenght of the differential extinction. Table 2.1 is a summary of the observations,
incuding the standard deviation of the OOT flux, and the theoretical Poisson noise.

Figure 2-1 shows the light curves, along with four light curves published previously

[198].

2.3 Starspots and System Parameters

The Magellan light curves are well-fitted by a standard transit model, except for two
anomalies that are visible in the third dataset (E = 266, t ~ —0.05 hr since mid-
transit) and the fourth dataset (F = 301, t &~ +0.55 hr since mid-transit). These
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Figure 2-1: WASP-4 transit light curves and starspot anomalies.

Upper panel: Four different transits observed in the z-band with the Magellan/Baade 6.5m
telescope. The solid curve shows the best-fitting transit model. The bottom two transits
display anomalies in the residuals that we interpret as spot-crossing events. The residuals
are shown below, with curves representing a simplified spot model (see Section 2.5). Lower
panel: A similar presentation of the four R-band transit light curves presented by [198].
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anomalies are interpreted as the temporary brightening of the system as the planet
moves away from an unspotted portion of the stellar disk and onto a starspot. Because
the starspot is relatively cool and dark compared to the surrounding photosphere, the
fractional loss of light due to the planet is temporarily reduced and the received flux

slightly rises.

The first step in our analysis was to excise the anomalous data and use the rest of
the data to update the basic system parameters. For this purpose we fitted the four
new data sets simultaneously with the two datasets presented by [227], which were
obtained with the same telescope and instrument. We used a standard transit model
with a quadratic limb-darkening law [125]. We assumed the orbit to be circular,
since no eccentricity has been detected with any of the existing radial-velocity data
([224], [123], [160]). There were 30 adjustable parameters: 6 midtransit times, 6
transit depths (since unocculted starspots may cause variations in transit depth),
2 limb-darkening coefficients, the impact parameter (b), the stellar radius in units
of the orbital distance (R./a), and 2 parameters per time series for the differential
extinction corrections.! We refer the reader to the previous paper with the analysis
of the first two datasets for a more detailed explanation of the parameter estimation
method, which is based on the Monte Carlo Markov Chain technique, and takes
correlated noise into account using the “time-averaging” method, in which the ratio
B is computed between the standard deviation of time-averaged residuals, and the
standard deviation one would expect assuming white noise. This method gave values

of p =1.26, 1.15, 1.00, and 1.39 for the four new light curves.

The best-fitting light curves are shown in Figure 2-1, and the results for the
parameters are in Table 2.2. All parameters agree with the previously published
data, and the theoretical limb darkening coefficients are 0.25 and 0.31 [41], which
are about two sigma away from our results. The data prefer a smaller center-to-limb
variation (smaller u; +uy) than the tabulated limb-darkening law. The six individual

transit depths (i.e., the individual values of (R,/R.)?) had a mean of 0.02386 and

1Following [227], we consider the two disjoint segments of the 2008 August 19 observation as two
separate time series, for a total of 7 time series.
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a standard deviation of 0.00029, as compared to one sigma uncertainties of about
0.00014. This suggests that the transit depth is variable at the level of ~ 0.00025
or 1%. Such variations could be produced by starspots that are not necessarily on
the transit chord. During each transit, a different pattern of starspots may appear
on the visible hemisphere of the star, causing variations in the fractional loss of light
due to the planet. Since the ligh-curve anomalies implicate individual spots with a
fractional loss of light of only 0.1% — 0.2%, the observed transit depth variations of

~ 1% would have to be caused by larger individual spots, or multiple spots.

The detection of two anomalies in the Magellan data prompted us to search for
similar anomalies in previously published data. The only sufficiently precise light
curves we found were the single z-band light curve presented by [74], which does not
display any obvious anomalies; and the four R-band light curves by [198], two of
which do indeed display anomalies similar to those we found in the Magellan data.
All four of the [198] light curves are shown in Figure 2-1. Compared to the Magellan
data, the R-band data have a scatter that is 40% larger and a sampling rate three
times slower, but anomalies can still be seen in the second dataset at t = —0.4 hr and
(less obviously) in the third dataset at ¢ = 0.6 hr. In [198] these anomalies were also

noted and the possibility that they were caused by starspot occultations.

To refine the transit ephemeris, and search for any departures from strict periodic-
ity, we fitted the midtransit times with a linear function of epoch. Before doing so we
checked on the robustness of the uncertainties by employing an alternative technique,
a bootstrap method based upon cyclic permutations of the residuals. The differences
between the two methods of estimating uncertainties were no greater than 20%. To
be conservative, the ephemeris was computed using the larger of the two uncertainty
estimates. The uncertainties quoted in Table 2.2 also represent the larger uncertain-
ties. Figure 2-2 shows the observed minus calculated (O—C) midtransit times. The
best fit to the 6 Magellan transit times gives x% = 20 with 4 degrees of freedom. When
we also included the other 9 data points reported by [198],2 we found x? = 34.96 with

2To place all the data onto the same time standard, we used the code by [57] to convert HIDyrc
to BJDrps.
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Table 2.2. System Parameters of WASP-4b

Parameter Value 68.3% Conf. Limits
Transit ephemeris:
Reference epoch [BJDTpp] 2454697.798226 +0.000048
Orbital period [days] 1.33823187 +0.00000025
Transit parameters:
Midtransit time on 2008 Aug 19 [BJDtpg] 2454697.798151 +0.000056
Midtransit time on 2008 Oct 09 [BJDtpp} 2454748.651175 +0.000049
Midtransit time on 2009 Aug 02 [BJDtpp] 2455045.738643 +0.000054
Midtransit time on 2009 Aug 06 [BJDtpp] 2455049.753274 +0.000066
Midtransit time on 2009 Aug 10 [BJDtpg] 2455053.767816 +0.000053
Midtransit time on 2009 Sep 26 [BJDtpp] 2455100.605928 +0.000061
Planet-to-star radius ratio, R,/R,* 0.1544 +0.0009
Orbital inclination, 7 [deg] 88.80 —0.43, +0.61
Scaled semimajor axis, a/R, 5.482 —0.022, +0.015
Transit impact parameter, b = acosi/R, 0.115 —0.058, +0.040
Transit duration [hr] 2.1585 —0.0036, +-0.0038
Transit ingress or egress duration [hr] 0.2949 —0.0025, +0.0030
Linear limb-darkening coefficient, u; 0.305 +0.023
Quadratic limb-darkening coeflicient, uo 0.173 +0.089
Mass of the star, M, [Mg]® 0.92 +0.06
Semimajor axis [AU] 0.02312 +0.00033
Radius of the star, R. [Rg) 0.907 —0.013, +0.014
Radius of the planet, R, [Ryup] 1.363 +0.020

Note. — The quoted result for each parameter represents the median of the a
posteriori probability distribution for that parameter, derived from the MCMC method
and marginalized over all other parameters. The confidence limits enclose 68.3% of the
probability, being based on the 15.85% and 84.15% levels of the cumulative probability
distribution.

aRepresents the weighted average of the 6 different results for the planet-to-star
radius ratio. The standard deviation of these 6 results is used as the error of the final
value.

PThe stellar mass of 0.92 +0.06 M, was adopted based on the analysis of [227], and
used to derive the following three parameters.
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13 degrees of freedom.

The probability of obtaining such a large x? with only random Gaussian noise is
only 0.08%. One possibility is that the transiting planet’s orbit is being perturbed by
the gravity of another planet or satellite. Another possibility is that the light curves
are affected by low-level starspot anomalies (not visually recognized and excised)

which are biasing the estimates of the midtransit times.

The order-of-magnitude of the apparent timing anomalies caused by occulted spots
can be estimated as follows. We write the observed light curve as 1 — §(¢) + 65(¢),
where §(t) is the fractional loss of light due to the planet, and §,(¢) is the anomaly
due to the occultation of a starspot. Then the shift in the centroid of the light curve

due to the spot anomaly is

_ =0 + 0,0 (—to) dt [ o,(t) (t—tc) dt
Atopor = fA-0@)+6,(0)] d¢ ~  [1—6@)]dt ’ (22)

where t. is the centroid of the idealized light curve. The simplification of the nu-
merator is due to definition of ¢., and the simplification of the denominator assumes
the perturbation is small. The spot anomaly &,(t) can be modeled as a triangular
function of amplitude A;, duration T, and midpoint t,. For a spot smaller than the
planet, the duration T} is approximately (R,/R.)T, where T is the time between the

ingress and egress midpoints. In such cases T, <« 7', and Eqn. (2.2) simplifies to

%AsTs (ts - tc)

Atgpey = 22222 </ 2.3
=~ R RYT (22)
and for a spot anomaly at ingress or egress (ts — ¢, = £T/2),
ATy As T
Atgpor ® T———— = (£23 , 24
vot ~ 3Ry (23 5) (1500 ppm) (0.4 hr) (24)

where the numerical factors are based on the observed WASP-4 parameters (see the
next two sections and Table 2.3, giving the results of photometric spot modeling).
The spot anomalies we identified have A, ~ 1500 ppm, but if the very same spot

had been crossed on the limb of the star rather than near the center of the disk,
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the anomaly would have been reduced by a factor of a 3-5 due to limb darkening
and geometrical foreshortening, giving A; ~ 300-500 ppm. Such a small anomaly
would not have been readily detected as a clear “bump” in our data, and according
to Eqn. (2.4) it would have produced timing noise of order 5-10 s, which is consistent
with the excess scatter observed in the calculated transit midpoints.3

We conclude that timing offsets due to starspot anomalies are a plausible ex-
planation for some (and perhaps all) of the excess timing noise that was observed.
Confirming the hypothesis of gravitational perturbations would require the detection
of a clear pattern in the residuals rather than just excess scatter (see, e.g., {89]), and
is not possible with this relatively small number of data points. Table 2.2 gives the
results for the reference epoch and orbital period, based on the 15-point fit, and with
uncertainties based on the internal errors of the linear fit multiplied by m,

where Nyt is the number of degrees of freedom.

2.4 Spot model: photometric

A central question for our study is whether each pair of starspot anomalies was caused
by occultation of the same spot. One issue is whether a spot could last long enough
to be occulted twice. The two anomalies seen in our data were separated in time
by 47 days, and the pair of anomalies in the [198] data were separated by 31 days.
On the Sun, individual spots last from hours to months, with a lifetime proportional
to size following the so-called GW rule ([76], [220]): Ao = WT, where A is the
maximum spot size in MSH (micro-solar hemispheres), T is the lifetime in days, and
Wo = 10.89 £ 0.18 [155]. The photometric amplitude of the WASP-4 anomalies is =
0.2%, suggesting that the spot area is of the same order of magnitude, and giving a

GW lifetime of 180 days. However, the application of this rule to WASP-4 requires an

3We also used the photometric spot model described in § 4 to confirm that the same spots that
produced detectable anomalies could also produce timing noise of 5-10 s. Specifically, we computed
an idealized transit model 4(t) and added a spot model 8,5(t) based on the same spot parameters
that were inferred from the actual data, but centered on the ingress rather than near midtransit.
We then added Gaussian noise to mimic the actual data and fitted the resulting time series to derive
the midtransit time. The offset was 8 s.
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Figure 2-2: Transit timing variations of WASP-4b.

Upper panel: Transit timing residuals for all 15 midtransit times based on this work and
others in the literature. Lower panel: close-up of the data from the last two years,where
the excess of scatter is more noticeable due to the smaller uncertainties.

extrapolation, since the implied spot size is several times larger than most sunspots
[196]. A more recent publication [83] studied larger spots, and found them to follow

the same rule, but with a relatively small sample size.

From this perspective it is plausible that each pair of anomalies represents two
passages of the planet over the same spot. However, the spot that was observed with
Magellan is not likely to be the same spot that was observed by [198] because those
two groups of observations were conducted one year apart. This conclusion is borne

out by the modeling described below.

Another issue is whether the amplitudes and durations of both events in a pair
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are consistent with passage over a single spot. A photometric spot model will make
specific predictions regarding the observable anomalies, based on the stellar limb-
darkening law, the geometrical foreshortening of the spots and the orbital velocity of
the planet. We are reluctant to take such a model too seriously, given the unknown
shape of the spot and the potential for time variations in its shape and intensity. In
the case of the Sun, spots reach their maximum size within a few days and then shrink
with time at a rate of about 30 MSH day~! [196]. Another complication is that spots
can migrate to different latitudes, although for the Sun this migration amounts to
fewer than 5 degrees [83]. Nevertheless we used a model with static spot properties
to perform a consistency check on the hypothesis that the same spot was occulted

twice.

The orientation of the star was parameterized by A, the sky-projected spin-orbit
angle, and i,, the inclination of the stellar rotation axis with respect to the line of
sight, using the coordinate system of [146]. The visible hemisphere of the star was
pixellated with a 241 x 241 Cartesian grid (enough to allow for fast computations
with tolerable discretization error), and the pixels were assigned intensities using
a quadratic limb-darkening law. The planet’s trajectory was computed from the
known orbital parameters, and zero intensity was assigned to those pixels covered
by the planet’s silhouette. The spot was taken to be a circle of lower intensity on
the stellar photosphere, and its geometrical foreshortening was taken into account in
assigning intensities to the affected pixels. The intensity distribution within the spot
was taken to be a Gaussian function with a truncation radius equal to three times the
standard deviation of the distribution. (We also tried modeling spots with a constant
intensity, which gave qualitatively similar results.) The model had seven adjustable
parameters: the stellar orientation angles A and i,, the rotation period of the spot,
the spot intensity and radius, and the initial longitude and latitude of the spot at the

time of the first anomaly.

For simplicity we studied the well-aligned case A = 0°, 7, = 90°. The best-fitting
model is displayed in Figure 2-3. The amplitudes and durations of the anomalies are

fitted well, and the optimized rotation period is 22.2 days, i.e., the second anomaly
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was observed slightly more than two complete rotations after the first anomaly. This
is within the broad range of periods, 20-40 days, that is expected for a main-sequence
G7 star (see, e.g., [12], [185]). In addition, this value for the rotation period agrees
with the value that can be estimated from the sky-projected rotation rate vsini, and

the stellar radius R, according to

27 R,

v8in g

sings = (21.5 £ 4.3 days) sini;, (2.5)

Prot ~

where we have used vsing, = 2.14+ 0.37 km s™! from the work of [214], and R, =
0.907 + 0.014 Rg from our analysis.

In the best-fitting model, the spot’s intensity profile has a maximum contrast of
32% with respect to the surrounding photosphere. Modeling both the photosphere
and the spot as blackbodies, and using Teg = 5500 K for the photosphere [224], the
corresponding spot temperature is 4900 K. The spot radius is 0.05 R,, implying that
it is significantly smaller than the planet (0.15 R,). The spot radius and intensity

contrast are highly correlated; only their product is well determined.

The fit seems reasonable in all respects and correctly predicts the nondetection
of anomalies during the first and second nights of observations. Other local minima
in x? can be found involving a larger number of rotations between anomalies, with
P, = 15.1 or 11.4 days, but these give Ax? ~ 10 relative to the global minimum
and rotation periods outside of the expected range. A similar analysis of the [198]
data shows that the spot is about the same size, and gives possible rotation periods
of 25.5 days and 14.0 days, of which the former is closer to the Magellan result and

to the expected value.

We concluded from this exercise that each dataset (ours and that of [198]) is
consistent with a single spot and a star that is well-aligned with the orbit. We
decided not to pursue the implications of this photometric starspot model further,
given that the simplifying assumptions (such as a circular, unchanging spot) lead
to more significant uncertainties than the photometric uncertainties. In particular,

the results for A and its uncertainty would depend on the assumed shape of the
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spot, because the planet trajectories with A # 0 could graze the spot at different
angles during each encounter. Instead we used a simplified model constrained almost

exclusively by the timings of the anomalies, as described in the next section.
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Figure 2-3: Spot-crossing events modeling.
Four panels showing the best fitting light curve of the 2D grid model with circular spots on
the left, with the corresponding simulation of the position and size of the spot during that

particular transit on the right.
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2.5 Spot model: geometric

The recurrence of the anomaly at a later phase of the transit favors the configuration
where the orbital angular momentum and the axis of rotation of the star are aligned,
because in such a situation the trajectories of the spot on the surface and the planet
would be almost parallel. The purpose of the geometric model described in this section
is to quantify this statement, based only the observed times of the anomalies, without
attempting to model complicated and largely irrelevant aspects of the situation such
as the full range of possibilities for the spot size, intensity, and possible nonuniform

motions.

To measure the times and gain an appreciation of the statistical significance of
each feature, we used a simple triangular model for each anomaly. The triangular
model is overplotted upon the residuals in Figure 2-1. Table 2.3 gives the results
for the parameter values. As shown in the last few rows of that table, the first
three spot anomalies (the two Magellan anomalies, and the first Southworth et al.
anomaly) are detected with relatively high confidence. The spot model includes 3
extra free parameters, and improves the fit by Ax? = 85, 34 and 25, for each of the
first three transits, as compared to the best-fitting model with no spots. The fourth
is marginal, with Ax? = 8.% The weaker amplitude of the fourth event is consistent
with the spot model, as the anomaly occurred near the egress where limb darkening
and geometrical foreshortening both reduce the amplitude of the photometric effect.
However, it remains possible that the “anomaly” is a spurious statistical detection.

Next we defined a likelihood function for A and ¢,, given the observed times of
anomalies as well as the observed time ranges of non-detections. The basic idea is to
assume that the spot is located within the planet’s shadow at the time of the first
anomaly, and then compute the position of the spot at the other relevant times for
a given choice of the parameters {), s, Prot} (a purely geometric calculation). The

model is rewarded for producing spot-planet coincidences at the appropriate time, and

4All of these comparisons took time-correlated noise into account, in the sense that x? was
computed assuming flux uncertainties that have been enlarged by the red-noise factor 8. The
number of data points and number of degrees of freedom for each case are given in Table 2.3.
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Table 2.3. Characterization of the spots

2009 Aug 10 2009 Sep 26 2008 Aug 23 2008 Sep 23

Amplitude (ppm) 1790 1470 2400 1190
Duration (hours) 0.34 0.38 0.56 0.54
Time of event (BJDrpp) 2455053.7658  2455100.6288  2454701.7938  2454732.6172
Epoch E 266 301 3 26

Rins residual (ppm) 523 580 765 722
Number of points 365 3565 126 88

x? for straight-line model 435 220 102 69.4

x2 for spot model 350 186 77 61.4
Confidence in spot detection > 99.99 > 99.99 > 99.99 95.4

Note. — Parameters of the best fitting models to the residuals of the four different spot events.
Note that x2 was computed after enlarging the flux uncertainties by the red-noise factor 8 described
in § 2.3

penalized for producing coincidences at inappropriate times. Each of the two spots—
the one observed in 2008, and the one observed in 2009—is given an independent
value of P, to allow for possible differential rotation or peculiar motions of the spots
(see Section 2.6 for dicussion). A further constraint is imposed to enforce agreement
with the spectroscopic determination of vsini, by [214]. Mathematically, we used a

likelihood exp(—x?/2) with

X2(Prot 1 Prot,27 )‘7 is) =
2 .. 2
27 R,/ Prot,j) sini, — 2.14
> ( 7 /2> + [( / t(;_)37 } + NDP, (2.6)

i=1

where j is the index specifying one of the two anomalies, and d is the distance on
the stellar disk between the center of the planet and the center of the spot. Thus,
high likelihoods are assigned to spot-planet coincidences within 0.5 R, at the correct
times. This factor is based on the estimation of the size of the spot given by the
photometric model, and it would require modification if the spot were bigger than the
planet. The factor NDP is the nondetection penalty: models that produce spot-planet
coincidences at times when they were not observed are ruled out by incrementing x? by
1000 (an arbitrary number chosen to be large enough to exact a severe penalty). Based

on our studies of the amplitude of the spots with the more sophisticated model of
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Section 3, the nondetection penalty was only applied for coincidences within 0.9 R, of
the center of the stellar disk. For the outer 0.1 R, (near the limb) the combined effects

of limb-darkening and foreshortening would have made such an anomaly undetectable.

We used an MCMC algorithm, with the Gibbs sampler and Metropolis-Hastings
criterion, to sample from the posterior probability distribution for the parameters,
with uniform priors on A and cosis (i-e., isotropic in the stellar orientation). We
restricted [A| < 90°, given the finding of [214] that the orbit is prograde, based on the
Rossiter-McLaughlin effect. Given our finding of multiple minima in the photometric
model (Section 2.4), we also performed a dense grid search in the two-dimensional
space of P11 and P 2. This identified four relevant local minima, with periods
>10 days (smaller periods were rejected as unlikely for a star of the observed type).
A Markov chain was initiated from each of these 4 minima.

Figure 2-4 shows the 2-d probability distribution for A and i,, marginalizing over
the periods, for all four possible solutions. The first thing to notice is that small
values of A are favored in all cases, while i, is poorly constrained. The completely
aligned case (upper left corner of the panel) is the global minimum, with x% = 0.95,

but none of the other solutions can be firmly ruled out.

These results are easily understood by visualizing the various solutions, as we have
done in Figure 2-5. The four different configurations shown in that figure correspond
to the four local minima. (One of the minima actually gave a bimodal distribution, as
shown in the upper right panel of Figure 2-4; for that case Figure 2-5 shows the small-
i, solution.) The upper right panel shows the completely aligned case. This type of
solution is always possible whenever two anomalies from the same spot are observed
at different transit phases, unless it is ruled out by the nondetection of anomalies that
should be present in other light curves. In our case, the model predicts an anomaly
right at the ingress of £ = 0 and also right at the ingress of F = 263. Neither of
these anomalies would have been detectable in our data. The other three panels show
how an appropriate combination of A and ¢, causes the trajectory of the spot to move

outside the transit chord and then back inside in time for the second anomaly.

The well-aligned case is favored not only because of the lower x2, but also because
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Figure 2-4: Obliquity probability distribution.
Combined probability distribution of A and is four all four different solutions. In each plot
the value of the parameters and the associated errors are quoted.

the corresponding rotation periods (22 and 26 days) are within the expected range of
20—-40 days, as opposed to the shorter periods associated with the other solutions. One
could also argue that for any observational campaign involving only a few transits, the
detection of multiple spot anomalies is a priori more likely for a well-aligned system
than for a misaligned system, because in the former case the spot spends much more
time on the transit chord. For simplicity, though, we report a determination of A
based on the simple concatenation of all the Markov Chains corresponding to the

four local minima, giving A = 17]3 degrees.
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Figure 2-5: 3D models to visualize the four different solutions.
Circles represent the position of our spot during our observed transits, and squares represent
the same for Southworth’s observations, where the dark ones are detections and the light
ones are non-detections. The shaded area of the star represents the transit chord. In the
case of the upper right panel, we have plotted only one of the two possible values of i, that
can be extracted from the bimodal distribution, specifically the smallest value.
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2.6 Summary and discussion

In this paper, we report the observations of four new transits of the WASP-4b planet,
observations that lead to a significant improvement on the errors of the system pa-
rameters and the transit ephemerides. Short-lived photometric anomalies, transit
timing variations and transit depth variations were all observed, all of which can po-
tentially be explained by the effects of starspots. In particular we have interpreted
the photometric anomalies as occultations of starspots by the planet. We have de-
scribed a simple method for assessing the orientation of a star relative to the orbit
of its transiting planet through the analysis of spot occultations. This method has
certain advantages and disadvantages compared to observations of the RM effect, the

main method for such determinations.

On the positive side, the spot method works well for slowly-rotating stars, for
which the RM amplitude is smallest. The spot method also has no particular problem
with low impact parameters, unlike the RM effect. These two factors help to explain
why the spot method gives tighter constraints on A than did the RM observations of
[214], for the case of WASP-4. The spot method requires that the star be moderately
active; this too is complementary to RM observations, which rely on precise Doppler
spectroscopy and are hindered by stellar activity. In addition, the spot method is
photometric, rather than spectroscopic, and as such it can be pursued with a smaller

telescope.

On the negative side, many transits must be observed to have a reasonable chance
of detecting multiple anomalies, and to be sure that multiple anomalies are caused
by a single spot, rather than distinct spots. In the case of WASP-4, a few more
transit observations in the summers of either 2008 or 2009 could have allowed for
a more secure validation of the single-spot hypothesis, and removed the four-way
degeneracy of the resulting constraints on the stellar orientation. Furthermore, spots
are not well-behaved deterministic entities: they have irregular shapes that form and

dissolve, governed by poorly understood physical principles.

Regarding that subject, it is interesting to note that all four of the solutions
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shown in Figure 2-4 involve slightly but significantly different rotation periods for
the spot seen in 2008 as compared to the one seen in 2009. This could be a sign of
differential rotation. Assuming WASP-4 has A = 0° and has the same differential
rotation profile as the Sun, spots on the top and bottom of the transit chord would
have periods differ by 10%, as compared to the 10-15% differences seen in our model
results. Thus, differential rotation is a realistic possibility, especially since lower-
mass stars such as WASP-4 are expected to have stronger differential rotation than
the Sun. Another contributing factor may be peculiar motions of spots, i.e., motions
of the spot relative to the surrounding photospheres, which are observed on the Sun

at the few percent level respect to the absolute velocity of the spots [173].

For WASP-4, the small value of A is further evidence that this is a low-obliquity
system. Such findings have been interpreted as constraints on the process of planet
migration: the mechanism that brought this gas giant planet from its birthplace
(presumably a few AU) to its close-in orbit. Low obliquities are suggestive of disk
migration, in which the orbit shrinks due to tidal interactions with the protoplan-
etary gas disk; while large obliquities would favor theories in which close-in orbits
results from gravitational interactions with other bodies followed by tidal dissipation.
The complicating factor of tidal reorientation was thought to be negligible, but this
possibility was recently raised by [226] as a possible explanation for the tendency for
high-obliquity stars to be “hot” and low-obliquity stars to be “cool”, with a bound-
ary at around 6250 K. Here we will not remark further on the theory underlying this
hypothesis, but simply note that WASP-4 conforms to the empirical pattern, as a

cool and low-obliquity system.

Looking forward, an opportunity exists to implement this method for other sys-
tems using the data from the CoRoT and Kepler space missions. The CoRoT-2 system
in particular has a highly spotted star (see, e.g., [192], [191]) for which our method
might be applicable, although the spots are so numerous and influential on the light
curve that more complex models may be necessary. Kepler employs a 1m space tele-
scope to monitor 150,000 stars with photon-limited precision down to level of <10

parts per million ([21], [22]). The data released in February 2011 displays a limiting
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precision of about 10 ppm in 6 hr combined integrations at Kepler magnitude 10
(approximately » = 10), and a limiting precision of about 100 ppm for a more typical
target star magnitude of 15. Besides high precision, the great advantage of the space
missions is nearly-continuous data collection. For a system resembling WASP-4, Ke-
pler would observe hundreds of consecutive transits, resulting in much greater power
to track individual spots. Furthermore, the brightness variations observed outside
of transits will allow for an independent estimate of the stellar rotation period, as
well as additional constraints on spot longitudes. A potentially serious problem with
the application to Kepler is that most stars are observed with a cadence of 30 min,
which may be too long to pin down the times of starspot anomalies with the required
precision. A subset of targets are observed at the much more favorable cadence of
1 min. Already there is one transit-hosting star in the Kepler field, HAT-P-11, that
is being observed with 1 min cadence and will assuredly yield interesting results, as
A was found to be approximately 100° by [229] and [85], and the star has long-lived,
sizable spots [8].
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Chapter 3

Active latitudes and spin-orbit

misalignment

Published as: “Starspots, spin-orbit misalignment, and active latitudes in the

HAT-P-11 exoplanetary system” Sanchis-Ojeda, R., Winn, J.N. 2011, ApJ, 73, 127.

We present the analysis of 4 months of Kepler photometry of the K4V star HAT-
P-11, including 26 transits of its “super-Neptune” planet. The transit data exhibit
numerous anomalies that we interpret as passages of the planet over dark starspots.
These spot-crossing anomalies preferentially occur at two specific phases of the transit.
These phases can be understood as the intersection points between the transit chord
and the active latitudes of the host star, where starspots are most abundant. Based
on the measured characteristics of spot-crossing anomalies, and previous observations
of the Rossiter-McLaughlin effect, we find two solutions for the stellar obliquity % and
active latitude I: either ¢ = 1067 and I = 19.7713, or ¢ = 97§ and | = 6773 (all
in degrees). If the active latitude changes with time in analogy with the “butterfly
diagram” of the Sun’s activity cycle, future observations should reveal changes in the

preferred phases of spot-crossing anomalies.
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3.1 Introduction

We have been developing a new method to measure the obliquity of a star with
respect to the orbital plane of a transiting planet. Obliquities are important because
they are fundamental geometric parameters, and because they bear clues about the
formation, migration, and tidal evolution of close-in planets (see, e.g., [162], [146],
[231), [226], [61], [214], [137]). The traditional method involves observations of the
Rossiter-McLaughlin (RM) effect, a spectroscopic anomaly that occurs during transits
due to selective blockage of the stellar rotation field (see, e.g., [162], [146], [71]).
The new method is purely photometric, and is based on observations of photometric
anomalies in transit light curves resulting from the passage of the planet in front of

starspots.

When the planet blocks the light coming from a relatively dark portion of the
stellar photosphere, the fractional loss of light is temporarily reduced, and a pos-
itive “bump” is observed in the light curve (see, e.g., [165]). In Chapter 2 [179]
we showed how the recurrence (or not) of these starspot-crossing anomalies can be
used to measure or place bounds upon the stellar obliquity. In simplest terms, the
recurrence of an anomaly in two closely-spaced transits is evidence for a low oblig-
uity, because otherwise the spot would rotate away from the transit chord. We and
our colleagues applied this technique to the particular system WASP-4, showing that
the new method gives stronger constraints on the stellar obliquity than the previous
observations of the RM effect [214].

Independently, the recurrences of spot-crossing anomalies (as well as the phase
of the out-of-transit modulation of the total light) have been used to confirm a low
obliquity for CoRoT-2b [144]. More recently, a similar pattern of recurrences was
found for Kepler-17b [52], and concluded that the host star has a low obliquity. The
pattern in that case was made even more dramatic by the near-integral ratio between

the rotational and orbital periods.

Another interesting target for this method would HAT-P-11, a K4V star with a

“super-Neptune” planet of mass 26 Mg and radius 4.7 Rg in a 4.9-day orbit, was
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pointed out by [179]. The star was already suspected of having starspots [8], it had
been shown to have a high obliquity based on RM observations ([229], [85]), and most
importantly, it lies within the field of the view of the Kepler photometric satellite [21].
Several months of nearly continuous, highly precise Kepler photometry are already
available, and several years of data will eventually become available.

In this paper we analyze public data from Kepler, which have indeed revealed
numerous spot-crossing anomalies, and led to constraints on the stellar obliquity,
although not in the manner we anticipated. Section 3.2 presents the data, and Sec-
tion 3.3 gives our estimates for the basic system parameters as well as the times
of spot-crossing anomalies. The anomalies occurred preferentially at two particu-
lar phases of the transit. Section 3.4 presents a simple geometric model, in which
special phascs are the intersection points between the transit chord and the active
(starspot-rich) latitudes of the star. Section 3.5 discusses the results.

While preparing this paper we learned that two other analyses of the public Kepler
data have been undertaken, by [197] and by [48]. We refer the reader to those works for
a different perspectives on the data, focusing on refinement of the transit parameters

rather than the spin orientation of the star.

3.2 Analysis of out-of-transit data

We used the Multimission Archive at STScl to obtain the Kepler data for HAT-P-
11 spanning the 140-day interval from 2009 May 02 to September 16, with a time
sampling of one minute. In Kepler parlance, we used AP_RAW_FLUX short-cadence
data from quarters 0, 1, and 2.

The time series is shown in Figure 3-1, after expunging a few glaring outliers and
normalizing each quarter of data to have a mean of unity. A total of 26 transits were
observed. Two transits were missed due to interruptions in satellite observing. One
transit (epoch 17 as identified in Fig. 3-1) exhibited irregular flux jumps that were
also observed in light curves of nearby stars, thereby implicating an instrumental

problem. Data from this transit were excluded from our analysis.
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Figure 3-1: Kepler photometry of HAT-P-11.

Top.—The time series considered in this paper. The transits are evident as 0.4% dips with
a period of 4.9 days, and are labeled with epoch numbers to facilitate cross-referencing with
Figures 3 and 4 and the accompanying text. Outside of transits there are 4 prominent
minima, probably representing a relatively dark starspot pattern being carried around by
stellar rotation. Bottom.—The measured depth of each transit, using the procedure de-
scribed in Section 3. The transit depth is defined as the square of the fitted planet-to-star
radius ratio.

The relative flux varied by about 1.5% (peak to peak), with four prominent minima
spaced apart by about 30 days. The spacing of the minima probably represents the
stellar rotation period. The light curve is not strictly periodic, nor is it expected
to be strictly periodic. Among the possible sources of aperiodicity are differential
rotation, which causes spots at different latitudes to have differing rotating periods,
as well as slow changes in the sizes, shapes, and locations of starspots. The top
panel of Figure 3-2 shows a Lomb-Scargle periodogram of the out-of-transit data. We
estimate P, = 30.5135 days, based on the peak and full-width at half-maximum of
the periodogram. The bottom panel of Figure 3-2 shows the out-of-transit data folded
with a period of 30.5 days. This is consistent with the earlier estimate of 29.2 days
by [8] from ground-based photometry.

96



MTTTTTITITTTITTITI [TTTTTTITI[TITII Y

[+2]

0 10 20 30 40 50 0
Period [days]

1.005 | ﬁ;"’ l | | -E
e N \ /
N

Relative flux

0.995

0.0 0.2 0.4
Rotation phase

Figure 3-2: Rotation period of HAT-P-11.

Top.—Lomb-Scargle periodogram of the out-of-transit data. The peak (solid vertical line) is
at 30.5 days and the full-width at half-maximum (dotted vertical lines) span the range from
27.3 to 34.6 days. Bottom.—Relative flux as a function of rotational phase, after folding
with a period of 30.5 days. The minima nearly coincide at a phase of 0.3.

3.3 Analysis of transit data

To analyze the transits, we selected all the data within 4.8 hr (twice the transit
duration) of any predicted transit midpoint. The data surrounding each transit were
fitted with a standard transit model [125], using a quadratic limb-darkening law and
allowing for a linear trend in the out-of-transit flux. Nearly every transit showed
an anomaly that was not well-fitted by the transit model, which we interpret as
the consequence of irregularities on the stellar photosphere. These anomalies were

identified “by hand” and assigned zero weight in a subsequent fit to the data. Figure 3-
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Table 3.1. System parameters of HAT-P-11

Parameter Value Uncertainty

Transit ephemeris:

Reference epoch [BJD] 2454957.812464 0.000022
Orbital period [days] 4.8878049 0.0000013
Transit parameters:

Planet-to-star radius ratio, R,/R, 0.05862 0.00026
Transit duration [days] 0.09795 0.00006
Transit ingress or egress duration [days] 0.00550 0.00007
Linear limb-darkening coefficient, u, 0.599 0.015
Quadratic limb-darkening coefficient, us 0.073 0.016
Transit impact parameter, b 0.132 0.045
Scaled semimajor axis, a/R. 15.6 1.5

Note. — Based on a Markov Chain Monte Carlo analysis of the 26 Kepler
light curves, with uniform priors on R,/R., b, and a/R., and Gaussian
priors on the eccentricity parameters ecosw = 0.201 4+ 0.049 and esinw =
0.051+0.092. The quoted values and uncertainties are based on the 15.65%,
50% and 84.35% levels of the cumulative distributions of the marginalized
posteriors.

3 shows the resulting light curves, along with the best-fitting model and the data

points that were excluded from the fit.

In this fit, each transit was allowed to have a unique value of the transit depth.
The intention was to allow for the possibility of apparent depth variations due to
changes in the flux of the untransited portion of the star. The results for the transit
depth were plotted in Figure 3-1. They are essentially consistent with a constant
depth, which in retrospect is not surprising since the stellar flux changes by +0.8%
and the individual transit depths are measured with a precision of only £1%. Table 1
gives the results for the system parameters, based on a Monte Carlo Markov Chain
algorithm. The quoted value of the planet-to-star radius ratio is based on the mean,

and the standard error in the mean, of all 26 measured transit depths.
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Figure 3-3: Kepler observations of transits of HAT-P-11.

Based on data from quarters 0, 1, and 2. The best-fitting model curves are shown as
thin gray lines. Red squares are points that are suspected of being strongly affected by
spot-crossing events, and were assigned zero weight in the fitting procedure.
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3.4 Analysis of spot-crossing anomalies

3.4.1 Simple test for spin-orbit alignment

Because so many spot-crossing anomalies were detected, an immediate test is available
for spin-orbit alignment. The logic is as follows. If the stellar obliquity were zero
(v = 0), then the transit chord would correspond to a certain fixed range of latitudes
in the reference frame of the star. In that case, after a given spot-crossing anomaly,
that same spot would advance along the transit chord due to stellar rotation and
future spot-crossing events can be predicted and sought out in the data. For HAT-
P-11, a spot-crossing anomaly observed in the first half of the transit would recur
at a later phase of the next transit. This is because the orbital period (4.9 days) is
shorter than half a rotation, the time it takes for the spot to cross the visible stellar
hemisphere. The underlying assumption is that the spot does not move significantly
or fade into undetectability within 4.9 days, but that assumption seems justified (for
large spots at least) given the observed coherence of the light curve over 4 rotations
(see Figure 3-2).

No such recurrence is seen in the Kepler data, leading to the conclusion the star’s
spin axis is misaligned with the planet’s orbital axis. Figure 3-4 shows two of the
clearest examples of a pair of transits where one spot-crossing anomaly was seen,
and the other corresponding anomaly that would be predicted for perfect spin-orbit

alignment is missing. Many other examples are evident in Figure 3-3.

3.4.2 Evidence for spin-orbit misalignment

It has been suggested [229] that even for ¢ # 0, the recurrence of spot-crossing
anomalies could be observed and used to constrain the stellar obliquity and the stellar
rotation period. However, such recurrences require the spots to last for one or more
full rotation periods, as opposed to one-sixth of a rotation period, and they also
require the rotation period to be a nearly exact multiple of the orbital period. This

latter condition may or may not be the case for HAT-P-11, and is a priori unlikely.
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Figure 3-4: Evidence for spin-orbit misalignment.

Shown are two examples of pairs of consecutive transits where one spot-crossing anomaly was
observed, and if 1 were zero, there would have been a corresponding spot-crossing anomaly
detected in the other transit. No such correspondences were observed in the time series
considered in this paper. The black dots are data points, and the red lines are best-fitting
models including a circular spot with a lower intensity than the surrounding photosphere.
For epochs 4 and 15, two curves for the expected spot signal are plotted (solid and dotted),
corresponding to extremes in the range of rotation periods from 27.3 to 34.6 days.
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Given the uncertainty in the rotation period, the ratio of rotation to orbital periods
is between 5.6 and 7.1. Indeed we could establish no firm correspondences between

multiple pairs of spot events.

However, there is a regularity in the pattern of anomalies that we did not antici-
pate, although perhaps we should have. Figure 3-5 shows the residuals between the
data and the best-fitting transit model, as a function of time relative to the near-
est midtransit time. The spot-crossing anomalies are manifested as large positive
residuals. They do not occur at random phases of the transit, but rather at two
specific phases: approximately —0.010 and 0.025 days relative to midtransit. One
might initially interpret this as evidence for two long-lived spots on the star, with
each bump representing the intersection of one spot’s stellar latitude with the tran-
sit chord. However, in that situation one would observe at most two anomalies per
rotation period, and more likely fewer, unless the orbital and rotational periods were
nearly commensurate. In reality we observed at least 25 anomalies over 4 rotation pe-
riods. There are evidently many different spots on HAT-P-11 and they are clustered

at two particular stellar latitudes.

If spots appeared with equal probability at any latitude, one would expect to see
a nearly uniform distribution of outliers in Figure 3-5, except near the ingress and
egress where limb darkening and geometrical foreshortening would make some spots
undetectable. Likewise, if ¢ = 0, then a nearly uniform distribution of residuals would
be observed even if the spots were clustered in latitude (again, unless there were some
near-commensurability between rotational and orbital periods). Therefore, since the
data exhibit two particular peaks, we conclude that the system is misaligned and that

the starspots occur preferentially at certain “active latitudes.”

The phenomenon of active latitudes is a familiar one from solar astronomy, which
is why we wrote above that we should have anticipated this result. [33] and [200] found
that over the course of the Sun’s 11-year activity cycle, the mean latitude of sunspots
is sharply defined for any few-month interval, and undergoes a gradual shift from
high latitudes to the equator. This spatial regularity of the cycle sometimes called
the Sporer law. The famous “butterfly diagram” [131], in which sunspot latitude is
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Figure 3-5: Appearence of two prefered spot-crossing phases.

Differences between the data, and the best-fitting transit model, as a function of transit
phase. Data from all 26 transits are plotted. Spot-crossing anomalies (the large positive
residuals) appear preferentially at two particular phases. These phases are not symmetri-
cally placed with respect to the transit midpoint.

charted against time, can be regarded as a graphical depiction of this law. The regions
where sunspots are abundant are well described as relatively narrow bands centered
on two particular latitudes placed symmetrically with respect to the solar equator.
Early in a cycle, spots appear at latitudes up to 40 degrees. As the cycle progresses,
new sunspots appear at increasingly lower latitudes, with the last sunspots of a cycle

lying close to the equator [196].

3.4.3 Geometric model

For a quantitative analysis of the spot-crossing anomalies, we fitted each anomaly
with a simple triangular model with three parameters, the height (A = the amplitude

of the anomaly in relative flux units), the width (7 = total duration) and the midpoint
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Table 3.2. Characterization of spot-crossing anomalies

Epoch  Amplitude Duration BJD- Ax?  Phase
(ppm] [min] 2,454,953 [z/R.]
1 386 13.6 4.830 86.7 0.37
3 1711 12.2 14.573 1646.7 —-0.31
5 324 16.8 24.360 73.7 —0.08
8 984 16.9 39.015 716.0 —0.25
11 440 104 53.680 121.9 —-0.22
11 530 7.5 53.689 119.4 —0.04
11 593 10.1 53.717 191.6 0.57
12 660 12.2 58.597 162.0 0.41
14 282 17.3 68.343 61.9 —-0.24
14 573 12.7 68.380 186.3 0.57
15 361 134 73.266 59.9 0.52
16 1155 14.3 78.151 551.4 0.46
17 618 20.7 83.045 1334 0.58
18 689 26.9 87.898 310.6 —0.15
19 969 15.1 92.785 578.5 —0.17
19 525 10.8 92.821 146.8 0.60
21 627 12.4 102.594 207.5 0.54
22 519 13.4 107.479 179.7 0.48
23 479 114 112.336 97.8 —0.17
23 769 114 112.369 248.1 0.53
25 1302 13.9 122.115 656.8 —0.10
26 1127 114 126.996 581.4 —0.25
27 444 12.5 131.919 84.8 0.50
28 446 10.7 136.771 101.1 -0.27
28 326 18.8 136.804 84.3 0.45

(to = the time of the event):

A—ZBlt—to| |t—to| <7/2
0 It —to] > 7/2

F(t)= (3.1)
Table 3.2 gives the best-fitting values of the model parameters for each anomaly. As
a measure of statistical significance, the Ax? between a no-spot model and the spot
model is also given for each event. All the chosen anomalies have Ax? exceeding 50.

Next we used a simple geometric model to constrain the spin orientation of the
star as well as the locations and widths of the active zones. The premise of the
model is that each of the two features seen in Figure 3-5 represents an intersection

between two strips on the stellar disk: the transit chord, which has a width equal to
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the planet-to-star radius ratio; and an active zone, a range of latitudes surrounding
an active latitude. The intersection points of the two strips determine the centroids
of the two features seen in Figure 3-5. The width of the intersection region (which
depends on the width of each strip, as well as the angle of intersection) determines

the widths of the two features seen in Figure 3-5.

The first step in the model is to characterize the two features by their central
phases and widths. We use a coordinate system centered on the stellar disk, with the
z-axis aligned with the planet’s motion during transits, the y-axis in the perpendicular
direction in the sky plane, and the z-axis pointing along the line of sight (see Figure 3-
6). All distances are measured in units of the stellar radius. The goal of this step
is to determine the central values of x for the two spot-anomaly features, which we
denote Z; and I, and the Gaussian widths of the features, which we denote &; and

ay.

To estimate Z, and & for each of the two features, we maximized the likelihood

N 1 —"—"-jﬁ 1 _(z-2)?
£oci11 /dm\/%_a?e 2 We T (3.2)
where the index ¢ runs over all spots contributing to the feature, the first exponential
within the integral represents the probability distribution for each measurement of a
spot location, and the second exponential is the assumed Gaussian model of the spatial
distribution of spots surrounding the active latitude. Loosely speaking, this is similar
to fitting a Gaussian function to each feature seen in Figure 3-5, after transforming
the time coordinate into the x coordinate. The results, based on the same MCMC
algorithm used to estimate the system parameters, are z; = —0.19 + 0.03, z, =
0.51+0.02, 51 = 0.0940.02 and &3 = 0.07+0.02. The quoted values and uncertainties
are based on the 15.65%, 50% and 84.35% levels of the cumulative distributions of

the marginalized posteriors, distributions that all follow a Gaussian profile.

The next step is to use these results to constrain the spin orientation of the star

and the locations of the active zones. The spin orientation of the star is parameterized
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Figure 3-6: Illustration of the coordinate system.

The transit chord is parallel to the z axis. The region of intersection between the transit
chord and an active zone is described by z, its center, and 4z, its width in the z-direction.
All distances are expressed in units of the stellar radius.

by the inclination angle i of the north pole with respect to the line of sight, and the
sky-plane angle A between the north pole and the orbit normal (i.e., the same angle
probed by observations of the RM effect). In analogy with the Sun, and based on the
overall symmetry of the star, we assume the active zones to be symmetrically placed
with respect to the stellar equator, centered on latitudes £/ and with half-widths dl.
Therefore our next task is to use spherical trigonometry to relate T, T2, @; and &,

to ig, A, [ and 4l.

The geometry is illustrated in Figure 3-6. A point ¥ = (z, y, z) on the middle of the
transit chord has y = b (where b is the impact parameter), z > 0 and 2% +y%+22 = 1.

The stellar north pole is at (following the convention of [146])
Np = —Sinigsin A & + sini; cos A § + cosi, 2. (3.3)

The latitude [ of a given point on the surface of the star can be calculated given its
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Figure 3-7: Two solutions for the stellar geometry.

The upper panels represent the double-banded, edge-on solution and the lower panels rep-
resent the single-band, pole-on solution. The left column of panels are sketches of the
system, using the most probable values of the parameters. The central column shows two-
dimensional posterior distributions for the stellar orientation parameters A and 5, with solid
lines representing the results with a uniform prior on A, and gray scales for the results with
a two-sided Gaussian prior A = 103128 deg based on the RM results [229]. The confidence
levels are 68.3%, 95%, and 99.73%. The right column shows the posterior distribution for
the true spin-orbit angle v, again with the solid line representing the result from the spot
analysis alone, and the shaded distribution representing the joint results of the spot analysis
and the RM measurement.

xyz coordinates and the position of the north pole:
fis g —cost(1—d?/2),  d®=(F—7np) (3.4)

These relations allow us (after some algebra) to compute the z coordinates of any

intersection points of the transit chord and active latitude:

Z1( s, by ) = (bsiniscos A —sinl) sinzgsin A £+ / f(\, 15, b, l). (35)

1 — sin?4, cos2 \
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Here, the factor f(A,is,b,1), defined as
cos?i,[1 — sin? 7, cos® A — b® + 2bsin sin i, cos A — sin’ 1], (3.6)

determines whether there are zero, one or two different intersection points for a given
set of values of (A, i,,b,1). Since we are assuming there are two active latitudes £[, we
can have up to four intersection points. Once all possible solutions have been found,

it is necessary to check that they occur on the visible hemisphere of the star (z > 0).
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Figure 3-8: Results for the parameters describing the active zones.

Upper panels represent the two-band, edge-on solution and lower panels represent the single-
band, pole-on solution. On the left are posteriors for [, the central latitude of the active
region. (In the model, the active latitudes are symmetrically placed at +1.) As in Figure 3-7,
the solid line is for the case of a uniform prior in A, and the shaded histogram is for the case
when the RM result for A was used as a prior. The central column shows the corresponding
results for the parameter ! describing the latitudinal half-width of the active regions. The
right column shows the butterfly diagram for HAT-P-11, based on the measured phases of
the spot anomalies and the best-fitting values of is and A.

The impact parameter b has already been determined from transit photometry.
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We can adjust the other parameters A, i; and [ to achieve a match between the z-
values of the intersection points and the previously determined values of Z; and Zs.
There are four solutions, two of which are illustrated in the left panels of Figure 3-7.
One solution has the active zones at relatively low latitudes, with both the northern
and southern active latitudes intersecting the transit chord. The second solution
has the star oriented nearly pole-on, so that one active latitude presents an ellipse
on the sky that intersects the transit chord twice. The third and fourth solutions
are related to the first two by the symmetry {)\,is,{} — {7 + A\, 7 — 45,1}, These
“mirror solutions” give similar results for the three-dimensional obliquity ¢ as the
other two solutions. However since they give negative values of A that are ruled out
by observations of the RM effect ([229], [85]) for brevity we do not discuss them in

the rest of this paper.

Next we make use of the measured widths of the spot-anomaly distributions. Using
Eqn. (3.5), we may calculate the four vertices of the intersection region between the
transit chord and the band of active latitudes. We then take the difference between
the maximum and the minimum values of z and divide by two, a quantity we will
call 6z. By characterizing the width in this manner, we are effectively assuming that
spots are equally likely to form anywhere in the range [ 3= 6l. This is computationally
very convenient, but it is in mild contradiction with the Gaussian distribution we
adopted when estimating &, and &,. For this reason, we multiply dz by \/QF,
to give the standard deviation of a Gaussian function that has the same area as a
uniform distribution with width dz. This can then be compared with &; and &5, using

a goodness-of-fit function,

O in L 6L ) = (ml,caxc ( 0.19)) +<x2, cale (0.51))

0.03 0.02
2
+ \/2/71' 51771’ cale — 0.09
0.02
577 63 0.07\
T 0T, calce — Y.
(B o
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where “calc” indicates the value that is calculated geometrically based on the pa-
rameters A, iy, I, 6/, and b. We thereby enforce agreement between the “observed”
and “calculated” properties of the intersection region (their locations and widths),
under the assumption that the uncertainties in the ’observed’ quantities are Gaussian-

distributed.

To explore the parameter space we used an MCMC technique, with the Gibbs
sampler and the Metropolis-Hastings algorithm, and a likelihood proportional to
exp(—x?2/2). Uniform priors were adopted on all parameters except the impact pa-
rameter, for which a Gaussian prior was adopted based on the light curve analysis
presented earlier (b = 0.132 £ 0.045), and the stellar inclination angle 2,, for which
the prior was uniform in cosi;s (i.e., isotropic). In addition, we considered two cases:
one in which the prior was uniform in A, and another in which a two-sided Gaussian

prior was adopted to enforce agreement with the RM result A = 103728 deg [229].

Figure 3-7 shows the results, both as contour plots in the space of the stellar ori-
entation parameters i; and A, and as marginalized distributions for the true obliquity

¥ that is computed from those two parameters:
COS 1 = COS i5 COS ¢, + Sin ¢, cos Asin i,, (3.8)

where i, is the orbital inclination. As discussed earlier, there are two families of
solutions. In one solution, the star’s equator is viewed nearly edge-on, while in the
second solution, the star is viewed nearly pole-on. Both solutions are compatible with
the RM results. When the previous RM results are used as a prior, the results are
sharpened. The spot-crossing analysis and the RM analysis are complementary in
the sense that the RM analysis is sensitive only to A, while the spot-crossing analysis
is sensitive to a complicated combination of i; and A. Although the two families of
solutions are quite different in the alignment of the star with respect to Earth, they

are similar in that they both represent strongly misaligned systems with 1 = 90°.

Figure 3-8 shows the results for [ and &/, the parameters describing the active zones

on the star. The edge-on solution has a lower value of [ than the pole-on solution, but
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Table 3.3. Results of MCMC analysis

Parameter Edge-on solution Edge-on solution Pole-on solution Pole-on solution
(+ RM prior) (+ RM prior)
Projected obliquity, A [deg] 90 + 28 106115 83+7] 12172
Stellar inclination, i, [deg] 80:?,, SOfg 160t?g 1681'%
Obliquity, ¥ [deg] 91+27 106115 89127 g7tg
Latitude of active zone [deg] 19.3%37 197133 6315, 6712
Half-width of active zone [deg] 45157 4.8%13 40723 45715

they both give similar results for the latitudinal half-width &l of the active regions.
The fitted half-widths are around 5°, which is similar to the observed widths of the
active bands on the Sun. The latitude ! =~ 20° of the edge-on solution is also a good
match to the Sun, while the higher latitude of [ = 60° for the pole-on solution would
be atypically high for the Sun.

For each solution we also plot the analog of the solar butterfly diagram: the
latitude of each individual observed spot anomaly as a function of time. We do this
in the right column of Figure 3-8, based on the best-fitting model in each of the two
families. In the first case, spots cover two symmetric ranges of latitudes, whereas
in the second case (the pole-on solution) we see only one band. Eventually, after
several more years of Kepler data are collected, we might expect this type of diagram
to show time variations in the latitudes of spots due to the stellar activity cycle on
HAT-P-11. This would be a valuable opportunity to construct a butterfly diagram

for a star other than the Sun (see also [18]).

3.5 Discussion

The main results of our study are (1) the finding that the starspots on HAT-P-11 are
preferentially found at certain active latitudes; (2) the confirmation that the HAT-
P-11 star is misaligned with the orbit of its close-in planet; (3) the placement of
quantitative bounds on the three-dimensional stellar obliquity based on the observed
pattern of spot anomalies and a simple geometrical model. Two families of geometric

solutions were found, one in which the star is viewed nearly pole-on, and the other in

71



which the star is viewed closer to edge-on. Even though both solutions agree on the
stellar obliquity, they differ in the locations of the active latitudes: one solution gives
more Sun-like active latitudes of about 20° while the other solution favors a larger
latitude of about 60°. Breaking this degeneracy would therefore tell us whether or

not the activity cycle on HAT-P-11 resembles that of the Sun in this respect.

One might think that the measurement of vsin i, would help to distinguish these
two cases, but the two solutions predict values of vsini; = (27 R, /Prot) sinis equal
to 1.3 km s™! and 0.5 km s™!, which are both compatible with the observed value of
1.5+ 1.5 km s7! [8]. A basic difference between the pole-on and edge-on solutions is
that the pole-on solution would produce smaller out-of-transit (OOT) flux variations
for a spot of a given size and intensity. Indeed, an exactly pole-on solution would not
produce any OOT variations. For nearly pole-on configurations, the OOT variations
arise only from small variations in limb darkening and geometrical foreshortening
along the nearly-circular trajectory of the spot on the stellar disk. In contrast, for
the edge-on solution, the spot disappears from view for half of the rotation period,

resulting in larger variations.

Our geometric model did not make use of the information borne by the out-of-
transit (OOT) flux variations; could this be used to break the modeling degeneracy
and sharpen the constraints? We have made some efforts in this direction, but they
have been inconclusive, mainly because the spot sizes and intensties are not known a
priori. Qur simulations show that it is possible that the pole-on solution is correct,
and that the 1.5% OOT variations are produced by large and /or dark spots. Another
feature of the pole-on model is that each spot crosses the transit chord twice per
rotation period, which might lead to a detectable correlation between the observed
spot anomalies. We explored this possibility, but could not reach a firm conclusion
because a given spot may traverse the transit chord quickly enough that the planet
does not always cross it. Nevertheless, future observations with Kepler and a more

detailed spot-by-spot model might one day be used to break the degeneracy.

Future observations may also reveal the changes in the active latitudes that are

analogous to the equatorial drift of the active latitudes on the Sun. As is well known,
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over the 11-year solar activity cycle the active latitudes migrate toward the equator,
where they disappear and are then recreated at higher latitudes, the phenomenon
that underlies the butterfly diagram. Should this also occur for HAT-P-11, we would
observe a drift in the phases of the spot-crossing anomalies. Assuming the active
latitudes migrate toward the equator, the phases would behave differently for the pole-
on and edge-on solutions. In the case of the pole-on solution, the phases will separate
apart and move toward the extremes of the transit, while for the edge-on solution, the
phases will move closer to one another. Of course, we should not necessarily assume
that the active latitudes migrate to lower latitudes, as is seen on the Sun, but the
data themselves may be able to confirm this fact, making use of differential rotation.
In fact, [135] studied latitude migration on young solar analogues through differential
rotation and found that for some stars the active latitudes seem to move poleward
rather than migrating toward the equator. A combination of the measurement of the
drift of the phases and the change in the period will give us a way of breaking the
degeneracy and studying the rate of migration of the active latitudes. (For a review

of starspots and the various techniques by which they are observed, see [203])

Independently of the activity cycle of HAT-P-11, the confirmation that the star
has a high obliquity is helpful for understanding the origin of the close-in planet
HAT-P-11b. There has been a recent resurgence of the theory that close-in planets
are emplaced by few-body gravitational interactions followed by tidal capture, rather
than by gradual inspiral due to interactions with a protoplanetary disk (see, e.g., [68],
[141], [130]). Part of the evidence is the large incidence of high obliquities among stars
that host close-in giant planets (see, e.g., [214]). With our corroboration of the RM
results by [229] and [85], HAT-P-11 can be firmly added to this roster.

We thank Lucianne Walkowicz, Elisabeth Adams, Drake Deming, Andrew Howard,
John Johnson, Mercedes Lopez-Morales, Dan Fabrycky, Philip Nutzman, and Josh
Carter for stimulating conversations. We are grateful for financial support from
the NASA Origins program (grant no. NNX11AG85G). R.S. was also supported by
a Fellowship Grant for Post-Graduate Studies from the “la Caiza” Foundation in

Barcelona, Spain. The data presented in this paper were obtained from the Multimis-
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tract NAS5-26555. Support for MAST for non-HST data is provided by the NASA
Office of Space Science via grant NAG5-7584 and by other grants and contracts.
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Chapter 4

Extending obliquity measurements

to multiplanet systems

Published as: “Alignment of the stellar spin with the orbits of a three-planet
system” Sanchis-Ojeda, R., Fabrycky, D.C., Winn, J.N., Barclay, T., Clarke, B.D.,
Ford, E.B., Fortney, J.J., Geary, J.C., Holman, M.J., Howard, A.W., Jenkins,
J.M., Koch, D., Lissauer, J.J., Marcy, G.W., Mullally, F., Ragozzine, D., Seader,
S.E., Still, M. 2012, Nature, 487, 7408, pp. 449-453.

The Sun’s equator and the planest’ orbital planes are nearly aligned, which is
presumably a consequence of their formation from a single spinning gaseous disk. For
exoplanetary systems this well-aligned configuration is not guaranteed: dynamical
interactions may tilt planetary orbits, or stars may be misaligned with the proto-
planetary disk through chaotic accretion [17], magnetic interactions {107] or torques
from neighboring stars. Indeed, isolated ’hot Jupiters’ are are often misaligned and
even retrograde ([214], [226]). Here we report an analysis of transits of planets over
starspots ([179], [144], [562]) on the Sun-like star Kepler-30 [60], and show that the
orbits of its three planets are aligned with the stellar equator. Furthermore, the orbits
are aligned with one another to within a few degrees. This configuration is similar
to the Solar System, and contrasts with isolated hot Jupiters. The orderly alignment

seen in the Kepler-30 system suggests that high obliquities are confined to systems
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that experienced disruptive dynamical interactions. Should this be corroborated by
observations of other coplanar multi-planet systems, then primordial stellar misalign-
ments would be ruled out, and dynamical interactions would be implicated as the

origin of hot Jupiters.

4.1 Main Text

Kepler-30 is a star of nearly solar mass and radius, but it is probably younger than the
Sun, judging from its faster rotation and more prominent starspots[60].The starspots
are crucial to measuring the stellar obliquity (the angle between the rotational and
orbital angular momentum vectors). Starspots produce two effects: quasi-periodic
variation (QPV) in flux caused by rotation, and shorter-term ’anomalies’ in flux
caused by the transit of a planet in front of a spot. The obliquity can be measured
if one observes a sequence of anomalies ([179], [144], [52]), or a few single anomalies
and the accompanying QPV [144], as long as the effects of a single spot or compact
group of spots can be isolated. This technique has been previously applied to solitary
shortperiod planets, but not longer-period planets or systems of multiple planets. The
other widely used technique for measuring stellar obliquities, the Rossiter-McLaughlin
effect [231], relies on precise spectroscopy during transits and would be impractical
for a star as faint as Kepler-30.

We analysed 2.5 years of nearly continuous photometric time-series data from the
Kepler space telescope [21]. The data set includes 27 transits of Kepler-30b (’planet
b’; orbital period, =~ 29 days; radius, % 4 Rg, where Rg is the Earth’s radius),
12 transits of Kepler-30c (’planet ¢’; 60 days; 13 Rg), and 5 transits of Kepler-30d
(’planet d’; 143 days; 10 Rg). After removing instrumental artifacts (see section 4.2),
we detected QPV with an amplitude (peak-to-peak) of 1.5%. The stellar rotation
period is 16.0+0.4 days, based on a Lomb Scargle periodogram [184] (see section 4.3).

To enable the obliquity analysis, we searched for anomalies during transits that
are large enough in amplitude and long enough in duration to be caused by the

same starspots that produce the QPV. Many such anomalies were identified during
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transits of the largest planet, c. A strong correlation exists between the timing of the
anomaly relative to mid-transit, and the phase of the QPV: anomalies observed near
mid-transit are found when the QPV is near a local minimum, whereas anomalies
occurring before (or after) mid-transit are found before (or after, respectively) a local

minimum. This is the signaturc of a low obliquity star [144].

We used both of the above-mentioned methods to establish quantitative bounds on
the obliquity: (1) quantifying the relationship between the anomalies and QPV; and
(2) modeling a particular pair of transits for which the anomalies can be attributed
to transits over the same spot. To support both of these methods, we determined
the basic transit parameters such as the planet-to-star radius ratio (R /Rster) and
impact parameter by fitting the transit data with a standard model for the loss of
light during a planetary transit [125]. We excluded the anomalies from the fit, and
accounted for transit depth variations due to unocculted spots (see section 4.4 , and

Fig. 4-5). Results are given in Table 4.1.

The premise of the first method is that any spot that causes an anomaly must also
contribute to the QPV. For a given spatial orientation of the star, geometry dictates
a specific relationship between the timing of the anomaly and the phase of the QPV.
However, all spots contribute to the QPV, not just the occulted spot. Therefore, to
measure the obliquity,we must associate each anomaly with a particular component
of the QPV. Out of concern that such associations are ambiguous, we exhaustively
tried all plausible associations. We rank ordered the anomalies in order of the loss
of light produced by the spot, and focused attention on the five strongest anomalies.
We measured the time of each anomaly relative to mid-transit, as well as the time
of the transit relative to each local minimum in the QPV within a rotation period
(see section 4.5). For one of the anomalies there is only one plausible choice for
the associated local minimum, whereas in each of the other four cases there are two
candidate local minima, giving a set of 16 possible associations. We find that only
one of these 16 is compatible with a single orientation of the host star, and in that
case the stellar equator is aligned on the sky with the planet’s orbit (see Fig. 4-1), and
Fig. 4-2). We explored all allowed orientations with a Monte Carlo Markov Chain
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(MCMC) algorithm [65], finding the sky-projected obliquity to be 4° £ 10°.

For the second method, we searched for pairs of anomalies produced by the same
spot. Between successive transits of planet ¢, a spot will rotate 3.77 times around the
star, thereby advancing in longitude by 0.77 of a full circle or 277°, relative to the
meridian defined by the sky projection of the stellar rotation axis. An advance by
277° is equivalent to regression by 83°. Therefore, if a spot persists for at least four
rotations, and if the spot’s trajectory is parallel to the planet’s trajectory (that is, if
the obliquity is low), then an anomaly observed in the second half of a transit should
be followed by an anomaly in the first half of the next transit. The two anomalies

should differ by 83° in the suitably defined ’anomaly phase’ (see Fig. 4-1).

Two of the five strongest anomalies have this expected phase relationship (see
Fig. 4-3), corroborating the finding of a low obliquity. The QPV produced by this spot
is coherent over the interval spanned by the two transits, confirming the persistence
of the spot (see Table 4.3). Figure 4-3 shows a spot model fitted to the transit data.
For completeness, three spots were included in the model, although only the largest
spot (labelled 1) bears information on the stellar obliquity, because it was transited
twice by planet c. The model parameters include the spin orientation of the star, the
rotation period, and the spot properties (sizes, locations and intensities). Because
the rotation period and spot properties are constrained externally from the QPV, the
model could be used to constrain the spin orientation, with results given in Table 4.1
(see section 4.6), including a sky-projected obliquity —1°£10°. This low sky-projected
obliquity is likely to be representative of the true obliquity [61].

Furthermore, all three planetary orbits must be nearly coplanar. The mere exis-
tence of multiple transiting planets suggests coplanarity [116], although the possibility
remains that the orbits are mutually inclined with nodes (lines of intersection) that
happen to lie along the line of sight. However, for Kepler-30, such mutual inclina-~
tions would be detectable through variations in transit times and durations caused by
nodal precession. To quantify this argument, we performed a four body integration
of Newton’s equations ({90}, [1], [89]). To be compatible with the observed transit

times and durations, the mutual inclinations must be smaller than a few degrees.
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Figure 4-1: Evidence for a low obliquity based on transits over several starspots at
differing stellar longitudes.

a, A portion of the Kepler light curve, with a box highlighting the transit of Kepler-30c
shown in panel b. The transit occurred just after a local minimum in the QPV. The time of
the transit is measured with respect to the selected flux minimum, divided by the rotation
period and expressed in degrees, giving the ’transit phase’, ¢4 = 22° £ 10°. The transit
phase is also computed relative to all other local minima within one rotation period. BJD,
barycentric Julian day. b, A flux anomaly is observed during the transit. The black line is
a model without starspots and the red line is a model with one spot. The ’anomaly phase’,
which can be directly compared to the transit phase, is defined by sin ¢enom = 2z/L, where
x is the distance from the spot to the centre of the transit chord, and L is length of the
transit chord. In this case ¢gnom = 15° £ 2°, in agreement with ¢, and consistent with
a low obliquity. ¢, Coloured lines show the expected relation between ¢gnom and ¢y, for
different sky-projected obliquities (A) and a fixed stellar inclination of 90°. Because the
association between anomalies and minima may be ambiguous, ¢4, was computed for all
plausible associations, for the five largest spot anomalies. Only one such set of associations
is consistent with a single choice of the stellar orientation. Shown here for that unique choice
of associations (see Table 4.4) is the observed relation between ¢anom and ¢, implying a
projected obliquity A = 4° 4+ 10°. This error, and the errors on all phases, is + 1 s.d.
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Table 4.1. Parameters of the host star Kepler-30, starspots and planets

Host star parameters®

KIC/KOI number 3832472/806

Kepler magnitude 15.4

Mass (M@) 0.99 £ 0.08

Radius (Rp) 0.95+0.12

Effective temperature (K) 5498 1 54

Gyrochronology age estimate (Gyr) 2.0+0.8

Quadratic LD coefficient, u) 0.38 £ 0.09

Quadratic LD coefficient, uz 0.40+0.19

Linear LD coefficient, u 0.54 £ 0.02

Stellar density (g cm™3) 2.00£0.10

Planetary parameters®

Parameter Kepler-30b Kepler-30c Kepler-30d
Orbital period (days) 29.334 £ 0.008 60.3231 + 0.0002 143.343 + 0.009
Mid-transit time (BJD) 2455246.65 + 0.04 2455357.8870 £ 0.0005  2455273.530 £ 0.010
Eccentricity, e 0.042 + 0.003 0.0111 £ 0.0010 0.022 &+ 0.005
Periapse angle, w (degrees) -31+7 —-49 46 —-163+7
Nodal angle, 2 (degrees) 0.03 £0.17 0 (relative to 30c) 1.3+0.5
Planetary mass (Mg) 11.3+14 640 + 50 23.1+2.7

|I — 90°| (degrees) 0.18 +0.16 0.32 + 0.03 0.16 + 0.02
(Rpt/Rstar)® 0.00165 + 0.00008 0.0162 + 0.0008 0.0083 + 0.0004
Planet density (g cm—3) 1.02 +0.13 1.88 4+ 0.17 0.19 + 0.02
Planet radius (Rg) 3.9+0.2 12.3+0.4 8.8+0.5
Starspot parameters and spin-axis orientation®

Spot rotational period (days) 16.0 £ 0.4

Spot intensity relative to unspotted photosphere 0.85 £ 0.03

Inferred spot temperature (K) 5298 + 65

Angular radius of spot (degrees) 21;

Sky-projected obliquity, recurrence method (degrees) —-14+10

Sky-projected obliquity, 5-anomaly method (degrees) 4+10

2Most of the host star parameters are obtained from the literature, and are based on the analysis of
high-resolution spectra in conjunction with stellar-evolutionary models [60]. The limb darkening (LD)
coefficients are obtained from the light curve analysis (see section 4.4). The stellar density is obtained
from the dynamical modeling of transit timings and durations.

bPMost of the planet parameters are obtained from the four-body dynamical model (see Fig. 4-4, Sup-
plementary Table 4), with the exceptions of the impact parameters and (Rpi1/Rstar)?, which are obtained
strictly from the light curve analysis. Periods and epochs are best-fits to constant-period models, with
error bars reflecting the 1 s.d. spread in the transit timing measurements. ]I —90°| is the deviation of the
orbital inclination I from 90° (edge-on). The results for the planetary masses and radii take into account
the uncertainty in the assumed stellar mass. The results for (Rp1/Rstar)? are assigned a relative error of
5% to account for possible contamination of the Kepler photometric aperture by background stars. The
mass and radius of planet ¢ agree with theoretical models of gas giant planets [66] (see section 4.7).

bThe spot parameters are obtained from the spot model (see Fig. 4-3). In all cases the quoted results
and statistical uncertainties are based on the 15.85%, 50% and 84.15% levels of the cumulative a poste-
riori probability distribution (marginalizing over all other parameters), as determined with the MCMC
algorithm.
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Figure 4-2: Continuation of Fig. 4-1, the transit phases and anomaly phases for the
four other spot-crossing events.

The upper panels are the equivalent of panel a of Fig. 4-1, the lower panels the equivalent
of panel b, for all four other spot-crossing events. It is important to note that except for
the one on the right side, the other three are based in a model with two spots on the transit
chord. In those cases, only one out of the two anomalies happens to be caused by a large
enough spot, and that is the one connected with the blue vertical line on the lower panels.
See table 2S and 3S for more information.

A by-product of our dynamical analysis combined with the transit analysis and the
known mass of the star [60] is the determination of the planetary masses and radius
(Fig. 4-4, Table 4.1).

Such an orderly arrangement might seem to be a natural consequence of the stan-
dard model of planet formation, based on core accretion within a flat disk [111].
Recently, though, the host stars of many 'hot Jupiter’ systems have been found with
high obliquities, in some cases even spinning backward relative to the planetary orbit
([214], [226]). Indeed, it has been argued that stars with hot Jupiters had initially

random obliquities, and the only reason low obliquities are more frequent than ex-
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Figure 4-3: Evidence for a low obliquity based on a consecutive pair of transits over
a single starspot.

a, Data points (black) are a portion of the Kepler light curve, showing the QPV with an
approximate 16-day period. The red curve is a model consisting of three spots (shifted
vertically for clarity). The model does not take into account spot evolution or differential
rotation and is not expected to fit perfectly. Three particular transits are highlighted with
boxes and labelled for subsequent discussion. b, Light curve of a transit of planet c. The
solid dots are data points, the black curve is a transit model with no spots, and the red
curve is the best-fitting model with three spots. Residuals from the best-fitting model are
displayed near the bottom of the plot. ¢, Same as the previous panel, but for the next
transit of planet c. d, Same as the previous panel, but for the next transit of planet d.
The key parameter of the model, the projected obliquity, was constrained to be smaller
than 10°. e, Illustration of the stellar disk, dark spots and transit chord for the time range
plotted in panel b. The white arrows convey the direction of stellar rotation. The black
disk represents the transiting planet. f, g, Same as panel e, but for the time ranges plotted
in panels ¢, d respectively. Panels e and f show that spot 1 was twice eclipsed by planet
¢, with nearly four stellar rotation periods between the transits. Then, one stellar rotation
later, spot 1 was also eclipsed by planet d (panel g). (The smaller spot, 3, may also have
been eclipsed by both planets during this time interval, though the eclipse by planet d is
not securely detected.)
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pected is the obliquity-damping effect of planet-star tidal interactions [226]. The
observed high obliquities in hot-Jupiter systems have been interpreted as evidence
that hot Jupiters attained their close-in orbits through dynamical interactions (which
can strongly perturb a planet’s orbital orientation) followed by tidal capture. This
view is in opposition to the previous paradigm for the origin of hot Jupiters, in which
a gradual transfer of energy and angular momentum to the protoplanetary disk causes

their orbits to shrink (and maintain a fixed orientation).

One reason why the scenario involving dynamical and tidal interactions has not
gained universal acceptance is that obliquity measurements were previously confined
to giant planets with small periastron distances. One would like to make sure that
the high obliquities are indeed confined to systems that have experienced dynamical
interactions. Otherwise it remains possible that stars and their disks are generally
misaligned for reasons unrelated to planets, such as chaotic accretion [17], magnetic

interactions [107] or differential torques produced by a neighbouring star.

Kepler-30 is the type of system that needed to be checked: the coplanarity of
the planetary orbits suggests a quiescent history without disruptive dynamical in-
teractions, and the planets are too far from the star for strong tidal interactions.
The system was selected by virtue of significant spot-crossing anomalies, and not
by any criterion that would have biased the result towards low obliquity. Therefore
the observed low obliquity is a clue that star-disk misalignments are not the correct
explanation for the high obliquities of hot Jupiter hosts, and that hot Jupiters arise
from dynamics and tidal capture. There is only a 6% chance of observing such a low
obliquity for Kepler-30 if obliquities were drawn from a random initial distribution.
To strengthen our interpretation, additional observations of coplanar multiple-planet
system are warranted, and are predicted to yield low obliquities.

Kepler was competitively selected as the tenth Discovery mission. Funding for
this mission was provided by NASAs Science MissionDirectorate. The data presented
in this Letter were obtained from the Mikulski Archive for Space Telescopes (MAST).
STScl is operated by the Association ofUniversities for Research in Astronomy, Inc.,

under NASA contract NAS5-26555. Support for MAST for non-HST data is provided
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Figure 4-4: Evidence for coplanar planetary orbits based on an analysis of transit
times and durations.

Throughout, sub-panels and diagram components using colors red, green and blue refer
to planets Kepler-30b, Kepler-30c and Kepler-30d, respectively. a, The deviation of
individual observed (O) transit times (see Table 4.2 with all errors defined as +1 s.d.) from
a constant-period calculation (C) versus time. For planets ¢ and d, suspected starspot-
crossing anomalies were masked out before the analysis. Calculated transit times based on
a model including planetplanet dynamical interactions ([60], [89]) (see section 4.7) are shown
as open diamonds. Residuals (Res.) between the data and the model are shown below each
O-C plot. b, Observed and modeled transit durations. Here the transit duration is defined
as the length of time when the centre of the planet is projected in front of the stellar disk.
c, Diagram of the paths of the planets (black circles with colored rims) across the face of
the star. The error bars show the uncertainty in the impact parameters of the orbits, which
are constrained from the timescale of ingress and egress. For planets b and d, three lines
are shown, delimiting the 1 s.d. region allowed for the rotations around the line of sight,
relative to planet c. The lack of secular changes in the durations (b) implies coplanarity to
within a few degrees. The error bar on the stellar limb (upper right) is the uncertainty in
the stellar radius. The stellar spin axis is denoted (upper middle); its projected orientation
is determined from the starspot analysis to be aligned with the planets to within 10° (1
s.d.).
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The following material was originally published as the Supplementary Information
section of the paper, and it is intended to supplement the Main Text section with a

more technical description of the methods used to measure the obliquity of Kepler-30.

4.2 The Kepler photometric time series

Basic characteristics. This work is based on photometric time-series data of KIC
3832472 from the Kepler space telescope [21] obtained between 13 May 2009 and
28 September 2011 (Kepler quarters 1 through 10). Until 29 September 2011 the
observing mode resulted in one photometric measurement every 29.4 min, whereupon
the observing mode was changed to produce a time series with a finer sampling of
58.8 sec.

Removal of artifacts. We attempted to remove instrumental artifacts as follows.
First we separated the transit segments from the rest of the time series. A transit
segment was defined as the data obtained during a given transit along with 3 hours
of data before the transit, and 3 hours of data after the transit. For the transit
segments, instrumental artifacts were well described by a linear function of time.
The parameters of this linear model were determined by fitting a straight line to the
out-of-transit data. As for the rest of the data, we subtracted the projections between
the data vector and the 4 most significant co-trending basis vectors made available by
the Kepler project . For some time ranges this correction was not applied, because
the data had already been corrected by the Kepler project using the PDC-MAP
algorithm ([195], [206]).

4.3 Stellar rotation period

Period determination. To estimate the stellar rotation period, we divided each
quarterly time series by its mean, and then computed a Lomb-Scargle periodogram

[184] of the entire time series. A clear peak is observed at 16 days. We interpret

 http://archive.stsci.edu/kepler/cbv.html
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this peak as the stellar rotation period. This conclusion was corroborated by a visual
inspection of the time series, in which there are at least ten clear cases of flux minima
with a consistent amplitude separated by 16 days, for intervals as long as a year.
Evidently, there are large and long-lived starspots. Some of these groups of flux
minima are studied in more detail in the next section. We adopt an uncertainty of
0.4 days in the rotation period, based on the range of periods giving a periodogram
power at least one-third as large as the peak power. Thus the stellar rotation period
was estimated to be 16.0 £ 0.4 days.

Gyrochoronology. The stellar rotation period can be used to estimate the main-
sequence age of the star, because Sun-like stars are observed to slow their rotation
according to a simple law in which the rotation period is proportional to the inverse
of the square root of the age [193]. We used a polynomial relationship [185] between
stellar age, rotation, and mass to estimate the age of Kepler-30. The inputs were the
rotation period, taken to be a Gaussian random variable with mean 16.0 days and
standard deviation 0.4 days, and the stellar mass, taken to be 0.99 solar masses with a
standard deviation of 0.08 solar masses. The resulting distribution of stellar ages has
a mean of 2 Gyr and standard deviation of 0.8 Gyr, indicating a star younger than
the Sun. The uncertainty of 0.8 Gyr reflects only the uncertainties in the rotation
period and stellar mass, and not any systematic errors in the polynomial relationship

itself.

4.4 Transit light curve analysis

Overview. The analysis of the transit data had several steps, to take advantage
of the fact that certain model parameters were assumed to have the same values for
all transits, while other parameters were allowed to be specific to each transit. The
common parameters were determined by constructing and analyzing a composite
transit light curve for each planet, the results of which were then used as constraints
in the fit to each individual transit light curve. We performed two iterations of this

entire process, the second time enforcing an additional constraint that the orbits
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are nearly circular, based on the results of the dynamical integration described in

section 4.7 of this supplement.
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Figure 4-5: Transit curve analysis allowed us to determine the orbital parameters and
also the sizes of the planets, properly taking into account the effect spots.

The upper panel shows three different transits in which spot anomalies are observed. The
solid dots represent the observed fluxes used to determine the transit parameters. The
open dots represent the observed fluxes affected by spot-crossing events, points that were
not used in the transit analysis. The line represents the final transit model that fits through
the solid dots. The lower panel shows the folded light curve for the three planets in which
the solid dots represent all observations and the lines represent the final transit model. The
effect of the spots seems to be present for the three planets, but it becomes much more
evident for Kepler 30c, the largest planet.

Transit model. In all cases the transit data were fitted with a standard transit
model [125] using a quadratic law to describe the stellar limb darkening, with two free
parameters for the limb-darkening coefficients. The planet-to-star radius ratio, scaled
stellar radius (R/a), and the cosine of the orbital inclination (cos I) were additional
free parameters. When data with a cadence of 30 minutes is used, we evaluate the
model with a fine time sampling and then time-average the model before comparing
it to the data [101].

Spot corrections. For planets ¢ and d, the signal-to-noise ratio of the tran-
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sit data was large enough to justify corrections for spot effects. Spot-crossing flux
anomalies were visually identified and excluded from the fit (see Figure 4-5). To ac-
count for the effect of unocculted starspots we added a new parameter (Ls,o) specific

to each transit representing the light lost due to spots, defined as

-Ftrans - Ls ot
) G i 4.1
1- Lspot ( )

where Fy.4n, 18 the standard transit model with no spots, and F,,, is the model that
is compared to the data [45]. We allow the Lspot parameters to vary freely except
for the case of the shallowest transit, for which this parameter was held fixed at zero.
Thus we assumed that the effect of unocculted spots was minimal for that transit, and
indeed the shallowest transits of both planets ¢ and d occur near a local maximum

in the relative flux, as expected if our assumption were correct.

Parameter estimation. We determined the best-fitting model parameters by min-
imizing a standard x? function. The weight of each data point was proportional to
the square root of the effective exposure time, and the proportionality constants were
determined by the condition x2,;, = Naos (number of degrees of freedom) for the best
model. Construction of composite light curves allows for a drastic reduction in data
volume and consequent speed-up of the MCMC algorithm. We assumed that the
limb-darkening parameters, radius ratios, and R/a parameters were constant across
all transits of a given planet, but that cos I (and therefore the transit duration) could
vary from one transit to the next. To construct composite light curves, the best-fitting
values of the midtransit times were used to calculate the time relative to the nearest
mid-transit, and the best-fitting L,p,; parameters were used to correct the data to zero
loss loss-of-light due to unocculted spots. The data were then binned in time with a
bin size of 5 minutes. The MCMC algorithm was then used to explore the allowed
regions for the global parameters (Table 4.1). The same MCMC algorithm was also
used to obtain the individual transit durations and transit midpoints of each event,
using constraints on the other parameters based on the analysis of the composite light

curves. The results for the transit midpoints and durations were used as inputs to
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the dynamical model described in Section 4.7 (see also Table 4.2).

Table 4.2: Transit durations and midpoint times from the transit model

Planet Transit # Time [BJD-2454900] Error Transit Duration [days] Error
b 0 83.719 0.007 0.184 0.013
1 112.858 0.007 0.213 0.014
2 142.027 0.008 0.201 0.015
3 171.159 0.007 0.225 0.013
4 200.326 0.012 0.164 0.020
5 229.490 0.008 0.193 0.014
6 258.684 0.006 0.182 0.011
7 287.895 0.007 0.207 0.013
9 346.419 0.008 0.209 0.015
11 405.094 0.007 0.191 0.013
12 434.432 0.007 0.202 0.012
13 463.924 0.007 0.224 0.013
14 493.316 0.006 0.233 0.011
15 522.874 0.006 0.210 0.011
16 552.316 0.008 0.205 0.015
17 581.892 0.006 0.221 0.012
18 611.352 0.006 0.206 0.013
19 640.923 0.008 0.186 0.014
20 670.380 0.007 0.232 0.014
21 699.923 0.006 0.206 0.012
22 729.366 0.005 0.193 0.010
23 758.817 0.005 0.186 0.009
24 788.230 0.007 0.229 0.013
25 817.599 0.006 0.191 0.010
26 846.940 0.006 0.214 0.011
27 876.243 0.005 0.191 0.009
28 905.525 0.006 0.201 0.012
c 0 176.8927 0.0007 0.2437 0.0015
1 237.2268 0.0007 0.2450 0.0016
2 297.5542 0.0009 0.2383 0.0019
3 357.8826 0.0007 0.2414 0.0015
4 418.2062 0.0007 0.2421 0.0015
5 478.5308 0.0010 0.2429 0.0021
6 538.8514 0.0007 0.2394 0.0016
7 599.1696 0.0006 0.2440 0.0013
9 719.7957 0.0006 0.2418 0.0013
10 780.1152 0.0006 0.2428 0.0013
11 840.4375 0.0005 0.2405 0.0013
12 900.7677 0.0006 0.2425 0.0013
d 0 87.2631 0.0015 0.316 0.003
1 ) 230.3777 0.0014 0.333 0.003
2 373.6182 0.0015 0.328 0.003
3 516.8893 0.0015 0.333 0.003
5 803.2728 0.0013 0.334 0.003

The errors are estimated using an MCMC algorithm. The transit durations of each planet are constant within
the errors, which is used to constrain the mutual inclinations. The transits are not equally spaced, due to
gravitational interactions between the planets. We used this information to constrain the masses

and orbits of the planets (see Figure 4-4).
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Iteration with dynamical modeling. There is a well-known relationship be-
tween the orbital parameters, transit parameters, and stellar mean density [225],
usually described as a relation between the R/a parameter and the stellar mean den-
sity for an assumed circular orbit. Therefore, in a system with multiple transiting
planets, an additional constraint is available on the orbital and transit parameters by
requiring the individual planet models to agree on the stellar mean density. This only
useful when the orbital eccentricities of the planets are known or bounded strongly.
In the first iteration of our transit analysis, the planets’ orbital eccentricities were
unknown and were therefore analyzed individually with no common linkage based on
the stellar mean density. Subsequently, the dynamical modeling described in Sec-
tion 4.2 revealed that the orbital cccentricitics must be small. After this finding, we
performed a second iteration of the entire process: we repeated our transit analysis
with constraints on the orbital eccentricities, thereby gaining additional leverage over
the transit parameters, and then refined the dynamical model with the improved pa-
rameter set. The output orbital eccentricities were consistent with the results of the
first iteration, obviating the need for additional iteration. (We note that iterative
procedure could have been avoided by directly coupling the light curve model and
dynamical model, a technique that has become known as photodynamics [35], at the

cost of increased computation time.)

Limb darkening results. The fitted limb darkening coeflicients u; = 0.38+0.09
and us = 0.40 + 0.19 can be compared with tabulated values based on theoretical
models of the atmosphere of the host star [42]. According to those models, a Sun-
like star with log g = 4.5, Teff = 5500 and Z = 0.2 (parameters similar to those of
Kepler-30) is expected to have limb-darkening coefficients u; = 0.47 and uy = 0.22,

in agreement with our results.

91



4.5 Obliquity determination from transits over starspots

at differing longitudes

Identifying significant anomalies: first method. When a planet transits a spot,
the observed flux is higher than when the planet is transiting the brighter unspotted
surface of the star. This is what causes the flux anomalies in the transit light curves.
To simplify the analysis we wanted to identify those particular anomalies caused by
the largest spots, which are expected to produce the most significant modulation of
the out-of-transit flux. One can estimate the total flux deficit caused by the spot or
at least of the portion of the spot transited by the planet by computing the difference
between observed and modeled flux during an anomaly, and then multiplying by an
appropriate scale factor [48]. However, this will underestimate the effect of spots that
are transited near the limb, due to the effect of geometrical foreshortening. For this

reason we employ a modified spot metric,

_ Z(fobs - ftheo)At
AF ==

where 7 is the ingress time of the transiting planet, r is the projected distance

(4.2)

from the center of the spot to the center of the star (in units of the stellar radius), At
is the time spacing between observations, and [, and fi., are the observed flux and
the (spot-free) modeled flux respectively. The sum is evaluated for all data points
during the spot anomaly. We ranked all spot anomalies according to this metric, and

identified the six most significant spots, for which AF > 0.4%.

Identifying significant anomalies: second method. As an alternative means
of classifying the spot anomalies, we also fitted a parameterized model to the anomaly
data. Our spot model is based on the premise of a limb-darkened star with circular
starspots [179]. In addition to the usual transit parameters, which were held fixed
in this analysis, there were four parameters for each spot (size, relative intensity,
and two-dimensional location in the rotating frame of the star). We specify the spot

size by the angular radius, defined as the opening angle of the cone that connects
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the boundary of the circular spot with the stellar center. Since the rotation period is
slow enough that the spot does not move appreciably over the duration of a planetary
transit, the model coordinates of the spot are assumed to be constant throughout the
transit, coinciding with the projected center of the planet at the midpoint of the
anomaly. The size and the relative intensity of the spot are free parameters, as are
the transit midpoint and out-of-transit flux level, since those latter two parameters
are correlated with the spot parameters. The model flux is calculated as the surface
integral of the intensity of the visible hemisphere of the star, excluding the area
blocked by the planet. The parameters of the best-fitting model are used to estimate
the loss of light due to the entire spot, assuming a circular shape. This is in distinction
with the first method, which is less model-dependent but gives only the loss of light
due to the portion of the spot that was transited by the planet.

Both methods of ranking the spots give agreement on the top six spots. These
spots should produce the largest quasi-periodic flux variations outside of transits.
The six largest anomalies should each correspond to a flux variation exceeding 1%,

which is readily detectable in the Kepler data.

Associating flux anomalies with nearby local minima in the out-of-
transit flux. Spots cause a modulation in the disk-integrated flux, as they are
carried across the disk by stellar rotation. Due to limb darkening, the loss of light
due to a particular spot is largest when that spot is closest to the center of the stel-
lar disk. The quasi-periodic variation thereby encodes some information about the
location of the spot, which we use in the obliquity determination. For each of the six
transits with the most significant anomalies, we search all of the data within one stel-
lar rotation period to identify local flux minima deeper than 0.4%, i.e., deep enough
to be caused by the same spot that is the origin of the transit anomaly. This search
becomes more complicated if the transits are located close to a large data gap, like
safe mode events, since the shape of the lux minima might be compromised. For this
reason we discarded one of the transits with one large anomaly that happened close
to the beginning of quarter 10. We checked that dropping this anomaly did not affect

the conclusions of this paper.
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For one of the remaining 5 transits, only one minimum is identified, and we con-
clude that the spot that caused the flux anomaly is the same that caused the flux
minimum. The alternative interpretations are unlikely. For example there could be
bright spots (faculae) situated in such a way as to cancel out the loss of light from the
dark spot, but such large faculae have never been observed in active stars [67], and
no evidence is found for transits over faculae. Another possibility is that two large
spots can combine to cause the same effect as one larger spot. This is possible, but
in these cases the two spots would necessarily have a similar rotational phase, and
thus the computation of transit phases described below would be largely unaffected.
In the other 4 large flux anomalies, there were two local minima in the vicinity of the
transit. For these we tried all possible associations between flux anomalies and local

minima, as described below.

Computing ¢;,,, the phase of each transit within a stellar rotation cycle.
For each transit we computed the phase of the transit (¢.,) relative to each of the
candidate minima. The phase is defined as the time of the transit, relative to the
time of the flux minimum, divided by the rotation period and expressed in degrees.
To measure this transit phase we first needed to measure the times of minimum light.
This was done by fitting a parabolic function to the data near the minimum. These

timings, along with formal statistical uncertainties, can be found in Table 4.3.

In the cases where PDC-MAP data were available, we repeated this procedure
with both the flux series obtained with our detrending algorithm (fitting the co-
trending vectors) and the PDC-MAP flux series. We found differences up to 0.1 days,
several times larger than the formal statistical uncertainties. This demonstrates that
the times of minimum light are dependent on the details of the detrending algorithm.
Therefore, to obtain more robust results, we analyzed not only the local minimum
closest in time to the transit, but the entire periodic sequence of local minima that
occur within 4 stellar rotation periods of the transit in question. The large spots
evidently lasted for several rotation periods, enabling this analysis. The timings of
all those minima are also given in Table 4.3. We then fitted the times of minimum

light for each spot with a linear function of cycle number.
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Table 4.3: Measured timings for relevant flux minima used to estimate the rotational
phases of the spots occculted during transit.

Spot group Epoch  Timing MOCMC error Final error Period Period error

1 0 150.242 0.007 0.40 16.11 0.08
1 2 182.153 0.010 0.40 16.11 0.08
3 198.270 0.013
4 213.745 0.016
5 230.999 0.046
6 246.851 0.034
1I 0 144.264 0.016 0.44 16.01 0.08
1 160.129 0.011
2 175.927 0.014
4 209.054 0.063
5 224.423 0.016
6 239.824 0.025
III 4} 264.863 0.021 0.40 15.94 0.06
Spot 1 1 280.107 0.010
See figure 4-3 2 296.037 0.012
3 312.369 0.008
4 328.385 0.010
5 344.021 0.012
6 359.480 0.015
7 376.611 0.037
v 0 259.306 0.044 0.42 14.78 0.18
1 273.199 0.012
2 288.296 0.020
3 303.549 0.027
v 0 350.727 0.010 0.13 15.67 0.02
1 366.291 0.011
2 382.016 0.011
3 397.571 0.012
4 413.266 0.010
5 428.724 0.009
6 444.762 0.008
7 460.272 0.006
8 476.165 0.008
VI 0 681.771 0.014 0.57 15.16 0.12
2 712.747 0.014
3 726.574 0.069
5 758.225 0.154
6 772.537 0.033
VII 0 639.490 0.022 0.37 15.61 0.04
3 686.184 0.023
4 702.226 0.014
5 718.260 0.019
6 733.743 0.027
7 748.411 0.026
8 764.116 0.038
9 780.078 0.019
10 795.897 0.011

The flux minima are grouped according to periodicity, and each group represents
one large active region or spot. MCMC errors are based in a parabola fit to each
flux minima, whereas the final errors used are based on the standard deviation of
the residuals of the linear fit to all the timings of a given group. The rotation period
and its error are based on that same linear fit. The nine timings that occur close

to one of the five transits that show large spot-crossing events are underlined.
Written in bold and enclosed inboxes are the five lux minima uniquely

determined (see Section 4.5).
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The standard deviation of the residuals which was up to 20 times larger than the
formal statistical uncertainty in each time of minimum light was adopted as a more
realistic estimate of the uncertainty of each of the timings. The slope of the line is
interpreted as the period of rotation of the given spot, in all cases close to the value

16.0 &+ 0.4 days established in Section 4.2.

The transit phase is then defined

Lo 360°(tg — )
B = 2= (43)
where P is the rotation period of the spot, t/ represents the time of minimum light,
and to is the mid-transit time. The uncertainty in this phase (6¢7,..) is obtained by

tra

propagating the uncertainties of all the input parameters.

Computing ¢.n.m, the phase of each anomaly within the transit. The
timing of the spot-crossing anomaly relative to the mid-transit time also bears infor-
mation about the location of the spot, in this case with respect to the transit chord.

Each spot-crossing anomaly was assigned an anomaly phase (@anom ), defined as

¢anam = Sin-‘l (ﬁ) (44)

where x is the locatioﬁ of the spot measured along the transit chord, in units of the
stellar radius, and b is the impact parameter of the transit. To determine this phase
and its uncertainty (6@anom), we use the spot transit model previously mentioned, in
which x is a free parameter. We used an MCMC algorithm to determine the allowed
range of this parameter, and then propagate the uncertainty appropriately to obtain

Panom (see Table 4.4).

Using the relation between ¢4, and ¢gnom to determine the obliquity. Given a
certain spin-orbit orientation and a particular impact parameter, there is a one-to-
one geometrical relationship between these two phases. Symbolically we write this

relationship as

¢tra,theo = f()‘a isy ¢anam: b) (4’5)

96



Table 4.4. Final transit and anomaly phases for each of the largest spots occulted
by planet Kepler 30c.

Kepler Transit #  @gnom[deg] Error  ¢rg[deg] Error

0 15 2 22 10
2 59 9 34 9
3 -39 12 -36 9
5 48 7 54 3
10 5 3 1 8

and, for each of the 16 possible associations between flux anomalies and local minima,

we define the goodness-of-fit as

. 2
2 : < ¢tra,theo - ¢ira
X ()‘7Zsab:¢anorna]) = E _—— “+
5¢-t1ra

anom,param — Yanom ? b— bc 2
] e 4

where X is the sky-projected stellar obliquity, is is the inclination of the stellar ro-

tation axis with respect to the line of sight, the index j ranges over the 16 possible
associations, and b, and 0b. are the measured impact parameter of planet ¢ and its
associated uncertainty (Table 4.1). For each of the 16 possible associations, we evalu-
ate the minimum of the x? function in a 2D uniform grid in A and i,, with X ranging
from 180° to 180° and i, ranging from 0° to 180°, with a spacing of less than half
degree. With eight parameters and eleven measurements, we have three degrees of
freedom. We only find one association that gives an acceptable fit, with a minimum
x2 = 5.2 and a p-value of 0.16. The next best association gives a minimum x? ~ 26.5,
with a p-value of 0.000008. This test thereby uniquely determines the associations
between flux anomalies within a transit, and nearby minima in the out-of-transit
flux (see Table 4.4 for final value of the phases). Once this is decided, we used an
MCMC algorithm to obtain the final value of A and its uncertainty, using the correct

association. (As expected is is unconstrained by this analysis.)
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4.6 Obliquity determination from two transits over

a single starspot

A second, independent determination of the obliquity was undertaken, based on the
observed recurrence of flux anomalies by the same spot in two different transits. For
this task the spot model was changed appropriately. To give an acceptable fit to
the light curves it was necessary to include three spots in the model, even though
only one of those spots (the one that was transited twice) is of interest. The largest
spot, labeled 1 in Figure 4-3, is the crucial spot that was transited twice by planet
b. The smaller spots 2 and 3 were included for completeness but do not have any
bearing on the stellar obliquity. These two spots are fixed to the transit chord as
previously explained. For simplicity, all the spots were assigned the same intensity,
since for spots 2 and 3 this parameter is degenerate with the spot angular radius.
More information is available for spot 1 because Kepler- 30c transited this spot twice.
The model is also modified (relative to the model described in Section 4.5) to account
for the changing position of the spot on the disk of the star. We model the trajectory
of the spot with the two angles specifying the stellar orientation, the rotation period
of the star, and a particular time when the spot is closest to the center of the star.
The transit data alone would not allow the spot parameters to be determined
uniquely, especially because the transits are well separated in time and the spots
are large. However, we can apply some crucial constraints on the model based on
the analysis of the out-of-transit quasiperiodic flux variations. Specifically, Gaussian
priors were imposed on the stellar rotation period, and on the amplitudes and phases
of the out-oftransit flux variations implied by the spot locations (Table 4.3). To
compute the amplitude of the quasi-periodic flux variations for a given set of spot
parameters, we used the Dorren model [55], an analytic expression that gives the
loss of light from a circular spot of a certain size, brightness contrast and location.
This model uses a linear law for the limb darkening profile. We assumed that the
limb-darkening law was the same for spots as for the surrounding photosphere. The

spots were required to have a lower intensity than the surrounding photosphere, and a
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maximum angular size of 60° to protect against outlandish solutions. The individual
transit times and out-of-transit flux levels were allowed to vary freely. The allowed
regions for the parameters were determined with an MCMC algorithm [65], and are
given in Table 4.1. We used the best-fitting (zero obliquity) solution to plot the
quasi-periodic flux variations using the same Dorren model, and in Figure 4-3, panel
a, the result is plotted in red. The spot model captures the general amplitude of
the modulations and the phase of the largest spot, but does not fit perfectly. This
was expected, since we are not modeling all the smaller spots that may exist on the
surface or trying to fit the quasi periodic flux variations point by point, nor are we

taking into account spot evolution or differential rotation.

4.7 Dynamical modeling

Overview. A dynamical model was fitted to the observed transit times and dura-
tions, in order to determine the planet masses and especially the mutual inclinations
between the planetary orbital planes. The model consisted of four spherical bodies
(the star and three planets) dynamically interacting according to Newton’s equation
of motion. This model was advanced, using a root-finding technique [59], to each
moment of closest sky-projected separation between each of the planets and the star.
This moment is the model midtransit time. This distance of closest sky-projected
separation, in units of stellar radii, is the model impact parameter b (averaged over
the transits which are observed). The model transit duration is the width of the star
along that transit chord, 2R,v/1 — b2, divided by the sky-projected relative velocity
of the planet and the star (v). These three types of quantities are compared to the
measurements (Table 4.2), and the x? function (the sum of the squares of the differ-
ences between model and data, normalized by the observational errors) is minimized
using the Levenberg-Marquardt algorithm [127].

Model parameters. The parameter set used in the model are osculating orbital
elements in Jacobian coordinates: each planet’s orbit is referenced to the center of

mass of all bodies on interior orbits, with instantaneous Keplerian orbits defined using
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Table 4.5. Dynamical fit to Transit Times and Durations (Table 4.2) and Impact
Parameters (Table 4.1).

Planet P (days) To (BJD-2454900) esinw ecos w i(deg) Q(deg) Mp/M. (x1075)
b 29.33434 346.6476 0.03616 -0.02204 90.179 0.035 34.29
+/- 0.00815 0.0401 0.00185 0.00638 0.167 0.167 3.03
c 60.323105 357.887042 0.00728 -0.008332  90.3227 0.00 1935
+/- 0.000244 0.000520 0.00133 0.000767 0.0302 (def) 167
d 143.34394 373.53020 -0.02060 -0.00635  89.8406 1.319 70.09
+/- 0.00858 0.00969 0.00510 0.00239 0.0202 0.475 5.76

the total mass of all interior bodies and that planet. The numerical integrations use
Cartesian, astrocentric coordinates (at a common dynamical epoch BJD 2455550),
coordinates into which the parameter set is converted prior to the integration. The
parameters are orbital period, P; mid-time of a transit near the dynamical epoch, Tg;
the parameters (e sinw) and (e cosw), where e is the eccentricity and w is the angle
between the periastron and the node, the latter being the location the planet passes
through the sky plane moving towards the observer; the inclination of the orbital
plane with respect to the plane of the sky, i; the rotation angle of the node about
the line of sight, 2. Finally, we fit the mass of each planet with respect to the star,
M,/M,. We have used this method previously to fit transit midtimes ([60], [89], [43]),

and in Table 4.5, we give the resulting orbital parameters.

Obtaining the density of the host star. An additional step of this analysis
was to find the density of the star, p,. In practice, we fix the stellar mass at 0.99
My and use stellar radius R, as an additional fit parameter, which we convert to
P+ using the adopted stellar mass. The rationale of this approach is that under the
transformation of masses M, — aM,, Newton’s equations have the scaling property
of time t — /at and of distances/radii R, — a'/*R, and thus M,/R? — M,/R2,
meaning that photometric data uniquely constrain only densities. While fitting a cer-
tain timing dataset, the fit can still be rescaled to various masses and radii. Another
way to demonstrate this is to note the dependencies of parameters which together
determine the stellar radius: R, = D/(2vv/1 — b2). The shape of transits determines
the parameter b and duration D; they are independent of M,. The sky-projected
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orbital velocity v comes from the numerical integration. The orbital period is fixed
by the observations, so v scales the same way as semi-major axis with stellar mass,
i.e. v oc MY®. Thus the inferred R, scales as My / 3, so with the integrations assuming
a certain M,, what is really being constrained is the stellar density.

The best fitting model For this analysis, the average impact parameters we
used were given in Table 4.1. The resulting goodness-of-fit statistic and number of

data points for were x2/#:

Times of planet b : 18.3/27
Times of plamet c : 12.9/12
Times of planet 4 : 0.02/5
Durations of planet b: 39.9/27
Durations of planet c: 16.1/12
Durations of planet d: 10.5/5
Impact parameter of planet b: 1.4/1
Impact parameter of planet c: 0.1/1
Impact parameter of planet d: 0.03/1

The total x2 of 99.4 for 70 degrees of freedom is marginally acceptable: according
to the chi-squared test, it has a p-value of 0.012. The durations and impact parameter
of planet b have high deviations from their measured errors (Table 4.1, 4.2). Kepler
30b is a special case because its ingress and egress have very low signal-to-noise per
transit, so the determination of errors of durations and impact parameter is especially
difficult.

Mutual events. Note that planets ¢ and d have nearly the same impact param-
eter, and there is evidence that they cross the same spot. This suggests that if they
transited the star at the same time, their disks might intersect, in projection. Such a
geometry would lead to a momentary brightening, relative to the two-planet eclipse
model, called a mutual event [166]. In the current dataset, no such anomalies exist,
and the best-fitting model has no such events spanning ~ 8 years of data possible

from Kepler. However, ground-based telescopes may survey this system thereafter
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[209], presuming the planets have not nodally precessed onto differing transit chords

by then.

Planet parameters. Although the main motivation for our dynamical analysis
was the determination of mutual inclinations, a by-product is the determination of the
planetary masses and densities, which were heretofore poorly known. From table 4.5,
we obtain the planet to star mass ratio that combined with the stellar mass obtained
from the spectra (Table 4.1) gives us the mass of the planets. This same mass ratio,
together with the new precise density of the star, and the planet to star radius ratio,
allows us to get the densities. Then it is straightforward to obtain the planetary radius
from these. We confirm that b is akin to Neptune, and c is a gas giant similar to
Jupiter. Planet d has the lowest mean density of any exoplanet smaller than Jupiter
[233], although we caution that the mass of planet d is less robustly constrained than
the other two planet masses. The constraint on d’s mass relies on the ahalysis of
its gravitational pull on ¢, which is itself engaged in a resonance with b, making the

effects difficult to isolate.

To test the robustness of these measurements, we adopt a theoretical stance and
assume that the mass and radius of Kepler 30c should conform to theoretical models
of giant planets, which are thought to be reliable for cool (not strongly irradiated)
giant planets [66]. Thus, the massive giant planet can be used as a reference object,
instead of the usual practice of using the star as the only reference object. With an
orbital period of 60 days around a Sun-like star, and being so massive, in theory the
size of this planet depends chiefly on its age and the composition of the solid core at
its center. With the estimate of the age from the rotational period and the mass fixed
to 2 Jupiter masses, we estimate the largest size possible as the cool Jupiter with no
core and age of 1 Gyr, which is 1.14 times the radius of Jupiter. On the other end, to
provide a lower bound on the planet radius, we choose a cool Jupiter with a very large
core, 100 times the mass of Earth, and as old as 4.5 Gyrs, giving a size of 0.97 Jupiter
radii. Putting these results together, we set a value for the radius of 1.054+0.09 Jupiter
radii for Kepler 30c, or what is the same, 11.8 & 1.0 Earth radii. With this estimate,

and the knowledge of the relative sizes of the planets, one can determine the sizes
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of the smaller planets, whose radii depend strongly on composition and thus are not
well constrained by theory. For Kepler 30b we obtain a radius of 3.8+0.3 Earth radii,
and for Kepler 30d we obtain a radius of 8.4 & 0.8 Earth radii. All these values agree
with the observed values, showing the robustness of our analysis. Even using this
slightly smaller radius for the Kepler 30d, we obtain a density of 0.21 4 0.07 g cm™3
that is still the lowest among all exoplanets smaller than Jupiter. We emphasize that
in this analysis, theoretical models for giant planets influence the planet properties,
whereas the original values reported in Table 4.1, which have smaller uncertainties,

are also independent of such models.
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Chapter 5

Polar spots and high obliquities:
The case of Kepler-63b

Published as: “Kepler-63b: A Giant Planet in a Polar Orbit around a Young
Sun-like Star” Sanchis-Ojeda, R., Winn, J.N., Marcy, G.W., Howard, A.W.,
Isaacson, H., Johnson, J.A., Torres, G., Albrecht, S., Campante, T.L., Chaplin,
W.J., Davies, G.R., Lund, M.N., Carter, J.A., Dawson, R.I., Buchhave, L.A.,
Everett, M.E., Fischer, D.A., Geary, J.C., Gilliland, R.L., Horch, E.P., Howell,
S.B., Latham, D.W. 2013, ApJ, 775, 54.

We present the discovery and characterization of a giant planet orbiting the young
Sun-like star Kepler-63 (KOI-63, myg, = 11.6, T.qg = 5576 K, M, = 0.98 Mp).
The planet transits every 9.43 days, with apparent depth variations and brighten-
ing anomalies caused by large starspots. The planet’s radius is 6.1 £+ 0.2 Rg, based
on the transit light curve and the estimated stellar parameters. The planet’s mass
could not be measured with the existing radial-velocity data, due to the high level of
stellar activity, but if we assume a circular orbit we can place a rough upper bound of
120 Mg (30). The host star has a high obliquity (¥ = 104°), based on the Rossiter-
McLaughlin effect and an analysis of starspot-crossing events. This result is valuable
because almost all previous obliquity measurements are for stars with more massive

planets and shorter-period orbits. In addition, the polar orbit of the planet combined
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with an analysis of spot-crossing events reveals a large and persistent polar starspot.
Such spots have previously been inferred using Doppler tomography, and predicted

in simulations of magnetic activity of young Sun-like stars.

5.1 Introduction

There are good reasons why planet hunters try to avoid chromospherically active
stars. For those who use the radial-velocity technique, starspots and plages distort
the absorption lines, inducing radial-velocity signals that can be similar to those of
planets (see, for example, [121]). A good example of these complications is CoRoT-7
[110], for which different authors have mecasured different planet masses based on the
same radial-velocity data, due to the strong activity of the host star ([161], [158], [63],
[79)).

Starspots can also be a source of noise in the transit technique. Starspots are
carried around the star by rotation, inducing flux variations that could be hard to
detect from ground-based telescopes. When they go unnoticed, they can bias the
determination of the transit parameters ([45], [36]). In addition, when the planet
crosses over a dark starspot, it temporarily blocks less light than expected, causing a
brightening anomaly [189]. These can be an additional source of error, or be confused
with transits of other bodies in the system ([159], [165]).

Space-based transit surveys have the potential to overcome these problems, thanks
to their high photometric precision and nearly continuous time coverage. The data
from these surveys provide the opportunity to study the general activity levels of
thousands of stars [13] as well as spot evolution and magnetic cycles of individual
systems [20]. With hundreds or even thousands of transiting objects detected to
date, spot-crossing events are more readily observed. They bear information about
the sizes, temperatures, and positions of the spots [189], as well as the stellar rotation
period ([190], [53]).

Spot-crossing events can also provide information about the architecture of exo-

planetary systems. Measurements of the angle between the spin axis of the star and
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the orbital plane of the planet (known as the obliquity) can help test theories of forma-
tion and evolution of these systems ([162], [231]). Most of the obliquity measurements
to date have been based on the Rossiter-McLaughlin (RM) effect, a spectroscopic ef-
fect observed during transits (see, e.g., the recent compilation by Albrecht et al. 2012).
One can also test whether a transit-hosting star has a high obliquity using astero-
seismology ([75], [37]), the combination of vsin i, stellar radius, and stellar rotation

period ([185], [86]), or starspot-crossing events ([179], [144], [52], [212]).

The basic idea behind using starspot-crossing events to measure the obliquity is
that when the obliquity is low, any such events are expected to recur in consecutive
transits. This is because in such cases the trajectory of the spot is parallel to the
trajectory of the planet across the stellar disk; when the planet transits again, the
spot is likely to have remained on the transit chord and a spot-crossing event will
occur at a later phase of the transit. In contrast, the rotation of a highly oblique star
would carry the spot away from the transit chord, and the anomalies would not recur
in consecutive transits. For a more detailed explanation and recent elaborations of
this technique, we refer the reader to [178]. One interesting feature of the starspot-
crossing technique is that in the case of highly misaligned system, the planet may
transit across a wide range of stellar latitudes ([48], [177]). In these systems we have

the rare opportunity to measure the latitudes of starspots and their evolution in time.

In this paper we present Kepler-63b, a new transiting planet discovered with the
Kepler space telescope. The paper is organized as follows. Section 5.2 describes the
Kepler observations and other follow-up observations necessary to confirm the plan-
etary nature of Kepler-63b. Section 5.3 describes the effort to characterize the age,
radius and mass of the Kepler-63 host star. Section 5.4 explains how we characterized
the planet in the presence of large and dark starspots. Section 5.5 demonstrates that
Kepler-63 has a large obliquity, using the RM effect. Section 5.6 confirms the high
obliquity of the system using spot-crossing events. Section 5.7 summarizes what we
have learned about the starspots on Kepler-63, including their latitudes. The paper
finishes with a discussion of the results in the context of current theories for stellar

activity and planetary systems.
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5.2 Observations

5.2.1 Kepler observations

For more than 4 years, the Kepler space telescope monitored approximately 150,000
stars in the constellations of Cygnus and Lyra ([103], [21}). The observations con-
sisted of a series of 6 s exposures that were combined into final images with an
effective exposure time of 1 min (short-cadence mode, [72]) or 29.4 min (long-cadence
mode). The target star Kepler-63 was identified in the Kepler Input Catalog [26] as
KIC 11554435 (also 2MASS J19165428+4932535) with Kepler magnitude 11.58 and
V = 12.02. Because of the relative brightness of the star, and the high signal-to-noise
ratio (S/N) of the flux dips, it was identified as a transiting-planet candidate early
in the mission and designated Kepler Object of Interest (KOI) number 63. For this
study we used long-cadence observations from quarter 1 through 12, spanning nearly
three years (2009 May 13 through 2012 March 28). Short-cadence observations were

also used whenever available (quarters 3-12, as well as one month in quarter 2).

The Kepler pipeline provides data with time stamps expressed in barycentric
Julian days in the TDB (Barycentric Dynamical Time) system. Two sets of fluxes
are provided: simple aperture photometry, which is known to be affected by several
instrumental artifacts [100]; and fluxes that have been corrected with an algorithm
called PDC-MAP that attempts to remove the artifacts while preserving astrophysical
sources of variability ([206], [195]). For this study we used the PDC-MAP time
series. Because of the large pixel scale (4 arcseconds) of Kepler’s detectors it is always
important to consider the possibility that the reported fluxes include contributions
from neighboring stars (“blends”). The time series of the measured coordinates of
the source of light are useful diagnostics. For Kepler-63, we used the coordinates of
the center-of-light based on PSF-fitting (PSF_CENTR) which were provided by the
Kepler pipeline (see 5.4.1).
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5.2.2 Spectroscopic observations

We used the spectroscopic observations gathered by the Kepler Follow-up Program
(KFOP). One spectrum was obtained with fiber-fed Tillinghast Reflector Echelle
Spectrograph (TRES) on the 1.5m Tillinghast Reflector at the Fred Lawrence Whip-
ple Observatory on Mt. Hopkins, Arizona, with a resolution of 44,000. The observa-
tion took place on 2009 June 13 with a exposure time of 24 min, giving a S/N of 64
in the Mg I b order. Another spectrum was taken with the HIRES spectrograph [219]
on the 10m Keck I telescope at Mauna Kea, Hawaii, with a resolution of 48,000. The
observation took place on 2009 August 1 with an exposure time of 20 min, giving a
S/N of 250. Three more spectra were taken with the Flber-fed Echelle Spectrograph
(FIES) on the 2.5m Nordic Optical Telescope (NOT) on La Palma, Spain [54], with
a resolution of 46, 000. The observations took place on 2010 June 2, 5 and 6, with a
typical exposure time of 20 min, giving a S/N of about 80.

We conducted additional observations to try to measure the radial-velocity signal
induced by the planet on the star, and also to detect the RM effect. We used HIRES
on the Keck I 10m telescope to obtain 7 spectra during the two weeks before the
transit of 2011 August 20/21. Then, during the night of the transit, we obtained
30 spectra with a typical exposure time of 10 minutes, starting 3 hours before the
transit and finishing 3 hours afterward. We determined relative radial velocities in
the usual way for HIRES, by analyzing the stellar spectra filtered through an iodine
cell (wavelength range 500-600 nm). For the analysis, we used a modified version of

the original code by [31]. Table 5.1 gives the radial velocities.

5.2.3 Speckle imaging

High-resolution images are useful to establish which stars are contributing to the Ke-
pler photometric signal. Speckle imaging was conducted on the night of 2010 Septem-
ber 17, using the two-color DSSI speckle camera at the WIYN 3.5m telescope on Kitt
Peak, Arizona. The speckle camera simultaneously obtained images in two filters: V

(5460/400A) and R (6920/400A). These data were processed to produce a final re-
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Table 5.1. Relative Radial Velocity Measurements of Kepler-63

BJDrtpB Radial velocity [m s—!]  Uncertainty [m s~1]
2455782.054444 -19.6 3.3
2455782.937924 31.3 3.0
2455787.771381 —-26.7 3.0
2455788.809546 —~5.6 3.2
2455789.858820 —-7.5 3.1
2455790.807157 —23.2 2.8
2455792.775137 —-374 2.7
2455793.743264 4.2 2.2
2455793.750173 —4.9 2.1
2455793.757280 0.6 2.1
2455793.791469 —-2.5 2.2
2455793.798830 1.3 2.2
2455793.806157 —2.7 2.2
2455793.813541 -2.3 2.0
2455793.821018 —~1.4 2.3
2455793.828321 7.8 2.2
2455793.835717 2.2 2.1
2455793.843124 2.7 2.2
2455793.850578 13.2 2.1
2455793.857834 16.6 2.6
2455793.865369 11.6 2.4
2455793.872800 18.8 2.4
2455793.880404 20.8 2.4
2455793.887626 9.9 2.3
2455793.895195 7.3 2.2
2455793.902278 15.1 2.8
2455793.912105 0.3 3.0
2455793.919987 12.5 3.3
2455793.927382 5.9 2.6
2455793.934894 -7.0 2.7
2455793.942232 3.8 2.8
2455793.949546 -7.3 2.9
2455793.957266 -3.3 3.3
2455793.964546 -19.0 3.1
2455793.972081 0.7 3.1
2455793.979569 —6.7 3.1
2455794.010807 —10.1 2.9

Note. — RVs were measured relative to an arbitrary template spec-
trum; only the differences are significant. Column 3 gives the inter-
nally estimated measurement uncertainty which does not account for
any “stellar jitter.”
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constructed speckle image for each filter. Details of the processing were presented by
[95]. The speckle observations are sensitive to companions between 0.05-1.5 arcsec-
onds from Kepler-63. We found no companion star within this range of separations,
and can place an upper limit on the brightness of such stars corresponding to AR = 4-

5 mag and AV = 3-5 mag below the brightness of Kepler-63.

5.3 Stellar characterization

5.3.1 Rotation period and age estimate

We identified Kepler-63 as an interesting target based on its high level of chromo-
spheric activity, and the high S/N with which individual transits are detected. The
high level of activity is evident from the quasi-periodic stellar flux variations. To
study these variations we used the published transit ephemeris [15] to remove the
transit signals. To reject outliers we clipped those data points more than 30 away
from the median flux over the surrounding 10 hr interval. Since the star’s light fell
on a different CCD during each of the four Kepler observing seasons, we had to make
a choice for the normalization of each quarterly time series. We chose to divide each
quarterly time series by the mean flux in that quarter, since it seemed to be the
casiest way to avoid large flux discontinuities between quarters.

The upper panel of Figure 5-1 shows the relative flux time series. The short-term
variability on the scale of a few days is presumably caused by spots being carried
around by the rotation of the star. There is also long-term variability, probably re-
flecting spot evolution. The peak-to-peak variability reaches a maximum value near
4%. There are also intervals with much lower variability. A Lomb-Scargle peri-
odogram [184] shows a strong peak at 5.4 days, with a full width at half-maximum
of 0.014 days. Sometimes the highest peak in a periodogram actually represents a
harmonic of the true period, but in this case there is no significant signal at twice
the candidate period and there is a (weaker) signal at half the candidate period, sup-

porting our identification. Therefore we interpret the strongest peak as the rotation

111



period, and adopt P, = 5.401 £ 0.014 days.

This is nearly commensurate with the orbital period of Kepler-63b, with P/ Porp, =
(4.01£0.01)/7. Whether this relationship is caused by a physical process or is merely
a coincidence, it has an important consequence for the interpretation of spot-crossing
anomalies, as pointed out by [229] in the context of the HAT-P-11 system. The near-
commensurability causes a “stroboscopic” effect in the pattern of anomalies, and may
lead to the detection of recurrences even in the case of misaligned systems. For ex-
ample, [52] used the stroboscopic effect to boost the S/N of the spot signals in the
Kepler-17b system.

Other lower-power peaks are present in the periodogram, which could be a sign of
differential rotation or spot cvolution. We checked for any variability of the position
of the highest-power peak by computing a running periodogram: for each time ¢t we
calculated the Lomb-Scargle periodogram of a 50-day time interval centered on t. We
performed these periodograms for a sequence of ¢t values spaced apart by 5 days. Since
there are occasional gaps in the data collection, we only computed periodograms for
those intervals for which the gaps constitute less than 20% of the interval. (Removing
the transits only eliminates 2% of the data.) The results are shown in the lower part
of Figure 5-1, with red colors indicating higher periodogram power. The black line is
where Pyot/Pory, = 4/7. It seems that the highest peak was quite stable over the three

years of observations.

Our spectroscopic analysis (see section 5.2.2), shows that Kepler-63 is a Sun-like
star. With such a short rotation period of 5.4 days, and assuming the star has not
been spun up due to tidal or other interactions, Kepler-63 is likely to be relatively
young. The Sun had a rotation period of 6 days at an age of approximately 300 Myr,
based on the [193] law in which the rotation period grows as the square root of time.
None of the Sun-like stars in the Hyades or Praesepe have rotation periods as short
as 5.4 days [98]. Thus Kepler-63 is likely younger than 650 Myr, the approximate
age of these clusters. [185] presented a convenient polynomial relationship between
stellar mass, age, and rotation period; using this relationship we find for Kepler-63

an age of 210 & 35 Myr. We also used the polynomial relationship given by [12] and
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updated by [134]; applying this relationship with B —V = 0.7 for Kepler-63 gives an
age of 210 & 45 Myr.

Independent evidence for youth comes from a high observed level of chromospheric
emission. The Mt. Wilson Sk index, obtained from the Keck spectra, has an average
value of 0.37, from which we estimate a chromospheric flux ratio log Ryx = —4.39.
Using the correlation between chromospheric emission and rotation period presented
by [143], and an estimated B — V = 0.7 for this star, one would expect the star’s
rotation period to be 6.8 days, in good agreement with our photometrically-derived
period. The relationship presented by [124] between log Rj;i and stellar age gives in

this case an age of 280 Myr.
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Figure 5-1: Determination of the stellar rotation period from Kepler photometry.

Top.—The time series used to estimate the rotation period, after removing the transit
signals. The short-term variability is presumably from spots being carried by the stellar
rotation. The longer-term variations may be caused by spot evolution. Bottom.—Running
periodogram. Red colors represent high power, and the black line is where Prot/FPorb = 4/7.
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5.3.2 Stellar dimensions

At first we determined the star’s spectroscopic parameters by applying the spectral
synthesis code Spectroscopy Made Easy (SME; [217]) to the Keck spectrum. The
results were Teg = 5698 &+ 44 K, [Fe/H] = +0.26 & 0.04, vsini, = 5.8 £ 0.5 km s77,
and log g = 4.64 £ 0.06. We then recognized that this value of log g is anomalously
high for a young Sun-like star, which was otherwise suggested by the star’s effective
temperature and relatively short rotation period. One would instead expect log ¢ to
be closer to the Solar value of 4.44. In fact, by consulting the Yonsei-Yale (Y?) stellar
evolution models [234] we found that the SME-based value of log g would place the star
in a very unusual location on the theoretical H-R diagram, at a higher gravity than
any of the isochrones for the nominal metallicity. This mismatch probably reflects

the well-known biases in spectroscopic determinations of log g (see, e.g., [211}).

To address this issue we used an updated version of the Stellar Parameter Clas-
sification code [30] which determines the spectroscopic parameters subject to a prior
constraint on the surface gravity. In this implementation, SPC is used to provide
an initial guess at the effective temperature and metallicity for the star and select
the Y2 evolutionary models which are compatible with this initial guess within fairly
wide intervals (250 K in T.¢, 0.3 dex in [m/H]*). The selected evolutionary models
then provide an interval of allowed surface gravities, which are used to construct a
prior on the surface gravity for a second iteration of SPC. The final results, based
on weighted averages of the results for all of the spectra (3 FIES, 2 TRES, and one
HIRES), are: T = 5576 + 50 K, [m/H] = 0.05 £ 0.08, logg = 4.52 £+ 0.10, and
vsini, = 5.4+ 0.5 kms™!.

Finally, we used the Y2 models to determine the stellar dimensions, based not
only on the spectroscopic parameters but also the rotation-based constraint on the
stellar age (see section 5.3.1). A comparison of our spectroscopic parameters with the

Y? models for ages between 100 and 600 Myr suggests a surface gravity of logg =

!Throughout this paper the generic metallicity index [m/H] computed with SPC in the Mg I b
region will be considered as equivalent to the more commonly used [Fe/H] index, as is usually the
case for stars with near-solar composition.
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4.52 + 0.02. Using the initial spectroscopic parameters, but with the smaller 0.02
dex uncertainty on log g, we then used the Y2 models to determine the stellar mass
(M,), radius (R.), and mean density (p,). We proceeded in a Monte Carlo fashion,
randomly drawing 100,000 sets of temperature, metallicity, and surface gravity values
from assumed Gaussian distributions of those quantities based on the above results,
and inferring the stellar properties for each set. Our final results were obtained from
the mode of the corresponding posterior distributions, and the (“1-0”) uncertainties
from the 15.85% and 84.15% percentiles of the cumulative distributions. These values
are reported in Table 5.2. Based on the absolute and apparent magnitudes, the

distance to the system is 200 + 15 pc.

5.4 Planet characterization

5.4.1 Constraints on blend scenarios

The speckle image of Kepler-63 (see section 5.2.3) puts tight constraints on any back-
ground star that could be responsible for the transit signal. We also used the PSF-
fitted image centroids provided with the Kepler data to further restrict the possibili-
ties for background blend scenarios ([16], [28]). Using a similar approach as [37], we
selected the long-cadence column and row centroids within a 2 hr interval centered
on each transit, and used the surrounding three hours of data before and after the
transits to correct for linear trends caused by pointing drifts and other instrumental
effects. We phase-folded the centroid data and computed the mean differences be-
tween the row and column values inside and outside of the transits. The centroid
shifts were 12411 upix in the column direction and 28 & 14 upix in the row direction.

If the source of the transits were a background star situated at a distance Az from
Kepler-63, the expected centroid shift would be approximately dz = (Ax) 4, where
0 is the transit depth. Adding both the row and column shift in quadrature, we
obtain dzr = 30 £ 18 upix, or dz < 84 upix (30). The radius of confusion r, defined as

the maximum angular separation of any hypothetical background source that could
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be responsible for the transit signal, can be obtained dividing by the transit depth
and multiplying by 4 arcsec pix—!, giving r = 0.084 arcsec. The more sophisticated
techniques described by [28] indicate that the source of photometric variability is
offset from the bright target star by 0.02 £0.02 arcsec (based on the Data Validation
Reports provided by the Kepler team). These results are compatible with Kepler-63
as the origin of the flux variations, and require any hypothetical background source of
the variations to be aligned with Kepler-63 to within a small fraction of an arcsecond,
an unlikely coincidence.

This type of analysis cannot exclude the possibility that the transit signal is caused
by a planet orbiting a companion star that is gravitationally bound to the intended
target star. However, the starspot anomalies that are detected in many transits
show that the planet is orbiting a heavily spotted star. This star must be the main
source of light in the aperture, because the 4% flux variations observed would be
unphysically large if they actually represented the diluted variations of a fainter star.
This possibility is also excluded by the good agreement between the temperature of
the occulted spots and the size of the flux variations observed (see section 5.7). We
conclude that the transit-like signals do indeed arise from transits of a planet around

the star Kepler-63.

5.4.2 Transit analysis

To obtain accurate transit parameters we needed to correct for the effects induced
by starspots (see, e.g., [45], [36], [174]). We chose to work only with the short-
cadence data, since the 30-minute time sampling of long-cadence data is too coarse
to allow a clear identification of the spot-crossing events. We defined the transit
window as an interval of 4 hr centered on the expected transit time. The out-of-
transit (OOT) portion was defined as the 2 hr preceding the transit window plus the
2 hr following the transit window, giving a total of 4 hr of data. First, the data from
each transit window were normalized such that the OOT data had a median flux of
unity. Figure 5-2 shows an illustrative example. We visually inspected the 96 transit

light curves and identified 145 spot-crossing events. All of them were temporary
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Figure 5-2: Example of the effects of starspots on transit signals.

The black dots are Kepler data points for a particular transit. Spot-crossing anomalies
(blue dots) are identified visually and masked out. Variability on the longer timescale is
modeled as a second-order polynomial (red line).

brightenings (rather than fadings), implying that the detectable spots on the surface
of Kepler-63 have a temperature lower than the photosphere. This is in accordance
with a general trend observed for very active stars [67]. In order to properly estimate
the transit parameters, the data points within these anomalies were assigned zero
weight in the fits. More than 25% of the in-transit data points were assigned zero
weight, which speaks to the high level of activity on the particular region that the
planet is transiting.

Figure 5-2 also shows the effect of the longer-term variations in stellar flux. Large
starspots combined with the short rotation period introduce strong gradients in the

out-of-transit flux, and occasionally significant curvature, especially if the transit
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happens near a flux minimum or maximum. As long as we have removed the spot-

anomalies correctly, the observed flux can be described as [36]
F(t) = Fy[1 — €(t)] — AF(2) (5.1)

where Fj is the stellar flux in the absence of transits or spots, €(t) is the fractional loss
of light due to starspots, and AF'(t) is the flux blocked by the planet. The function
€(t) is responsible for the overall gradient in time throughout the transit (see the red
line in Figure 5-2). To obtain the normalized flux we divide Eqn. (5.1) by Fp[1 —e(t)].

We then model the OOT variation by a second-order polynomial in time, giving

1  AF(@®)
C1-e(t) Fp

ft) m14co+ et —to) +calt — t,)? (5.2)

where the out-of-transit variation is described by a second-order polynomial in time,
and €(t.) represents the relative flux lost due to spots at the time of tramsit ¢.. To
determine the coefficients c;, we fitted a second-order polynomial to the OOT portion
of the data. We then subtracted the best-fitting polynomial from the data in the
entire transit window, to “rectify” the data. The loss of light due to the planet,
AF(t)/F,, was assumed to be the same for all transits, but each transit was assigned
an independent value of €(¢.). To avoid having to fit all the data with hundreds of

parameters, we performed the transit modeling in four stages, described below.

Step 1. Initial folded light curve analysis.

First we needed good initial guesses for the transit parameters. We created a phase-
folded light curve based on the normalized transits, using the orbital period from
[15]. We averaged the phase-folded light curve into 4 min bins, chosen to improve
computation speed without a significant loss of accuracy. At this stage we ignored the
transit-to-transit variations and simply modeled the folded light curve with an ideal-
ized [125] model, the free parameters being (R,/Rs)?, Rs/a, the impact parameter b,

and two linear combinations of the quadratic limb-darkening coefficients (chosen to
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minimize correlations as recommended by {150].

Step 2. Individual transit analysis.

Next we wanted to obtain individual transit times and depths. The 5 parameters of
the best-fitting model from step 1 were held fixed, and the data from each transit
window were fitted with three additional parameters: the time of transit ¢, the linear
coefficient ¢; from Eqn. (5.2), and the spot-coverage factor €(t.) (which for brevity
we hereafter denote simply €). The linear coefficient ¢, was allowed to vary because
it is covariant with the transit time. We assigned an uncertainty of 279 ppm to each
individual SC data point, as this is the standard deviation of the OOT portion of
the unbinned folded light curve. We found the best-fitting model for each individual
transit light curve and used a Markov Chain Monte Carlo (MCMC) algorithm to
explore the allowed parameter space.

We fitted a linear function of epoch to the transit times and used it to estimate
the orbital period and a particular transit time (chosen to be the first transit ob-
served with short cadence). Figure 5-3 shows the residuals between the observed and
calculated transit times. There is no clear structure, but the fit has x? = 202 with 94
degrees of freedom, suggesting that the uncertainties on the transit times have been
underestimated. We attribute this excess scatter to uncorrected effects of stellar spots
(see, e.g., [179], [148]), although transit-timing variations could also be present due
to another planet orbiting the same star ([1], [90], [142]). To account for the excess
scatter we enlarged the uncertainties in the orbital period and the transit epoch by
46% (such that x2 = Nyof).

In our procedure each transit is associated with a particular value of €, but it is
a more common practice to report an effective depth for each transit. The transit
depth obtained in this way would be equivalent to the transit depth fixed in step 1,
shared by all transits, divided by 1 — €. In the lower panel of Figure 5-3, we plot this
effective depth for each transit. The variability of the apparent transit depths is as
high as 10%. There is no clear correlation of the apparent depths with the Kepler

quarter, implying that contamination from background stars, if present, must be very
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small or common to all the photometric apertures used in the different quarters. The

observed variability is most likely induced by starspots.

Step 3. Choice of the baseline transit depth.

In order to obtain the final transit parameters, we readjusted the scale by which e
is measured, thereby renormalizing the transits. The distribution of spot coverage
factors (€) had a mean near zero and standard deviation close to 3%. This choice
would make sense if the effects of dark starspots and bright plages were comparable
on average. However, we did not detect any plage-crossing events whereas we did
detect many spot-crossing events. Assuming that dark starspots dominate the stellar
flux variations, the true loss of light should always be positive, and the shallowest
effective transit depth should occur when the star has the smallest spot coverage. For
that particular transit the true ¢ &~ 0 and the rest of spot coverage factors are positive
(136], [174)).

A simple approach would be to identify the transit with the smallest value of ¢, and
subtract that value from the entire distribution of ¢ values. We chose instead a more
robust method that does not depend entirely on a single € value. First we removed
outliers from the distribution of € factors using a 3o clipping algorithm. Then we
assumed that the distribution is Gaussian and computed the standard deviation of
the remaining e factors. Finally we shifted the distribution of € values to force the
median of the distribution to be two standard deviations above zero. This procedure

ensures that most of the e factors are positive.

Step 4. Final transit parameters.

To obtain the final transit parameters, we used the € values determined in step 3 to
renormalize each transit light curve. The intention was to correct all of the transit
signals to have a uniform shape, similar to what one would observe if the planet
were transiting a spot-free star. The transit data were then folded using the newly
calculated linear ephemeris, binned to have a time sampling of one minute, and

modeled with the same five-parameter transit model used in step 1. Table 5.2 gives
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Figure 5-3: Variations in transit times and apparent depths.

Top.—Residuals of a linear fit to the transit times of Kepler-63b. The excess of scatter
is significant (x? = 202 with 94 degrees of freedom) and is likely due to uncorrected spot-
crossing events. Bottom.—The black dots represent the effective depth of individual transits
in parts per thousand (ppt). No strong correlation with the quarter is observed, suggesting
that the variability is mostly due to starspots as opposed to variable amounts of blended
flux. The final adopted value for the transit depth (red line) and its 1o confidence interval
(shaded region) were obtained by assuming that the star is nearly spot-free during the
transits with the smallest effective depth (see section 5.4.2).

the final parameter values, with uncertainties estimated using an MCMC algorithm.
The uncertainty in the transit depth was enlarged beyond the statistical uncertainty,
to take into account the procedure we have described in step 3. We used the width of
the distribution of measured depths as the measure of systematic uncertainty in the
transit depth. The final value of the depth with the enlarged uncertainty is depicted
in Figure 5-3.
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5.4.3 Orbital eccentricity

The orbital period of Kepler-63b is long enough that it is not safe to assume the
orbital eccentricity has been damped by tides to a negligible level. We attempted
to learn the orbital eccentricity in two different ways: by searching for occultations
(secondary eclipses); and by using the mathematical relationship between the transit
parameters, the mean stellar density, and the orbital eccentricity and argument of
pericenter.

If the orbit were circular, occultations would occur halfway in between transits,
with a duration equal to that of the transits. For an eccentric orbit, the timing and
duration of the secondary eclipse depend on the eccentricity e and the argument of
periastron w (see, e.g., [225]). A grid search was performed to detect the occultation,
but the result was negative. This is not surprising, since the occultation depth would
be of order (R,/a)? = 10 ppm, below our level of detectability.

One can also obtain information about the eccentricity of the orbit by combining
the orbital period, scaled semimajor axis, and mean stellar density p. (see, e.g., [47]).

We compute

l+esinw  24/Rp/R. ( 3P )1/3
= =0.92 £ 0.02, 5.3
V1-—e? T2 — T2 \G7?p, (5.3)

where T14 is the duration between first and fourth contact, and T3 is the duration
between second and third contact. This expression is close to unity when the ec-
centricity is low. Based on the measured values of T4, T3s, P, and R,/R,, and the
estimated value of p, from section 5.3.2 we find e < 0.45 (30). The formal 68.3%
confidence interval is 0.08-0.27. Thus the eccentricity is not likely to be very high,

but moderate values cannot be excluded.

5.4.4 Radial velocity analysis

For the radial-velocity analysis, we used the 7 Keck radial velocities obtained before

the transit night. We also took the mean of all the pre-transit radial velocities from
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Table 5.2. System Parameters of Kepler-63

Parameter

Value

68.3% Conf. Limits

Note

KIC number / KOI number

Kepler apparent magnitude

Right ascension {J2000)

Declination (J2000)

Stellar surface gravity, log(g [cm s72])
Stellar effective temperature, Teg (K]
Stellar metallicity [Fe/H]

Stellar mass, M« [Mg)]

Stellar radius, R. [Rp)

Stellar mean density, p« [pe]

Stellar luminosity, L. [Lg]

Stellar rotation period [days]

Mt. Wilson chromospheric index Sgx
Chromospheric flux ratio log Ry
Distance from Earth [pc]

Reference epoch [BJIDTpg]

Orbital period [days]

Planet-to-star radius ratio, Rp/R«
Transit impact parameter, b

Scaled semimajor axis, a/R.

Transit duration (st to 4th contact) [hr]
Transit duration (1.5 to 3.5) [hr]
Transit ingress or egress duration [hr]
Linear limb-darkening coefficient, u;
Quadratic limb-darkening coefficient, ug
Orbital inclination, 7 [deg]

Orbital eccentricity, e

Orbital semimajor axis [AU]

Planet radius, Ry [Rg]

Planet mass, Mp [Mg]

Planet mean density, pp [g cm™3]
Sky-projected stellar obliquity, A [deg]

Sky-projected stellar rotation velocity, vsini. [km s™1]

Inclination of stellar rotation axis [deg]
Stellar obliquity, ¥ [deg]

11554435 / 63
11.582
19h16™m54% .28
+49°32/53752
4.52
5576
0.05
0.984
0.901
1.345
0.696
5.401
0.37
—4.39
200
2455010.84307
9.4341505
0.0622
0.732
19.12
2.903
2.557
0.346
0.31
0.354
87.806
<0.45 (30)
0.080
6.11
<120 (30)
<3.0 (30)
—110
5.6
138
145

+0.02
+50

+0.08
~0.04, +0.035
—0.022, +0.027
—0.083, +0.089
-0.059, +0.076

+0.014

*15
+0.00005
+0.0000010
+0.0010
+0.003
+0.08
+0.003
+0.004
+0.004
+0.04
—0.05, +0.07
—0.019, +0.018

+0.002
+0.20

—14, +22
+0.8
+7
—14, +9

OO0 D0 TALO TOCOTTTOTR

Note. — Each quoted result represents the median of the a posteriori probability distribution derived from
the MCMC, marginalized over all other parameters. The confidence limits enclose 68.3% of the probability,
and are based on the 15.85% and 84.15% levels of the cumulative probability distribution.

*Based on the SPC analysis of the spectra and the Y2 models, using the gyrochronology age as a constraint

(see section 5.3).

PBased on the SPC analysis of the spectra and the Y2 models (see section 5.3). The stellar density is given

in units of py = 1.408 g cm—3.

°Based on the periodogram of the Kepler photometric time series (see section 5.3.1).

dBased on the Keck/HIRES spectrum (see section 5.3.1).

¢Based on the analysis of the transit light curves (see section 5.4.2).

fBased on the combination of transit parameters, orbital period, and mean stellar density (see section 5.4.3).

EBased on the analysis of the Keck radial velocities, assuming zero eccentricity (see section 5.4.4).

hBased on the analysis on the RM effect (see section 5.5).

iBased on the combination of Prot, R«, and vsini, (see section 5.6.1).

iBased on the analysis of the RM effect and starspot-crossing events (see section 5.6.2).
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the night of 2011 August 20/21, and treated this mean velocity as a single addi-
tional data point. A planet somewhat smaller than Jupiter in a 10-day orbit should

1

induce a radial velocity signal with a semiamplitude of order tens of m s™. For a

chromospherically quiet star, eight radial velocities with a precision of a few m s™1
would have been enough to determine the mass of the planet. However, in the case of
Kepler-63, we expect spurious radial velocities of order tens of m s, the product of
vsini, and the fractional photometric variability. This greatly complicates the mass
determination.

The top panel of Figure 5-4 shows that the stellar flux variations during the
radial velocity observations were approximately sinusoidal. The simplest explanation
is that a single large dark spot was always on the visible side of the star. In such
configurations, it is possible to estimate the spurious radial velocity Ve due to
starspots using the so-called FF’ method of [2]. Those authors showed that the

spurious radial velocity can be approximated by a function of the normalized stellar
flux f(t) and its derivative,

: R, KOV,
Vepot (€, #0Ve) = () [L = F(O)] —+[1 - f OF —, (5.4)

€

where the normalization is such that the f(t) = 1 level is one standard deviation
above the maximum observed flux. There are two free parameters: € is the relative
loss of light due to the spot if it were situated at the center of the stellar disk; and xkdV,
specifies the alteration of the convective blueshift due the spot. With this ingredient,

our model for the radial velocity signal was

Veale = —K sin [n(t — t.)] — Vipot (€, K6Ve) + 7. (5.5)

In this formula we have assumed a circular orbit for the planet, with K being the
planet-induced radial velocity semiamplitude, and ¢, the time of transit. The param-
eter  represents a constant offset. The mean motion n is defined as 2r/F,s,. Both
P, and t. are known precisely from the transit analysis.

We optimized the model parameters through a standard least-squares fit. Figure
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5-4 displays the data and the optimized model. Given the typical measurement
uncertainty of 2.5 m s}, the minimum x? was 78.6 with 4 degrees of freedom. This
poor fit is at least partly due to the simplicity of the spot model (which assumes that
there is only one small spot on the surface). By adding a “jitter” term of 12.5 m s™*
in quadrature to the measurement uncertainties we obtain y? = Nyor. We use this
jitter term and an MCMC algorithm to determine credible intervals for the model
parameters, from which we derive a planet mass of M, = 45+ 26 Mg. The 30 upper

bound is 120 M.
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Figure 5-4: Radial-velocity analysis.

Top.—Relative stellar flux of Kepler-63 during the radial velocity observations. Bottom.—
The black dots represent the radial velocity observations, with vertical bars indicating the
internally estimated measurement uncertainties (with no “jitter” term added). The red line
represents the optimized model, which is the sum of a sinusoidal function representing the
planetary signal (blue line) and the FF' model representing the spurious radial velocity due
to rotating starspots (brown line).

Given the severe limitations of this analysis—the weak detection, the imperfect fit

of the F'F' model, and the assumption of zero eccentricity—we do not claim to have
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detected the radial-velocity signal due to the planet. Rather, we interpret the results
as a coarse upper bound on the mass of the transiting object, placing it within the

planetary regime.

5.5 Sky-projected obliquity from the RM effect

The RM effect is more easily detected than the orbital motion, mainly because the
timescale of the RM effect is much shorter than the rotation period of the star,
allowing a clean separation between the RM effect and the spurious starspot-induced
radial velocities (see, e.g., [71]). Prior to the Keck observations we had performed
enough spot modeling to be able to predict that the anomalous Doppler shift would be
a pure redshift throughout the transit. The results of the RM observations, displayed
in Figure 5-5, confirmed this prediction. However, the Kepler photometry of the same
transit (shown in the bottom panel of Figure 5-5) revealed at least three spot-crossing
events, complicating the modeling.

To model the RM effect, one needs the usual parameters describing the loss of
light as well as 4 additional parameters: vsini, and A to describe the amplitude and
shape of the signal, and a slope % and offset « to account for the orbital motion of the
star. Usually the loss of light is computed based on the transit parameters b, Rs/a,
R, /R, and the time of transit. Here, given the presence of spot-crossing anomalies,
we chose to take the loss of light directly from the Kepler photometric time series,
since this naturally takes the anomalies into account, and the cadence and precision
are more than sufficient for our purpose. To obtain the loss of light corresponding to
each point in the RV time series, we averaged the corresponding Kepler photometric
data points. The final averaged light curve is shown in the lower panel of Figure 5-5
as the sequence of red dots.

The anomalous RV was then computed with the formulas of [88], using the planet
position and loss of light as inputs. This code takes into account the effects of macro-
turbulence, pressure broadening, and instrumental broadening. Model fitting and

parameter estimation were performed using the protocols of [5]. In particular we
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Figure 5-5: Evidence for a high obliquity based on the RM effect.

Top.—The solid dots are the measured radial velocities. The signal is a redshift throughout
the transit, applying a high obliquity, as opposed to the red-then-blue signal of a low-
obliquity system. The open dots represent the best-fitting model. The red curve shows
a model with the same geometric parameters but with the loss of light appropriate for
a spotless star, to illustrate what one might have observed in the absence of starspots.
Bottom.—Transit observations in SC mode obtained with Kepler. Black dots represent the
data and red dots represent the binned light curve used to model the RM effect.

imposed Gaussian priors on T74 and T35, based on the parameters reported in Table
5.2. We also used the parameter combinations /v sin, sin A and /v sin i, cos A rather
than vsini, and A, to minimize correlations. The uncertainty in each RV data point
was taken to be the quadrature sum of the internally estimated uncertainty and 4.8
m s~!, the value for which x? = Ngo¢. The result for the sky-projected obliquity is
A = —110*2 deg.

There are some other interesting results of this analysis. We find the projected

1

rotation speed to be vsini, = 5.6 £ 0.8kms™, in agreement with the value obtained

from the basic spectroscopic analysis (see section 5.3.2). The result for the out-of-
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transit velocity slope ¥ = —30+ 15 m s™! day™! can be translated into an estimate of
the velocity semiamplitude due to the planet, using the orbital period and assuming
a circular orbit. The result is Kry = —¥Por/27 = 40 + 20 m s~!. This slope
is compatible within the uncertainties with the measured K from the RV analysis
(approximately 15 m s~!), although the uncertainties are large, and the effects of spots
were not taken into account in this determination of Kry. In this case, by chance, the
transit happened about a quarter of a rotation cycle before a flux minimum, which is

when the spot-induced spurious acceleration is expected to be small.

5.6 Obliquity measurement from starspots

5.6.1 Stellar inclination from vsini,

We combined the values of the rotation period P, stellar radius R,, and sky-
projected stellar rotation velocity v sini,, to obtain sin ¢, the inclination of the stellar
rotation axis with respect to the line of sight. Based on the values given in Table 5.2,
the stellar rotation velocity is v = 27R,/Pot = 8.4 £ 0.2 km s~!. This is signifi-
cantly larger than vsini, = 5.6 = 0.8 km s7! obtained from the analysis of the RM
effect, implying siné, < 1. The implied stellar inclination angle is either 42 £+ 7 deg
or 138 & 7 deg. As we will see in the next section, the latter value of the stellar
inclination is favored. Since Kepler-63b is transiting with an orbital inclination of
87.81 + 0.02 deg, this simple analysis demonstrates the star has a high obliquity,
independently of the RM effect.

We used the marginalized posterior for A obtained in the last section, as well as
those for the stellar and orbital inclinations (Table 5.2), to obtain the true obliquity
9. Using the formula from [61], the result is ¢ = 1041, deg.

5.6.2 Sky-projected obliquity from spot-crossing anomalies

In principle the obliquity of the system is also encoded in the pattern of photometric

variability and spot-crossing anomalies, but in this case the anomalies are so numer-
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ous that the pattern has proven difficult to interpret unambiguously. Rather than
attempt a rigorous independent determination of the obliquity, we discuss here a
starspot model that at least demonstrates the compatibility between the photometric
variability, the starspot-crossing events, and the preceding results for A and 4,.

We focused attention on a time interval when the overall photometric variability
seemed relatively simple: a nearly sinusoidal pattern with peak-to-peak amplitude of
about 1.5%. This interval spans four consecutive transits, specifically epochs 71-74
(see Figure 5-6). A large and long-duration spot-crossing anomaly is seen in the first
half of the first transit. We proceeded by assuming this is the same spot that is
producing the quasi-periodic stellar flux variation, and attempted to model all of the
data under this premise.

The orientation of the star was parameterized by the sky-projected obliquity A
and the inclination angle i,. The rotation period was a free parameter, which was
tightly constrained by the quasi-periodic variability. A Gaussian prior constraint was
imposed on vsini, based on the results of section 5.6.1.

We modeled the out-of-transit variability using the [55] equations for the loss of
light due to a starspot. We fixed the limb-darkening coefficient to a value of 0.56,
which provides the best fit to the light curve constructed in section 5.4.2. The spot’s
brightness contrast relative to the photosphere was taken to be a constant over the
interval of the observations. The observed phase of the out-of-transit variability
specifies the spot longitude, and the stellar rotation period is also well constrained.
Therefore, given particular choices for the orientation of the star and the spot latitude,
we could calculate the location of the spot at any time, including the times of the
four transits.

The transits were modeled using the geometric transit parameters from section 5.4.2,
and a pixelated stellar disk. At any particular time we computed the sum of the in-
tensities of all the pixels, some of which were darkened by the spot or hidden by the
planet [179].

The best-fitting value for A was —115°, in agreement with the result based on the
RM effect. The model also prefers i, = 135°, selecting one of the two values for the
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Figure 5-6: Evidence for a large obliquity from a single-spot model.

Top.—Relative flux of Kepler-63 (black dots) over a time range spanning four transits. The
transit times are marked with vertical lines. The red line represents the best-fitting model
with a single starspot. Center.—Transit light curves, with 5 min sampling. The thick curves
represent the best-fitting model with a single starspot; the thin curves show the model with
the spot darkening set equal to zero. The model accounts for the two largest spot-crossing
anomalies but the residuals indicate that more spots are present. Bottom.—Locations of
the spot, transit chord, and planet at midtransit, according to the best-fitting model.

inclination that were allowed by the analysis in section 5.6.1. This constraint arises
from the requirement that the spot must cross the transit chord before its closest
approach to the center of the stellar disk. In the optimized model, the spot is large

and resides near one of the rotation poles.

The simple one-spot model is therefore compatible with the overall photometric
variability and the largest spot anomaly. The smaller spot anomaly during the second
transit can also be attributed to this spot, as illustrated in Figure 5-6. Certainly,

though, this model does not capture all of the sources of photometric variability:
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there are at least six other smaller anomalies that are not well-fitted, and which it
does not seem worthwhile to try and model. The large anomaly in the fourth transit
agrees in phase with the two other explained anomalies. It is possible that the same

spot is responsible for this anomaly, if the spot has an irregular shape.

5.7 Starspot characteristics and magnetic cycles
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Figure 5-7: Characteristics of the spot-crossing anomalies in Kepler-63b.
The figure shows the best-fitting values of the angular radius, brightness contrast, and
phase of the 145 spot-crossing anomalies that were identified. Darker dots represent more
significant detections.

As discussed in section 5.4.2, we visually identified 145 spot-crossing anomalies.
To study the position, sizes, and temperatures of the spots, we modeled the individual
spot-crossing anomalies with the same pixelated spot model discussed in section 5.6.2.
The parameters describing each spot-crossing event were the spot’s angular radius

and brightness contrast, as well as the timing of the event, which we express as an
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Figure 5-8: Spot latitude evolution.

Top.—Residuals between the SC transit data and the best-fitting model, after dividing by
the transit depth. The dark regions represent spot-crossing anomalies. The vertical axes
indicate the time relative to the midtransit time (left) and the corresponding latitude of the
position of the planet (right). The high-latitude spot is crossed every fourth transit. Some
activity is also seen at lower latitudes. Bottom.—Relative flux variation over the same time
interval. For this plot the data from each Kepler quarter were normalized by the maximum
quarterly flux.

“anomaly phase” ranging from —90° (ingress) to 90° (egress). The other transit
parameters, including the spot coverage factor €, were taken from the analysis of
section 5.4.2. To evaluate the significance of detection of the anomalies, we used Ax?

between the best-fitting spot model and the best-fitting spot-free model.

There is a degeneracy between the modeled position and radius of a spot, because
we lack the precision to measure the impact parameter between the planet and spot
(and there is anyways no reason to think the spot is perfectly circular). To avoid
this degeneracy, we assumed that the planet passes through the center of the spot. It
should be understood, then, that the “spot radius” in our model is really a measure

of the length of the intersection between the spot and the transit chord.

Figure 5-7 shows the results. Unsurprisingly, the significance of detection increases

with the size and the brightness contrast of the spots. The anomalies that appear in
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the first half of the transit (negative anomaly phase) are generally more significant
and more abundant. The typical spot radius is 10°, and the largest spots have a radius
of 15-20°. The typical brightness contrast is 15-20%. To produce a 20% brightness
contrast in the Kepler bandpass (450-850 nm) would require an effective temperature

approximately 300 K lower than the photosphere, assuming blackbody spectra.

Figure 5-8 shows the time evolution of the spot-crossing events. To create this
figure we subtracted a model for the loss of light due only to the planet, and then
divided the residuals by the transit depth. The normalized residuals were then plotted
as a function of both time (horizontal axis) and phase within the transit (vertical axis).
Given the known orientation of the star, we can also translate the phase within the
transit into a stellar latitude (second vertical axis). The transit chord spans latitudes
from —60° to 5°, that is, a large portion of the southern hemisphere. Note also that
the relation between the transit phase and the stellar latitude is nonlinear; indeed

some latitudes cross the transit chord in more than one location.

Spot-crossing events are visible as dark regions in this plot. Most of the activity
is seen in the early portions of the transits. This indicates a long-lived polar active
region. After the first few years of observations (starting at around day 875) spot-
crossing anomalies began to appear in the second half of the transit, corresponding to
lower stellar latitudes. Anomalies at mid-transit were comparatively rare, especially
once the second half of the transit chord became active. Perhaps this is a sign that
active regions tend to be segregated in latitude, with some activity at high polar

latitudes and some at more equatorial latitudes.

These initial explorations of the spatial distribution of activity on Kepler-63 could
be continued in the future by developing a multi-spot model, fitted to both the stellar
flux variations and the spot-crossing anomalies (see, e.g., [20], [147]). Here we have
focused mainly on the anomalies, which provide snapshots of the transit chord every

9.4 days; there are undoubtedly some spots that are missed with this approach [117].
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Figure 5-9: Sky-projected obliquities as a function of relative timescale for tidal
dissipation.

See [5] for the original figure on which this is based, and for details on its construction. In
short, the relative tidal dissipation timescale is assumed to be proportional to ¢2(a/R, )% for
stars with Teg < 6250 K (blue dots) and proportional to ¢2(1+¢)%%(a/R,)®® for hotter stars
(red dots), where g is the planet-to-star mass ratio. The hot and cool stars are placed on the
same scale using an empirical calibration based on observations of binary-star circularization
periods. Dots with both colors represent stars for which the measured Tog straddles the
boundary. Lower obliquities are seen in systems with relatively rapid tidal dissipation,
suggesting that tides are responsible for damping stellar obliquities. Even though Kepler-
63 is a cool star which is relatively dissipative, the orbital distance is large enough that
tides are relatively weak, and the high stellar obliquity fits well with this observed trend. In
addition to Kepler-63 this plot features new and updated values of A for CoRoT-11b [70],
WASP-19b [212], WASP-32b and WASP-38b [25] and HAT-P-17b [69].

5.8 Discussion

In this paper we have presented Kepler-63b, a giant planet transiting a star on an
orbit that is highly inclined with respect to the stellar equator. On the one hand the
star’s high levels of chromospheric activity interfered with our ability to characterize
the system through transit light curve analysis and radial-velocity monitoring. On
the other hand the Kepler data allowed us to partly correct for the effects of activity;
and also to take advantage of the activity to determine the stellar rotation period,

explore the spatial distribution of starspots, and perform a consistency check on the
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stellar obliquity that was determined via the Rossiter-McLaughlin effect.

The measurement of the planet’s mass through radial-velocity measurements was
unsuccessful because the spurious radial velocities caused by starspots were larger
than the planet-induced signal. To measure the mass, a large body of additional
radial velocities will be required, in a campaign that is carefully designed to try and
separate the effects of rotating starspots and orbital motion. The information about
the general spot characteristics presented in this paper may help in designing such a
campaign.

The star’s high obliquity corroborates the scenario proposed by [226] and [5] in
which hot Jupiters have orbital inclinations that are initially nearly random with
respect to the stellar equator, and are eventually damped to low inclinations if the
tidal interactions between the star and planet are sufficiently strong. In this scenario
a high obliquity is expected for Kepler-63, because even though the star is relatively
cool and has a thick convective envelope (a factor leading to relatively rapid tidal
dissipation), the orbital distance is relatively large. To be quantitative we used the
metric developed by [5], in which binary-star data are used to calibrate tidal dissi-
pation timescales. Figure 5-9 shows that the expected timescale for tidal dissipation
for this system is in the regime where random alignment is observed among the other
close-in giant planets. The fact that the star is young also helps to understand why
it has not yet been realigned [213]. This measurement is interesting because among
planet-hosting stars with measured obliquities, only HAT-P-11b is comparable to
Kepler-63b in size and orbital period, being smaller (4.7 Rg) than Kepler-63b but
also having a shorter orbital period (4.9 days).

A proposed interpretation for these findings is that hot Jupiters begin far away
from the star, beyond the snow line, where it is easier to understand their formation.
The initial obliquity of the system is low, as a consequence of the formation of the
entire system from a single disk of gas and dust. Then, dynamical interactions such
as planet-planet scattering [170] or Kozai cycles induced by the influence of a distant
companion [58], move the planet into a highly eccentric orbit with a more random

orientation. In this highly eccentric orbit, the planet passes very close to the star,
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where tidal interactions are significant. This tidal interactions will circularize and
shrink the orbit and, if they are strong enough, will realign the spin axis of the
star with the orbital angular momentum. In the context of this theory, pursuing
obliquity measurements for systems with smaller planets and longer orbital periods
is interesting because at a certain point those planets might have been able to form

in situ, leading to an expectation of a population of well-aligned systems.

[171] have proposed that at least some of the high obliquities might have nothing
to do with planet formation per se but are instead the consequence of reorientation
of stellar photospheres due to the redistribution of angular momentum by internal
gravity waves. Their theory is applicable to stars with radiative envelopes, and is
therefore not applicable to Kepler-63, nor to the other three cool stars with high

obliquities that are seen in Figure 5-9.

In addition to measuring the obliquity of Kepler-63 we have confirmed that the
planet is passing in front of a large, dark, persistent spot (or group of spots) located
near one of the star’s rotation poles. Such spots are not seen on the present-day
Sun, where the spot latitudes follow an 11-year cycle in which they start appearing at
medium latitudes (30-40°) and end up appearing near the equator (for a review, see
[196]). However, there was previous evidence that polar spots are common around
young Solar analogs. This was based on simulations of magnetic activity ([24], [188])
as well as empirical evidence from Doppler imaging of young and rapidly rotating
stars such as EK Dra [204]. Even though such polar spots were detected in different
occasions and with different techniques [205], and multiple tests were performed to
validate the technique ([215], [27]), an independent confirmation using a different
method was previously lacking. Our study provides further evidence for these types
of spots, through a direct method based on periodic occultations of the spots by a
planet with a well-understood geometry. The current information gathered about
stellar spots on Kepler-63, and future studies that could analyze the information
from stellar flux variations, may provide useful information about the activity of
young Sun-like stars. It would also be interesting to find additional active stars with

transiting planets in the Kepler database, as a probe not only of stellar obliquities
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but also starspot characteristics and evolution.

We thank the anonymous referee for numerous insightful suggestions that led to
major improvements in this paper. We also thank Andrew Collier Cameron, Bryce
Croll, and Benjamin Brown for helpful discussions, and the entire Kepler team for
the success of the mission. R.S.0. and J.N.W. acknowledge NASA support through
the Kepler Participating Scientist program. Kepler was competitively selected as the
tenth Discovery mission. Funding for this mission was provided by NASA’s Science
Mission Directorate. The data presented in this article were obtained from the Mikul-
ski Archive for Space Telescopes (MAST). STScI is operated by the Association of
Unisversities for Research in Astronomy, Inc., under NASA contract NAS5-26555.
Support for MAST for non-HST data is provided by the NASA Office of Space Sci-
ence via grant NNX09AF08G and by other grants and contracts. J.A.C. acknowledges
support by NASA through a Hubble Fellowship (grant HF-51267.01-A). RID is sup-
ported by the NSF-GRFP (DGE-1144152). J.A.J. is supported by generous grants
from the Alfred P. Sloan Foundation and the David and Lucile Packard Founda-
tion. T.L.C., W.J.C., and G.R.D. acknowledge the support of the UK Science and
Technology Facilities Council (STFC). Funding for the Stellar Astrophysics Centre is
provided by The Danish National Research Foundation (Grant agreement DNRF106).
This research was partly supported by the ASTERISK project (ASTERoseismic Inves-
tigations with SONG and Kepler) funded by the European Research Council (Grant
agreement no. 267864). G.T. acknowledges partial support for this work from NSF
grant AST-1007992.

137



138



Chapter 6

SCEC: The starspot-crossing

events catalog

The last four chapters have shown the potential of using spot-crossing events to
measure the obliquity of transiting planet hosts. In this chapter I introduce the
starspot-crossing events catalog (SCEC), a list of Kepler systems in which there are
good indications that one object (whether is a planet or a star) is occulting the
starspots of a chromospherically active host star. I use two different criteria to include
objects in the SCEC; 1) the detection of an excess of scatter on the flux observations
during transits, likely caused by the spot-crossing events, 2) the detection of spot-
crossing events on individual transit light curves. Although it will not be possible
to measure the obliquity of all of the objects in the SCEC, I have selected a large
number of single transiting planet candidates (43), multi-transiting systems (26) and
eclipsing binaries (52) which probably includes all systems for which it might be
possible to measure the obliquity, pending future analysis. In this chapter I describe
the pipeline used to select systems and describe the characteristics of a few selected
objects. In particular, the recurrence of spot-crossing events is used to show that 5
single transiting candidate planets (with orbital periods from 3.8 to 23.7 days) have
low obliquities.

The purpose of this catalog is to serve as starting point for any future study of

spot-crossing events using Kepler data. It is a much simpler task to start with a
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reduced set of interesting objects rather than having to select the best objects from
a list of about 4000 planet candidates and 3000 eclipsing binaries. I expect that this
catalog will be used by our group at MIT and other researchers to study the effects
of stellar activity on the light curves of transiting planets and eclipsing binaries. It
is beyond the scope of this chapter to attempt to measure the obliquity of these 121
systems, an enormous task that would likely serve as the basis for several scientific

papers.

6.1 Spot-crossing events on the transits of Kepler

planet candidates

In the past three chapters we have explored the potential to apply the spot-crossing
technique to measure obliquities using Kepler data. The cases of HAT-P-11, Kepler-
30 and Kepler-63 have taught us that this technique requires two key ingredients;
1) an active star, for which moderate to large quasiperiodic flux variations due to
rotating spots have been detected, and 2) the detection of individual transits with
a high enough signal-to-noise ratio to be able to distinguish the small spot-crossing

events in the presence of photometric noise.

6.1.1 Selecting objects with well detected individual transits

The Kepler telescope has become a very successful tool for finding planet candidates,
with a total of 3,845 planet candidates discovered to date [3], 965 of them confirmed
as bona fide planets (a large fraction of those using multiplicity arguments, see [114}).
Most of these planet candidates could not have been detected based only on observa-
tions of one or two transits, but that it is generally not an important issue, since the
success of the Kepler mission always relied on the ability to combine several transits
of each object to increase the signal-to-noise ratio and allow the detection of small
rocky planets. The detection of these shallow transits is crucial to determine the

distribution of orbital periods and planet radii, which provides information about
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planet formation and evolution [92]. However, they do not represent a great op-
portunity for obliquity measurements using spot-crossing events, a technique which

generally requires the detection of individual transits with high signal-to-noise ratio.
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Figure 6-1: Preliminary selection of targets for SCEC based on signal-to-noise ratio.

Planet radius vs orbital period for all planet candidates on the active KOI list [3]. Red dots
represent planet candidates with at least 5 well detected individual transits (see text) and
available transit times [133]. Black dots represent the rest of the candidates. As expected,
the selected targets tend to be larger than a typical Kepler candidate.

In order to select those planet candidates where there is potential for a detection
of spot-crossing events, we estimate the signal-to-noise ratio (SNR) of individual
transits using the combined differential photometric precision (CDPP). The CDPP
is a statistic determined by the Kepler team’s data analysis pipeline that is intended

to represent the effective photometric noise level for detecting a transit of duration 6
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hours [40]. The SNR can then be estimated as

6tran T
SNR = A / 6.1
CDPP OcDPP6 he V 6hr (6.1)

where iran is the transit depth and T is the transit duration. This SNRcppp is

calculated for those KOIs that are currently active planet candidates [3] with a KOI
number smaller than 3000, since the rest of KOIs have lower signal-to-noise ratio
and have not been vetted as much as the earlier KOIs. For this selection I use only
observations up to Q10 because the catalog of individual transit times only covers
this range of observations [133], even though there are now 6 more quarters of data.
I required at least 5 transits detected within the 2.7 years of data obtained during
Q1 through Q10. A total of 361 planet candidates with SNRgppp > 20 were selected
for further study. In Figure 6-1, all planet candidates are represented as black dots,
where the y-axis represents the planet radius and the x-axis represents the orbital
period. Our 361 selected planet candidates are represented with red dots, and as

expected, they tend to be larger than the typical Kepler planet candidate.

6.1.2 Selection based on the excess of scatter during transits

With the list of 361 planet candidates with high SNR transits, it is now time to assess
whether spot-crossing events are present or not. The most detectable signature of
spot-crossing events is the excess of scatter during transits. A simple transit model
that does not take into account spot-crossing events will fail to fit for the positive
bumps that appear when dark starspots are occulted. The residuals of the fit will
show structure, and the standard deviation of the residuals of the transit portion will
be higher than the one measured with points right outside of transit. This becomes
more evident when several transits are phase folded, giving enough points during
transit to robustly estimate the excess of scatter.

We used the transit times reported in [133] to identify individual transits in the
Long Cadence (LC) Kepler light curves. For each transit we defined the transit win-

dow as all observations taken in the interval [—0.75T,0.75T] centered on the transit
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time, where T is the transit duration reported by the Kepler team [15]. This conserva-
tive window was chosen to avoid issues with underestimated transit durations, transit
timing variations and the 30 minute integration time. We defined the out of transit
portion (OOT) as the union of the intervals [—1.17, —0.757] and [0.75T,1.17]. In
those cases for which 0.357" < 0.2 days, we set the limits at +(0.757+0.2). Following
the procedure described in the last chapter, a second order polynomial is fitted to
the OOT portion of the transit and used to correct for systematic trends caused by
stellar activity or instrumental effects. A phase folded light curve is then constructed
using the individual transit times, and the number of points is reduced by adding
consecutive observations, so that the effective final cadence is 10 minutes. A stan-
dard transit model [125] that takes into account the 30 minute integration time is
used to fit the folded light curve, a model that has 6 free parameters: time of transit,
impact parameter, transit depth (R,/R.)?, scaled semi-major axis and the two limb

darkening coefficients.

A new folded light curve is now constructed with no binning at all. The transit
parameters are used to evaluate the theoretical flux for each data point and to obtain
the flux residuals. Points within the interval [—0.4T', 0.4T centered on the mid-transit
are used to evaluate the standard deviation inside of transit, where T is the transit
duration obtained from the best fit transit model described in the last paragraph.
Points in the intervals +[0.57+0.01, 1.1T' | are used to evaluate the standard deviation
outside of transit. The relative uncertainty on each standard deviation is defined as
the inverse square root of the number of points in the corresponding interval. And
the uncertainty on the ratio of the two different standard deviations is obtained using

standard propagation of uncertainties.

The distribution of values for the standard deviation ratio can be seen in Figure 6-
2. The distribution peaks near 1.25 instead of 1, a sign that several factors might
be affecting the data during transit (stellar activity being one of them). HAT-P-11b
has a ratio of 2.64, whereas Kepler-63b has a ratio of 3.03, which can be used to put
these numbers into perspective. Taking into account the shape of the distribution of

ratios, I selected for further study 55 systems with a ratio larger than 1.7.
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Figure 6-2: Selection of targets according to the excess of scatter during transit.

Histogram showing the distribution of the standard deviation of the residuals during transit
normalized to the standard deviation right outside of transit. The distribution peaks around
a standard deviation ratio of 1.25, a sign that our filtering procedure might be causing an
additional 25% of noise during transit. A large fraction of targets in the final SCEC catalog
are found by inspecting those objects that have a standard deviation ratio of 1.7 or larger
(to the right of the red line). For comparison, the standard deviation ratio for three of the
planets for which spot-crossing events have been already analyzed shown in blue.

6.1.3 Selection based on the detection of spot-crossing events

In the last section we presented a very simple process to select good candidates for
SCEC, but this procedure does not give a complete catalog of sources. It could be
possible that some systems have detectable spot-crossing events but have a scatter
ratio smaller than 1.7. I created a pipeline that tries to address this problem by fitting
individual transits with models designed to detect spot-crossing events.

Based on our expertise obtained during the analysis of Kepler-63b, I decided to

fit each individual transit with a three parameters model; the transit time, the spot
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coverage factor € and a general flux slope. The spot coverage factor (see Chapter
Kepler-63b) allows us to fit transits with changing depths, something particularly
appropriate when dealing with chromospherically active stars. The rest of parameters
required to fit the transit, transit depth, impact parameter, scaled semi-major axis
and limb darkening coefficients, are held fixed. This is what I define as a no-spot
model, in which spot-crossing events are not modeled. Defining the uncertainty of
individual flux measurements as the OOT standard deviation (see previous section),
the best fit model is obtained and the x? value is stored.

The next step is to attempt to fit a model with one spot-crossing event, and look
for those cases where the spot-crossing model represents a substantial improvement
over the no-spot model. The new spot model has the same three free parameters that
the no-spot model has, but it has three additional parameters to define a triangular
model of the spot-crossing event (see Kepler-63b chapter). The three parameters
are the amplitude of the triangle, the duration, and the transit phase, defined to be
the longitude of the occulted spot measured along the transit chord (see Kepler-30
chapter). The best fit model is found for each individual transit, and the difference
in x? between the spot model and the no-spot model is calculated.

A transit for which the spot-model represents an improvement in x? larger than
10, is considered as a detection in this selection process, where the number 10 has been
chosen after visual inspection of several transits with different Ax?. We selected for
further study those systems for which we detected at least 4 spot-crossing events, on
average one spot-crossing event for every 10 transits and where at least one of those
spot-crossing event was detected with a Ax? > 20 . This new selection criterion
found many objects of the list created in the last section, and added 37 new objects
to study in detail. The only important downside of this selection criterion is that

computation time is larger by 1 or 2 orders of magnitude.

6.1.4 Visual inspection of the light curves

After reducing the original list of approximately 2500 candidates down to 92, it is now

possible to inspect the light curves one by one to detect the most interesting systems.
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We found three different sources of systematic effects that cause irregularities during
transit that have led to the selection of objects that do not have spot-crossing events.

One of them is an effect introduced by the Kepler team’s pipeline, and it particu-
larly affects those systems for which the transits are V-shaped rather than box-shaped.
The pipeline sometimes interprets that the lowest point of certain individual transits
is caused by a cosmic ray rather than an object transiting a star'. The pipeline then
corrects this point and brings it closer to the pre and post transit flux levels. Once the
transits are phase folded, the corrected fluxes appear higher than expected, which can
lead both to an increased level of scatter inside transit and the detection of individual
spot-crossing events.

Another effect is transit depth variations caused either by a physical phenomena
or by quarterly dependent crowding effects due to neighboring stars. Strong dynam-
ical interactions can cause planets to change their orbital inclinations with time, on
timescales short enough to be detectable with a few years of Kepler data. In those
cases, the planet will be transiting a slightly different area of the star during each
transit. Combining this with a strong limb darkening profile leads to a changing
transit depth. When observed, this effect can also mean that the planet candidate in
question is a star, since triple stars cause this effect quite frequently. In same cases
transit depth changes are mainly seen from one quarter to the other. The Kepler
space telescope rotates 90° every 3 months, and the photometric aperture used to
create the light curves changes accordingly. Each aperture can capture different frac-
tions of light from other stars in the field, which leads to transit depth variations.
In both cases transit depth variations provide an additional source of noise during
transit, than can be high enough to be detected by the section of the pipeline that
selects objects due to a higher standard deviation inside of transit.

Finally, in some cases the host star might be a pulsator or might show solar-like
oscillations. In some special cases, the pulsations can be mistaken for spot-crossing
events, inducing the false detection.

The three effects combined lead to the removal of 35 systems from the preliminary

!See Kepler Data release notes 21 at http://archive.stsci.edu/kepler/
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SCEC. These false detections are shown in Figure 6-3 in green, where the inside vs
outside of transit scatter ratio is plotted in the y-axis. The x-axis represents the level
of stellar activity of the star, and it is simply defined as the standard deviation of the
stellar flux time series once the transits have been removed. The other 57 systems are
divided in two main groups. There are 21 planet candidates that are found in multi-
transiting systems (see Table 6.1). These deserve special attention because in most
cases, several planets transit the star at the same time, which has the potential to give
a false positive detection. The second order polynomial used to remove trends on the
stellar flux is likely to fail due to the additional transit signals, increasing the scatter of
the folded transit light curve. In fact, it seems that an obliquity measurement using
starspots might only be possible for one or two additional multi-transiting Kepler
systems, with KOI 2672 giving the best opportunity after Kepler-30. A more detailed
analysis of the multi-transiting systems is beyond the scope of this chapter, and might
require the creation of more sophisticated tools, an analysis worth doing due to the
high scientific interest of these systems, as it was described in Chapter 4.

The other 36 planet candidates are found in single transiting systems (see Ta-
ble 6.2). These systems are much easier to interpret, and most of them are likely
affected by spot-crossing events in some way. However, these also suffer from a much
larger false positive rate, since they are not part of multi-transiting systems [114]
and are pretty large, making them more likely to be false positives due to low-mass
binary companions [181]. In particular, KOI 340.01 and KOI 1786.01, two of the most
promising objects for spot-crossing analysis, have already been found to be binary

stars [181].

6.1.5 More targets and eclipsing binaries

Over the past couple of years, I have created different versions of the same pipeline,
which have been used to detect spot-crossing events from different lists of Kepler
Objects of Interest. A few objects previously detected in these different runs were
not selected in the last run. Most of these objects do not represent the best targets

in this catalog, but it is worth mentioning them for future reference. In the case
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Table 6.1. Multi transiting systems in the SCEC
KOI KIC Ny  Nge KOI KIC Np  Nge
70 6850504 5 42 401 3217264 3 3
72 11904151 2 31 464 8890783 2 27
82 10187017 5 43 564 6786037 3 6
94 6462863 4 21 620 11773022 3 15
111 6678383 3 38 676 7447200 2 29
137 8644288 3 42 676 7447200 2 29
157 6541920 6 42 806 3832474 3 30
245 8478994 3 36 872 7109675 2 27
271 9451706 3 24 884 7434875 3 30
279 12314973 3 34 1353 7303287 2 14
316 8008067 3 24 1781 11551692 3 12
377 3323887 3 30 1858 8160953 2 9
398 9946525 3 24 2672 11253827 2 15
Note. — Ny; is the number of planets in the system. Ng¢ is the number of

months of Short Cadence observations

Table 6.2. Single transiting systems in the SCEC

KOI KIC Period [days] Ng¢ KOI KIC Period [days] Ng¢
3 10748390 4.89 34 652 5796675 16.08 4
10 6922244 3.52 31 680 7529266 8.60 9
12 5812701 17.86 45 767 11414511 2.82 15
63 11554435 9.43 43 774 11656840 7.44 3
97 5780885 4.89 18 802 3453214 19.62 12
131 7778437 5.01 7 805 3734868 10.33 9
183 9651668 2.68 18 846 6061119 27.81 0
186 12019440 3.24 13 868 6867155 235.97 11
190 5771719 12.26 27 883 7380537 2.69 15
191 5972334 38.65 24 889 757450 8.88 18
203 10619192 1.49 30 895 7767559 4.41 12
212 6300348 5.70 6 902 8018547 83.91 17
217 9595827 3.91 16 913 8544996 4.08 0
219 6305192 8.03 0 918 8672910 39.64 16
254 5794240 2.46 30 974 9414417 53.51 31
261 5383248 16.24 28 984 1161345 4.29 24
318 8156120 38.58 33 1066 8260218 5.71 0
318 8156120 38.58 33 1074 10272640 3.77 12
372 6471021 125.63 10 1255 8494263 78.93 0
421 9115800 4.45 0 1391 8958035 7.98 15
425 9967884 5.43 12 1456 7832356 7.89 12
652 6716021 110.76 0
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Figure 6-3: Stellar activity of our selected stars.

The scatter of the residuals inside of transit relative to the scatter right outside of transit
is compared to the level of variability of the host star due to stellar activity. The stellar
variability is defined as the standard deviation of the fluxes after removing the transits.
Black points represent objects that were selected in the first step (high transit signal-to-
noise ratio) but that were not selected for further inspection. Green dots represent the 35
objects removed after visual inspection. Our targets (in red) tend to be orbiting active stars
as expected.

of single transiting systems, 10 more objects have been added to Table 6.2, those
transiting the stars with KOI numbers 131, 183, 186, 254, 318, 652, 767, 902, 974 and
984. In the case of the multi-transiting systems, 8 more systems have been added to
Table 6.1, those transiting the stars with KOI numbers 70, 82, 245, 377, 398, 464,
676 and 1858.

Previous attempts to create SCEC detected KOIs that were considered good
planet candidates at the time, but are currently considered false positives. The Ke-

pler team revisits all KOIs with every new catalog, and the additional data can some-
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Table 6.3. Eclipsing binaries in the SCEC

KIC Period [days] Ng¢ KIC Period [days] Ngc
2438502 8.36 6 8460600 6.35 3
3955867 33.70 0 8580438 6.49 0
4737267 9.50 2 8702921 19.40 0
5014753 3.17 3 8953059 5.50 3
5098444 26.95 7 9291629 20.69 0
5193386 21.40 0 9446824 4.20 18
5270698 3.96 12 9576197 7.96 3
5282049 5.90 3 9649222 5.92 3
5306862 2.02 4 9655129 2.75 6
5310435 4.93 0 9705459 2.49 12
5370302 7.80 3 9774400 10.82 0
5376836 3.48 10 10014830 3.03 0
5700330 53.22 0 10015516 67.75 3
6205460 3.72 5 10068383 7.30 12
6307537 29.75 4 10287248 4.72 13
6548447 10.80 3 10330495 18.10 3
6603756 5.20 12 10485250 16.47 9
6613006 7.40 0 10616571 23.67 15
6694186 5.60 1 10747445 4.60 3
7885570 1.73 8 10936427 14.35 0
7940533 3.90 4 11235323 19.67 0
7943602 14.70 0 11404644 5.90 3
8016214 3.17 4 11408935 16.00 3
8081482 2.82 9 11449844 38.50 16
8180020 5.80 9 11517719 2.50 9
8230809 4.08 3 11673686 4.60 4

Note. — Ng¢ is the number of months of Short Cadence observations

times help detect the secondary eclipse of the KOI, which in most cases points toward
self-luminous objects (except for the shortest-period Hot-Jupiters). Sometimes RV
follow-up shows a large signal in phase with the transits of the KOI, another sign
that the object might be a binary star. This exactly what has happened in the search
described in this chapter with KOI 340.01 and KOI 1786.01. Together with these two
eclipsing binary stars, 23 more KOIs currently cataloged as false positives have been

added to SCEC (see Table 6.3).

An official Kepler Binary catalog exists [194] containing over 2600 eclipsing bi-

naries, which has the potential to reveal many more interesting objects to be added
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to SCEC. In principle, eclipsing stars that are large enough to cause a deep eclipse
but small enough to provide flat-bottomed eclipses will be great targets for the spot-
crossing method. A significant fraction of the 2600 eclipsing binary stars are contact
binaries, in which individual transits cannot be distinguished. The lack of an eclipse
time catalog also provides an additional complication. Fortunately, the catalog does
provide a parameter that measures how detached a binary is [129]. A set of approx-
imately 1000 detached eclipsing binaries was selected for visual inspection, in which
several dozens of eclipses of each system were inspected looking for spot-crossing
events. This process yielded 27 more objects that we have added to SCEC (see
Table 6.3), for a total of 52 eclipsing binaries in the catalog. A visual inspection
process can somctimes lead to questions about the completeness of the final list, and
once an eclipse timing catalog is available, it will be worth using the more sophisti-
cated techniques described in this chapter to detect as many good candidates for the
spot-crossing technique as possible. It is worth noting that in the case of the planet
candidates, a preliminary visual inspection was able to detect the best candidates,
and I am confident that the list of eclipsing binaries in the SCEC also contains the

best of them already.

6.2 Measuring the obliquities of a few selected ob-

jects

The main scope of this chapter is to document the effort to create an SCEC, a
catalog that should serve as a good guide to anybody interested in stellar activity
and its effects on planet transits. It should also serve as a guide on how to search for
targets for spot-crossing events analysis for future exoplanet missions. But we also
have the opportunity to measure the obliquity of several systems just with a simple
visual inspection. In this section I focus on 5 new systems for which we can conclude
that the obliquity of the system is low, based on the recurrence of spot-crossing events

at different transit phases (see Chapter 2).
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Out of the 121 objects on SCEC, I focused on those KOI single-transiting sys-
tems with no transit time variations, with several quarters of Short Cadence (SC)
observations and with many detections of spot-crossing events. The importance of
the SC observations resides on the increased frequency of observations (1 minute ca-
dence) that allows for a better detection and characterization of the spot-crossing
events. 8 systems satisfied these criteria, with HAT-P-11b, Kepler-17b and Kepler-
63b representing the best cases, and 5 new systems with enough spot-crossing events

to measure their obliquities.

A very simple argument will be used to show that a system has a low obliquity.
A detection of a clear spot-crossing event, and knowledge of the rotation period of
that particular spot, leads to a prediction for when the spot will be occulted again by
the transiting object and what will be the transit phase measured along the transit
chord in that case. Indeed, if a spot-crossing event is detected at a phase equal to ¢q,

n transits later the phase at which the spot will be occulted should be

do¢ d¢ _ 2mFPory

¢n = ¢0 + E’;L—n dn P (62)

where the derivative of the phase only depends on the orbital period, which is well
known, and the rotation period of the spot. We can in principle approximate the
rotation period of the spot by the rotation period of the star, obtained from a Lomb-
Scargle periodogram [184] of the transit-removed stellar fluxes, as long as the differ-
ential rotation is not very strong and the number of transits n is small. This formula
only works when the predicted phase is within —7/2 and 7/2 (mod 27), since outside
that range the spot will be on the non-visible side of the star where it cannot be

occulted by the transiting object.

In order to apply this formula, the SC observations up to Q16 for our 5 objects
were analyzed in the same way the LC observations were analyzed to create the SCEC.
A folded light curve was generated from which we obtained new and more accurate
transit parameters. Individual transits were fitted first with a no-spot model and

then with a triangular spot model. When a spot-crossing event was the detected, the
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transit was inspected by eye. In all five cases (see Figures 6-4, 6-5, 6-6, 6-7 and 6-8),
equation 6.2 applies very well to the observed spot-crossing events, which represents
very strong evidence that these systems have low obliquities. If the same spot can
be occulted by the planet candidate at different phases, a portion of the spot must
always be contained on the transit chord, which means that the obliquity of these
systems cannot be much larger than ¥, = +arctan (R,/R,) [52]. In all our cases,

this translates into a bound to the obliquity of approximately +10°.

All five objects are transiting cool stars, which is expected since cool stars have
stronger levels of magnetic activity. The low obliquities of KOI 217.01, KOI 895.01
and KOI 1074.01 could be attributed to tidal interactions, since they should be strong
enough to have realigned them by now due to the proximity of the planets to their
host stars [226]. To be quantitative we used again the metric developed by [5], in
which binary-star data are used to calibrate tidal dissipation timescales, as described
in Chapter 5. Assuming that all three planets the same mass as Jupiter, we can
estimate a relative timescale between 200 and 1500 for this three objects, which would
situate these three objects in the region of Figure 5-9 where all systems are aligned.
Note that this is an upper bound to this timescale, because the planets are likely to
be more massive (they could be even be brown dwarfs or M-dwarfs), which would
increase the strength of the tidal interactions, reducing the timescale for realignment

substantially.

More interesting is the case of KOI 889.01 with an orbital period of 8.9 days.
Assuming the same mass as Jupiter I obtain a relative timescale near 10, much larger
than the timescale for Kepler-63b. If this system had a primordial large obliquity,
tidal interactions would not have been strong enough to realign it. Here the absence
of a good mass estimate becomes more relevant. It would only take a mass of 20 Mjy,
to decrease the relative timescale to 2000, where tidal interactions would have been
strong enough to realign the system. The case of KOI 340.01 is special since it is
an eclipsing binary, so its formation scenario could be completely different from that
of Hot-Jupiters. Even with an orbital period of 23.7, tidal interactions could have

played an important role on the current low obliquity of the system. The detection
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of secondary eclipses that are not half-way between transits, indicates that the orbit
has a significant eccentricity, adding another interesting constraint on the geometry
of this system. As [181] point out, the long transit duration and the large RV semi-
amplitude, which gives a preliminary mass of 0.7M for KOI 340.01, indicate that
the primary star is likely an evolved star, given that the eclipse depth is only 2%.
It would required to go beyond the simple description of the relative timescale to
understand the role of tidal interactions on this system, but this is beyond the scope
of this chapter.

It is important to note that several different decisions in the selection process of
these 5 objects might have led to the final result of obtaining five low obliquities.
One of them stands above all; once the recurrence of spots is not observed it becomes
quite hard to interpret a system, since it is often the case that spots might vanish
before the transiting object had the time to occult them again. However, these five
cases truly show the potential of this technique to provide a large sample of obliquity

measurements without any follow-up observations.
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Figure 6-4: A low obliquity for KOI 217.01.

In all the following figures, black dots represent Short Cadence observations binned to an
effective cadence of 5 minutes, except for the case of KOI 340.01, where the effective cadence
is 30 minutes. On the left panel blue lines represent the no-spot transit model while the red
line is the spot model, in which each individual transit has the same transit parameters but
a different a triangular model for one spot-crossing even. The phases of the spot crossing
events are free parameters in each transit. On the right panel the O-C residuals are shown,
where the no-spot model is subtracted from the data points and both the no-spot and the
spot model. In the case of KOI 217.01, 4 consecutive transits are shown. With an orbital
period of 3.9 days and a rotation period of 21 days, spots are expected to move along the
transit chord with d¢/dn = 67° /transit. A first spot-crossing event is observed in transit
294 with a transit phase that is equal to —30° (green arrow). The model predicts another
spot-crossing event on the next transit at a phase that is equal to 37° (brown arrow), and
the spot model gives a best-fit phase of 40°.
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Figure 6-5: A low obliquity for KOI 340.01.

The case of KOI 340.01 is a bit more complex. With an orbital period of 23.7 days and a
rotation period of 12.7 days, spots are expected to recede from one transit to the next at a
rate of d¢/dn = —50° /transit. Transits 29 and 46 show a spot-crossing event with a phase
of 25° (green arrows). The low-obliquity model predicts another spot-crossing event at a
phase of —25° (brown arrows). The recurrence of the spot is observed in both cases, but
the spot-crossing events happen 15° — 25° earlier than expected. This is still compatible
with a low-obliquity system with a non-zero differential rotation profile. In this case, spots
on the transit chord seem to have a rotation period of 13.0-13.2 days, a bit slower than the
latitude integrated rotation period of 12.7 days that can be obtained from the Lomb-Scargle
periodogram.
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Figure 6-6: A low obliquity for KOI 889.01.

In the case of KOI 889.01, 5 close transits are shown. With an orbital period of 8.9 days
and a rotation period of 19.2 days, spots are expected to move along the transit chord with
d¢/dn = 167° /transit. This situation is equivalent as seeing the same spot recede 26° every
two transits, with a transit in the middle where the spot should not be observed. In the
figure, a large spot is occulted during transit number 128 at a transit phase equal to 32°.
This same spot is observed at transit 130 with a phase of 10° and at transit 134 with a
phase of —51° as predicted. A different spot is observed at transit 129 with phase of 19°
which recurs at transit 133 with a phase of —30°.
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Figure 6-7: A low obliquity for KOI 895.01.

The case of KOI 895.01 is simpler. With an orbital period of 4.4 days and a rotation
period of 5.1 days, spots are expected to recede from one transit to the next at a rate
of dp/dn = —46°/transit. Transits 278 shows a spot-crossing event at a phase equal to
50° (green arrow). The zero-obliquity model predicts spot-crossing events for the next two
transits at phases equal to 4° and —42° (brown arrows). The two events are detected at
phases 0° and —50° as predicted.
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Figure 6-8: A low obliquity for KOI 1074.01

The case of KOI 1074.01 is similar to the case of KOI 895. With an orbital period of 3.8
days and a rotation period of 4.2 days, spots are expected to recede from one transit to
the next at a rate of d¢/dn = —34° /transit. Transits 206 shows a spot-crossing event at a
phase equal to 39° (green arrow). The zero-obliquity model predicts spot-crossing events
for the next two transits at phases equal to 5° and —29° (brown arrows). The two events
are detected at phases 0° and —21° as predicted. A small spot-crossing event is observed
on transit 205 at a phase equals to 70°, as the model would also predict.
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Chapter 7

The shortest-period planets:
discovery of Kepler-78b

Published as: “Transits and Occultations of an Farth-Sized Planet in an 8.5-Hour
Orbit” Sanchis-Ojeda, R., Rappaport, S., Winn, J.N., Levine, A., Kotson, M.C.,
Latham, D.W., Buchhave, L.A. 2018, ApJ, 774, 54.

We report the discovery of an Earth-sized planet (1.16 £ 0.19 Rg) in an 8.5-hour
orbit around a late G-type star (KIC 8435766, Kepler-78). The object was identified
in a search for short-period planets in the Kepler database and confirmed to be a
transiting planet (as opposed to an eclipsing stellar system) through the absence of
ellipsoidal light variations or substantial radial-velocity variations. The unusually
short orbital period and the relative brightness of the host star (mge, = 11.5) enable
robust detections of the changing illumination of the visible hemisphere of the planet,
as well as the occultations of the planet by the star. We interpret these signals
as representing a combination of reflected and reprocessed light, with the highest
planet dayside temperature in the range of 2300 K to 3100 K. Follow-up spectroscopy
combined with finer sampling photometric observations will further pin down the

system parameters and may even yield the mass of the planet.
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7.1 Introduction

The work described here was motivated by our curiosity about planets with the
shortest possible orbital periods. Although many exoplanets have been discovered
with orbital periods of a few days—most famously the “hot Jupiters”—relatively
few are known with periods shorter than one day. [92] found that such planets
are less common than planets with periods of 2-3 days, based on data from the
Kepler spacecraft. The shortest-period transit candidate is the 4.5-hour signal in the
KOI 1843 system found by [145], although this candidate has not yet been thoroughly
vetted. Among the well-documented planets the record holder is Kepler-42c, with a
period of 10.9 hr [139]. The planet 55 Cnc e is the shortest-period planet (17.8 hr)
for which the radius and mass have both been measured ([230], [49]). In all of these
cases the planet is smaller than about 2 Rg. Among giant planets, the shortest period
belongs to WASP-19b (P = 18.9 hr [80]).

The rarity of giant planets with P < 1 day could reflect the vulnerability of such
planets to tidally-induced decay of their orbits (see, e.g., [187] for specific predictions),
a possible tidal-inflation instability 78], Roche-lobe overflow [77], or evaporation (see,
e.g., [140]. If so, then because smaller rocky planets are less vulnerable to these
effects, one would expect smaller planets to be more common than large planets at
the shortest periods. A suggestion that this is indeed the case comes from perusing
the list of the active Kepler Objects of Interest (KOI)!. In this list we find only
17 active planet candidates with P < 16 hr, all of which have inferred planet sizes
smaller than that of Neptune. However, this result is difficult to interpret because of
the possibility of false positives due to eclipsing binary stars. There are already 55
known false positives in that period range, and the vetting is incomplete for most of
the 17 candidates that remain.

There is also the possibility that the KOI catalog is missing some objects with short
periods or short transit durations, as noted by [68]. Other authors have performed

independent searches of the Kepler database using the Box Least Squares (BLS)

lhttp://exoplanetarchive.ipac.caltech.edu/
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algorithm [105] and found new candidates ([145], [96]). The BLS algorithm is designed
for finding transit signals of short duration compared to the orbital period. For the
shortest-period planets, though, the transit duration is a sizable fraction of the orbital
period, and a Fourier Transform (FT) analysis should be sufficient for detection. The
F'T has the advantages of simplicity and speed. This was the technique used to detect
the apparently disintegrating planet KIC 12557548b, with an orbital period of 15.6 hr
[168].

Here we describe an Earth-sized planet with an orbital period of 8.5 hr, which
was not among the Kepler Objects of Interest, and was identified in our FT-based
survey of the Kepler data. Because so many transits have been observed and the
star is unusually bright (with Kepler magnitude 11.5), the process of validation is
simplified, the planetary occultations and illumination variations are easily detected,
and further observations should be rewarding.

Section 7.2 of this paper describes the initial detection of the signal, our follow-
up ground-based spectroscopic observations, and the properties of the parent star.
Section 7.3 presents the analysis of the Kepler light curve and the determination of
the system parameters. Section 7.4 demonstrates that the signal almost certainly
arises from a transiting planet, as opposed to an eclipsing binary star, based on the
lack of detectable ellipsoidal light variations or radial-velocity variations. Section 7.5
discusses the possibilities for the surface temperature and reflectivity of the planet,
based on the observed properties of the illumination curve and occultations. We
end with a brief discussion of the future prospects for studying the shortest-period

planets.

7.2 Observations

7.2.1 Initial detection

To carry out an independent search for the shortest-period planets, we subjected all

the Kepler long-cadence light curves to a FT analysis using data from Quarters 1-
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14. The light curves used for this study had all been processed with the PDC-MAP
algorithm ([206], [195]), which removes many of the instrumental artifacts from the
time series while retaining the bulk of the astrophysical variability. The time series
from each quarter was divided by its median value. Then, the normalized data from
all quarters were stitched together into a single file. The FT was then calculated.
We searched for the presence of at least one peak more than 4.6 standard deviations
above the local noise level in the Fourier spectrum. To be considered further, we also
required that the FT exhibit at least one harmonic or subharmonic that stands out at
the 3.3 o level. The candidates were then examined by eye. Only those that showed
several harmonics with a slow falloff in amplitude with increasing frequency, and no

sign of stellar pulsations, were selected for further study.

The surviving candidates underwent a period-folding analysis. To remove the
slow flux variations caused by starspots and stellar rotation, we applied a moving-
mean filter to the flux series, with a width in time equal to the candidate orbital
period. Then we folded the time series with that period and inspected the resulting
light curve, looking for the characteristic shape of a transit. We applied the same
filtering algorithm to the time series of the row and column positions of the image
photocenter (MOM_CENTR) provided by the Kepler pipeline. Systems with large
photocenter shifts were discarded; such large shifts indicate that the flux variations
belong to a neighboring star and not the intended Kepler target. We also checked
for any significant differences in the depths of the odd- and even-numbered transits,
which would reveal the candidate to be an eclipsing binary with twice the nominal
period. A list of 20 potentially new short-period planet candidates passed all these
tests, with orbital periods between 4 and 16 hours. As expected, this list is comprised
entirely of objects smaller than Neptune. We will report on the entire collection in
a separate paper. For this initial report we chose to focus on KIC 8435766 (from
now on designated Kepler-78b), because it has the brightest host star, one of the
shortest orbital periods, and the most significant detection of the illumination curve

and occultations.

Figure 7-1 shows the time series, FT, and folded light curve for Kepler-78. The
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Figure 7-1: Kepler data for Kepler-78 (KIC 8435766).

Top.—Time series, based on quarterly-normalized PDC-MAP data. The quasiperiodic flux
variations are characteristic of starspots and rotation. The right panel focuses on one
arbitrarily chosen day of data, to allow several transits to be seen by eye (single 30 minute
bins). Lower left panel—Fourier transform, before any filtering of the starspot-induced
signal. Lower right panel.—Light curve, after filtering and then folding the time series with
a period of 8.5201795 hr.

time series exhibits quasiperiodic flux variations with an amplitude of a few percent
and a period of 12.5 days, likely the result of spots on a rotating star. The FT also
shows a base frequency at v = 3 cycles day ™!, and at least 9 higher harmonics, two of
which are aliases resulting from reflection about the Nyquist limit of 25 cycles day™.
No subharmonics of these frequencies are seen; a positive detection would have been
indicative of a binary with primary and secondary eclipses of nearly equal depth.
The folded light curve shows a transit with a depth of 220 ppm and an occultation
with a depth of 10 ppm. The illumination curve—the rise in flux between transit and

occultation—is less obvious; see Figure 7-3 for a better view.
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7.2.2 Spectroscopy

Spectroscopic observations were undertaken to characterize the host star and to search
for radial-velocity variations. We obtained five spectra with the fiber-fed Tillinghast
Reflector Echelle Spectrograph on the 1.5m Tillinghast Reflector at the Fred Lawrence
Whipple Observatory on Mt. Hopkins, Arizona. The observations took place in 2013
on March 23, 25, and 29, and on April 2 and 4. Individual exposure times of about
15 minutes yielded a signal-to-noise ratio (S/N) per resolution element in the Mg I b

order ranging from 26 to 44, depending mostly on the seeing and sky transparency.

Spectroscopic parameters for the host star were determined with the Stellar Pa-
rameter Classification code (SPC [30]). We derived the parameters from each spec-
trum, and then computed weighted averages. The results were Teg = 5089 & 50 K,
[m/H] = —0.14 & 0.08, logg = 4.60 £ 0.1, and vsini = 2.4 = 0.5 kms™!. We also
estimated the radial velocity of the star at y = —3.44 + 0.08 kms™!.

To estimate the stellar mass and radius, we used the calibrated relationships pro-
vided by [210] between the spectroscopic parameters and stellar dimensions. These
relationships give a stellar mass 0.81 & 0.05 M, radius 0.74133 Ry, and mean den-
sity (p) = 2.8:1,:% g cm~3. Error propagation was performed assuming independent
Gaussian errors in the stellar parameters, along with a 6% systematic error in the
stellar mass due to the uncertainty in the calibration formulas. The final values are
summarized in Table 7.2. Following [211] we checked the derived mass and the ra-

dius by comparing the spectroscopic parameters to the outputs of stellar evolutionary

models [234]; the resulting values were similar.

We can also estimate the age of the star based on the rotation period. [185] gave a
calibrated polynomial formula relating stellar age, mass, and rotation period. Given
the preceding estimates for the mass and rotation period, the [185] formula gives
an age of 750 &+ 150 Myr. As a consistency check we note that the stellar radius of

1

0.74 Ry and the rotation period of 12.5 days imply a rotation velocity of 3 km s,

which is compatible with the spectroscopic estimate of vsini (assuming sinz =~ 1).

Radial velocities were determined via cross-correlation against synthetic tem-
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Table 7.1. Relative Radial Velocities for Kepler-78

BJD-2456300 RV (ms™!) RV.3%ms™!)

74.9484 23.66 22.62
76.9663 -36.37 19.13
81.0154 19.65 20.21
84.9219 26.03 19.13
86.9066 -32.99 25.51

2Estimated 1-0 uncertainty in the relative ra-
dial velocity.

plates, as described by [29] and [163]. The results are presented in Table 7.1, where
the mean radial velocity has been subtracted. The five data points have a standard

! and internally-estimated measurement uncertainties of 20-

deviation of 32 m s~
25 m s~!. By fitting a sinusoid with the same period and phase as the transit signal,
we obtain a velocity semiamplitude K = 36412 m s~!. However, the true uncertainty
is undoubtedly larger because of the spurious radial velocities produced by rotating
starspots, which are expected to be of order 30 m s™! (the product of vsini and the
1% photometric modulation). Hence we consider the data to be consistent with no
radial-velocity variation. Any variation with the same period and phase as the transit

signal is smaller than about 100 m s™! (30), corresponding to a companion mass of

about 0.3 Mj,, (100 Mg) orbiting Kepler-78.

7.2.3 UKIRT image

The Kepler time series is based on summing the flux within an aperture surrounding
the target star Kepler-78 specific to each “season” (the quarterly 90° rotations of the
field of view). The aperture dimensions change with the season; they are as large as
5 pixels (20”) in the column direction and 6 pixels (24”) in the row direction, with
a total of 12-20 pixels used in a given season. To check whether the summed flux

includes significant contributions from known neighboring stars, we examined the J
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band image from the UKIRT survey of the Kepler field®.

Two neighboring stars were detected (see Figure 7-4). Relative to Kepler-78, the
first neighbor is 4.5 mag fainter and 4.8” away, contributing 1.5% of the J-band flux
to the Kepler photometric aperture. The second neighbor is 3.1 mag fainter and 10.3”
away. If this star were wholly within the aperture it would have contributed 5.5%
of the total J-band flux; however, since it falls near the edge of the aperture, the
contribution is likely smaller and is expected to vary with the Kepler seasons. In
section 7.4 we will show that neither of these fainter stars can be the source of the

transit signal.

7.3 Light curve analysis

7.3.1 Transit times and orbital period

In the first step of the light-curve analysis we determined the orbital period P, and
checked for any transit-timing variations (T'TV). Using the initial FT-based estimate
of P, we selected a 6-hour interval (12 data points) surrounding each predicted transit
time. We corrected each transit interval for the starspot-induced flux modulation by
masking out the transit data (the central 2 hours), fitting a linear function of time
to the out-of-transit data, and then dividing the data from the entire interval by
the best-fitting linear function. A total of 3378 individual transits were detected and
filtered in this way; a few others were detected but not analyzed further because fewer
than 2 hours of out-of-transit data are available.

In order to obtain precise transit times, we first need to obtain an empirical
transit template. For that, the time series was folded with the trial period. As seen
in Figure 7-1, the transit shape can be approximated by a triangular dip, due to the
30-minute averaging time of the Kepler observations. For transit timing purposes we
used a triangular model, with three parameters describing the depth, duration, and

time of the transit. We found the best-fitting model to the phase-folded light curve,

Zhttp://keplergo.arc.nasa.gov/ToolsUKIRT .shtml
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Table 7.2. System Parameters of Kepler-78b

Parameter Value 68.3% Conf. Limits
KIC number 8435766
R.A. (J2000) 19h 34m 58.00s
Decl. (J2000) 44"/26°.53"99s
Effective temperature, Teg [K]* 5089 +50
Surface gravity, logg [g in cm 522 4.60 +0.1
Metallicity, [m/H]* -0.14 +0.08
Projected rotational velocity, vsins [km s~1]* 24 +0.5
Radial velocity of the star, v [km s7}] —3.44 +0.08
Mass of the star, My [Mg]® 0.81 +0.05
Radius of the star, R. [Ro]P 0.74 +0.10 —0.08
“Spectroscopic” mean stellar density, (p«) [g cm—3]P 2.8 +1.1 —0.8
Rotation period [days] 12.5 +1.0
Reference epoch [BJDrpg] 2454953.95995 +0.00015
Orbital period [days] 0.35500744 +0.00000006
Square of planet-to-star radius ratio, (Rp/R«)? [ppm] 201 +57, —18
Planet-to-star radius ratio, Rp/Rx« 0.0142 +0.0019, —0.0007
Scaled semimajor axis, a/R. 3.0 +0.5, ~1.0
Orbital inclination, % [deg] 79 +9,-14
Transit duration (first to fourth contact) [hr] 0.814 +0.021, —0.015
“Photometric” mean stellar density? (p+) {g em™3] 3.8 +2.2,-2.7
Seasonal dilution parameters [%]d 3.5,0, 0.9, 5.5 +1.20,1.2,1.2
Occultation depth, docc [ppm] 10.5 +1.2
Amplitude of illumination curve, 4; [ppm] 4.4 +0.5
Amplitude of ellipsoidal light variations, AgpLy [ppm] <1.2 (30)
Planet radius, Rp [Rg] 1.16 +0.19,-0.14
Planet mass, Mp [Mg]°® <8 (30)
Note. — The Kepler input catalog gives magnitudes mke, = 11.55, ¢ = 12.18, r = 11.46,

J =10.18, and T.g = 4957 £ 200 K.
30btained from an SPC analysis of the spectra.
bBased on the relationships from [210].
°Defined as {p.) = (37/GP?)(a/R.)?
dIn order, these refer to season 0, 1, 2 and 3.

®Based on absence of ellipsoidal light variations, assuming zero dilution.

169



bl
i5d

:
3 a5
g TN o

O-C transit time [min]
o

200 400 600 800 1000 1200 1400
Time [BJD—-2454900]

Figure 7-2: Deviations of individual transit times from strict periodicity.

and then fitted each individual transit with the same model, allowing only the time of
transit to be a free parameter. As an estimate of the uncertainty in each data point,

we used the standard deviation of the residuals of the phase-folded light curve.

The mean orbital period P and a fiducial transit time T, were determined from
a linear fit to the individual transit times, after performing 5 o clipping to remove
outliers. Table 7.2 gives the results, and Figure 7-2 shows the O — C residuals. We
searched the residuals for periodicities in the range 10-1000 days using a Lomb-Scargle

periodogram [184], but found none with false alarm probability lower than 1%.

To search for any secular variation in the period, such as a period decrease due
to tidal decay, we tried modeling the transit times with a quadratic function. The
fit did not improve significantly. Based on this fit, the period derivative must be
|dP/dt| < 3.5 x 107! (20). Using Kepler’s third law, this can be transformed into
a lower bound on the tidal decay timescale a/a of 4 Myr. This is not a particularly

interesting bound, given that the stellar age is estimated to be 750 Myr.
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Figure 7-3: Transit and phase light curve of Kepler-78b.

Upper panel.—The final light curve (dots) and best-fitting model (red curve). The inset
panel is a scale illustration of the system, where the length of the dashed line represents one
possible orbital distance (both the impact parameter and the orbital distance are highly
uncertain). The transits look V-shaped because of the 30 minute sampling, but shorter-
cadence observations should reveal a much longer flat bottom in the middle of the transit.
Lower panel—Close-up of the illumination curve and occultation. The data have been
binned to 4 min for clearer visual inspection.

7.3.2 Transit and illumination curve analysis

We then returned to the original time series and repeated the process of filtering
out the starspot-induced variations, this time with the refined orbital period P and
a slightly different procedure. The basic idea was to filter out any variability on
timescales longer than the orbital period. First, we divide the flux series by its global
flux maximum. Then, for each data point f(t), a linear function of time was fit to
all the out-of-transit data points at times t; satisfying |t — t;| < P/2. Then f(t) was
replaced by f(t) — fau(t) + 1, where fg; is the best-fitting linear function. Figure 3
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shows the resulting light curve, after further correcting for seasonal-specific dilution

as described below.

Subsequent analysis was restricted to data from quarters 2-15, since quarters 0
and 1 had shorter durations and the data seem to have suffered more from systematic
effects. For each season, we phase-folded the data with period P and then reduced
the data volume by averaging into 2 min samples. We then fitted a model including

a transit, an occultation, and orbital phase modulations.

The transit model firan(t) was based on the [125] equations for the case of quadratic
limb darkening. The parameters were the midtransit time to, the zero-limb-darkening
transit depth duan = (Rp/Ry)?, the impact parameter b, the scaled orbital separation
a/R,, and the limb darkening coefficients u; and u,. The orbital period was held fixed,
and a circular orbit was assumed. The limb-darkening coeflicients were allowed to
vary, but the difference u; —u, was held fixed at 0.4, and the sum u; +u, was subjected
to a Gaussian prior of mean 0.7 and standard deviation 0.1. These numerical values

are based on the theoretical coefficients given by [42)].

The occultation model f,..(t) was a simple trapezoidal dip, centered at an orbital
phase of 0.5, and with a total duration and ingress/egress durations set equal to those

of the transit model. The only free parameter was the depth Jocc.

The out-of-transit modulations were modeled as sinusoids with phases and peri-
ods appropriate for ellipsoidal light variations (ELV), Doppler boosting (DB), and
illumination effects (representing both reflected and reprocessed stellar radiation).

Expressed in terms of orbital phase ¢ = (t — t.)/P, these components are

App sin(2m¢) — Agry cos(4dmd) — Ay cos(2m¢) (7.1)

A constant was added to the model flux, specific to each of the 4 seasons, repre-
senting light from neighboring stars or differences in the fraction of starlight captured
by the season-specific photometric apertures. Since a degeneracy prevents all 4 con-
stants from being free parameters, we set this “dilution flux” equal to zero for season

1, for which initial fits showed that the dilution was smallest. The other constants
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should be regarded as season-specific differences in dilution. The final parameter in
the model is an overall flux multiplier, since only the relative flux values are signifi-
cant. In the plots to follow, the normalization of the model and the data was chosen

such that the flux is unity during the occultations, when only the star is seen.

For comparison with the data, the model was evaluated once per minute, and
the resulting values were averaged in 29.4-min bins to match the time averaging of
the Kepler data. Initial fits showed that the ELV and DB terms were consistent
with zero. The non-detection of the DB term can, in principle, also be used to place
upper bounds on several other effects, like inhomogeneities of the planetary albedo
or a displacement of the hottest atmospheric spot on the surface of the planet with
respect to the substellar point [62]. In the absence of these phenomena, the DB
signal is expected to be negligible for this system (~ 0.02 ppm), so we set Apg = 0
in subsequent fits. We optimized the model parameters by minimizing the standard
x? function, and then used the best-fitting dilution parameters to correct all of the

data to zero dilution.

Finally, we combined all of the dilution-corrected data to make a single light curve
with 2-min sampling, and determined the allowed ranges for the model parameters
using a Monte Carlo Markov Chain algorithm. The uncertainties in the flux data
points were assumed to be identical and Gaussian, with magnitude set by the condi-
tion x2 = Ngof. Figure 7-3 shows the final light curve, with 4-min sampling, and the

best-fitting model. Table 7.2 gives the results for the model parameters.

Some of these transit parameters might be affected by our choice for the filter.
Using a filtering interval length of 2P or 3P rather than P gives similar-looking light
curves but with increased scatter, as expected, since the accuracy of the linear ap-
proximation for the stellar lux modulation degrades for longer time intervals. We fit
these two noisier light curves with the same model and found that most of the transit
parameters are not changed significantly. The secondary eclipse depth obtained were
9.8 and 10.0 ppm, slightly smaller than the value quoted on Table 7.2. In the case of
Ajn, we obtained 4.30 and 4.65 ppm. We set the systematic error induced by the filter-

ing to be equal to the standard deviation of the three values obtained with the three
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different filtering periods, and add those in quadrature to the uncertainties obtained
from the MCMC routine. In both cases this procedure increased the uncertainties by

only 10%.

One notable result is that the transit impact parameter is nearly unconstrained,
ie.,, 0 < b < 0.9. This is because the ingress and egress duration are poorly con-
strained, due to the 30 min averaging of the Kepler long-cadence data. For the same

reason, a/ R, is poorly determined.

We were able to place an upper limit on the ELV amplitude of <1.2 ppm (30).
This can be translated into an upper bound on the mass of the transiting companion

using the formula ([136], [10]):

3
Apy = |:0.15(15—|—u)(1+g)] M, (%) oy

3—-u

15 %}: (%)3 (72)

Q

where u is the linear limb-darkening coefficient and ¢ is the gravity-darkening co-
efficient. In this case we expect u =~ 0.65 and g ~ 0.5 [42]. The upper limit on
the ELV amplitude thereby corresponds to a mass limit M, < 8 Mg (30). (This
assumes the photometric signal is entirely from the transited star, with no dilution

from neighboring stars; see the following section for a discussion of possible dilution.)

The preceding analysis assumed the orbit to be circular, which is reasonable given
the short orbital period and consequently rapid rate expected for tidal circularization.
We can also obtain empirical constraints on the orbital eccentricity e based on the
timing and duration of the occultation relative to the transit. For this purpose we
refitted the data adding two additional parameters, for the duration and phase of
the occultation. As expected the data are compatible with a circular orbit, and give

upper limits |e cosw| < 0.016, |esinw| < 0.15 and e < 0.24 (30).
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7.4 Validation as a planet

What appears to be the shallow transit of a planet may actually be the eclipse of a
binary star system superposed on the non-varying light from the brighter intended
target star. The binary could be an unrelated background object, or it could be
gravitationally bound to the target star and thereby be part of a triple star system.
In this section we examine these possibilities, and find it more likely that the signal

actually arises from the transits of a planet.

7.4.1 Image photocenter motion

We start with an analysis of the image photocenter location, to try to extract infor-
mation about the spatial location of the varying light source (see for example [100}).
For each of the four Kepler seasons, we filtered the time series of the photocenter row
and column pixel coordinates in the same manner that was described in Section 7.3.2
for the flux time series. For each of these time series, we calculated the mean of the
in-transit coordinate, the mean of the out-of-transit coordinate, and the differences
between those means, which we denote dx and dy. Using the filtered flux time series
for each season, we also calculated the mean of the in-transit fluxes and the mean of
the out-of-transit fluxes, both normalized to the overall mean flux. We denote the
difference between these two means as df.

We then examined the ratios dz/df and dy/df. When either of these is multiplied
by the pixel size (4”), one obtains the angular offset between the varying source of light
and the out-of-transit image photocenter. One can then compare these offsets to the
locations of the stars revealed in the UKIRT images. Since the celestial coordinates
of the signals in the Kepler aperture are difficult to obtain with high accuracy, we
used the center-of-light of the three detected stars in the J-band UKIRT image as our
estimate for the celestial coordinates of the out-of-transit photocenter of the Kepler
signal. The resulting determinations of the spatial location of the varying light source
are shown in Figure 7-4. These results indicate that the source of the transit signal

cannot be either of the two known neighboring stars. The variable source must be
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located within 1”7 of Kepler-78, close enough to severely restrict the possibility of a

blend with a background binary [138].
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Figure 7-4: Centroid analysis and stellar companions.

Position of the three brightest stars (star symbols) in the vicinity of Kepler-78 relative to
the center of light in J band (intersection of dashed lines). The positions of the source of
the transits obtained from the centroid shifts (see text), represented by solid small circles
with error bars, are close to the position of Kepler-78. The inset shows an expanded view
of the vicinity of Kepler-78.

The inferred coordinates of the time-variable source are correlated with the Kepler
seasonal dilution parameters (see Table 7.2), in a manner that is consistent with
variable contamination by the brighter of the two neighboring stars. In season 1,
when the diluting flux was found to be smallest, the centroid shift was also smallest
(0.10 £ 0.06 arcsec). A zero centroid shift during transit implies that other sources of
light have a negligible contribution to the total light within the aperture. Based on
this, the brighter neighboring star can contribute no more than 1-2% of the total flux

within the aperture during season 1. This supports our choice of a dilution parameter
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equal to zero for season 1.

This analysis of the photocenter motion is sufficient for our purposes. However,
as pointed out by [28], for a more detailed analysis it would be advisable to fit the
pixel data using the Kepler Pixel Response Function, rather than using moment-based

centroids as we have done.

7.4.2 Ellipsoidal light variations

The photocenter analysis cannot rule out the possibility that the observed phenomena
are due to a background eclipsing binary gravitationally bound to the target star in a
triple system or coincidentally within 1” of the target star. In such cases, though, the
ELVs would generally be larger than the observed upper bound, as we show presently.
This technique was recently used by [164] to validate a hot Jupiter.

In Section 7.3.2 we found that the upper limit on Agpy leads to an upper limit on
the companion mass of 8 Mg. This analysis was based on the assumption that the
dilution was small. If the signal arises from a faint unresolved eclipsing binary, the
ELV signal could have been diluted by a large factor, weakening the constraint on the
companion mass. However, an upper bound on the dilution factor can be obtained
from further analysis of the folded light curve. This can be understood qualitatively
as follows. If the dilution is severe, then the true transit/eclipse is much deeper than
200 ppm and the ratio of the radii of the secondary and primary star must be larger
than the ratio inferred assuming no dilution. A large radius ratio implies relatively
long ingress and egress durations, which at some point become incompatible with the
observed light curve shape. The sensitivity of this test is hindered by the 29.4 min
cadence of the Kepler data, but in this case it still provides a useful constraint.

For a quantitative analysis we reanalyzed the phase-folded light curve in a manner
similar to that presented in Section 7.3.2. We suppose that the observed flux is
f(t) = fo(t) + C, where fo is the undiluted transit/occultation signal and C is the
diluting flux. Since our model is always normalized to have unit flux during the

occultation, we use units in which fo(t) = 1 during the occultation, and we also
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defined a normalized version of f(t),

fot+tC

falt) = 22

. (7.3)

With this definition Agans &~ (1 + C)Agrans0, Where Ayanso is the observed depth
of the transit and Ay.ans is the actual depth before dilution. We stepped through a
range of values for C, finding the best-fitting model in each case and recording the

goodness-of-fit x2. We found C < 370 with 30 confidence.

In the presence of dilution, Eqn. (7.2) can be used to solve for the mass ratio,

m 2 a\?
TR (1+0) Amy (5) (7.4)

using notation that does not presume the secondary is a planet (m and M are the
secondary and primary masses, and R is the primary radius). An upper limit on
the mass ratio follows from the constraints C' < 370, Agry < 1.2 ppm, and a/R <
1.25P/(xT). The latter constraint follows from the requirement that the maximum
eclipse duration of ~1.25RP/ma exceed the observed eclipse duration T'; the factor
of 1.25 arises from the fact that at the maximum possible dilution the secondary star

is approximately 1/4 the size of the primary star. The result is

2 1.25P\3
5 5 C AELV ( p ) ~ 0.023 . (7.5)

SE

Having established that m <« M regardless of dilution, we may obtain a second
condition on the mass ratio by using Kepler’s third law, GM/a® = (27/P)?, to
eliminate a from Eqn. (7.4). This gives

m 2 GM\ [ P\?
3¢ 4 () (32) o
which leads to another inequality,
MAN\Z/ R\



The scaling with R~ makes clear that the most massive secondaries are allowed for
small primary stars, i.e., main-sequence stars and not giants. On the lower main
sequence, R o< M, allowing this inequality to be expressed purely as a function of
primary mass,

-1
m<3 MJup (_]\—J]w—) . (7.8)
©

The maximum value of m that satisfies both Eqn. (7.8) and Eqn. (7.5) is 8 My, for
M = 0.36 M. On the upper main sequence, R oc M%% and there is little variation in
M?/R3. Hence regardless of the primary mass, the secondary mass is in the planetary
regime.

These ELV-based constraints allow for the possibility that the secondary is a giant
planet or “super-Jupiter.” However, we find scenarios involving a giant planet to be
implausible. This is because no giant planet with a period <10 hr has ever been
detected by any transit or Doppler survey, despite those surveys’ strong sensitivity to
such objects; it would be peculiar indeed for the first such system to be discovered as
a blend with a Kepler target star. This is in addition to the theoretical problems of
tidal decay, tidal inflation instability, Roche-lobe overflow, and evaporation that were
mentioned in Section 1. Finally the absence of detectable image photocenter motion
significantly reduces the probability of blend scenarios. We henceforth assume that
the dilution is small and that the system is what it appears to be at face value: an

Earth-sized planet in an extremely tight orbit around the target star.

7.5 Simple Physical Models

It is unusual to have access to the occultation and illumination signals of such a small
planet. The only other terrestrial-sized planet for which these signals have been clearly
detected is Kepler-10b [14], for which the planet is larger and the signal-to-noise ratio
is lower than for Kepler-78b.

Extremely hot rocky planets are expected to be tidally-locked and have low-
pressure atmospheres, free of volatiles which are removed from their surfaces by high

intensity stellar winds and extreme-UV fluxes. Their atmospheres should mostly be

179



composed of heavier-element vapors with low pressure, which will not be efficient at
bringing heat from the dayside to the nightside of the planet. [109] have modeled
many of these effects, and proposed to call such objects “lava-ocean planets.” If the
nightside of the planet is much darker than the dayside we expect d,.c = 24y, i.e.,
the system flux should be about the same during occultations as it is when only the
nightside of the planet is in view. This has also been observed for some hot Jupiters,
especially those with the highest temperatures, a sign that it is difficult to circulate
heat to the night side [44]. Our light-curve analysis gives docc/2Aim = 1.20 & 0.15,
compatible with unity within 1.3¢. This is a good consistency check on the interpre-
tation as a planet. If we repeat the light-curve analysis after imposing the constraint
Ooce = 2451, we find doc = 9.2 £ 0.8 ppm vs. the value of 10.5 + 1.2 ppm without this

constraint.

In this section we use simple physical models to interpret the occultation and illu-
mination signals. These models assume that there is no mechanism for redistributing
the energy across the planetary surface. Reflection, absorption and reradiation occur
locally. Each element of the planet surface reflects a portion of the incident starlight
and absorbs the remainder. The spectrum of the reflected starlight is taken to be
identical to that of the incident starlight. The absorbed starlight heats the surface,
which then radiates with a blackbody spectrum characterized by the local temper-
ature. The directionality of both the reflected and thermally-emitted radiation are

assumed to follow Lambert’s law. Under these assumptions, the geometric albedo is

2/3 of the Bond albedo [44].

The equilibrium temperature T, of each element of the planet’s surface is found
through the expression

ospTey = (1 = A)Finc, (7.9)

where A is the Bond albedo, Fj,. is the power per unit surface area of the incident
starlight, and ogp is the Stefan-Boltzmann constant. The finite size of the star and
its finite distance from the planet are taken into account in computing Fj,. via the

evaluation of a numerical integral. The equilibrium temperature varies from a maxi-
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mum value at the substellar point to zero in those regions where no part of the star
is visible.

The Kepler telescope and detectors respond differently to radiation sources with
different spectra. The differences are incorporated into our simple models via ratios
of bolometric correction factors. These bolometric corrections were calculated with
an accuracy adequate for the present purposes by numerically integrating blackbody
spectra over the bandpass of the Kepler observations.®> The stellar spectrum was
taken to be that of a 5089 K blackbody.

Models were made for each of three sets of system parameters. The crucial param-
eters {a/R,, Ry/R.} took on the values {2.5,0.0160}, {2.9,0.0145} and {3.3,0.0130}
in the threc models, spanning the reasonable range for these two parameters. The
orbital inclination was set to give the observed transit duration. For each of the three
models, the calculations were carried out for values of the Bond albedo A ranging
from 0 to 1 in steps of 0.02.

The results of the calculations are shown in Figure 7-5. All three models yielded
occultation depths consistent with the measured occultation depth (within 1o). The
thick black line represents the best-fitting models, which favor A = 0.4-0.6. However
the uncertainty in the transit parameters remains large enough that any value of the
albedo is allowed. In all of these models, the occultation depth is very nearly equal
to the peak-to-peak amplitude of the illumination curve, as observed. Figure 7-5
also shows the model-derived maximum planet surface temperatures, which occur
at the substellar point. The possibilities range from Toq =~ 3000 K for A = 0, to
Teq 5 1500 K for A = 0.95. The “lava-ocean model” would predict a relatively high
albedo, in which a combination of low absorption and efficient backscatter of incident
light by the melted materials could explain the high reflectivity [172]. A high albedo
has also been inferred for Kepler-10b [14].

These considerations show that the occultation and illumination signals are com-
patible with the planetary interpretation. Both energy considerations and the ob-

served illumination curve amplitude suggest that the nightside is darker than the

3http://keplergo.arc.nasa.gov/CalibrationResponse.shtml
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dayside, but this conclusion depends on the unknown fraction of the occultation
depth that is contributed by reflection as opposed to thermal emission. The ther-
mal emission coming from the nightside, relative the stellar flux, is approximately
Oocc — 2An = 1.7 £ 1.6 ppm. We can translate this into a constraint on the temper-
ature of the nightside, by assuming a uniform temperature and taking into account
the appropriate bolometric corrections. The result is 7, < 2700 K (30). The day-
side could have a similar temperature if the albedo is high enough, leaving open the
possibility that the surface of the planet has a nearly uniform temperature—which,
in turn, would imply efficient heat redistribution from the dayside to the nightside.
Observations of the secondary eclipse in one or several different wavelengths will help
distinguish between different models, allowing for a better measurement of the albedo
and the day-night heat redistribution efficiency. Further modeling of the planet would
also benefit from better knowledge of a/R, and R,/R., which might be obtained from

more finely-sampled photometric observations.

7.6 Discussion

We have interpreted the results as the discovery of the planet Kepler-78b orbiting a
late G-type star with an orbital period of 8.5 hours, the shortest period among all
of the well-documented planets transiting a main-sequence star. Qur spectroscopic
observations and light-curve analysis of Kepler-78 are all consistent with this scenario.
The lack of radial velocity variations tells us that if the planet orbits Kepler-78,
then its mass cannot be higher than 100 Mg. The lack of ellipsoidal light variations
confirms this with an even more stringent limit of only 8 Mg. The ELV limit also
eliminates the alternative scenario in which the signal is due to a blended eclipsing
binary, since the transiting object must then have a mass lower than 8 Mj,,. Those
blend scenarios involving massive planets are also disfavored by the lack of anomalous
image photocenter motion.

With a Kepler magnitude of 11.5, large ground-based telescopes could be used

to detect the transit with several repeated observations. It may also be possible
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Figure 7-5: Interpreting the secondary eclipse depth

Upper panel.—Calculated occultation depth docc in parts per million as a function of the
planet albedo. For the best fit solution the red curve shows the contribution from the
thermal emission, while the blue curve represents the reflected light component. The brown
dashed horizontal lines show the 1 o region of the measured depth, and the vertical lines
represent the allowed albedo values. Lower panel.— Maximum planet surface temperature
as a function of albedo. In both panels, the shaded regions represent the &+ 1 sigma interval
of possible values.

to measure the mass of the planet through radial-velocity monitoring of the host
star. An Earth-mass planet would induce a 1 m s~! signal over a single night. The
observations would require careful treatment of the starspot-induced spurious radial

! over the 12.5-day stellar

velocities, which should occur with amplitude ~30 m s~
rotation period. If achieved, this would be the smallest planet with a measured mass

4. Currently the only planets with radius smaller than 1.8 Rg for which the mass

4As discussed in the introduction of the next chapter, the mass measurement was achived by two
different groups using two different instruments ([94], [151]). With a mass of 1.7Mg, it is currently
the smallest planet with a mass and radius measurement.
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Figure 7-6: Shortest allowed periods of rocky planets as a function of the mass of a
main-sequence host star.

The red curve is the limiting period at which the planet would be grazing the stellar pho-
tosphere. The green curve represents the limit on the orbital period at which the planet
would be located at its Roche limit with a fiducial density of 8 g cm™. We also note that
for really low mass planets, even rocky material could quickly evaporate at the equilibrium
temperatures implied by these close distances, making those planets inviable at distances
larger than their Roche limit. This is not the case for super-Earths which may be able to
survive evaporation for very long intervals at orbital periods of only a few of hours (see,
e.g., [152]).

has been measured are CoRoT-7b ([110], [161]), Kepler-10b [14], Kepler-11b ([112],
[113]) and Kepler-36b [34], and none of these are smaller than 1.4 Rg, .

The robust detections of the occultations of the planet by the star, and of the
time-variable illuminated fraction of the planet as it orbits around the star, make
the system important for future observational and theoretical work. Observations
with finer time sampling could better pin down the transit parameters. This in turn
would clarify the equilibrium temperature of the planet’s dayside, as explained in the
previous section. It is unclear at this point if the occultations would be large enough
in any band to be detected with any telescope besides Kepler, but the prospect of
studying the surface or atmosphere of an Earth-sized exoplanet may be attractive

enough to justify a large investment of telescope time.
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In addition to the questions surrounding the existence and evolution of very hot
terrestrial bodies, the relative ease with which this planet was detected and vetted
shows the practical importance of searches for the shortest-period planets. We plan
to document our list of short-period planet candidates found via Fourier transform
analysis in the near future, which should provide other good targets for follow-up and
shed some light on their occurrence rate and general characteristics. As a final note
we point out that rocky planets could well exist with even shorter periods than we
have found for Kepler-78b. We show in Fig. 7-6 that it is at least sensible to search
for planet periods down to ~4 hours (see [169)]).
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Chapter 8

Characteristics of the

shortest-period planets

Published as: “A Study of the Shortest-Period planets Found With Kepler”
Sanchis-Ojeda, K., Rappaport, S., Winn, J.N., Kotson, M.C., Levine, A., El
Mellah, 1., 2014, Apd, 787, 47.

We present the results of a survey aimed at discovering and studying transiting
planets with orbital periods shorter than one day (ultra—short-period, or USP, plan-
ets), using data from the Kepler spacecraft. We computed Fourier transforms of the
photometric time series for all 200,000 target stars, and detected transit signals based
on the presence of regularly spaced sharp peaks in the Fourier spectrum. We present
a list of 106 USP candidates, of which 18 have not previously been described in the
literature. This list of candidates increases from 2 to 7 the number of planet candi-
dates with orbital periods shorter than about 6 hours. In addition, among the objects
we studied, there are 26 USP candidates that had been previously reported in the
literature which do not pass our various tests. All 106 of our candidates have passed
several standard tests to rule out false positives due to eclipsing stellar systems. A
low false positive rate is also implied by the relatively high fraction of candidates
for which more than one transiting planet signal was detected. By assuming these

multi-transit candidates represent coplanar multi-planet systems, we are able to infer
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that the USP planets are typically accompanied by other planets with periods in the
range 1-50 days, in contrast with hot Jupiters which very rarely have companions
in that same period range. Another clear pattern is that almost all USP planets
are smaller than 2 Rg, possibly because gas giants in very tight orbits would lose
their atmospheres by photoevaporation when subject to extremely strong stellar ir-
radiation. Based on our survey statistics, USP planets exist around approximately

(0.51 £ 0.07)% of G-dwarf stars, and (0.83 = 0.18)% of K-dwarf stars.

8.1 Introduction

The field of exoplanetary science rapidly accelerated after the discovery of hot Jupiters
with orbital periods of a few days ([132], [126]). More recently, another stimulus was
provided by the discovery of terrestrial-sized planets with periods shorter than one
day. These objects, which we will refer to as ultra-short period or USP planets, have
many interesting properties. They are so close to their host stars that the geometric
probability for transits can be as large as 40%. The expected surface temperatures
can reach thousands of kelvins, allowing the detection of thermal emission from the
planets’ surfaces ([172], [50], [176]). The induced stellar orbital velocities can be

as high as a few m s7!

, allowing the planet masses to be measured with current
technology even for stars as faint as V' = 12 ([94], [151]). Among the best known
USP planets are 55 Cnc e ([46], [230], [49], CoRoT-7b ([110], [161]), and Kepler-10b
[14].

The NASA Kepler space telescope [21] monitored the brightness of about 200,000
stars for 4 years, long enough to observe thousands of transits of a typical USP
planet. Along with Kepler-10b, some of the more prominent USP discoveries have
been the innermost planets of Kepler-42 [139] and Kepler-32 ([60], [207]) and the
system Kepler-70, where two very short period planets were inferred by means of the
light reflected by their surfaces [39]. However, since it was not clear that the official

lists of Kepler USP planet candidates were complete, we and several other groups

have performed independent searches. One object that emerged from our search was
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the Earth-sized planet Kepler-78b [176], which has an orbital period of 8.5 hours and
is currently the smallest exoplanet for which measurements of the mass and radius
are both available ([94], [151]). [99] performed an independent search for planets
with periods P < 0.5 day, finding several new candidates. More general surveys for
Kepler planets have also found USP planets ([96], [145]). Particularly interesting is
the discovery of KOI 1843.03 [145], a planet with an orbital period of only 0.18 days or
4.25 hr. [169] demonstrated that in order to survive tidal disruption, the composition
of this Mars-sized planet must be dominated by iron as opposed to rock.

In this paper we describe a survey to detect USP planets using the entire Kepler
dataset. Section 8.2 describes the data that we utilized in our study. Our Fourier-
based transit search technique is explained in Section 8.3, along with the steps that
were used to winnow down thousands of candidates into a final list of 106 likely USP
planets. Section 8.4 presents the properties of the candidates. The issue of false
positives within the USP list is examined in Section 8.5, with the conclusion that
the false-positive probability is likely to be low. As a corollary we infer that most
USP planets are accompanied by somewhat more distant planets. Section 8.6 gives
estimates for the occurrence rate of USP planets, and its dependence upon period,
radius, and the type of host star. Finally, Section 8.7 provides a summary of our
findings and some remarks about the relevance of USP planets within the field of

exoplanets.

8.2 Observations

8.2.1 Kepler data

To carry out an independent search for the shortest-period planets, we used the Ke-
pler long-cadence time-series photometric data (30 min samples) obtained between
quarters 0 and 16. A list was prepared of all ~200,000 target stars for which pho-
tometry is available for at least one quarter, and the version 5.0 FITS files, which

were available for all quarters, were downloaded from the STScI MAST website. We
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used the data that had been processed with the PDC-MAP algorithm (Stumpe et
al. 2012; Smith et al. 2012), which is designed to remove many instrumental artifacts
from the time series while preserving any astrophysical variability. We also made use
of the time series of the measured X and Y coordinates of the stellar images (the
“centroids”) in order to test for false positives (see section 8.3.2). Finally, we used
thev information in the file headers to obtain estimates of the combined differential
photometric precision (CDPP). The CDPP is a statistic determined by the Kepler
team’s data analysis pipeline that is intended to represent the effective photometric
noise level for detecting a transit of duration 6 hours [40]. We used this quantity in

our analysis of survey completeness (see Section 8.5.1).

8.2.2 Stellar properties

For estimates of basic stellar properties including not only radii, but also masses
and effective temperatures, we relied upon the catalog of [97]. This catalog is based
on a compilation of photospheric properties derived from many different sources.
Although it is not a homogeneous catalog, it likely provides the most accurate stellar
parameters that are currently available. Stars for which only broadband photometry
is available have radii that could be uncertain by up to ~40%, while stars for which
spectroscopic or even astroseismic constraints are available have radius uncertainties

as small as 10%.

8.3 The search

8.3.1 The Fourier Transform Technique

In our study of short-period planets, we elected to use a Fourier transform (“FT”)
search. Since this is different from the standard algorithm for transit searching—the
Box Least Squares (“BLS”) algorithm [105]—it seems appropriate to provide some
justification for our choice. The BLS is designed to have the greatest efficiency for

transits with a duration that is short in comparison to the orbital period. The Fourier
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Figure 8-1: Flow diagram for our USP planet search.

The value in each box is the number of objects that remained at each successive stage of
the search, beginning in the upper left corner with the 198,573 stars observed by Kepler.
The upper row represents the automated portion of the search, which, together with visual
inspection of the folded light curves (fifth box) yielded 375 candidates. This set of objects
was combined with the objects that were identified by visual inspection, and some that
had already been designated Kepler Objects of Interest (KOIs) or identified by other teams
(gray boxes), to yield a total of 471 distinct candidates that were studied in greater detail.
After applying several tests for false positives caused by foreground and background binary
stars (see Figure 8-4), and imposing a limiting signal-to-noise ratio of 12 in the folded light
curve, we arrived at a final list of 106 USP candidates.

spectrum of an idealized transit light curve has a peak at the orbital period and a
series of strong harmonics. By using a matched filter, the BLS algorithm effectively
sums all of the higher harmonics into a single detection statistic, which seems like a
superior approach.

However, the standard BLS has a few drawbacks. One is that the BLS spectrum
includes peaks at multiples of the orbital period and at multiples of the orbital fre-
quency, thereby complicating attempts to ascertain the correct period. In addition,
we have found that the standard BLS algorithm produces spurious signals at periods

that are integer multiples of the Kepler sampling period of ~0.02 day. These spurious
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Figure 8-2: Illustrative F'T amplitude spectra for different types of systems.

Upper left—A short-period planet (Kepler-78b; see Chapter 7), showing a series of har-
monics with amplitudes that decrease monotonically and gradually with frequency. Upper
right.—An eclipsing pair of stars, showing peaks that alternate in amplitude. Lower left.—
A long-period planet (Kepler-63b; see Chapter 5), showing very closely-spaced harmonics;
the presence of long-period planets complicates the Fourier-based detection of any short
period planets. Lower right.—Oscillations of a subgiant star.

peaks constitute a highly significant noise background in searches for planets with pe-
riods <0.5 day. These spurious peaks can be partially suppressed by pre-whitening
the data, i.e., attempting to remove the non-transit astrophysical variability prior to
computing the BLS spectrum, but the introduction of such a step complicates the

search.

A key advantage of the FT method is that FTs can be computed so quickly that it
was practical to repeat the search of the entire database several times while the code
was being developed (see for example the simulations by [104]). Although the FT
of a transit signal has power that is divided among several harmonics, the number

of significant harmonics below the Nyquist limit declines as the orbital period is
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decreased, and the FT is therefore quite sensitive to the shortest-period planets. The

2/3 and is as large as 20%

ratio of transit duration to period, or duty cycle, varies as P~
for USP planets, in which case the efficacy of the FT search is nearly equivalent to
that of the BLS. Furthermore, it is straightforward to detect a peak in the FT and its
equally-spaced harmonics, either by means of an automated algorithm or by eye. The
absence of any subharmonics is a useful and important property of true planet transits
as opposed to background blended binaries (which often produce subharmonics due
to the difference in depth between the primary and secondary eclipses).

Regardless of the justification, it is often worthwhile to carry out searches with
different techniques. Thus far, the independent searches of the Kepler database have
utilized the BLS technique ([145], [96], [154], [99]), and for this reason alone it seemed
worthwhile to take a different approach. In the end, though, the proof of the effec-

tiveness of an FT search lies in what is found, and in this work we demonstrate

empirically that the FT is a powerful tool for finding short-period planets.

8.3.2 Preliminary analysis of the candidates

Figure 8-1 is a flow chart illustrating the numbers of the ~ 200,000 Kepler stars that
survived each stage of our search program. The PDC-MAP long-cadence time series
data from each quarter was divided by the median flux of that quarter. We removed
outliers with flux levels 50% above the mean (likely due to cosmic rays), and all of the
quarterly time series were stitched together into a single file. We further cleaned the
data using a moving-mean filter with a length of 3 days. Using a filter to clean the
data does not affect our ability to detect high frequency signals as long as the length
of the window captures a few cycles of the target signal, and, at the same time, it
increases the sensitivity to signals at intermediate frequencies, since it removes long-
term trends that have the potential to increase the FT power at these frequencies.
To prepare the data for the application of the Fast Fourier Transform (FFT), gaps in
the time series were filled by repeating the flux of the data point immediately prior
to the gap. The mean flux was then subtracted, giving a zero-mean, evenly-spaced

time series. The FFT was then evaluated in the conventional manner all the way up
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to the Nyquist limit, i.e., the number of frequencies (ny) in the transform is equal to
half the number of data points.

We searched for the presence of at least one peak that is more than 4 times
the local mean level in the Fourier amplitude spectrum (square root of the power
spectrum), with a frequency higher than 1 cycle day™!. The local mean level was
estimated using the closest n;/250 frequencies, a number close to 120 for stars with
16 quarters of data. (This number is large enough to ensure that the interval used
to estimate the local mean level is much wider than the FFT peaks, and that any
possible contribution to the mean local level due to the peak is much smaller than
the true local mean level.) In order for the target to be considered further, we also
required that the FT exhibit at least one additional harmonic that stands out at least
3 times the local mean. For the selected objects, we increased the accuracy of the
peak frequencies by calculating the FFT of a new flux series that was built from the
original series by adding as many zeroes as needed to multiply the length of the array

by a factor of 20 (a process known as “frequency oversampling”).

Approximately 15,000 objects were selected by virtue of having at least one sig-
nificant high-frequency peak and a harmonic. These objects underwent both visual

and automated inspection.

First, all the Fourier spectra were examined by eye. Those that showed peaks at
several harmonics with slowly monotonically decreasing amplitudes, all of which were
higher than 1 cycle day™!, were selected for further study (see Figure 8-2 for some
examples of the F'T spectra). This process resulted in 240 objects worthy of attention,
and was effective in quickly identifying the targets with the highest signal-to-noise
ratios (SNRs) and periods shorter than 12-16 hours, such as Kepler-78b [176].

Second, our automatic vetting codes were used to try to identify and reject un-
wanted sources such as long-period planets, eclipsing binaries, and pulsators. The
initial step in this process was to find all significant F'T peaks with an amplitude 4
or more times the local noise level. Next, all objects with more than 10 significant
frequencies between 1 and 10 cycles day™!, a clear sign that the system is a pulsator

or long-period planet and not a short-period transiting planet, were rejected. In other
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cases where frequencies lower than 1 cycle day~! were detected and successfully iden-
tified as the true periodicity of the signal, the sources were also rejected. Application

of these filters reduced the number of candidates from 15,000 to ~ 9, 000.

The surviving candidates then underwent a time-domain analysis. To remove the
slow flux variations caused by starspots and stellar rotation, a moving-mean filter
was applied to the flux series, with a width in time equal to the candidate orbital
period. The data were then folded with that period, and the light curve was fitted
with three models: a simple transit model, a sinusoid with the candidate period, and
a sinusoid with twice the candidate period. For a candidate to survive this step, the
transit signal needed to be detected with SNR > 7, and the transit model needed to
provide a fit better than the fits of either of the sinusoidal models. This automated

analysis reduced the number of objects from 9,000 to ~ 3, 500.

The folded light curves were then inspected by eye. We found that in many cases
the automated pipeline was still passing through some longer-period planets and
pulsators. However, with only 3,500 cbjects, it was straightforward to reduce the list
further through visual inspection of the folded light curves. We selected only those
light curves with plausible transit-like features, including transit depths shallower
than 5 to 10%, to reduce the list of surviving candidates along this pathway to 375.

We then combined the following lists: the 240 candidates from visual inspection of
the F'Ts; the 375 candidates from the automated pipeline followed by visual inspection
of the folded light curves; the 109 candidates with P < 1 day in the KOI list (as of
January 2014; [3]); and the 28 candidates with P < 1 day that emerged from the
independent searches of [145], [96] and [99]. There was substantial overlap among
these various lists (see Figure 8-3). The result was a list of 471 individual candidates.
The next step was to subject these candidates to selected standard Kepler tests for
false positives [16].

The first in this series of tests was the image centroid test which was used to
reject those systems wherein the apparent motion of the stellar image during transits
was large enough to rule out the Kepler target as the main source of the photometric

variations. To carry out this test, the time series comprising the row (X) image
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Figure 8-3: A Venn diagram describing the origin of the 106 USP candidates in our
final list.

Our pipeline has been able to independently detect 89 out of these 106 candidates, with
all missed planets having orbital periods longer than 12 hours. The literature contribution
only counts those planets that were first detected by other groups ([145], [96] and [99]) for a
total of 19 USP planet candidates, since currently we have no knowledge about how many
of the other 87 USP planet candidates they could have detected independently.

centroid estimates and that comprising the column (Y’) estimates were each processed
with the moving-mean filter that was used for the flux time series. Each filtered time
series was folded with the candidate period. The degree of correlation between the flux
deviations and the centroid deviations was then calculated by computing the values
of dY/df and dX/df, where dX and dY represent, respectively, the in versus out of
transit change in row or column pixel position, and df represents the in versus out of
transit change in relative flux. These gradients were multiplied by the Kepler plate
scale of 4 arcsec pixel™ in order to estimate the location of the flux-variable source
with respect to the center-of-light of the sources within the photometric aperture
([200], [28]).

A significant centroid shift implies the presence of more than one star in the Kepler
aperture, but does not necessarily imply that the object should be classified as a false
positive; even if the intended Kepler target is indeed the source of the photometric
variations, the steady light of other nearby stars would cause the centroid to move

during transits. Ideally, one would use the measured centroid shift and the known
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positions and mean fluxes of all the stars within the Kepler aperture to pinpoint the
variable star. In the present case, though, the best available images (from the UKIRT
Kepler field survey!) only allow us to differentiate fainter companion stars outside of
a limiting separation that is target-dependent. For example, a star 2 magnitudes
fainter than the target star may be difficult to distinguish from the target star at
separations less than an angle as small as 1” or as large as 3" [221].

Our procedure was to rely on the fact that very large centroid shifts almost always
indicate a false positive, since the Kepler target is, by construction, intended to be the
dominant source of light in the photometric aperture. The distribution of positions
relative to the center of light among the objects under study may be reasonably
modelled by the superposition of a uniform distribution out to distances beyond 40"
and a Gaussian distribution centered at the center of light and having a width in each
orthogonal coordinate characterized by a standard deviation close to 0.5”. Based on
this, we discarded those sources where the best-fit distance from the flux-variable
source to the center-of-light exceeded 1.5” and a 3o lower bound exceeded 1”. This
test assures that the “radius of confusion” (the maximum distance from the target star
where a relevant background binary could be hiding) for almost all of the candidates is
smaller than 2”. This is illustrated in the upper left panel of Figure 8-4. It was shown
by [137] that by shrinking the radius of confusion to this level, the probability of false
positives due to background binaries is reduced to of order 5%. This centroid test
eliminated half of the remaining candidates, confirming that short-period eclipsing
binaries in the background are an important source of false positives.

The second in this series of tests was a check for any statistically significant (>30)
differences between the depths of the odd- and even-numbered transits. Such a dif-
ference would reveal the candidate to be an eclipsing binary with twice the nominal
period (see lower left panel of Figure 8-4). Approximately 40% of the objects were
removed on this basis.

Third, there were five cases in which primary eclipses with a depth in the range

0.5-2% were accompanied by secondary eclipses 5 to 10 times shallower, similar to

http://keplerscience.arc.nasa.gov/ToolsUKIRT .shtml
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what is expected for a high-albedo hot Jupiter in such a short period orbit. However,
the orbits of all 5 objects were found to be synchronized with the rotation of their
host stars, and a close inspection revealed that in all cases the secondary’s brightness
temperature (inferred from the secondary eclipses) was higher than what would be
expected from a planet (assuming zero albedo and inefficient transfer of heat to the
nightside), both of which are signs that these objects are probably low-mass stars
rather than planets (see [51}).

Finally, we eliminated every candidate with a transit signal-to-noise ratio less
than 12, after judging that such detections are too weak to put meaningful con-
straints on false positive scenarios, and also out of concern that the pipeline might
not be complete at low signal-to-noise ratios (as confirmed in Section 8.5.1). This
eliminated 22 more candidates. Within the remaining systems were two special cases,
KIC 12557548 and KOI-2700 ([168], [167]), which have asymmetric transit profiles
that have been interpreted as signs that these planets are emitting dusty comet-like
tails. Since the relationship between transit depth and planet radius is questionable

for these objects, they were removed from our sample at this stage.

8.4 Light curve analysis

Once the number of USP candidates was reduced to 114, we performed a more sophis-
ticated light curve analysis. In particular, we wanted to make sure that systems with
non-planetary transits or out-of-eclipse variations were completely removed. These
tests, described below, also led to more reliable determinations of the transit param-

eters.

8.4.1 Transit times and orbital period

Using a trial period obtained from the FT, we folded each light curve, binned it
in phase, and fitted a simple trapezoidal model representing the convolution of the
transit profile and the 30 min sampling function. The free parameters were the

duration, depth, the ingress (or egress) time, and the time of the midpoint.
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Figure 8-4: The four main tests for false positives
. Shown here are those 106 USP candidates in our final list, which have passed all our tests

designed to rule out false positives. Upper left—Centroid test. The measured change in
position of the stellar images during transits was converted into a sky separation between
the variable star and the center of light within the Kepler aperture. The blue circle at 2
arcsec represents the approximate radius of confusion (see text) for all our objects. Upper
right.—Ingress/egress test. A comparison between the apparent ingress/egress time and
total transit duration. A small planet would produce a data point on the blue line, where
the ingress time is approximately equal to 29.4 min (the sampling time of the observations),
whereas a background eclipsing binary with comparably sized stars and a characteristically
V-shaped light curve would produce a data point on the red line. Lower left—Odd/even
test. The even and odd transit depths are statistically indistinguishable for all our candi-
dates, constraining the possible background binaries to be close to identical stars. Lower
right.—For a true USP planet, any detected illumination curve should be accompanied by a
secondary eclipse with a depth equal to twice the illumination amplitude (blue line). Oth-
erwise, the out of eclipse variations could be attributed to ELVs from a background binary
with twice the orbital period.
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With the best-fitting model in hand, the orbital period was recalculated according
to the following procedure. For most of the candidates, individual transit events
could not be detected with a sufficiently high SNR to obtain individual transit times.
Instead, we selected a sequence of time intervals each spanning many transits, and the
data from each interval were used to construct a folded light curve with a decent SNR.
To decide how long the time intervals should be, we considered SNR, = SNR/,/g,
where SNR is the signal-to-noise ratio of the transit in the full-mission folded light
curve and ¢ is the total number of quarters of data available. For the cases with
SNR, < 10, the intervals were chosen to span two quarters. For 10 < SNR, < 20, the
intervals spanned one quarter. For 20 < SNR, < 30, the intervals spanned one-third
of a quarter (approximately one month), and finally for SNR, > 30 the intervals
spanned one-sixth of a quarter (approximately half a month). The trapezoidal model
was fitted to each light curve to determine a mean epoch. For these fits, all parameters
except the mean epoch were held fixed at the values determined for the full-mission
folded light curve. Then, the collection of mean transit epochs was used to recalculate
the orbital period. The formal uncertainty of each mean epoch was calculated using
Ax? =1, where x* was normalized to be equal to the number of degrees of freedom.
We then fitted a linear function to the mean epochs. In this manner the final transit
ephemeris was determined. We examined the residuals, and did not find any cases
of significant transit-timing variations. This finding is consistent with the prior work
by [201] who noted that such short-period planets tend to avoid near mean-motion

resonances with other planets.

8.4.2 Transit and illumination curve analysis

We then returned to the original time series and repeated the process of filtering out
variability on timescales longer than the orbital period, including starspot-induced
variations. In this instance, the refined orbital period P and a slightly different
procedure were used. For each data point f, taken at time ¢, a linear function of
time was fitted to the out-of-transit data points at times ¢; within P/2 of ¢;. Then
fo(t) was replaced by fo(t) — fat(t) + 1, where fg; was the best-fitting linear function.
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INustrative filtered and folded light curves are shown in Figure 8-5.

Further analysis was restricted to data from quarters 2-16, since quarters 0 and 1
were of shorter duration than the other quarters, and the data seem to have suffered
more from instrumental artifacts. For each system, the data were folded with period
P and then binned to reduce the data volume and to enhance the statistics. The
bin duration was 2 min unless this resulted in fewer than 240 bins, in which case
the bin duration was set to P/240 (as short as 1 minute for orbital periods of 4
hours). The trapezoidal model was fitted to this binned light curve. Due to the long
cadence 30 min time averaging, the effective ingress duration of the transit of a typical
short-period small planet (with a transit duration of one to two hours) will then be
slightly longer than 30 min. However, in the case of a background binary, the ingress
time can be much longer, up to half the duration of the entire event (see the upper
right panel of Figure 8-4). Once the best-fitting parameters were found, the allowed
region in parameter space was defined with a Markov Chain Monte Carlo (MCMC)
routine , which used the Gibbs sampler and the Metropolis-Hastings algorithm, and
a likelihood proportional to exp(—x2/2) (see, e.g., Appendix A of [208], or [91]). We
found that five of the USP candidates had ingress times significantly longer than 45

minutes (with >30¢ confidence). These were removed from the candidate list.

With the list now reduced to 109 candidates, final transit parameters were de-
termined. Our final model included a transit, an occultation, and an orbital phase
modulation. For the transit model we used an inverse boxcar (zero ingress time, and
zero limb darkening) for computational efficiency. More realistic transit models are
not justified given the relatively low SNR and the effects of convolution with the
30 min sampling function. The parameters were the midtransit time £y, the transit
depth &yan = (Rp/R.)?, and the transit duration. The orbital period was held fixed,

and a circular orbit was assumed.

The occultation (i.e., secondary eclipse) model f,..(t) was also a boxcar dip, cen-
tered at an orbital phase of 0.5, and with a total duration set equal to that of the
transit model. The only free parameter was the occultation depth d,cc. The orbital

phase modulations were modeled as sinusoids with phases and periods appropriate
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for ellipsoidal light variations (ELV), illumination effects (representing both reflected
and reprocessed stellar radiation) and Doppler boosting (DB). Expressed in terms of

orbital phase ¢ = (¢t — t.)/ P, these components are

—Agry cos(4mg) — Ay cos(2md) + Appsin(2w¢) (8.1)

respectively, where t. is the time of the transit center. The final parameter in the
model is an overall flux multiplier, since only the relative flux values are significant
and there is always an uncertainty associated with the normalization of the data. In
the plots to follow, the normalizations of the model and the data were chosen to set
the flux to unity during the occultations when only the star is visible. For comparison
with the data, the model was evaluated every 30 seconds, and the resulting values

were averaged in 29.4 min bins to match the time averaging of the Kepler data.

Finally we determined the allowed ranges for the model parameters using a Monte
Carlo Markov Chain algorithm. The errors in the flux data points in a given folded
and binned light curve were set to be equal and defined by the condition x? = Ngof.
No ELVs were found with amplitudes at or exceeding the >3¢ confidence level; hence,
all of the candidates passed this test. Secondary eclipses were detected in seven cases
with amplitudes consistent with those of USP planets. In three cases, an illumina-
tion component was detected while the corresponding secondary eclipses were not
detected: dpcc/Ain < 2 with 3o confidence. For one of them the DB component was
also detected (the only system that did not past that test). Those three candidates
were eliminated from the list because only a background binary with twice the nom-
inal period could plausibly be responsible for the out-of-eclipse variability without
producing a secondary eclipse (see the lower right panel of Figure 8-4). We can also
compare our results with some literature values. We obtained a secondary eclipse of
7.5+ 1.4 ppm for Kepler-10b, a bit smaller than the value found by [64] of 9.9 £ 1.0
ppm, using only the SC data, but slightly larger than the original value reported by
[14] of 5.8 + 2.5.

Based on the measured transit depth, and the stellar radius from [97], we calcu-
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lated the implied planet radius. Based on our results for Kepler-78b [176], we added
a 20% systematic uncertainty to the marginalized distribution of transit depths to
account for the lack of limb darkening in our transit model. In almost all cases the
uncertainty in the planet radius was still dominated by the uncertainty in the stellar

radius.

One of the limitations of our transit analysis is that we could not readily obtain a
value for the scaled semi-major axis (a/R,), which can ordinarily be obtained when
fitting high-SNR transit light curves, and is needed for computing planet occurrence
rates due to its role as the inverse geometric transit probability. We can obtain a

good estimate using the approximate relation:

— V1 -2 (8.2)

where P is the known orbital period, T is the total duration of the transit, and b is
the impact parameter. For each of the values of T obtained in the MCMC analysis,
we evaluate the expression on the right-hand side using a value of b drawn from a
uniform distribution over the interval 0.0 to 0.9. The latter limit was not set to 1.0
because the transits in very high impact parameter cases are very short in duration
and therefore very difficult to detect. Since the uncertainty in a/R,, estimated as
the standard deviation of the final distribution, is large and dominated by the wide
range of allowed b values, the systematic error induced by using equation (8.2) can

be neglected.

Within our final list of 106 USP planet candidates, 8 candidates emerged uniquely
from our search, including Kepler-78b (see Fig. 8-3 for a diagram describing the origin
of all 106 candidates). Another 10 objects were flagged by the Kepler pipeline but
were marked as false positives in the updated KOI list [3], because, in at least some
of the cases, the pipeline gave the wrong orbital period (the pipeline is not intended
to work with periods below 12 hours). The transit light curves of these 18 candidates

are shown in Figure 8-5, and the transit parameters are given in Table 8.3.

An examination of the KOI list shows that 27 KOI planet candidates with orbital
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periods shorter than 1 day were excluded in our analysis, either because of a low SNR
(8 KOIs), or because those candidates did not pass our tests intended to exclude false
positives (19 KOIs). Similarly, 7 planet candidates proposed by [145], [96], or [99]
did not appear in the KOI list, and also did not pass our tests. This information is
summarized in Table 8.1.

Table 8.1: USP planet candidates that appear in the literature but do not appear in

our final list.

SNR { 12

Qdd-even difference

Phase curve analysis

KIC2986833 / KOI14875.01
KIC3550372 / KOI4357.01
KIC5033823 / KOI4546.01
KIC5208962 / KOI4912.01
KIC5371777 | KOI4327.01
KIC7668416 / KOI13089.01
KIC10140122 / KOI4545.01
KIC11973517 / KOI4862.01

KIC4844004 / KOI1662.01
KIC5387843 / KOI1762.01
KIC5801571 / KOI225.01
KIC6028860 / KOI12950.01
KIC6129694 / KOI4131.01
KIC7681230 / KOI4294.01
KIC9044228 / KOI1988.01
KI1C9535585 / HUANG13

KIC6690836 / KOI12699.01
KIC8564672 / HUANG13
KIC10453521 / JACKSON13
KIC11456279 / KOI3204.01
KIC12692087 / HUANGI13

KIC11774303 / KOI12269.01
KIC12109845 / KOI13765.01

Centroid shift Other®
KIC2558370 / KOI3855.01 KIC5475431 / KOI1546.01 (BD)
KIC5436161 / KOI4351.01 KIC6526710 / OFIR13 (NF)
KIC6185496 / HUANG13  KIC8639908 / KOI2700.01 (ATP)
KIC6209798 / HUANG13 KIC12557548 / KOI13794.01 (ATP)
KIC6279974 / KOI1812.01
KIC9752982 / KOI3871.01
KIC12069414 / KOI4512.01

Planets with no assigned KOI number have a name tag built from the first

name of the first author of the discovery paper followed by the two digit year of publication ([145], [96], and [99]).
b)BD stands for likely Brown Dwarf. ATP stands for asymmetric transit profile, likely due to a dust

tail emerging from the planet ([168], [167]). NF stands for not found in the data.

8.4.3 Planetary radius distribution

Figure 8-6 shows the radii and orbital periods of the 106 USP candidates. In this figure
we have identified the planets orbiting G and K dwarf stars (4100 K < Ty < 6100 K,
4.0 < log g < 4.9), which represent the subset of stars where most of the planets are

detected. One striking feature of this group is the relative scarcity of planets larger
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Figure 8-5: Transit light curves for new candidates.

These objects either emerged from our search for the first time, or appear on the KOI list as
false positives but are considered by us to be viable candidates. All fluxes are normalized to
unity during secondary eclipse. The data have been folded with the transit period and then
averaged into 1 to 2-minute time bins (see text). The red curve is the best-fitting transit
model.
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Figure 8-6: Properties of the USP candidates.

Upper left—Planet radius vs. orbital period. Red points are for candidates with G and
K dwarf host stars; notably, all the candidates around such stars have a radius smaller
than 2 Rg. Blue points are for candidates orbiting M dwarfs, F dwarfs, or evolved stars.
The two candidates with R > 2Rg revolve around KIC 5955905 and KIC 10281221. The
triangles represent 55 CnC e ([230], [49], [73]), CoRoT-7b ([110], [161]), Kepler-10b [14],
Kepler-78b ([176], [94], [151]). Upper right—Planet radius vs. incident bolometric flux, in
units of the solar flux on Earth. Lower left.—Planet radius vs. stellar effective temperature,
showing no clear correlation except that the two planets larger than 2 Rg orbit stars hotter
than 6250 K. Lower right—Constraints on mass and radius of the USP candidates (red
and blue points) and other exoplanets drawn from the literature (black points). For the
USP candidates, the mass constraint follows from the requirement that the orbit lie outside
the Roche limit [169]. Candidates with P < 10 hr must have mean densities larger than
2 g cm™3; the shortest-period candidates must have mean densities exceeding that of Earth
and are likely rocky. Additional black triangles represent Kepler-36b [34], and Kepler-11b
([116], [113]), and 55 CnC e is too massive to appear in this panel.
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than 2 Rg. This finding cannot be easily attributed to a selection effect, because
larger planets are easier to detect than small planets. This is in strong contrast to
the planet population with periods in the range 2-100 days, for which planets with
size 2-4 Rg (“sub-Neptunes”) are just as common as planets with radius 1-2 Rg ([92],
[68]).

The explanation that comes immediately to mind is that gaseous planets are
missing from the USP candidate list because such planets would have lost most of
their gaseous envelopes to photoevaporation ([222], [108], [9], [140}, [216], [183], [120],
[118], [149], [106]). Indeed, the levels of irradiation suffered by these planets (see
Figure 8-6) are high enough to remove the entire envelope from a gaseous planet for
a wide range of mass loss efficiencies and core masses [118]. If that is the case, then
the USPs may be a combination of rocky planets and formerly gaseous planets that
lost their atmospheres. In fact, [118] predicted that planets smaller than Neptunes
with incident fluxes larger than a hundred times the Earth’s incident flux would end

their lives mostly as rocky planets smaller than 2 Rg,.

In the observed radius distribution, 95% of the candidates have a radius smaller
than 1.9 Rg. If we assume that the USP candidate list contains only rocky planets
(because gas would have been evaporated), and that it represents a fair sampling of
the full range of possible sizes of rocky planets, then this finding can be interpreted
as a direct measurement of the maximum possible size of a rocky planet. The value
of 1.9 Rg is in agreement with a limiting size of 1.75 Rg quoted by [119] based on
the complexity of forming planets larger than this limit with no significant H/He
envelopes. [223] also note that planets smaller than 1.5 Rg seem to have, on average,
densities similar to that of Earth, which could be a sign that they are mostly rocky.
It would be interesting to firm up our empirical determination of the limiting size
of rocky planets after the estimates of the stellar radii have been improved using

spectroscopy or other means.

There are also two USP candidates with implied planet radii larger than 2 Rg.
They both belong to the group of six USP candidates that orbit stars hotter than
6250 K. The probability of this occurring by chance is only 0.3%, and it is intriguing
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that these hotter stars are distinguished from the cooler stars by the lack of a con-
vective envelope [156). Perhaps the weaker tidal friction associated with the lack of
a convective envelope has allowed these planets to survive tidal decay, and, further-
more, their core masses could be large enough that some of their gaseous envelopes

have been retained (see [149] and references therein).

For the shortest-period planets, meaningful lower limits on the mean densities
can be established from the mere requirement that they orbit outside of their Roche
limiting distances. We have calculated these limiting densities for all the planet
candidates with orbital periods shorter than 10 hours orbiting G and K dwarfs, using

the simplified expression [169]

11.3 hr)2 83)

which is based on the assumption that the planet’s central density is no more than
twice the mean density. From this lower limit on the density, and the best fit estimated
planet radius, we were able to calculate a lower limit on the planet mass. The results
are shown in Figure 8-6. Including the USP sample, it is now possible to place
constraints on the mean density of about 10 additional terrestrial-sized planets. For
a few of them, namely those with orbital periods shorter than 5-6 hours, the minimum
mean density is large enough that the planets are likely to be rocky. The caveats here
are that we have not established individual false positive rates for most of these
planets; and without spectroscopically determined properties for the host star, the

uncertainties in the planet properties are large.

8.5 Completeness and false positive rate

We will soon turn to the calculation of the “occurrence rate” of USP planets, defined
as the probability that a given star will have such a planet. Before calculating the
occurrence rate, there are two important issues to address. The first issue is com-

pleteness: how many transiting USP planets could have been missed in our search?
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The second issue is that of false positives: how many of the 106 USP candidates are
likely to be true planets as opposed to diluted eclipsing binaries or other systems that

somehow mimic a planetary signal and evaded our various tests?

8.5.1 Completeness

Our search procedure was designed mainly to detect a sizable sample of new USP
candidates, and in this respect it was successful, having yielded 18 new candidates.
However, the procedure was complicated enough that it is not straightforward to
perform quantitative tests for completeness. At least there are good signs that the
completeness is high, based on a comparison between the yield of our pipeline, and
the overlap with the various other searches that have been conducted with the Kepler
data (see Figure 8-3).

We have attempted to measure the completeness of the automated portion of our
search by injecting simulated transits into real Kepler light curves and then determin-
ing whether they are detected by our pipeline analysis. A similar inject-and-recover
test for longer-period planets was recently performed by [154]. A more realistic simu-
lation in which the signatures of background binaries and other false positive sources,
as well as planet transits, are injected into pixel level data, was beyond the scope of
our study.

To start, we selected a set of 105,300 Kepler target stars consisting of G-dwarfs
and K-dwarfs with mge, < 16. A star was then chosen at random from this set,
an orbital period was chosen from a distribution with equal probabilities in equal
logarithmic intervals over the range 4 hours to 24 hours, a planet radius was chosen
from the same type of distribution, but over the size range 0.84 Rg to 4 Rg, and
a transit impact parameter was chosen at random from the interval 0 to 1. Given
the period and the stellar properties, the orbital radius could be estimated from the
relation R,/a = (37/(GP?p,))'/?. The duration of each transit was then calculated
using Eqgn. (8.2), and the planet radius and stellar radius were used to compute the
transit depth (R,/R.)?. Simulated transit signals were then constructed using the

trapezoidal model described in section 8.4.2, which takes into account the 30-minute
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cadence of the observations, and injected into the mean-normalized PDC-MAP light
curve for the selected star.

This procedure, starting with the random selection of a star, was repeated, on
average, twice for each of the 105,000 stars in the list, and all of the resulting flux
time series were processed with the part of the automated pipeline corresponding to
the first four boxes in Figure 81 as used in our actual planet search. In brief, a
3-day moving-mean filter was applied to the light curve, and the FT was calculated.
The planet was considered further if the correct frequency or an integral multiple of
the correct frequency was detected in the Fourier spectrum. Given a detection, a
filtered folded light curve was constructed, using the detected period, and the planet
was rejected if the SNR of the transit dip was lower than 7 or if a sinusoid yielded a
better fit than a transit profile. The final step was to remove those objects for which
the transit signals have an SNR lower than 12 at the real orbital period (which may
differ from the SNR at the detected orbital period).

We did not attempt to simulate the visual-inspection portions of the pipeline,
as this would be prohibitively time-consuming (this issue is discussed further at the
beginning of Section 8.6). The false positive tests also were not performed, since the
transit shapes should be similar to the injected transit shapes.

The results of these numerical experiments are shown in Figure 8-7. The left
portion of the figure shows the dependence of the completeness on period and planet
radius. Evidently the pipeline was able to detect nearly all planets larger than 2 Rg,.
The efficiency is also seen to generally rise at shorter periods. This may be simply
explained, at least in part, by the fact that more transits occur for shorter-period
planets over the duration of the observations, which usually results in a higher total
SNR than that of longer-period planets of the same size and with the same type of
host star.

The right side of Figure 8-7 gives information relating to the efficiency of the
pipeline as a function of the “fiducial SNR” of the transit signals. We calculated the
fiducial SNR of the folded transit light curve based on the average over the available
quarters of the CDPP noise levels that were reported in the headers of the FITS files
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Figure 8-7: Completeness of the automated FT pipeline, for detecting USP planets
orbiting G and K dwarfs with my., < 16.

Left.—The percentage of the artificially injected planet signals that were recovered by our
automated pipeline. Three contours are plotted as thick black lines, representing complete-
nesses of 90, 75 or 50%. Blue dots represent the actual 69 USP planets detected by the same
pipeline transiting the selected sample of Kepler stars. Upper Right.—Histogram showing
the distribution of the SNR¢ppp (see text) of the detected and non-detected planet candi-
dates. Lower Right.—The distributions shown in the upper right panel were used to obtain
the fractions of planets (in black) detected at different values of SNRoppp. The detection
efficiency is near 100% for SNR¢cppp ; 30, and drops almost to zero for SNReppp = 10. The
efficiency seems to decrease with the orbital period as expected, as shown by the differences
between the efficiencies for planets with orbital periods shorter than 12 hours (in brown)
and between 12 and 24 hours (in green).
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(see section 8.2.1; [92]) according to

5tran T[hr] (844 q [days])
SNR = 8.4
CcbPE OCDPP,6 hr\/ (6 hr) Pyp[days] (8-4)

where ¢ is the number of quarters of data, the factor 84.4 represents the average
number of effective days of observations per quarter and the factor of 6 hr is introduced
because the CDPP is reported for a 6 hr timescale. This definition of fiducial SNR
is convenient because the level of noise in the light curve depends on the filter used,
but the CDPP noise is easily accessible through the Kepler FITS files. As seen in
the upper right panel of Figure 8-7, our original SNR > 12 cut (see section 8.3.2)
does not perfectly translate into SNRcppp > 12. There is a small fraction (a few
hundred) of simulated planets that were detected with SNRoppp < 12, and there
were also some planets with SNRcppp > 12 that were missed by the pipeline. The
efficiency increases from nearly zero at SN Reppp = 10 (due to our SNR > 12 cut)

to for example 90% at SN Rcoppp = 25 (also in Figure 8-7).

This “ramp” in detection efficiency is reminiscent of the work of [68], who proposed
that the detection efficiency of the Kepler transit search pipeline rises as a nearly linear
function of SN Rcppp from essentially zero at SN Rcppp = 7 to approximately 100%
at SNRcppp = 16. As one might have expected, our FT-based pipeline seems to
be somewhat less efficient at detecting low-SNR planets than the Kepler pipeline.
The likely reason is that the significance of the FT-based detection is spread over
numerous harmonics, and since we used only two harmonics to detect signals, some
of the lowest-SNR planets are not detectable. Evidence for this can be seen in the
lower right panel of Figure 8-7, where the detection efficiency has been calculated for
orbital periods shorter and longer than 12 hours. The pipeline detects many more
low-SNR planets with short orbital periods, because their signals are spread over
fewer harmonics. This may be the reason why most of our newly detected planet
candidates have short orbital periods, while the candidates missed by our search and

discovered by the Kepler pipeline tend to have longer orbital periods.
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8.5.2 Low false positive rate and high multiplicity

We now investigate the issue of false positives. One approach would be to pursue
the validation or confirmation of all 106 objects, most definitively by direct mass
measurement (as was done for Kepler-78; [94], [151]) or, somewhat less definitively,
by the lack of ELVs and by statistical arguments (as was done for KOI-1843.03; [169]).
We have found that a simpler argument is available for the USP candidates, based
on the empirically high probability that USP planets are found in compact, coplanar,

multi-planet systems.

It has already been shown that the false positive rate for a transit candidate that
is found in association with other transit candidates of different periods around the
same Kepler target is much lower than the false positive rate of a transit candidate
that is found in isolation ([115], [114]). The reason is that background binary stars
(an important source of false positives) are expected to be spread randomly over the
Kepler field of view, whereas the planet candidates are found to be clustered around
a relatively smaller sample of stars. This same line of argument can be extended to
the USP candidates. To be specific, in what follows we will restrict our attention to
candidates detected with our pipeline and with G and K-type hosts. For convenience
we will also define a “short-period planet” (SP planet) as a planet with a period in

the range 1-50 days, as opposed to USP planets with P < 1 day.

There are 10 stars hosting USP candidates in our sample of G and K stars that
also host at least one transiting SP candidate. The orbital periods and planet sizes
for these 10 systems are displayed in Figure 8-8. These planet candidates are likely
to be genuine planets, based on the statistical arguments by [115]. In order for this
argument to work, false positives with orbital periods shorter than one day should
be found less frequently orbiting multiplanet systems [114]. In particular, if we focus
only on the active KOI list [3], we evaluate the fraction of false positives detected for
G and K-type hosts with P < 1 day as being 6 times lower for stars that have at least
one active SP planet candidate than for those that do not. Since all of our 10 USP

candidates accompanied by transiting SP candidates have also passed conservative
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Figure 8-8: Multitransiting systems with USP planets.

Depicted are the periods and planet sizes for the subset of 10 USP candidates detected
with our pipeline with G and K-type host stars and at least one other transit candidate
with P = 1-50 days. The radius of the dot is proportional to the square root of the planet
radius. The presence of multiple candidates causes these 10 USP candidates to have a very
low false positive probability [115].

false positive tests, we feel justified in assuming that they have a high probability
of being genuine planets, which we will take to be ~ 100%. Next we show that the
existence of these 10 systems implies the existence of a larger number of transiting
USP planets which have non-transiting SP planets. This is because the geometric
probability of transits decreases with orbital distance, and is lower for the SP planet

than for the USP planet.

The transit probability is given by R,/a o« P~%?3 for stars of the same size. We
can derive an effective transit probability for a range of orbital periods by integrating

P~2/3 against the period distribution of planets, f(P). For the latter we utilize
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Eqn. (8) of [92]:
F(P) o< PA1 (1 — e~ (F/F0)T) (8.5)

where, for their case which includes all planet sizes, Fy ~ 4.8 days, # ~ 0.52 and

v ~ 2.4 [92]. We then compute the effective transit probability, P

P(P, — P) x ( " f(P)P~234p / " f(P)dP) (8.6)

P, Py

When we carry this integral out numerically for the ranges: P = 1/6 — 1 day and
P =1 — 50 days, we find:

P(1/6 1)
P —50) 69 (8.7)

indicating that the effective transit probability is ~ 7 times higher in the USP range
than in the SP range. If the distribution of SP planets is unaffected by the presence of
a USP planet, this then implies that if we find 10+ /10 USP planets with transiting
SP planets, there should be a total of 694:22 USP planets with SP planet companions.?
We have found 69 USP candidates orbiting G and K dwarfs, which is fully consistent
with the idea that essentially all USP planets are in systems with other SP planets,
whether they are seen transiting or not. This also suggests that the number of false

positives among the 69 USP planet candidates is likely to be quite low.

We do acknowledge that part of the above argument is somewhat circular since
we have extrapolated the expression for f(P) from [92], which was only derived for
planets with P > 1 day and all sizes, into the USP range and for small planets. We
do, however, find numerically that the result is rather insensitive to the choice of ¥
at least over the range 2 < v < 5, v being the parameter which largely dictates the
slope in the short-period range. Moreover, it turns out that the [92] extraplolated

slope for f(P) is essentially the same for their smallest planets as compared with

2Here, in computing the uncertainties, we have simply assumed that the number of detections is
subject to the usual counting statistics.
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all planets. Thus, at a minimum, this very plausible period distribution function
provides an interesting self-consistency check.

In summary, it is very clear that the 10 USP candidates with transiting SP com-
panions imply the existence of a much larger number of USP candidates with non-
transiting SP planets — and we indeed find them.

Interestingly, [185] predicted that a large family of terrestrial planets would be
found with Kepler with periods shorter than 1 day, and that they would be accompa-
nied by other planets in their systems. This was based on the fact that the dynamical
interactions between planets can bring a close-in planet even closer to its star, where
tidal dissipation can further shrink the orbit. However, it is unclear if planets with
orbital periods as long as 50 days could have had any dynamical influence on the
USP, particularly since these planets are also quite small (see Figure 8-8). What is
clear, though, is that the USPs are very different from hot Jupiters, which have been
found to have a very low probability of having additional companions with periods

<50 days [202].

8.6 Occurrence rate

8.6.1 Method of calculation

We have argued that the list of 106 USP candidates has a low false positive rate, and
that we have a good understanding of the completeness of our pipeline for a wide range
of orbital periods and planet radii. We can now use the estimate of the completeness
to estimate the occurrence rate [154]. Out of the 106 USP planet candidates, 97 were
detected by our automatic pipeline (see Figure 8-1; the 97 candidates belong to the
box with ~ 3,500 candidates), although 7 of them were dropped in the subsequent
visual inspection of the light curves, giving a final list of 90 USP candidates. This low
fraction of dropped planets (7 out of 97) gives us confidence that our visual inspection
procedure is fairly robust. In order to compare our results with the simulation,

we should minimize the effects caused by this visual inspection step on the final
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Figure 8-9: Occurrence rate for ultra-short-period planets.

Occurrence rates were computed on a two-dimensional grid of planet radius and orbital
period. The occurrence rate takes into account the implied number of non-transiting planets,
as well as the number of stars that were effectively searched for such a planet. Integrated
over all radii and periods <1 day, the total occurrence rate is 5.5+ 0.5 planets per thousand
stars. The occurrence rate increases with orbital period, and decreases with planet radius
for R, <2 Rg.

sample of planets, since this step was not taken into account in the injection/recovery
simulations. We decided to use the 97 USP planet candidates in our group of 106
that were identified by our automatic pipeline prior to the visual inspection step, and
acknowledge that a few additional planetary candidates could have been misclassified

in this step.

We again concentrate on the 105,300 G and K dwarfs with mge, < 16, the same
stars used in our simulation of multiplanet systems. There are a total of 69 USP
planet candidates detected by our pipeline orbiting the G and K dwarfs with orbital
periods ranging from 4 to 24 hours and radii ranging from 0.84 to 4 Rg (see Figure 8-
7). For each planet, we selected the 400 injected planets closest in orbital period and

planet radius, where the distance to the i*f detected planet with coordinates [R;, P]

217



is calculated with the following expression:

2 2

d*([R, P, Ry, P]) = (E—_ﬁii)) + (@%@) . (8.8)

This formula ensurcs that the positions of the 400 simulated planets are selected from
a circle in log-log space. We calculated the local completeness rate C; as the fraction of
planets detected among those 400 simulated planets. The contribution of each planet
to the final occurrence rate is f; = (a/R.)/(C;N.), where N, is the total number of
stars searched for planets and the factor a/R, is the inverse transit probability. Given
a range of orbital periods and planet radii, we sum all the contributions from all ny
planets detected in that range to estimate the final occurrence rate f. Following
the recipe given by [92], we then define the effective number of stars searched as
Naei = Npi/f and compute the uncertainties in f from the 15.9 and 84.1 percent
levels in the cumulative binomial distribution that results from drawing np planets

from n, . stars.

8.6.2 Dependence on planet radius and period

Figure 8-9 shows the resulting occurrence rates for 4 logarithmic intervals in the
orbital period (marginalized over radius) and for 9 logarithmic intervals in the planet
radius (marginalized over period). The occurrence rate increases with period, and is
consistent with a power law, as had already been seen for longer orbital periods ([92],
[68], [154]). As a function of radius, the occurrence rate changes by less than a factor
of ~ 2 over the interval 0.84-1.68 Rg, and drops sharply for larger radii. At ultra-
short orbital periods, Earth-size planets are more common around these stars than
sub-Neptunes or any other type of larger planets. Integrating over all periods and
sizes, we find that there are 5.5 4= 0.5 planets per thousand stars (G and K dwarfs),
with orbital periods in the range 4-24 hours and radii larger than 0.84 Rg.

As mentioned in Sect. 8.4.3, the lack of planets larger than 2 Rg may be interpreted
as a consequence of the extremely strong illumination in the tight USP orbits (see,

e.g., [149] and references therein). We can compare our results to occurrence rates
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Figure 8-10: Occurrence rates for Earths, Super-Earths and Sub-Neptunes as a func-
tion of orbital period.

The data points for P > 0.8 days are from [68], and the shortest-period data point is from
this study.

calculated at longer orbital periods, to try to detect trends that might support or
refute this interpretation. We use the occurrence rates measured by [68] for planets
as small as Earth and for periods of 0.8-85 days. To allow a direct comparison, we
divided our 50 planet candidates with orbital periods shorter than 0.8 days into three
groups according to size: Earths, super-Earths and sub-Neptunes (see Figure 8-10),

and calculated the occurrence rate for each group. The results are shown in Figure 8-

10.

A lack of sub-Neptunes is evident in Figure 8-10 at the shortest orbital periods; in
fact, sub-Neptunes are significantly less common than super-Earths for orbital periods
shorter than 5 days and possibly even up to 10 days. This absence of sub-Neptunes
had been predicted by different simulations of mass loss of close-in planets ([9], [216],
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[118], [149]). There also seems to be a modest excess of USP Earth-size planets
relative to the occurrence rate of super-Earths, which could very well be the cores
of the transmuted sub-Neptunes. A more detailed statistical analysis is required
to assess the significance of this excess, and it would be convenient to update the
occurrence rate at longer orbital periods with new data.

It is still possible that any mechanism that caused these planets to have such
tight orbits, is less efficient for sub-Neptunes than for smaller planets. Obtaining the
masses of some of these planets in order to measure their densities and compositions
would provide some helpful context. Obtaining precise stellar radii (via spectroscopy)
and hence planet radii for a uniform sample of close-in planets, could reveal additional

signatures of photoevaporation.

8.6.3 Dependence on stellar type

We have also investigated the dependence of the occurrence rate on the type of star, to
the extent that this is possible with the Kepler data. If ultra-short period planets had
an occurrence rate independent of stellar temperature, we would expect to find most
planets orbiting Sun-like stars (with Teg =~ 5800K), since these stars are the most
common type of star in the Kepler target catalog, and they dominate the number of
USP-searchable stars. However, the host stars of the detected USP candidates tend to
be cooler, with temperatures closer to Teg =~ 5000 K (such as Kepler-78b). This might
be a clue that planets with orbital periods shorter than one day are more common
around cooler stars. In order to test this, we first calculate the occurrence rate for
the hotter stars in our sample (G dwarfs, 5100-6100 K). Using all such stars with
Miep < 16, we have 48 USP candidates around 89,000 stars. Thus the occurrence rate
for such planets is 5.1 & 0.7 planets for every thousand stars. The same calculation
for the cooler stars (K dwarfs, 4100-5100 K) yields 8.3 £ 1.8 planets per thousand
stars, based on 21 USP candidates orbiting 16,200 stars. The difference between the
occurrence rates for these two spectral classes is only marginally significant (at the
1.70 level).

It would be interesting if USP planets are more common around K dwarfs than
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Table 8.2. Occurrence rate of USP planets for different stellar types

Stellar type  Effective temperature range  Occurrence rate

F dwarfs 6100-7100K 0.15 + 0.05%
G dwarfs 5100-6100K 0.51 £ 0.07%
K dwarfs 4100-5100K 0.83 +0.18%
M dwarfs 3100-4100K 1.10 £ 0.40%

G dwarfs. A similar temperature trend in the occurrence rate of planets with 1-
50 day periods was found by [92], although this finding has been challenged by [68]
based on the statistics of planets with even longer orbital periods. This collection
of results suggests that the dependence of occurrence rate on the type of star is
most pronounced for the shortest period planets. Indeed, since planet formation
depends on the temperature of the materials in the protoplanetary disk, and since
the protoplanetary disks around cooler stars are cooler at a given orbital distance,
one could imagine scenarios in which cooler stars have a higher abundance of short-
period planets. In this case it will be worth extending our study to slightly longer
orbital periods to find the transition point at which K and G dwarf stars have the
same number of planets, and also to extend this study to include stars of spectral

types F and M.

Even though our sample of USP planets transiting F' and M dwarfs is somewhat
limited, we can use it to put very useful bounds on the occurrence rate of such
planets. For that we repeated the completeness calculation using F and M hosts, and
repeated all the steps of the computation. For F dwarfs (6100-7100 K), we find 9
planet candidates within a sample of 48,000 stars, giving an occurance rate of 1.5+0.5
planets per thousand stars. For M dwarfs (3100-4100 K), we find 6 planet candidates
out of a sample of 3537 stars, yielding a rate of 11 + 4 planets per thousand stars.
This represents further evidence that cooler stars are more likely to host USP planets.
If we now combine the USP planet occurrence rates for all four spectral classes of

host star (M, K, G, and F) the decreasing trend in occurrence rate with increasing
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T.q becomes quite significant. These results are summarized on Table 8.2.

8.7 Summary and Conclusions

In this work we have performed a systematic search of the entire Kepler database for
ultra-short period (USP) planet candidates, defined as those having orbital periods
< 1 day. We utilized a standard Fourier transform algorithm to search for periodic
signals in the data, and found it to be quite efficient at finding short-period periodici-
ties. An automated pipeline selected several thousand objects for further investigation
including the analysis of transit-profile shapes in the folded light curves. The folded
light curves for these candidates were also inspected by eye to yield a first-cut set of
375 interesting candidates. These objects were combined with 127 USP planet can-
didates from the KOI list, as well as other objects found in the literature, resulting
in a set of 471 distinct candidates worthy of detailed study.

These 471 initially selected candidates were then subjected to a number of stan-
dard tests, including examination of shifts in the light centroid during transits/eclipses,
symmetry between odd and even transits/eclipses, shape of transits, etc. The final
result is a set of 106 USP planet candidates that have passed a set of very restrictive
tests. Eight of these objects are completely new, while another 10 were KOIs that
had been rejected, largely because their orbital period had been incorrectly identified
by the Kepler pipeline.

Our final set of 106 USP candidates, and their properties, are summarized in Table
1. Among this list, 5 of the 7 USP candidates with orbital periods < 6 hours are
attributable to this study. In the process we also eliminated some 26 USP candidates
from the KOI list and others that were found in the literature. These are listed, along
with reasons for rejection, and 8 more USP candidates not considered in this study
due to low SNR, in Table 2.

The USP planets are inferred to occur around one out of every 200 stars, on
average. This makes them nearly as abundant as hot Jupiters. We also infer that the

USPs nearly always have companion planets with P < 50 days unlike hot Jupiters,
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which rarely have such companions. The occurrence rate of USP planets rises with
period from 0.2 to 1 day, and there is evidence that the occurrence rate is higher for
cooler stars than for hotter stars. The population of USP planets offers a number of
opportunities for follow-up ground-based observations, as has already been illustrated

by the examples of Kepler-10b [14] and Kepler-78b [176].

A key finding was the relative scarcity of USP planets with radius > 2 Rg. It is
worth noting that the well-known USP planet 55 Cnc e has a radius very near the
top end of the range of planet sizes in our catalog; its radius has been estimated as
2.0 Rg [230] or 2.2 Rg [73]. The results of our survey would seem to imply that the
discovery of an USP planet as large as 55 Cnc e was unlikely. However, it is difficult
to assess the significance of this “fluke” given that the mass and radius of 55 Cnc e
were determined after a process of discovery with important and complicated selection

effects.

The relative scarcity of planets with > 2 Rg could be naturally interpreted as a
consequence of the strong illumination in the tight orbits. It is possible that a large
fraction of the Earth-sized planets in our sample were formerly sub-Neptunes (see
[149] and references therein). There might be other observational signatures of this
phenomenon, such as enhanced densities or other compositional properties, that are
worth exploring. It is also worth continuing the exploration of planets with slightly
longer orbital periods to determine at what distance sub-Neptunes start to become
common (see Figure 8-10), and to study those systems in detail to understand the

speed and efficiency of the mass-loss mechanism.

It is unclear how the USP planets attained such tight orbits, although there is little
doubt that they formed further away from their host stars. The relation between the
USPs and the first discovered family of close-in planets—the hot Jupiters—is also not
clear. For hot Jupiters, the formation problem is more difficult, in a sense, because
they are supposed to have migrated from beyond the snow line, whereas current
planet formation theories can accommodate the formation of smaller planets closer
to the star. A full comparison between the properties of both families of planets could

reveal more differences that might help us understand how the close-in small planets
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evolve into their current stage. In particular, it would be interesting to test whether
the host stars of USP planets are preferentially metal-rich, as is well known to be
the case for hot Jupiters [182]. Studies of small planets at somewhat longer periods
have not found such a metallicity effect in systems with G and K host stars ([186],
[30]). It would also be interesting to measure the obliquities of the host stars to see
if their rotation axes are frequently misaligned with the planetary orbits, as is the
case with hot Jupiters (see, e.g., [226], [214], [5], or whether they have low obliquities
similar to many of the multi-transit host stars that have been measured ([174], [84],
[6], [218]). Such measurements might be challenging for small planets, but could be
achievable with techniques that do not depend critically on transit observations, such
as asteroseismology [37]. Given a large sample of obserations, the v sin 7 technique can
also be used to constrain the statistical properties of the distribution of obliquities

for a given family of planets ([185], [86], [87]).

A large fraction of our planet candidates should induce radial velocity changes in
their host stars at levels of a few meters per second. Measuring the masses of these
planets, or constraining them, may be achievable with high-precision radial velocity
instruments on large telescopes, at least for the brightest host stars. This would

increase our knowledge of the compositions of Earth-size planets.
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Chapter 9

Summary and Conclusions

In this thesis I have developed a new technique to measure the obliquity of planetary
systems using photometry alone, and I have studied in detail the properties of the
shortest-period planets found with Kepler. Both lines of research have a lot of po-
tential over the coming years, and in this final chapter I summarize my findings and

discuss the current and future projects that will likely arise from both topics.

9.1 Measuring obliquities

Over the past decade, measurements of obliquities of planet hosts using the Rossiter-
McLaughlin (RM) effect have frequently appeared in the literature (see, e.g., [162],
[146], [71], [214] and [5]). The majority of measurements correspond to Hot-Jupiters,
because the RM signal is enhanced by the larger transit depths, and the short orbital
periods make it easier to schedule observations. As it has been pointed out throughout
the first half of this thesis, extending obliquity measurements towards longer orbital
periods, smaller planets, and multi planet systems is crucial to understand the for-
mation and evolution of Hot-Jupiters and planetary systems in general. But even 4
years after the first Kepler planets were announced [21], with hundreds or even thou-
sands of planet systems outside of the Hot-Jupiter family, obliquity measurements
have not been carried over to these smaller or long period planets as much as needed.

It is complicated to schedule RM observations for long orbital period planets, but the

231



biggest issue is the faintness of most Kepler host stars, which are not amenable to
precise radial velocity work. Nevertheless, the RM effect has been used to measure
a low obliquity for two Kepler multi-planet systems([84], [6]). Incidentally, in this
thesis I have presented the analysis of the RM effect of Kepler-63b (see Chapter 5),
which represents one of the longest period planets (P, = 9.4 days) with an obliquity

measured using the RM effect.

In this thesis I have discussed and developed a new technique to measure oblig-
uities using photometry alone, based on the passage of the planet over starspots. In
Chapters 2 and 3, I have applied the technique to two close-in gas giants, one with
a low and one with high obliquity. In both cases, the RM effect was observed before
the photometric analysis was performed, and the spot-crossing technique not only
produces results that agree with the previous measurements, it also improves upon
the precision of the final obliquity measurement. The results of Chapter 5 are even
more encouraging, where the spot-crossing technique predicted a high value of the
obliquity that was later confirmed via the RM effect. This shows that the technique
is reliable, and it can be safely applied to other systems like Kepler-30 (see Chapter 4)
or systems in our Spot-Crossing Events Catalog (SCEC, see Chapter 6), for which a

second measurement via other techniques might not be available.

It would certainly be very exciting to measure the obliquity of more multi planet
systems. Currently, the large majority of multi-planet systems with obliquity mea-
surements are aligned. The spot-crossing technique was applied to Kepler-30 (see
Chapter 4), and later the obliquities of Kepler-25 and Kepler-89 were obtained with
the RM effect ([84], [6]). Another promising technique, asteroseismology, has been
able to measure a low line-of-sight obliquity for 3 more Kepler multi-planet systems
([37], [218]), which all follow the trend predicted in Chapter 4, where, unlike the
Hot-Jupiters, multi-transiting planet systems should have low obliquities.

The recent discovery of Kepler-56, a system with two transiting planets orbiting
a sub giant star, seems to contradict this trend. A detailed asteroseismic analysis
shows that the line-of-sight obliquity is 45°, significantly different from zero. The

presence of a fourth body in the system, inferred from a linear trend observed in the
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RV signal, could potentially explain the misalignment of the orbits of the two other
planets. Even if that is the case, it will be much harder to explain the more recent
results that show that a small but significant fraction of multi-transiting systems
might be misaligned with respect to the spin axis of their host stars [87]. This result
is based on a different technique that uses the line broadening of the star to estimate
vsint, where i is the line-of-sight obliquity of the multi-transiting planet system, and
v = 2w R,/ P.ot. This technique offers lower precision measurements of the obliquity,
but it can be applied to many systems with a reasonable amount of telescope time
[87].

At this point it does not seem that the spot-crossing technique will be able to
provide as many obliquity measurements for multi-planet systems as required in the
near future. In order to be applicable, the host stars need to be chromospherically
active, slightly brighter than the average Kepler stars and transits of a gas giant with
an orbital period shorter than a few hundred days are required. This type of system
is not so common, particularly because Nature does not seem to create many multi-
planet systems with a close-in gas giant. Measuring a high obliquity for even one of
the multi-planet systems in the SCEC (see Chapter 6), would provide the first clear
high obliquity of such a system with a main-sequence host star, and would surely
spark follow-up observations in an attempt to detect any perturbing body that could
have tilted the orbits. As suggested in Chapter 6, a technique capable of extracting
information about the obliquity of a transiting object based on the combination of
information from several consecutive transits, and without requiring individual spot-
crossing events to be detected, could open a new window towards building a large

sample of multi-planet systems with obliquity constraints.

It is unclear if new transit missions will be able to provide better multi-planet
targets for the spot-crossing technique. With the current design of K2 and TESS,
both will have a different strategy than the original Kepler mission to detect planets.
They will stare at a given field for a shorter time interval (one to three months) before
moving to the next field, significantly decreasing the probability of detecting multi-

transiting systems. The PLATO mission, recently selected by ESA to be launched
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by 2024, will have a strategy similar to Kepler, and could provide the next great
opportunity for future applications of the spot-crossing technique to multi-planet
systems. Before then, other techniques that benefit from the brightness of the stars
observed by K2 and TESS will likely contribute to the discussion with more obliquity
measurements.

The true potential of the technique lies in the application to single transiting
planets and eclipsing binaries. In both cases, we frequently have deep eclipses where
the spot-crossing events are easy to detect and characterize. With the large list of
such objects in the SCEC, the number of measured obliquities could be increase by
10-20 for single planet systems, and 20-40 for eclipsing binary stars (almost doubling
the current set of obliquity measurements [4]). It would be interesting to extend
obliquity measurements to orbital periods longer than 10 days, in an attempt to draw
a fiducial line (if it exists) between single planet systems with random obliquities
and planets with low obliquities. The longer the orbital period, the weaker the tidal
interactions, which in principle means that the distribution of obliquities for longer
orbital period planets should be more similar to the primordial obliquity distribution.
Comparing the obliquity distribution of eclipsing binary stars to that of single planet
systems can help us distinguish between different formation scenarios for both types
of systems. Tides are expected to be stronger in eclipsing binaries, so that realigning
the spin axis of the host stars with respect to the orbit should be easier, complicating
the interpretation of the results. Both K2 and TESS will likely uncover many short
period single planet systems and eclipsing binaries for which this method could be
applied, so that in time the spot-crossing technique could become the most prolific

technique for measuring obliquities.

9.2 Ultra-short period planets

Planets with orbital periods shorter than 1 day represent a great opportunity for
follow-up observations, and they are also intrinsically interesting due to their unusual

orbits. Their short orbital periods allows us to detect many more transits in a given
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interval of time, and their close orbital distances increase the radial velocity ampli-
tude, yielding a globally better sensitivity towards low-mass and small-size planets.
CoRoT-7b ({110], [161]) and Kepler-10b [14], the first two rocky planets discovered,

represent the best example, with orbital periods of only about 20 hours.

The discovery of Kepler-78b (see Chapter 7), a 1.2 Earth radius planet with an
orbital period of 8.5 hours, can now be added to the short list of rocky planets
known so far. Both HIREs at Keck [94] and HARPS-N at TNG [151] were capable of
detecting the tiny radial velocity signal induced by this 1.7 Mg, planet (1.6 m/s). From
this work, new observing strategies have been created to follow up USP planets. Such
short orbital periods allow us to measure a full orbit in just one night, something that
will simplify future observational campaigns and can help beat night-to-night sources

of systematic noise like starspots.

In Chapter 8 I have also fully described a different approach to searching for USP
planets, in which transits are detected via the study of the harmonic structure of the
Fourier Transform of the flux time series. This technique is fast and robust, providing
unprecedented flexibility when planning a large scale survey. Missions like K2 and
TESS should be able to provide more USP planets on a relatively short timescale.
According to the numbers obtained in Chapter 8, these planets will not represent the
majority of planets discovered by these two missions, but they will likely represent
some of the best candidates for follow-up observations for planet radii smaller than
2Rg.

We also have produced a clean well vetted list of planet candidates discovered by
Kepler that can lead to future an interesting projects. In Chapter 8 I describe several
important characteristics of USP planets that might give us clues about how they
formed and evolved. The scarcity of USP planets larger than 2Rg points toward the
presence of a mechanism that can remove the envelope of these planets, and photo-
evaporation is suggested as the best candidate mechanism. Most USP candidates
belong to multi-planet systems, which may indicate that the presence of several plan-
ets is required for the USP planets to get so close to their host stars. This certainly

differentiates USP planets from the family of Hot-Jupiters, which are always found
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alone [202]. The scarcity of USP planets in multi-planet systems with period ratios
shorter than 3 [201], seems to indicate the presence of tidal interactions that could
have affected the inner planet substantially more than the outer planet, and hence
increased the period ratio. This might also help us to interpret the higher abundance
of USP planets orbiting cold stars. If indeed tidal interactions are responsible for
bringing the inner planet closer to the star, these interactions would be weaker for
hotter stars, reducing the effectivity of this mechanism. This particular idea, together
with simulations of the dynamical evolution of these systems, are worth exploring in
detail.

The clean list of well vetted planet candidates also represents a great opportunity
for follow-up work. Several observing programs are running and will allow us to study
the host stars in detail by obtaining their spectra, as well as the planets themselves for
those candidates amenable to RV follow-up. There are not that many rocky planets
that have been characterized to date, and studying a few more in detail could help
us to understand important things about our own planet. In particular, USP planets
are among the few planets for which very little atmosphere is expected due to photo-
evaporation. This means that in extreme cases, the planet can be considered as a
"naked core”, cores for which we can determine masses and radii. It is also exciting to
learn about the processes that shape the planet’s surface at such high temperatures,
by studying their secondary eclipses. As pointed out in Chapter 8, several of the
USP candidates have detected secondary eclipses, and it is worth analyzing those to

understand the reflecting properties of volatiles at extreme temperatures.
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