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Abstract

The only way to measure the diameter of a planet outside the Solar System
is if it transits its host star. Transit data combined with radial velocity (RV)
data give an exoplanet’s mass. Mass and volume yield density, so transits
give unique insights into the interior structure of an exoplanet. Super-Earths
are a class of exoplanet with masses a few times that of Earth, for which no
examples exist in our Solar System.

The goals of this thesis: to detect and characterise transits of exoplanets
(particularly super-Earths) discovered via RV surveys orbiting bright stars.
The observational tool: MOST (Microvariability & Oscillations of STars) - a
microsatellite housing an optical telescope which can monitor stars with high
precision. We searched 12 super-Earth candidate systems, applying special
data reduction and analysis techniques. The search gives upper limits on
the transit depths of 11 of the planets. For GJ 581 e (innermost planet of an
M dwarf system), the 1o upper limit excludes most transiting configurations
for a planet with water ice or H/He compositions. MOST data of HD 97658
rejected a claim of a transit detection in this system. The timely MOST
rejection cancelled observatory programmes dedicated to follow up on the
transit claim, preventing the waste of valuable time on major facilities.

In parallel with the MOST survey, we analysed a decade of ground-
based photometry to exclude most transiting configurations for the massive
exoplanet HD 192263 b. We showed that the star’s rotation period does not
coincide with the planet’s orbital period, as was previously reported. We
also find evidence for an 8-year activity cycle in the host star.

The twelfth star in the MOST survey is 55 Cancri, whose innermost
planet (55 Cnc e) has an orbital period of less than a day and transits

the star. We present 42 days of new MOST photometry of this system,
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Abstract

and derive one of the most precise radius values (1.99 £ 0.08 Earth radii)
known for any super-Earth. We explore the possibility of star-exoplanet
interaction, and set a limit on the albedo (reflectivity) of the planet, which

has implications for its atmospheric composition.
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Preface

This thesis is partly based on three published papers and a fourth that is in
preparation.

The code used for the reduction of MOST photometry was written by
Jason Rowe (NASA Ames Research Center). I have used this code for the
reduction of all the MOST photometry presented in this thesis.

I have reduced, analysed and interpreted the photometry presented in
Chapter [4 myself.

The work presented in Chapter 6| has been published in the Astrophysical
Journal: Dragomir, Diana; Kane, Stephen R.; Henry, Gregory W.; Ciardi,
David R.; Fischer, Debra A.; Howard, Andrew W.; Jensen, Eric L. N.;
Laughlin, Gregory; Mahadevan, Suvrath; Matthews, Jaymie M.; Pilyavsky,
Genady; von Braun, Kaspar; Wang, Sharon X.; Wright, Jason T., 2012,
AplJ, 754, 37. T have carried out the analysis of the photometry and radial
velocity data and interpretation of the results myself, with a few suggestions
from Jaymie Matthews (University of British Columbia) and Stephen Kane
(Caltech). I wrote most of the paper with the exception of Section which
was written by Stephen Kane. The APT photometry was acquired and
reduced by Gregory Henry (Tennessee State University). The code used for
the Fourier analysis (Period04) was developed by Patrick Lenz and Michel
Breger (both at University of Vienna). The radial velocity measurements
were obtained by Andrew Howard (University of Hawaii), while the code
used to analyse them was developed by Sharon Wang and Jason Wright
(both at Pennsylvania State University). The SME analysis was done by
Debra Fischer (Yale University).

The research presented in Chapter |7 has been published in the Astrophys-

ical Journal: Dragomir, Diana; Matthews, Jaymie M.; Kuschnig, Rainer;

v



Preface

Rowe, Jason F.; Gladman, Brett J.; Guenther, David B.; Moffat, Anthony
F. J.; Rucinski, Slavek M.; Sasselov, Dimitar; Weiss, Werner W., 2012, ApJ,
759, 2. For these observations on GJ 581, I have done the data reduction,
analysis, interpretation and paper writeup myself. I have also written the
code used for the artificial transit injection and recovery procedure. For
the Fourier analysis, I again used Period04 which was developed by Patrick
Lenz and Michel Breger.

The research presented in Chapter [§] has been published in the Astro-
physical Journal Letters: Dragomir, Diana; Matthews, Jaymie M.; Howard,
Andrew W.; Antoci, Victoria; Henry, Gregory W.; Guenther, David B.;
Johnson, John A.; Kuschnig, Rainer; Marcy, Geoffrey W.; Moffat, Anthony
F. J.; Rowe, Jason F.; Rucinski, Slavek M.; Sasselov, Dimitar; Weiss, Werner
W., 2012, ApJL, 759, L41. For this work on HD 97658b, I have done the
data reduction, analysis and interpretation of the photometric data myself. I
have also written most of the paper myself, with the exception of Section 8.3,
which was written by Andrew Howard. The acquisition, reduction and anal-
ysis of the radial velocity measurements, as well as the figures pertaining to
Section were also done by Andrew Howard.

I wrote the draft of a manuscript on the new MOST photometry of the
55 Cnc system (acquired in 2012), so a paper is currently in preparation.
This includes the work described in Chapter [9l I led the study pertaining
to these data. I reduced the photometry, developed a Markov Chain Monte
Carlo code and used it to analyse the photometry. I am also responsible for

the interpretation of the results.
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Chapter 1

Introduction

The first confirmed and widely accepted exoplanet was discovered in 1992
orbiting a pulsar [264]. In 1995, the first exoplanet around a main-sequence
star was announcedm [171]. Since then, the rate of exoplanet discoveries
has been steadily increasing. Over 770 exoplanets (including nearly 100
multiple-planet systems) and more than 2300 exoplanet candidates are cur-
rently known.

These planets have turned out to be very different from those within our
Solar System. Most of the confirmed exoplanets are gas giants that orbit
very close to their host stars with periods of only a few days. Many of them
have low densities compared to “local” giant planets like Jupiter and Nep-
tune. There are also exoplanets with larger but very eccentric orbits. These
unexpected properties of exoplanets (e.g. Jupiter-mass planets in small or-
bits, high orbital eccentricities, orbits highly inclined and even retrograde
compared to the spin of the host star, etc.) have raised new challenges for
planet formation and evolution as well as for understanding their dynamical
history.

This chapter provides an overview of the techniques used for exoplanet

detection and the properties of currently known exoplanets.

Tt should be noted that the first exoplanet detection and the first detection of an
exoplanet around a main-sequence star (7 Cephei b) was made in 1988 [41]. However, it
was only confirmed in 2002 [105]. The planet HD 114762b was first detected in 1989 [144],
but was also fully confirmed only several years later.
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1.1 Detection and Characterisation Techniques

1.1.1 Pulsar Timing

The first planets outside the Solar System were discovered orbiting the pulsar
PSR 1257+12 [264]. Pulsars, the dense rapidly spinning remnants of stars
which have undergone a supernova explosion, have very regular rotation
periods which can be measured with great precision by the arrival times of
radio pulses as a pulsar’s radio beams sweep over the Earth. Thus, changes in
the regular arrival times and anomalies in the timing of the radio pulses are
readily detected. In the case of PSR 1257+12, such irregularities indicated
the presence of three sub-stellar companions that have masses comparable
to that of the Earth [263].

It is not yet clear how these planets came to be. If they formed prior
to the star’s transformation into a pulsar, they would have been unlikely to
survive the supernova explosion. The planets around PSR 1257412 are be-
lieved to have formed from a protoplanetary disk left over by the supernova
or by the dynamical disruption of a binary companion [62, 186].

Since 1992, astronomers have found evidence for planetary mass com-
panions around two other pulsars. PSR 1719-14 hosts a Jupiter-mass, but
very dense companion which is likely an ultra low-mass carbon white dwarf
[7]. Its high density and pressure suggest it is likely crystallized, leading
to the object’s “diamond planet” label. PSR B1620-26 b is a planet candi-
date orbiting a pulsar-white dwarf binary located near the core of a globular
cluster [6, 216].

1.1.2 The Radial Velocity (RV) Method

The most quantitatively productive detection method so far has been the
radial velocity method, having led to the discovery of about 450 exoplanets
since 1995 and the confirmation of nearly 250 more.

A star with a companion moves in an orbit around the center of mass of
the system, and so does the companion. If the companion is a planet, it is

generally too faint to be detected directly from the light it reflects and emits.
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However, the motion it induces in the star leads to small periodic shifts in
the wavelengths of the stellar spectral lines, called Doppler shifts. The lines
are slightly shifted towards shorter wavelengths as the star approaches the
observer, and towards longer wavelengths as the star moves away from the
observer in its tiny orbit around the centre of mass of the system. As an
example, Jupiter induces a velocity variation in the Sun’s motion of 12 m/s
with a period of 12 years. The closer a planet orbits its parent star, and the
more massive it is, the larger the velocity variation induced in the star.

Evidently, RVs must first be corrected for the orbital motion of the
Earth. Once this is accomplished, the RV measurements allow the orbital
parameters (period, eccentricity, semi-major axis, time of periastron and
argument of periastrorﬂ) of the planet to be determined. However, since
this method delivers only the stellar velocity component along the line of
sight, no information about the orbital inclination (7) relative to the plane
of the sky is obtained. Still, this sets a lower limit on the true stellar
velocity relative to the centre of mass and therefore, if the mass of the star
can be estimated (generally from its spectral type and luminosity class, or
increasingly often from asteroseismology), a lower limit on the mass of the
exoplanet. The minimum mass (M), sin) is the true mass (M),) only if the
orbital inclination is 90°.

The first attempts at detecting unseen companions around main-sequence
stars using the radial velocity method began in 1979 [40]. In 1995 the tech-
nique was employed, via the ELODIE spectrograph, in the discovery of 51
Pegasi b, the first announced planet to orbit a main-sequence star other
than our Sun [171]. This gas giant, which orbits very close to its star with
a period of just 4.23 days, also became the first of a new class of planets
called ‘hot Jupiters’.

A RV precision of 13 m/s [171] was sufficient to measure the signal in-
duced by 51 Pegasi b on its parent star (see F igure. Today, RV variations
of exoplanet host stars can be detected with measurement errors down to

about 1 m/s [116, 183] and sometimes even smaller using high-resolution,

2The argument of periastron describes the orientation of the planet’s orbit relative to
the line of sight. It is undefined for a circular orbit.
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Figure 1.1: Radial velocity measurements of 51 Peg b plotted as a func-
tion of the planet’s orbital phase. A long term trend present in the radial
velocities was removed prior to folding the measurements at the planet’s pe-
riod. The data was obtained from the Exoplanet Orbit Database [268] and
the figure was produced interactively using the Exoplanet Data Explorer at
exoplanets.org.

high-precision spectrographs such as HARPS (High Accuracy Radial Veloc-
ity Planet Searcher) [184] at the La Silla Observatory in Chile and HIRES
(High Resolution Echelle Spectrometer) [35] at the Keck Observatory in
Hawaii. Such high-precision radial velocities enable the detection of exo-
planets with masses as low as a few times that of the Earth (now known as
super-Earths).

To calibrate spectroscopic RV measurements, either the simultaneous
thorium-argon or the iodine cell techniques are used. The former technique,
employed on the HARPS instrument, involves two side-by-side fibers: one
receives the light from the star being observed while the other is illuminated

with a thorium-argon lamp [11]. The spectra from the two fibers are recorded
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simultaneously to minimise any instrumental shifts, and then compared in
order to search for minute Doppler shifts in the lines of the stellar spectrum.
Alternatively, a glass cell containing iodine gas can be placed in the path of
the star light, superimposing the iodine lines on the stellar spectrum [163].
Any shifts in the spectral lines of the star can then be measured against the
well known wavelengths of the iodine lines. This is the technique used by
HIRES. Though both techniques have led to numerous exoplanet discoveries,
they are limited to observations of relatively bright stars (generally V' < 10,
with some M dwarfs as faint as V' =~ 12) because of the large dispersion of

light required for high spectral resolution.

1.1.3 The Transit Method

A small fraction of exoplanetary systems have orbits whose planes are suffi-
ciently closely aligned with our line of sight that we see the planet passing
in front of the disk of the parent star, resulting in a tiny drop in the ob-
served brightness of the star. Such a transit event can provide a wealth of
information about the planet which cannot otherwise be obtained. Transits
occur once every orbital period of the exoplanet. The relative decrease in

flux caused by the planet blocking out part of the starlight during transit is

ar ()’ w

where Rp is the planetary radius and R, is the stellar radius. This simple
equation does not take into account limb darkening (the diminishing of the
intensity of the stellar disk away from its centre due to the fact that light
is escaping from shallower depths in the star - hence dominated by less
dense gas of cooler temperatures - close to the observed limb, or edge, of the
stellar disk) but provides a good first approximation of the transit depth.
An example of a light curve with periodic planetary transits is shown in
Figure A single transit with a best-fitting transit model superimposed

is seen in Figure (1.3
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Figure 1.2: Light curve of HD 209458, showing several transits of HD
209458b with a period of 3.52 days. The photometry was acquired with
the MOST space telescope (see Section 3.1.1)).
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Figure 1.3: Transit light curve of WASP-6b, with best-fitting transit model
superimposed. The residuals from the transit model are shown below
The photometry was acquired using the Cerro Tololo Inter-
American Observatory 1.0m telescope. A version of this figure was originally
published in Dragomir et al. (2011) [72].

the transit.
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Transit observations make it possible to determine the orbital inclination
and the planetary radius. With the inclination known (in conjunction with
the minimum mass determined from RV measurements), the planetary mass
can be obtained, and with the radius, the mean density of the planet. The
density is a very valuable quantity as it allows constraints to be placed on
the planet’s composition.

The probability that a known radial-velocity-detected exoplanet on a

circular orbit transits its star is [201]

p= Bty B (1.2)
a a

where a is the semi-major axis (which, for a circular orbit, is equivalent to
the distance between the planet and the parent star). The closer the planet
is to the star, and/or the larger the star, the higher the transit probability
becomes. If the planet is in an eccentric orbit, using the approximation
R, + R, ~ R,, the probability becomes [14]

Ry

et (1.3)

bt
where e is the orbital eccentricity. After integrating the transit probability
over all values of the argument of periastron (w) [14], it ensues that larger
values of e lead to higher transit probabilities. However, it should be noted
that this is simply a geometric result. Even so, though equation breaks
down as e approaches 1, such orbits would bring the planet inside the star
at periastron passage, and therefore are not physically plausible in any case.
Figure shows the transit probability as a function of orbital period (re-
lated to the semi-major axis by Kepler’s third law), for three different values
of orbital eccentricity.
In 2000, HD 209458b became the first exoplanet system in which tran-
sits were detected. The planet was originally discovered with the RV tech-

nique and subsequent follow-up photometric observations acquired during
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Figure 1.4: Transit probability as a function of orbital period, for three
values of orbital eccentricity (e), assuming 1 R, for the stellar radius and 1
R jyp for the planetary radius.

predicted transit times showed that this planet does indeed cross the disk of
its star [50, 112]. Like 51 Pegasi b, HD 209458b has a short orbital period of
3.52 days. However, unlike the case of 51 Pegasi b, its radius is known from
the transit measurements to be 1.4 R j,,, while its mass is only 0.7 My,
[223] (where R j,, and M j,, correspond to the radius and mass of Jupiter,
respectively). These values lead to a density of 0.37 g cm ™3, which is lower
than that of any of the Solar System planets.

Despite the fact that the transit probability is generally small, the yield
of the transit planet detection method has been increasing rapidly during the
last few years thanks to the advent of several transit surveys, in particular
the Kepler space mission. While RV measurements must usually be acquired
for one star at a time, transit surveys can monitor many stars simultaneously.

Further, fainter stars can be observed than is possible for the RV technique.
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This means that in the field of view of a single telescope, there can be
hundreds, thousands and in some cases hundreds of thousands of stars that
can be searched for transits. Even if only one in a hundred stars hosts a
planet, transit surveys can in principle be more productive than RV surveys.
It turns out that number is actually much larger, as will be explained in more
detail in Section [1.2l

Transit surveys can suffer from various kinds of so-called “false posi-
tives”, and so require additional tests to verify the planetary origin of a
transit. Common sources of false positives are a low-mass stellar object in
an eclipsing binary and grazing eclipsing binaries, both of which can give
rise to a small dip in the brightness of the other star in the system. These
scenarios can be identified as false positives if alternating eclipses (caused
by the other star passing in front of the “first”, half the orbital period of the
system later) are measured. If the two stars have different brightnesses, the
alternating eclipses should have different depths, thus excluding a planetary
nature for both companions. However, for grazing eclipsing binaries or bi-
naries with a very faint stellar companion, this test often does not work. In
these situations, one conclusive way to verify the nature of the transiting or
eclipsing companion is by taking RV measurements of the system. In fact,
the RV technique is used to follow up any transiting candidate orbiting a
sufficiently bright star, in order to determine its mass.

The current major ground-based dedicated transit surveys are TrES
(Trans-Atlantic Exoplanet Survey) [179], XO [172], WASP (Wide Angle
Search for Planets) [188] and HATNet (Hungarian Automated Telescope
Network) [8]. The common principle to all of these consists of using small
telescopes (5-20 cm aperture) with a wide field of view to monitor a large
section of sky. Transit candidates are then verified using RV measurements,
and those that survive are observed with a larger telescope to determine the
transit parameters with higher precision.

There are also two space-based transit surveys, Kepler [27] and CoRoT
[5]. Since they are located above the Earth’s atmosphere, these instruments
are capable of producing very precise photometry which makes possible the

discovery of increasingly smaller exoplanets. The Kepler mission in particu-
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lar has so far brought about the discovery of over two thousand very diverse
transiting exoplanet candidates, challenging and revolutionising many areas
of this field of research.

The scientific return of transiting exoplanets can be significant beyond
the determination of their densities. An exoplanet’s atmosphere can be
studied during transit by measuring the transit properties (such as depth)
at different wavelengths. From such spectrophotometric observations it is
possible to obtain a crude spectrum of the planet. This has been accom-
plished for a few hot Jupiters [51, 191, 218] and recently for a super-Earth
[20; 56].

In some cases, the secondary eclipse of an exoplanet (occurring when
the planet is eclipsed by the star) has also been measured. When performed
at infrared wavelengths, this measurement leads to upper limits on or an
estimate of the planet’s thermal emission, and hence its temperature [48, 64,
65]. In the visible, the secondary eclipse measures the amount of starlight
scattered by the planet and thus enables the albedo (reflectivity) of the
planet to be constrained [138, 198].

1.1.3.1 Transit Timing Variations

If a transiting exoplanet is part of a multiple planet system, the gravita-
tional influence of the other planets can affect the strict periodicity of its
transit times [2, 114]. These variations in the transit times effectively betray
the presence of other, often non-transiting planets in the system. Indeed,
planetary companions that orbit farther from the parent star have a smaller
geometric transit probability, and the orbits of planets in a multiple system
are not usually perfectly co-planar, which means that outer planets are less
likely to transit even if the innermost planet does. Kepler-19 is the first
system for which this effect has been convincingly measured [10]. The mid-
transit times of the innermost planet, which is a super-Earth with a period
of 9.3 days, shift by up to 5 minutes, indicating the presence of an additional
companion. The parameters of this indirectly detected companion are more

difficult to constrain, but upper limits of 160 days and 6 M j,, can be placed
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on its orbital period and mass, respectively.

When transit timing variations can be measured in multiple planet sys-
tems where more than one planet transit, more information becomes avail-
able. The orbital periods can be determined for all the planets for which
transits are detected, and their masses can also be more tightly constrained.
An example of such a system is Kepler-9, in which 2 of the 3 known tran-
siting planets induce timing variations of up to one hour on each other’s
transits, allowing both lower and upper limits to be placed on their masses
[113].

1.1.3.2 Rossiter-McLaughlin Effect

A transiting planet can sometimes also be detected via RV measurements,
offering further insight into the dynamics of that system. As the planet
crosses the disk of the star, it sequentially blocks out some of the blue-
shifted and then some of the red-shifted light from the star if it orbits in
the same direction as the stellar rotation (see top part of Figure [L.5). If
the planet is in a retrograde orbit (moving in the direction opposite to the
rotation of the star), it will first block out red- and then blue-shifted light.

This phenomenon, called the Rossiter-McLaughlin (RM) effect [173,
196], manifests itself as an apparent change in the radial velocity of the
star. When observed, it makes possible the determination of the angle be-
tween the orbital axis of the transiting planet and the star’s rotation axis
(see bottom part of Figure , as well as the direction of the planet’s

motion relative to the rotation of the star [91].

1.1.4 Other Methods

There are a few other exoplanet detection methods. These often probe dif-
ferent regions of planetary parameter space, which is important for progress

towards a more complete understanding of exoplanetary systems.
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Figure 1.5: (a) Illustration of the Rossiter-McLaughlin effect. (b) The
Rossiter-McLaughlin effect for three different trajectories of a planet across
the disk of a star (representing three values of A, the angle between the
planet’s orbital axis and the star’s rotation axis), and the corresponding ra-
dial velocity waveforms. Part (b) of the Figure is from [91] and reproduced
by permission of the AAS.

1.1.4.1 Microlensing

When a massive object is aligned with a background light source (a distant

star, galaxy, etc.) from the perspective of the observer, the foreground

12
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massive object acts as a gravitational lens to bend and amplify the light.
Generally, the foreground object (lens) is too faint to be observed directly,
but the details of the lensing event, which can last from seconds to years,
hold information about its mass and geometry. If the lens object is a star,
then it is possible to search the lensing light curve for the signature of an
orbiting planet superimposed on that of the star. The alignments which lead
to these microlensing events are very rare, which is why wide-field surveys
are necessary.

The microlensing method is most sensitive to large planet-star separa-
tions, but it can detect planets with masses even smaller than that of the
Earth. A major disadvantage of this method is that follow-up studies are
almost impossible because the lens star is usually too faint.

Two main microlensing surveys - OGLE and MOA (Microlensing Ob-
servations in Astrophysics)[1] -, though started for reasons other than exo-
planetary research, together have found 15 exoplanets to date.

In addition to populating the parameter space of exoplanets with wide or-
bits and a large range of masses, this technique has the ability to probe stars
that are far beyond the solar neighborhood. Therefore, it can make impor-
tant contributions toward understanding exoplanet demographics through-

out our Galaxy [90].

1.1.4.2 Direct Imaging

Sufficiently bright exoplanets which are far enough from their stars can be
directly imaged. Specifically, large planetary companions which emit a lot
of infrared radiation are the ideal candidates for this technique. This means
that direct imaging is best achieved at infrared wavelengths.

The ages and luminosities of imaged planets together with planet evo-
lution models allow their masses to be estimated. However, the age of the
host star, and thus those of the planets (which are approximated as the stel-
lar age), are difficult to determine and suffer from large uncertainties which
propagate to the planetary mass values.

HR 8799b, c and d, the first directly imaged exoplanets, were discovered

13
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by this method in 2008 [165]. These three companions have semi-major axes
larger than that of Uranus, and masses between 5 and 7 My,,. A fourth
planet of comparable mass but orbiting closer to the star than the other three
was detected in this system two years later [166]. As mentioned above, the
uncertainty in the masses of these planets stems from the uncertainty on the
age of the system, on which are based the models describing how the planet
cools after it forms. For HR 8799, the estimate of the age of the star also
varies significantly depending on the method used, introducing additional
uncertainty.

Over a dozen planetary candidates have so far been imaged in systems
other than HR 8799, but the large uncertainties on their parameters mean
that at least some of them are probably brown dwarfsﬂ

One important advantage of directly imaged exoplanets is that they can
also be directly observed spectroscopically. Since 2008, spectroscopic obser-
vations of two of the planets in the HR 8799 system have been obtained
[30; 123]. As more advanced instruments are developed, imaging and spec-
troscopy of exoplanets with smaller masses will become possible, progressing

towards the first direct image of an Earth-like exoplanet.

1.1.4.3 Astrometry

If the effect is sufficiently pronounced, the wobble induced in the motion
of a star by an orbiting companion can in principle also be detected by
directly measuring the change in position of the star over time. This tech-
nique requires telescopes with very high spatial resolution of a fraction of a
milliarcsecond or better. With current technology, this is nearly impossible
to achieve from the ground, and can also be very difficult to attain using
space-based instruments.

This method is most sensitive to the presence of massive planets orbiting

far from their stars, and is therefore complementary to the RV and transit

3Brown dwarfs are sub-stellar objects with masses too low to sustain hydrogen fusion
but high enough to burn deuterium. Though it is not yet completely clear where the mass
limit between planets and brown dwarfs is, an object with a mass greater than 13 M ;.
is conventionally considered a brown dwarf.

14
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methods which preferentially find close-orbiting planets. The technique also
works best for systems with low-inclination orbital planes.

Though no exoplanet discoveries obtained with astrometric observations
have yet been confirmed, the orbital inclination and thus the mass of a
previously known planet around the red dwarf GJ 876 have been determined
using astrometry acquired with the Hubble Space Telescope [22].

The European Space Agency Gaia mission [152], due to be launched
in 2013, is designed to acquire astrometric measurements of over a billion
stars with unprecedented precision. These will be used to measure stellar
parallaxes, characterize stellar populations, and determine the orbital incli-
nations and masses of hundreds of previously known (via the RV method)

or unknown exoplanets [43, 145].

1.2 Properties of Known Exoplanets

To put exoplanet properties in proper perspective, the statistics of exoplanet
detection must first be addressed. One difficulty associated with the task
of evaluating these statistics is the presence of selection effects; i.e., cer-
tain planets are too small, or are in orbits too large, to be detected with
current instruments. Nevertheless, if the selection effects are relatively well
understood, it is possible to correct for them and use current numbers of de-
tections to obtain the average number of planets around stars, broken down
into types of stars and even types of planets. This is sometimes expressed
as the “planet occurrence rate”: the percentage of stars which harbour one
or more planets. After correction of the detection biases, statistics from
the HARPS radial velocity survey indicate this number is 45 + 7.8 % for
planets with orbital periods less than 50 days, and as high as 75 % for plan-
ets with periods less than 10 years [169], based on the sample of stars they
surveyed (quiescent, mostly single stars). The HIRES survey yields a bias
corrected value of 24 + 5 % for planets with periods shorter than 50 days
[120] (based on a stellar sample similar to that of HARPS), while the es-
timate based on results from the Kepler survey (accounting for the transit
probability) is 20% [17] (based on the sample of stars in the Kepler field).

15
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Figure [1.6| shows planet occurrence within 0.25 AU of planet host stars, as a
function of orbital period and planetary radius, based on Kepler detections.
Finally, microlensing surveys indicate the planet occurrence rate per star,
for semi-major axes between 0.5 and 10 AU and planet masses greater than
5 Mg, is 160 £ 90% (essentially suggesting more than one planet per star)
[44], though it is difficult to ignore the large uncertainties. Though esti-
mates from the various surveys have not yet reached complete agreement,

it appears that planets around other stars are anything but rare.
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Figure 1.6: Planet occurrence as a function of orbital period and planetary
radius, on logarithmic scales. The black dots correspond to planets detected
by the Kepler mission. The color scale represents planet occurrence, as
demonstrated at the top, corrected for the a priori geometric transit prob-
ability. The hatched cells indicate measurement incompleteness for those
areas of period-radius parameter space. The white text refers to occurrence
statistics: wupper left: number of planets detected with signal-to-noise ra-
tio (SNR) > 10, with this number corrected for non-transiting geometries
in parentheses; lower left: the number of stars observed by Kepler around
which a planet with the period and radius of the cell could be detected with
SNR >10, if it was present; upper right: planet occurrence per logarithmic
area unit; lower right: planet occurrence corrected for non-transiting ge-
ometries and survey incompleteness. Figure is from [119] and reproduced
by permission of the AAS.

Over the nearly 17 years since the discovery of the first exoplanet around
a main sequence star, a few trends relating star and planet properties have
been recognised. Planet occurrence and mass seem to increase with stellar
mass. There are fewer planets around M dwarf stars than around F/G/K
type stars, with the highest occurrence rate being around A type stars [124].
In addition, planets orbiting M dwarfs tend to be less massive than those or-
biting F/G/K dwarfs [61]. These effects may reflect the formation of smaller
and less massive protoplanetary disks around lower-mass stars. There is also
a well-characterised correlation between stellar metallicity and planet occur-
rence, which is likely related to the quantities of materials required for planet
building present in the protoplanetary disk [81, 124, 162]. A related trend
is the correlation between stellar metallicity and planet mass, which implies
that the likelihood of a giant planet orbiting a F/G/K type star increases
with the stellar metallicity [81, 209].

Of particular interest when considering occurrence rates is the frequency
of exoplanets within the “habitable zones” of their host stars. The habitable
zone is defined as the range of distances from the star where liquid water can
exist on the surface of a planet. It is mainly determined by the luminosity of

the parent star, but planetary greenhouse gas effects must also be taken into
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account, as well as the possibility of tidal coupling [15, 108]. Planets in the
habitable zone are considered the most promising for sustaining extraterres-
trial life. About 25 exoplanets are so far known to reside in the habitable
zone, four of which are super-Earths. Of these four, only one (Kepler-22b)
transits so it is the only such planet (outside the Solar System) whose size

and density are known (see Section |1.2.3)).

1.2.1 Dynamical Properties

Most of the first exoplanets discovered were found to have very short or-

bits, many with orbital periods of about 3 days. This population of planets

T T T T
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Orbital Period [Days]

Figure 1.7: Distribution of orbital periods for known exoplanets. The data
was obtained from the Exoplanet Orbit Database [268] and the figure was
produced interactively using the Exoplanet Data Explorer at exoplanets.org.

was both unexpected and contradictory to formation and evolution models
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based on the Solar System. The fact that these were among the first to
be detected is due to observational bias, because RV and transit surveys
are most sensitive to such short period exoplanets. Even so, about 40% of
known exoplanets have a semi-major axis smaller than 0.1 AU (Astronomi-
cal Units). It is clear that these planets are too hot to be suitable for life as
we know it, but how did they form in or migrate to their current close-in or-
bits? The most commonly accepted theories are described in Section [1.2.1.1].
Figure [1.7| shows the number of known exoplanets as a function of orbital
period. The large peak at a period of about 3 days is clearly seen.

Most of these short-period exoplanets have circular orbits. This is likely

due to the process of tidal circularization. Gravitational interactions be-
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Figure 1.8: Distribution of orbital eccentricities as a function of orbital
period for known exoplanets. The data was obtained from the Exoplanet
Orbit Database [268] and the figure was produced interactively using the
Exoplanet Data Explorer at exoplanets.org.
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tween the star and the planet will lead to tidal energy dissipation from
within the planet which will slowly act to circularize its orbit. The process
can take between a million and a billion years, depending on the initial or-
bital eccentricity, period and mass of the planet, as well as the mass of the
star [102, 234], and has the additional effect of synchronizing the rotation
and orbital revolution of the planet such that it always shows the same side
to the star. Therefore, the planet is expected to become tidally locked.

While most exoplanets with orbital periods shorter than 20 days have
circular orbits, many of those with longer periods tend to have eccentric
orbits. This is demonstrated in Figure where the dearth of short-period
(< 3 days) exoplanets in eccentric orbits is noticeable. This discovery also
came as a surprise, since it once again differed significantly from the case of
the Solar System. Approximately 55% of exoplanets with a period longer
than 10 days have an orbital eccentricity greater than 0.2. The vast majority
of these have been detected only via the RV method, since their long peri-
ods significantly reduce their transit probability. Though this result is not
the consequence of an observational bias, it has been recently shown that
the RV signal of a planet in an eccentric orbit can sometimes be difficult to
distinguish from that of two planets orbiting in 2:1 resonance’| [4]. In such
cases, direct imaging, astrometric or a very large number of RV measure-
ments are needed to distinguish between the two scenarios. This means that
at least some of the exoplanets currently thought to be in eccentric orbits
may actually be two resonant planets in circular orbits.

During the last three years, several studies of the Rossiter-McLaughlin
(RM) effect in exoplanetary systems have been published. These studies
can probe system parameters which would be difficult or impossible to de-
termine otherwise, and which are particularly important as they can pro-
vide additional information about the formation and dynamical history of
these exoplanets. Analyses of the RM effect in over 20 exoplanetary sys-
tems found that at least half of those are misaligned, with an angle between

the orbital and stellar spin axes statistically significantly larger than 0°,

“When the orbital period of a planet is equal to twice the period of another planet in
the same system, the two planets are said to be in a 2:1 mean motion resonance.
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and that a substantial fraction of these planets are on retrograde orbits
[31, 175, 177, 217, 236, 261]. These exotic systems add one more puzzle to
solve towards a better understanding of exoplanets.

Studies of multiple exoplanet systems have also revealed new types of dy-
namical interactions between the planets. Results from the Kepler telescope
have uncovered many multiple systems where the motion of the planets is
governed by non-Keplerian dynamics [77]. These effects can range from
slight deflections due to one planet passing another to ejections of one or
more planets from a system.

Another noteworthy Kepler result is the first detection of a circumbinary
exoplanet [71]. Kepler-16b orbits a binary star system with a period of 229
days. Its mass is close to that of Saturn, but its radius is smaller, indicating
a composition of about half gas and half rock. Because of its relatively long
period and orbital parameters which vary over time due to the more complex
three-body gravitational interactions, the planet will no longer transit one of
the binary stars as early as 2014, and the other in 2018, until around 2042.
So far two more circumbinary exoplanets have been discovered, Kepler-34b
and Kepler-35b [260)].

1.2.1.1 Migration and Exchange of Angular Momentum

Close-in giant exoplanets (a.k.a. hot Jupiters) are unlikely to have formed in
situ because there would not have been sufficient protoplanetary disk mate-
rial that close to the star to create them. An alternative explanation is that
the planets formed farther out and subsequently migrated toward the stars.
Below I describe the two main proposed types of migration mechanisms.
Type I migration consists of gravitational interactions between a newly
formed planet and the disk in which it is embedded, causing the planet
to migrate via exchange of angular momentum [259]. The orbiting planet
gives rise to a non-axisymmetric gravitational potential which varies in time,
and drives spiral density waves in the disk gas. These density waves create
additional perturbations from which torques acting on the planet originate.

The outer disk exerts a negative torque on the planet and leads to inward
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migration. The inner disk exerts a positive torque and imposes outward
migration. A slight imbalance between the two torques will cause the planet
to migrate in one of the two directions. Simulations of the planet and disk’s
evolution show that the torque from the outer disk generally dominates,
leading to inward migration [259].

A massive planet can perturb the disk strongly enough to open a gap.
The planet is then maintained in the middle of the gap as follows: if it
approaches the inner edge of the gap, the distance between the planet and
the inner disk decreases, resulting in an increase of the torque felt from the
inner disk, which pushes the planet back toward the centre of the gap; the
opposite effect occurs when the planet approaches the outer edge of the gap.
Thus the planet (and its gap) is forced to evolve with the disk. The disk
extending to a few AU from the star evolves inward [151]. If the planet forms
within this portion of the disk, it therefore migrates inward as well. This
is called Type II migration and is typically slower than Type I migration
[259].

Planets can also exchange angular momentum with planetesimals through
close encounters or collisions. However, this mechanism is thought to have
a relatively minor contribution to the migration of most observed close-in

exoplanets.

1.2.1.2 Planet-Planet Interactions

As already mentioned, the gravitational interactions between exoplanets in
multiple systems can lead to very interesting dynamics. Planet-planet scat-
tering can lead to high orbital eccentricities, and in fact represents a viable
mechanism for explaining the current distribution of exoplanet eccentricities
[52]. The presence of a distant massive planetary or stellar companion in an
inclined orbit can also maintain an inner planet in an eccentric orbit.

The latter process, called the Kozai effect, is of particular interest as
it provides a way to form the apparently common misaligned systems un-
veiled by studies of the RM effect. Indeed, since the mechanisms of Type I
and Type II migration described in Section are expected to produce
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aligned systems, they cannot be used to explain these recent results.

The Kozai effect provides an alternative model. It involves an exchange
between the eccentricity and inclination of the orbit of a planet, induced by
the influence of an outer companion. If the inner orbit is initially circular
but highly inclined, in time it will evolve to high eccentricity and lower
inclination, to eventually return to its original state. These oscillations
continue in the form of periodic cycles. If the inner planet passes sufficiently
close to the parent star at pericenter (the closest point of approach in an
eccentric orbit), then tidal dissipation occurs. Over time, this process will
circularise its orbit, but the Kozai history of the planet means that at least
some misalignment will remain between the planetary orbital axis and the

stellar rotation axis [76].

1.2.2 Physical Properties

So far I have discussed the “hot” aspect of the hot Jupiters mentioned in
Section [1.1.2) though it is important to emphasize that only a minority of
close-in exoplanets are gas giants. With the advent of the first detected
transiting hot Jupiters, it became possible to obtain their radius, mass and
thus density. It was found that the density of about half of hot Jupiters
was significantly lower than that of giant planets in the Solar System and
than theoretically predicted [34]. Figure shows the masses and radii of
known transiting exoplanets. It can be seen that the radii of gas giants
(M, > 100Mg) are often larger than expected even for a pure hydrogen
planet.

The first solutions proposed for this anomalous radius problem include
the injection of a large amount of incoming stellar radiation deep enough
into the atmosphere of the planet to keep it “inflated” by inhibiting its inte-
rior cooling and thus its contraction [101], and tidal dissipation, which has
been shown to function even when the orbital eccentricity is very small [25].
More recent mechanisms include enhanced atmospheric opacities [33], semi-
convection [47], ohmic dissipation [18] and the mechanical greenhouse model
[270]. While most of these have been shown to not be sufficiently efficient to
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Figure 1.9: The masses and radii of known transiting exoplanets. From
top to bottom, the solid lines correspond to densities indicating hydrogen,
water, rock (silicate) and iron composition models. From left to right, the
green star symbols represent Venus, Earth, Uranus, Neptune, Saturn and
Jupiter.

produce hot Jupiters on their own, the latter two theories are more promis-
ing. Ohmic dissipation involves heat generated by the dissipation of currents
induced by surface winds, which keeps the planet inflated. The mechanical
greenhouse model suggests that the outer layers of a hot Jupiter are tur-
bulent due to the stellar irradiation, and this turbulence then transfers the
heat toward the interior of the planet. Nevertheless, all these models require
more detailed and precise observations of the planetary systems concerned
in order to be more thoroughly verified.

Not all hot Jupiters have radii larger than predicted by theory. Some

25



1.2. Properties of Known Exoplanets

match theoretical predictions, while some actually have smaller radii. Smaller
radii can be relatively easily explained by the existence of a dense core [85].

Further, results from the Kepler mission have shown that the majority
of exoplanets with short periods are in fact smaller than Jupiter, with radii
closer to that of Neptune (3.9 Rpqren) or smaller [28]. This is not too
unexpected since ground-based RV and transit surveys are more sensitive to
massive and large exoplanets, respectively. The trend seems to persist even
without restrictions on the orbital period. Current Kepler statistics indicate
that exoplanet candidates with radii > 6Rg, 4 - 6 Rg, 2 - 4 Rg and O -
2 Rg, make up 3%, 6%, 45% and 46% of the total number of candidates,
respectively [17].

As RV surveys reach higher precision and are able to detect companions
with smaller minimum masses, it becomes possible to begin determining the
mass distribution of exoplanets as well. The HIRES and HARPS surveys
find that the majority of RV-detected exoplanets have minimum masses be-
low 30 Mg, with the peak of the distribution being in the super-Earth/mini-
Neptune regime (2-10 Mg) [119, 169]. These results are difficult to compare
with the Kepler sample because they measure different exoplanet properties,

but they are in agreement for a physically credible density function.

1.2.2.1 Atmospheres

The measurement of an exoplanet’s secondary eclipse, when it is completely
blocked by the host star, at infrared wavelengths provides a means of de-
termining its effective temperature. Such observations, taken at different
wavelengths, give a low spectral resolution emission spectrum of the planet.
This technique was used to discover the existence of an inversion layer’| in
the atmospheres of several hot Jupiters [53, 139, 141, 159, 178]. At opti-
cal wavelengths, a similar measurement leads to the detection of or upper

limit on an exoplanet’s albedo. Until now, most optical observations of hot

5An inversion layer is a layer of air where the regular decreasing change in temperature
with increasing altitude is reversed. One consequence of such a thermal inversion is that
water bands in the near- and mid-infrared are flipped from absorption into emission. So
far, it is from the detection of these emission bands that inversion has been inferred in
exoplanet atmospheres [33].
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Jupiters during secondary eclipse suggest very low albedos [138, 198, 221] as
predicted by theoretical models of hot Jupiter atmospheres [164, 213, 226],
which suggest that the likely large amounts of sodium and potassium would
increase the atmospheric opacity. However, at least one (Kepler-7b) appears
to be more reflective than expected with an albedo of 0.32 [68]. This high
albedo is likely due to Rayleigh scattering (due to a possible depletion of
sodium and potassium) and/or the presence of clouds in the atmosphere of
Kepler-7b.

Observing the transit of an exoplanet at several wavelengths allows its
transmission spectrum to be characterised. This has been accomplished for
over a dozen giant exoplanets and has uncovered the presence of atoms and
molecules such as sodium [51, 191, 265], potassium [54, 218], methane [230],
water [21, 233], carbon monoxide [220] and carbon dioxide [229]. In ad-
dition, hydrogen, carbon and oxygen have been detected in the escaping
atmosphere of HD 209458b [248], as well as silicon [153, 210]. Though these
elements and molecules are expected in hot exoplanet atmospheres, their
actual detection represents a significant technological and scientific achieve-
ment which paves the way towards detecting less abundant, and perhaps
less predictable, atomic and molecular species.

Additional information about an exoplanet’s atmosphere can be obtained
by monitoring the system for at least half an orbital period. The phase curve
of an exoplanet can reveal details about its atmospheric circulation. If both
day and night sides of the planet have the same temperature, then no phase
variations can be seen at IR wavelengths. However, this is probably not
the case since close-in planets are expected to be tidally locked, and the
day side is likely significantly hotter than the night side. But is there any
heat re-distribution at all? And if so, then to what extent and by what
mechanism? Infrared observations of HD 189733 from transit to secondary
eclipse indicate that the stellar radiation absorbed by the planet is efficiently
re-distributed, and the day side of the planet is only about 250 K warmer
than the night side (973 K) [140]. In this case, strong winds have shifted the
hot spot eastward of the sub-stellar point. These same winds are probably

also responsible for the heat re-distribution. However, other planets, such

27



1.2. Properties of Known Exoplanets

as Ups And b [103] and WASP-12b [55], show temperature differences of ~
1400 K and ~ 2000 K respectively, between the two sides. This suggests
low efficiency heat re-distribution for these planets. If the phase curves
of exoplanets can also be measured at different wavelengths (optical and/or
UV), they can help constrain phenomena such as polarisation and scattering,
and can be combined with IR measurements to provide a more complete
picture of these exoplanetary atmospheres. But care must be taken when
analysing and drawing conclusions from data exhibiting phase curves, as
stellar variability or other transiting planets in the system may cause them
to appear different from orbit to orbit, as may star-planet interactions if
present, and even significant changes in the “weather” of the planet.

All these types of measurements are facilitated if the host stars of the
observed exoplanets are bright, but, as already mentioned, these constitute
a small minority of all known transiting systems. Upcoming missions such
as the James Webb Space Telescope (JWST, [211]) will enable studies of the
atmospheres of exoplanets orbiting fainter stars, and of smaller exoplanets.
In the mean time, current resources will continue to focus on bright systems

with the goal of improving their characterisation.

1.2.3 Super-Earths

Theoretically, the maximum mass a terrestrial planet can attain lies at
roughly 15 Mg [204]. Beyond this critical mass, hydrostatic equilibrium
can no longer be maintained in the envelope surrounding the core. The
envelope collapses and the gas accretion rate increases, leading to increased
energy losses through radiation and consequently a runaway accretion pro-
cess (which ends when the gas in the protoplanetary disk has dispersed or
when the planet has cleared a ring of empty space around its orbit within
the disk) [189]. This process can also occur at core masses lower than the
critical mass.

A super-Earth is loosely defined as an exoplanet with a mass of 1-10 Mg,
[242]. Super-Earths are an interesting category of planets because no such

exoplanets exist in the Solar System, and thus it is not yet well known what
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they are like as an ensemble, nor how diverse.

Until now, about 60 exoplanets with minimum masses in the super-Earth
regime have been discovered using the RV method, of which one is known
to transit (55 Cnc e, [262]). A few notable examples in this category are GJ
581 d, which orbits within the habitable zone of its star [168, 266], and GJ
581 e, a planet in the same system which holds the current record for the
second lowest minimum mass (1.9 Mg, [168]). The exoplanet 55 Cnc e has
the shortest orbital period of all known confirmed exoplanets around main
sequence stars, at only 0.74 days [63]. Its radius and mass are 2.0 Rg and
8.6 Mg, respectively [262]. In addition, 55 Cnc e orbits a very bright star
(V = 5.95).

Approximately 20 confirmed transiting super-Earths and Earth-size plan-
ets have been discovered with transit surveys, mainly Kepler. Several of
these represent important milestones in the field. CoRoT-7b is the first
transiting super-Earth detected, and has a radius of 1.6 Rg [149], a mass of
~ T Mg [106], and an orbital period of 1.6 days. GJ 1214b is a super-Earth
that orbits a M dwarf star only one fifth the size of the Sun, leading to
a deep transit accessible to detailed atmospheric studies [49]. Kepler-10b
is the first rocky planet discovered [16]. Kepler-22b is the first transiting
super-Earth found in the habitable zone [29]. A multiple system composed
of two Earth-size planets (0.9 and 1.0 Rg) and three super-Earths orbits
Kepler-20 [88]. The distribution of known super-Earth masses and radii can
be seen in the lower left corner of Figure[1.9, Despite low-number statistics,
the densities of these intriguing exoplanets span nearly the entire range of
possible compositions predicted by theoretical models (see Section .

The atmospheres of two hot super-Earths have also been probed. The
transmission spectrum of GJ 1214b has caused some controversy, with one
study resulting in a flat spectrum and indicating either the absence of a
primarily hydrogen-composed atmosphere or clouds or hazes obscuring any
hydrogen features [20], and another suggesting a hydrogen-dominated at-
mosphere [56]. More precise Hubble Space Telescope observations indicate
that GJ 1214b’s atmosphere is likely hydrogen-poor and possibly water-rich
[23]. Very recently, the secondary eclipse of 55 Cnc e was detected, leading
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to the first measurement of thermal emission from a super-Earth [67]. The
secondary eclipse depth translates to a temperature of approximately 2400

K, consistent with the very close proximity of this planet to its host star.

1.2.3.1 Interior Models

Perhaps among the most intriguing properties of super-Earths is their inte-
rior structure, and the proportion of high mean molecular weight materials
(such as rock but also water) to the hydrogen/helium atmospheric compo-
nent.

The main interior composition materials currently used in models [195,
244] can be arranged in three groups: the core (predominantly formed of
iron), the mantle (consisting of silicates) and water. Detailed models in-
dicate that there exists a maximum terrestrial (i.e. less than 10% water
content) radius for a given planetary mass. Further, planets with small
mantles and large core and water contents are unlikely to form [244].

Degeneracies do exist in these models, as some combinations of mass
and radius may correspond to several possible distributions of matter in the
planet’s interior. A more conservative framework for determining exoplanet
interior compositions, which takes into account these degeneracies as well
as observational and model uncertainties, is presented in [195, 212]. It is
found that the level to which a super-Earth’s interior composition can be
constrained depends on its density and that small planets with extreme
densities allow the tightest constraints, assuming comparable uncertainties
on the mass and radius. Furthermore, simulations of cored and coreless
terrestrial planets indicate that their radii are similar to within a few percent
or less [75]. These results indicate that constraints on the interiors of such
planets should, at least for the time being, be placed on a case-by-case basis
for each discovered super-Earth.

Some theoretical studies on the subject of plate tectonics in super-Earths
have also been undertaken. One group found that plate tectonics are in-
evitable in super-Earths because as the planet’s mass increases, convective

stresses also increase while the plate thickness would decrease [243]. An-
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other group determined that the higher gravity and thus interior pressure
of super-Earths would lock the faults and prevent deformation [180]. More
recent studies suggest that the ratio of driving to resistive forces is only
somewhat dependent on the size of a terrestrial super-Earth [143, 222], but
the subject is still under debate.

1.3 QOutstanding Questions

Many of the discoveries in the exoplanet field have raised yet more questions
than they have answered. One of the very first puzzles, the mechanism by
which hot Jupiters have larger radii than predicted, remains unsolved. None
of the proposed models can account for the entire population of inflated hot
Jupiters, though it is also possible that more than one mechanism is at work,
perhaps even within the same planet.

More observations are also needed to verify currently tentative corre-
lations, such as the relations between stellar mass and planet mass and
occurrence.

Though current surveys have discovered many multiple planet systems,
suggesting they are common, no analog of our Solar System has yet been
found. We do not yet know whether its organization (terrestrial planets
orbiting between 0.3 and 1.5 AU, and gas giants orbiting further out, all the
way to 30 AU from the Sun) is unusual, and to what extent. This question is
difficult to answer partly because of detectability issues: the radial velocity
signatures of the Solar System terrestrial planets as exoplanets would have
amplitudes smaller than 1 m/s, just barely at the limit of current technol-
ogy. Further, their orbits lead to a very small transit probability (0.8% for
Mercury).

The large number of super-Earth (1 < R, < 3Rg) transiting candidates
found by Kepler suggests that these are the most frequent types of plan-
ets, even more so than small gas giants of sizes similar to that of Neptune.
However, their interior and atmospheric properties are still unclear. Are
they mostly rocky or mini gas giants? It is also not known how they form:

have they formed in the outer regions of their protoplanetary disk and sub-
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sequently migrated closer in? In the case of the hot ones, can some of them,
perhaps the less massive ones, have formed in situ? Is it possible that at
least some hot super-Earths are gas giants whose atmospheres evaporated
due to their prolonged proximity to the host star?

One important goal is to determine how common or rare are Earth-like
planets. Understanding the frequency of Earth-size planets in the habitable
zones of solar-type stars will constitute a major step towards assessing the
possibility, and perhaps the probability of life arising elsewhere than on our
planet.

Another consideration is the frequency of exomoons. No exomoons have
yet been detected, though they are strongly suspected to exist [42]. The
most promising techniques for detecting such objects consist of searching
for them around known transiting exoplanets, by monitoring any transit
timing or transit duration variations, but also asymmetries in the shape of
the transit light curve [135, 238]. The Kepler mission has the capability
of finding signals associated with large moons [137], so if they exist their
existence should be announced in the near future [136].

Terrestrial exoplanets and exomoons are thought to be the most likely
sites to support life outside the Solar System. The first test of this hy-
pothesis is to probe these objects’ atmospheres in search for indications
of biomarkerﬂ in their spectra. No terrestrial exoplanet spectrum has
been measured for the time being, let alone in sufficient detail to search
for biomarkers. However, with the launch of JWST and of some possible
mission like EChO (Exoplanet Characterisation Observatory) [232] and FI-
NESSE (Fast Infrared Exoplanet Spectroscopy Survey Explorer) [228], this
feat will enter the realm of the possible.

Many of the remaining major questions and the more detailed ones that
stem from them will be answered with either the acquisition of more data,
improved instrumentation, or both. As Kepler continues to collect photom-
etry of hundreds of thousands of stars, the statistics of exoplanet occurrence

will become more clear. Radial velocity techniques are becoming increas-

SBiomarkers comprise any gas or surface features that is produced by the accumulation
of life. Water, ozone and methane are considered likely biomarkers [126].
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ingly sensitive to smaller signals, promising accurate mass determinations
for terrestrial exoplanets. Upcoming space telescopes represent the best
chance at improved characterization of exoplanet atmospheres. The next
several years of research in the field will undoubtedly solve at least some of

the current puzzles while also generating new and likely unexpected ones.
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Chapter 2

Motivations of this Thesis

Research

As described in Chapter [1], if an exoplanet can be characterised using both
the radial velocity and the transit methods, its density can be measured
and its interior structure constrained. In addition, if the host star is bright,
studies of the system using additional techniques (spectroscopy, polarimetry,
interferometry, etc.) are possible.

The core of this thesis is a systematic search for transits of planets discov-
ered through RV surveys, in particular planets in the super-Earth category.
Transit detections mean radius measurements, which mean estimates of the
average densities of these planets. These data place strong constraints on
the possible internal structures of these planets, testing models of planet for-
mation and evolution. The determined transit parameters will also be useful
for planning and calibrating future observations of these systems. Null de-
tections place upper limits on the size of a potentially transiting planet, or
altogether exclude a transit for a planet of any physical radiusﬂ

The transit search was conducted with the MOST (Microvariability and
Oscillations of STars) space telescope [167, 257]. MOST photometry is suf-
ficiently precise to distinguish between the transit of a super-Earth with
radius corresponding to a rocky planet, an ocean planet or a mini gas giant.
Most of the exoplanets selected for the search have been originally detected
by the HARPS survey, and the remaining ones by the HIRES survey. They

have minimum masses in the super-Earth regime and generally orbit bright

"Given a minimum mass for the planet from radial velocity measurements, it is possible
to determine the smallest physically plausible radius for that planet. This is generally
taken to be the radius of the planet in the case of a 100% iron composition.
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stars with magnitudes 6 < V' < 10 for which MOST can produce very precise
photometry. The selected super-Earth candidates also have periods shorter
than 10 days, which ensures a transit probability of 5% or greater. The ma-
jority of the HARPS and HIRES super-Earth candidates are in multi-planet
systems. Thus, if one such planet is found to transit, there is an increased
chance that another planet in the same system transits as well, under the
assumption that their orbits are co-planar or nearly so.

One part of the thesis (Chapter @ pertains to research I have performed
as a Graduate Visiting Fellow at Caltech, as part of the TERMS project.
TERMS (Transit Ephemeris Refinement and Monitoring Survey) [131] is a
program which aims to detect transits of known radial velocity (RV) exoplan-
ets with intermediate-long periods orbiting bright stars. Currently there are
only two exoplanets (both initially detected via the radial velocity method)
[13,89] with periods longer than 20 days which transit stars with V < 10, so
any transit discovered by TERMS holds great potential for improving our
understanding of the physical properties of longer-period exoplanets.

TERMS has many elements in common with the MOST transit search,
but they are also complementary. Both projects aim to explore sparsely
populated areas of exoplanet parameter space.

The format of the thesis consists of introductory chapters followed by
four chapters corresponding to papers which are in preparation, in review
or published. Below I outline the following chapters of this thesis.

In Chapter 3, I describe the observational and analysis techniques em-
ployed throughout the thesis. The observational techniques include space-
and ground-based photometry as well as spectroscopy. I give a brief overview
of both frequentist and Bayesian analysis methods in the context of the tran-
sit search, detection and characterisation, and of selected techniques used
to search for other types of periodic signals.

I present the MOST super-Earth transit search in Chapter 4. I provide
a description of the target selection and the resulting sample followed by a
summary of the observing strategy. I then give an overview of the results,
including a brief mention of those which are the focus of Chapters 6 to 9.

Chapter 5 establishes the connection between the subjects of Chapters
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6 to 9 within the thesis theme.

The results of my research with the TERMS project are presented in
Chapter 6. It consists of a transit search of HD 192263b, a Jupiter-mass
exoplanet with an orbital period of 24 days and a moderately controversial
history. I exclude a transit for most geometric configurations and charac-
terise the stellar activity corresponding to the rotation of the host star.

The GJ 581 multiple-planet system is the subject of Chapter 7. The
RV monitoring of this system, believed to host at least one planet in the
habitable zone, has been ongoing for several years. I use MOST photometry
of GJ 581 to search for transits of the innermost planet, GJ 581e, which has
one of the lowest minimum masses of all known exoplanets. I find no transits
for a planet less dense than a water planet. I also carry out an analysis of
the stellar variability.

In Chapter 8 I present the photometric follow-up of HD 97658b, a RV-
detected super-Earth candidate for which transit-like signals had previously
been detected. No transits are observed in the MOST photometry, indi-
cating that the previous detection was erroneous. This work made a well
timed impact in the field, since several proposals for follow-up studies with
large facilities were already under review at the time the null result was
announced.

Chapter 9 portrays the analysis and results of follow-up MOST pho-
tometry of the 55 Cancri system. These data have led to improved transit
parameters, including a more precisely determined planetary radius and or-
bital inclination for 55 Cnc e, the first super-Earth known to transit a bright
star. I have also carried out a search for and have placed limits on the depth
of the secondary eclipse of this planet. Finally, my work has more precisely
constrained the planet’s ephemeris and has led to the exclusion of transits
of the other known planets in the system.

I conclude and discuss future prospects in Chapter 10. I provide a brief
summary of the thesis and describe the significance of the results. Future
research includes the ongoing super-Earth transit search with MOST and
the development of improved observing strategies. The 55 Cnc system and

new transiting super-Earths will continue to be photometrically monitored.
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I will also analyse spectropolarimetric data of 55 Cnc to search for evidence
of magnetic star-planet interactions between the transiting super-Earth and
the host star.
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Chapter 3

Observational and Analytical

Techniques

Photometric and spectroscopic measurements are at the core of most exo-
planet observations, and the analytical techniques used to extract science
from these data have been developed and improved specifically for use in
exoplanet research over nearly two decades.

In this Chapter I give an overview of the types of data I have used in this
thesis, as well as the techniques I have employed to analyse these data. Some
version of the methods I will describe have already been used on similar data
in this field to produce results that are widely accepted in the astronomical

community.

3.1 Photometry

3.1.1 MOST Space-Based Photometry

The MOST satellite [167, 257] carries a 15-cm telescope which acquires light
through a broadband filter spanning the visible wavelengths from 350 to
750 nm. The Science CCD (Charged Coupled Device) camera measures
1024 x 1024 pixels. The satellite is in a Sun-synchronous polar orbit around
the Earth with a period of 101.4 minutes. It can monitor stars almost
continuously for up to 8 weeks in a Continuous Viewing Zone (CVZ) which
covers a declination range of +36° > ¢ > -18 °. The satellite can also point
to targets outside the CVZ, as long as they are within its Sun Sensor Zone
(SSZ). The SSZ corresponds to the part of the sky which MOST can observe

without pointing too far away from the Sun-Earth line and risk endangering
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its battery lifetime. However, targets that are in the SSZ but not in the
CVZ are only observed for part of each MOST orbit, while the remainder is
spent observing a star within the CVZ, thus allowing the satellite to point
its solar panels back towards the Sun and re-charge its batteries. MOST can
achieve a sensitivity to stellar light variations in frequency space of better
than a part per million for very bright stars, and a few parts per million for
stars as faint as V ~ 6 [12J°]

Most of the targets observed for this thesis consist of stars hosting ex-
oplanets for which the predicted transit time has large uncertainties (Sec-
tion. As a consequence, the stars must often be observed continuously
(or nearly so) for 15-20 hours or even longer in some cases. This is very
difficult to accomplish from the ground from a single observatory because
night at most latitudes at most times of the year does not last that long.
The Sun rises and stops the observations. This limitation does not apply
to space-based instruments in the appropriate orbits, so MOST is ideally
suited for these observations. Another very important advantage of space-
based telescopes for precise photometry is the absence of the Earth’s atmo-
sphere between the instrument and the objects to be observed, avoiding the
“extinction” (absorption and scattering) and “scintillation” (twinkling) that
are major sources of noise and systematic error in ground-based photome-
try. This characteristic adds to MOST’s exquisite photometric precision,
required to detect the shallow transits of super-Earth exoplanets.

MOST can collect photometry in three different modes: Fabry Imaging,
Direct Imaging and Guide Star photometry (where the data are largely pro-
cessed on board the satellite). MOST science targets are observed in one
of the first two modes, depending on their apparent brightness. The most
suitable targets for Direct Imaging observations have an apparent visual
magnitude in the range of 6>V>12. In Direct Imaging mode, a defocused
image of the star is projected directly onto the CCD. For stars brighter
than V=6, the telescope’s Fabry imaging mode is used to attain the re-

quired photometric stability. The Fabry mode employs an array of 6 x 6

8Equivalently, these are the limits for a signal that can be detected above the level of
the noise floor in the Fourier spectrum.
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Figure 3.1: Fabry image of Betelgeuse (acquired in 2008), shown from dif-
ferent perspectives.

Fabry microlenses, each of which focuses an image of the telescope pupil
on the CCD. A Fabry image of Betelgeuse is shown in Figure [3.1. The
light from the star is thus spread over about 1400 pixels, so very bright
targets can be observed without saturating the detector. In addition, this
technique minimises the impact of sub-pixel and pixel-to-pixel variations.
Higher precision can thus be achieved in Fabry mode for bright stars. For
fainter targets, the readout noise from such a large number of pixels would
become more significant relative to the number of photons received from
the star, counteracting the advantages gained by observing in Fabry mode.
Therefore, the Direct Imaging mode is used. Nevertheless, targets observed
in Direct Imaging mode also result in impressive photometry thanks to the
instrument’s excellent pointing stability. Multiple targets can be monitored
simultaneously in both imaging modes since each uses a different area of
the CCD (the Fabry mode uses an exclusive ~ 700 x 700 pixel portion of
the CCD). Figure shows the target map for the Betelgeuse observations
and the location of the array of Fabry microlenses, superimposed on a rep-
resentation of the CCD. The cross-hairs indicate the microlens under which

Betelgeuse was positioned. The “L-shaped” area along the left and top
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sides of the CCD is used for Direct Imaging. The squares within this area
correspond to subrasters containing Direct Imaging targets and guide stars.
All but one of the stars monitored by MOST for this thesis have V

magnitudes 2 6 and thus have been observed in Direct Imaging mode.

1
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Figure 3.2: Target map and Fabry microlens array superimposed on a rep-
resentation of the MOST CCD.

3.1.1.1 Data Reduction

Exposure times for individual frames in Direct Imaging mode generally range
from a fraction of a second for bright targets to a few seconds for fainter stars.
These frames are stacked on board the satellite to produce integrations of
the order of about a minute. Further, because of the limited data transfer
from the CCD electronics to the on-board computer and limited downlink to
Earth, only small image sections containing each of the observed targets are

stored. These so-called subrasters usually measure 20 x 20 pixels for Direct
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Imaging targets. It is these stacked subraster images that are ultimately
downloaded from the telescope.

A package developed by Jason F. Rowe (described in detail in [197,
198]) is used to extract and reduce the photometry. First, bias subtraction
(to correct for the base noise level of the CCD) and dark subtraction (to
correct for the accumulation of charge introduced by heat in the CCD) are
performed. Measurements for these corrections are obtained from areas of
the CCD which are kept dark by a chromium mask above the focal plane,
and averaged on board the satellite. These averages are downloaded and
used for the bias and dark correction.

MOST is affected by two major noise and/or drift sources. One is the
flux of cosmic rays (energetic charged protons) reaching the detector and in-
troducing spikes into the subraster. The cosmic ray flux peaks when MOST’s
orbit carries it through the South Atlantic Anomaly (SAA) - a weakened
region of the Earth’s magnetosphere. The other is scattered light from the
illuminated portion of the Earth (“Earthshine”) which is modulated with
the orbital period of the MOST satellite. A two-dimensional second order
polynomial is fit as a function of the x- and y-pixel positions outside a radius
of 8 pixels from the center of the star (to minimise contamination from the
star) and subtracted to correct for background gradients associated with
stray light. Next, pixels with charge levels greater than 2.5 standard devi-
ations from the median of the background pixels (which have been affected
by cosmic ray hits), are rejected. The median is used since it is less sensitive
to deviant values. The mean of the remaining pixels is then taken as the
sky background level for the star in that particular subraster.

Within a subraster, the star is detected in two steps. First, the user
identifies the star by eye via a graphical interface, and this input serves as
a first guess for the centroiding algorithm. Next, centroids are calculated
from the intensity-weighted averages in x and y position, on a 5 x 5 pixel
grid centered on the initial guess. The process is iterated until centroid
convergence is achieved.

The total flux of a star in a given image is determined by calculating

the total number of counts within a given aperture radius (usually between
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3 and 6 pixelsﬂ) from the center of the stellar source. The flux is then
converted to magnitude.

At this point, the stellar magnitudes must be corrected for stray light
effects and cosmic ray hits. Magnitudes that are more than three standard
deviations from the median are rejected as outliers caused by cosmic rays.
For the stray light correction, the sky background described above is used.
The two-dimensional fits do not optimally scale the background level, pos-
sibly because many of the stray light photons arrive at a grazing angle to
the CCD and the projected area and thickness of the detector responds dif-
ferently to these photons. There are also correlations between the observed
magnitudes and the x and y pixel positions of the center of the star in the
subraster, because there is always some amount of pointing jitter. These are
due to pixel-to-pixel as well as intrapixel sensitivity variations. All of these
effects can be corrected as follows. The stellar magnitudes are modeled with
polynomial functions of the sky background, and x and y positions. In most
cases, a fourth-order polynomial for the sky background and third order
polynomials for the x and y positions are sufficient. However, the results of
the de-correlation are always inspected to ensure the data was not overfitted.

After this de-correlation process, the light curve often still contains some
stray light variations at the orbital period of the satellite, though with sig-
nificantly smaller amplitudes relative to the raw photometry. Even so, for
high-precision photometry, specifically searching for and modeling shallow
transits, these variations should be minimized further. This is accomplished
in the following way. The light curve is separated into sections spanning sev-
eral cycles of the MOST orbit. Each section is then folded with the satellite’s
orbital period, and the boxcar average within a local phase window (usu-
ally with a width 0.01 of the MOST orbital phase cycle) is computed for
the entire folded section. These running averages represent the stray light

waveform during the time interval containing that section of the light curve.

°Ideally, the aperture radius should be small so as to minimise the amount of sky
background included. However, if the pointing of the telescope is less good than usual,
then a larger aperture is chosen to ensure that sufficient light from the star is included
even if the target is not always in the centre of the aperture.
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Finally, this waveform is subtracted from the data [199].

A final step, often used when the light curve exhibits long term varia-
tions, consists of examining any other stars in the direct imaging field of the
target (after their photometry has been extracted and reduced in the same
way as that of the target). This comparison helps determine whether the
variations are systematic (in which case the light curves of the other stars

would exhibit similar variations) or astrophysical.

3.1.2 Ground-Based Photometry

Ground-based astronomical facilities are much more numerous than space-
based instruments, which are more expensive to build and whose launches
are very costly. Ground-based telescopes allow excellent science to be ac-
complished for a fraction of the cost of space instruments, but they do have
important limitations. Some of these can be overcome with careful data
reduction and analysis, and some cannot.

As mentioned in the previous section, one such disadvantage is the pres-
ence of the day-night cycle which limits continuous observations to the du-
ration of the night at the telescope site. One solution is to build telescopes
near the poles where it is possible to have longer nights during winter; a few
such endeavours have recently been undertaken [60, 147], but the harsh Arc-
tic and Antarctic conditions make progress slow and maintenance difficult.
Another possibility is the development of networks of telescopes longitudi-
nally distributed around the Earth [32]. However, care must be taken to
standardise and homogenise observations of the same target acquired with
telescopes located at different sites and thus operating under different con-
ditions.

Even during the night, clouds and other atmospheric conditions can ren-
der a night’s observations unusable. This is the reason why many ground-
based telescopes are located in dry and high places. The altitude minimises
the amount of atmosphere through which light from astronomical sources
must travel, and reduces the water vapour content of the air. This reduces

seeing, which consists of atmospheric fluctuations that affect starlight and
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induce blurring or twinkling in astronomical images. Speckle and lucky
imaging (consisting of taking very short exposures in order to minimise the
blurring due to changes in the Earth’s atmosphere over time, of which the
sharpest images are selected for analysis) and adaptive optics are techniques
currently used to further eliminate seeing, but they each have limitations.
The imaging methods require bright targets, while adaptive optics systems
are expensive and very elaborate. For photometric observations, seeing ulti-
mately adds noise to the data because the images of stellar point sources are
blurrier and experience changes in apparent brightness due to the twinkling.

Another major consideration is airmass. As a star travels across the sky
during the night, it will be observed at different zenith angles, so through an
increasing or decreasing amount of atmosphere. The most common way to
account for this and other systematic and instrumental effects is to perform
differential photometry. The light curve of the target star is calibrated by
subtracting from its magnitude values the magnitudes of references stars in
the same field of view. It is important that the reference stars are bright,
have a low level of variability and have color similar to that of the target.
The brightness reduces noise while similar colors ensure that the stars are
affected by airmass in the same way. Indeed, the brightnesses of nearby
stars of different spectral types (hence colors) are affected by airmass quite
differently, and can thus lead to inaccurate calibrations.

The ground-based HD 192263 photometry presented in this thesis (Chap-
ter [6) was acquired with the Automated Photoelectric Telescopes (APTs)
located at Fairborn Observatory in Arizona [109], where they have been es-
tablished in 1996. Instead of a CCD, the APTs use photomultiplier tubes as
detectors. The telescope sizes range from 0.4 to 0.8m, and the one used for
the HD 192263 measurements has an aperture of 0.8 m. This telescope has
two channels for simultaneous observations in two bandpasses, and therefore
two photomultiplier tubes. The target and comparison stars must thus be
observed in sequence. The HD 192263 data were acquired, extracted and
reduced (using differential photometry) by Gregory Henry, who is a mem-
ber of the Tennessee State University Automated Astronomy Group which

operates and maintains the APTs.
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3.2 Spectroscopy

Stellar radial velocities are obtained from spectroscopic measurements. Though
a low or medium-resolution spectrograph is often sufficient for studying the
motion of fast-moving objects such as binary stars, determining galaxy red-
shifts or simply examining the elements present in stellar or galactic spectra,
a high-resolution instrument is required for measuring the minute shifts in
stellar spectral lines induced by a low-mass orbiting object such as a planet.
To achieve a radial velocity precision of a few m/s, a spectral resolution (R)

greater than 60000 is generally necessary, where R is defined as

R = AN (3.1)
and AN\ is the smallest difference in wavelength that can be distinguished at
a wavelength \. High-precision spectrographs such as HIRES and HARPS
are Echelle spectrographs which cover the entire visible range. An echelle
spectrograph generally uses an echelle grating and a prism placed orthogo-
nally to each other. The result is that the spectrum of the incoming light is
separated into successive components (orders) which are then spread in con-
secutive stripes from the top to the bottom of the CCD, making use of both
the X and Y directions. The wavelength calibration is achieved using either
the iodine cell or the simultaneous thorium-argon techniques, as described
in Section [1.1.2.

Several limitations to high-precision radial velocity measurements exist.
There are instrumental challenges ranging from thermal and mechanical in-
stability to pixel sensitivity variations. Telluric spectral lines (i.e., spectral
lines resulting from emission, absorption and scattering in the Earth’s atmo-
sphere) can contaminate the stellar spectrum, as can light from background
objects located close to the target in the field of view. Often the affected
spectral regions must be rejected from the data. Finally, the radial velocity
precision achievable is often limited by the presence of stellar activity or “jit-

ter”. In cases where stellar pulsations or spots induced by magnetic activity
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may be present, extra care must be taken to verify whether a radial velocity
signal is caused by these occurrences or an orbiting exoplanet. Even rela-
tively low-amplitude phenomena like granulation, which occur in the outer
layers of most stars, can be problematic as they may add noise at the level
of a few m/s for a G-type star [73]. This is the main challenge for attaining
sub-meter per second precision. Currently, this effect can only be mitigated
by observing quieter stars and collecting a large number of measurements
to beat down the noise due to stellar jitter.

The HD 192263 (Chapter @ and HD 97658 (Chapter |8) spectroscopic
measurements were obtained with the HIRES spectrograph. The data was
reduced, calibrated and converted to radial velocities by Andrew Howard
(University of California, Berkeley). The ephemerides for the exoplanets
presented in Chapters |4] and |7| were provided by Michaél Gillon (Institut
d’Astrophysique et de Géophysique, Université de Liege) and are based on

measurements acquired with the HARPS instrument.

3.3 Transit Detection

In this section I give an overview of transit geometry and parameters, fol-
lowed by a description of the main statistical methods commonly used for

transit detection and characterisation.

3.3.1 Transit Geometry

For a circular orbit, the basic properties of a transit are shown schematically
in Figure Points 1, 2, 3 and 4 correspond to the first, second, third
and fourth contact, respectively. The sections of the transit between 1 and
2, and between 3 and 4, are referred to as ingress and egress, respectively.
During ingress and egress, only part of the planet’s disk occults the star.
Relative to the out-of-transit flux (before 1 and after 4) normalized to 1, the
depth of the transit AF is roughly the ratio of the area of the planet’s disk
area to the area of the star’s disk (see Section [1.1.3).

The impact parameter b is a dimensionless quantity which measures how
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Figure 3.3: Top: Schematic representation of transit progression and param-
eters without limb darkening. Bottom: Representation of a limb-darkened
transit.
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close to the centre of the star’s disk the transit path takes the planet. If
the planet crosses through the centre of the star, then b = 0. In Figure 3.3,
b > 0. The impact parameter, the orbital inclination and the ratio a/R,

(also called the scaled semi-major axis) are related as follows:

a
b= — cost. 3.2

- 32)

As the transit duration ¢4 depends on the orbital inclination and scaled
semi-major axis, but also on the planet’s velocity during transit (obtained
from the semi-major axis and the orbital period), the equation for ¢4 in the

case of a circular orbit is

R, P a .
= 1 - —— 2 .
tq (R* cosi)?, (3.3)

where P is the orbital period.

I have not considered the effects of limb darkening for this basic overview
of transit geometry. Limb darkening affects the shape of a transit and also
increases the transit depth slightly, producing a more curved transit such
as that shown at the bottom of Figure As a consequence, it can also
render less clear the boundaries between ingress/egress and the section of
the transit during which the planet is completely superimposed on the star.
For most of the work in this thesis, I have used the models of Mandel & Agol
[160] which are based on the geometry presented above but also incorporate

limb darkening.

3.3.2 Frequentist Analysis

Frequentist statistical methods are based on the concept that a given data set
comprises samples drawn from a particular underlying population, and that
this sampling distribution (the data set) is thus a model of the population.
The more measurements are added to the sampling distribution, the closer

it approximates the underlying population. Conclusions are drawn under
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these assumptions by quantifying how likely it is that the data arise from
various parameter values. The parameter values that fit the data best make
up the model that is most likely to describe the data. This likelihood is

commonly evaluated using the y? goodness-of-fit statistic

>2 : (3.4)

where v; is the value of data point ¢, o; is the measurement uncertainty

X2:i<vi_fi

=1

associated with data point i, f; is the value of data point 7 predicted by
the model and N is the number of data points. The best-fitting model is
considered to be the one for which x? is minimised (least-squares analysis).
Thus frequentist methods generally result in single-value estimates for model
parameters.

It is not straightforward to determine uncertainties on these point es-
timates of the model parameters, so often Monte Carlo methods such as
bootstrapping are used. These involve the generation of a large number
of equal size data sets obtained by randomly sampling from the original
data. Thus, these data sets are replicates of, though not identical to the
original data set. Each of these replicate data sets undergoes the same
least-squares analysis to obtain a distribution of values for each parameter,
and the parameter uncertainties are based on these distributions. An im-
portant advantage of bootstrapping is that there is no assumption about the
shape of the parameter distributions, and this technique can therefore show
if non-Gaussianic statistics are present in the data. One disadvantage, as
described in the first paragraph of this section, is that it relies on the data
being a faithful representation of the underlying population. This is not
necessarily true, especially when the sample size is small. Bootstrapping
can also be computationally intensive since a larger number of generated
data sets must be produced and analysed in order to reduce any random
sampling errors that might originate from the procedure itself.

In transit detection, frequentist analysis consists of fitting a transit model

50



3.3. Transit Detection

to a light curve by varying the transit parameters and computing x2. The

combination of best-fitting transit parameter values is that which minimises

X2

3.3.2.1 Transit Insertion and Recovery

I will now give a general description of the Monte Carlo tests used to analyse
the GJ 581 photometry (see Chapter |7/ for specific details).

To test the ability to detect transits in a given light curve, I apply a
transit insertion and recovery procedure. The first step consists of injecting
simulated realistic transits in the light curve. The simulated transits are
generated using the analytic approximation for small planets (Rp/R, <
0.1, valid for all the super-Earth candidates analysed throughout this thesis)
derived by Mandel & Agol (equation 8 in [160)]).

To recover the inserted transits, I fit a box-shaped transit model to the
light curve. (While the box-shaped approximation is not accurate enough
to properly characterise a transit, it is amply sufficient for the detection
of a transit signal and its simplicity significantly reduces computing time.)
The model parameters which are allowed to vary are the box-shaped tran-
sit depth, duration and phase (constrained to within the predicted transit
window), while the orbital period is kept fixed at the value obtained from
the RV ephemeris. The combination of parameter values for which y? is
minimised represents the best-fit model for the recovered transit. By com-
paring these best-fit models to the parameters of the inserted transits, I can
determine the level of confidence with which transits of various depths and
durations are detectable in the data.

I finally apply the transit search code to the original light curve (without
any inserted transits) and use the results of the insertion and recovery test
to determine the significance of the best (in the x? sense) transit candidate
found by the code.

51



3.3. Transit Detection

3.3.3 Bayesian Inference

Unlike frequentist inference which treats parameters as unknown but fixed,
Bayesian inference generates a probability distribution for each parameter
based on the data set and prior knowledge [97, 219]. The use of priors
constitutes a critical difference between the two approaches. Priors quantify
the level of uncertainty regarding a particular set of parameters before data
has been observed. When they are combined with a new data set, the
state of knowledge about these parameters is updated. Assumptions about
the repeatability of the data are not necessary as they are in frequentist
statistics.

Another advantage of Bayesian inference is that posterior distributions
provide a natural way to estimate uncertainties on the parameters.

Given a set of data D and model parameters 6, Bayes’ theorem takes

the following form:

P(6)P(D]0)

P@OID) = =5

(3.5)
where P(0) is the prior distribution, P(D|0) is the probability of obtaining
the data given the model parameters (also known as the likelihood) and
P(D) is a normalization factor which ensures that the integral of the poste-
rior distribution (the sum of all posterior probabilities) is equal to one. The
posterior distribution P(6|D) is essentially the probability of a set of model
parameters given the data.

An important caveat of the Bayesian method is the dependence of the
posterior distributions on the choice of priors. As such, priors must be
chosen carefully to ensure they reflect the state of knowledge as accurately
as possible. If there is doubt, more conservative priors should be selected.

To test models against each other or against the null hypothesis, Bayesian

inference uses a powerful tool called the odds ratio, defined as

52



3.3. Transit Detection

P(61)  P(D|6h)

OF12= B5,) * B(DIoy)

(3.6)

P(0;) and P(f3) are the prior distributions for models 1 and 2, and
their ratio is the prior odds. If we do not favor one model over the other a
priori, the prior odds is 1. P(D|6;) and P(D|f03) are the marginal likelihoods
for models 1 and 2, and their ratio is the Bayes factor, which can also be

expressed as

P(D‘Ql) i fP(wl\Hl)P(D]wl,Ql)dwl (3 7)
P(D|92) N fP(WQ‘GQ)P(D’OJQ,QQ)dWQ ’

where wq and ws correspond to the set of parameters for models 1 and 2,
respectively. Through its definition, the Bayes factor incorporates Occam’s
Razor, which penalises over-complex models. Essentially, a model with a
larger number of parameters must fit the data not only marginally, but sig-
nificantly better than a model with fewer parameters in order to be favored.

Finally, in order to obtain the posterior probability distribution for a
single parameter, it is necessary to marginalise (integrate) P(0|D) over the
other parameters. This process can be very computationally intensive, espe-
cially for a large number of parameters. A common method used to accom-
plish this more efficiently is Markov Chain Monte Carlo (MCMC), which I

describe below.

3.3.3.1 Markov Chain Monte Carlo

The MCMC program is based on the Metropolis-Hastings (M-H) algorithm
[104, 174]. Suppose we have a model with only one parameter . We start
with an initial guess for this parameter. The M-H algorithm draws a new

sample from a proposal distribution (generally Gaussian). The likelihood

P(DJf) o ¢ 2 20 (P57) (3.8)
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(where N is the number of data points and o is the measurement uncer-
tainty) is calculated for both the old (P(D|6,4)) and new (P(D|0pew)) pa-

rameter values. The acceptance ratio

_ P(DlOnew)

“= P(Dlo) (3.9)

is computed. If ¢ > 1, the new parameter value 6, is accepted and
replaces 0,;4. Otherwise, Oy, is accepted with probability a. (This is done
by generating a uniformly distributed random number r between 0 and 1,
accepting O,y if 7 < a, or rejecting it and repeating the 6,4 step otherwise.)
The process is repeated until sufficient convergence is achieved, at which
point the resulting chain of model parameter values is a representation of
the posterior probability distribution.

To check whether convergence has been reached, multiple chains with
different initial parameter values must be run. Convergence is commonly
quantified using the Gelman-Rubin [92] statistic which verifies if all chains
have settled to the same posterior distribution [84]. Even so, chains should
also be inspected visually to ensure that convergence as well as full explo-
ration of the relevant parameter space have occurred.

A chain takes some time to reach stationarity and begin to approximate
the posterior distribution. This period is called burn-in and the correspond-
ing samples are removed from the chain before inference since they tend to
be unrepresentative of the equilibrium posterior distribution. The number
of samples to be excised can be determined by visually inspecting the chain’s
progress, but usually ranges from 1000 to 10000, depending on the length
of the chain and the accuracy of the initial guesses.

To fit transit signals, I use not one but several model parameters. Those
are the (predicted) time of mid-transit (7°0), the orbital period (P), the ratio
of the planetary and stellar areas ((Rp/R,)?), the scaled semi-major axis
(a/Ry), the orbital inclination (¢) and quadratic limb-darkening coefficients
(u1 and ug). When a transit is detected, the light curve is folded with the

period of the planet, and P is fixed, allowing a transit signal with a higher
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signal-to-noise to be fitted, leading to more accurate and precise parameter
estimates. Further, if the quality of the data is not sufficient to constrain
limb darkening, u; and ue are fixed to theoretical values based on the host
star’s properties.

In the search for and characterisation of transits of known RV exoplanets
that I conduct, P and 70 are estimated from the RV measurements so I
use Gaussian priors for these parameters. For each parameter, the mean
and standard deviation are equal to the RV-derived value and uncertainty,
respectively. For (Rp/R,)?, I use a uniform prior ranging from 0 to a value
corresponding to the transit of a Jupiter-size planet. This is a more than
sufficiently wide range, since the exoplanets for which I have developed the
code are super-Earths or super-Earth candidates. Since a is a function of
P and M, through Kepler’s third law, Gaussian priors based on the values
and uncertainties of those two parameters and of R, are combined to give a
Gaussian prior on a/R,. The prior for i is uniform@ ranging between the
minimum ¢ value that would give rise to a transit based on R, and a, and 90°.
Finally, when fitting for limb darkening, the associated priors are Gaussian
and based on the theoretical u; and us values and their uncertainties.

The details of the application of this code to the 55 Cnc photometry are
found in Chapter [9

3.4 Searching for other Periodicities

A photometric data set can also be subjected to a search for periodicities
other than transit signals. In the case of MOST space-based photometry, one
reason for this is to assess the properties of familiar systematic artifacts such
as straylight variations modulated by the satellite’s orbit (and the harmonics
of these effects). If the artifacts interfere significantly with the analysis of
the data, they are removed from the data set using a process called pre-
whitening (see Section for details). For ground-based photometry,

artifacts could be caused by the discrete time sampling of observations such

0Technically, this prior is actually uniform in cosi. However, for the small range of
inclinations that give rise to a transit, a uniform prior is an acceptable approximation.
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as those acquired at the same time every night, or on the same day every
month, or during the same part of every year. MOST is also affected by
aliases, but less so than ground-based measurements thanks to its generally
contiguous or near-contiguous data sets.

Periodic signals may also arise from stellar variability such as changes
in brightness due to star spots, flares, pulsations or granulation. Although
I usually choose to filter these from the light curve before a transit search
or the modelling of a transit signal is carried out, these stellar signals are
informative both in the context of the star’s attributes and that of possible
star-planet interactions. The stellar variability of HD 192263 and GJ 581 is
addressed in Sections and [7.6] respectively.

3.4.1 Fourier Analysis

The algorithm I adopt to Fourier analyse the photometry presented in this
thesis, Period04 [150], was written by Patrick Lenz for the statistical analysis
of photometric data sets containing gaps. It is capable of handling discrete
Fourier transformations, but also includes tools for least-squares fitting and
calculation of parameter uncertainties.

For a typical Fourier analysis, I proceed as follows. I generate a Fourier
spectrum, which contains any real (astrophysical or instrumental artifact)
frequencies present in the data, the harmonicsIE of those frequencies arising
from nonsinusoidal signals, as well as sampling aliases of those frequencies
and their own harmonics.

Aliases arise from the discrete sampling of a continuous signal. A Fourier
spectrum of such a discretely sampled signal is in reality the Fourier spec-
trum of the convolution between the continuous signal and the sampling
function. The Fourier transform of the sampling function is called the spec-
tral window function. Thus, if there are gaps in the data that occur with

a certain frequency, the window function will contain a peak at that fre-

1Non-sinusoidal signals are represented in Fourier space by a series of frequencies, the
Fourier peaks for which occur at integer multiples of the lowest frequency correspond-
ing to the signal, called the fundamental frequency. These are called harmonics of the
fundamental frequency.
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quency. Most of the time though, the (not always even) sampling of the
data will cause more than one such peak in the window function. Period04

also generates the window function of a data set.
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The Fourier spectrum thus serves to provide a first look at the signals
and aliases present in the data set. To determine and characterise the non-
alias frequencies in a Fourier spectrum, I use the least squares fitting and
bootstrapping capabilities of Period04 as follows: a) in the Fourier spectrum,
identify the largest physical (non-alias) peak; b) perform a least-squares fit
using the properties of this frequency obtained from the Fourier transform
as a first guess; ¢) subtract the best-fit solution from the data.

This process is repeated (with step b) consisting of a simultaneous fit
of the current and previously identified frequencies) until there is no im-
provement in the y? value of the residuals. The peaks identified until this
point are considered to be the significant frequencies in the data set. The
least-squares fit provides values for the frequency, amplitude and phase of
those peaks. This procedure is commonly known as pre-whitening.

To obtain uncertainties on these three parameters, I use Period04’s boot-
strapping tool. A description of bootstrapping in given in Section [3.3.2]

In particular, I have applied the process described above to find and
model the frequencies present in the HD 192263 data (see Chapter @ 1
have also used this process to filter out frequencies associated with familiar
systematic effects from MOST photometry such as the GJ 581 light curves.
The main two such effects are the modulation of the stray light with the
period of the MOST satellite (101.4 minutes) and the variations due to the
fact that the MOST orbit brings it to nearly the same point above the
Earth after 1 day, sometimes introducing a signal due to the variations of
the Earth’s albedo across the planet’s surface. Pre-whitening is used to filter
out these frequencies and their harmonics to reduce the noise present in the

light curve and facilitate the ensuing transit search and/or characterisation.

3.4.2 Other Approaches

In this section, I enumerate and describe other common approaches that can
be used for periodicity searches as well as their advantages and disadvan-
tages.

Phase Dispersion Minimisation (PDM) [224] searches for periodic
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signals by folding the data at many periods and comparing the scatter of
the folded time series to its spread, for each period. Specifically, the folded
data is divided into bins and the variance of the data in each bin (intra-bin
variance) is calculated. The intra-bin variances are then compared to the
overall variance of the folded data. The intra-bin variance should be small
compared to the overall variance at periods where a signal exists, and close
to unity otherwise.

PDM has no preference for a particular signal shape and is thus well
suited for situations where the shape of the signal of interest is unknown.
Further, it works well for data sets with gaps. However, one difficulty is
deciding how fine a grid to use for the period search. For this reason, and
because the already mentioned non-transit periodicities dealt with in this
thesis are sufficiently close to sinusoidal, I did not consider this technique
preferable to the Fourier analysis procedure described in the previous sec-
tion, which covers a wide range of frequencies and also naturally supplies
the spectral window function.

When the frequency at which a signal is expected is known, a technique
called the Rayleigh power test [148] can be used. A random walk is
carried out in two dimensions, each step consisting of a unit vector. The

length of the resultant net vector is determined using the following statistic

N 2 N 2
S = (Z singm-) + <Z cosgbi) . (3.10)
=1 =1

Here ¢ can be the phase parameter of the frequency being explored, and
hence ¢; designates its value at step (unit vector) i. If the net displacement is
statistically insignificant, then all phases are equally likely, suggesting there
is no signal at that frequency. Otherwise, it indicates that a signal is present
at the frequency of interest. To quantify the level of statistical significance
for the Rayleigh power test, the value of the S statistic is compared to a
table of critical values to determine the probability that the value would be

drawn randomly from the underlying population. If this probability is low,
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then the statistical significance of the S value is high, and vice versa.

The Rayleigh test is designed for Poisson-distributed data, and for a
large number of samples it becomes analogous to a Fourier analysis. Though
relatively easy to implement, the Rayleigh test is not well suited for data
containing gaps since it lacks a means to discriminate between a real signal
and an alias.

Another technique developed for searches of periodic signals of unknown
shape is the Bayesian Gregory-Loredo (GL) algorithm [100]. The data
is folded at different periods. At each period, the folded light curve is di-
vided into n equal-size bins. Using a model with the phase and values of
each bin as the free parameters, the best-fitting values are found. The like-
lihoods corresponding to the best-fit models for various numbers of bins
(various models that may describe a potential signal) are each compared to
the likelihood obtained by using a single bin (the constant model) via the
odds ratio.

Though this is a powerful method to search for periodicities when the
shape is unknown and allows models to be penalised for unnecessary com-
plexity, it requires the additional use of a weighting factor applied to each bin
when the data contains gaps and/or is unevenly sampled. Further, Fourier
analysis is more sensitive to signals whose shape is smooth and close to si-
nusoidal than stepwise function-based methods such as the GL algorithm,
which are more appropriate for phenomena such as pulsar signals (which
take the shape of periodically occurring spikes in the signal intensity). To
become more analogous to Fourier-based methods, the GL algorithm would
have to utilise a very large number of bins, which would adversely affect its

efficiency (mainly by decreasing its speed).
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Chapter 4

The Transit Search

4.1 Overview of the HARPS survey

The goal of the HARPS survey is to search, using the radial velocity tech-
nique, for exoplanets around F, G and K-type stars (though a few M-type
stars are also included in the sample). Since 2003, about half the time al-
located for the survey has been dedicated to finding very-low-mass planets.
The stars selected for monitoring have low chromospheric activity and have
low rotation rates. These characteristics are important for minimising con-
fusion between exoplanet signatures and stellar activity or rotation. A final
sample of 376 stars are observed as part of the low-mass survey.

To date, the members of the HARPS survey have announced the dis-
covery of over 20 exoplanets with minimum masses < 10Mg (super-Earth
candidates), 16 of which have been published in September, 2011 in Mayor
et al. (2011) [169]. Of note among these are two super-Earth candidates
in the habitable zone of their stars: GJ 581d orbiting a M dwarf and HD
85512b orbiting a K dwarf.

4.2 Overview of TERMS Project and Results

The TERMS project aims to detect transits of known RV exoplanets with
intermediate-long periods. Since RV surveys are mostly sensitive to planets
around bright stars, any transit discovered by TERMS would constitute an
important addition to the relatively small collection of known transiting exo-
planets with longer periods around bright stars. Further, such an exoplanet
would be amenable to a variety of follow-up studies, including measurements
of the RM effect.
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4.3. Overview of the MOST Target Sample and Observing Approach

TERMS has two major components: ephemeris refinement and photo-
metric monitoring. The first is especially important for the detection of
these transits. A few strategically acquired RV measurements can signifi-
cantly reduce the uncertainties on the orbital parameters and improve the
ephemeris. As the transit windows of these candidates become smaller, the
efficiency with which they can be monitored for transits will increase. If
the transit window is dominated by the predicted transit duration rather
than the uncertainty on the transit mid-point (see Section, it is possi-
ble to complete the transit search for that particular planet within a single
observing night.

With transit probabilities of most TERMS targets ranging between 1
and 3%, and an efficient observing strategy, there is a strong probability
that the first TERMS transit will be discovered within the next 2 years.

HD 192263 is a system on which I carried out a transit search in the con-
text of TERMS. I have also performed an analysis of the host star variability,
one aim of which was to explore the possibility of star-planet interactions.
The analysis of the HD 192263 system constitutes the subject of Chapter [6|

4.3 Overview of the MOST Target Sample and
Observing Approach

4.3.1 Target Sample

As T explained in chapters [1] and [2, exoplanets transiting bright stars can
bring in a wealth of information in the form of more numerous photons.
Further, both MOST and the RV surveys from which we obtain suitable
candidates for the transit search generate more precise measurements for
bright targets. RV surveys also tend to avoid early-type (O, B and A) stars
because their spectral lines are sparse and often broadened due to rapid
rotation, two factors which make it difficult to obtain precise Doppler shifts.
For these reasons, the stars in the transit search sample are of F, G or K
spectral type, with the exception of GJ 581 which is an M-type dwarf star.

The RV detected exoplanets I selected for the search are those with or-
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bital periods shorter than 10 days that, for F, G and K stars which tend to
have radii similar to that of the Sun, led to geometric transit probabilities
larger than ~ 5% (see Section [1.1.3). These planets should also have min-
imum masses in the super-Earth regime, and up to approximately that of
Neptune (M, = 17.1Mg). In essence, at least part of the range of possible
radii for these super-Earth and Neptune candidates lies below the size of
a planet whose transit could be detected using easily accessible (1 - 2 m)
ground-based telescopes. This characteristic then justifies the need for a
space-based instrument, which is why MOST is used for this transit search.

When this project began in 2008, the HARPS planet hunting team had
informed us they had potentially ~40 exoplanet candidates with the char-
acteristics described above, many of them unpublished at the time. Some of
those turned out to be false positives, while several others did not lie within
MOST’s CVZ or SSZ. Of those that remained, many had transit windows
(the time span during which a transit is predicted, if the planet’s orbital
planet is favorably aligned) in excess of 30 hours, thus making a 5 10%
transit search difficult to justify. I have also acquired a few ephemerides
from the Keck-HIRES survey, for a final number of 12 targets observed as
part of this project.

4.3.2 Observing Approach

The size of the transit window is derived from the uncertainties on the orbital
period and the predicted time of transit, and so it depends on the signal-
to-noise ratio of the RV measurements. A less massive planet will induce
a lower-amplitude RV signal than a more massive planet orbiting the same
star with the same orbital period. If additional companions are present in
the system, individual RV signals may be difficult to disentangle. Generally,
these issues can be resolved as the number of measurements increases, but
that can mean that it will take longer for a planet’s transit window to be
sufficiently narrow for a transit search to be carried out. Some of the super-
Earth candidates, even if they were discovered more than two years ago,

have not been adequate for the transit search so far and have had to be
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postponed until their ephemerides become more refined.

The predicted mid-transit time is determined as follows:

PM
T0=T,+——+nP (4.1)
7'['

where T), is the time of periastron (point of closest approach to the star)
passage, M is the mean anomaly@ and n is the number of complete orbits
elapsed since T),. For a circular orbit, M = 7/2 and equation reduces to

P
TO0=T,+ | +nP, (4.2)

in which case T}, is defined as the time when the planet is a quarter of a
period before T0.

The values of T), and M are determined from fitting a model derived from
Newton’s and Kepler’s laws of (planetary) motion to the radial velocities. I
obtained the best-fitting orbital parameters for each super-Earth/Neptune
candidate that was observable by MOST from the HARPS and HIRES
teams. To find a new mid-transit time (70pe) from the one they provide
(T0), I simply used

T0pew =710+ nP. (4.3)
I used the uncertainties on P and T'0 to compute the beginning and end

of the transit window after n orbits have passed as follows:

Theg = (TO — 6_T0) + n(P — §_P) (4.4)

12The mean anomaly of the planet is the angle between periastron and the position of
the planet at a specific time in its orbit if the orbit, with the same period and semi-major
axis, were circular.

64



4.3. Overview of the MOST Target Sample and Observing Approach

Tong = (TO+ 6,T0) + n(P + 6, P) (4.5)

The uncertainties on parameters 70 and P are represented by 670 and
0P, respectively. For each parameter, 0_ designates the lower uncertainty
and 64 the upper uncertainty. These are not always equal, because the
posterior distributions which result from the MCMC RV fitting algorithms
are not always symmetric. The size of the transit window is obtained by
subtracting equation from equation The transit window derived
using the lo uncertainties on 70 and P will henceforth be called the “lo
transit window”. Similarly, for all candidates I have also computed the 2¢
windows.

If a host star was observable by MOST and the planet’s transit window
was not too long, the star was scheduled for observations. We aimed for
monitoring each system during three or four transit windows in order to
verify whether a potential transit signal repeats. For each star, the duration
of observations tends to be short relative to the majority of MOST observing
programs, which tend to be contiguous and last from a few days to a few
weeks. Most often, one such long-duration program would be interrupted
a few times for 10-30 hours at a time, during which a transit search target
would be observed. This setup generally worked well, and for the major-
ity of targets we were able to acquire at least 3 transit windows’ worth of
photometry. However, there were a few targets for which only one window
was observed, either because the main observing program would have been
severely affected by more interruptions or because the star was too close to
the edge of the SSZ and so safely observable for only a few days.

Upon acquisition, I reduced the photometry as described in Section(3.1.1.1]
and folded it at the period of the exoplanet. If a possible signal was imme-
diately obvious, an attempt could be made to re-observe the star before it
left the CVZ or the SSZ.

For the majority of the systems for which we have acquired MOST pho-

tometry as part of this transit search, the duration and spacing of the data
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sets are limited to partial or full coverage of transit windows of a known
super-Earth candidate. These light curves are thus not adequate for search-
ing for transits of possible additional planets that may not have been de-
tected from the RV measurements.

In the following sections, I provide an overview of the confirmed detec-
tions and null results which have resulted from this search. Three of the
systems presented (GJ 581, HD 97658 and 55 Cnc) are explored in greater
detail in chapters and [9

4.4 MOST Null Results

I have not detected transits for ten of the super-Earths and Neptune-mass
candidates whose host stars have been monitored with MOST. The stellar
and planetary parameters of these systems as well as those of HD 97658
are found in Tables and The transit probabilities for these add
up to 71%. This means a transit could be statistically expected but is not
guaranteed. However, there are two caveats to consider before drawing con-
clusions from this value. First, for some of these candidates only part of the
transit window was covered by the available photometry, so there is still a
chance one or more of them transit but with a mid-transit time outside the
coverage of the observations. Second, in some cases our photometric preci-
sion is not sufficient to exclude transits for the smallest physically plausible

planetary radii.

For each candidate, the individual light curves for each transit window
as well as the folded and binned photometry with transit models overplotted
are shown in figures to [4.91 The horizontal axes are in units of orbital
phase based on the orbital period of each candidate, while the vertical axes
are in units of relative flux, normalised to 1. In each plot, boundaries cor-
responding to the 1o and 20 transit windows are represented by the dotted
and dashed vertical bars, respectively. The cadence of the observations (out-
side of the interruptions clearly visible in many of the light curves) was two

data points per minute, unless otherwise noted. The folded light curves are
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binned in 8-minute bins such that the number of bins within a hypothetical
transit decreases with the predicted transit duration. This facilitates the
relative comparison between each candidate’s predicted transit duration de-
spite the candidate-specific units of the horizontal axes. In all cases, orbital
phase 0.0 corresponds to the predicted mid-transit time.

The first two candidates to appear in both Tables and Figures are GJ
581 and BD-082823, respectively, while the remaining candidates appear
in order of increasing HD number. The chronological order in which these
candidates were observed is as follows: GJ 581, HD 96700, HD 115617,
HD 125595, HD 160691, HD 69830, BD-082823, HD 125612, HD 1461, HD
156668 and HD 97658.

As already mentioned in Section little is known about the detailed
nature of super-Earth exoplanets. Though to date several have been found
to transit, allowing their densities to be measured, their composition remains
mostly unknown. In addition, super-Earths with similar masses have been
found to have very different radii and thus densities, contributing further
questions regarding differences in their formation, host star properties, and
other factors which may have led to such discrepancies. To provide an
approximate notion of the type of planet a super-Earth with a given density
could be, theoretical models are used. These are divided in three classes:
pure gaseous planets composed entirely of hydrogen or a hydrogen/helium
mixture, water ice planets with silicate and/or iron fractions ranging from
0 to 75%, and silicate planets with 0 to 70% iron mass fraction [212].

In this section, I select a composition model for each class and use the
corresponding planetary radius given the mass of the planet (assuming M, ~
M), sini for a transiting planet), together with the orbital properties of each
candidate, to determine three resulting transit models for every candidate.
These composition models, plotted on the phase-folded and binned light
curve of each transit search candidate, are: H/He mixture with 25% He
by mass (black solid line), pure water ice (blue solid line) and pure silicate
(MgSiO3 perovskite; red solid line). As a reference, in the Solar System
Jupiter and Saturn have densities similar to that associated with the first

model, Neptune and Uranus have densities between those of the first and
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second model, while Mars, Venus and Earth have densities close to that
corresponding to the third model.

All exclusions and density limits are based on edge-on orbital inclinations
(impact parameter of 0) unless otherwise noted. As an aid for extrapolating
the exclusions to larger impact parameter values, it should be mentioned
that b = 0.87 corresponds to a transit duration of half that of an edge-on

transit.

e GJ 581

This is a multiple system with all of its four known planets having min-
imum masses near that of Neptune or smaller. At the time the MOST
photometry of GJ 581 was acquired (May 8-20, 2009), the innermost
known planet in the system, GJ 581e, had just been announced. A
transit of this planet, which is one of the lowest minimum-mass exo-
planets detected with the RV method to date, would be invaluable for
detailed studies of its own properties but also potentially those of the
other super-Earths in the system. Its ”"target of opportunity” nature
motivated the 11.5 days of contiguous observations of the GJ 581 sys-
tem. These observations and their analysis are the object of Chapter |7}

e BD-082823

In a two-planet system, BD 082823b orbits the host star closer than
its companion. The system was monitored during 4 windows of BD
082823b (top of Figure , from 24 February to 11 April 2011. This
target is within the CVZ and it was possible to observe it without
interruptions. The gaps in the third and fourth window light curves
arise from the removal of photometry affected by high levels of stray
light during the reduction. The phase coverage extends past the limits

of the 1o window but does not encompass the entire 20 window.

I rule out transits corresponding to a planet with radius larger than
2.13 Rg within the 1o transit window (bottom of Figure 4.1)). This
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translates to a density lower than 7.31 g cm ™3, equivalent to a silicate

planet.

HD 1461

HD 1461 is a system of two, possibly up to four known planets. The
innermost of those, HD 1461b, was formally monitored during one
transit window on 2-3 November 2011 (bottom panel of Figure [4.2).
However, it also served as an alternating target for a primary target
which was located outside the CVZ, from 7 October to 1 November
2010, and again from 8 October to 1 November 2011 (top of Fig-
ure . The cadence during the window was a point every 61 s, and
2 points per minute otherwise. When combining all the available pho-
tometry, the phase coverage spans a range of orbital phase sufficient

to ensure a transit would not be missed.

Unfortunately, in this case the scatter of the light curves is too large
to allow a transit detection or any useful limits to be placed on the
size of the planet if it transits (bottom of Figure [4.2).

HD 69830

HD 69830 hosts three known planets. Of those, HD 69830b has the
shortest orbital period. It was observed with MOST during three of
its transit windows from 11 February to 2 March 2011. However, dur-
ing the first transit window the star was positioned on the edge of the
subraster so the light curve for these observations could not be cor-
rectly extracted and thus was not used for the analysis. The remaining
two light curves are shown at the top of Figure The observations
for this star were more difficult to schedule than usual, with the sec-
ond window interrupting one long-duration program target, while the
third window interrupted another. This resulted in the irregular in-
terruptions seen in the second light curve, and the third window not

overlapping with the 20 transit window. The cadence was one data
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point every 42 s.

Given the precision of the available photometry and for the available
window coverage I can rule out transits for planetary radii larger than
5.4 Rg (bottom of Figure |4.3), or a density lower than 0.35 g cm™3

corresponding to a H/He composition.

HD 96700

Three transit windows of HD 96700b, the innermost of two planets
in the system, were monitored during 5-30 March 2010. This star is
within the SSZ but outside the CVZ, hence it was observed alternately
with another target, causing the interruptions seen in the top part of
Figure Since these data were obtained, new RV measurements
have shifted the predicted mid-transit time. Though the photometry
covers a portion of the transit window, the most current estimate of
the mid-transit time falls outside the MOST observations.

For the available window coverage, I can only exclude transits for a
gaseous planet with radius greater than 5 Rg (bottom of Figure .
This corresponds to a density of 0.40 g cm ™3, or a composition domi-
nated by hydrogen (H) and helium (He).

HD 97658
The recent history of the known planet orbiting in the HD 97658 sys-

tem showcases the importance of follow-up confirmation observations
for low SNR discoveries. A transit detection for HD 97658b was an-
nounced based on ground-based photometry which showed a partial
transit-like feature [111]. To confirm and improve the transit param-
eters of this super-Earth candidate, we scheduled MOST observations
during February-March 2012. In addition, the prospect of MOST pho-
tometry of this transit, which could help to better constrain the mid-
transit time, lent support to a proposal to obtain Hubble Space Tele-

scope observations of the transit at different wavelengths.

70



4.4. MOST Null Results

Unfortunately, the MOST data showed no hint of a transit with the
parameters published by [111]. It was crucial to announce this null
result to the community, since the transiting nature of HD 97658b and
the associated discovery paper had both been accepted, and several
proposals for follow-up studies using large or space-based telescopes

were already underway.

The exclusion of the transit found by [111] make up the object of
Chapter

HD 115617
HD 115617b has the shortest orbital period of the three known planets

in its system. It was observed during 4 transit windows from 2 tol4
April 2010. It is the only transit search star sufficiently bright to
be monitored in Fabry mode. Consequently, the data was reduced
by Thomas Kallinger who used a version of the reduction pipeline
developed by Reegen (2007) [192] optimised for Fabry photometry.
The interruptions (top of Figure are due to the fact that this
target is just outside the CVZ and thus MOST alternated between it
and the primary target at the time. The ephemeris for this planet has
also shifted since the observations were acquired, but less drastically
than for HD 96700b. The data includes the predicted mid-transit time

and covers most of the 20 transit window.

For HD 115617b, I can exclude transits of a planet with radius as small
as 1.74 Rg, or density lower than 6.10 g cm ™2 (bottom of Figure .

This limit is equivalent to a planet with silicate composition.

HD 125595

HD 125595b is the only known planet orbiting its host star. It was
monitored during four transit windows approximately centered on the
predicted mid-transit time. The observations (top of Figure were
acquired between 21 April and 20 May 2010, with interruptions due
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to the target’s location outside the CVZ. The data covers most of the

lo transit window.

Within the available orbital phase coverage, I rule out transits for
planetary radii greater than 2.75 Rg (bottom of Figure corre-
sponding to densities lower than 3.47 g cm™3. This limit represent a
planet composed of water ice. Transits of a silicate planet are at the

detection limit for this light curve.

HD 125612

Of the three planets in its system, HD 125612c¢ has the shortest pe-
riod. MOST observed this target during four of the planet’s transit
windows (top of Figure , between 30 April and 30 May 2011, with
one integration every 63 s. Though the star is in the CVZ, it was
observed alternately with the primary target to minimise the duration
of the interruptions for the latter. The large mass and short period
of HD 125612¢ gave rise to a larger SNR of the RV measurements,
which in turn led to a narrower transit window that for the previous
planets. The photometry extends beyond the 20 window, albeit with

the already mentioned interruptions.

Given this sampling, I can exclude transits with duration longer than
that of an edge-on transit if the planet has a radius greater than 3.02
Rg (bottom of Figure . The lower limit on the density is thus 3.78

g cm ™3, equivalent to a water ice composition.

HD 156668

HD 156668b is the sole planet orbiting its host star. Two orbital
solutions were provided by Andrew Howard of the Keck-HIRES planet
search team: one with the eccentricity fixed to 0 (circular orbit) and
one with the eccentricity allowed to float. The mid-transit time and
its uncertainties as well as those associated with the orbital period

differed significantly in each case. Even though the transit window for
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the second solution was less well constrained (it was nearly three times
longer than in the circular orbit case), given the significant non-zero
eccentricity (e = O.28J_r8:3) and the absence of other known planets
that could introduce a bias in its value, I chose to monitor the star

during the eccentric-orbit window.

HD 156668b was monitored during seven transit windows from 8 June
to 16 July 2011, with a cadence of one data point every 62 s. Since
this system is outside both the CVZ and the SSZ, normally this tar-
get would not have been observable. However, from May to July the
Sun is below the satellite’s horizon for a few minutes during every
MOST orbit. During these times, the telescope can be pointed in any
direction since the temperature gradient within the satellite does not
vary as dramatically with the orientation of the satellite, and thermal
constraints are no longer a concern. Thus an unusual observing strat-
egy was employed, where MOST observed the target for 10-15 minutes
each satellite orbit during a given transit window. I found that repeat-
ing this for seven windows provides adequate phase coverage equivalent
to one lo window (top and middle sections of Figure . In reality,
the coverage extends past those boundaries, though it does not cover
the full 20 window.

The approach was successful, and I am able to easily rule out transits
for a planet with radius larger than 2.05 Rg within the lo transit
window (bottom of Figure . This value corresponds to a density of
2.75 g cm ™3, or a planet composed of water ice. A transit of a silicate
planet (R, = 1.59Rg and density of 5.90 g cm™®) would be near the

detection limit for this light curve.

HD 160691
MOST acquired photometry during three transit windows of HD 160691c,

the innermost of four known planets in the system. The observations
(top of Figure ranged from June 21 to July 20 2010, and had

a cadence of one integration per 16 s. This target, located near the
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limit of the SSZ. The predicted mid-transit time has shifted since the
observations were obtained, so they just miss it. The phase coverage

encompasses a third of the 20 window.

Within the transit window portion covered by the photometry, I ex-
clude transits of a planet with radius greater than 5.5 Rg (bottom of
Figure 4.9). Thus, the transit of a planet less dense than 0.35 g cm ™3

(corresponding to a H/He composition) would have been detected.

With updated ephemerides in hand, it will be necessary to re-observe
those super-Earth candidate systems for which there is insufficient transit
window coverage. Foremost among these targets are HD 69830, HD 96700,
HD 125595 and HD 160691, for which only partial coverage of the 1o transit
window is available. This will significantly decrease the probability that a

transit is missed for these candidates.

74



Table 4.1: Stellar and RV-derived planetary parameters for GJ 581, BD-082823, HD 1461 and HD 69830

Parameter GJ 581e BD-082823b HD 1461b HD 69830b
Stellar
Spectral type M2.5V K3V GOV Kov
V mag 10.5 9.86 6.64 5.95
[Fe/H| -0.14 -0.07 0.18 -0.06
Terp (K) 3498 £ 56 4746 + 63 5765 + 18 5360 £ 44
log ¢* 4.96 £ 0.08 4.1+ 0.3 4.37 £ 0.03 4.46 £+ 0.06
M, (Mg) 0.31 + 0.02 0.74 + 0.07 1.03 £ 0.04 0.86 £ 0.03
R, (Rg) 0.299 £+ 0.010 1.279 + 0.066 1.11 4+ 0.04 0.922 £ 0.033
Age (Gyr) 8% 45+ 4 6.3 7+3
Planetary
P (days) 3.14945 + 0.00017 | 5.59486 £ 0.00090 | 5.77316 £ 0.00093 | 8.66644 £ 0.00065

T0 (BJD - 2450000)
e
w (deg)
M,sini (Mg)
a (AU)

Transit probability (%)

References

4749.026 £ 0.056
0.32 £ 0.09
236 + 17
1.95
0.028
5.0
[86] 168] 215 254

.27
5718.4910-3F
0.071053

+106
517143

12.8
0.05557 + 0.00076
6.7
[107] 235, PCHP

5043.024 92
0.13 4 0.07
142140
7.5
0.06426 + 0.00061
8.0
[193], PCHP

4989.97 + 0.12
0.06 + 0.03
24133
9.9
0.0767170 90058
5.2
[158) 235, PCHP

*log ¢ is the logarithm of the surface gravity of the star.

PPCH refers to private communication with members of the HARPS team.
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Table 4.2:

Stellar and RV-derived planetary parameters for HD 96700, HD 97658, HD 115617 and HD 125595
Parameter HD 96700b HD 97658b HD 115617b HD 125595b
Stellar
Spectral type GOV K1v G5V K4v
V mag 6.5 7.78 4.74 9.03
[Fe/H| 0.00 -0.23 0.02 0.02
T.rp (K) 5625 4+ 120 5170 + 44 5577 + 33 4908 + 87
log g 43402 4.63 + 0.06 4.45 + 0.04 4.3 4 0.2
M, (M) - 0.85 =+ 0.02 0.957093 0.756 4 0.017
R, (Ro) 1.08 0.73 £ 0.02 0.944 0.03 1.033 + 0.058
Age (Gyr) 12 - 9.025 3.5158
Planetary
P (days) 8.1256 + 0.0013 | 9.4930 + 0.0021 | 4.21429 4 0.00045 | 9.6737 =+ 0.0039
T0 (BJD — 2450000) 5716.9315-3 5650.31 + 0.3 5718.907015 4437.65 £ 0.15
e 0.10 + 0.05 0.137099 0.11 + 0.07 0.0 (fixed)
w (deg) 313 + 67 120732 86732 -
M, sini (Mg) 9.0 7.7 5.8 13
a (AU) 0.0774 #+ 0.0012 | 0.0797 + 0.0007 | 0.04970 4 0.00054 | 0.0809 + 0.0014
Transit probability (%) 6.6 4.0 9.8 4.5
References [169], PCH? [118], PCKP [252], PCH® [214], PCH®

PCH refers to private communication with members of the HARPS team.

PPCK refers to private communication with members of the Keck-HIRES team.
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Table 4.3:

Stellar and RV-derived planetary parameters for HD 125612, HD 156668 and HD 160691
Parameter HD 125612c HD 156668b HD 160691c
Stellar
Spectral type G3V K3V G3IV
V mag 8.31 8.42 5.15
[Fe/H)| 0.24 0.05 0.29
Torp (K) 5900 + 40 4850 + 88 5784 + 44
log g 4.45 + 0.05 4.6 4+ 0.1 4.30 4 0.06
M, (M) 1.1 + 0.07 0.77 £ 0.02 1.08 + 0.05
R, (Ro) 1.043 + 0.037 0.730 + 0.043 1.25 + 0.04
Age (Gyr) 2.1 8.6 + 4.8 6.4
Planetary
P (days) 4.15506 + 0.00033 | 4.6432 + 0.0011 9.6389 + 0.0022
TO0 (BJD — 2450000) 5716.50870-023 5104.07 + 0.24 5706.3079-43
e 0.097098 0.28 + 0.12 0.12 + 0.07
w (deg) 150158 23142 148759
M, sini (Mg) 18.9 4.3 10.6
a (AU) 0.05145 + 0.00049 | 0.0500 + 0.0007 0.088121 000057
Transit probability (%) 13.0 7.0 5.6
References |82, 155, 235, PCH®* |  [117,, PCK" | [38) 46] 202] 235], PCH?

PCH refers to private communication with members of the HARPS team.
PPCK refers to private communication with members of the Keck-HIRES team.
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4.4. MOST Null Results
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Figure 4.1: Top: Light curves for four transit windows of BD 082823b.
Bottom: All BD 082823b light curves folded to the period of planet b (P =
5.59486 + 0.00090 days) and binned in 8min. bins. The horizontal axes
for all plots are in units of the orbital phase for this planet. Orbital phase
0.0 corresponds to the predicted mid-transit time. The vertical dotted and
dashed vertical lines enclose the 1o and 20 transit windows, respectively.
Transit models are shown as the red, blue and black solid lines for transits
of a planet composed of silicate, water ice, or H/He, respectively.
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Figure 4.2: Top: Two long-term light curves folded with the period of HD
1461b (upper and middle panels) and one light curve covering one transit
window of HD 1461b (lower panel). Bottom: All HD 1461 light curves folded
to the period of planet b (P = 5.77316 £0.00093 days) and binned in 8-min.
bins. Horizontal axes units and other denotations are as in Figure [4.1,
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Figure 4.3: Top: Light curves for two transit windows of HD 69830b.
Bottom: All HD 69830b light curves folded to the period of planet b
(P = 8.66644 + 0.00066 days) and binned in 8-min. bins. Horizontal axes
units and other denotations are as in Figure 4.1,
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Figure 4.4: Top panel: Light curves for three transit windows of HD 96700b.

Bottom panel: All HD 96700 light curves folded to the period of planet

b

(P = 8.1256+0.0013 days) and binned in 8-min. bins. Horizontal axes units
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Figure 4.5: Top panel: Light curves for four transit windows of HD 115617b.
Bottom panel: All HD 115617 light curves folded to the period of planet b
(P = 4.21429 4+ 0.00046 days) and binned in 8-min. bins. Horizontal axes
units and other denotations are as in Figure 4.1,
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Figure 4.6: Top panel: Light curves for four transit windows of HD 125595b.
Bottom panel: All HD 125595 light curves folded to the period of planet b
(P =9.67144+0.0031 days) and binned in 8-min. bins. Horizontal axes units
and other denotations are as in Figure 4.1,
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Figure 4.7: Top panel: Light curves for four transit windows of HD 125612c.
Bottom panel: All HD 125612 light curves folded to the period of planet c
(P = 4.15506 &+ 0.00033 days) and binned in 8-min. bins. Horizontal axes
units and other denotations are as in Figure 4.1,
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4.4. MOST Null Results

Relative flux

Relative flux

1
1
1
1

1.003
1.002
1.001
1.000
0.999

0.998
0.997

.003
.002
.001
.000

E

1
1
1
1

0.999
0.998
0.997

.003
.002
.001
.000

0.999

0.998
0.997

1.001
1.000
0.999
0.998
0.997
0.996

o
)

0.0
Orbital phase

0.1

o l\\HHH‘\HH\H\‘\H\H\H‘\HHHH‘HHH\H \HHHH‘HHHHL

N

0.0
Orbital phase

0.1

Figure 4.8: Top panel: Light curves for four transit windows of HD 156668b.
Middle panel: Light curves for three (additional) transit windows of HD
156668b. Bottom panel: All HD 156668 light curves folded to the period of
planet b (P = 4.6432 £+ 0.0011 days) and binned in 8-min. bins. Horizontal
axes units and other denotations are as in Figure |4.1}
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Figure 4.9: Top panel: Light curves for three transit windows of HD 160691c.
Bottom panel: All HD 160691 light curves folded to the period of planet c
(P =9.6389+0.0020 days) and binned in 8-min. bins. Horizontal axes units
and other denotations are as in Figure 4.1,
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4.5. MOST Confirmed Detection

4.5 MOST Confirmed Detection

Of the 12 targets monitored by MOS'T for this thesis, 55 Cnc e is the only one
with a confirmed transit detection. The 55 Cnc system was not originally
part of the transit search. Following a re-determination of the orbital period,
which increased the transit probability of its innermost planet to over 30%,
this system was proposed by Josh Winn as a target for MOST, and the
proposal was accepted. As a result of the ensuing 12.5 days of observations
acquired in February 2011, the planet 55 Cnc e was found to transit, thus also
confirming the new orbital period value (0.74 days). Further, a brightness
modulation with the same period (phase variation) was discovered in the
photometry. The planet is indeed a super-Earth, with a mass of 8.63 Mg,
and radius of 2.00 Rg.

The importance of this planet is multi-faceted: 55 Cnc e is one of a
handful of known transiting super-Earths, it is the super-Earth with the
brightest host star, and its orbit is astoundingly short. The as yet unex-
plained phase variation adds another layer of interest, and there is the now
significant probability that other planets in the system might transit as well.

Thusly motivated, MOST observed the system again in January and
February 2012, this time for a duration of 42 days. The aims include refining
the planet’s physical and orbital properties, verifying whether the phase
variation is still present, searching for the secondary eclipse of the planet,
searching for transits of other planets, monitoring the stellar variability and
looking for any new findings. I carried out the analysis and results of these

new data, which are presented in chapter 9.
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Chapter 5

A Tale of Four Stars

The following four chapters tackle four different exoplanetary systems in
the context of the MOST and TERMS transit searches. The main goals
of the TERMS survey are the detection and characterisation of transits
of exoplanets discovered through RV surveys like HARPS and HIRES and
orbiting bright stars, in particular planets with intermediate and long orbital
periods. The goals of the MOST transit search are to detect transits of
super-Earth and mini-Neptune candidates which have also been discovered
using RV surveys, in order to determine the densities of those planets, and
in some instances to better define the orbital and physical properties of
previously known transiting planets (e.g. 55 Cnc e). The systems discussed
in the next four chapters are examples of target systems that have bright
host stars and reasonably high geometric transit probabilities. Of the four,
three have host stars brighter than V = 10 while the GJ 581 planets orbit
a star which is only slightly fainter than the others (V = 10.6).

The geometric transit probability depends mainly on the size of the host
star and semi-major axis of the planet. However, another factor which
can increase the chance of a successful transit detection is the duration of
the predicted transit window. Numerous and/or strategically acquired RV
measurements help reduce the uncertainties on the orbital parameters, which
in turn lead to a narrower transit window and makes a transit detection
more likely or an exclusion more certain. Thus, another naturally common
aspect of the MOST and TERMS transit searches is the focus on stars whose
planets have the most precisely determined orbital parameters.

If photometry spanning at least one orbit of an exoplanet can be ob-
tained, this problem disappears since a transit window of any width can be
searched. This was the case for the TERMS target HD 192263b, observed
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every one or two nights when visible, for over a decade (see Chapter @
It was also the case for MOST transit search targets GJ 581e and b (see
Chapter 7)), and 55 Cnc e and b (though 55 Cnc e was discovered to transit
prior to my analysis presented in Chapter @; each of these systems was ob-
served contiguously for up to several weeks. For all of these it was possible
to ensure transits corresponding to most transiting geometries (values of the
impact parameter) would not be missed, leaving only the precision of the
light curve (and the size of the planet) as the limiting factors of a detection
or exclusion.

Another common aspect of these three systems is the possibility of
searching for indications of star-planet interactions (SPI). The two main
types of SPI believed to occur are tidal and magnetic interactions. These
can sometimes be observed in the photometry as brightness variations in
phase with the orbit of the planet, as is the case for the 7 Bootis system
[258]. For the HD 192263 system, improved orbital parameters and new
long-term photometry no longer support the previously postulated possibil-
ity of SPIL. In the GJ 581 system, I find hints of stellar variability near the
period of the second innermost planet, GJ 581b. Meanwhile, the brightness
variation of the 55 Cnc host star phased with the orbit of its known tran-
siting planet, first apparent in the 2011 MOST photometry, is still present
though its amplitude is smaller in the 2012 photometry.

GJ 581, HD 97658 and 55 Cnc are all systems known to host at least
one planet whose minimum mass lies in the super-Earth regime. 55 Cnc e
is now known to transit and was thus confirmed to be a super-Earth. HD
97658b, a planet with a minimum mass of 7.7 Mg, was believed to transit
but I could not verify the claimed signal with the more sensitive MOST
telescope (see Chapter . GJ 581e has a minimum mass of just 1.9 Mg,
while dynamical simulations suggest an upper limit of ~ 3.03 Mg [168].
A transit of this planet, if present, is expected to be too shallow for the
majority of 1-metre-class (i.e. available for full night or longer observing
runs) ground-based telescopes to detect. Further, because of its low mass
and the presence of other planets in the system, its orbital solution is still

not sufficiently well determined to allow full transit window coverage within
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a single night. Shortly after its discovery was announced, MOST seized the
opportunity to observe the GJ 581 system for over three orbital cycles of GJ
581e in order to search for a transit of this strong super-Earth candidate.

Prior to their respective transit searches, each of these three planets held
the possibility of being a super-Earth. A transit detection would confirm
this hypothesis for the “lucky” planet. This was indeed the case for 55 Cnc
e. Meanwhile, for the other two I was able to place limits on the depth of a
transit. Even if they are ultimately found not to transit, they may still be
super-Earths for a significant range of orbital inclinations (more likely for
GJ 581e than for HD 97658b).

In summary, these four transit searches probe relatively poorly known
and sparsely populated areas of exoplanet parameter space: intermediate-
period gas giants, and super-Earths. Though between them, these planets
orbit stars of three different spectral types (G, K and M), the brightnesses
of these host stars are all in the range essential for other detailed follow-
up observations (e.g., interferometry, spectropolarimetry, IR spectroscopy,
etc.).
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Chapter 6

The HD 192263 System:
Planetary Orbital Period and
Stellar Variability
Disentangled

6.1 Introduction

Detecting exoplanets via the radial velocity (RV) method and subsequently
monitoring their transit windows is the most fruitful strategy for exoplanets
orbiting bright stars, which represent the best candidates for atmospheric
and other detailed studies. Ground- and space-based transit surveys have
revealed nearly 200 transiting exoplanets (and about 2300 candidates of
which a large percentage will almost certainly be confirmed), but most of
those orbit faint stars, while the RV technique is best suited for brighter
stars. Moreover, searching for transits of known RV planets allows the se-
lective monitoring of intermediate and long-period planets, of which only
a few are known to transit so far. The Transit Ephemeris Refinement and
Monitoring Survey (TERMS; [131]) aims to improve the orbital parame-
ters of RV exoplanets and monitor them photometrically during their more
tightly constrained transit windows.

In [72], we presented new transit observations and improved parame-
ters for several known transiting exoplanets, originally discovered by the
SuperWASP survey [188]. We demonstrated that the photometric preci-

sion required to detect and characterize transits of giant planets is easily
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attainable by modest-sized, ground-based facilities such as the Cerro Tololo
Inter-American Observatory (CTIO ) 1.0 m telescope. Through TERMS,
the ephemerides of HD 156846b, HD 114762b, HD 63454b and HD 168443b
have been refined and transit searches conducted in each case (see [130],
[129], [127] and [185], respectively).

Exoplanets detections with the RV method can occasionally be con-
troversial, and HD 192263b is one such misfit. It was first announced in
2000 [205] as a planet with a period of 24.13 days and msini = 0.73 M.
These results arose from an analysis of RV measurements obtained using
the CORALIE spectrograph. A paper by [251] followed, reporting a similar
solution based on their Keck measurements, but noting that the chromo-
spheric activity appeared to vary with a period close to that of the suspected
planet. Two years later, [110] attributed the RV signal at least partly to
stellar variability, as indicated by their photometric and spectrophotometric
data. Indeed, a modulation with a period of ~24 days is clearly visible in
the light curves, and the power spectrum of the Ca II H and K spectropho-
tometric observations exhibits a significant peak at the same period. In the
end, unlike other planet-like RV signals that were caused by stellar activ-
ity ([190]; [69]), HD 192263b made a convincing comeback in [206]. New
CORALIE measurements demonstrated that the RV variation remained co-
herent in amplitude and phase for over three years, while new photometric
observations from La Palma revealed significant changes over time [206].

In this Chapter, I present new Keck RV observations which I use to
refine the orbital parameters (Section and the transit ephemeris of the
“revived” HD 192263b (Section. I introduce new photometry of the host
star obtained between 2002 and 2011 in Section [6.4] and report on the star’s
variability during this period in Section Finally, in Section[6.6 I analyse
the photometric measurements acquired during the predicted transit window
and exclude transits with the predicted depth of 2.5% with high confidence.

I conclude in Section 6.7
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6.2 RV Measurements and Revised Orbital
Model

6.2.1 Stellar Properties

A K2 dwarf, HD 192263 is a relatively bright star (V = 7.8) located at a
distance of 19.3 parsecs [142]. It is also a BY Dra variable [134], a class
of active stars that experience brightness variations due to their spotted
surfaces.

We used Spectroscopy Made Easy (SME)E| on a spectrum of HD 192263
(taken without the iodine cell used for RV measurements), as detailed in
[245]. This procedure is based on that described in [246], with an added im-
provement for self-consistency between values of stellar properties obtained
from spectroscopy and those determined from isochrones [245]. The im-
proved method derives a value for the stellar gravity (log g), effective tem-
perature (T.sy), iron abundance ([Fe/H]) and alpha-element enrichment
([o/Fe]) from the spectroscopic analysis. The last three parameters and
the luminosity (L) are used to obtain a value for log g from isochrone mod-
els (log giso). The spectroscopic analysis is run again, now with log ¢ fixed
at the value of log g;s, from the previous iteration. The loop continues until
log g and log g;s, agree. For HD 192263, the effective temperature resulting
from this method is 4996 + 44 K, and the stellar radius (calculated from L
and Tifyr) is 0.73 & 0.01 Rg. [231] carried out a Bayesian analysis using the
stellar parameters arising directly from the SME procedure (log giso, Tef¢
and [Fe/H]) and a dense grid of theoretical evolutionary tracks, and found
a stellar radius of 0.77 £+ 0.02 Rg. This value agrees with our SME result
within 20. Finally, [247] estimated the radius of HD 192263 using spectral
energy distribution (SED) fitting and obtained a value of 0.76 + 0.02 R,
which agrees with our SME result within 1o0. We adopt the SME stellar
radius value for our calculations but compute a predicted transit depth us-

ing the largest published value [231] as well, to show that transits can be

I3SME is a tool for generating synthetic stellar spectra and comparing them with ob-
served stellar spectra.
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excluded for both cases.

From the SME analysis we also find values for the effective temperature,
surface gravity, iron abundance, projected rotational velocity, and mass of
the host star.
Table [6.11

The observed and derived stellar properties are listed in

Table 6.1: Stellar properties of HD 192263

Parameter Value Reference
Vv 7.767 [142]
B-V 0.957 [142]
Distance (pc) 19.3 [142]
T (K) 4996 + 44 This work
log g 4.628 = 0.060 | This work
[Fe/H] 0.054 £ 0.030 | This work
vsini (kms™!) | <1.04+0.50 | This work
logRYy ;¢ —4.56 [110]
M, (Mg) 0.807 +£0.015 | This work
R, (Ro) 0.73+0.01 This work
age (Gyr) 2.09 4 2.54 This work

6.2.2 RV Measurements

A total of 181 CORALIE (an echelle spectrograph on the 1.2m Swiss tele-
scope at La Silla, Chile; [240]) RV measurements have been reported in
[206], of which those included in [205] are a subset. In addition there are
31 published Keck measurements ([39]; [251]). To these we add five new
Keck observations, acquired between 2006 and 2011. All Keck observations
were made with the HIRES echelle spectrograph [249] on the 10-m Keck
I telescope. The HIRES instrument uses an iodine cell through which the
starlight passes before reaching the slit. Minute Doppler shifts in the fea-
tures of the stellar spectrum are accurately measured against a wavelength

reference provided by the dense set of absorption lines in the iodine spec-

99



6.2. RV Measurements and Revised Orbital Model

trum. The RVs were extracted following the procedure described in [116].
An offset of 10672 m s™! (the median of the CORALIE RVs) was added
to each of the CORALIE RVs to place them on the same scale as the Keck
RVs. This offset corresponds to the radial velocity of the centre of mass of
the HD 192263 system relative to Earth. The complete set of CORALIE
(with the offset applied) and Keck RV measurements are shown in Tables
and [A.2] respectively. I emphasize that all CORALIE measurements and
all Keck measurements except the five I report in this Chapter, have been

previously published.

6.2.3 Keplerian Model

I fit the set of 217 available RVs using a single-planet Keplerian model
based on the techniques described in [115] and the partially linearized, least-
squares fitting method of [269]. Analyzing the data from the two telescopes
together rather than separately provides smaller uncertainties on the pe-
riod and mid-transit time. I allow for an RV offset between the Keck and
CORALIE measurements (4.10 4+ 1.93 m s~1), because each instrument has
its own zero point. I also allow for an offset between Keck measurements
taken before and after JD = 2453237, due to a CCD and optics upgrade on
that date (1.61 4+ 5.84 m s71). The rms of the RV residuals is 13.14 m s™*
and the X%ed is 9.05, likely because HD 192263 is such an active star and
its variability is not properly accounted for by the uncertainties on the RV
measurements. To correct for this, I added a jitter term (o) in quadrature

to the measurement uncertainties (ogy): w?

= UIQW + ajz, and used w in-
stead of oy for the Keplerian fit [267]. I chose o; = 10.15 m s™! to satisfy
the condition x? = 1. Furthermore, this value is equivalent to the excess
found by [206] in the residuals of their RV measurements, and is within the
range of 10 - 30 m s~! predicted by [200]@ from log Ry, = —4.56 [110].

This added measure also reduces the rms to 12.42 m s~ L.

YGaar et al. (1998) [200] found a correlation between stellar activity (as measured by
the R}k index) and excess dispersion in the radial velocities, based on measurements for
a sample of 72 stars. It is their fit to these data that I use here to estimate an expected
range of jitter noise.
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6.2. RV Measurements and Revised Orbital Model

The parameter uncertainties were determined from the sampling distri-
bution of each parameter through a non-parametric bootstrap analysis [87].

[206] find a long term trend in their CORALIE data, to which they fit a
straight line with a slope of 4.840.8 m s~! yr~!. They are unable to identify
the source of this trend, which could be due to the presence of another
companion, or a RV variation caused by stellar activity. I also include a
linear velocity trend (dv/dt) in our models. The best-fit value for the offset
between the CORALIE and Keck RVs is now 5.14 & 2.18 m s~ !, while the
offset between Keck measurements before and after JD = 2453237 becomes
-17.67 &+ 9.21 m s~!. The best fitted value for the linear velocity trend
(when analyzing the Keck and CORALIE data combined) is 0.00704+0.0017
m s~} day™! (or 2.56 £0.62 m s~! yr=!). I note that including a trend does
not significantly lower the x?. When fitting only the CORALIE data I find
a linear trend with a slope of 5.214+0.70 m s~! yr~! which agrees with that
obtained by [206]. However, fitting only the Keck data (which spans a longer
time range encompassing that sampled by the CORALIE measurements)

1 a value consistent with the absence

gives a slope of —0.37+£0.73 m s~ yr—
of a trend. Finally, I repeated the analysis for each of the three data sets,
this time using the original measurement uncertainties (no jitter term). The
results are statistically consistent with those obtained with the jitter term
included. I conclude that additional measurements are necessary to firmly
determine the source of the linear trend present in the CORALIE data. For
the reasons described above, and because the uncertainties on the resulting
values for the period and mid-transit time are smaller, I adopt the solution
without the trend.

The parameters from my Keplerian fit (both with and without a lin-
ear trend as a free parameter) are given in Table together with those
reported by [39] for comparison. The folded data and adopted model are
plotted in Figure 6.1} Figure[6.2 shows a zoomed-in view of the shaded area

(top panel) and the residuals to the RVs within this area (bottom panel).
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Figure 6.1: CORALIE (red diamonds) and Keck-HIRES (blue dots) radial
velocities. The error bars shown are the original measurement uncertainties,
with the jitter term (ogy ) not included. For most Keck measurements, the
error bars are smaller than the size of the data points. The best-fit orbital
solution is overplotted (dashed line). The shaded region corresponds to the
3o transit window and phase 0.0 is the predicted time of mid-transit.
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Figure 6.2: Top panel: CORALIE (red diamonds) and Keck-HIRES (blue
dots) radial velocities between the edges of the 3o transit window (shaded
region in Figure [6.1]), with the best-fit orbital solution overplotted (dashed
line). Bottom panel: Residuals to the radial velocities, over the same phase
range (rms = 12.04 m s~!). The error bars shown are the original measure-
ment uncertainties, with the jitter term (ogy ) not included.
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Table 6.2: Keplerian fit parameters for HD 192263b

Parameter This work - without trend | This work - with trend | Butler et al. 2006
(adopted)
P (days) 24.3587 £ 0.0022 24.3581 £ 0.0028 24.3556 £ 0.0046

T.* (BJD — 2440000)
T,° (BJD — 2440000)
e
K (ms™1)

w (deg)
dv/dt (ms~tyr1)
Mysini (My)

a (AU)

rms (ms~ 1)

10986.74 + 0.21
11796.9 £6.8
0.008 £ 0.014

99.3£1.2
184 £90
0.733 £0.015
0.15312 + 0.00095
12.42

10986.73 £ 0.21
11795.0 £ 4.6
0.008 £ 0.014

58.7+1.2
157 £ 88
2.56 £ 0.62
0.726 £0.014
0.15312 £ 0.00095
11.87

10987.22 + 0.39
11994.3 £3.9
0.055 £ 0.039

51.9+2.6
200
0.641
0.15
12.5

¢ Time of transit.

® Time of periastron passage.
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6.3. Predicted Transit Window and Characteristics

6.3 Predicted Transit Window and

Characteristics

From our newly derived stellar and planetary parameters we can ascertain
the properties of the predicted transit. Using the models of [24]@ and our
revised measurement of the mass, we estimate a radius for the planet of
R, = 1.09 R;. It was shown by [132] that the transit probability is a
strong function of eccentricity and periastron argument. The eccentricity of
this orbit is small enough such that this introduces a minor effect. Based
upon our parameters (listed in the first column of Table , the transit
probability is 2.49%, the predicted duration is 0.192 days, and a predicted
depth is 2.53%, easily within the range of our photometric precision (rms =
0.0065 within the 30 transit window; see Section for details).

I derived predicted transit times using the non-parametric bootstrap
analysis described in Section The predicted transit mid-point time
used to fold the data was 2455882.84 + 0.37 (JD). Note that the final Keck
measurement obtained reduced the uncertainty on the transit mid-point
from 0.47 days to 0.37 days, emphasizing the importance of extending the
time baseline of the RV measurements when attempting to reduce the total
size of the transit window. In this case, the 1o transit window has a total
duration of 0.932 days. Although this is dominated by the transit mid-point
uncertainty, it is small enough that I am able to attempt the detection of
the transit.

As mentioned in Section [231] derive a slightly larger stellar radius
of 0.77 + 0.02 Re. Using this radius results in a transit probability of
2.61% and a transit depth of 2.28%. This is still well within our photometric
precision such that I am able to make a definitive statement regarding the

transit exclusion of this planet.

15These are evolutionary models based on the mass of the planet (here taken as the
minimum mass determined from RVs) and the amount of energy it receives from the star,
used to estimate the planetary radius.
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6.4 Photometry

6.4.1 APT Photometry

Gregory Henry acquired 985 photometric observations using the T11 0.8 m
automatic photometric telescope (APT), located at Fairborn Observatory
in southern Arizona. The data span just over a decade, from April 13,
2001 to November 23, 2011. Measurements were obtained simultaneously
in the Stromgren b and y passbands by two EMI 9124QB photomultiplier
tubes. The individual b and y differential magnitudes are averaged to obtain
the quantity (b + y)/2. The observing and data reduction procedures are
identical to those described in [109] for the T8 0.8 m APT.

The relative magnitudes (b + y)/2 were converted to relative fluxes and
normalized to 1 for the plots in Figure [6.3. Two comparison stars were
considered for the differential photometry. Comparison star 1 (C1) is HD
193328 (V = 7.48, B-V = 0.12, A2), while comparison star 2 (C2) is HD
193225 (V = 7.35, B-V = 0.29, F0). Typical precision of a single relative
flux measurement from T11 is 0.0010 — 0.0020, depending on the quality of
the night and the air mass of the observations. The standard deviation of
the (C1/C2) relative fluxes (see Figure bottom panel) are slightly larger
than this (0.0023). This is probably a combination of the air mass, since
HD 192263 lies near the celestial equator, and also suspected low-amplitude
variability in C2. For this reason, I analysed the differential photometry of
HD 192263 with respect to C1 (see Figure 6.3} top panel).

HD 192263 is observable only during part of the year, which explains the
larger gaps in the data between observing seasons. In addition, the star is
at opposition around July 24, during the annual Summer Shutdown of the
APTs. This gives rise to the shorter (8 - 10 weeks) gaps between the first and
second clusters of data points (half seasons), between the third and fourth,
etc. As such, the first two sections of the light curve correspond to the
first observing season, the third and fourth belong to the second observing
season, and so on.

We prepared the data for the transit search by normalizing it such that
each half season has the same mean value (see Figure middle panel).
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6.5. Variability of the Host Star

This normalization affects the data on a timescale of months, thus preserving
the shape and depth of any potential transits which would last less than 8
hours (see Section |6.3).

6.4.2 ASAS Photometry

HD 192263 was also observed as part of the All Sky Automated Survey['|
(ASAS) [187]. A total of 345 data points are available in the ASAS-3 photo-
metric V-band catalogue. These observations were collected between March
27, 2001 and November 10, 2009. The quality and cadence of this data set
are lower than for the APT photometry. As a consequence, I use the ASAS
observations to test my conclusions regarding the variability of the star, but

I do not employ them for the transit search.

6.5 Variability of the Host Star

In this section, I describe an investigation of the stellar variability of HD
192263 based on the 11 seasons of APT photometry described in the pre-
vious section. I generate an amplitude SpectrumE from a discrete Fourier
transform of the time series (see top panel of Figure and search it for
significant peaks. Beyond the frequency range shown in Figure (0.00 to
0.07 cycles day~!), only harmonics of the significant frequencies shown in
the top plot rise above the noise.

The middle panel and the inset of Figure 6.4 show the spectral window
functions for the two significant frequencieﬁ shown in the top panel. These
indicate the aliases introduced into the amplitude spectrum by the observing

cadence, with regular gaps on nightly, biannual and annual timescales.

http:/ /www.astrouw.edu.pl/asas/?page=aasc&catsrc=asas3

17 An amplitude spectrum shows the amplitude of signals present in the data plotted ver-
sus frequency. A power spectrum is obtained by plotting a normalised term proportional
to the square of the amplitude versus frequency.

8Effectively, these are the Fourier spectra of sinusoids of each of these two frequencies,
sampled at the same times as the real time series.

107



6.5. Variability of the Host Star

HD 192263/C1]
1.02F . :

: 3 Py
é““i-gi TP AL
coo S AR Al Y
5 0.99F §5 £ gni ;

K3 LI

@ 0.98¢ ! o
097¢ ]
0.96¢ E

2000 3000 4000 5000 6000
Time (JD—2450000)

HD 192263/C1, normolized%

1.02F
1010,
¥
1.00F &
e
099

Relative flux

0.98¢

0.97¢

0.96 £, ‘ ‘ ‘ E

2000 3000 4000 5000 6000
Time (JD—2450000)

c1/c2 |
1.02¢ / 3

o B
0.99F ]

098¢ ]

Relative flux

0.97 ¢ 3

0.96 £, ‘ ‘ ‘

2000 3000 4000 5000 6000
Time (JD—2450000)

Figure 6.3: T11 APT observations of HD 192263 covering 11 observing sea-
sons from April 2001 to November 2011. The top panel: the photometry
for HD 192263, obtained using comparison star C1 (rms = 0.0085). Middle
panel: same as in the top panel, but with each half observing season nor-
malized to the same mean (rms = 0.0067). Bottom panel: photometry of
comparison star C1 relative to comparison star C2 (rms = 0.0023). It is
clear that the large scatter in the HD 192263 observations is mainly due to
the target star itself, not to any variability in the comparison stars. The 1o
error bar is shown in each panel.
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6.5. Variability of the Host Star

Figure 6.4: Fourier amplitude spectrum (top), window functions for the two
significant frequencies described in the text (middle and inset) and Fourier
spectrum of the light curve residuals after pre-whitening (bottom) of the
APT photometry. The dotted, dashed and solid horizontal lines in the top
and bottom panels correspond to false-alarm probabilities of 4.6%, 0.3% and
0.1%, respectively, calculated using the SigSpec routine [192].

The strongest peak in the top panel of Figure has a frequency of
0.0003354 + 0.0000055 cycles day !, which is equivalent to a period of 8.17
years (or 2982 days + 50). This signal is clearly visible in the photometry, as
shown in the top panel of Figure 6.3, In light of the already known BY Dra
nature of the star, this 8.2-year timescale is consistent with an activity cycle
in an early K dwarf like HD 192263, but its cyclical or periodic nature can
only be determined with additional observations. The brightness changes
are the result of changes in the filling factor of spots or active regions on the
stellar photosphere [181]. They may be driven by a stellar dynamo [225], or
may arise from random variations in a large number of spots on the surface
of an active star without the requirement of a driving mechanism, as shown
by the simulations of [74].

The amplitude spectrum further shows a cluster of peaks between 0.03
and 0.06 cycles day~!, of which the largest occurs at 0.0427475 £ 0.0000084
cycles day™! (period = 23.3932 + 0.0046 days) with an amplitude of 0.005
mag. The window function for a sinusoid of this frequency and amplitude
(see inset of Figure reveals that not all of these peaks are aliases, but
that there are other independent frequencies present in this range. I first
”pre-whitened” the light curve by sequentially removing the frequencies of
the largest peaks (and their harmonics), until I reached the noise level. Six
frequencies in this range were identified; they are listed in Table 6.3, along
with the very low frequency discussed above. I then performed simultaneous
least-squares fits to the data, where the frequencies, amplitudes and phases
of these peaks were allowed to float, with the values obtained from the
amplitude spectrum as initial guesses. The Fourier amplitude spectrum of

the light curve residuals following the pre-whitening is plotted in the bottom
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6.5. Variability of the Host Star

panel of Figure None of the identified frequencies corresponds to the
orbital frequency of the exoplanet HD 192263 b. In fact, when I include that
frequency and allow the least-squares fit to iterate, the frequency migrates
to one of those listed in Table [6.3. Despite the fact that there are at least
six frequencies in a narrow range, it is clear that the orbital frequency of
the planet is not one of them.

The Fourier peaks tightly clustered around a period of about 23 days
are what we would expect for a periodic signal changing in amplitude and
possibly slightly in frequency. A Fourier spectrum of a periodic signal which
periodically varies in amplitude will have multiplets of peaks associated with
the fundamental period, spaced by the amplitude modulation period. If the
amplitude variation is not strictly periodic, then the multiplets will not have

a simple constant spacing in frequency.

Table 6.3: List of observed frequencies for HD 192263

# | Frequency (c/d) | Period (days) | Amplitude (rel. flux)
o frequency o period o amplitude

1 0.0003354 2982 0.00612
0.0000055 50 0.00059
2 0.037823 26.439 0.00196
0.000024 0.017 0.00034
3 0.040741 24.5640 0.00273
0.000017 0.0085 0.00042
4 0.0424 23.5849 0.0024
0.0015 0.8650 0.0012
5 0.0427475 23.3932 0.00278
0.0000084 0.0046 0.00012
6 0.043625 22.9226 0.00333
0.000017 0.0090 0.00040
7 0.04485 22.30 0.00256
0.00029 0.15 0.00095
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The frequency analysis and the behaviour of the light curve are consis-
tent with rotational modulation of the light output of an active KO dwarf
observed for about a decade. If the star is undergoing an activity cycle, then
the spottedness will also change on that timescale (varying the amplitude of
rotational modulation). In the light curve, shown in the upper two panels
of Figure 6.3, one can see the changing width of the envelope of points over
the 11-year time span. If the variation at a period around 23.4 days were
constant in amplitude, that envelope would maintain the same width (since
the photometric scatter of the comparison star remains uniform throughout
the data set, as can be seen in the bottom panel of Figure [6.3)). All indi-
cations are that the amplitude of this signal changes over the span of the
~8-year variation, and not in a random way.

Although there may also be a Butterfly Effect like the solar sunspot
cycle, where the latitudes of starspot groups change and the measured rota-
tion periods will be affected by the star’s differential rotation, the changes
in amplitude of the rotational signal probably dominate in producing the
cluster of peaks near a period of 23.4 days. The equatorial rotation period
of the star is likely close to this value, but the amplitude modulation and
resultant frequency splitting means its frequency can’t be determined to the
frequency resolution of the time series.

My findings indicate that the periodic variability reported by Henry et al.
(2002) and Santos et al. (2003) persists. To further verify this, I subtracted
the 8.17-year signal from the data and phased the residuals at a period of
23.39 days (the largest amplitude signal in this period range), as shown in
the top panel of Figure[6.5l A dominant variation, which remains roughly in
phase throughout the time span of the photometry, stands out in this phase
diagram.

We also see periodicity around 12 days in some of the half-season data
sets, and we see the first harmonics of the periods near 23.4 days in the
Fourier spectrum. This is in agreement with the period of 12.2 4+ 0.1 days
obtained by Henry et al. (2002) from their spectrophotometric Ca II H
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Figure 6.5: APT photometry with 8.17-year trend removed, phased at the
strongest period associated with the rotation of the star (23.39 days; top
panel) and at the orbital period of the planet (24.36 days; bottom panel).
The coherent signal visible in the top panel disappears in the bottom panel,
indicating that it is more likely to correspond to the stellar rotation than to
star-planet interaction. The 1o error bar is shown in each panel.

and K observations. They proposed that the 12.2-day period is half the

stellar rotation period, arising in the data when active regions are present
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on opposite hemispheres of the star.
If I take a value of 23.4 days as the rotation period of the star and our
stellar radius of 0.73 Rg, I find a rotational velocity of 1.58 km/s, which

L (ie.

is consistent with our measured value of vsini < 1.0 £ 0.5 km s~
Upot > VSING).

Using photometry spanning just over a year, Henry et al. (2002) found
a rotation period of 24.5 + 0.5 days, which agrees with the period of the
planet within the uncertainties. This led Santos et al. (2003) to suggest the
possibility of star-exoplanet interactions in the system. However, none of my
new, more precise values of the dominant frequencies associated with rota-
tion, based on a much longer data set, match the orbital period of the planet.
My least-squares test, trying to force a fit including the orbital period of the
planet (24.3587 days), shows that it is not part of a valid solution for the
data. As an additional reality check, I phased the photometry at this period
and found that the coherent signal visible in the top panel of Figure [6.5
disappears, as can be seen in the bottom panel of the same figure. Based on
our data, I conclude that there is no indication of star-planet interactions
in the HD 192263 system.

For completeness, I have also examined the ASAS photometry with the
goal of verifying the conclusions described above. This time series has a
lower cadence, covers a shorter time frame and its rms is three times larger
than for the APT data. I find that while the two data sets are consistent
with each other, the lower quality of the ASAS photometry prevents it from

setting additional constraints on the variability of the star.

6.6 Transit Exclusion and Implications

The long APT photometric dataset for HD 192263 makes possible full cov-
erage of the 3o transit window. Figure shows the photometry phased at
the planet’s orbital period. Phase 0.0 is the location of the predicted mid-
transit time of the planet. The solid line represents the predicted transit

signature, based on the analytic models of [160] and using the values for
the transit depth and duration calculated in Section [6.3] The short dashed
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Figure 6.6: APT photometry, with each half-season normalized to the same
mean (see text for details) and phased at the orbital period of the planet.
The solid line is the predicted transit signature. The overplotted short
dashed line is the predicted transit signature if the star has a radius of 0.77
Re. Top panel: full orbital phase. Bottom panel: the 3o transit window
(horizontal extent of the plot), with the vertical dashed and dotted lines
enclosing the 1o and 20 transit windows, respectively. The 1o error bar is
shown in each panel.
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line corresponds to the predicted transit depth if the stellar radius is 0.77
Re (see Section . At the top the entire orbital phase is shown, while
the horizontal range of the bottom plot corresponds to the size of the 3o
window. In the bottom panel, the vertical dashed and dotted lines indicate
the extent of the 1o and 20 transit window, respectively.

The rms of the photometry in Figure is 0.0065. I can therefore
exclude edge-on (i = 90°) transits with the predicted depth of 0.0253 at
the 3.90 level. (If T assume a stellar radius of 0.77 R, then the predicted
depth is 0.0228 and I can exclude such transits at the 3.50 level.) While
a grazing transit for this planet requires an orbital inclination of 88.7°; the
cadence of the observations only allows us to exclude transits corresponding
to @ >88.9°. This is equivalent to an impact parameter (b) < 0.86, and
a transit duration > 0.01 days = 0.004 orbital phase. The photometric
precision is sufficient to rule out transiting planets with radii as small as
0.79 Ry at 20 confidence. The density of a planet with such a radius would
fall outside the range predicted by the models of [24].

The case of HD 192263b shows that deep and more importantly, long
transits can be detected or ruled out using existing low-cadence photometry
if the dataset covers a sufficiently long time period. An additional benefit
of a long time series is the full coverage of the 3¢ transit window, providing
a higher confidence in the transit exclusion in the case of a non-detection.
The utility of the ephemeris refinement component of the TERMS approach
is clear: smaller uncertainties on the orbital period and transit time lead
to a shorter transit window within which we need to assess whether the
phase-folded photometry has adequate cadence and precision.

I perform an additional test to check the presence or absence of a transit
by comparing the predicted amplitude of the Rossiter-McLaughlin (RM)
effect for this system with our RV measurements. For a system in which the
orbital plane of the planet is aligned with the equator of the star, [91] show
that the amplitude of the RM effect is given by

2

2

Kp = vsiniz v
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where v = R,/R,. For v < 1, equation 1 becomes

*

2
Kr =wvsini <gp> (6.2)

Using a transit depth (R,/ R,)? of 0.0253 and our upper limit on vsin,
I find Kr < 25.3 m s~!. Given the rms of our RV residuals within the 3¢
transit window (see Figure , I can exclude an RM effect with amplitude
> 12.0 m s~'. While these limits place a much looser constraint on the
existence of a transit than the photometry does, they are consistent with

the absence of a transit.

6.7 Conclusions

The planet orbiting HD 192263 is an illustration of the challenges posed by
the detection of companions around active stars. In this Chapter, I presented
five new RV measurements which I used to refine the orbital parameters of
HD 192263b. The new measurements provide continuing support for the
existence of the planet, in agreement with the conclusion of [206].

I have also shown new photometry of the system. I perform a Fourier
analysis of the photometry and find evidence for variability on a 23 day
timescale, which agrees with previous reports of stellar variability. A de-
tailed examination of the Fourier spectrum near this value reveals a multi-
plet of peaks with periods ranging between 22 and 27 days. The dominant
signal in this cluster has a period of 23.3932 + 0.0046 days. The five sur-
rounding peaks are likely due to the amplitude modulation of this signal
over the time span of the observations, with a possible minor contribution
from the star’s differential rotation. Nevertheless, neither the dominant pe-
riod nor any of the five other peaks match the orbital period of the planet
(P = 24.3587+0.0022 days), so I find no evidence of star-planet interactions.

I also observe a longer-term trend which may be a ~ 8-year magnetic
cycle (if the signal remains periodic), or may be due to variations of spots at

the surface of the star which would not repeat with a regular cycle. Contin-
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uing long-term monitoring of the star should more convincingly discriminate
between the two scenarios. It is noteworthy that we do not see a long-term
variation in the RV measurements in phase with this long-term photometric
trend.

As our photometric dataset spans approximately a decade, we have good
coverage of the 30 transit window when the data is phased to the orbital
period of the planet. Thus I am able to thoroughly exclude transits of the
predicted depth (2.53%, corresponding to a planet with a radius of 1.09 R )
for a planet with a mass of 0.733 M ;. The absence of a detectable (> 12.0 m
s~1) Rossiter-McLaughlin effect is consistent with this result. I also exclude
transit depths as low as 1.3% (corresponding to a planetary radius of 0.79
Rj). In the case of a non-edge-on orbital configuration, the cadence of the

data allows us to rule out transits with impact parameter < 0.86.
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Chapter 7

A Search for Transits of (GJ
581e and Characterisation of
the Host Star Variability
Using MOST Photometry

7.1 Introduction

Radial velocity (RV) and transit searches are discovering progressively less
massive and smaller exoplanets. The HARPS [170], Keck [37] and sev-
eral other RV surveys have brought forth dozens of planets with minimum
masses <10 Mg, while the Kepler mission [27] has so far yielded a wealth
of super-Earth candidates with radii <4 Rq. Furthermore, Kepler has al-
ready detected three planetary candidates with radii smaller than that of
the Earth in a single system [176].

There are currently a handful of super-Earths for which both the masses
and radii have been measured. By determining the density of these planets,
of which none exist in the Solar system, it becomes possible to begin con-
straining their composition and eventually their formation. Thanks to their
transiting nature it also becomes possible to perform spectroscopic studies
of these planets. Such studies, rendered possible by the large transit depth
which is induced by the small size of the host star relative to that of the
transiting planet, now exist for the super-Earth GJ 1214b [19, 20, 23, 56].

GJ 581, a small M2.5 dwarf (R,=0.299 Rg; [254]), is known to host up
to 6 planets [26, 168, 239, 250]. However, I note that the existence of planets

119



7.1. Introduction

f and g has been disputed and arguably ruled out by several independent
analyses [86, 98,237]). This system has been observed and studied at length.
The published HARPS radial velocity measurements span approximately
seven years [86], and the HIRES observations cover more than a decade.
The orbital parameters of four planets in the system are well constrained
[86]. At least three of those planets (¢, d and e) have minimum masses in
the super-Earth regime. The habitability of ¢ and d has been assessed by
several groups, and while the former orbits too close to the star to sustain
liquid water on its surface [215, 253], GJ 581 d was found to reside in the
habitable zone of the system [15, 125, 253, 256, 266).

The GJ 581 system was observed by the MOST space telescope in order
to determine its variability and search for transits of GJ 581e. These obser-
vations were acquired as part of a program aiming to search for transits of
known RV super-Earth candidates using MOST. The telescope is optimized
for bright star (V < 10) photometry, a characteristic it shares with radial
velocity surveys. Even though GJ 581 is slightly fainter (V = 10.6) than
the usual MOST targets, the opportunity to obtain continuous coverage of
more than one orbital cycle of the planet (thus eliminating the chance that
a transit might be missed) motivated the observations.

GJ 581e, the innermost planet in the system, orbits its host star with
a period of 3.15 days and has a a priori transit probability of 5%. This
value corresponds to the geometric probability that the planet crosses the
disk of the star and in the case of a circular orbit it is derived from the
planet’s semi-major axis and the stellar radius. GJ 581e, whose published
properties can be found in Table [7.1] is the planet with the smallest radial
velocity-derived minimum mass to date. If the planet is found to transit, its
size can be determined and spectroscopic studies of its atmosphere become

possible.
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7.1. Introduction

Table 7.1: Published orbital parameters for GJ 581e from [86]

Parameter Circular model | Keplerian model
P (days) 3.14941 +£ 0.00022 3.14945 + 0.00017
To* (HID) 2454749.026 £ 0.056 | 2454750.31 £ 0.13
e — 0.32£0.09
w (deg) - 236 + 17
K (ms™!) 1.754 + 0.180 1.96 £ 0.20
M, sini (Mg) 1.84 1.95
a (AU) 0.028 0.028

Table 7.2: Published orbital parameters for GJ 581b from [86]

Parameter Circular model | Keplerian model
P (days) 5.36864 + 0.00009 5.36865 =+ 0.00009
To* (HJD) 2454751.536 £ 0.012 | 2454753.95 + 0.39
e — 0.031+0.014
w (deg) — 251 £ 26
K (ms™1) 12.72 £ 0.18 12.65 £ 0.18
My sini (Mg) 15.96 15.86
a (AU) 0.041 0.041

Time of transit.
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7.1. Introduction

The duration and nearly continuous nature of the MOST observations
presented in this Chapter also invite a search for transits of GJ 581b (P =
5.37 days), regardless of the outcome of my GJ 581e transit search. Indeed,
even if GJ 581e does not transit, GJ 581b may still transit if their orbits are
not co-planar. [157] have already ruled out transits of GJ 581b, using an
orbital solution based on the assumption of circular orbits for all planets in
the system. However, if the orbital eccentricities of the planets are allowed
to vary during the fitting process, the resulting solution shifts the predicted
mid-transit time of GJ 581b outside the observations acquired by [157], as
was determined by [86]. The published orbital parameters of GJ 581b are
found in Table [7.2

[86] performed a transit search for GJ 581e using photometry from the
2.5 m Isaac Newton Telescope that was obtained during one transit window
between -1 and 2.3 o from the predicted mid-transit time (a total of 6.5
hours) for a circular orbit. They have found no evidence of a transit. In
this Chapter, I present two sets of nearly contiguous MOST space-based
photometry of GJ 581, obtained in 2007 and 2009 (Section [7.2). The 2009
data set covers almost four full orbital cycles of GJ 581 e (Section [7.3.1)) and
thus allows us to perform a more complete transit search using the ephemeris
for the circular orbital solution. In addition, I am able to search for transits
during the predicted transit window@ corresponding to the eccentric orbital
model. T quantify our sensitivity to shallow transits via Monte Carlo tests
(Section [7.3.2). In Sections and [7.3.4] I place limits on the size and
mass of GJ 581e and discuss the implications. I use the MOST photometry
(which covers 2 orbital cycles of GJ 581b) to search for transits of this planet
within its eccentric orbit-predicted transit window as well, in Section [7.4.
In Section I briefly address the cases of GJ 581c¢ and GJ 581d. Finally,
I combine this data set with a longer light curve obtained in 2007 to carry
out a stellar variability analysis for GJ 581 (Section . I conclude in
Section [7.7.

9The transit window is the time span during which a transit is predicted to occur,
calculated from the uncertainties on the orbital period and those on the predicted mid-
transit time.
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Figure 7.1: Reduced MOST photometry acquired during 2007 April 25 to
June 14. The tire-track pattern of the data is due to the fact that MOST
alternated between GJ 581 and other stars during these observations.

7.2 Observations and Data Reduction

We obtained photometry of Gliese 581 from the MOST satellite during 2007
April 26 to May 24, and during 2009 May 8-20.

In 2007, MOST observed GJ 581 for 50 days, but alternated between
this star and other targets during this period. Because the cadence of the
observations is too low, the 2007 photometry (see Figure was not used
for a transit search, but was combined with the 2009 data for the stellar
variability study (see Section [7.6). The exposure time for each individual
frame is 3.0 s. In 2009, GJ 581 was observed contiguously during half
of every MOST orbit (54 out of every 101.4 minutes), for nearly 12 days.
The alternating target, 33 Lib, was monitored during the remainder of each
orbit. The GJ 581 photometry was acquired in Direct Imaging mode, with
individual exposure times of 3.0 s. For both the 2007 and 2009 observation
runs, sets of 8 individual frames were stacked on board the satellite before
being downloaded to Earth, leading to a total integration time of 24 s per
data point. There is also a modest readout overhead of 3.2 seconds, resulting
in a sampling rate of 27.2 s (outside of the interruptions for the alternating
target).

The raw data were reduced using aperture photometry. The reduction

pipeline (described in detail in [198]) corrects for cosmic ray hits and stray
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Figure 7.2: Top: Reduced MOST photometry acquired during 2009 May 8-
20. Bottom: Same, but with the modulation visible in the top panel removed
(see Section |7.2|for details). The tire-track pattern of the data is due to the
fact that MOST alternated between GJ 581 and another star during these
observations.

light from scattered Earthshine, which varies with the period of the satellite.
The 1-day period variation (due to the Sun-synchronous orbit of MOST)
with an amplitude of 1.3 mmag was also filtered from the data.

In addition, for the 2009 data set three short sections of the light curve
(at around 3418.2, 3420.5 and 3424.6 days in Figure affected by high
levels of stray light were conservatively excised. After these steps, a modu-
lation remains in the light curve (Figure top panel). A possible origin
of this modulation is discussed in Section [7.6. This trend was modelled with
a cubic spline interpolated from the data binned every 500 minutes, and
removed from the light curve before the transit search and transit-injection

tests. The bin size was chosen to be large enough not to interfere with any
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7.3. GJ581e

transits of GJ 581 e (predicted edge-on transit duration = 1.2 hours) and
small enough to remove the slowly varying trend. The final 2007 and 2009

time series contain 7667 and 17312 points, respectively.

7.3 GJ581le

7.3.1 Transit Ephemeris and Predicted Characteristics

I use the ephemerides published in [86] to search for transits of GJ 581e.
The authors derived best-fitting orbital models for planets b, ¢, d and e in
two ways: by assuming circular orbits (where the eccentricity is fixed to 0.0
for each planet) and by fitting fully Keplerian orbits (where the eccentricity
is allowed to float). While the values of the orbital period for GJ 581e in
the two cases are nearly identical, an eccentricity of 0.32 + 0.09 is found for
the Keplerian fit (see Table for the [86] orbital parameters of GJ 581e).
In addition, Mpsini is slightly larger for the Keplerian orbit fit (1.95 Mg)
than for the circular orbit model (1.84 Mg), though no uncertainties are
reported for these values. The predicted mid-transit times (7°0) and asso-
ciated uncertainties also differ significantly between the two cases, leading
to different phase locations and sizes for the transit windows. The coverage
of the MOST photometry is adequate for monitoring the transit windows
corresponding to both solutions.

For the circular orbit transit search, the photometry was folded on
T0 =2454969.489. The 1o uncertainty on this value is 0.071 days, so the
size of the 3o transit window is 11.48 hours (including a predicted transit
duration of 1.2 hours). In the Keplerian orbit case, 70 =2454970.77 was
used to fold the time series. The associated 1o uncertainty is 0.14 days,
leading to a 3o transit window of 22.03 hours (including a predicted transit
duration of 1.6 hours).

I estimate radii for GJ 581e for each of three theoretical compositions:
hydrogen, water ice and silicate. I use the models of [212] and the planetary
mass obtained by assuming an impact parameter (b) of 0.0 (¢ = 90°). The

derived radii are 3.70, 1.68 and 1.25 Rg, for a homogeneous hydrogen, water
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ice and silicate planet, respectively.

7.3.2 Monte Carlo Simulations

Throughout this section I only use the 2009 data set, because the cadence of
the 2007 photometry is too low for a transit search of a super-Earth planet.

My approach is inspired by the methods used in [58], [57] and [9]. How-
ever, my analysis differs in that I search for transits of a RV-detected planet
with a well-known period rather than additional planets in known transiting
systems. Indeed, the orbital period of GJ 581 e is known to within 19 s [86].
As a consequence, for my Monte Carlo simulations and transit search I vary
the planetary radius (R,), orbital inclination (i) and orbital phase at which
the transit may occur (0 < ¢ < 1), but not the orbital period. Carrying
out simulations for values of ¢ other than 90° allows us to quantify the effect
of the cadence of the MOST observations on our sensitivity to transits of
various durations.

To quantify our detection limits for the Gliese 581 photometry, I in-
jected simulated limb-darkened transits (using the models of [160]) in the
2009 light curve and attempted to recover them by fitting a box-shaped
transit model and minimizing x2. For the simulated transits, I interpolated
limb darkening coefficients (¢; =1.600, co =-1.491, ¢35 =1.209, ¢4 =-0.398)
from tables generated for the MOST bandpass (A. Prsa, private communi-
cation) and based on the Kurucz models [45], assuming a stellar effective
temperature (Tcs¢) of 3500 K, surface gravity (log g) of 5.0 and metallicity
([Fe/H]) of -0.15. The actual values for GJ 581 are T,¢s = 3498 £56 K, log
g =4.96 £0.08 and [Fe/H| = —0.135 [254]. T used a grid evenly spaced in
R, and ¢. The grid consists of 30 Rp values ranging from 1 to 4 Rg and 4
i values ranging from 87.5 to 90° (0.0 < b < 0.9). For each combination of
radius and inclination, I insert transits at 100 randomly distributed phases
spanning the 3o transit window for the circular ephemeris. Thus I search a
total of 12000 light curves.

I sample the x2 space at 90 values of the planetary radius (equally spaced
from 0.85 to 4.5 Rg ), 6 values of the orbital inclination (equally spaced from
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87.2 to 90°) and between 130 and 2000 values of the orbital phase (equally
spaced within the 30 transit window). For each model, I compute the change
in y? relative to the constant flux hypothesis. The model with the largest
value of Ax*% = 100%(x7 — x2)/x2 (where x7 and X7 correspond to the
transit and constant flux model, respectively) becomes the best-fit solution
for a particular light curve. I call the values of R, i and ¢ associated with
the best-fit solution Ryec, irec and ¢pee, respectively. Since the goal is to
identify a statistically significant transit rather than to precisely determine
its parameters, I consider a transit as successfully detected if Ax? > 70
and the following two conditions are satisfied: |(Rrec/Rinj)| —1 < 20%
and |prec — ¢inj| < 0.01 (corresponding to ~ 45 min). R;,; and ¢;y; are
the planetary radius and orbital phase of the injected transit signal. The
results of my Monte Carlo simulation indicate that I do not always accurately
recover the impact parameter of the injected signal. This is not surprising
for such shallow and short (1.2 hours for b = 0) transits. As a consequence,
I do not use an orbital inclination condition as a criterion for detection.
For b =0 (i = 90°), I recover the transits corresponding to a planetary
radius >1.42 Rg at least 68% of the time. I recover injected transits for
R, > 1.62Rg and for R, > 1.93Rg at least 95% and 99% of the time,
respectively. For larger values of b these confidence limits tend to shift to
larger radii, though only mildly so for b < 0.6. This is because the transit
duration is shorter and there are less in-transit data points, making the
signal more difficult to detect. Further, for larger values of b the planet
would cross nearer the limb of the star, thus blocking out less light and
leading to a shallower transit than in the case of b = 0. In light of these
two arguments, I note that while transits with Rp < 4Rg and b = 0.9 do
not meet my detection criteria with sufficient statistical confidence, deeper
transits do. Our detection limits as a function of b and R, are shown in
Figure in the form of 68%, 95% and 99% confidence contours. A value
of b = 0 corresponds to an edge-on transit, while b = 1 represents a grazing

transit.
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Figure 7.3: Detection limits for injected transits as a function of planetary
radius (Rp) and impact parameter (b). The solid points correspond to the
values of Rp and b at which I tested our sensitivity. The solid, dashed and
dotted lines indicate the 68%, 95% and 99% confidence contours, respec-
tively.

7.3.3 Transit Search

I perform the transit search described above on the 2009 light curve (within
the 30 transit window corresponding to the circular orbit solution). I do
not find any transit candidates for a planet with R, >1.42 Rg, which is my
1o detection limit (for b = 0).

My best transit candidate (for which Ax? = 15 was largest) has the
following properties: R, = 0.912Rg, b = 0.40 and ¢ = 0.058, and therefore

it occurs near the positive edge of the 30 window (the predicted mid-transit
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time corresponds to ¢ = 0.0). This signal is significantly below my detection
limit and over five times smaller than the rms of the phased data within the
30 transit window. Such a planet would have a density (p) of 13.4 g cm ™3, an
unrealistic value as it is greater than the maximum iron fraction limit for a
rocky planet [161]. For these reasons, I consider this candidate very unlikely
to be a transit signal. The phased observations spanning the 3o transit
window and the best-fit model for this candidate are shown in Figure [7.4

Using the HIRES-based results from [250], [3] find a possible discrepancy
between the residuals of a circular orbit solution for the four planets, and
the expected Gaussian distributed residuals if the best-fit model was the
true model. They suggest this discrepancy may indicate that the planetary
orbits are eccentric. Further, when fitting a Keplerian model to the HARPS
RV data (see Section|7.3.1), [86] obtain significant values for the eccentricity
of planets d and e, and different mid-transit times for all planets than in the
circular model case. Motivated by these results, I also carry out a transit
search for GJ 581e within the 3¢ transit window computed from the orbital
parameters associated with the Keplerian model. The rms=0.00425 (in units
of relative flux) of the phased photometry within this window is marginally
smaller than that of the circular solution transit window (rms=0.00431).
Thus our sensitivity to transits should be very similar or marginally better.
I find no transit candidate near or above the detection limits reported in
Figure |7.3|

The best candidate (Ax? = 29) in this case represents a planet with
R, = 1.19Rg, b = 0.79 and ¢ = —0.006, very close to the predicted mid-
transit time. With a mass of 1.95 Mg, [86], this planet would have p =6.41
g cm ™2 which would make it slightly denser than 55 Cnc e and suggest a
silicate composition model [212]. Nevertheless, the statistical significance
(p = 0.26) of this signal is too low and its best-fitting parameter values are
too far below my detection limits to make it a likely candidate. The phased

observations showing this candidate can be seen in Figure
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Figure 7.4:
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The best candidate transit signal for the circular model

ephemeris. Phase 0.0 corresponds to the predicted mid-transit time. Top:
Unbinned photometry folded at the orbital period of 3.15 days. The orbital

phase range of the plot is equivalent to the 30 transit window. Bottom:
Zoom-in of the folded photometry, binned every 0.001 orbital phase.

In

both panels, the best-fit box-shaped transit model is shown in red.
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Figure 7.5: The best candidate transit signal for the Keplerian model
ephemeris. Phase 0.0 corresponds to the predicted mid-transit time. Top:
Unbinned photometry folded at the orbital period of 3.15 days. The orbital
phase range of the plot is equivalent to the 30 transit window. Bottom:
Zoom-in of the folded photometry, binned every 0.001 orbital phase. In
both panels, the best-fit box-shaped transit model is shown in red.

7.3.4 Constraints and Implications

Even when a super-Earth transits and its radius can be measured, it is still

difficult to gain insight into its detailed composition. Nonetheless, usafopﬂ
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limits can be placed on its interior structure when both its mass and radius
are available [195]. Unfortunately, I do not detect a significant transit signal
for GJ 58le. If the planet transits, then I can use the limits determined in
Section to constrain its size as follows.

To 1o confidence, I exclude pure hydrogen, hydrogen/helium, pure wa-
ter ice and 50% water ice compositions for detectable (b < 0.6) transiting
orbital configurations. To 20 confidence, I rule out compositions less dense
than 75% water for b < 0.6. I exclude hydrogen and hydrogen/helium com-
positions with 30 confidence. Quantitatively, for Mp = 1.84 Mg (based on
the circular orbit solution), I rule out densities lower than 3.54 g cm ™3 | 2.39
g cm ™3 and 1.41 g cm ™3 with 1o, 20 and 3¢ confidence, respectively.

There are so far no transiting planets with a measured mass smaller than
2 Mg,. Kepler-11f comes close, at 2.3 Mg (determined from dynamical fits
of the Kepler-11 system) and a radius of 2.6 Rg [154]. GJ 1214b orbits
a star much closer in spectral type (M4.5) to GJ 581, but has a mass of
6.4 Mg and a radius of 2.7 Rg [49]. These two super-Earths are relatively
low-density planets, with envelopes of water [23] and/or hydrogen [154]. If
GJ 58le transits and has a similar density, then I would have detected the
transit in the MOST photometry. However, if a transiting GJ 581e is more
similar to the denser 55 Cnc e (p =5.9 g cm~3; [262]), Kepler-10b (p =8.8 g

m~3; [16]), or Corot-7b (p =10.4 g cm ™3, assuming a mass of 7.4Mg; [106]),
then I would not have detected its transit using our data. Nevertheless, 55
Cnc e, Kepler-10b and Corot-7b receive significantly more radiation due to
both their proximity to their host stars and the higher temperatures of those
stars, compared to Kepler-11f, GJ 1214b and GJ 581e. Therefore, we expect
any atmospheres or water envelopes these highly irradiated planets may have
acquired to be mostly or entirely evaporated, thus possibly explaining their
higher densities.

[168] have performed a stability analysis of the GJ 581 system in order to
determine constraints on its orbital inclination. Assuming co-planar orbits
and allowing for non-zero eccentricity, they found that GJ 581e was ejected
for inclinations less than i = 40°. This lower bound leads to a maximum
mass for GJ 581e of 2.86 Mg based on the Mpsini value from the circular
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solution, and 3.03 Mg, based on the Keplerian solution. A co-planar orbital
configuration with ¢ > 40°, even if it is not edge-on, should still give rise to
observable thermal phase variations of the order of at least 10 ppm in the
infrared, dominated by the thermal radiation of planets b and e. A signal
of this amplitude is likely within reach of NIRCam on the JWST [211].

7.4 GJ 581b

7.4.1 Transit Ephemeris and Predicted Characteristics

I use the [86] ephemerides for GJ 581b to determine its 3o transit window for
both the circular and Keplerian orbit cases, in the same manner I did for GJ
58le. Although the authors find a nearly circular orbit (e = 0.031 £ 0.014)
for GJ 581b itself in the Keplerian orbit case, the planet’s predicted mid-
transit time is nevertheless affected (and shifted relative to the circular case)
due to the overall best-fitting solution which does assign significantly greater
than 0 eccentricities to planets e and d. The minimum mass of GJ 581b is
not very different in the circular case (Mpsini = 15.96 M) compared to the
Keplerian case (Mpsini = 15.86Mg,), and is very close to that of Neptune
(Mp = 17.15Mg).

I find that [157] have conclusively ruled out transits of GJ 581b within
its ~ 20 transit window for the circular orbit ephemeris. They exclude
planetary radii greater than 1.5Rg, a value which, given the minimum mass
of the planet, would suggest a highly implausible object composed entirely
of iron. However, to my knowledge the transit window arising from the
Keplerian fit has not yet been searched.

For completeness (the MOST observations allow the search to be carried
out beyond the 20 window), and to confirm the results of [157], I perform
this analysis for the circular orbit window as well, using 70 = 2454966.303
to fold the photometry. The 1o uncertainty on this value is 0.016 days.
The 30 transit window (including a predicted edge-on transit duration of
1.4 hours) is thus 3.7 hours long. For the Keplerian orbit window I use
T0 = 2454963.34 to fold the data, and the associated 1o uncertainty of 0.39
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days leads to a transit window length of 56.2 hours (or 2.34 days).

7.4.2 Transit Search and Constraints

The folded photometry within the 3o transit window for the circular and
Keplerian orbit cases are shown in Figures [7.6| and [7.7, respectively. I con-
sidered and overplotted transit models corresponding to three possible plan-
etary radius values. The dashed line represents the minimum radius for a
planet of mass equal to the minimum mass of GJ 581b with the maximum
iron core mass fraction attainable from collision-induced mantle stripping
for a planet (Rp = 1.9Rg;; [161]). A more realistic transit depth is indicated
by the dotted line, which corresponds to a silicate planet (Rp = 2.3Rg).
Finally, the solid line represents a planet with a density equivalent to that
of Neptune (Rp = 3.8Rg).

The phase coverage for GJ 581b is incomplete even when ~2 orbital
cycles are phase-folded because of the cadence of the MOST photometry of
this system (see Section [7.2). This sets limits on the duration of a transit
detectable with the MOST data, depending on where it would occur within
the window.

Thus, for both the circular and Keplerian cases, I can rule out transits
corresponding to radii associated with any plausible composition for GJ
581b, but only for impact parameter b < 0.4 (corresponding to a transit
duration greater than ~ 90% of that of an edge-on transit). It is difficult to
set more precise (and applicable to the entire transit window) limits on the
duration of a detectable transit because the cadence and phase coverage of
the phased photometry are uneven throughout the transit window.

For the circular orbit window — based on the results of [157] and my
own — I conclude that transits are unlikely to occur. For the Keplerian case,
given our observations, transits may still occur for 0.4 Z b < 1.

The lower limits on the mass of GJ 581b thus do not change. The
dynamical simulations performed by [168] (under the assumption of stable
and co-planar orbits for planets a to d) lead to an upper limit of 24.83 Mg,
for the circular orbit case and 24.67 Mg for the Keplerian orbit case.
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Figure 7.6: The 2009 photometry, folded at the period of GJ 581b (5.37
days). The orbital phase range of both top and bottom plots is equivalent
to the 30 transit window based on the circular orbit ephemeris. Phase 0.0
corresponds to the predicted mid-transit time. Box-shaped predicted tran-
sit signatures for three planetary radius values are overplotted in blue. The
dashed, dotted and solid lines represent Rp = 1.9,2.3 and 3.8 Rg, respec-
tively. Top: Unbinned photometry. Bottom: Vertical zoom-in of the folded
photometry, binned every 0.0006 orbital phase.
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Figure 7.7: The 2009 photometry, folded at the period of GJ 581b (5.37
days). The orbital phase range of both top and bottom plots is equivalent
to the 3o transit window based on the Keplerian orbit ephemeris. Phase
0.0 corresponds to the predicted mid-transit time. Box-shaped predicted
transit signatures for three planetary radius values are overplotted in blue.
The dashed, dotted and solid lines represent Rp = 1.9,2.3 and 3.8Rg, re-
spectively. Top: Unbinned photometry. Bottom: Vertical zoom-in of the
folded photometry, binned every 0.0006 orbital phase.

7.5 GJ 581c and GJ 581d

The third and fourth known planets in the GJ 581 system have orbital
periods of 12.92 and 66.6 days, respectively. They are both super-Earth
candidates, with a minimum mass of 5.4 Mg for GJ 581c and 5.3 Mg for
GJ 581d, in the circular orbit case. Their long orbital periods result in low
transit probabilities, but having photometry spanning several days to several

weeks motivated us to consider whether the observations may include the
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predicted mid-transit times of these two planets.

Unfortunately, no GJ 581 d predicted transit times occur within the 2007
or 2009 data sets, for either the Keplerian or circular orbit ephemerides.
No GJ 581c transit times are predicted within the high-cadence sections
of the 2007 light curve (visible in Figure , but the 2009 data set does
include one value of T'0 for each of the two orbital fits. For the circular case,
T0 = 2454970.93 with a 1o uncertainty of 0.15 days. For the Keplerian case,
T0 = 2454969.7 with a 1o uncertainty of 1.6 days.

The main reason I do not carry out a transit search beyond visual inspec-
tion of the light curve is that the MOST photometry only covers one transit
window for GJ 581c. Most of the possible radius values for this planet are
too small to produce a transit signal that would be believable with a single
detection given the precision of our photometry. The relatively long transit
windows, especially for the Keplerian orbit case, would further decrease the
significance of such a signal. I do note that no transit feature with depth
larger than the rms of the light curve (~ 0.005) is visible in the photometry.
This limit corresponds to a radius of 2.3 Rg, which leads to a fairly low

density in the realm of water/helium/hydrogen planetary compositions.

7.6 Stellar Variability

The brightness of GJ 581 is stable to less than 1% over the four weeks during
which MOST observed the star in 2007. The 11.5-day data set obtained in
2009 supports this conclusion. This level of stability agrees with the finding
that the X-ray brightness of GJ 581 lies below ROSAT’s detection threshold
and supports an advanced age (2= 7 Gyr) for the star, as suggested by [215].
Thus, it constitutes a factor in favour of the potential development of life
on any planet residing within the habitable zone of the system, and allows
a sufficiently long period of time for its occurrence [207].

I searched the MOST photometry for evidence of variations indicative
of the stellar rotation period. [250] report a value of 94.2 days, based on
APT photometric observations acquired with the 0.36 m Tennessee State

University telescope and spanning 530 nights. They find a semi-amplitude
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of 3 mmag (0.0028 in units of flux) for this variation. Though it covers only
31% of the reported stellar rotation period, the MOST 2007 data is con-
temporaneous with a subset of the 0.36 m photometric observations ranging
from 2454217.3 to 2454244.5 (rotational phase 0.84 to 1.13 according to sec-
tion 4 and Figure 1 of [250]). The MOST 2007 photometry shows a slight
long-term curvature, with a minimum at approximately HJD 2454236. This
corresponds to phase 1.05 in Figure 1 of [250]. In their figure, the minimum
of their folded photometry can also be observed near the same phase. How-
ever, our data are insufficient to definitively establish whether they support
a rotation period of 94.2 days.

In the 2009 data set I observe a modulation in the light curve with a
period of about 5 days and semi-amplitude of ~1.5 mmag (or 0.14% in flux
units; see Figure , which was removed prior to the transit injection tests
and transit search as described in Section The amplitude spectrum
shows a strong peak at a frequency of 0.1790 £ 0.0016 cycles/day (period of
5.586 £ 0.051 days), as can be seen in Figure This variation is especially
interesting as it has a period comparable to the orbital period of GJ 581b
(P = 5.36865+0.00009 days). I generate an amplitude spectrum of the 2007
photometry (see Figure to verify whether the same signal is present. A
peak of much lower significance is visible at a frequency corresponding to
a period of 5.365 4+ 0.074 days. In Figure I show the 2007 and 2009
photometry phased to the planet’s orbital period, separately and together.
While the 2007 data is not persuasive, the 2009 photometry shows a coherent
signal. This signal persists when the two data sets are combined, and while
this is at least in part due to the greater number of observations in the 2009
photometry which dominate the combined data, its persistence is somewhat
encouraging.

Regardless of whether this variation persists beyond the duration of our
2009 observations, its period is too short to correspond to the stellar rotation
period, as pointed out by [168]. Considering the approximate match between
the orbital period of GJ 581b and the period of the variation, I tested the
possibility that the variation is due to scattered light from the surface of

the planet. Assuming a conservatively large radius of 0.7 R, for GJ 581b,
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Figure 7.8: Amplitude spectrum (in units of relative flux) for the 2007
MOST photometry. The red line indicates the frequency corresponding to
the orbital period of GJ 581b (P = 5.37).
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Figure 7.9: Amplitude spectrum (in units of relative flux) for the 2009
MOST photometry. The red line indicates the frequency corresponding to
the orbital period of GJ 581b (P = 5.37).
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(Rp/a)? gives a signal with a semi-amplitude of approximately 0.006% or
0.07 mmag. This is much smaller than the semi-amplitude of the variation
I observe. Thus, the variation is not (solely) due to scattered light. Given
the long-term activity trend in the host star (indicating the presence of a
magnetic field) observed by [95, 96], another possible explanation is that
the planet induces a spot on the stellar surface, which remains synchronized
with the planet’s orbital motion. The fact that the 2007 photometry does
not clearly show a similar strength signal at the same period may be related
to the magnetic activity cycle detected by [96].

The most convincing case of magnetic star-planet interactions so far is
the Tau Bootis system. A periodicity close to the orbital period of the plan-
etary companion was detected in MOST photometry of the system [258],
indicating the possible existence of stellar spots and/or active regions in-
duced by Tau Bootis b. Spectropolarimetric observations suggest the mag-
netic polarity reversal may be at least partly related to the presence of the
planet ([70]; [79]). GJ 581b (Mpsini = 0.05M jp; [86]) is less massive than
Tau Bootis b (Mpsini = 3.9M j,p; [36]). However, the same can be said
for the host stars (M, = 0.3Ms and 1.3Mg for GJ 581 and Tau Bootis,
respectively). Further, the b planet is also the largest in the GJ 581 system.
Thus, star-planet interactions are a viable possibility but further monitoring
of the GJ 581 system is necessary to better understand the nature of the
photometric variability observed in the 2009 MOST photometry.
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Figure 7.10: The 2007 and 2009 photometry phased individually (top and
middle panels) and combined (bottom panel) at the orbital period of GJ
581b. The black solid points represent the photometry binned every 0.005
orbital phase. The red open squares correspond to the data averaged into
0.05 phase bins.

7.7 Conclusions

We observed GJ 581 with the MOST space telescope for a duration of 28
days in 2007 and 11.5 days in 2009. The 2007 photometry served to deter-
mine the level of variability of the host star, while the higher-cadence 2009
photometry was collected with the purpose of searching for transits of GJ
581e. I computed 3o transit windows using both the Keplerian and circu-
lar ephemerides reported in [86]. To quantify the sensitivity of our data to
super-Earth transits of various depths, I performed Monte Carlo simulations
which involved injecting simulated transits into the light curve and attempt-
ing to recover them using a box-shaped model. The simulated transits have
planetary radii between 1 and 4 Rg and impact parameter values ranging
from 0.0 to 0.9.

My transit search returns no significant candidate. This is in agreement
with the findings of [86]. However, our data allow a full search of the 3o
circular orbit transit window, and the 30 Keplerian orbit window as well,
ensuring that the potential transit of GJ 581e (if sufficiently deep) was not
missed by our observations. I place lower limits on the planetary density
of GJ b8le, if it transits. If it does not, then its mass likely lies between
1.84 Mg, and 3.03 Mg (assuming orbital co-planarity and stability over more
than a few Myr for planets b, ¢, d and e) as found by [168], but I cannot
constrain its density.

I conclude that if GJ581e has an envelope dominated by water, helium
and/or hydrogen (as appears to be the case for GJ 1214b and Kepler-11f), I
rule out transits for most geometric configurations (b < 0.6). I cannot rule

out transits for a higher density planet. Given the significance of this plane-
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tary system, I recommend that RV measurements continue to be collected in
order to constrain the eccentricity of the orbits more precisely. Subsequently,
further photometric observations should be undertaken to conclusively de-
termine whether GJ 58le, if it has a density higher than 2.5-3 g cm™3,
transits. A positive result would provide much needed insight into the bulk
and atmospheric composition of this low-mass super-Earth.

Since the MOST photometry spans two orbital cycles of GJ 581b, I am
able to rule out transits for all plausible compositions of this planet, but only
for b < 0.4. This leaves a significant range of unexplored transiting orbital
configurations. I recommend the same course of action as for planet e: once
the orbital parameters of the system are more tightly constrained, existing
GJ 581 photometry combined with a few hours of new strategically acquired
photometry should allow a definitive conclusion to be drawn regarding the
presence or absence of GJ 581b transits.

Transit searches for GJ 581c and GJ 581d cannot be adequately carried
out with the photometry presented in this Chapter, though I am able to
place a very loose constraint on the size of GJ 581c¢ in the form of an upper
limit of Rp = 2.3Rg.

By combining the 2007 and 2009 photometry, I find that GJ 581 is stable
to within 1%, indicating that it is likely a quiet M dwarf and supporting
evidence of its advanced age (2 7 Gyr; [215]). This increases the probability
that life may occur and evolve on a planet in the habitable zone of the sys-
tem. I attempt to verify the stellar rotation period of 94.2 days determined
by [250], but our data set does not cover a sufficient portion of a rotation
cycle of this length to allow any definite conclusions to be drawn. Finally,
in the 2009 data set I detect a signal with a period of 5.586 4+ 0.051 days,
which is close to the orbital period of GJ 581b. A signal at the same pe-
riod and of similar strength is not present in the 2007 photometry. I phase
the two data sets at the period of the planet, individually and combined,
and plot them in Figure |7.10. Though a signal is not apparent in the 2007
light curve, one is clearly visible in the 2009 and the combined light curves.
Additional observations are needed to shed more light on the nature of this

possible phase variation.
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Chapter 8

Non-Detection of Previously
Announced Transits of HD
97658b with MOST

Photometry

8.1 Introduction

Known transiting super-Earth exoplanets around relatively bright (V' < 10)
stars are still scarce. The first to be announced was 55 Cnc e ([262]; [66]),
and more recently transits of HD 97658b were reported by [111].

HD 97658b was discovered through Keck-HIRES radial velocity (RV)
measurements [118]. This planet orbits a K1 dwarf (V' ~ 7.8) with a period
of 9.494 £ 0.005 days. Its low discovery mass (msini = 8.2+1.2 Mg; [118])
suggests a potential super-Earth.

The system was observed near mid-transit times predicted by the RV
ephemeris with two Automated Photometric Telescopes (APTs; by [111]).
Four partial transit windows were covered, each two planetary orbital cycles
apart (since the orbital period is almost exactly 9.5 days, so if one window
occurs at night for a given observing site, the next is during daytime). The
individual light curves suggested the presence of transits, and the signal
persisted when the photometry was phased with the period predicted from
the RV ephemeris. Measurements obtained during nights predicted to be
out of transit were consistent with a constant flux model, supporting the

apparent transit detection. The feature identified as a transit had a depth
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of 1470 =+ 260 ppm, corresponding to a 2.93 £ 0.28 Rg, planet with an orbital
inclination of 90 + 1°. These values would mean a relatively low density
(1.40%5:3% ¢ cm™3) super-Earth.

Given the brightness of its host star, a transiting HD 97658b would be an
ideal candidate for follow-up observations aiming to improve the accuracy
and precision of the parameters of both the planet and its host star. In
addition, these characteristics together with a potentially large atmospheric
scale height would make it suitable for detailed atmospheric studies within
reach of current space-based and large ground-based facilities, which would
contribute to the much needed insight into the physical properties of super-
Earth exoplanets.

Motivated by these stakes, we acquired space-based photometry of HD
97658 to better characterize the transit. In this chapter we report and
analyze this photometry as well as 21 new Keck RV measurements of the
star. Though the RVs continue to confirm the existence of the planet, the
results of my photometric analysis show there is no transit with the depth

and center times predicted by the [111] observations.

8.2 MOST Photometry

8.2.1 Observations

We used the MOST space telescope to obtain high-precision photometry
of HD 97658. The star was observed contiguously in Direct Imaging mode
on 2012 February 25 for 11.8 hours and on March 5-6 for 22.8 hours. The
exposure time was 1.5 s, but the observations were stacked on board the
satellite in groups of 21 for an integration time of 31.7 s per data point.
The raw data was reduced using aperture photometry. During the February
observations, several sections of the light curve (the gaps in the top panel of
Figure were removed due to high levels of cosmic ray background caused
by the passage of the satellite through the South Atlantic Anomaly (SAA),
resulting in a final time series containing 1157 points. The final March data

set contains 2638 points. Both light curves are shown at the same scale in
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Figure 8.1: Reduced MOST photometry acquired during the predicted tran-
sit window of HD 97658b on February 25 (top) and March 5-6 (bottom). The
gaps in the top light curve correspond to the data removed due to increased
cosmic ray background (see Section in the text for details).

Figure 3.1L

The first light curve spans nearly the full 30 transit window for HD
97658b predicted using the ephemeris from [111] (see the top panel of Fig-
ure . The second light curve covers a significantly longer window as
shown in the middle panel of Figure virtually eliminating the possibil-

ity that the announced transit was missed.

8.2.2 Analysis
8.2.2.1 Henry et al. (2011) Transit Exclusion

From top to bottom, Figure [8.2] shows the binned photometry for the first,
second and third data set, and the three time series phased with the orbital
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period of HD 97658b and binned in phase are shown in the lowest panel.
The bin size was chosen to obtain approximately 20-25 in-transit points.
The planetary and stellar radii derived in [111] are 2.93 Rg and 0.70Re,
respectively. I used these values and non-linear limb darkening coefficients
(c1 =0.685, ca =-0.669, c3 =1.405, ¢4 =-0.567; A. Prsa, private communi-
cation) generated for the MOST bandpass assuming the stellar properties
described in [111] to simulate the predicted transit signature in the MOST
light curves. The transit models employed are those from [160]. I find
an expected depth of 1920 ppm for a limb-darkened transit in the MOST
bandpass.

The precision of the MOST photometry is amply sufficient to verify the
existence of a transit with this depth (with >200 significance), but such a
transit is clearly absent from the data, as can be seen in Figure |8.2| within
the 30 transit window predicted from the ephemeris of [111]. The solid line
corresponds to a planet with the predicted radius (Rp =2.93 Rg). I also
show predicted transit signatures for planetary radii of 2.43 Rg (water ice

planet) and 1.87 Rg (silicate planet), both of which are excluded as well.
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Figure 8.2: HD 97658 MOST photometry acquired on February 25 (top)
and on March 5-6 (middle) and the combined data set (bottom) phased to
the orbital period of the planet and averaged into 9 min phase bins. Transit
models with edge-on configuration for a planet with Rp =2.93 Rg (solid
line), 2.43 Rg (dashed line) and 1.87 Rg (dot-dashed line) are shown. The
vertical dotted, dashed and dot-dashed lines enclose the 1o, 20 and 3¢
transit windows (based on the [111] ephemeris), respectively.
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8.3 Keck-HIRES Radial Velocity Measurements

Since the publication of [111], we have measured the radial velocity of HD
97658 for nearly one additional observing season (2011-2012) using Keck-
HIRES. We used the same observing setup and modeling techniques as in
[111]. The full set of 169 RVs and Spx measurements of the CalIH& K
lines [122] from 2005-2012 are listed in Table|A.3, The Syx measurements
(indicators of stellar activity) are not correlated with the RVs, consistent
with a planetary origin for the RV variation. Twenty one measurements
from late 2011 and early 2012 were recorded after the submission of [111].
The 148 RV measurements in common differ slightly here because of modest

re-weighting of spectral segments in the Doppler analysis.

i

RV (ms™)

Days since T,

Figure 8.3: RV measurements (red filled circles) phased to the best-fit orbital
period and phase of the Keplerian model (see Section . The best-fit
model is overplotted as a black line. RV measurements are binned in 0.1
phase intervals (black open squares) and have an RMS to the model of 0.36
m s .

The orbital solution derived from modeling the complete set of RVs in
Table is consistent with the single planet models reported in [118] and
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[111]. A Lomb-Scargle periodogram (Figure[8.4, top panel) of the RVs shows
a prominent peak at 9.493 days, consistent with those models. We fit the
RVs with the partially linearized, least-squares fitting procedure described
in [269)], giving the best-fit solution shown in Figure [8.3|

To quantify the best-fit orbital solution, we used a Markov Chain Monte
Carlo (MCMC) algorithm [83, 84] and report the median, 84.1%, and 15.9%
levels of the marginalized posterior distributions. The likelihood was taken
to be e X/ 2 where x? is the usual sum of the standardized residuals be-
tween the observed and calculated RVs. We adopted a Gregory eccentricity
prior [99] and non-informative priors on other parameters. As in [111], we
excluded three outliers that were >7 ms~! from the best-fit model that
has a residual RMS of 2.44 ms~! with the remaining measurements. The
ephemeris based on this analysis (and not including any timing constraints
from photometry) is more precise than, but consistent with, the ephemeris
reported in [118]. The planetary parameters resulting from this analysis are
found in Table [8.1L

Table 8.1: RV-derived planetary properties for HD 97658b

Parameter Value
P (days) 9.4930 + 0.0021
To JD 2455650.31 4 0.30
e 0.13+7005”
w (deg) 120193
K (ms™h) 2.86 +0.27
My sini (Mg) 7.7+0.7
a (AU) 0.0797 4 0.0007

The new RVs from 2011-2012 strengthen the evidence for a planet with
an orbital period of ~9.5 days, as shown visually in the bottom panel of
Figure . The plot shows the Lomb-Scargle periodogram power [156, 208]
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at the planet’s orbital period rising nearly monotonically as additional mea-
surements are added. False periodicities, such as those due to spots, are
typically only briefly coherent and may reappear with slightly different pe-

riods.

8.4 Discussion

I do not find a transit of the planet HD 97658b with the parameters obtained
by [111] in the MOST photometry. Our observations further allow us to
rule out transits for planetary radii as small as 1.87 Rg), corresponding to
a density less than 6.92 g cm™3, within the predicted 3¢ transit window.
Theoretically, it is still possible that the planet transits but is smaller and
thus denser than these limits. For example, Kepler-10b [16] and Corot-7b
[106, 149] are two known super-Earth exoplanets with densities above 7.0
g cm™3. However, the parameters of such a transit would not match those
derived by [111] and thus it could not account for the transit-like feature
they observed.

I consider the possibility that the planet could have been previously
transiting, but dynamical perturbations have caused its trajectory to drift
off the disk of the star. However, this is very unlikely to have occurred
after only 29 orbital cycles (since the last transit feature reported based
on the APT photometry), especially since there is no sign of an additional
companion in the radial velocities.

G. Henry made new APT observations of HD 97658 during the current
2012 observing season in an attempt to obtain improved light curves of
the transit. On five separate nights between 18 January and 17 March,
he was unable to find transits at the times predicted by [111]. Therefore,
he withdrew the paper stating that ” Additional observations are required to
confirm or exclude transits of HD 97658b”. The 2011 APT observations were
acquired well past opposition of HD 97658 and so were made at relatively
high air mass (up to 2.0) and differential air mass (up to 0.15). Thus, small
changes in extinction or small errors in the applied extinction coefficients (as

small as 0.01 mag/air mass) could result in systematic errors in the observed
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Figure 8.4: Top: Lomb-Scargle periodogram of all RV measurements of HD
97658. The tall peak near P = 9.493 d suggests a planet with that orbital
period. Bottom: Running periodogram power near the orbital period of
P =~ 9.493 days as a function of time. Each dot represents the maximum
periodogram power near 9.493 days for the set of RVs up to that point in
time. Only periods within 1% of the best-fit orbital period of HD 97658 b
were used to compute each maximum periodogram power value. The nearly
monotonic rise confirms that the periodic RV signal was present throughout
the observations and points to a dynamical origin, supporting the existence
of the planet. The dashed lines at 2010.7 and 2011.6 correspond to the
cut-off dates for the RVs included in [118] and [111], respectively. The RVs
gathered after [111] provide additional support for the planet.
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differential magnitudes of 0.001 mag or so, matching the claimed depth of
the transits.

I emphasize that the MOST photometry allows us to exclude transits to
high confidence given the mid-transit time and uncertainties predicted from
the [111] model based on both RV measurements and APT photometry. If I
consider the ephemeris derived from the RV measurements alone, I can rule
out transits only between 0.55 and 3.60 of the predicted transit center, for
planets with radii larger than 1.87 Rg.

The results presented in this Chapter highlight the importance of inde-
pendent follow-up observations, especially for a discovery as notable as that

of a transiting super-Earth.
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Chapter 9

New MOST Photometry of
the 55 Cnc System

9.1 Introduction

The class of ”super-Earth” exoplanets was not even being discussed seriously
until 2005, because there are no analogues to them in our Solar System.
Although planets of several Earth masses orbiting the pulsar PSR B1257+12
were reported in 1992 [264], based on radio pulse timing residuals, the case
of planets existing in the wake of a supernova explosion is so different from
the case of the Solar System that nobody drew direct comparisons in the
literature. In 2005, an exoplanet of minimum mass 7.5 Mg was reported
around the red dwarf Gliese 876 [194], based on the radial velocity (RV)
signature. RV exoplanet surveys have since revealed a few dozen super-
Earth candidates, with minimum masses below 10 Mg [119, 169]. Two
transiting super-Earths were discovered before the Kepler telescope [27] was
launched and unveiled hundreds of transiting super-Earth candidates.
While Kepler results continue to generate invaluable statistical studies
of these exoplanets, very few of the candidates orbit stars sufficiently bright
for follow-up. For many Kepler targets, even radial velocity measurements
prove difficult. So far, there is one confirmed super-Earth discovered by
Kepler (Kepler-21b; [121]) with a host star brighter than V' = 10. Cur-
rently, the most straightforward method for increasing the number of known
transiting super-Earths around bright stars is to monitor the host stars of
RV-discovered exoplanets with minimum masses in the super-Earth regime.

Indeed, RV measurements allow the derivation of the time in an exoplanet’s
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orbit when it is in inferior conjunction relative to the Earth, during which
the system is then observed photometrically to search for a transit.

The planet 55 Cnc e is the first super-Earth whose transiting nature
was discovered in this way. The host star of this system is a very bright
(V. = 5.95) G8 dwarf, and 55 Cnc e orbits it in only 0.74 days. The
transit detection achieved with the MOST space telescope [262] was based
on nearly contiguous photometry acquired over 12.3 days, while the sub-
sequent report of a NASA Spitzer infrared space telescope detection [66]
resulted from observations obtained during a 5-hour window which included
one of the planet’s predicted mid-transit times. This super-Earth’s density
(p=5.9712 g cm™3; [262]) is lower than it should be in the case of a purely
rocky planet [212], indicating that an atmosphere is likely present. However,
interior models for such a small, irradiated planet do not support the exis-
tence of a substantial H/He envelope so its potential atmosphere is probably
dominated by heavier elements.

Beyond the transit detection, both instruments have revealed further
properties of this system and its innermost, transiting planet. The MOST
light curve hinted at out-of-transit variations in phase with 55 Cnc €’s or-
bit. The modulation, whose amplitude is too large to be due to reflected
light from 55 Cnc e, may instead indicate the existence of tidal or magnetic
interactions between the planet and its host star.

More recently, Spitzer was employed to observe the four occurrences
of the planet’s secondary eclipse at a wavelength of 4.5 pm, from which a
brightness temperature of 2360 + 300 K was determined [67]. If 55 Cnc e
has a low albedo, this value lies between the temperature expected if the
planet redistributes and reradiates heat uniformly, and the temperature cor-
responding to reradiation of incoming heat only from the side of the planet
facing the star. In this context, the measured brightness temperature may
suggest inefficient heat redistribution combined with a low albedo (< 0.5
within the 1o uncertainties). However, it is also possible that the 4.5 pum
observations probe a deeper layer in the planet’s atmosphere, thus poten-
tially indicating the presence of a thermal inversion layer.

[59] obtained NASA InfraRed Telescope Facility (IRTF) spectroscopic
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observations of 55 Cnc A and derived an improved flux density for the star,
leading to a re-estimate of the Spitzer data-based brightness temperature
of 55 Cnc e. The new lower temperature, 1950f%88 K, extends the range of
possible albedo values to ~ 0.75, assuming the Spitzer observations probe
the planet’s upper atmospheric layers.

There are four other known planets in the 55 Cnc system [80]. Given that
the innermost one transits the host star, there is a non-negligible probability
that one or more of the others may transit as well. Their masses and orbital
periods span wide ranges [63], thus forming an extrasolar multiple planet
system that is moderately similar to our Solar System. 55 Cnc f holds
particular interest because it spends about 74% of its eccentric orbit within
the habitable zone of the system [255].

With the aims of searching for the secondary eclipse of 55 Cnc e and for
transits of planets b, ¢, d and f, verifying whether the previously observed
phase variations persist, and improving the physical and orbital parameters
of this transiting super-Earth, we employed MOST to re-observe 55 Cnc A
in 2012. In this Chapter I present, analyse and discuss the new photometry.

I describe the new MOST observations and their reduction in Section (9.2l
The data analysis, results and discussion regarding 55 Cnc e are found in
Section In Sections and I discuss the radius and compo-
sition, the phase modulation and the albedo of 55 Cnc e, respectively. In
Section 9.7 I perform a search for transits of the other known planets in the
system, and I conclude in Section

9.2 Observations and Data Reduction

55 Cnc was observed nearly continuously using the MOST space telescope
for about 42 days from 2012 January 14 to February 25. The observations
were acquired in Direct Imaging mode with an exposure time of 0.5 s per
individual frame. The images were downloaded from the satellite in stacks
of 80 frames, resulting in a total integration time of 40 s per data point. A
modest readout overhead gives a cadence of 41.82 s.

A raw light curve was extracted from the images using aperture photom-
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etry. Using two iterations, I clipped points that were more than 2¢ from the
medians of the x- and y-positions, or from the x, y and xy point spread func-
tion (PSF) widths. The clipped points correspond to images where either
the pointing was sub-optimal or a cosmic ray hit within the subraster biased
the centroiding algorithm. The positions and PSF widths of the remaining
points are more consistent with each other and thus help minimise the effect
of inter- and intra-pixel sensitivity variations on the photometry. This sigma
clipping also improved the fit of the polynomials used to model the magni-
tudes as a function of position (described next), which would otherwise have
been biased by the outliers. The following step consisted of fitting the mag-
nitudes with a linear function of a seventh-order sky background polynomial
and a first-order x-position polynomial. This choice was based on tests of
several combinations of polynomial orders, and provides the best correction.
Higher-order polynomials for the sky background were overfitting the data
and introducing scatter in the light curve. The y-positions were not visibly
correlated with the magnitudes so they were not used in the decorrelation
procedure, again to avoid overfitting. The top panel of Figure 9.1 shows the
light curve after these corrections have been applied.

The remaining routine correction is the filtering of straylight variations
modulated with the satellite’s orbit of 101.4 minutes. There are also longer-
term variations in the light curve. In order to better normalise the sections
corresponding to individual orbital cycles of 55 Cnc e, I divided the light
curve into 21 sections approximately 2 days long each. The section duration
was chosen to be sufficiently long so as not to affect any phase variations
on the timescale of the planet’s period. I folded each 2-day section at the
satellite’s orbital period and computed a running average of this phased data
which represents the straylight modulation with MOST’s orbital period over
that 2-day period. I then removed the resulting waveform from that section
of light curve. Once this was accomplished, I normalised each of the 21
sections of the light curve to the same median, and re-connected them. The
last step consisted of rejecting as outliers any points that were more than
30 from the median of the final light curve. The final light curve contains
62 337 points and is shown in the bottom panel of Figure [9.1.

157



9.3. Analysis of the Light Curve

Relative Flux

4400 4410 4420 4430
HJD — 2451545

1.010 — =
1.005

1.000 M

Relative Flux

0.995

0.990 !
4400 4410 4420 4430
HJD — 2451545

Figure 9.1: MOST 2012 photometry of 55 Cnc. Top: light curve after de-
correlation of magnitudes from sky background and x and y pixel position.
Bottom: same as top, but after the additional running average correction
for straylight variations at the MOST orbital period.

9.3 Analysis of the Light Curve

I used a Markov Chain Monte Carlo (MCMC) algorithm to analyze the
MOST photometry with the goals of improving the values of the transit and
orbital parameters of 55 Cnc e and searching for the out-of-transit variation
originally observed in 2011 [262] and the secondary eclipse. For model com-
parison, I use the odds ratio. The Bayesian Information Criterion (BIC) is
used as an estimate of the marginal likelihood for each model [133]. The
BIC is defined as follows

BIC = —-2InL + klnn, (9.1)
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where L is the maximum likelihood value, k is the number of free parameters
and n is the number of data points. I assume the models have the same prior
probability. The odds ratio was always determined relative to a constant
flux model with no free parameters.

I fitted the following eight parameters: the orbital period (P), the mid-
transit time (7°0), the ratio of the planet to star radii (Rp/Ry), the scaled
semi-major axis (a/R.), the orbital inclination (i), the depth of the sec-
ondary eclipse (), the amplitude of the orbital phase modulation assuming
a sinusoidal function with its minimum coinciding with the mid-transit time
(o) and a normalisation factor corresponding to the flux just outside of
transit (Fporm). 1 tried including quadratic limb-darkening coefficients in
my fit, but found that this decreased the odds ratio by a factor of 100, sug-
gesting the limb-darkening is not well constrained by our photometry. The
best-fitted (median) values of the other parameters did not change signifi-
cantly with the limb-darkening coefficients held fixed, but the uncertainties
were slightly smaller. The limb-darkening coefficients were thus held fixed
at up = 0.648 and us = 0.117, the MOST bandpass values for the grid point
of stellar parameters (Tcrr = 5200 K, logg = 4.5, [Fe/H]| = 0.2; A. Prsa,
private communication) nearest to those of 55 Cnc.

Gaussian priors were used for P and a/R,. The mean and standard
deviation values for these priors are the most recent known value and as-
sociated uncertainties for a particular parameter, respectively. The period
prior, P = 0.736540 £+ 0.000003 days, was taken from [63] who derived
this value from existing RV measurements of the system. The prior on
a/R, was obtained from the period prior, and the stellar mass and radius:
M, = 0.905 + 0.015M¢ and R, = 0.943 + 0.010Rs [255]. I used uniform
priors for the remaining floating parameters.

The MCMC analysis consists of running 3 chains of 100 000 steps each.
Convergence is verified for each fit parameter using the Gelman-Rubin statis-
tic [93]. In each case, the ratio of the intrachain and interchain variances
was within 1% of unity. The median of the corresponding posterior distribu-
tion is taken as the best-fit value for each parameter, while the uncertainties

(lo) are determined from the 34% confidence interval on either side of the
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median.

First, I carried out a MCMC analysis on the new photometry alone
(binned in 5-min bins for computational speed) in order to check for con-
sistency with the results from the 2011 MOST data [262]. The results are
shown in the first column of Table The 2011 and 2012 light curves,
phased at the period of 55 Cnc e and averaged in 5-min phase bins, are plot-
ted in the top and middle panel of Figure [9.2] respectively, with the best-
fitted model superimposed. Generally, the parameter values agree within
the uncertainties, though only marginally for ¢ and a/R,. In particular, my
best-fitted orbital inclination value corresponds to an impact parameter of
0.29 rather than the 0.0 estimate of Winn et al. (2011). This larger value
has implications for the transit probabilities of other planets in the system,
if their orbits are co-planar with that of 55 Cnc e to within a few degrees.
Although a slightly significant (inconsistent with 0.0 within the uncertain-
ties) phase variation is found, it is not nearly as large as that found by Winn
et al. (2011) in the 2011 photometry (o = 84 £ 35 ppm).

Next, the MCMC analysis was applied to the combined 2011 and 2012
light curves, binned in 5-min bins. The results of this analysis are listed in
column 2 of Table [9.1. I note that I do not detect a significant non-zero
secondary eclipse, either in the 2012 data set alone or in the combined data
set. However, I am able to use the best-fitted value of § and its uncertainties
to place an upper limit on the depth of the secondary eclipse. The differing
values of the amplitude of the orbital phase modulation between the 2011
and 2012 light curves leads to increased uncertainty in the measurement
of 9 when fitting the combined light curve. To further improve the limit
on ¢, I remove the respective best-fit phase variation for each of the 2011
and 2012 light curves, and re-run the MCMC algorithm without fitting for
a. The ensuing parameter estimates are found in column 1 of Table [9.2,
Finally, because fitting for the secondary eclipse does not improve the model
likelihood, I ran the MCMC analysis as for column 2 of Table [0.1 but
omitting this parameter. As expected, this led to improved uncertainties for
the remaining parameters, as can be seen in column 2 of Table

The odds ratios for the 8-parameter model used on the 2012 data alone,
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the 8-parameter model used on the combined 2011 and 2012 data, and the 7-
parameter (no ¢) model are 4.9 x 1029, 3.0 x 10*? and 3.0 x 105!, respectively.
Removing the ¢ from the free model parameters improves the odds ratio
by two orders of magnitude, reinforcing the absence of a secondary eclipse
detection.

For all parameters but é the column of interest is therefore column 2
of Table . The combined photometry phased at the best-fitted period
of 55 Cnc e is shown in the bottom panel of Figure with the best fit
model based on the parameters listed in column 2 superimposed. The orbital
period I obtain is more precise than any published values for 55 Cnc e, and
it is in good agreement with those values, in particular that determined by
Dawson & Fabrycky (2010) [63] from RV measurements assuming a circular
orbit (P = 0.73654040.000003 day). My estimates of 70, R,/R,, a/R, and
i agree to within 1o with those of Winn et al. (2011) [262].
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Figure 9.2: Top: 2011 photometry phased at the orbital period of 55 Cnc
e and averaged in 5-min phase bins. The red line is the best-fitting transit
model based on the value of Winn et al. (2011). Middle: 2012 photometry
phased at the orbital period of 55 Cnc e and averaged in 5-min phase bins.
The red line is the best-fitting transit model based on the values in column
1 of Table 9.1. Bottom: 2011 and 2012 photometry phased at the orbital
period of 55 Cnc e and averaged in 5-min phase bins. The red line is the
best-fitting transit model without a secondary eclipse parameter, based on
the values in column 2 of Table See Section for details.
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Table 9.1: Orbital and transit parameters for 55 Cnc e (1)

Parameter

2012 photometry

201142012 photometry

Measured parameters
Period - P (days)
Mid-transit time - T ® (BJD)
Planet-to-star radii ratio - R,/ R,
Transit depth - (R,/R)? (ppm)
Scaled semi-major axis - a/Ry
Orbital inclination - 7 (deg)
Amplitude of phase variation - « (ppm)
Eclipse depth - § (ppm)

Derived parameters
Semi-major axis - a (AU)
Planetary radius - R, (Rg)

0.7365410 + 0.0000030
2455962.0697 + 0.0015
0.01925% 06003
37143
3.52370 041
85.412%

20753

+27
_1—24

0.00025

0.01545 560024
0.097
19797 0os

0.7365417+0:0000026
2455962.06920-0017
0.01931+0:00092
373+36
3.524 + 0.042
85.512¢
32113

+20
1—24

0.01545 & 0.00025
0.097
1.98470 0%

oAINy) WIIT oY) Jo SISA[euy €6
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Table 9.2: Orbital and transit parameters for 55 Cnc e (2)

Parameter

201142012 photometry

(no phase variation)

201142012 photometry

(no secondary eclipse)

Measured parameters
Period - P (days)
Mid-transit time - Tp® (BJD)
Planet-to-star radii ratio - R,/ R,
Transit depth - (R,/R,)? (ppm)
Scaled semi-major axis - a/Ry
Orbital inclination - i (deg)
Amplitude of phase variation - « (ppm)
Eclipse depth - 6 (ppm)

Derived parameters
Semi-major axis - a (AU)

Planetary radius - R, (Rg)

0.73654180-0000027
2455962.06930-0017
0.01929+0-00074
37212
3.52410041
85.5128

+18
_1—22

0.00024

0.01545 560035
0.079
1.983 70 o2

0.7365417+0:0000025
2455962.0697+0-0017
0.0193619:90079
37431
3.52310.042
85.4128
34417

0.00025

0.01545"0 00094
0.084
1.99070 055

oAINy) WIIT oY) Jo SISA[euy €6



9.4. The Radius and Composition of 55 Cnc e

9.4 The Radius and Composition of 55 Cnc e

Based on two 55 Cnc e transits observed with the Spitzer telescope, Gillon et
al. (2012) find a radius for the planet of 2.20 £ 0.12Rg. Winn et al. (2011)
[262] find R, = 2.00 £ 0.14Rg. My analysis of all the available MOST
photometry of the system results in R, = 1.990f8:8§éR@. My new estimate,
and the MOST and Spitzer 2011 values agree with each other within their
uncertainties. I have determined the radius of 55 Cnc e (as measured in
a broad optical passband) with a precision of 4%. To calculate the mean
density, I used the planetary mass derived by [66] (M), = 7.81 & 0.56Mg,),
as I believe it results from a more robust fit which involves a joint MCMC
analysis of RV and photometric measurements. The planetary mass value
and in particular the associated uncertainties used in [262] were obtained
using a least-squares and bootstrap approach. The resulting value of the
mean density of 5.489f8:§g g cm ™2 is one of the best constrained for a super-
Earth. The 1o upper limit on its density just reaches a composition in
the coreless silicate regime [75], but the span of the uncertainty lies mainly
within the volatile envelope planets area of theoretical mass-radius models.
In this context, a coreless silicate planet is one made entirely of silicate with
no iron core and a “volatile” planet is a one with a rocky nucleus surrounded
by an atmosphere of vaporised substances.

Gillon et al. (2012)[94] examined two plausible compositions which
match their mass and radius measurements for 55 Cnc e: an envelope con-
sisting of 0.1% H/He by mass and one consisting of 20% H2O by mass.
They argue, based on the calculations of Valencia et al. (2010) [241], that
the former would evaporate within a few million years. A water vapour en-
velope would also be depleted over time, but only very slowly; the process
is expected to take several billion years. Given the estimated age of the star
(10.2 £ 2.5 Gyr [255]), a water vapour atmosphere is by far the more likely
scenario. My value for the radius of 55 Cnc e is consistent with this model.

The precision with which I have measured the radius of 55 Cnc e is good
enough that it may help constrain atmospheric properties by comparing

my radius estimate made in visible light with those made in the infrared
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or at other wavelengths. For example, if the planet has an atmosphere
composed of 100% water vapor, then its radius at wavelengths near 2 pm
should be about 5-6% larger than that measured in the MOST bandpass.
This difference is very close to the uncertainties obtained in this analysis.
It is worth noting that the planet’s radius at infrared wavelengths (4.5 pm)
obtained from the Spitzer transits is 2.20 4+ 0.12, about 10% larger than the
optical one at the 1-20 level. [94] New observations of 55 Cnc by MOST (20
days scheduled in early 2013; see Chapter are expected to reduce the
uncertainty on the optically-determined radius sufficiently to test the 100%

water envelope and perhaps other compositions more robustly.

9.5 Brightness Modulation at the Planetary
Orbital Period

Winn et al. (2011) [262] suggested the phase modulation, too large to be
explained by scattered light from the planet, could be attributed to star-
exoplanet magnetic interaction. The orbital motion of the planet and the
stellar rotation are unlikely to be synchronised because the stellar rotation
period is estimated to be about 43 days [80], not surprising for an old G-type
star, while the orbital period of 55 Cnc e is less than a day. Therefore, we do
not expect interaction manifesting itself as a region of starspots and chromo-
spheric activity fixed in the co-rotating frame of the star at the sub-planetary
point, but rather a travelling wave moving through the photosphere and
chromosphere of the star, but remaining close to the sub-planetary point.
Such an effect can naturally be expected to have a changing amplitude, and
in fact that is what Gillon et al. (2012) [94] found in their re-analysis of the
MOST 2011 photometry. The amplitude of the brightness variation at the
period of 55 Cnc e changed on a timescale of a couple of days.

When folding the entire 2012 MOST light curve, I do not find a phase
variation at the period of 55 Cnc e as strong as that present in the 2011 light
curve. This motivated us to inspect the 2012 data set more closely and, while

always smaller than in the 2011 data, the amplitude of the phase variation
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does appear to change over the course of the observations. Interestingly, if
I fold in phase the photometry only between HJD 2455945 (near the end
of the portion of the light curve more affected by stray light modulation;
see the early part of the curve in Figure and HJD 2455969, I find the
amplitude of the phase variation (42416 ppm) is about twice what I find by
folding the entire data set. This suggests that the amplitude of the variation
varies on a timescale of weeks and perhaps even days, which is consistent
with the finding of [94]. This section of the light curve (phased and binned
as before) is shown in Figure with the best-fitting model superimposed.
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Figure 9.3: Approximately 2/3 of 2012 light curve phased at the orbital
period of 55 Cnc e and averaged in 5-min phase bins. The red line is the
best-fit transit model without a secondary eclipse parameter, and shows a
more pronounced phase variation than when the complete 2012 light curve
is used (see Section 9.5| for details).

9.6 Eclipse and Albedo Limits

I have not detected a secondary eclipse for 55 Cnc e. My best estimate for
the depth of the eclipse is § = —lfég ppm, and I can use this result to set
an upper limit of § < 17 ppm.

I can express the ratio of the planet-to-star fluxes (F),/Fy) as a function
of the geometric albedo A, (the fraction of light reflected or scattered by

the planet at optical wavelenghts), planetary radius and semi-major axis:
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= Ay 92
A geometric albedo of 1 (100% reflective) means the eclipse could be no
deeper than 30 ppm. My upper limit on ¢ leads to an upper limit (1o) of
0.57 on the geometric albedo.

To be able to use my measurement of the geometric albedo to constrain
the planet’s surface or atmospheric temperature and reflectivity, we should
first convert it to a Bond albedo. The geometric albedo is defined as the
brightness of a planet observed at opposition relative to that of a Lambertian
disk surface with the same radius (a Lambertian surface is fully reflecting
and diffusively scattering). The Bond albedo is the fraction of incident light
scattered back into space in all directions and at all wavelengths. I can ap-
proximate the albedo of 55 Cnc e in the MOST bandpass as the albedo at
all wavelengths at which the planet scatters light, since the intense heat the
planet experiences likely means that thermal re-radiation dominates over
scattered light at wavelengths redward of the MOST bandpass. However,
without information on the planet’s brightness variation throughout its or-
bit, it is difficult to determine the phase function. In the case of the MOST
observations of 55 Cnc e, it would be difficult to disentangle such an ef-
fect from the larger variation phased with the planet’s orbit observed in the
photometry.

In Section I mentioned that infrared measurements lead to an in-
frared brightness temperature for the planet of 19501?88 K [59]. This value
and its 1o error bars include Bond albedo values between 0 and approxi-
mately 0.75 [59, 67]. For a Lambert sphere, the Bond albedo is Ap = 1.5%A,,.
This relation leads to an estimate of 0.85 for the 1o upper limit on the Bond
albedo of 55 Cnc ¢?, How does this limit compare with what we might

expect for this planet? The presence of silicate clouds originating from the

201t should be noted that for larger particles (> 1um), the Bond albedo can even be
smaller than the geometric albedo, as the atmosphere of the planet becomes more back-
scattering rather than isotropically scattering.
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evaporating surface of the planet [227] has been hypothesised in cases of ex-
treme temperatures (> 1500 K) such as that measured (and expected) for 55
Cnc e. Such clouds would be highly reflective, with predicted Bond albedos
of ~0.55. With the planned MOST observations of 2013, we will enter the
territory of signals corresponding to such high albedo values. A more precise
measurement of the brightness temperature will also help further constrain
the albedo and the overall atmospheric properties of this planet.

If the surface of 55 Cnc e is molten and assuming the absence of an
atmosphere (still possible if the planet is coreless and made of pure rock) or
the presence of a transmissive atmosphere, the planet’s geometric albedo is
predicted to be 0.6 [128]. With my measurement of the geometric albedo, I

can exclude this model with 1o confidence.

9.7 Search for Transits of Other Planets in the
System

The 42 days covered by the 2012 MOST photometry opens up the possibility
to detect transits of planets b, ¢, d and f in the 55 Cnc system. For this
purpose, I obtained updated ephemerides for these planets (B.-O. Demory,
private communication). Planet b would undergo a grazing transit with
impact parameter of 1 if its orbital inclination 4 is 87.8 deg. Though more
difficult to estimate because they are dominated by uncertain orbital eccen-
tricities, the values of ¢ necessary for b = 1 grazing transits for planets c, d
and f are much closer to 90 deg. My value of i = 85.43:? deg. for 55 Cnc
e suggests that at least those three farthest planets are unlikely to transit
if their orbital planes are perfectly aligned with that of 55 Cnc e. However,
within our Solar System as well as outside it [78, 203], a planetary system
is considered co-planar (thus suggesting the planets have formed within a
flat protoplanetary disk and remain in their original orbits) if the orbits are
within a few degrees of each other. In addition, it is also possible that one or
more of the other four known 55 Cnc planets, in particular 55 Cnc f (which

has an eccentric orbit) have orbits significantly inclined relative to that of
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the innermost planet.

9.7.1 55Cncb

55 Cnc b has the second shortest orbital period (P = 14.65176 £ 0.00018
days) of the known planets in the system, and the highest transit probability
(next to 55 Cnc e). The MOST light curve covers three transit windows
for this planet. I folded the photometry with the period of 55 Cnc b on
T0 = 2455964.494 + 0.045 (HJD). For an edge-on transit, the predicted
transit duration is 4.7 hours. The relevant section of the phased light curve
is shown in Figure [9.4, both unbinned (top panel) and binned in 0.0005
phase bins (bottom panel). The dotted, dashed and solid vertical lines
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Figure 9.4: 2012 photometry phased at the orbital period of 55 Cnc b un-
binned (top panel) and averaged in 10-min phase bins (bottom panel). The
solid, dashed and dotted vertical bars enclose the 1, 2 and 3¢ transit win-
dows, respectively. The green, red and black lines correspond to a radius of
2.3, 3.3 and 10.4 Rg, respectively. No transit is detected. See Section [9.7.1]
for details.
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are the 1, 2 and 30 boundaries of the predicted transit window. Transit
models representing different planetary radii are also shown. The green, red
and black lines correspond to planets with radii of 0.21, 0.30 and 0.95 Ry,
respectively. Given the minimum mass of 55 Cnc b (Mpsini = 0.826M;
[63]) the two shallowest transit models are associated with a pure iron planet
and a silicate planet, respectively, which would make such a massive planet
unrealistically dense. Indeed, planetary formation models [182, 189] and
current exoplanet observations suggest 55 Cnc b is much more likely to be
a gas giant. If 55 Cnc b has a composition similar to Jupiter, it would have
a radius of 0.95 R; (corresponding to the transit model shown as a black
solid line in Figure or even larger if the planet is inflated [24, 146].
Given the time sampling of the photometry, I can exclude transits of
planet b even for a silicate composition for impact parameters up to 0.8. For
realistic gas-giant-like compositions, I can even rule out grazing transits, as
long as the impact parameter is smaller than 1.02, corresponding to about

a third of the area of the planet’s disk overlapping with the disk of the star.

9.7.2 55 Cnc c

The orbital period of 55 Cnc ¢ (P = 44.366+£0.012 days) is such that there is
a high chance that our 42-day-long light curve includes one of its predicted
transit windows. A predicted mid-transit time does fall within the MOST
observations, though due to the interruptions described in Section we
do not have full phase coverage of the 30 window. The MOST photometry
spanning slightly more than this 3¢ window is shown in Figure with
orbital phase 0.0 located at T0 = 2455979.34 &+ 1.1 (HJD). The unbinned
light curve can be seen in the top panel, while the bottom panel shows the
photometry binned in 0.0002 phase bins. The vertical bars enclose the tran-
sit window limits described in the previous paragraph. The green, red and
black transit model lines correspond to planets with radii of 0.18, 0.28 and
0.76 Ry, respectively. The minimum mass of 55 Cnc ¢ (Mpsini = 0.171My;
[63]) also probably places it in the gas giant regime, such that, if it transits,

it is unlikely to result in transit depths as shallow as those indicated by the
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9.7. Search for Transits of Other Planets in the System

green (pure iron composition) or red (pure silicate composition) model lines.
The deepest transit model shown (black line) corresponds to a composition
similar to that of Jupiter, which is expected based on formation models and

observations of giant exoplanets with mass close to the minimum mass of 55

Cnc c.
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Figure 9.5: 2012 photometry phased at the orbital period of 55 Cnc ¢ un-
binned (top panel) and averaged in 13-min phase bins (bottom panel). The
solid, dashed and dotted vertical bars enclose the 1, 2 and 30 transit win-
dows, respectively. The green, red and black lines correspond to a radius of
2.0, 3.0 and 8.3 Rg, respectively. No transit is detected within the portions
of the transit window covered by the MOST observations. See Section [9.7.1]
for details).

I can rule out transits of a realistic planet only if they occur in the phase
ranges —1.1 — 20, and 2.4 — 2.90 relative to the predicted mid-transit time.
Under these conditions, the time sampling is sufficient to exclude realistic
transits with impact parameter up to about 1.0. Additional photometry

to fully sample the transit window will be needed to complete the transit
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search for 55 Cnc c.

9.7.3 55Cncdandf

55 Cnc d is in a much larger orbit, taking 5205 + 69 days to complete a full
revolution around the host star. It is also the most massive of the known
planets in the system (Mpsini = 3.83M ; [63]). The large uncertainties on
its orbital parameters lead to a very wide transit window. The predicted
mid-transit time nearest to the MOST observations is 70 = 2456473 +
75 (HJD). Not only does it not occur within the timespan of the MOST
photometry, but its uncertainty alone is longer than the duration of the
2012 observations.

55 Cnc f has an orbital period of 260.82 + 0.72 days and the largest
orbital eccentricity (e = 0.25 £ 0.06) of the five known planets. It spends
about 74% of its orbit within the habitable zone of the star [255]. Though
its minimum mass of 0.150 M; [63] suggests it is likely a gas giant, the
possibility that it could host a rocky moon cannot be excluded. This makes
the planet an attractive candidate for follow-up studies, the feasibility of
which would increase significantly if it was found to transit. Unfortunately,
the MOST photometry does not include a transit window of 55 Cnc f. The
nearest mid-transit time is 70 = 2455759 + 14 (HJD), about one month

after the end of the observing run.

9.8 Summary

We have acquired 42 days of new MOST photometry of 55 Cnc. After a
careful reduction, I have used these data for several different types of studies.
The new photometry has allowed the radius of 55 Cnc e (R, = 1.990Rg) to
be determined to within 4%. My result agrees with the hypothesis of Gillon
et al. (2012) that the planet likely has an envelope of high mean molecular
weight volatiles such as water vapour and/or silicate clouds. I find that the
phase variation observed in the 2011 MOST photometry persists but with an

amplitude at most half of that measured in the discovery photometry. The
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data also allows us to place a limit on the depth of the secondary eclipse,
and thus on the geometric albedo of 55 Cnc e of 0.57. This leads to an
upper limit of 0.85 on the Bond albedo of the planet. With this value, I
can exclude a highly reflective molten surface with 1o confidence. MOST
photometry to be acquired in winter 2013 will be bring this value into the
realm of reflective silicate clouds, allowing to place more constraining limits
on the existence of such clouds in the atmosphere of 55 Cnc e.

The long timespan of the 2012 photometry has allowed us to carry out
a search for transits of planets b and c. I am able to exclude a transit for
55 Cnc b for all transiting configurations except a barely grazing transit
(b < 1.02). The photometry does provide full coverage of the wide 3o
predicted transit window for 55 Cnc ¢, but within the portions during which
we have acquired observations I do not detect transits for realistic planetary
compositions for b < 1.0. Finally, the photometry does not cover predicted

transit windows for planets d and f.
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Chapter 10

Conclusions and Future
Work

10.1 Summary of Findings

In this thesis, I have carried out a search for transits of known exoplanets,
in particular super-Earths, orbiting bright stars.

Chapters[4] 7], [8 and 9] present results from the super-Earth transit search
and characterisation (where three systems merit their own chapters), and
Chapter [6] presents the analysis of a system hosting a massive exoplanet
whose orbital period is of intermediate duration.

In those cases for which the MOST photometry provides significant cov-
erage of the predicted transit windows but no detection was made (BD
082823b, HD 115617b, HD 125595b, HD 125612c and HD 156668b),
I have placed upper limits on the radii of these super-Earth candidates; i.e.,
the largest size allowed by the data if the planet were indeed transiting its
host star. For the first three, I can exclude transits for planets with silicate
composition or less dense.

My analysis of the HD 192263 radial velocities and ground-based pho-
tometry spanning over a decade has excluded a transit of the only known
planet in the system for most transiting orbital configurations (b < 0.86). In
addition, I have characterised the host star’s variability with sufficient preci-
sion to show that there is no evidence of the previously suggested star-planet
interactions in the system. Finally, the long-term photometry indicates the
presence of a possible ~8-year stellar activity cycle.

Using MOST photometry of the oft-studied GJ 581 system, I have been
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able to rule out transits for the innermost planet (GJ 581e) if it is less dense
than a water-ice planet. The observations also hint at stellar variability
with a period close to that of the next known planet in the system, GJ
581b. The precise GJ 581 MOST photometry shows that the host star is
stable to within less than 1% on the few-week timescales covered by the
data.

Carried out in an attempt to confirm the claimed transiting nature and
refine the ephemeris of HD 97658b, my analysis of MOST photometry
of this system revealed instead no transit signature with the parameters
determined by [111]. T was further able to rule out transits corresponding to
planets with radii as small as 1.87 Rg within the transit window predicted
by [111].

Using a new data set containing 42 days of MOST photometric observa-
tions of the 55 Cnc system, I have reduced the uncertainty on the radius
of 55 Cnc e to &= 4%. I found that the phase variation observed in the 2011
photometry is suppressed but remains detectable. The limit I place on the
depth of a secondary eclipse yields an upper limit of 0.57 on the geometric
albedo, and thus an upper limit of 0.85 on the Bond albedo of the planet
(under the assumption that the surface of 55 Cnc e has the same properties
as that of a Lambert sphere, which is both reasonable and conservative un-
der the circumstances, considering that we have no other information about
the planet’s scattering properties). Finally, I have performed a search for
transits of other planets in the system, and excluded all but a barely grazing
transit for 55 Cnc b. Similar limits were found for a transit of 55 Cnc c as
well, though more observations will be necessary to fully cover the 3o transit

window.

10.2 Significance of the Results

A transiting exoplanet opens the door to a variety of studies of its own
physical and atmospheric properties as well as the properties of its host
star. However, the brightness of the star also plays an important role: the

brighter the star, the more detailed the follow-up observations. While the
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Kepler photometric space mission is sensitive to transits of small planets,
the host stars are generally too faint for detailed spectroscopic and other
follow-up observations requiring a high signal-to-noise ratio. Ground-based
photometric transit searches monitor more stars sufficiently bright for follow-
up studies, but are limited in finding shallow transits (as those of small
planets around Sun-like stars are bound to be) by atmospheric scintillation
noise. They also tend not to discover transiting exoplanets in intermediate
or long orbits because of limited time sampling and low transit probabilities.
So far, the longest orbital period known for such a planet is about 11 days.

Although exoplanets with intermediate and long orbital periods have
low a priori transit probabilities, carrying out photometric monitoring of
known RV planets still has better chances of finding transits of planets in
this second category than a blind survey would. This is the goal of the
TERMS project. For small close-in planets the transit probability tends to
be larger, but their likely shallow transits means that they very rarely show
up in ground-based survey data. Therefore, a systematic transit search of
known RV-detected super-Earth candidates is arguably the best method to
find them, though it is worth noting that the RV confirmation of such low-
mass planets can be lengthy as it requires a large number of measurements.
The MOST photometric space mission is sensitive to such shallow transits
and can obtain continuous coverage over relatively long time windows, al-
lowing for the large uncertainties in the orbital ephemeris that are generally
associated with these low-mass planets. Successful detections will bring in
a wealth of valuable information about the nature of planets in these two as
yet sparsely populated areas of parameter space.

The most frequent outcome of such searches will be null results, either
in the form of transit exclusions or upper limits on the size of a planet if it
transits. It is crucial to report and publish null results (transit exclusions)
for planets in both these categories, because the necessary measurements
and results are often challenging to obtain. For longer-period planets, the
predicted transit window occurs once every few weeks, months or even years.
For planets of small radius, it is necessary to use space-based telescopes to

achieve the necessary sensitivity, but observing time on those satellites is
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more precious than on many ground-based facilities. In both cases, numer-
ous RV measurements are needed to reduce the size of the transit window
to a manageable size of less than ~30 hours. Therefore, even if no transit
is detected, it is important to report the null result to the community in
order to avoid unnecessarily redundant observations, and to possibly plan
alternate detection strategies.

The exclusion of a transit of HD 192263b for most possible transit-
ing configurations is important on its own for the reasons described above.
However, in that analysis I have also shown how this can sometimes be ac-
complished with existing low-cadence, long-term data, especially when the
transit signature is expected to be large relative to the scatter of the data,
and that dedicated monitoring of the transit window is therefore not always
necessary. Yet perhaps the most interesting conclusion of this project is
that the similar values of the stellar rotation period and planetary orbital
period are in fact distinct, and that this newly found lack of evidence for
the existence of star-planet interactions in the system suggests the simi-
larity between those two values may simply be coincidental [206]. Finally,
the evidence I find for a possible ~8-year activity cycle will motivate con-
tinuing monitoring of this star over the next decade in order to verify this
hypothesis.

The transit window coverage and limits I have set on the presence of
transits of several super-Earth candidates in Chapter 4] are important when
deciding which of these should be re-observed, or how much of their transit
windows remains to be covered for a more complete exclusion (or a possible
detection). This is even more crucial as only space-based instruments and
large ground-based telescopes can be used to this end, and observing time
on both kinds of facilities is difficult to obtain and must be carefully justi-
fied. In particular, I am a Co-Investigator on a recently submitted Spitzer
telescope proposal, one aim of which is to continue the transit search for
newly announced super-Earth candidates as well as one of the targets in my
thesis survey (HD 96700) for which the available MOST photometry are not
sufficient for a thorough transit search due to incomplete phase coverage of

the transit window.
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This super-Earth transit search as a whole also provides an extremely
useful assessment of how sensitive MOST is to shallow transits, in partic-
ular to those of planets orbiting fainter stars. My analysis of the GJ 581
photometry, complete with a transit injection and recovery test, has led to
valuable limits on the photometric precision of stars fainter than V' = 10.
More and more surveys and transit searches of RV-detected exoplanets tar-
get M dwarfs like GJ 581 because the transit of a super-Earth around such
a star will be deeper thanks to these stars’ smaller radii (R, ~ 0.1-0.6 Rg).
GJ 581 is a “poster child” of these systems, as it is known to host three
planets with minimum masses in the super-Earth regime, at least one of
which is believed to reside in the system’s habitable zone. My work on
this system has contributed to placing limits on transits of planet e (one
of the super-Earths) and excluding transits for most transiting configura-
tions of planet b. While both results are in agreement with previous work
[86, 157], their results are based on partial coverage of the planets’ transit
windows. The contiguous MOST observations spanning at least two orbits
of these planets allow me to extend these conclusions to their full respec-
tive transit windows. The sensitivity limits I have determined for the GJ
581 photometry are also useful when estimating the expected outcome of
future super-Earth transit searches with MOST, if the host star is close to
the faint end of the brightness range for which MOST was designed. Lastly,
if the tentative detection of stellar variability with a period similar to that
of GJ581b is confirmed, the result would be a valuable contribution to the
study of star-planet interactions.

One of the main goals of the HD 97658b MOST observations was to
confirm the marginal transit detection which was based on the ground-based
discovery data. If confirmed, the results based on the MOST data would
then be used to better determine the size of this apparent super-Earth, and
update the mid-transit time and associated uncertainties. The latter as-
pect was particularly important in the short-term, since it would have lent
support to a then recently submitted Hubble Space Telescope proposal to
observe this system, by promising to provide an uncertainty of at most 10

minutes on the mid-transit time which would have facilitated the scheduling
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of the observations. It became clear that the discovery result was believed
by many in the community even before confirmation with a more sensitive
telescope could take place, and that at least a few other groups had also
submitted follow-up studies observing proposals for space and large ground-
based observatories. Unfortunately, the MOST photometry failed to confirm
the transit after monitoring two of its predicted transit windows. I and col-
laborators wrote a paper announcing this null result, and made it available
on the arxiv at the same time as I submitted it to a refereed journal, within
less than two months of acquiring the data. This finding and its swift release
to the exoplanet community have prevented several proposals from being un-
necessarily evaluated and the proposed superfluous observations from taking
up valuable telescope time.

The transiting super-Earth 55 Cnc e is an extremely exciting discov-
ery in many ways, and the potential to answer many of the questions it
raises is there, mostly thanks to the brightness of its host star. Perhaps the
foremost questions are how long the planet has been in such a close orbit
and how it survives there, but also what is this planet like? The results
obtained from the analysis of the 2012 MOST photometry of the system
has brought us closer to understanding this planet. First, I confirm and
measure the ~2 Rg radius of the planet with unprecedented precision. This
precision is already sufficient, for example, to compare the transit depth
with that measured at a IR wavelength with similar precision, and search
for the presence of an infrared-absorbing envelope representing 10% or more
of the planet’s radius. Additional photometry will constrain the planetary
radius even further. The continuing presence of a phase variation (though
suppressed relative to that observed in the 2011 data) at the period of 55
Cnc e will invite the development of possible models of tidal and/or mag-
netic star-planet interaction for this pair. Finally, the estimate of the upper
limit on the Bond albedo, though not yet more constraining than the Spitzer
measurement of the brightness temperature [59, 67] under the assumption of
an atmosphere surrounding the planet, should allow us to enter that realm
with the acquisition of the next set of MOST observations. Nevertheless, by
excluding (to 1o) the high albedo expected from a molten surface (arguably
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the only state the surface could be in at temperatures greater than 1500 K),
these results lend additional support to the volatile envelope hypothesis.
Another important way to constrain the atmospheric properties of 55
Cnc e is through photometric observations at multiple wavelengths. For
most currently known transiting super-Earths, we will have to wait for
the launch of JWST or other dedicated spectroscopic missions such as Fi-
nesse or Echo before observing their atmospheres at non-optical wavelengths.
Thanks to the brightness of its host star, 55 Cnc e is one for which such
observations have already successfully begun using Spitzer [67] and the HST
(Ehrenreich et al., in prep). As those results combine with MOST’s contri-
bution at optical wavelengths, we should have a more clear picture of the

nature of this extremely interesting planet in the very near future.

10.3 Future Research

One of the most common statements in the conclusion of a research report
is something to the effect of "more data are needed.” In the case of the
super-Earth candidate transit search, that is absolutely true. The search
will continue.

I plan to select the most promising targets accessible to MOST from a
recently released list of RV-detected exoplanets with minimum masses in
the super-Earth regime. As in this thesis, those with short orbital periods
(P <10 days) and the most precisely determined orbital parameters will be
favored. I will also propose to the MOST Science Team to re-observe those
for which I have not been able to obtain sufficient coverage of the transit
window, especially if their updated orbital parameters have significantly
narrowed the predicted transit window duration.

If the Spitzer proposal mentioned in the Section is granted time, I
will collaborate with the PI (Michaél Gillon) and other Co-Is to ensure the
transit searches carried out with the two instruments are not redundant but
rather complementary. For example, very bright stars (V' < 6) are more
difficult to schedule with Spitzer because the required short exposures must

be taken in a special mode which necessitates significant human interven-
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tion. Such targets have not been included in the proposal, but they are
perfect for the MOST Fabry Imaging mode, which in addition leads to sig-
nificantly better photometric precision relative to observations acquired in
Direct Imaging mode.

Since the HD 97658b transits announced by Henry et al. (2011) [111]
proved to be spurious, I can now continue the transit search for this planet
as for any other super-Earth candidate, with the exception that a fraction
of the RV-derived transit window (between 0.55 and 3.60) has already been
monitored as part of the analysis presented in Chapter In April 2012,
a third light curve of the HD 97658 system was acquired with MOST with
the purpose of completing the phase coverage of HD 97658b’s RV-derived
transit window. These observations, shown in Figure [10.1} cover the transit
window between approximately -3.7 and 1.5¢. A shallow dip can be seen at
HJD of about 2456029.7 or approximately 1.1c before the predicted mid-
transit time. The depth of this possible candidate transit signal is ~0.1%,
corresponding to a planetary radius of ~2.5 Rg. Unfortunately, it has not
been possible to obtain sufficient additional MOST photometry of the system
before it left the satellite’s CVZ in order to verify the repeatability of this
possible candidate signal. The star will become observable again in January
2013, at which time we will be able to acquire new observations and confirm
or reject a transit as the origin of this signal.

Another possible project is to monitor the HD 192263 system with
MOST. The star is well within the CVZ of the telescope, allowing for several
weeks of observations. The goal of this endeavor is to better characterise the
photometric variations due to spots on the star’s surface, and more precisely
determine the stellar rotation period. MOST observations may also allow us
to search for the previously suggested presence of active regions on opposite
hemispheres of the star.

The transiting super-Earth 55 Cnc e has attracted an enormous amount
of attention, and there are current efforts aiming at characterising its likely
evaporating atmosphere. I intend to remain involved with some of these
projects, and also to initiate one or two new ones. One idea is to search

for evidence of sodium in the atmosphere of 55 Cnc e by observing it in the
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Figure 10.1: HD 97658 MOST photometry acquired on April 11-12. The
solid vertical line indicate the predicted mid-transit time (based on the RVs
only). The vertical dotted and dashed lines correspond to the 1 and 20
transit window boundaries respectively. Note that the right-hand side 2¢
limit lies outside the timespan of this light curve.

ultraviolet using the Wide Field Camera 3 on the Hubble Space Telescope.
But perhaps the most straightforward contribution I can bring is a detection
of or an improvement on the limit on the secondary eclipse of 55 Cnc e
(and hence on its albedo), which will be possible with the new photometry
MOST is scheduled to acquire for this system in winter 2013. An estimate
of the albedo would help constrain the composition and structure of the
planet’s atmosphere. For example, a high albedo would suggest that the
atmosphere contains species which scatter light or high clouds, while a low
albedo would point to the presence of light-absorbing species such as sodium
and potassium.

Finally, the out-of-transit variation with a period matching that of 55
Cnc e observed in the 2011 MOST photometry motivated a Canada-France-
Hawaii-Telescope proposal to acquire spectropolarimetric data in order to to
measure the magnetic field of the host star and search for evidence between

it and the magnetosphere (if any) of its innermost planet.
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10.3.1 Spectropolarimetry of 55 Cnc

The CFHT proposal, of which I am the Principal Investigator, was success-
ful. We obtained ten spectropolarimetric observations of the star. Six of the
observations sample a full orbital cycle of 55 Cnc e at approximately equal
intervals, while the remaining four were acquired in pairs during a transit
and a secondary eclipse of the planet, respectively. These data were obtained
over the period during which MOST was also observing the system, in order
to support the eventual modelling. I will analyse the spectropolarimetry in
collaboration with Jaymie Matthews and other experts in this area.

Such measurements have already been performed for giant exoplanets.
In the case of tau Bootis, the spectropolarimetric measurements showed
that the chromosphere of the star is locked with the orbital period of its
hot Jupiter [70]. MOST observations of the system also found a brightness
variation at the period of the planet, lending further support to the existence
of star-planet interactions in that system [258].

Though the amplitude of the out-of-transit variation observed for 55 Cnc
e appears smaller in the 2012 data, it is difficult to speculate on what the
spectropolarimetric analysis may reveal. Evidence of star-planet interaction
in this system would constitute the first (indirect) detection of a magnetic
field in a super-Earth. Whether or not we find such evidence, this study will
be the first of its kind for a super-Earth and will set a useful precedent for

future applications of spectropolarimetry of exoplanetary systems.
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Appendix A

Radial Velocity Tables

Table A.1: CORALIE radial velocities for HD 192263

Date Radial velocity | Uncertainty
BJD — 2440000 (ms™1) (ms™1)
11355.814795 -64 4
11367.830021 10 12
11375.760201 -10 13
11381.750648 -69 7
11384.720313 -81 6
11390.738894 16 7
11392.646847 33 6
11394.684897 32 7
11398.728189 13 8
11399.700985 5 7
11400.692008 -13 7
11401.642891 -31 7
11402.709269 -56 15
11403.731085 -65 10
11404.652856 -67 8
11407.652090 -75 11
11408.638923 -78 8
11415.737748 42 13
11416.649804 23 5
11417.616162 28 5
11418.648187 47 7
11423.644434 26 )
11431.702277 -90 7
11433.617802 -79 6
11435.578158 -69 9
11436.563670 -32 8
11437.558242 -14 6
11438.589061 -6 5
11439.578701 9 10
11441.617916 38 7

Continued on next page
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Appendix A. Radial Velocity Tables

Table A.1 — continued from previous page

Date Radial velocity | Uncertainty
BJD — 2440000 (ms™1) (ms™1)
11442.601315 26 6
11443.544670 47 6
11444.598305 44 8
11445.500816 47 12
11445.567547 30 5
11446.538281 22 8
11447.637500 0 10
11450.582598 -52 7
11451.593834 -59 5
11454.506436 -83 11
11455.500645 -74 12
11456.510396 -69 11
11456.525164 -66 12
11458.543541 -98 7
11460.566233 -32 8
11464.509627 11 6
11480.545571 -81 11
11481.548543 -67 9
11482.509332 -95 14
11487.540488 7 10
11488.533878 7 8
11489.514319 33 10
11492.528817 52 11
11493.513020 53 11
11494.510104 25 10
11497.516160 0 12
11501.527489 -66 15
11632.900498 10 6
11635.880323 49 10
11635.901609 21 8
11638.892332 55 7
11638.912611 38 6
11640.891269 34 7
11640.907197 32 6
11641.898813 25 7
11645.898571 -38 6
11692.899007 -2 7
11696.871596 -79 8
11699.894033 -74 11
11700.759547 -64 7
11701.883158 -57 8

Continued on next page
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Appendix A. Radial Velocity Tables

Table A.1 — continued from previous page

Date

BJD — 2440000

Radial velocity

(ms~)

Uncertainty
(ms™')

11702.811441
11749.758293
11751.748764
11752.831521
11753.785607
11755.609713
11756.684211
11757.644309
11758.668133
11759.749373
11774.674217
11777.645005
11780.599102
11782.691547
11783.601344
11784.587387
11786.655597
11788.657937
11789.624691
11790.548703
11791.586226
11792.620010
11793.549007
11794.584698
11795.546271
11802.608703
11830.527909
11837.567940
11838.514912
11844.522342
11859.538465
11993.889586
11994.885095
11995.883729
11996.905017
11997.891430
12000.916073
12005.898775
12046.847439
12049.896650
12052.852097

-47
-67
-63
-61
-25
14
25
50
34
39
-49
-25
33
38
38
o7
52
1
-6
-18
-38
-35
-70
-83
-82
-24
27
-3
-8
-84
52
-69
-36
-8
-16
-7
33
20
-6
22
27

o

O Dt

OO@OOCD\]OO@OOC%\]@\I\'I:@HHOOOON@@O()@\]OO\]GBP—‘

[=p}

11
13
10
15
7

12
11
12
11
11
13

Continued on next page
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Appendix A. Radial Velocity Tables

Table A.1 — continued from previous page

Date Radial velocity | Uncertainty
BJD — 2440000 (ms™1) (ms™1)
12054.932373 3 15
12079.756010 33 10
12086.824065 -57 5
12091.738542 -58 6
12094.745464 -9 6
12105.698104 19 5
12145.668129 6 8
12160.619908 -51 6
12161.634753 -57 11
12162.618834 -74 5
12167.581677 -30 4
12168.591571 -11 6
12169.619022 13 8
12170.656193 11 6
12171.584447 42 7
12172.631916 25 6
12173.642661 31 5
12175.639314 31 8
12177.617597 20 8
12180.599174 -23 7
12183.533005 -59 9
12184.602730 -62 6
12187.505756 -75 5
12187.505756 -75 5
12189.573805 -55 5
12194.539796 22 4
12195.526211 23 4
12224.536314 36 4
12226.501689 18 7
12399.877237 -25 4
12406.892322 -T2 5
12434.799636 -16 5
12435.837774 -16 7
12439.802744 57 6
12440.800132 70 5
12441.754566 62 6
12443.805811 46 6
12444.819156 39 5
12448.802684 -20 5
12453.818657 -54 4
12458.771238 -24 4

Continued on next page
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Appendix A. Radial Velocity Tables

Table A.1 — continued from previous page

Date

BJD — 2440000

Radial velocity

(ms~)

Uncertainty
(ms™')

12460.661609
12461.790051
12461.841025
12462.728404
12463.735566
12464.774891
12465.732720
12466.724738
12466.738245
12467.779013
12467.792648
12487.702588
12494.668169
12496.716824
12497.657638
12498.649699
12499.681863
12546.575570
12548.557269
12550.531685
12553.532491
12554.625416
12558.541907
12560.522063
12564.554910
12568.536274
12590.554966
12593.554379

9
36
37
41
54
53
54
57
66
45
48
32
27
-2
-19
-37
-45
-32
-28
-52
-42
-41
0

1
61
18
37
-15
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Appendix A. Radial Velocity Tables

Table A.2: Keck radial velocities for HD 192263

Date Radial Velocity | Uncertainty
BJD — 2440000 ms~1) ms~1)
10984.063121 32.75 1.30
11011.914062 -11.45 1.28
11050.879437 26.96 1.38
11069.890238 -32.85 1.16
11312.086411 -56.44 1.23
11313.112603 -49.31 1.30
11342.057784 16.00 1.71
11342.983844 27.90 2.17
11367.915954 39.38 1.77
11409.933630 -39.58 1.96
11411.879482 -13.05 1.58
11438.769456 18.80 1.60
11439.828250 28.04 1.72
11440.887793 30.68 1.87
11441.833444 42.11 1.62
11704.020541 -30.66 1.67
11793.833579 -55.58 1.84
12004.133959 34.71 2.13
12008.138984 7.54 1.45
12031.056206 15.41 1.54
12063.060897 -46.80 1.72
12094.907368 -2.04 1.54
12128.910768 30.51 2.13
12391.141713 47.72 1.87
12536.755506 31.62 1.53
12778.109319 10.06 1.36
12833.916425 42.13 1.63
12853.999751 17.87 1.59
13181.024857 -37.53 1.33
13239.861434 -4.41 1.04
13546.990720 -45.96 1.05
13969.022212 -19.25 0.83
14810.722283 1.86 1.14
15043.798793 -5.86 1.04
15412.021408 37.22 0.85
15782.862190 33.76 0.98

The values in bold are the five new RV measurements I report in this Chapter.
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Appendix A. Radial Velocity Tables

Table A.3: Radial velocities and Sy values for HD 97658

Date Radial velocity | Uncertainty | Spg
BJD - 2440000 (ms™1) (ms™1)
13398.04020 7.64 0.65 0.1970
13748.03542 4.88 0.72 0.1900
13806.96146 2.67 0.71 0.1870
14085.15884 -4.74 0.80 0.1785
14246.87816 -2.15 0.73 0.1760
14247.83980 -4.67 0.94 0.1750
14248.94470 -2.76 1.08 0.1690
14249.80244 0.19 1.09 0.1740
14250.83983 1.60 0.98 0.1740
14251.89455 -0.07 0.95 0.1720
14255.87144 -0.86 0.73 0.1735
14277.81740 -0.86 0.99 0.1770
14278.83838 0.21 0.99 0.1750
14279.83000 2.37 1.01 0.1760
14294.76351 -5.33 1.11 0.1690
14300.74175 -0.33 1.02 0.1720
14304.76223 -5.64 1.17 0.1740
14305.75803 -4.99 0.80 0.1740
14306.77175 -4.08 1.02 0.1690
14307.74766 -0.86 0.78 0.1750
14308.75036 2.43 0.75 0.1755
14309.74773 1.42 1.07 0.1760
14310.74343 -0.04 1.03 0.1750
14311.74391 4.39 1.14 0.1760
14312.74242 -2.21 1.03 0.1770
14313.74419 -1.17 1.21 0.1780
14314.75074 -0.18 1.14 0.1740
14455.15432 -5.21 1.11 0.1820
14635.79759 0.71 0.98 0.1750
14780.12544 -3.78 1.12 0.1770
14807.09051 -7.73 1.22 0.1730
14808.15781 -4.54 1.27 0.1710
14809.14349 -1.62 1.16 0.1730
14810.02507 1.49 1.25 0.1730
14811.11469 -2.60 1.31 0.1730
14847.11818 -2.56 1.34 0.1720
14927.89832 -1.20 1.19 0.1700
14928.96319 -9.26 1.13 0.1700
14929.84171 -7.82 1.30 0.1690
14954.97010 0.11 1.10 0.1710
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Date Radial velocity | Uncertainty | Sy
BJD — 2440000 (ms™1) (ms™1)
14955.92354 0.96 0.59 0.1723
14956.90526 1.39 0.59 0.1717
14963.96620 1.93 0.62 0.1687
14983.87422 -1.21 0.65 0.1703
14984.90305 -0.54 0.66 0.1710
14985.84495 -4.02 0.65 0.1710
14986.88981 -3.70 0.65 0.1697
14987.89641 -4.37 0.64 0.1697
14988.84295 -5.79 0.65 0.1703
15041.75244 0.94 1.33 0.1690
15164.11579 0.94 1.25 0.1730
15188.15834 -3.08 0.73 0.1703
15190.13345 -6.56 0.64 0.1703
15191.15996 -4.79 0.69 0.1700
15192.12876 -1.09 0.63 0.1713
15193.11580 1.12 0.66 0.1720
15197.14377 -1.99 0.66 0.1713
15198.06458 -3.50 0.67 0.1720
15199.08947 -3.56 0.65 0.1723
15256.95734 3.02 0.68 0.1800
15285.94174 -2.27 0.71 0.1750
15289.83018 -1.17 0.61 0.1780
15311.78391 -5.57 0.68 0.1730
15312.85871 -3.88 0.57 0.1727
15313.76705 0.42 0.64 0.1723
15314.78098 1.12 0.67 0.1723
15317.96171 0.24 0.65 0.1740
15318.94529 -2.79 0.66 0.1747
15319.90227 -4.81 0.59 0.1763
15320.86046 -4.60 0.58 0.1800
15321.83394 -1.08 0.59 0.1807
15342.87709 -1.85 0.62 0.1757
15343.83030 -1.12 0.64 0.1757
15344.87915 1.23 0.66 0.1750
15350.78148 -4.43 0.58 0.1730
15351.88523 0.64 0.60 0.1740
15372.75567 2.46 0.59 0.1790
15373.78450 -0.55 0.57 0.1787
15374.75746 0.12 0.58 0.1777
15375.77510 -0.48 0.59 0.1767
15376.74459 -2.32 0.57 0.1773
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Date Radial velocity | Uncertainty | Sy
BJD — 2440000 (ms™1) (ms™1)
15377.74203 -0.71 0.56 0.1773
15378.74358 3.15 0.61 0.1760
15379.79184 1.29 0.63 0.1763
15380.74383 5.79 0.60 0.1753
15400.74199 -0.20 0.67 0.1767
15401.76937 -1.48 1.43 0.1810
15403.73759 -3.72 0.72 0.1757
15404.73679 -4.06 0.65 0.1813
15405.74070 -5.50 0.65 0.1810
15406.73719 -3.14 0.60 0.1817
15407.75814 0.44 0.77 0.1800
15410.73844 5.03 0.65 0.1790
15411.73481 2.10 0.67 0.1780
15412.73197 1.94 1.18 0.1780
15413.73361 1.46 0.72 0.1633
15501.14886 -2.49 0.64 0.1827
15522.13389 1.58 0.64 0.1820
15529.17006 -12.59 1.56 0.1770
15543.14746 1.47 0.65 0.1847
15546.12332 -2.09 0.66 0.1827
15556.13576 12.54 0.71 0.1843
15557.07525 -3.09 0.68 0.1860
15559.12764 -2.47 0.78 -
15585.09918 -3.47 0.65 0.1810
15605.98568 -5.58 0.67 0.1860
15606.98402 -3.02 0.66 0.1863
15607.98123 -1.79 0.75 0.1847
15614.03861 -0.16 0.64 0.1897
15614.87512 0.99 0.81 0.1890
15633.99315 -4.90 0.66 0.1887
15635.05051 -1.75 0.69 0.1883
15635.99669 -1.28 0.63 0.1883
15636.75731 -1.73 0.59 0.1870
15663.88480 -5.35 0.69 0.1870
15667.96860 -0.55 0.61 0.1893
15668.93400 1.39 0.63 0.1893
15670.83890 -3.57 0.61 0.1887
15671.81197 -2.57 0.63 0.1890
15672.79841 -1.01 0.65 0.1887
15673.80273 -0.09 0.61 0.1873
15696.87321 -1.43 0.64 0.1880
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Date Radial velocity | Uncertainty | Sy
BJD — 2440000 (ms™1) (ms™1)
15697.79492 -2.39 0.61 0.1877
15698.79967 -3.50 0.59 0.1883
15699.80627 -6.59 0.62 0.1883
15700.82486 -4.69 0.63 0.1887
15703.77767 -1.50 0.61 0.1873
15704.74908 0.57 0.59 0.1900
15705.75018 -2.41 0.59 0.1903
15706.80704 -1.97 0.59 0.1910
15707.79932 -2.19 0.63 0.1920
15723.76737 1.40 0.43 0.1862
15728.75382 -3.26 0.60 0.1860
15731.79487 1.47 0.88 0.1897
15733.75978 1.02 0.59 0.1890
15734.78290 -2.40 0.55 0.1893
15735.78926 -2.06 0.54 0.1893
15738.75421 -4.14 0.58 0.1877
15751.74696 3.97 0.66 0.1967
15752.74130 1.89 0.62 0.1970
15759.74698 -0.52 0.62 0.1887
15760.73902 -0.42 0.63 0.1913
15761.74431 1.30 0.60 0.1900
15762.75287 -0.44 0.69 0.1883
15763.74854 -2.28 0.65 0.1910
15768.73583 0.27 0.62 0.1883
15770.74725 3.35 0.71 0.1810
15871.12714 -4.77 0.71 0.1830
15878.14302 -4.80 0.64 0.1927
15879.09674 -7.46 0.70 0.1923
15880.15181 -9.07 0.68 0.1907
15882.15606 -3.66 0.64 0.1903
15902.04440 0.58 0.64 0.1940
15903.04465 4.36 0.67 0.1933
15904.13372 5.35 0.63 0.1950
15905.06744 4.05 0.57 0.1950
15929.14692 -5.02 0.62 0.1987
15932.04835 -1.02 0.64 0.1957
15945.09826 -0.81 0.77 0.2053
15961.02344 6.64 0.66 0.2050
15967.94465 -0.29 0.68 0.1963
15972.95568 -0.37 0.62 0.2013
15990.90524 6.16 0.73 0.2030
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Date Radial velocity | Uncertainty | Sy
BJD — 2440000 (ms™1) (ms™1)
15991.90284 2.51 0.71 0.2030
15997.00945 -0.71 0.63 0.2000
15999.79702 3.92 0.68 0.2010
16018.90330 6.67 0.68 0.2040
16019.96914 2.13 0.63 0.2047
16027.79949 3.07 0.67 0.2077
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